


Now look for more than EPA designation. 
Look for the name. 

Today. all good air monitoring 
instrumentation carries an EPA desig­
nation-otherwise. who'd buy it'! 

But that leaves you with a 
problem. How do you choose the best 
from among the good'! How do you 
choose the analyzer that's best for your 
particular CO. OZONE. N02 and S02 
monitoring need? We say. look for the 
name. If it's Beckman. you know the 
tradition and reputation behind it. 
You know you're getting the best. Take 
these four EPA-designated models ... 

"odd ')~ .1 F1uo"~><'~f11 . \ mhil-1I1 
"0, \ ,,,,I.\Icr Utilizing the fluores­
cent measuring technique. the 
Beckman 953 requires none of the sup­
port gases and reagents typically 
associated with S02 analyzers using 
flame photometry or coulometric 
methodologies. As a result. the 953 
offers outstanding performance at 
lower operating costs. with easy ser­
viceability. Features include: fast 
response. low operating noise. 
interference-free measurement. 
temperature controlled case. optional 

Beckman. 
digital readout. BCD output. Beckman 
direct sales and service. 

\I"dd ')~~ \ () \ (), \() , 
\n"h/~r The Beckman 952A provides 
analysis and continuous analog 
voltage outputs for all three para­
meters-NO, NO , and N02-using 
the chemiluminescent method of 
analysis. Features include: self con­
tained system employing ambient air 
for ozone generation. interference­
free measurement. unlimited life 
converter. selectable outputs for 
recorders. computers or telemetry. 
bench or rack mounting. 

\Iodd I)~tl \ ()1I 11l~ ..\lIah,,·r 
Operating on the chemiluminescent 
principle. the Model 950A provides 
a wide selection of full scale ranges 
for ambient air monitoring with high 
precision and accuracy. Features 
include: non-hazanlous mixture of 
C02 and ethylene. chemical filter for 
interference-free zero calibration. 
automalic safety shutoff valve for 
reactent gas. selectable OOltputs for 
recorders. computers or telemetry. 
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and uses bench or rack mounting. 
\lodd 1\66 . \Illhi~nl CO "olli­

(o .. ill~ S"I~111 The completely self­
contained Model 866 consists of: 
NDIR Analyzer. Pump/Sample 
Handling Module. Rowand Refer­
ence Panel. Automatic Zero/Span 
Standardizer. Features inIcude: long­
term unattended operation. better 
than 50.000: I H20 discrimination. 
automatic zero and Span corrections. 
field-proven NDIR analyzer. no zero 
gas cylinders. high energy sources to 
improve sensit ivity. 

For more information on these 
instruments or on any air quality 
monitoring requirement you may 
have. contact Process Instruments 
Division. Beckman Instruments. Inc .. 
2500 N. Harbor Boulevard. Fullerton. 
CA 92634. 
Wby settle for good when you can 
get the best? 

BECKMAN 



H.P.: "Bill, this is the sensitive area they x'd on our plan." 
Arrowsmith: "Right Hank. ERT plans to study this in the first phase." 
Arrowsmith trusts ERT for total environmental services, including plant site 
evaluation, transportation corridor routing and analysis, and water 
resource planning. Our complete range of ecological services has been 
crucial to the timely winning of dozens of permits for new power stations, 
chemical plants, mines and mills. For a free package of informative service 
bulletins from the nation's largest full service environmental consulting 
firm, write or call B.M.Miller,ERT, 696 Virginia Rd., Concord, MA 01742, 
(617) 369-8910, Ext. 316. 

ERT 
ENVIRONMENTAL RESEARCH & TECHNOLOGY, INC. 
CONCORD, MA • LOS ANGELES • ATLANTA • PITISBURGH 
FORT COLLINS, CO • BILLINGS, MT • HOUSTON • CHICAGO 
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bed combustion. John A. Shearer*, 
Irving Johnson, and Clarence B. 
Turner 

Results show that the presence of 
salt in limestone induces structural 
rearrangement that can lead to opti­
mum pore distribution for reaction 
with S02/02 mixtures. 

1118 
Azaarenes in Recent lake sediments. 
Stuart G. Wakeham 

Results suggest that most azaarenes 
in sediments have anthropogenic ori­
gins with higher levels of such com­
pounds in heavily populated and in­
dustrialized basins. 
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chromatography for the identification 
of bacteria in sewage treatment plant 
effluent. Richard A. Symuleski and 
David M. Wetze\* 

PG LC results were used with a 
computer program to quantitatively 
differentiate between wet bacterial 
cells at the species level. 

1130 
Silicon and aluminum in urban aerosols 
for characterization of atmospheric soil 
particles in the Nagoya area. Satoshi 
Kadowaki 

Size distribution results suggest that 
more than 90% of the mass of Si and 
AI in the air originates from soils. 

1134 
Trihalomethane yields as a function of 
precursor molecular weight. Jerald L. 
Schnoor*, James L. Nitzschke, Rick 
D. Lucas, and John N. Veenstra 

Gel permeation chromatography 
was used to determine the apparent 
molecular weight rangeofTHM pre­
cursor compounds in the Iowa River. 

1138 
Water distribution system, a new 
source of mutagens in drinking waters. 
David J. Schwartz, Jitendra Saxena*, 
and Frederick C. Kopfler 

Data show that two classes of mu­
tagens may be introduced in drinking 
waters during transport from treat­
ment site to the consumers. 
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We can lead you through. 

Monitoring, Modeling, PSD 
Review, BACT Review - are 
these the things that are confusing 
you? If so, we'U guide you in getting 
the pre-construction pennit, and 
in meeting aU the complicated 
requirements - and then we'U 
stand by you with proof that you've 
met them. 

We're in a unique position to help 
you. We not only took part in writing 
the quality assurance guidelines, we 
do quality assurance for monitoring 
throughout the U.S. for EPA. We 
manufacture and instaU air monitor­
ing systems large or smaU. We 
understand the special problems 
industry is facing. 

We have available aU of the 
approved EPA models, along with 
the skill and expertise to use them. 
If you need special models, we can 
develop them. 

If your requirements include spe­
cial studies such as environmental 
assessment, emission inventories, 
special testing, development of 
emission factors, guidance on con­
trol technology - the whole sphere 
of environmental activities - we're 
prepared to help you. 

We even offer a training course to 
help you understand the Clean Air 
Act and its amendments. 

For fuU information contact 
R. Yelin, Environmental Monitoring 
& Services Center, Environmental 
& Energy Systems Division, 
RockweU International, 2421 West 
Hillcrest Drive, Newbury Park, CA 
91320, or phone (805) 498-6771. 

41~ Rockwell 
p.~ International 

. .. where science gets dcMIn to business 
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GUEST EDITORIAL 

Needed: research support 
The time has come for the federal government, 

particularly the U.S. Environmental Protection 
Agency, to establish an effective program for the 
support of basic environmental research. 

I am aware that in this era of Proposition 13ism one 
is ill advised to promote any new programs, but a 
partial reallocation of resources is needed at the very 
minimum. If my observations are accurate, EPA and 
other agencies are spending precious little of their vast 
budgets on fundamental environmental research, and 
I contend that the result is waste . .. waste because 
protocols are established before analytical schemes or 
models are appropriately tested; waste because criteria 
are promulgated without adequate scientific bases; 
waste due to research done too hastily; waste because 
attractive alternative methods have to be shunted aside 
because of the sanctity of work plans and report 
deadlines. 

Of course, I am not blind to the fact that many of 
EPA's policies are the result of Congressional dictates. 
Nor am I proposing that EPA assume the responsi­
bility for the support of all basic research related to 
environmental phenomena. Clearly, NSF, USGS, and 
other agencies also have a responsibility in this area. 
Equally clear, however, is the need for these agencies 
to coordinate their programs and, more to the point, 
for Congress to recognize the need for a well-coordi­
nated fundamental program in environmental re­
search. 

Indeed, many hoped that EPA had recognized this 
need when the center of excellence program was an­
nounced. While this program certainly has merit, what 
is needed more is broad-based support for the scientific 
community in areas that have long-term promise­
and in some cases, no apparent promise at all-for the 
solution of environmental questions. In a broader 
sense, what is needed is for the Congress to recognize 
that research-basic research-is fundamental to the 
health of our economic system as well as for the 
preservation of man's natural habitat. 

Research properly planned and executed is a good 
investment of public money. Let us hope that Congress 
and EPA will continue to evaluate its importance and 
place basic research at a higher priority position in the 
federal budget. 

Dr. William H. Glaze is Professor of 
Chemistry at North Texas State Univer­
sity in Denton. Tex .. andformer Director 
of the Institute of Applied Sciences. 
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LETTERS 

Health hazards 

Dear Sir: I found the article by 
Professor Jacobs on "Analyzing En­
vironmental Health Ha za rds" 
(ES&T, May 1979, p 526) to be ex­
cellent. It effectively identifies some 
major concepts which should be thor­
oughly grasped by policy makers at the 
legislative and regulatory levels. 

Unfortunately, it is difficult to 
quantify the costs involved. There are 
the lack of information (scientific. 
economic, and social), differences in 
interpretation of existing data , and, 
even more complex, different percep­
tions of acceptable risks in the face of 
uncertainties. 

FIGURE 1 

Relationships between victims' 
health costs, polluters' 
abatement costs, and the level 
of environmental hazard 

Level of 
environmental hazard 

In particular, there is one point 
which should be clarified with regard 
to Figure I, redrawn here. Abatement 
costs are typically exponential, not 
linear, although major technology 
changes will make the costs of abate­
ment discontinuous functions. Note 
that the abatement costs are asymp­
totic to the ordinate. 

Again it is refreshing to read an ar­
ticle which approaches environmental 
decisions on a more rational basis. 

John A, Roth 
Professor, Chemical & 
Environmental Engr. 
Vanderbilt University 
Nashville, Tenn. 37235 

Un- ue "hands-on" 
Iq - - -tltllnl~ In 

analyticalteehniques. 
Finnigan Institute offers unique 
training services to the analytical 
community in the areas of: 
• AA spectroscopy 
• Chromatography 
• Mass spectrometry 

The Finnigan Institute formula 
includes: 
• at least 50% lab ex perience for 

each particir,ant , affo rding 
substantial' hands-on" lea rning 
time with analytical equipment. 
No more than 2 to 3 trainees are 
assigned to each instrument. 

• a staff of scientists who remain 
current in their specialties 
through participation in 
contract activities resea rch. 

• additional instruction by 
outside experts who are 
currently Involved in practical 
applicatIOns of their analytical 
specialties 

i·, 
·I~ /~\.;.-1 .; 

!" ~ _.O, ._~_,~ 

• ex perience with onl y the latest 
instrumentation, which is 
regularl y updated. 

Course offerings ra nge from initial 
training for the novice to advanced 
and specia li zed programs for the 
senio r sc ientist. 

This program can prove to be cost­
effective to sponsoring institutions 
by freeing their own laboratory staffs 
and instruments from time­
consuming in-house training tasks. 

For complete information w rite llr 

call: Ann Wlltlllt'y 

flnnigan 
Dm~~~1Sm~.@ 
:. I \1 : I<.~ · ,1 '.' )- ,to'. ( . ,; .;,/. 

11750 CHESTERDALE ROAD 
CINCINNATI. OHIO 45246 
(513) 7n5500 TLX 214726 
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A Special Regulator For GC 

The Matheson 3104 regulator is a 
high purity, two-stage regulator with 
a stainless steel diaphragm. Two­
stage design provides even regulation 
regardless of cylinder pressure 
changes. Stainless steel diaphragm 
minimizes inboard leakage of air or 
water from the atmosphere, and does 
not outgas impurities into carrier or 
fuel gas systems. Five minute helium 
leak rate is < 2 x 10' '1 ccs. Excel­
lent for applications involving trace 
components. Circle Reader Service 
No. 27 

High Purity Carrier Gases 

Matheson makes carrier gases avail­
able in a variety of purity classifica­
tions - choose the specifications that 
most nearly meet your requirements. 
Routine analyses can be performed 
using Helium, High Purity, 99.995%. 
For more critical applications, you 
may choose Ultra High Purity 
99.999% and Matheson Purity 
99.9999%. For other applications, 
Argon, Hydrogen, and Nitrogen are 
all available in a variety of purities. 
Circle Reader Service No. 28 

Calibration Standards 
When the level ITLVI of a toxic vapor 
is to be monitored the instrument 
must be accurate - for the physical 
well-being of those who may be 
exposed. 

The only way to do this istocalibrate 
the instrument with an analyzed 
standard. Matheson pioneered such 
standards, accuracy traceable to NBS, 
if available, or to Matheson Primary 
standards. Calibration standards are 
readily available for : benzene, vinyl 
chloride, acrylonitrile, carbon mon­
oxide ... virtually any vapor forming 
mater ial. Circle Reader Service No. 29 

GAS-MISER TM 

A device which allows one or more 
GCs to be set on standby during non­
working hours. The flow of carrier 
gas is reduced with the flick of a 
switch without upsetting the equilib­
rium conditions of your instrument. 
Then normal operating conditions are 
resumed the same way . 

GAS-MISER, for the GC laboratory 
Saves expensive time and carrier gas. 
Pays for itself in less than a year. 

Circle Reader Service No. 30 

Zero Gases 

For the carrier gas , fuel gas, and 
oxidizer gas-all required for flame 
ionization and flame photometric gas 
chromatography-Matheson offers Ar, 

He, H" N" 40% H, /60% N" and 
40% H,/60% He Zero Gases each 
having a total hydrocarbon content 
of less than 0.5 ppm las CH.I . Air, 
Zero Gas is available with hydro­
carbon content < 2.0 ppm. Circle 
Reader Service No. 31 

Gas Leak Detector 
Simple to operate. Detects helium 
and other gases with great sensitivity . 
Enables you to check your entire GC 
system without the mess usually 
associated wtih leak detection solu­
tions. 

The smallest imaginable leak in your 
GC system can invalidate your re­
sults completely - especially if 
you ' re working with trace concen­
trations , 

We recommend that one be handy in 
every instrument lab. Circle Reader 
Service No. 32 
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How to 
Succeed 
at Gas 
Chroma­
tography 
Gases - carrier gases, calibration gases, 
or fuel gases are key to good GC tech­
niques. Matheson has equipment to help 
you improve this gas system and you 
should use it. 

The wrong regulator or porous tubing 
can permit diffusion into the gas stream 
and influence results. 

But some equipment will help in other 
ways like saving money or zeroing in on 
a defective connection. 

Further, todays detectors are so sensitive 
that a welding grade of helium is counter 
productive, 

To find out how you might improve the 
efficiency of your GC system, ask for 
our free wall chart describing methods 
that can be used with common and un­
common detectors in use today, Contact 
us for your copy. 

EaST RUThcrlon1, NJ 07073 Newark , C,11 110rl1l<l 94560 
M OI IOW, Georgl <l 30260 DOl sey. M aryland 21227 
BndgCllorT , NJ 08014 Gon/il les, L ou isranna 70737 
GlouceS Ter. M assach usCTT S 01930 Wh ITI ,y , On Tari O. Call<lIfa LIN 5R9 
JOlieT, 1I11110lS 60434 Edmolllon, AlberT ol, CanaUa T58 4K6 
OilvTorl.Oh,0 45424 B 243 1 Oevd, Belgium 

La Pon e, Tel(as 77571 6056 HCUSC(lS Tamrn, lIVeST Germany 
Cucamonga, eaTr fornra 91 730 

Ci rcle Reader Service No. 33 







If you're not happy with your pollution 
sampling or monitoring filter media 
maybe you should shop elsewhere. 

Here, for instance. 
Whatman offers filter media for air and water pollution 

sampling and monitoring that are the most widely used in 
the world. 

For very good reasons. 

There's an even level of dependable high quality com­
pletely across the wide range of these media. 

Whatman quality. 

And this quality is a part of every pollution filter medium: 
pure, borosilicate Glass Microfibre circles, sheets, rolls -

----- -~ ~ 

binder free; the matchless EPM 1000 Glass Microfibre 
sheets for high volume air sampling; famous Whatman filter 
papers such as No. 41 and No. I, probably the most widely 
used filter paper in the world; extractioll thimbles 

Nearly everything you need in filter media for sampling 
and monitoring, except the pollutants. From Whatman. 

Whatman products for pollution sampling and monitoring 
are available from your lab supply dealer. Or write: 
Whatman Inc .• 9 Bridewetl Place. Clifton, N.J. 07014; 
tel: 201-777-4825 

~4~Whatman 
CIRCLe ~ 1 ON R~ADER S~RV1C~ CARD 
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. 27 34 - Sample No. 3 Absorb . 
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Hazardous wastes­
can they be reused? 

A division of SCA Chemical Waste Services, Inc., 
says "yes," and has several approaches to 

accomplishing this recycling objective 

"One company's waste is another 
company's resource." How often have 
you heard that said as an analogy to 
Aesop's, "One man's meat is another 
man's poison"? However, there may 
be some truth to the first quotation, if 
one takes into account the fact that the 
waste must usually be processed in 
certain ways, before it can be trans­
formed into a resource. Such trans­
formation is especially necessary if the 
original waste is hazardous. 

Until now, most hazardous and 
other waste disposal was done ac­
cording to the "out of sight, out of 
mind" method. Wastes were tossed 
into the ocean, abandoned on land, 
injected into deep wells, or buried in 
landfills. However, various environ­
mental laws, especially the Resource 
Conservation and Recovery Act of 
1976 (RCRA), would effectively ban 
or at least place severe restrictions on 
these older, time-honored methods of 
waste disposal. Clearly, other ap­
proaches are needed. 

Groups of wastes 
One approach involves a new phil­

osophical view that all incoming waste 
streams could be regarded as raw 
materials that contain recoverable 
resources. This view has been reduced 
to actual practice by SCA Chemical 
Services Co., a Division of SCA Ser­
vices, Inc. (Boston, Mass.), with a 
unique waste-to-waste processing and 
recovery facility located in Newark, 
N.J. , and capable of handling up to 
500000 gpd. Incoming waste streams 
are classified as major chemical and 
physical functional groups, based on 
certain unique operations, such as: 

• organically contained aqueous 
waste 

• acid recovery 
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J 
Reaction. SeA's Lee demonslrales waSle deloxification 

• fuel reclamation and formula­
tion 

• acid/base and redox neutraliza­
tion 

• hazardous waste detoxification. 
To be sure, these process classifi­

cations are interrelated, as S. K. Lee, 
Director of Research and Engineering 
at SCA, pointed out. That is because 
secondary or waste products of one 
process can often become useful in 
another process. Also, Lee explains, 
each class has a "discrete treatment 
process of its own." However, these 
treatment processes can be flexible. 

Products 
The aim of SCA's approach to 

waste treatment is to help chemical 
companies solve waste problems in an 
economical manner, and to obtain 
useful chemical products or fuels, or at 
least harmless residues, simulta-

neously. Products generated at SCA's 
Newark recovery facility generally 
consist of: 

• recovered, marketable, or reus­
able organics, acids, alkalies, and 
fuels 

• chemical detoxified, and treated 
aqueous process effluent 

• dewatered sludges and inactive 
concentrated solid residues. 

Recovered products can be stored in 
a tank farm, on-site. The tank farm 
would meet all applicable regulations. 
However, SCA's Lee believes that 
many of these reclaimed materials will, 
in fact , prove to be highly marketable, 
so that "actual on-site storage needs 
will be minimal." 

Treated aqueous effluent is passed 
through automatic sampling/moni­
toring stations. Then it is discharged 
according to permit terms, to the Pas­
saic Va lley Sewer System. In addition, 
sludge and solid residue are prefixed 



for disposal at a "scientifically" se­
cured landfill that SCA operates. 
"Scientifically secured" means that all 
waste in the fill is chemically classified 
and catalogued according to operating 
permits. I f the waste is ever needed as 
a resource, it can thus be retrieved at 
some future time. 

Suppose that an industrial client 
inquires about disposal of a specific 
waste material arising from a given 
manufacturing process. SCA obtains 
all pertinent information, as well as 
waste samples. The samples undergo 
physical and chemical analysis at 
Newark. Then, treatment or recovery 
processes can be devised. A specific 
system is put into operation, as well as 
a transportation schedule. If, however, 
the contents of the waste transported 
to SCA are at variance with those 
found in the original chemical analysis, 
the client is so informed, and the 
change is resolved. 

An alternative treatment or recov­
ery mode is set up through a complete 
systems analysis to determine what 

must be neutralized or detoxified, what 
can be recovered, and how to go about 
these tasks. Afterwards, necessary 
process modifications are made, in 
order to achieve waste treatment or 
beneficiation goals. But before this is 
done, a stringent technical/economic 
analysis, with a pilot facility, is per­
formed. 

Monitoring 
At SCA's Newark facility, waste 

materials and products are contin­
uously monitored by means of up-to­
date analytical instrumentation. Sys­
tematic sampling begins when the 
waste is transported from the client's 
plant, and ends when it has been 
transformed into a marketable product 
that is sold, or an innocuous substance 
that has been properly treated for 
disposal. The idea, SCA says, is to as­
sure the customer that the problem of 
hazardous (or nonhazardous) waste 
disposal is solved, as soon as the waste 
leaves the customer's plant. That be­
comes especially important now, be-

cause in New Jersey, for instance, the 
producer of a waste is responsible for 
its ultimate disposal, and RCRA will 
make a hazardous waste generator 
answerable not only for proper dis­
posal, but even for safe transporta­
tion. 

A common denominator 
Probably other companies will enter 

the hazardous waste treatment/ 
beneficiation field. For example, Rol­
lins Environmental Services (Wil­
mington, Del.) has applied for EPA 
clearance to incinerate at high tem­
perature, thus rendering harmless 
PCB-containing sludges, at a facility 
in Southern New Jersey (£S& T. July 
1979, P 780). No doubt, others will 
follow, handling different wastes by a 
variety of methods. Most likely, how­
ever, the common denominator is this: 
that private enterprise is embarking on 
new paths to find imaginative, yet re­
liable ways to comply with forthcom­
ing RCRA regulations concerning 
hazardous wastes. JJ 

Hazardous waste detoxification 

Treating hazardous wastes 

Wastes vary: therefore, the treatment operation cannot be 
standardized. But, depending upon whatthe wastes are, chem­
ical, catalytic, complexing, and oxidation· reduction techniques 
are available. Optimum approaches are determined after care· 
ful systems analyses. 

Waste in 

Sludge 

If any pollutant gases are generated through a waste treat· 
ment process, such gases are removed by "scrubbing" and 
absorption. The "scrubbed" waste is discharged after final 
treatment. Here is a representative detoxification process. 

vented to atmosphere 

Organic phase storage 
(for fuel use) 

Phase 
separator 

Clarified water 
to 

Waste water 
effluent 
to final 

treatment 

Clarifier 

Residue to 
disposal 

Clar~ied water to sewer Final 
and monitoring 
station No. 1 
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A warming of 
solar energy· 

Afirst I-MW plant, mini OTEC, 
is operating off Hawaii 

Ocean thermal energy conversion 
(OTEC). the process of using the 
warm surface water of the tropical 
ocean and the cool water from a half­
mile below to produce energy, is 
making progress. Much has been 
achieved, it was learned at the recent 
6th annual OTEC meeting (Wash­
ington, D.C.), since the 5th last year in 
Miami. Achievements to date are in 
the areas of component testing, bio­
fouling testing, and heat exchanger 
evaluation. 

Sponsored in large part by industry, 
the mini OTEC-I is an attempt to put 
the process on a sound technical base. 
This first ocean-based plant was 
commissioned off Hawaii on May 29, 
1979. Test data from this platform arc 
expected by May 1980. So. within the 
next year, OTEC will be demon­
strated. Within the next one to one and 
one-half years it is expected that a 
major upward shift in gears will occur 
in this solar technology area. 

Hurdles 
There are, however, several con­

cerns. The OTEC credibility problem 
has been facing us for years. First, 
some people, for example, become 
uncertain that the 40 0 F temperature 
difference will run the heat engine. 
During their schooling, engineers 
learned that the larger the temperature 
difference the more work one can get 
out of a system. 

A second problem centers on the 
product from the OTEC plant. OTEC 
either produces electricity or an elec­
tric energy intensive product such as 
aluminum or ammonia. Electricity is 
not a dominant concern facing the 
U.S. today; now the problem is a liquid 
fuels problem. While it is true that the 
national growth for electricity has 
slowed. it seems certain that OTEC is 
going to be used in certain areas over 
the next 15-20 years. 

ket for this solar energy option. 
One plan to get OTEC on line is 

slowly emerging, at least in concept. 
Island dependencies, not only of the 
U.S. but of other global neighbors, rely 
totally on imported energy- home fuel 
oil, car gasoline, jet fuel, and boat re­
sidual oil. All of the island economies 
are dependent on imported fuel. In 
terms of this scenario, the visibility of 
the OTEC will be enhanced by making 
U.S. island economics independent of 
imported oil. Then, OTEC might be 
used as a springboard for entry in the 
U.S. in the 1990·s. 

Another concern is engineering 
choices. OTEC is proven technology: 
it's all economics, as reported earlier 
(ES&T. July 1977, p 651). What 

makes the design choices so difficult is 
that by now there are six different 
materials for the heat exchangers, 
eight dilTerent heat exchanger designs, 
six or seven different pipes, and six 
platforms that have been advanced for 
the design of the system. These choices 
present some 1500- 1800 different 
types of OTEC's that can be built. 

OTEC goes global 
The ocean gradient is a renewable, 

international resource in scarch of fi­
nancial support. A prevailing mood 
from the Law of the Sea Conference is 
to extend a nation's jurisdiction to the 
200-mi limit. For these reasons, France 
and Japan arc interested in OTEC and 
arc making progress on their own. 

K. Kamogawa of the Tokyo Shi­
baura Electric Co. (Kawasaki) said 
Ihat the Japanese started their OTEC 
activity in 1970. For obvious reasons. 
induding small land mass, an adequate 
thermal gradicnt area, and a large 
water resource to the 200-mi limit • 
.Iapan started their activity. Kamo­
gawa mentioned that they were using 
titanium heat exchangers. 

P. Marchand said that France is 
interested in OTEC because it looks 
atlractive, it's a French idea from 
D'!\rsonval in 1881. and within its 
20()-mi zone France has a number of 
islands that are fuel dependent. The 
government agency, CNEXO (Paris). 
is in charge of the French program. 

An industrial OTEC group got 
started in 1978. Terming it ,EURO­
CFAN. B. Lachmann said that this 
project is headquartered in Monaco 
and represents the interest of nine 
companies including four in Sweden, 
two in Italy, and one in Holland. EU­
ROCEAN is planning a 10-MW 
(megawatt) plant: another EURO­
CFAN activity is a combination of 
OTEC with aquaculture: here. a 
number of countries are interested in 
the concept. SSM 

Electricity can be produced by dif­
ferent ways today-burning coal, oil, 
and natural gas. I n order for OTEC to 
enter this field as an alternative energy 
source, it is necessary to find the mar- Breakthrough, 011 fI/2 Ihis OUX Ullil produced d('clricil.\' ol.l'·hore 
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The PURASIY® HR System 

The PURASIV HR System exclusively marketed in 
the U.S. and Canada by Union Carbide Corporation' 
represents advanced, second generation technology 
for the removal and recovery of hydrocarbon vapors 
from air by activated carbon adsorption. It is a con­
tinuous fluidized bed adsorption system operating 
with separate sections for the adsorption and desorp­
tion steps. 

The key to the PURASIV HR System is the unique 
adsorbent employed-a spherical, beaded activated 
carbon that possesses two physical characteristics 
essential for continuous fluidized bed operation: 
• Uniform spherical shape that provides a homo­

geneous fluidized bed in the adsorption section and 
remains free-flowing in the dense bed desorption 
section of the process . 

• Resistance to attrition for long service life and 
trouble-free operation. 
The spherical beads of activated carbon are 

produced by a proprietary process developed by 
Kureha Chemical of Japan. Molten petroleum pitch is 
shaped into spherical particles and subsequently car­
bonized and activated under closely controlled condi­
tions to yield activated carbon beads suitable for 
vapor phase adsorption. 

Figure 1 is a photograph of the beaded activated 
carbon along with a sample of 4 x 6 mesh conventional 
pelletized activated carbon. 

'PURASIV is a trademark of Union Carbide Corporation which 
markets the PURASIV HR System under an exclusive license 
from Kureha Chemical, Japan. 

Activated Carbon Adsorption 

The basic technology employing carbon adsorption 
for solvent recovery was pioneered by Union Carbide 
in the 1930's. The basic technique is a two-stage, fixed 
bed operation in which the adsorbent beds alternate 
between adsorption and desorption cycles. Solvent 
laden air is passed through a freshly regenerated 
static bed until the adsorbent loading reaches a pre­
determined level or until solvent breakthrough 
occurs. The feed air is then switched to a second bed 
while the first bed undergoes regeneration. Low 
pressure steam passing through the loaded adsorbent 
serves the dual purpose of raising the bed tempera­
ture and reducing the partial pressure of the adsorbed 
hydrocarbons, allowing them to be released in vapor 
form. 

Although the advantages of continuous operation 

Figure 1-Beaded activated carbon (top) and con-
ventional pelletized activated carbon. . 

were well known, conventional forms of activated 
carbon previously available were subject to severe 
attrition losses under the conditions required for 
fluidized bed operation. With the development of the 
spherical beaded adsorbent used in the PURASIV HR 
System, the following operating advantages have 
been realized: 
• Countercurrent flow of solvent laden air through 

the fluidized adsorbent assures maximum utilization 
of adsorption capacity. 

• High superficial velocity achieved in the fluidized 
bed overcomes problems of poor gas distribution 
often encountered in the fixed bed process. Uniform 
gas distribution eliminates localized hot spots and 
the bed fires that have plagued fixed bed units 
handling highly reactive solvents, such as ketones. 



Continuous Solvent Removal/Recovery 

As shown by the PURASIV HR System reactor 
drawing (Figure 2), solvent removal from effluent air 
and its subsequent recovery in the desorption section 
is a relatively simple, straightforward operation. 
Solvent laden air is introduced into the bottom of the 
adsorption section and passes upward countercurrent 
to the fluidized activated carbon in a series of 
patented trays. Adsorbent on each tray is totally fluid­
ized, flowing downward from tray to tray by overflow­
ing a weir/downcomer arrangement. 

As it leaves the bottom tray of the adsorption 
section, the activated carbon is no longer fluidized and 
flows as a dense bed through the desorption section of 
the column. The adsorbent first passes through the 
tube side of a shell-and-tube heat exchanger where 
indirect heating by steam or other suitable heat trans­
fer media raises it to the desorption temperature. The 
steam used for indirect heating is condensed and 
returned uncontaminated as condensate return to the 
boiler. 

Solvent is then desorbed from the activated carbon 
by the introduction of direct contact steam. This 
steam (stripping gas) is introduced at the bottom of 
the heat exchanger and flows countercurrent to the 
adsorbent in the tubes. The direct contact steam 
(stripping gas) reduces the partial pressure of the 
hydrocarbons and sweeps them from the bed in vapor 
form. 

The stripping steam, together with the desorbed 
solvent, is removed from the column and the mixture 
is condensed for separation and recovery of the 
solvent. The activated carbon leaving the bottom of 
the desorption section flows to an air lift where it is 
air-conveyed to the top tray of the adsorption section. 

~---.. CLEAN GAS 

SOLVENT FLOW 

PREHEATI NG 
TUBE 

Figure 2-PURASIVill HR Flow Diagram 
Steam Stripping 



Solvent Stripping Modification 

The basic PURASIV HR System described above is 
used for removal and recovery of chlorinated hydro­
carbons and other water insoluble hydrocarbons. It is 
designated as Type S to denote that steam is utilized 
for the stripping gas. 

For operations where steam stripping is not desir­
able, an optional flow scheme-Type N, shown in 
Figure 3-is designed to use nitrogen as the stripping 
gas. In this version of the PURASIV HR System, the 
adsorption section is unchanged. However, a second­
ary adsorber must be added ahead of the desorption 
section in order to properly condition the recycle 
nitrogen stream. This is necessary because the nitro­
gen vented from the solvent separator is saturated 
with hydrocarbons. Direct recycle of this saturated 
nitrogen would increase the concentration of un­
desorbed hydrocarbons. This would, in turn, increase 

RAW GAS 

FCV 

FEED 
BLOWER 

AIR LIFT 
BLOWER 

Figure 3-PURASIV® HR Flow Diagram 
Nitrogen Stripping 

effluent concentrations when the adsorbent is 
returned to the top adsorption tray. 

The nitrogen stripping technique affords unique 
advantages when removing and recovering water 
soluble hydrocarbons . The process introduces no 
water contamination of the recovered solvents, 
except for the moisture present in the solvent laden 
air. Provided the relative humidity of the incoming air 
is less than 60%, solvents recovered by the Type N 
System will , in most cases, contain less than 5% water 
by weight. 

The Type N System also offers the advantage of 
reducing operating costs by using recycled nitrogen 
as the stripping gas instead of using steam on a once­
through basis. Capital cost of the N version is some­
what higher, because the secondary adsorber is 
required for conditioning the recycled nitrogen. 

PURASIV HR FLOW SCHEME 
NITROGEN SYSTEM 

• NITROGEN FLOW 

• SOLVENT FLOW 

TREATED GAS 



Proven Process Applications 

There are now over forty commercial plants in oper­
ation in Japan. A partial list of these commercial 
installations is shown in Table 1. Adaptability of the 
PURASIV HR System is indicated by the types of sol­
vents, range of flow rates, and influent/effluent con-

centrations achieved in actual applications. Table 2 
presents similar data on the first three commercial 
installations in the U.S. 

Table 3 presents operating data for three commer­
cial units. 

TABLE 1 • COMMERCIAL EXPERIENCE 

1) CLOTH WASHING 700 CHLORINATED SOLVENT 3,500 100 
2) DEGREASING 1,000 CHLORINATED SOLVENT 3,500 50 
3) CHEM. PLANT 1,800 CHLORINATED SOLVENT 3,560 100 
4) CHEM. PLANT 400 CHLORINATED SOLVENT 5,000 10 
5) CHEM. PLANT 400 CHLORINATED SOLVENT 500 10 
6) FILM COATING 8,500 AROMATIC SOLVENT 2,680 80 
7) SURFACE COATING 4,200 THINNER 100 
8) DEGREASING 700 CHLORINATED SOLVENT 1,000 50 
9) DEGREASING 900 CHLORINATED SOLVENT 1,500 50 

10) DEGREASING 900 CHLORINATED SOLVENT 1,500 50 
11) DEGREASING 1,000 CHLORINATED SOLVENT 3,500 50 
12) DRY CLEANING 200 CHLORINATED SOLVENT 10,000 50 
13) PRINTING 6,000 AROMATIC SOLVENT 1,800 50 
14) PRINTING 1,400 MIXTURE 1,450 50 
15) DEGREASING 1,400 CHLORINATED SOLVENT 600 50 
16) DEGREASING 2,100 CHLORINATED SOLVENT 600 50 
17) DEGREASING 1,400 MIXTURE 390 40 
18) ADHESIVE 29,000 AROMATIC SOLVENT 2,710 50 
19) CHEM. PLANT 1,000 ALCOHOL 1,200 50 
20) AUTOMOTIVE 140,000 ODOR REMOVAL 20 .4 
21) NYLON PLANT 8,400 CYCLOHEXANE 2,100 100 
22) LAMINATOR 4,200 TOLUENE ETHYLACETATE, HEXANE 2,000 50 
23) DEGREASING 11,750 CHLORINATED SOLVENT 1,500 50 

TABLE 2. COMMERCIAL PURASIV®HR SYSTEMS INSTALLED IN U.S. 

AirFlow, Inlet Cone., Effluent Cone., Start·Up 
Application elm Solvent ppm ppm Date 

Gravure Printing 78,000 Toluene 1,500 <50 1979 
Automotive Top 

Coat Spray 6,000 Mixture 500 <50 1979 
Photographic 

Film Coating 6,000 Ketone 8,000 <80 1979 



TABLE 3 • COMMERCIAL SYSTEMS OPERATING IN JAPAN 

Air Flow, scfm 
Solvent Type 
Influent Conc., ppm 
Effluent Conc., ppm 
Solvent Recovered, Ibs/hr 
Electrical Usage, kw 
Steam Usage, Ibs/hr 
Nitrogen Usage, scfh 

This 8,000 sclm unit at a 111m processing plant has 
been recovering about 225 Ibs/hr of toluene since 1975. 
Foundation Is 20' x 20 ', height Is about 35'. 

The unit pictured at right has been In operation since 
1976, handling 6,000 sclm 01 exhaust air from a 
gravure printing operation and recovering about 200 
Ibs/hr of toluene and xylene. The unit Is Installed on a 
15' x 15' foundation and Is about 30 ' high. 

Unit I 

6,000 
Toluene 

1,800 
80 

200 
20 

200 
13 

Unit II 

8,000 
Toluene 

1,700 
30 

225 
22 

220 
17 

Unit III 

29,000 
Toluene 

2,700 
50 

1,200 
120 

1,800 



Advantages of PUAASIY®HR System 

Continuous Solvent Removal and Recovery 

• Lower energy requirements-PURASIV HR Pro­
cess requires only about 25 to 30 percent of the total 
energy required for a conventional fixed bed 
process. 

• Improved quality of recovered solvent-use of nitro­
gen stripping gas can substantially reduce, or com­
pletely eliminate, the capital and operating costs 
associated with refining of solvents for reuse. 

• Wide range of solvent boiling points-PURASIV 
HR System can be operated at high desorption tem­
peratures because of the indirect heating step and is 
adaptable to higher boiling solvents. 

• Mechanically simple-PURASIV HR System 
requires no moving parts other than the incoming 
gas blower, desorption gas blower and adsorbent air 
lift blower. Cycling valves, control circuitry and 
instrumentation required for the fixed bed system 
are eliminated, resulting in: 
•• High on-stream factors. 
•• Greatly reduced maintenance costs. 

• Compact size-PURASIV HR System unit requires 
relatively little land space, thus permitting advan­
tageous location of solvent recovery equipment con­
venient to solvent storage or source of solvent 
emissions, reducing costs of ductwork for solvent 
laden air, and minimizing utility requirements. 

An adhesive tape manufacturing plant has employed this 
29,000 scfm unit since 1976, recovering about 1,200 Ibs/hr of 
toluene. The unit Is Installed on a 30' x 30' foundation and 
Is about 50' high. 

The 6,000 scfm unit pictured at right Is recovering a 
mixture of solvents from an automotive top coat spray­
Ing operation. The unit was Installed In early 1979 . 
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PURASIY® HR FOR YOUR 
PRESENT AND FUTURE NEEDS 

The PURASIV Hydrocarbon Recovery System is an 
innovation in activated carbon adsorption which is 
geared to help you cope with rapidly escalating hydro­
carbon prices_ Costs for petroleum derivatives have 
already risen to the point where recovery makes 
sound economic sense. The PURASIV HR System 
provides additional incentives by recovering hydro­
carbons without high energy consumption and by 
producing high quality recovered solvents which, in 

ENVIRONMENTAL SYSTEMS 

Pictured left is the 70,000 sefm 
PURASIV HR System recovering 
2,000 Ibs.lhour of gravure publication 
printing solvents . The system is 
installed in the United States and 
went on stream in 1979. 

many cases, can be directly recycled to replace expen­
sive virgin materials. The PURASIV HR system is 
designed to minimize operating and maintenance 
costs and provide a substantial return on your invest­
ment. 

Let Union Carbide explain how PURASIV HR can 
meet your solvent recovery needs. Call or write for 
further information at the sales offices listed below. 

REGION OFFICES 
UNION CARBIDE CORPORATION • LINDE DIVISION 
270 PARK AVENUE· NEW YORK, NEW YORK 10017 TEL: 212·551·2345 

EASTERN 
Old Saw Mill River Road 
Tarrytown, New York 10591 
Tel: 914-345-5350 

WESTERN 
One california 
San Francisco, calif. 94111 
Tel:415-765-1430 

CENTRAL 
120 5. Riverside Plaza 
Chicago, IllinOis 60606 
Tel: 312-454·2044 

F-4317 

litho in U.S.A. 



Happy birthday, WES! 
On its 50th anniversary, the Army Waterways 

Experiment Station has a number of 
environmental missions to carry out. Here are some. 

On June 23, 1979, the U.S. Army 
Engineer Waterways Experiment 
Station (WES) celebrated its 50th 
anniversary. Since its founding, the 
WES,located at Vicksburg, Miss., has 
grown to cover 685 acres. It now has 
1400 employees, and a budget, this 
fiscal yea r, of $60 million. An in­
creasing proportion of this budget is 
going toward projects related to envi­
ronmental concerns. 

Stabilizing sludges 
Several of the tasks now under the 

purview of the WES Environmental 
Laboratory involve the effects of toxic 
materials released from hazardous 
wastes on local soils, and in water. 
Some of the ongoing hazardous waste 
disposal projects arc sponsored by the 
EPA's Municipal Environmental Re­
search Laboratory (Cincinnati, Ohio), 
and are directly related to regulations 
promulgated under the Resource 
Conservation and Recovery Act of 
1976 (RCRA), and the Army's own 
pollution abatement program. 

Norman Francingues, chief of the 
Water Supply and Waste Treatment 
Group of WES, told ES& T that one 
major study underway in his group is 
aimed at seeing if certain dangerous 
industrial sludges ca n be treated to 
render them insoluble and inert. The 
group is evaluating commercially 
marketed treatment processes for so­
lidifying and chemically stabilizing 
industrial wastes. Treatment processes 
applicable to wastes such as those from 
electroplating, chlorine production, 
calcium fluoride, and flue gas cleaning 
sludges are included in this program. 
Several reports detailing results, and 
indicating applications of these tech­
niques, are in preparation. 

Another significant phase of re­
search in Francingues' charge relates 
to the disposal or destruction of haz­
ardous organic wastes. Efforts con­
cerning organics are primarily part of 
the Army's mission, and not directly 
related to the EPA projects. The Army 
disposal operations are an outgrowth 
of programs related to pollution con-

trol at arsenals, and the destruction of 
obsolete or overaged weapons. For 
such "in-house" Army efforts, the 
group works with the U.S. Army Toxic 
and Hazardous Materials Agency, 
located at Aberdeen Proving Ground, 
Md. 

Field investigations 
Francingucs and his group have 

conducted a number of field investi­
gations to determine the pollution po­
tential of different types of wastes in 
various geologic settings. However, 
access to some sites was difficult to 
obtain, and, in most cases, was re­
stricted to a single visit, in order to take 
samples. Nevertheless, reports detail­
ing site surveys have been prepared for 
municipal landfills, and for flue gas 
desulfurization sludge disposal sites. 
Also, a complete report addressing 
disposal sites containing treated in­
dustrial wastes is in preparation. 

With respect to approved industrial 
waste disposal sites, Francingues pre­
dicted that these would be more diffi-
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Find, identify, measure, count and record 
pollutants with Zeiss. 

For all microscope techniques illus­
trated below and for many others 
used in poll ution analysis Zeiss has 
the instrument you need. 

Fully automatic camera micro­
scopes. Photomicroscope III with 
automatic flash and data recording 
system for 35 mm photomicrography; 
Ultraphot Illb for both fully automatic 
photomicrography and photomacrog­
raphy. 35 mm and 4x5" formats. 

Inverted camera microscope ICM 
405. Fully automatic. inverted camera 
microscope for transmitted and re­
flected light wi th integrated 35 mm 
and 4x5" cameras. Ultra-stable. 

Standard and WL microscopes. 
Exceptional versatility and Zeiss quality 
optics at competitive prices. 

Universal microscope. The most 
universal microscope for rout ine and 
research applicat ions. The automatiC 
attachment camera MC 63 takes 
35 mm or 4x5" (inc luding Polaroid'). 
and provides highly resolved. excep­
tionally bright images. 

Stereo and dissecting micro­
scopes. High resolut ion. flat field . long 
working distances. 

Specimen-saving transmission 
electron microscope EM 109. New 
high-performance (344A) EM. 
instantly ready for use. Three unique 
innovations: outside-the-vacuum 
camera system. specimen-sav;ng 
focusing system. ultra-clean vacuum 
system 
Nationwide Service. 

The great name in optics 

CIRCLE 15 ON READER SERVICE CARD 
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cult to establish. if regulations under 
RCRA. as presently proposed. are fi­
nalized. ES& Tasked about possibili­
ties of retrofitting unsatisfactory sites. 
so that they may comply with RCRA 
requirements. WES research geologist 
Phil Malone answered. "How. for in­
stance. would you install a 10-ft thick 
impermeable clay liner under an ex­
isting. operating landfill?" He and 

Norman Francingues 
evaluating hazardous waste methods 

Francingues discussed the idea that 
impermeable. solidified sludge might 
be used in place of a clay liner under a 
waste landfill . However. they con­
cluded that a great deal more testing 
and development would be needed 
before this approach could be consid­
ered as being proven. 

Bioavailability of toxics 
The Dredged Material Research 

Program (DMRP. ES& T. April 1976. 
p 327) was successfully completed in 
March 1978. Work is now being di­
rected toward applying lessons learned 
from the DMRP. and formulating 
dredged material disposal guidelines 
that are technically sound. Also. in the 
future. these guidelines under the 
Clean Water Act of 1977 may be in­
nuenced by provisions of the Toxic 
Substances Control Act (TSCA) and 
RCRA. as well. WES scientist Rich­
ard Peddicord told ES& T. 

Richard Peddicord 
a bioavailability study 

Simulation. A miniature wetland 

With respect to toxic and hazardous 
pollutants in estuarine. marine. and 
wetlands areas. the focus of concern 
may be shifting from mere chemical 
presence to actual bioavailability. 
Peddicord said. However. it might be. 
he noted. that the environmental ef­
fects of such pollutants present could 
be mitigated by sorption on sediments. 
or reactions with naturally occurring 
materials. for example. 

Peddicord explained that data in­
dicate that contaminants dissolved in 
interstitial water. or otherwise loosely 
associa ted with sediment particles. 
may be e1utriated. They can then be 
measured in samples of elutriating 
water by appropriate analytical 
methods. 

Such contaminants may. in some 
cases. be bioavai lable. and could then. 
conceivably. accumulate in the food 
chain. Bioassays could determine 
whether that is or is not occurring. On 
the other hand. if a contaminant be­
comes tightly bound to or incorporated 
in the sediment. it may not be elut­
ria ted. and. thus. would not be bio­
available. 

What is a wetland? 
As mentioned earlier. the DMRP 

has been completed. Yet. in a way. 
dredged material research of some 
kind must continue. since the Army 
Corps of Engineers retains responsi­
bility for dredged materials. wetlands. 
and the like. "The National Environ­
mental Policy Act and the Clean 
Water Act require continued input 
from the Corps in these areas." Bo 
Smith of WES' Environmental Re­
sources Division reminded ES & T. 

Butjust what is a wetland? Answers 
to this question have been fiercely de­
bated. However. Smith quoted the 

Corps' definition. which is: "A reas 
saturated or inundated by ground or 
surface water. at a frequency and du­
ration sufficient to support. and. that 
under normal circumstances. do sup­
port a prevalence of vegetation typi­
cally adapted for life in saturated soi l 
conditions. " 

Smith also explained that despite 
various amendments. as set forth in the 
Clean Water Act of 1977. the dis­
charge of dredged or fill materials on 
wetlands remains under the jurisdic­
tional responsibility of the Corps. 
Presently. WES is cooperating with 
researchers to aid in the technical 
definition of jurisdictional boundaries. 
Smith noted that the rationale of 
"404" jurisdiction of wetlands remains 
valid. among other reasons. because 
such lands "are an important part of 
the hydrologic cycle." 

Many activities 
Environmental activities. many and 

varied though they may be. are only a 
part of WES' mission. Other work 
there includes research in hydraulics. 
soils. mobility. blast effects. and con­
struction materials. For example. scale 
models of various dam or lock struc­
tures. and their surrounding waters. 
along the Mississippi River or its 
principal tributaries. are made. in 
order to determine optimum configu­
ration. In another area of the station. 
explosive effects on structures are 
evaluated. 

So. in many ways. WES is a unique 
installation for military and civil 
works. including environmental stud­
ies. A visit there is definitely worth­
while. ES& T extends to WES con­
gratulations on the occasion of its 50th 
anniversary. and best wishes for the 
next half-century. JJ 
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Pulse the precipitator ... 
With a recently developed system to enhance its 
efficiency to collect high resistivity fly ash 

Research-Cottrell (Somerville, 
N.J .) and High Voltage Engineering 
Corp. (Burlington, Mass.) have an­
nounced a major improvement in 
electrostatic precipitator technology. 
They spent nearly $2.3 million over a 
5-year period to develop what they call 
a pulse "energization" system. They 
claim that it "enhances the perfor­
mance of precipitators under a wide 
range of operating conditions," and is 
cost competitive with baghouses. 

The concept is not new. Research-

Cottrell has worked on pulse energiz­
ing systems since the late 1940's, as has 
its major competitors. Until now, 
however, the ha rd wa re needed to 
translate theory into practice was too 
primitive. With the development of a 
reliable all-electronic pulse system, a 
full-scale prototype, and then com­
mercial units, could be placed in op­
eration. 

At a June 20th press briefing, Re­
search-Cottrell's president Dennis 
Ca rlton-Jones said: "We look to pulse 

Electrostatic precipitator 
with pulse energizing system 
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energization as a means of increasing 
the precipitator share of the particulate 
control market for new equipment. 
Additionally, we see the development 
of an immediate short-term retrofit 
market due to the system's ability to 
significantly improve the performance 
or existing precipitators handling 
particulate emissions from low and 
medium sulfur coals." 

Atthe same briefing, the company 
also announced the receipt of its first 
order, for $5.6 million, from an un-



named southeastern electric utility to 
retrofit and upgrade two existing pre­
cipitators to 99.3% efficiency. (The 
pulser systems alone cost $2.3 mil­
lion.) 

How it works 
The reason eXisting units can be 

retrofitted is that the pulse energizing 
system- a pulse power supply, a driver 
unit consisting of charging and cou­
pling capacitors, an electronic switch, 
air-cooled driver and coupling resis­
tors, and controls- is merely coupled 
to the existing precipitator energizing 
system with no mechanical changes 
made to the precipitator itself. The 
added system superimposes high-fre­
quency pulses of short duration on the 
normal negative 60-cycle energizing 
voltage wave form. 

The addition of high-frequency 
pulses to the normal base wave form 
results in higher instantaneous peak 
electrical fields, more effective particle 
charging and, therefore , more effec­
tive particle collection. The pulse en­
ergizing system increases the so-called 
enhancement factor- the ratio of 
pulsed to unpulsed effective migration 
(or particle collection) velocities. As 
the enhancement factor increases, the 
size of the precipitator required to do 
a given job decreases. 

Until the pulse energizing system 
was developed, SO) conditioning was 
the only logical alternative to condi­
tioning high-resistivity ashes produced 
from low-sulfur coal. Fortunately, the 
enhancement factor appears to share 

a direct relationship with ash resistiv­
ity: as ash resistivity increases so does 
the enhancement factor. 

Thus, a precipitator requiring a 
specific collecting area (SCA) of 600 
could be sized at 300 SCA with a pulse 
energizing system that had an en­
hancement factor of 2. Enhancement 

R-C's Dennis Carlton-Jones 
a means of increasing market share 

factors in this range (1.22-2.09) were 
achieved at one of Research-Cottrell's 
testing facilities, a 35-MW coal-fired 
boiler at the Perry K. Station of Indi­
anapolis Power & Light Co., which 
provides steam to downtown India­
napolis, Ind . 

At this installation, coal with sulfur 
content varying from 0.6-1 .2% was 
burned; ash resistivity ranged from 5 
X 10 10 to 5 X 10" ohm-cm, and en­
hancement factors of 1.22-2.09 were 
achieved. Stack opacity was reduced 
by 50% during one burn. 

This performance was achieved with 
a simple and, according to Research­
Cottrell, reliable pulser system that 
utilizes a gas submerged pulse gap at 
relatively low-pulse-repetition rates. 
And according to Research-Cottrell, 
this is not a "minor hardware im­
provement," but one which makes all 
precipitators more reliable and cost­
effective. 

Implications 
The Electric Power Research In­

stitute (EPR!), a utility-sponsored 
organization, is taking a "wait-and­
see" attitude until independent tests 
corroborate Research-Cottrell's find­
ings. EPRI and Research-Cottrell are 
now negotiating a joint testing/eval­
uation program, which may take place 
early next year at that unnamed 
southeastern utility. 

EPRl's Walter Piulle, project 
manager, air quality control for fossil 
fuel power systems, told ES& T that 
should the independent evaluation 
confirm Research-Cottrell's claims, 
the pulser system would indeed be "a 
major contribution to the improvement 
of electrostatic precipitators." 

Indeed it would . The pulse energiz­
ing system would then release the yoke 
that binds precipitator performance to 
fuel composition and operating tem­
peratures, parameters that determine 
ash resistivity. Furthermore, because 
the system increases collection effi­
ciency, the size of precipitators can be 
reduced, with obvious savings in capi­
tal and operating expenses. LRE 

Sets of air facts 
Attendees at the APCA (Air Pollution Control Association) 

meeting hear the clarion call for resolution of data sets 

Why, 0 why 0, did it ever leave 
Ohio? After an absence of 29 years, 
APCA held its 72nd annual meeting in 
Cincinnati. Today, Steubenville, Ohio, 
once one of the dirtiest cities in the 
U.S. , has reportedly reduced its levels 
of particulate matter 55% and of sulfur 
dioxide 33%. Further, legislation is 
being prepared to introduce a trans­
portation 1& M (inspection and 
maintenance) program in the state. 

What's more, there is a new nuclear 
plant going in at Moscow, Ohio. 

Sen. Gary Hart, chairman of the 
National Commission on Air Quality, 
said, in his speech at the meeting, 
"Everybody wants clean air, but people 
disagree sharply over almost every 
single policy issue." He explained that 
people disagree on policy questions 
largely because they do not agree on 
the facts in debate. For example, he 

noted that there is no consensus on 
such basic questions as: 

• What levels of pollution endanger 
public health? 

• Does technology exist to cut 
emissions a certain amount? 

• How does pollution control affect 
the economy? 

The problem is not a lack of infor­
mation. Indeed, it often seems that 
every group has its own complete set of 
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facts . The problem is the conflict 
among all the "facts" in the debate. 

Growth issue 
In his keynote address, R. W. Bald­

win, president of the Gulf Oil Refining 
and Marketing Company, said that 
growth and clean air are what this 
meeting is all about. Baldwin said, 
"Some aspects of air pollution control 
are getting in the way of growth, and 
in very real terms, this country is dying 
as a result of that." 

He reminded the attendees that the 
expressed intent of the Congress in 
passing the Clean Air Act of 1970 was, 
"To protect and enhance the quality of 
the nation's air resources so as to pro­
mote the public health and welfare and 
the productivity of its population." In 
his view, it is necessary to note that cost 
is one of the ways in which one mea­
sures productivity. He noted that 
during the 1950-73 period, U.S. pro­
ductivity grew at an average annual 
rate of 2.7%. Since 1973, that rate of 
growth has fallen by one-half. "Last 
year it hit an abysmal 0.4%," Baldwin 
said. 

He said that studies have shown that 
in 1975 alone, environmental control 
costs reduced our potential growth in 
output from existing capital and labor 
by more ihan 11%. "Within the last 
decade, more than 30 refinery projects 
have been announced at various loca­
tions on the East Coast," Baldwin said. 
"Primarily because of environmental 
concerns, none has been built. There 
has not been a new refinery brought 
on-stream on the East Coast since 
1956. 

"Regulations have been developed 
by the EPA and DOE which could 
delay start-up of new construction by 
close to five years," Baldwin contin­
ued. "We are already seeing the be­
ginning of project cancellations be­
cause certain areas are so locked-up by 
regulations. Dow Chemical, for in­
stance, has decided to build a major 
petrochemical plant in Saudi Arabia, 
since- after two years and $40 mil­
lion- permission to build a similar 
facility in Northern California was 
denied . .. even though the local pol­
lution control authorities conceded 
that the company's initial plans called 
for just about the cleanest plant of its 
type. 

"I think the fundamental challenge 
to economic growth emerges from the 
act itself and, therefore, correction is 
a Congressional responsibility. One 
cannot imagine the House and the 
Senate setting out to consciously harm 
the American economy. These things 
are done as a by-product of single­
purpose.legislation which fails to take 
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into account the impact of other na­
tional aims and goals," Baldwin said. 

In conclusion, he noted that he 
would recommend that the APCA 
prepare some appropriate recom­
mendations to the National Commis­
sion on Air Quality on the effects of the 
Act on industry. 

Gathering data 
As Chairman of the National 

Commission on Air Quality, Sen. Hart 
noted that one of the prime efforts of 
the Commission is to resolve some of 
the conflicting facts and arguments 
about air quality. Having adopted its 
official study plan on June 22, the 
Friday before the APCA meeting, the 
Commission aims to give to the Con­
gress and to the public fair, balanced, 
and accurate information on air pol­
lution and our efforts to control it. Its 
first report is due next August. 

Keynoter Baldwin 
concerned with effects of 

the Act on industry 

'.~ .. 

Commission's Sen. Hart 
resolving conflictingfacts 

about air quality 

A case in point is the recent contro­
versy over new standards for power 
plants (ES& T, February 1979, p 172). 
"Some environmentalists argued for 
95% pollution reduction, saying 'wet 
scrubbers' have been proven to remove 
that much pollution," the senator says. 
"Some coal companies argued for a 
35% standard, saying that it is impos­
sible to do better with proven technol-

ogy. Different groups of people push 
very different policies, presenting very 
different representations of the facts," 
Sen. Hart explains. 

For John Q. Public, of course, bil­
lions of dollars and billions of tons of 
pollution are at stake. Indeed, the de­
sire for better information was a major 
reason that Congress created a special 
commission. 

The Commission will have served a 
major purpose if it does nothing more 
than compile and evaluate informa­
tion, according to Sen. Hart. Also it 
can help in another way. That is to 
suggest to the Congress how to im­
prove air quality with less regulatory 
burden and frustration. 

Prognosis 
The public continues to support 

better air quality but is rebelling 
against inefficient government regu­
lation. Everywhere Sen. Hart goes he 
says he meets people frustrated with 
government regulations. It's true that 
the clean air program is the single most 
expensive regulatory program. CEQ 
says this nation will spend over $213 
billion between 1977 and 1986 meeting 
clean air standards. But the Clean Air 
Act has made a major difference, ac­
cording to the senator. "Over 90% of 
our factories are complying with air 
pollution standards," Sen.' Hart says. 
"Pollution from individual cars has 
been reduced substantially. Still, these 
changes have just kept pollution from 
getting worse, rather th~n leading to 
actual improvements." 

How far have we come on this road 
to clean air? EPA's measurements 
confirm how little progress we have 
made. The senator said, "Four of the 
five major regulated pollutants have 
been reduced. But only one of the na­
tion's 102 largest cities has healthy air. 
A new study shows visibility has de­
clined 10-400/0 across the nation." 

At the bottom line, a major chal­
lenge during the next Congressional 
review of the Clean Air Act will be to 
satisfy both of these popular demands: 
clean air and less burdensome regula­
tions. 

Another challenge is finding out 
how best to increase production of coal 
and other domestic energy resources 
while preserving air quality. For ex­
ample, the Commission will study how 
the new provisions to protect clean air 
regions affect power plant siting and 
construction. So far, Sen. Hart said, 
"EPA has approved 74 new permits for 
coal-fired plants in clean air regions, 
while rejecting only two. This early 
record strongly suggests the la w does 
not inhibit energy production." 

SSM 



ANOTHER FIRST FROM SIERRA 
A choice of 
Automatic or Manual 
Dichotomous Samplers 

Model 245 
NEW AUTOMATIC 
DICHOTOMOUS SAMPLER 

Now, Sierra Instruments introduces the new Model 245 Au­
tomatic Dichotomous Sampler. Based on EPA deSigns, the 
new 245 has automated filter changing, providing unat­
tended operation for weeks or months. Its versatile digital 
programmer precisely contro ls sampling and filter indexing 
and handles AC power failure up to ten days. The 245 pro­
vides automatic indexi ng if filter over-loading occurs and 
gives a hard-copy record of both sampling time and flow 
rate. The Model 245 design is light in weight and two­
modular allowing complete portability for field use. 

Sierra 's field-proven Model 244 is 
recognized and accepted as today's leading 
particulate sampling instrument. 

Model 244 

DICHOTOMOUS SAMPLER 

Developed by EPA, Sierra's Model 244 samples inhalable 
particulates smaller than 15 microns and by means of the 
virtual impaction principle, further fractionates the sample 
into "fine" respirable particulates smaller than 2.5 microns 
and "coarse" particles between 2.5 and 15 microns. The 
two fractions are collected uniformly on 37mm teflon filters 
-ideal for gravimeteric or x-ray fluorescence analysis . 
Hundreds of Sierra 244's are now operating reliably in the 
field . Pioneered, engineered , and manufactured by Sierra 
Instruments, Inc. 

PO. BOX 909. C ARMEL VALLEY. CA. 93924 1 (408) 659-3177 
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CIRCLE 12 ON READER SERVICE CARD 

Atmospheric Scientist &' 
En wronmenta I Systems Engineer 
Argonne Nationa l Laboratory will offer stimulating challenges to sCien t ists with records of 
accomplishment In the areas li sted below. Selected candida tes can a lso expect fully commensurate 
compensa t ion package and solid po tentia l for p rofess ional recogn it ion and ca reer grow th 

Atmospheric Scientist 
Provide an increasing level of management support in 
the development of innovative methodologies - with 
Argonne. Involvement will span air quality analysis of 
near, intermediate, and far term energy supply and 
demand projections; comparative analysis of alterna­
tive energy technologies; data base development ; and 
evaluation of federal air quality policies and legislation. 

Position requires PhD or equivalent and at least 5 
years of technical experience in the characterization of 
atmospheric residuals - preferably related to. energy 
production facilities. Other essentials include a knowl­
edge of atmospheric dispersion models and their appli­
cation . . regulatory requirements for existing and 
new point sources .. . and socioeconomic issues affect­
ing the energy planning process. Write Box 7701. 

Environmental Systems Engineer 
Assume a lead technical role and substantial manage­
ment responsibilities with Argonne. Technical involve­
ment will span comparative policy assessments and 
the development of new data bases and innovative 
analysis tools. Special program areas include energy 
and air pollution tradeoffs, air quality impacts of new 
technologies/ controls and federal regulations, and 
potential impacts of alternative energy technologies. 

Position requires MS or PhD in ME, ChE, CE, Environ­
mental Engineering, Physics or Chemistry and pro­
gressively more responsible management experience 
in programs emphasizing air quality. Excellent commu­
nication skills and the proven ability to direct the work 
of professional personnel and maintain effective rela­
tionships with program sponsors also essential. Back­
ground in air quality aspects of toxic substances would 
be a definite asset. Writs Box 7710. 

Send resume and salary history to: Mr. Walter McFall, 
(appropriate box #) Argonne National Laboratory, 9700 
So. Cass Avenue, Argonne, IL 60439. A ARGONNE 

NATIONAL LABORATORY 
An Equal Opportunity Employer, mit U"C I'JI U,OO[ 
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The market lor water 
management chemicals 
Here is a look at what it consists of, what its present trends 

are, and which way it could go in the next several years 

Andrew C. Gross 
ACG. Cleveland State University. 

and Predieasts. Inc. 
Cleveland. Ohio 44106 

The use of chemicals in treating 
potable, internal, and waste water is 
favored by several factors , including 
economic, technical, and political 
considerations. Indeed, on net balance, 
one can argue that chemical treatment 
is an attractive proposition, when 
compared to capital expansion. Table 
I shows capital and operating costs for 
selected population and plant sizes as 
of 1977-78. Depending on these fac-
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tors, level of treatment desired, and 
other conditions. cost of cleanup will 
vary from under 10e/IOOOgal to over 
$2/gal. truly a wide range. 

There are also major cost variations 
among industries, and even within an 
industry. depending on pollutants. 
local rules. and so on. In the pulp and 
paper industry. for example. the acti­
vated sludge process is about three 
times as costly as lagoon aeration per 
1000 gal handled. and per Ib of BOD 
removal. Scale of plant is significant, 
and costs per gal of a I-mgd facility 
might be twice that of a I OO-mgd unit. 
However. the economies of scale are 
not as significant. as the size of the 
plant increases. 

Primary physical treatment is 
cheaper than secondary chemical and 
biological treatment. But advanced 
water treatment (/\ WT). such as re­
verse osmosis and electrodialysis. is 
currently very expensive. Typical costs 
per 1000 gal at a large facility are as 
follows : 

• primary treatment-8- 1 Dc 
• secondary treatment-I 0-20e 
• tertiary treatment- 12-25€ 
• quaternary treatment-25-85c. 

F('(IIUr(' {1rl~de.\·;'~ ES&T hac(' h,r·/im's, rep­
re.\"('I11I"" rH''''S oj the authors, and lJft' edited 
hy 111(' Washington .HaiT lfpm aft' ifllat'Jr(,l/ 
ill ~'OIlfr;hlllillg all artkh,. nmlCld ,hl' "'lJIUlg;II.~ 
('{/Hor. 
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Since secondary treatment follows 
primary, and so on, costs are cumula­
tive. Thus, costs of complete treatment 
would range from 55¢, minimum, to 
$1.40 or more per 1000 gal. In addi­
tion, sludge disposal costs are esti­
mated at anywhere from 3 to 95¢ per 
1000 gal treated. 

Nature of the industry 
The water treatment chemical in­

dustry is highly fragmented and highly 
diversified. Hundreds of manufactur­
ers are involved in selling bulk and 
specialty chemicals for incoming, in­
ternal, and outgoing water treatment. 
However, only a handful of companies 
derive a significant share of their 
business from the sale of chemicals for 
such end uses. 

Companies selling chemicals must 
keep in mind that their markets are 
also highly fragmented. The most 
frequent division is that between mu­
nicipal and industrial markets. Also, 
there are further variations within 
each, in terms of size of installation, 
nature of industry or operation, pol-

lution problems, incoming water 
quality, and the like. It is possible to 
identify yet other markets, for exam­
ple, households and farms. Suffice it to 
say that manufacturers face a difficult 
problem in locating, capturing, and 
retaining major users. However, once 
such markets are found, it is possible 
to build loyalty by providing consulting 
and maintenance services. 

Successful operation in this industry 
requires the following two major con­
ditions: 

• experienced scientific, technical, 
managerial, and sales personnel to 
satisfy both users and regulating au­
thorities 

• a systems approach to marketing, 
with due recognition of the importance 
of "software" and services. 

Types of companies 
Many large-, medium-, and small­

sized firms make up the water treat­
ment chemical industry. While the 
majority of such firms are listed in 
"SIC 28- Chemical and Allied In­
dustry," there is good representation 

\ 

from other major industries, such as 
"SIC 35-Non-Electrical Machin­
ery." Five major types of organizations 
can be distinguished; this classification 
is based on a combination of corporate 
size, "market reach," product line, and 
ownership. 

First, there is the family of very 
large manufacturers, those with sales 
in excess of $1.5 billion. These giants 
of the field are well-known: Allied 
Chemical, American Cyanamid, 
Borden, Celanese, Dow, DuPont, W . 
R. Grace, Hercules, Monsanto, Olin, 
PPG, and Union Carbide. However, 
profit margins for these companies 
eroded from 1974 to 1977, mostly be­
cause of global economic problems. 

These firms, while well-diversified, 
tend to engage in the manufacture of 
bulk, rather than specialty chemicals. 
Nevertheless, some of them are be­
ginning to pursue segments of the 
water treatment market. Consider 
these two examples: Hercules now of­
fers a line of tlocculants, biocides, and 
internal water preparations, and also 
designs advanced waste treatment 

I for new, more effective compounds. The rate of inno­
vation in this area seems as good as that in the equipment 
fie\a. 

• Chemicals are ,?ften cost-effective wilen compared 
to the cost of land, labor, and capital-all needed when •.• and some-negative f~ctors 
the choi~ istha;tto( equipment. Users have also recog-
nized that it may'be wiser to spend on current account ' . A'defirute trend existS in industry toward recycling, 
when Capital funds are in short supply. when interest that is. reclaiming and reusing water, with the result that 
rates are high. or when innovation is fast changing the less chemical dosage will be needed.·However. ,while such 
indu$trial process.es utilized in a given plant internal water remains relatively clean, it must still be 

• Although prices ofchemlcals<rose sharply during treated chemically, and partially replaced. in order to 
J 973-75. they appear to have levelled off"and current prevent scale and corrosion. ' 
price increases do. not exceed the rate of increase for . ' Prices of chemicals. especially organic chemicals, 
equipment. Furthermore, subStitution .pOssibillties en- have risen sharply; some increases during 1973- 15 were 
courage intercomPQund competition. on the order of 100%, 200%, or even more. In such in-

• Use of wate~ t~tment chemicals can result in stances, users will seek cheaper sUbslitu~es. or even 
'sulistantiaHuel savin~; esJl!lCialIy in the case of internal . eliminate certain production lines. 
water treatment. The thruSt of energy tosts is the:single • There es a definite concern about using chemicals 
most signifiCant factor on the markei for water t~tment . ~ £Or c1eahing.water. when these very same c~emicals can 
chelnicals. Plant engineers are recognizing. contrary to be. or are, classified as pollutants. This is especially true 
previously held beliefs. that energy aild environment ~re r in the ease of complex prganic compounds, bUt is the case 
partners, rather than enemies, in inflationary times. also for aluminum sulfate and .ferric chloride . . 

• TIlere is increased per capita consumption of water. • In Qrder tO,save energy or avoid .c1eanup cost~ some 
There is also increased deinanft for high-quality w~ter. companies are shifting to new facilities with built-in 
The use of chemjcals is a factor in 'both trends. pollution control equipment, . and with built-in water 

• Increasingly, tighter effluent standards reqllire c-onservation features. - .j • 

nontOJdc wastewater., reductiorl of sludge, and the like, ~ • Although commertlal office building construction 
' all of which necessitate greater lise of chemicals. ;? will continue to inc~se at the rate of.about 4% per year 

• Despite ,some populatjon movemen~ to rural areas, . in constant dollar terms, more efficient air-conditioning 
this country remains an urban one. Ground water mus~ . systems will be designed, thereby slightly reducing the 
be conseryative in urban, suburban, and tural areas. need for cooling water· compounds. . 
Th~s, increased reliance on treated ratlier than :well • 'Federal grants, managerial attitudes, and con-

, water can be expected.. ~ '. - . . suiting engineers' fees still tcnd to favor capital-i,ntensive 
• Manufacturers of water treatmenf-chemicals ate projects at the expense of o~rating o~ current ac.counts. 

willing and able to spena,research/development.QPllars < This situation is changing;-slowly, but perceptil>ly. 
'''.,1 ~ '. ... ~, . ::t 
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1'Al!lE 1 f 
~arison of cap Hal and operating costs for selected 
... ewater treatment alternatives, 1977-78 '. 

capita' cosI8. 
(SOOO) 

Operating ....... 
($Img) 

C8jii\aI ciiiiiilCil C8jii\ai CiNiiiilCai 
..... oIz. 

(mgd) 

expansion b Ir.a' ....... c .~b tre-..ac 
. " BCD A B --c-1r"' 

2.5 
25 
50 

70-210 
240-1340 
475-2850 

8-16 
23-43 
38-75 

14-54 
4-35 
3-33 

9-29 
5-~3 
4-20 

alllCNmanlal \0 existing costs; exclusive of collection and disinfection systems. 
"1IanIII!: A = clarification, B = clarification and aeration. 

, 0Jlan8r. ~,a flocCulation, 0 = flocculaUon and coagulation. 

____ 1. Based primarily on Stacy L. Daniels et aI., in Water-1976: Physical, ChemIcal 
~ T_tment, Gary F. Bennett, Ed., American InstiMe of Chemical Engineers, New York, 
1117. pP 333-342. 
2. Updated and adjusted for population and plant sizes shown here by the author, based on con­
-'una wHh pollution control anslysls and municipal and industrial authorities. 

systems, including a dewatering/in­
cineration unit. A multinational firm , 
Hercules, in the 1970's, acquired 
Oceanchem, Kedea AB, and Genu 
Products, all outside the U.S. 

Olin, a diversified manufacturer 
offering many basic chemicals, estab­
lished a Water Services Division that 
is recording sharply rising sales and 
income figures. Key products offered 
include chlorine dioxide, catalyzed 
hydrazine, and swimming pool chem­
icals. 

The second group consists of me­
dium-sized chemical manufacturers, 
those in the $20 million- $1.5 billion 
sales volume range. included in this 
group are both general and specialty 
manufacturers. Examples of the for­
mer are Air Products and Chemicals, 
Morton-Norwich Products, and 
Pennwalt. 

Take Pennwalt as an example: Its 
product line falls into three major 
categories-chemicals, health-related 
products, and specialized equipment. 
It offers a broad range of chemicals; 
those items with applications in water 
treatment include caustic soda, chlo­
rine, activated carbon, and organic 
coagulants. The production of calcium 
hypochlorite has just been discontin­
ued because of lack of profitability. 
Pennwalt offers a water pollution 
control equipment line ranging from 
pumps and chemical feeders to cen­
trifuges and flow meters. its operations 
are carried out in 97 plants located 
across the U.S. and 18 other 
countries. 

"Handholding" is wise 
The specialty manufacturers in this 

second category can be further subdi­
vided into two groups-those with 
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heavy emphasis on chemicals intended 
for water and wastewater treatment 
and those who stress their lines of 
cleaning-sanitizing chemicals. The 
former group encompasses the family 
that was affectionately labeled the 
"Big Six Pack" (ES & T, May 1974, p 
414) . They are: Betz Laboratories; 
Chemed, 90% owned by W. R. Grace; 
Mogul, recently acquired by Dexter; 
Nalco Chemical; the Calgon division 
of the giant pharmaceutical company, 
Merck; and U.S. Filter with its Drew 
Chemical Division. 

The "maintenance chemical firms" 
are represented by Economics Labo­
ratory and Diversey, which was bought 
by Molson Breweries of Canada. They 
have a definite interest in pollution 
control chemicals, and it would not be 
surprising to see them pursuing this 
market more aggressively. As a gen­
eral rule, specialty chemical makers 
show a higher rate of return on sales 
than do the multibillion-dollar firms. 
Close attention to the problems of 
clients, coupled with a systems ap­
proach, has developed strong loyalty 
among their customers. "Handhold­
ing" is a good rule- for example, 
Mogul even assists clients in filling out 
forms to meet regulations. 

The third category consists of 
manufacturers from other industries, 
especially machinery and equipment 
makers, for whom the decision to enter 
the water/wastewater treatment 
chemical field was a natural diversifi­
cation. Examples are Clow, Eagle­
Picher, and General Signal. 

Eagle-Picher's diatomaceous earth 
filter-aids are widely used for high 
purity applications. Clow, best known 
for its cast iron, plastic, and vitrified 
clay pipes, is the parent firm of Vulcan 

laboratories, maker of cooling water 
and related compounds. 

Some other major companies, such 
as General Refractories, Petrolite, and 
Westvaco, have chosen to enter the 
market with a single product, in some 
cases with multiple and even unrelated 
products. A good example is West­
vaco-a paper and packaging products 
firm-which is the leading producer of 
activated carbon, with its 4 million 
Ib/y capacity. Should the Environ­
mental Protection Agency (EPA) in­
sist that all drinking water be carbon 
filtered, Westvaco would reap signifi­
cant benefits. 

The fourth category consists of 
small chemical companies, those with 
sales of about $1-20 million. These 
firms usually specialize in a group of 
related chemicals, such as boiler feed, 
water softening, or swimming pool 
products. Most of these firms function 
in the area of internal water prepara­
tions, and many tend to be privately 
owned. Examples are Aiken-Murray, 
Mitco, and Garratt-Callahan. 

Alken-Murray appears to be a re­
gional firm, operating chiefly on the 
East Coast and in the Midwest. On the 
other hand, Garratt-Callahan operates 
plants in California, Texas, Illinois, 
and Georgia, and maintains at least 
one technical sales representative in 
each state. 

The fifth category is a new one- it 
consists of foreign companies that have 
entered the U.S. water treatment 
chemical market in increasing num­
bers during the mid- and late 1970's, 
often through the acquisition route . 
Examples are Lonza AG of Basel, 
Switzerland; imperial Chemical in­
dustries, purchaser of Atlas Chemical, 
an activated carbon manufacturer; 
Norit NV of the Netherlands; Mitsu­
bishi Chemical; and, as mentioned al­
ready, Molson Breweries of Canada, 
buyer of Diversey. U.S. firms can ex­
pect competition in the future from 
these and other German, Swiss, Brit­
ish, French, and Japanese organiza­
tions. 

Size doesn't assure profits 
In the water management industry, 

size alone is no assurance of high 
profits. Both large and small com­
panies can have poor performance 
records. indications are, however, that 
the best profit records continue to be 
shown by medium-sized firms. Those 
firms are large enough to operate 
under a systems approach and with a 
well-trained research and sales staff, 
yet small enough to specialize and 
carve out selected segments of the total 
market, be it by geographic area, type 
of compound, or type of client. 



There are contrasting trends at any 
given time in the wa ter treatment 
chemical industry; some firms enter, 
others leave. Some drop product lines, 
whi le others add new ones. There 
is a trend toward discontinuing un­
profitable basic chemicals. For in­
stance, Diamond Shamrock stopped 
making soda ash (synthetic soda gave 
way to the natural deposits from 
Wyoming). 

Mergers and acq uisitions have been 
taking place in this field at a rate equal 
to that of ot her segments of the 
chemical industry, or U.S. indust ry in 
general. Within the past 2 years, one 
could read about the following mergers 
(with acquiring company listed first): 
Beatrice Foods- Culligan Interna­
tional : Dexter- Mogul; Essex Chem­
ica l- Racon; Kennecott - Carborun­
dum: and Molson Brcweries- Diver­
scy. Most recently, BOC International 

TABLE 2 

of England claimed "full indirect 
ownership" of Airco, and Pennwalt 
purchased Barnebey-Cheney. 

Table 2 shows a list of selected large, 
medium, and small firms whose prod­
uct line includes both bulk and spe­
cialty chemicals for the treatment of 
intake, internal, and effluent water. Of 
the companies shown, only a handful 
-derive one-fifth or more of their sa les 
from the sa le of water management 
chemicals (such as Betz, Garratt­
Callahan, Nalco). It is expected that 
the most pervasive trend for all the 
firms in the list will be diversification. 
Target marketing and building brand 
loyalty wi ll remain key objectives. 

There will also continue to be a di­
rect relationship between size of the 
supplier and size of the end user. Thus, 
Nalco Chemical deals with the very 
largest paper, steel, and chemical 
process manufacturers, while Alken-

Selected water treatment chemical companies 
1977 

Employe •• Sales Net Income 

Murray would focus on small clients. 
Finall y, one can expect mergers and 
acquisitions to continue, possibly even 
at an accelerated pace. 

Shipment trends 

Shipments of water management 
chemicals were 5 billion Ib in 1960, 
nearly 17 billion Ib in 1977, and are 
projected to approach 47 billion Ib by 
1990, a growth rate of more than 8% 
per year. Values of shipments were 
$175 million in 1960, $1.3 billion in 
1977, and are forecast to rise at an 
11 .6% annual rate, exceeding $4.5 
billion by 1990. Currently, about 200 
Ib of chemicals are being consumed per 
million ga llons of municipal and in­
dustrial water use; this figure should 
reach almost 500 Ib by 1990. Table 3 
shows the major categories of chemi­
cals, by physical units and dollar 
terms, in 1960, 1977, and 1990, as well 

1972 
Sales Net Income 

Company (thousand.) (millions 01 $) (millions of $) (millions 01 $) (millions of $) 

Airco 14.5 837.4 54.0 492.3 18.0 
Air Products and Chemicals 13.7 947.2 67.7 351 .2 1-8.3 
American Cyanamid 43.8 2412.3 139.4 1358.9 108.8 
Betz Laboratories 1.8 148.3 15.9 57.3 4.6 
Carus 0.5 25.0 · n.a. 20.0 · n.a. 

Chemed 5.7 286.4 20.0 140.0 10.4 
Chemtrust Industries 0.5 14.0· -1 .0 11.4 0.2 
Clow 2.7 141.4 3.7 105.9 5.1 
Dexter (Mogul) 4.8 315.8 18.5 66.2 4.0 
Diamond Shamrock 11 .3 1530.4 162.1 617.3 33.3 

Diversey 4.1 130.6 4.1 58.8 1.8 
Eagle-Picher Industries 10.2 474.0 26.0 255.9 11.8 
Economics Laboratory 5.7 358.6 23.4 154.3 9.7 
Essex Chemical 0.6 76.8 4.1 37.5 0.7 
Fairmount Chemical 0.1 8.1 0.4 4.4 -0.0+ 

Garratt-Callahan 0.3 11.0 · n.a. 9.0 · n.a. 
General Refractories 8.0 344.2 -0.01 179.4 1.4 
Hercules 24.5 1697.8 57.9 932.0 70.4 
lonics 0.5 29.1 1.6 10.5 0.4 
Johns-Manville 25.4 1461.4 102.6 796.3 49.3 

Merck (Calgon) 28.1 1724.4 290.8 958.3 147.6 
Morton-Norwich Products 10.9 609.3 31 .7 367.8 24.4 
Nalco Chemical 4.2 445.6 50.1 194.7 20.1 
NCH (National Chemsearch) 5.9 198.6 18.6 82.2 8.1 
Oakite 0.9 52.1 3.4 30.5 2.2 

Olin 22.0 1472.5 78.1 1098.3 30.2 
Pennwalt 13.9 834.9 41.7 441.0 16.0 
Petrolite 1.7 143.6 16.1 55.8 4.4 
Rohm & Haas 13.0 11 23.9 43.2 618.6 46.4 
Stauffer Chemical 13.0 1232.7 116.0 542.6 33.5 

Sybron 15.5 584.7 27.3 356.3 19.8 
U.S. Filter (Drew) 6.0 423.7 13.9 123.0 6.2 
Virginia Chemical 2.9 104.3 9.6 44.1 1.2 
Westvaco 15.9 1000.6 61 .9 472.0 13.1 
Witco Chemical 5.0 632.4 24.6 293.5 12.6 

.1 Estimated 
n.a . ;: n01 available. 

Volume 13, Number 9, September 1979 1053 



as their respective growth rates. 
Bulk or basic chemicals will exhibit 

the slowest growth rate in the coming 
years, while biologicals-especially 
oxygen-and internal water prepara­
tions will enjoy the fastest percentage 
increases. The most significant trend, 
hidden in Table 3, is that of upgrad­
ing-begun in the 1970's, it is expected 
to last well into the 1980's. Thus, sales 
of organic coagulants will grow more 
rapidly than sales of inorganic ones; 
the higher prices of the former will be 
offset by their better effectiveness in 
both water clarification and sludge 
conditioning. Similarly, activated 
carbon markets will show a higher 
growth rate than those of simple filter 
media; ozone and oxygen use will be 
rising much faster than use of inor­
ganic biologicals. 

As for internal water preparations, 
the trend is toward nontoxic, nonpol­
luting chemicals, and toward those 
compounds that are effective not only 
in water treatment, but in energy sav­
ings as well. A good example of the 
latter trend is the family of synthetic 
dispersants, which offer better solid 
dispersion, as well as providing cleaner 
heat transfer surfaces. 

Families of chemicals 
There are five families of water 

management chemicals; some experts 
would choose fewer, or more, while 

TABLE 3 

others would object to the groupings 
listed here. They are: coagulants and 
flocculants; filter media of all types; 
neutralizers and salts; biological action 
chemicals, including oxygen; and in­
ternal water preparations. 

Coagulation is the process whereby 
suspended solids and colloidal mate­
rials in the water are agglomerated 
into masses sufficiently large to settle; 
this is an irreversible' chemical ac­
tion. 

Flocculation is the aggregation of 
suspended solid particles in water; it is 
a reversible process, as the cohesive 
forces are quite weak. Yet, for practi­
cal purposes one can treat the two 
processes or groups as one family. The 
four coagulant/flocculant family 
members are alum, iron, salts, other 
inorganic coagulants such as bentonite 
and kaolin, and organic coagulants 
such as natural and synthetic poly­
mers. 

The most significant development in 
this field is the combination of inor­
ganic coagulants with organic ones for 
very effective action. Both types will 
continue to be used, though the de­
mand for organics will grow far more 
rapidly, as they are effective in clari­
fication and sludge conditioning. 

Municipalities still use more coag­
ulants than industries do, and more 
coagulants are consumed for potable 
water than for sewage treatment. 

However, industrial treatment should 
grow more rapidly than municipal, and 
sewage treatment more rapidly than 
water clarification. 

Average prices of coagulants/floc­
culants at the manufacturers' level 
stood at 4¢/lb in 1970 and 9¢/lb in 
1977, and should rise to 17¢/lb by the 
end of the 1980's. Prices of organic 
coagulants are now in the $0.50-3.00 
range, but the specific price will vary 
according to volume purchased and 
transport costs. 

Filter media 
In water and wastewater treatment, 

filter processes remove contaminants 
from the flow by mechanical, chemi­
cal, or electrical means. Filtration is 
done in addition to coagulation and 
sedimentation when water is to be used 
for drinking and for internal purposes 
in the plant. Filter media include sand, 
zeolites, diatomite and perlite, acti­
vated carbon, ion exchange resins, and 
other materials. Filters may be used in 
tandem; for example, sand or coal is 
put in front of activated carbon beds, 
which are placed ahead of ion ex­
change resins. 

Activated carbon is the filter medi­
um dominating the news. It can be 
used to adsorb traces of chlorine and 
other oxidants, as well as to collect 
dissolved organic chemicals. I f the 
EPA insists that cities with popUlations 

Shipments of water treatment chemicals 
% AMUal growth rate 

Hem 1960 1977 1910 HISiOilCal ProjiCiecl 

Millions of pounds 
Coagulants 850 2210 4050 5.8 4.8 
Filter media 338 787 1650 5.1 5.9 
Neutralizers & salt 2925 9270 17630 7.0 5.1 
Oxygen 2200 18500 17.8 
Other biologicals 496 1556 3162 7.0 5.2 
Internal water preparation 307 920 1880 6.7 5.7 

Total 4916 16943 46872 7.6 8.1 

$lIb 0.035 0.078 0.118 

Millions of dollars 
Coagulants 24.8 187.7 684 12.6 10.5 
Filter media 23.7 154.0 583 11.6 10.8 
Neutralizers & salt 26.6 198.6 592 12.5 .8.8 
Oxygen 26.0 425 24.0 
Other biologicals 37.4 282.1 1162 12.6 11.5 
Internal water preparation 62.0 475.0 2070 12.7 12.0 

Total 175.5 1323.4 5516 12.7 11.6 

Water use (trillion gal) 69.6 86.4 95.0 
Iblmillion gal 71 196 493 

GNP (billions of $) 506.0 1889.6 5370 8.1 8.4 
$/000$ GNP 0.34 0.70 1.03 
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of 75 000 or more use activated carbon 
to remove trihalomethanes, then usage 
would skyrocket. But some experts 
contend that EPA is overstating the 
beneficial aspects, and that competing 
materials at lower cost are available. 
However, despite excess capacity, 
producers are now gearing up for an 
expanding market. Prices of activated 
carbon, stable for some time, are now 
in the $0.25-0.75/lb range, and mov­
ing up. 

Neutralizers and salt 
Neutralizers are low-cost, high­

poundage materials. Lime, caustic 
soda, soda ash, and sulfuric acid are 
among the top chemicals produced in 
the U.S. for these purposes, and prices 
are still in the 1-3¢/lb range. These 
chemicals, along with salt, are used in 
water management to provide a bal­
ance of ions, that is, to adjust pH, nu­
trient, and metal levels. 

There will be intra-family compe­
tition in the future, with soda and acids 
showing gains at the expense of lime 
and salt. But as a family, neutralizers 
will exhibit the slowest growth rate, 
when compared to other water treat­
ment chemicals. Simply put, even at 
the low prices cited, they are not a very 
good buy because of: 

• lack of effectiveness when com­
pared to alternatives 

• side problems, such as the amount 
of sludge left over. 
Of course, neutralizers will be used in 
relatively large quantities, but usage 
will be more in combination with other 
chemicals than by themselves. 

Biocides 
Chlorine, inorganic chlorine com­

pounds, other biocides, oxygen, and 
nuorides alter the biological charac­
teristics of water. As a family, they 
tend to be used in treating water sup­
ply, rather than wastewaters. 

Chlorine disinfects, and biocides 
inhibit the growth of microorganisms. 
But while effective, many biological 
action chemicals are toxic to humans 
and aquatic life; serious concern has 
been expressed in regard to the carci­
nogenicity / mutagenicity of chlorina­
tion byproducts. 

Nevertheless, chlorination will not 
be phased out suddenly. As one expert 
put it, any chlorine substitute must be 
a good biocide, cost effective, and 
responsible for fewer hazardous by­
products, and it must provide an easily 
measurable residual. Such a chemical 
is hard to find, though ozone is being 
touted as an effective alternative to 
both chlorine and hypoclrlorites. 

Ozone and oxygen usage will rise 
rapidly in the 1980's, with both usually 

produced on site. Ozone is utilized in 
sterilization and in the oxidation of 
cyanides and phenols. Oxygen aeration 
offers more efficient BOD removal and 
improved sludge digestion and requires 
less space than alternative methods. 
The oxygen market is dominated by 
Union Carbide's Unox system, now 
marketed to both municipal and in­
dustrial users; competitors include 
Airco with its F30 and Air Products 
and Chemicals with its Oases system. 
Largely as a result of poundage 
growing faster than dollar shipments, 
the price of biologicals should remain 
nearly stable in the 7-9¢/lb range. 

Internal preparations 
Major waste problems encountered 

within factories, power plants, and 
commercial buildings involve corro­
sion, scale, fouling, foaming, and re­
lated trouble spots. Mechanical 
equipment or physical treatment can­
not do the job of prevention; at best, 
action can be taken after problems are 
encountered. Magnetic action has been 
mentioned as a possibility to fight scale 
in pipes, and to soften water, but has 
not met with wide acceptance so far 
(because of an unfavorable, contro­
versial report when first introduced). 

Thus, chemicals remain the choice 
for internal water treatment. Chemi­
cals sold for such tasks are highly 
specific, formulated compounds, usu­
ally containing several components. 
"The total package" must take into 
account supply water characteristics, 
nature of pretreatment, type of 
equipment used, level of expertise of 
operating personnel, product and 
process characteristics, and legislation 
by all levels of government. Therefore, 
the design of optimum packages is a 
complex task. A special segment of the 
chemical industry is serving users, a 
segment dominated by the "Big Six 
Pack." Of the $475 million worth of 
internal water preparations shipped in 
1977, Nalco and Betz each accounted 
for about 21 %, while the market shares 
of Chemed, Dexter (Mogul), Merck 
(Calgon), and U.S. Filter (Drew) fell 
in the 4 to 8% range. 

The average price of internal water 
preparations should more than double 
between 1977 and 1990, rising from 
$0.50 to over $1.1 O/Ib. Of the three 
major categories of such preparations, 
boiler compounds will lose, and cooling 
compounds will gain relatively, while 
process compounds will remain 
stable. 

Who are the users? 
End markets or users for water 

treatment chemicals include munici­
palities, industries, and even house-

holds and farms. To discuss each user 
segment is impossible within the scope 
of this paper. But it is instructive to 
touch brieny on one family, namely, 
coagulants, and describe three specific 
applications in the case of internal 
water preparations. 

Coagulants in 1970 were used in the 
following proportions: municipal water 
treatment, 30%; industrial water 
treatment, 31 %; municipal wastewater 
treatment, 31 %; and industrial waste­
water treatment, 8%. By 1980, the 
corresponding figures will be: 225, 32, 
33, and 13%, truly a remarkable 
change (these figures are on a vol­
ume/weight basis, not on a dollar 
basis). 

Why the change? Because both 
coagulants and users are changing. 
Coagulants and nocculants are 
changing in terms of technology, ef­
fectiveness, and price. Users are 
changing as a result of governmental 
legislation, self-regulation, and the 
nature of processes carried out in the 
plants. Currently, for example, several 
hundred municipal wastewater treat­
ment plants are using inorganic 
chemicals for the precipitation of 
phosphorus and tht< reduction of sus­
pended solids. At the same time, 
however, high molecular weight, syn­
thetic nocculants are making inroads 
in this area, because they make gravity 
dewatering far more feasible . 

The amount of internal water 
preparations needed for a given size 
building or industrial plant varies 
widely. Thus, the third case cited 
below indicates a usage rate of I Ib of 
chemical compounds per 100 ft2 in a 
large office building. But this figure 
cannot be called typical, as some sky­
scrapers generate their own water / 
steam, while others purchase the same 
from municipal sources. Accordingly, 
some building maintenance crews are 
called upon to add chemicals, while 
others buy the compounds only indi­
rectly and play no active role. 

One possible measure of the usage 
rate of chemical preparations is that 
about 3 gal of water is needed per ton 
of air conditioning, and about 2 Ib of 
chemicals is needed for every 5000 gal 
of water. Generally, industry uses 3-15 
Ib of chemicals for every million gal­
lons of water treated, but one can cite 
figures well beyond this range. 

Yet other measures, relevant in 
1977-78, are as follows: 

• about $3-13 worth. of boiler 
compounds used for every million 
pounds of steam 

• about $0.50-2.25 worth of cool­
ing tower compounds utilized for every 
1000 gal of blowdown 

• about 0.1-20 ppm of compounds 
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Case 1. In a major petroleum 
refinery, untreated water reached 
an 80% fouling rate every 21 days, 
because of high temperature, low 
velocity, and microbiological 
growth. Production had to be halted 
while units were mechanically. 
cleaned. However, dispersant and 
microbiocide formulations by the 
Mogul subsidiary of Dexter, applied 
every 12 days, held the fouling rate 
below 30%, and kept equipment on 
line, with no significant production 
loss. Savings amounted to over 
$8000/mo. Other companies also 
offer cleaning of fouled systems on 
an on-stream basis, that is, without 
costly shutdowns. Basically, three 
steps are involved-precleaning of 
the recirculating system; pretreat­
ment with corrosion inhibitors; and 
ongoing maintenance against cor­
rosion, fouling, and microbiological 
action. 

Case 2. A large textile manu­
facturer had a history of zinc 
phosphate deposi t problems, when 
using a zinc organic base corrosion 
inhibitor plus dispersant, because of 
natural phosphate in the makeup 
supply water. The major problem 
was zinc fouling in cooling water 
condensers and inability to main­
tain adequate heat transfer. The 
condensers had copper tubes with 
mild-steel tubesheets. 

The company switched to a new 
inhibitor, which was a combination 

used in industrial process water treat­
ment. 

These ranges, too, can be exceeded 
on both the high and low sides, de­
pending on the nature of the process, 
quality of water, climatic conditions, 
pretreatment, and the type of formu­
lations employed. 

Energy / environment dovetail 
As seen in the three cases cited (see 

box), internal water preparations have 
been used principally to facilitate 
production processes-to avoid cor­
rosion, scaling, fouling, and the like. 
This remains a key objective. But a 
second, major concern has been raised 
in the late 1960's and early 1970's; this 
was, of course, the environmental 
quality issue. This consideration fur­
ther promoted the use of internal water 
preparations and has contributed to 
the shifting in the proportion of 
chemicals employed. The trend is 
toward utilizing nonchromate, non-
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Three case histories 
of polyelectrolyte, organic corrosion 
inhibitor, and antifoulant, called 
Drewgard 193, made by the Drew _ 
Chemical subsidiary of U.S. Filter 
Company. The new compound was 
fed continuously at 75 ppm, without 
pH control, but with two micro­
biocides slug-fed to control micro­
organisms. 

The new inhibitor removed the 
old zinc-based sludges and pre­
vented further deposi tions. Corro­
sion protection was equal to that of 
the old program, with rates at less 
than 2 mils per year. No problems 
were found with phosphate deposi­
tion or bacterial control. 

As in the first case, there is much, 
competition in this field , especially 
among the " Big Six Pack" to cap­
ture such end users. Each firm 
claims very low corrosion rates, as 
well as low chromate content in its 
clients' plants. 

Case 3. The Chicago Civic Cen­
ter is a 1.46 million ft2, 31-story 
structure, where equipment and 
machinery are operated by The 
Whiston Group. The water treat­
ment must protect the boilers, 
condensers, refrigeration machines, 
cooling towers, and induction and 
reheat lines. There are 4 boilers 
with a total capacity of 220 000 Ib 
of 120 psi steam per h, 5 centrifugal 
refrigeration units with 8200 tons of 
combined capacity, 17 high-pres­
sure mains, 18 reheating systems, 

toxic, and nonpolluting inhibitors in 
the case of cooling, just to cite one key 
example. 

Finally, the third and most recent 
consideration is that of energy con­
servation. The presence of even small 
quantities of microorganisms can add 
drastically to fuel costs and the cost of 
operating heat exchangers, cooling 
towers,_ boilers, and so forth . Using 
internal water preparations can cut 
energy costs in a very dramatic way, 
while facilitating production and 
cleansing water and wastewater. It is 
indeed fortunate that environmental 
and energy considerations dovetai l in 
the case of operating factories and 
commercial buildings. 
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The boilers use city water, soft­
ened by passing through sodium 
zeolite units. About 12000 gpd of 
makeup water is needed, since 
85- 90% of the condensate is re­
turned. Boiler feedwater is treated 
with a single package, multipurpose 
formulation that contains a precise 
ratio of ortho- and polyphosphates 
combined with organic dispersants, 
an oxygen scavenger, and a boiler 
water antifoam. 

Condensate return lines ' are 
protected by a volatile, neutralizing 
amine corrosion inhibitor at a 
7.2-8.2 pH range. A zinc organic 
base corrosion inhibitor protects the 
multi metal system from attack; 
scale and deposits are prevented by 
an organophosphonate type treat­
ment ranging from 60 to 100 
ppm. 

Two microbiocides, alternated 
weekly, are used during the cooling 
period. A phenolic amine treatment 
is used to combat the formation of 
algae, fungi, and slime. The chilled 
water system and the forced hot 
water system are protected with a 
low-toxici ty corrosion inhibitor, 
which contains a complex of bo­
rate- nitrite, plus organic inhibitors. 
A total of 14 000 lb of chemicals is 
used during a calendar year. 
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The new 
Endangered 
Species Act 

1978 amendments establish elaborate 
consultation and exemption procedures 
that require that biological information 

and human and economic factors 
be considered when resolving conflicts 

.. .. 
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On October 2, 1978, a U.S. District 
Court determined that the Rural 
Electrification Administration and the 
Army Corps of Engineers had failed in 
their responsibilities under the En­
dangered Species Act of 1973 (PL 
93-205 as amended by PL 94-32 and 
PL 94-359). As a result, the court gave 
a "stop work" order to the sponsors of 
the partially completed, $1.6 billion 
Missouri Basin Power Project-a 
coal-fired power plant slated to provide 
power to more than a million people in 
eight midwestern states. 

The decision, which resulted in part 
from the potentially adverse effects of 
consumptive water use on the whoop­
ing crane's critical habitat 275 mi 
downstream, underscored heated de­
bate in Congress on proposed amend­
ments to the Act. The Missouri Basin 
Project and the Tellico Dam Project, 
which also made newspaper headlines, 
were apparent examples of irresolvable 
conflicts between proposed develop­
ments and the Act's requirement that 
federal agencies protect threatened 
and endangered species and their 
critical habitats. Congress was 
struggling with the question, Under 
what circumstances does the need to 
complete a federal development action 
outweigh the need to protect and pre­
serve endangered species? 

A new pro~ision 
Congress specifically addressed 

Section 7 of the 1973 Act, which states 
that all federal agencies must ensure 
that actions authorized, funded, or 
carried out by them do not jeopardize 
the continued existence of endangered 
or threatened species or result in the 
destruction or modification of critical 
habitats. In the past, only biological 
data could be considered in solving 
conflicts between proposed actions and 
the Section 7 mandate. 

The congressional debate centered 
on how to broaden the Act to allow 
consideration of human and economic 
as well as biological information in 
resolving conflicts. The amendment, 
passed in the closing hours of the last 
congressional session, provides the 
latitude for considering these other 
factors by allowing exemptions to be 
granted in certain instances, even if the 
action will harm an endangered species 
or critical habitat area . 

Under the revised Section 7 in the 
Endangered Species Act Amendments 
of 1978 (PL 95-362), exemptions may 

Whooping crane. An accommodation between this endangered bird and the Missouri 
Basin Power Project was achieved, and the Project was granted an exemption under the 
Act 

Brailing survey. The brail (bar with lines onto which hooks are attached) brought up 
the endangered Higgins' Eye mussel (le/t) and Spectacle Case mussel (right) during 
a biological assessment 0/ the upper Mississippi River 
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be granted in three ways. The Presi­
dent may grant an exemption for de­
clared major disaster areas. The Sec­
retary of Defense can exempt actions 
if he finds them necessary for national 
defense. And. finally, the newly 
created seven-member Endangered 
Species Committee may exempt ac­
tions if there arc no reasonable and 
prudent alternatives; if the benefits of 
the action clearly outweigh alterna­
tives consistent with conserving the 
species; jf the action is in the public 
interest; and if the action is of regional 
or national significance. 

The exemption process 
The amendments included special 

provisions for the Tellico Dam Project 
and the Missouri Basin Power Project: 
the Endangered Species Committee 
was required to consider granting ex­
emptions to them within 90 days after 
enactment. In January 1979. the 
Committee denied the Tellico Dam 
Project an exemption from the Act 
because its economic benefits did not 
clearly outweigh the costs. At the same 
time. an exemption was granted the 
Missouri Basin Power Project because 
of an agreement by its sponsors to 
provide an irrevocable trust fund of 
$7.5 million to be used for mainte­
nance of the whooping crane habitat. 

The Tellico and Missouri Basin 
Power Projects received special con­
sideration because of the immediate 
need to resolve costly connicts. How­
ever. all future decisions on exemption 
will come through a detailed consul­
tation and review process that could 
take more than 2 years to complete. 

As shown in the accompanying now 
chart, the first stage in the exemption 
process is the completion of a biologi­
cal assessment. This new requirement 
affects all construction projects after 
November 10. 19n. the date of en­
actment of the new Act. For each new 
project. federal agencies must contact 
the U.S. Fish and Wildlife Service and 
request information on whether any 
threatened or endangered species arc 
present in the project area . I f such 
species arc present. the agency must. 
within I gO days. complete a biological 
assessment to identify any that arc 
likely to be affected by the action. 

After completing the biological as­
sessment. the agency must initiate a 
consultation process with the U.S. Fish 
and Wildlife Service. Within 90 days 
after initiation. the Fish and Wildlife 
Service must consider the results of the 
biological assessment and other perti­
nent information and publish an 
opinion as to whether or not the action 
would jeopardize the existence of a 
listed species. or negatively modify a 



critical habitat. The opinion must de­
tail how the agency action affects the 
species or habitat and must suggest 
reasonable and prudent alternatives 
that would prevent adverse eiTeets. 

If the opinion states that the species 
or critical habitat will be placed in 
jeopardy, the project cannot continue 
as planned unless an exemption is 
granted. The agency, the governor or 
the state in which the action was to 
occur, or the permit or license appli­
cant may submit, within 90 days, an 
application for exemption from the 
Act's proteetive reljuirements. Pro­
posed regulations for the exemption 
process were published in the February 
7, 1979 Federal RegiS/er. 

Upon receipt of the application, a 
review board is formed to consider the 
applicant's eligibility ror exemption . 
The thrcc-member panel (comprised 
of one member appointed by the Sec­
retary of the Interior; one member 
appointed by the President to represent 
the affected state; and an Adminis­
trative Law Judge selected by the Civil 
Servicc Commission) must determine, 
within (,0 days of formation, if an ir­
resolvable connict exists between the 
proposed action and the reljuirements 
of Section 7. The review board must 
further determine that the applicant: 

• carried out its consultation re­
sponsibilities in good faith 

• made a reasonable and responsi­
ble effort to develop modifications or 
alternatives that would avoid the ad­
versc impacts 

• conducted a biological assessment 
as reljuired 

• refrained from making an irre­
versible or irretrievable commitment 
of resources that would foreclose the 
formulation or implementation of any 
reasonable and prudent alternative 
measures. 

Violation of any of these criteria 
disqualifies the application from pos­
sible exemption. 

When the review board determines 
that an applicant for exemption has 
met the criteria listed above, it must 
prepare a report within I XO days for 
submillal to the Endangered Species 
Commillee. The report must address 
the availability of alternatives to the 
agency action; the nature and extent of 
the benefits of the agency action; the 
evidence concerning whether or not the 
action is of regional or national sig­
nificance and is in the public interest; 
and the availabili\y of mitigation or 
enhancement measures that could be 
required by the Commillee to lessen 
the adverse effeets of this action. 

Once the review board report is 
submilled to the Endangered Species 
Commillee, 90 days are allowed for 

Endlln~ered Species 
Committee Members 

SeCl"ctary. Dept. of the Interior. 
chairman 

Secretary. Dept. of the Army 
Secretary, Dept. of Agriculture 
Administrator. EPA 
Administrator. NOAA 
Chairman. Councilor Economic 

Advisors 
State representative" 

,/ APl'oilllcd by thl: Pr ... ·sid~nt 

the Commillee to make a final deter­
mination . The Commillee, after con­
sidering the criteria, must decide either 
to deny the application or grant an 
exemption. If an exemption is granted, 
the Commillee must specify such mi­
tigation and enhancement measun.'S as 
transplantation and habitat improve­
ment that must be taken to minimize 
the adverse effects on the species. In 
the Missouri Basin Power Project de­
cision, for example, the COl11millee 
accepted the recommendation of the 
applicant and other interested parties 
that a trust fund be established for use 
in habitat maintenance. 

The Commillee's decision to grant 
an exemption may be subject to three 
additional reviews. First. the Secretary 
or the Interior reviews the decision and 
may determine that the action would 
result in the extinction of the species. 
I I' so, the Commillee then has 30 days 
to reconsider the exemption. Second. 
t he Secretary of Sta te determines i I' the 
exemption eonnicts with the terms of 
any international agreements. Finally. 
all decisions of the Endangered Species 
Commillee are subject to judicia l re­
view in the U.S. Court of Appeals. 

New requirements' implications 
Despite the fears of some environ­

mental groups that the Endangered 
Species Act Amendments of 197K 
weakened existing legislation, endan­
gered species considerations will not 
become any less important in the fu­
ture. More than 200 plant and animal 
species arc currently classified as ei­
ther threatened or endangered in the 
U.S. These species represent a variety 
of life forms- from plants such as the 
Furbish lousewort, to fishes such as the 
snail darter, to a crustacean, the So­
corro isopod. 

Furthermore, the survival require­
ments of threatened and endangered 
species encompass a variety of habitats 
and geographic regions. Endangered 
species legislation affects all geo­
graphic areas of the country and its 
territories. The Act's explicit state-

ment of applicability to all actions 
"authorized, funded. or carried out" by 
a federal agency further emphasizes 
the fact that the presence, distribution. 
and survival reljuirements of threat­
ened and endangered plants and ani­
mals will continue to be important 
considerations in planning and imple­
mentation of most major develop­
ments. 

By including provisions for ex­
empting actions from the Section 7 
reljuirements. Congress expressed the 
belief that there arc circumstances in 
which the prcservation of endangered 
species must be secondary in impor­
tance to human and economic consid­
erations. The exemption granted the 
Missouri Basin Power Project is the 
first example of such circumstances, 
and it is probable that there will be 
future · fcderally authorized actions 
that cannot be developed in a manner 
that avoids a connict with a listed 
species. 

However, the reljuirements of the 
consultation and exemption processes 
imply that many or most conniets can 
be resolved during consultation. In 
particular, the provision prohibiting 
the irreversible and irretrievable 
commitment of resources by the de­
veloper during consultation and the 
provision requiring the opinion to 
suggest "reasonable and prudent al­
ternatives" to actions that jeopardize 
a species emphasize a cooperative 
planning process involving the devel­
oper, the U.S. Fish and Wildlife Ser­
vice. and other rederal agencies. 

Ir threatcned and endangered 
species are considered early in the 
planning process. it is usually possible 
to d~'Sign the project so that the species 
or thcir habitats arc not harmed. 
Needed siting or design modifications 
are not so costly if identified early in 
the planning process and may be far 
less expensive than the costs associated 
with irresolvable conniets and the time 
reljuired to complete the new exemp­
t ion process. 

Thomas Shoemaker is a terrestrial hiolo­
gist at I:"RT's Jill"ilities ill Fort Co/lim. 
Colo. fI(' has work(," Oil s('reral pmjecl.l" 
wher(' elldtillger(·d species weTe of special 
wllcern amllllIs experiellce with hald ea­
gle,~. whoopillg ('fillieS, ami p('f('grille Jill­
cons. Coordinated by LRE 
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Do man-made sources 
affect the sulfur cycle 

of northeastern states? 
Profoundly. And the impact is most readily seen in the 
atmosphere where man-made emissions exceed natural 

sources by a factor of five and spill over into the 
environment to create high levels of sulfate in rain, soils, 

and bodies of freshwater 

John H. Shinn 
Scott Lynn 

University of California. Berkeley 
Berkeley, Calif 94720 

Atmospheric problems associated 
with the release of large quantities of 
sulfur·dioxide (S02) have been the 
subject of concern in recent years. A 
costly control policy has resulted from 
EPA studies dealing with the health 
and welfare implications of high con­
centrations of S02 and sulfate (S04) 
particles. Increased dependence on 
coal may aggravate sulfur pollution in 
the future as lower-sulfur-content pe­
troleum fuels dwindle. 

Through the work of several inves­
tigators, the major fluxes of sulfur 
compounds through the global envi­
ronment have been identified (Figure 
I) . The atmosphere receives volatile 
sulfur from soil bacteria and releases 
sulfur through wet-and-dry deposition 
processes. The deposited compounds 
join with fertilizer and eroded mineral 
sulfur in the soil. Leaching by 
groundwater carries the soil sulfur to 
rivers and finally to the oceans (where 
deposition regenerates sulfur-con­
taining rocks). Estimated volatile sul­
fur production from bacteria out­
weighs man-made sulfur sources by 
roughly 50%, indicating a relatively 
small impact globally for the latter. 

The major impact ofS02 appears to 
be on a regional rather than a global 
scale. Approximately one-sixth of all 
anthropogenic sulfur emitted in 1975 
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was released over 0.6% of the global 
land area in the northeast U.S. By 
collecting and evaluat ing available 
data on sulfur fluxes in this area, an 
assessment of man's impact on a re­
gional basis may be made. 

Figure 2 outlines the region of the 
northeast U.S. referred to in this art i-

TABLE 1 
Early 1976502 emissions a 

Eml ........ 
In study Emission ' 
region denali, 

State (108 tonsl,) (tonsl(mI2"y)) 

MaSS. 0.65 82.33 
R.I. 0.05 45.37 
Conn .. 0.24 49.30 
N:J. 0.73 97.12 · 
Del. 0.27 134.09 
Md. 0.51 51 :89 
Pa. 4.51 100.10 

· Va. 0.86 21 .62 
W.Va. 0.54 22.23. 
Ky. 2.44 60.84 
Ohio 5.8:? 141.57 
Ind. 3.25 89.82 
N.Y." 1.62 60.11 
Mich.· 1.67 107.52 

III. • 2.51 70.67 
25.67 X 106 76.02 

Total tons Wtdav 
of S041y 

• As 10· tons 01 SO./y. 
• Only emissions for the portion of the state 

within the study region were used. 
Source: EPA's NEDS 

c1e as the "study region." Character­
ized by high S02 emissions, the region 
has been the subject of EPA and EPRI 
(Electric Power Research Institute) 
studies on the effects of high levels of 
atmospheric sulfates, particles trans­
formed over time from S02. The data 
presented here reflect the situation of 
the early 1970's. 

Emissions, deposition, transportation 
Emissions data for the study region 

were taken from EPA's National 
Emission Data System (NEDS) data 
bank. The average emission density of 
the 340000-mi2 area is 76 tons of 
S04/(mi2.y) [equivalent to 51 tons of 
S02/(mi2.y) or 25 tons ofS/(mi2.y)]. 
This compares to a global average of 
about 3 tons of S04/(mi2.y) . About 
two-thirds of these emissions are pro­
duced by utilities, mostly via coal 
combustion. As seen in Table I, emis­
sion densities are highest in Ohio and 
Delaware with 142 and 134 tons of 
S04/(mi2.y), respectively. Total 
emissions are approximately 26 X 10" 
tons of S04/Y. 

Once airborne, S02 may be oxidized 
to sulfate particles, transported, or 
deposited. 

Several oxidation mechanisms are 
possible: direct photooxidation; various 
forms of indirect photooxidation; and 
catalyzed oxidation on liquid droplets 
or dry surfaces. The rate of oxidation 
and type of sulfate produced in a par­
ticular area are functions of the avail­
ability of various catalysts (such as 
heavy metal ions or particle carbon) or 
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FIGURE 1 

Major components of the global sulfur cycle 

oxidants (NO., and OH·). Oxidation 
rates from 1- 20%/h have been re­
ported in plume studies. 

These secondary sulfate particles 
formed from S02 lie in the 0.1 - 1 11m 
size range, the so-called "accumulation 
mode." The ability of particles in this 
size range to penetrate deeply into the. 
lungs has created concern about the 
health effects of sulfates, which appear 
to be functions of cation type. Other 
problems associated with sulfate par­
ticulate matter are its slow deposition 
rate, which makes prospects of long­
range sulfur transport worse, and its 
ability to scatter light, causing visi­
bility reduction. Further research on 
the atmospheric sulfates is being con­
ducted, and the EPA expects to decide 
on a control policy by the early 
19!10's. 

Sulfur is removed from the atmo­
sphere by wet and dry deposition. Data 
on wet deposition by rainwater analy­
ses are sparse, but the results of a few 
studies indicate that approximately 5 
X lOr. tons ofS04/y is removed by rain 
in the study region (Table 2). This 
average of 15 tons of S04/(mi2.y) far 
exceeds the global land average (less 
than 5 tons ofS04/(mi 2.y)]. 

Dry deposition is estimated through 
the use of deposition velocities. This 

4uantity is an effective mass-transfer 
coefficient that relates deposition rate 
to ground-level concentrations (see e4 
I). 

The range 'of experimentally mea­
sured deposition velocities for S02 is 
0.5- 2.5 cm/s and from 0.1 - 1 cm/s for 
S04 particles. The actual deposition 
velocity is a function of various mete­
orological conditions as well as the 
character of the ground surface. For 
the purposes of this article, values of I 
cm / s for SOl and 0.25 cm/s for S04 
were chosen. 

Average SOl and S04 concentra­
tions in the study region were taken 
from 24-h samples collected by federal. 
state, and private agencies. Five years 
of data for the early 1970's was re­
viewed, and a rough contour map of 
pollution concentration was produced 
from the data. Average sulfur con­
centrations in the region are about 16 
I1g/m.1 SOl and 12 I1g/m·1 S04. From 
eq I, total deposition for the study re­
gion is about !l X lOr. tons of S04/y, 
with SOl responsible for 90% of the 
total. 

Estimating the transport of sulfur in 
the atmosphere will require use of a 
simplistic model of the troposphere. 
This model divides the troposphere 
into two layers: the region closest to the 

earth - the mixing layer- where un­
stable air causes vigorous vertical 
mixing to create a relatively homoge­
neous zone: and the more stable area 
above, where vertical mixing is bs 
apparent and concentration gradients 
develop (especially for pollutants with 
short atmospheric residence times) . 
Ground-level deposition processes re­
duce the residence time of pollutants 
in the mixing layer, whereas pollutants 
reaching the upper layer are more 
susceptible to horizontal transport. 

By using wind velocity, average 
mixing height , and pollutant concen­
tration data for National Weather 
Service stations located around the 
perimeter of the study region, the net 
transport of a pollutant through the 
mixing height can be calculated . The 
first step in this calculation is an esti­
mate of the air innux rate within the 
mixing layer for each border site (sec 
eq 2). The air innux rate is combined 
with pollution concentration data at 
the border sites to produce a plot of 
concentration air innux rate (Ilg of 
S04/(m,s)] vs. border location. The 
area under this plot is the pollutant 
innux rate through the mixing layer. 

Performing this analysis for the 
study region reveals a net efnux ofS02 
(I.I X 10" tons of SOlly equivalent to 
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Basic equations of the suHur cycle 

where 
R.J = deposition rate (J.tg!s) 
Vd = deposition velocity (m!s) -
C~ = ambient concentration (J.tg!m3) 
Ag = ground area (m2) 

ex = air influx rate through the mixing layer (m2!s) 
Itg.in = cross-border component of the resultant wind velocity 

vector (m!s) 
!h = average wind speed through the mixing height 
Sg = average ground level wind speed 
R = average mixing height 

where 
D = total sulfate discharge of rivers in the study region (tons!y) 

Clj = sulfate concentration of river i, sample i 
dij = discharge of river i, sample i 
AI = drainage area of river i 
W = total rainfall in the study region 

kw = fraction of rainfall which enters rivers 
At = total area in study regi~n 

atmosphere: EM + 8 = DO + WD + NPE (4) 

' soil: F+ER+/+DO+WD=R+8 (5) 

~ = bacteriogenic flux 
DO = dry deposition (8 X 106 tons of SO.!y) 
EM = anthropogenic emissions (25 X 106 tons!y) 
ER = erosion and acid mine drainage (3 X 106 tons!y) 

F = fertilizer additions (1 X 106 tons!y) 
I = industrial sulfate flux to soil (0.5 X 106 tons!y) 

NPE = total net pollutant efflux from atmosphere 
R = river efflux (15 X 106 tons!y) 

WD = wet deposition (5 X 106 tons!y) 

where 
F sr = study region flux 
Fgl = global land flux 

t 

Asr = sl,lrlace area of study region 
Agi = global land surface area 
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1.7 X 106 tons/y of S04) and S04 (0.8 
X 106 tons of S04fy) . Slight innuxes 
through the southern anc western 
borders are outweighed by large ef­
nuxes from New Jersey, New York, 
and the New England states. 

The total pollutant nux may be 
calculated from a balance of the at­
mospheric portion of the regional cycle 
and includes the transport above the 
mixing height. An estimate of other 
sources of atmospheric sulfur will be 
necessary before completing the 
cycle. 

Ground-Iefel fluxes 

Fertilizers, erosion, acid mine 
drainage, and sulfate sludge-pond 
drainage all contribute to the soil-sul­
fur load. 

Data on supplemental sulfate ap­
plications were supplied by the Sul­
phur Institute (Washington, D.C.) . 
Approximately I X 106 tons of S04/y 
IS applIed In the study region , It is in­
teresting to note that soils in the study 
region, particularly in New England, 
rarely suffer from lack of sulfur, pos­
sibly because of the preponderance of 
atmospheric sulfur (Table 2) . 

Natural erosion may be evaluated 
from denudation rates of bedrock in 
the study region. Mechanical denu­
dation (primarily a function of land 
elevation) is estimated at 80 tons of 
rock/(mi 2.y), Chemical denudation 
(primarily a function of rock type, 
extent of watering, and vegetation) is 
esti mated at 100 tons of rock/(mi 2.y), 
Combining these denudation rates 
with data on rock types and their S04 
contents, natural erosion in the study 
region is estimated at between 0.3 and 
0,7 X IObtonsofS04/y. 
. Mining operations have a very large 
Impact on S04 production via erosion 
processes, The Department of Interior 
estimates 2 X 106 tons ofS04/y escape 
mines in Appalachia alone as acid 
drainage (75% of which is from deep 
mines), 

Excessive erosion around mine-spoil 
piles (mainly from surface mining) 
generates additional sulfate. An esti­
mated 2200 mi 2 (or 0.7%) of the study 
region has been disturbed by strip 
mining. A long-term study of the ef­
fects of strip mining in Beaver Creek 
Basin. Ky .. concluded that a 25-fold 
increase in erosion was caused by 
stripping 10% of the land. We would. 
therefore. expect approximately two 
times the natural erosion to occur in 
the study region as a result of 0,7% 
st rip mining. These additions increase 
the erosion nux to approximately I X 
106 tons of S04/Y. or the total S04 
derived from rocks to 3 X 106 tons /y 
(Table 3), 



Various industrial processes con­
sume large amounts of sulfur each 
year, mainly as H2S04; the major user 
is phosphate fertilizer manufacturing. 
Some sulfur ends up in the atmo­
sphere, but by far the major part of 
industrial sulfur ends up in 12 X 106 

tons of S04/y of sulfate sludge. 
Scrubber operations add an additional 
106 tons of S04/y to the sludge pool. 
Reviews of sulfate overflow from 
sludge ponds show that less than I % of 
the sulfate escapes as pond overflow. 
Certainly, additional sulfate escapes as 
seepage to groundwater, but it seems 
unlikely that the total amounts to more 
than 5% of the total deposited sludge 
«0.5 X 106tonsofS04/y). 

Soil-sulfur reactions, river removal 
As seen in Figure 3, sulfur com­

pounds in the soil may undergo a wide 
variety of reactions. Maintaining a 
proper level of sulfur for plant nutri­
tion is dependent on many of these re­
actions for both conversion of sulfur to 
utilizable form and conversion of sol­
uble S04 to a form less readily leached 
by rainwater. Typically, 90% of the soil 
sulfur in humid regions is organic. 
Aerobic soils generally contain much 
less sulfur than anaerobic soil, possibly 
because the action of sulfate-reducing 
bacteria produces H2S, which precip­
itates as FeS in the presence of iron. 

Two mechanisms remove sulfur 
from the soil. First, soluble sulfates are 
leached from the soil by rainwater and 
are eventually carried to the seas in the 
rivers. Second, soil bacteria volatilize 
sulfur through metabolism of sulfur­
containing amino acids and the re­
duction of sulfate to sulfur. Early 
studies 9f the sulfur cycle assumed that 
H2S production by anaerobic, sul­
fate-reducing bacteria (such as 
Desuljovibrio desuljuricafl.l) was the 
major biogenic source. Recent evi­
dence, however, suggests that com­
pounds such as dimethyl sulfide, di­
methyl disulfide, and methyl mercap­
tan may be of greater importance and 
that aerobic soils may be equal con­
tributors. 

No major field studies of sulfur 
volatilization are reported. Laboratory 
volatilizations are suspect owing to tlie 
inability of small lab samples to in­
clude leaching and reactions occurring 
in the soil; they may also be subject to 
bacterial inhibition by sulfide accu­
mulation. How much, what com­
pounds, and when and where volatile 
sulfur is produced remain major 
uncertainties. Further research in 
these areas is certainly warranted. 

Equation 3 is the formula by which 
sulfate efflux in rivers was estimated. 
Discharge-weighted averages must be 

TABlE' 2 

Deposition of sulfate in rainwater and fertilizer applications 
Sulfate In rainfall Fertilizer 

tonsl 103 applications 8 

State (ml2.y) tonsly (103 tons/y) 

Mass, 10.3 81 5.7 
R,1. 8.6 9 1.2 

Conn. 10.8 53 4:6 
N.J. 17:4 131 14.9 

pel. 12.8 25 9.5 

Md. 12.3 121 27.4 

Pa. 13.4 604 68.1 

Va. 8.6 341 72.3 

W.Va. 10.8 261 5.5 
Ky . . 12.1 486 60.3 

Ohio 14.0 574 138.0 

Ind. 17.4 630 151 .2 
N.y.b 12.1 326 33.8 
Mich.b 14.3 220 25.8 

IIl. b 17.4 619 107.2 
Av 13:3 Total 4481 Total 725.0 

• Extrapolated Irom data supplied by the Sulphur Institute. b Data given lor portion 01 state 
within study region. 

TABLE 3 . 

Ground-level fluxes of soluble sulfate to the soil and 
, groundwater a 

Sulfate sludge 
Industry 
Scrubbing b 

Total 

Other sources 
Normal erosion 

Total 
sludge 

12.0 
, 1.0 

13.0 

Overflow Seepage 

0.3 0.03?? 
0.003 0.003?? 
0.033 ??? -------------­Total assumed «0.5 

Deposited 
sludge 

11.94 
1.0 

12.94 

,Excess erosion (from strip mining) 
Acid-mine drainage 

0.5 
0.5 
2.0C 
3.0 Total 

a ~xpressed as 10' tons 01 SO./y: b Figure lor early 1975, should rise rapidly through the 
1980 s as more flue-gas desulfurlzatlon Units come on line. C U.S. Department of Interior esti­
mate. 

TABLE 4 
Comparison of global land sulfur cycle with the sulfur cycle 
of northeast u.s.a 

Study region (northeast U.S.)b 
By land- ESt 

Cycle lIux Global area fraction by data 

S02 emissions 150 0.88 25.0 
Bacteriogenic prodn. 210 1.23 2.0 
Precip. + dry depos. 360 2.11 13.0 

Fertilizer 33 0.19 1.0 

Weathering 42 0.25 1.0 
Acid-mine draining ? ? 2.0 
Industrial operation ? ? 0.0 

Stream load 225 1.32 15.0 

Atmos transport out 0 0.00 10.0 

• 106"tons of equivalent SO .. /y. b Figures given as "by land area fraction" are calculated by 
using the global flux, multiplying by the study region land area, and dividing by the global land 
area. Figures listed as "est by data" are the actUal fluxes as estimated from the data presented 
in this report. 
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used to eliminate the effect of higher 
concentrations during periods of low 
flow, and care must be taken to choose 
sampling sites that are free from tidal 
effects. Grab samples of river water, 
analyzed by the U.S. Geological Sur­
vey for major rivers, serve as a data 
source for discharge and concentration 
data for eq 3. The total sulfate dis­
charge in rivers in the study region is 
approximately 15 X 106 tons/yo 

Cycle balance 
Total atmospheric transport and the 

biogenic flux may be calculated by 
balancing the soil and atmospheric 
portions of the cycle. Assuming no at­
mospheric or soil-sulfur accumulation, 
the balance reduces to eq 4 and 5. 
From these equations, the bacteri­
ogenic flux is calculated at 2 X 106 

tons/yo This figure is a result of dif­
ferences of much larger terms and 
could easily be inaccurate by a factor 
of 2 or 3. We conclude that this flux is 
likely to be between 1-5 X 106 tons of 
S04/Y· 

The net pollutant efflux from the 
atmosphere (14 X 106 tons ofS04/y) 
may be checked by calculation of the 
concentration in the mixing height 
necessary to create such an efflux. The 
net addition of sulfate to the mixing 
height in the study region is 25 + 2 -
14 = 13 X 106 tons/yo Using an aver­
age mixing height of about 1000 m and 
an average residence time of I day in 
the mixing layer yields an average 
sulfate concentration of 37 Jlfl./m3 . 
This figure agrees well with the figure 
of 36 J.Lg/m3 that results from addition 
of S02 and S04 contributions to the 
concentration data. 

Summing up 
Table 4 provides a comparison of 

the fluxes for the study region to the 
fluxes that would be calculated from 
the global land sulfur cycles by using 
eq 6. There are several inferences 
which may be drawn from this regional 
cycle. First, in regions of high mining 
activity, acid drainage and erosion of 
mining spoils may overshadow the 
natural fluxes of eroded sulfate. In 
combination with atmospheric excess, 
the erosion leads to excessively high 
sulfate concentrations in rivers and 
streams. 

Atmospheric effects are most pro­
nounced. Anthropogenic sources ex­
ceed biogenic sources by a factor of 
about 10. The health and welfare im­
plications of such widespread disrup­
tion of the natural ecosystem have only 
begun to be investigated, and a great 
deal of debate surrounds the control 
issue. Preliminary indications are that 
it will be important to consider the 

physical and chemical state of the 
sulfur in examining its health ef­
fects . 

The net total efflux from the atmo­
sphere (14 X 106 tons/y) is consider­
ably larger than the efflux through the 
mixing layer calculated earlier (2.5 X 
10" tons of S04/Y)' Although there is 
considerable room for error in these 
approximations, this implies that a 
large portion of the S02 leaves the 
lower layer of the atmosphere (where 
deposit ion predominates) and enters 
the rcgion where long-range transport 
becomes likely. For the northeast U.S., 
this is advantageous, as transport will 
bring the pollutant over oceans for 
later deposition. The environmental 
impact of long-range transport for a 
region such as northern Europe. how­
.ever. could be considerably more del­
eterious. 

The regional atmospheric efflux is 
likely to be a product of man's activity. 
Biogenic volatile sulfur is produced at 
ground level where deposition may be 
rapid. Elevated emissions from 
smokestacks tend to isolate the sulfur 
compounds from deposition . Primary 
natural sulfate particles (from sea salt 
and dust) are much larger in size than 
the easily transported secondary par­
ticulates and have correspondingly 
more rapid deposition rates. Secondary 
sulfate particles are less likely to be 
formed in a natural environment rel­
atively free of oxidants and oxidation 
catalysts. It is likely that the net efflux 
in an undisturbed ecosystem is negli­
gible when compared to the efflux in a 
region of such high man-made 
sources. 

The supply of sulfur to the soil is 
greatly enhanced by atmospheric ex­
cesses. The overloading of the soil may 
also enhance bacteriogenic volatiliza­
tion. This type of land-air interaction 
may allow further transport of pollu­
tant sulfur in a progressing cycle of 
deposition. volatilization. and rede­
position. Enhanced biogenic produc­
tion may also be an important factor in 
creating seasonal variations in sulfate 
concentrations occurring throughout 
the Northeast. 

Previous studies of sulfur cycles 
have generally assumed no soil-sulfur 
accumulation. In a region of ubiqui­
tous sulfur. however. this assumption 
may not be valid. The most likely site 
of accumulation would be in anaerobic 
soils with ample supplies of fresh or­
ganic matter (to feed sulfate-reducing 
bacteria) and iron (to precipitate FeS 
or FeS2) . 

The future 
Based on implementation of a 

stringent control policy. EPA esti-

mates show a very slow increase in S02 
emissions over the next 10 years. 
Power consumption. however, is ex­
pected to continue to rise. 

Current political tendencies seem to 
favor increased exploitation of coal. 
which will be a strain on sulfur loading 
in two ways: increased acid-mine 
drainage and more power-plant emis­
sions. Emissions control will un­
doubtedly produce more sulfate 
sludge. The potential environmental 
effects of this ever-growing pile of 
sludge should be further investigated. 
including studies of drainage and vol­
atilization from sludge ponds. Con­
version of sludge to a nonporous. non­
reactive form and disposal in environ­
mentally isolated regions seem desir­
able as a means of limiting its potential 
impact. 
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Protection Agcney. Research Triangle 
Park. N.C.. 1975. 
Hidy. G. M .. et al.. "Design of the Sulfate 
Regional Experiment (SURE)." Vol. 1.11. 
III. IV. prepared by Environmental Re­
search and Technology. Inc .. Westlake 
Village. Calif.. 1976; EPRI Report EC-
125. 
Amdur. M. 0 .• et al.. "Toxicology of At­
mospheric Sulfur Dioxide Decay Prod­
ucts." U.S. Environmental Protection 
Agency. Research Triangle Park. N.C.. 
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Sunshine out 
of cucumbers, 

an energy 
perspective 

This plenary address was given at the 
International Materials Congress sponsored 

by the National Academy of Sciences and 
the National Academy of Engineering, held 
in Reston, Virginia, on March 26-29, 1979 

Lord Ritchie-Calder 
Edinburgh. Seolland 

Those of you who know more about 
Gulliver's Travels than Walt Disney's 
version of them may recall his visi t to 
the Grand Academy of Lagado and his 
encounter with one of the fellows. I 
quote his account, as reported by 
Jonathan Swift: 

"He had been eight years upon a 
project for extracting sunbeams out of 
cucumbers, which were to be put in 
vials, hermetically sealed, and let out 
to warm the air in inclement summers. 
He told me, he did not doubt that in 
eight years more he would be able to 
supply the governor's gardens with 
sunshine at a reasonable rate, but he 
complained that his stock was low and 
retreated me to give him something as 
an encouragement to ingenuity, espe­
cially since this had been a very dear 
season for cucumbers. I made him a 
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small present, for my lord had fur­
nished me with money on purpose be­
cause he knew their practice of beg­
ging from all who go to see them." 

That was written 250 years ago as 
Swift's satire on the Royal Society of 
London (or so it is alleged), but you 
may agree that it has a familiar ring of 
present day grant applications: an on­
going energy project; the long lead­
time of R&D ("just eight years 
more") on top of the eight years fea­
sibility study; and the effects of infla­
tion on research materials. 

Maybe, in the present energy crisis, 
we should look again at the possibility 
of extracting sunbeams out of cu­
cumbers ... if we could get enough 
cucumbers. 

Cucumbers explained 
The cucumbers are what we are 

here to discuss. Let us, with the arro­
gance of Homo faber. postulate that 
human integrity can artefact anything 

provided that the energy and the basic 
elements are available and if we have 
got our priorities right. I remember an 
occasion when Alvin Weinberg, ques­
tioned on the availability of uranium, 
said, "U it comes to the bit we could 
burn rocks." On another occasion, 
Harrison Brown, contemplating (cer­
tainly with distaste) a possible world 
population of 50000000000, said, 
"Then they will be eating rocks." 

As I understood them, they were 
saying that we could extract the 10 14 

tons of uranium in the lithosphere or 
that we could recover the basic organic 
elements and make all the molecules of 
carbohydrates and amino acids and 
proteins. (We can recall that the Ger­
mans did rather well on ersatz mar­
garine from the carboniferous deposits, 
and in November 1944 Albert Speer 
was lamenting to Hitler that the mar­
garine factories had closed down be­
cause of the bombing of the coal mines 
of the Ruhr.) 
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As in the case of cucumbers. much 
depends on the availability of the 
starting materials. Thirty years ago, 
the first acrylic fibre was produced by 
Du Pont. In Britain, a brash copywri­
ter described it as "wool from pea­
nuts." This was ill-advised and decid­
edly tactless because there happened 
to be a glut of wool and such a shortage 
of peanuts for oleomargarine that the 
British government was embarking on 
an expensive and ill-starred scheme to 
mass-produce peanuts in Tanganyika. 
I asked whether it would not be better 
to produce peanuts out of wool. On 
another occasion, a newspaper editor 
asked me with some excitement 
whether I had heard of a process for 
making milk out of grass. I said, "Yes, 
it is called a cow." He was, in fact, 
talking about leaf protein. 

We put a price tag on a conversion 
process, but, of course, the unit cost 
ought to be expressed not in terms of 
money but of energy. I n the case of 
cucumbers, one would have to reckon 
whether the bottled sunbeams would 
justify the energy consumed by the 
Fellow of the Grand Academy in the 
16 years of feasibility study and R & 
D and, in the cropping of cucumbers, 
how much energy would go into the 
manufacture of artificial fertilisers, 
pesticides, weed killers, and the 
pumping of irrigation water. 

Wartime 
Energy expenditure itself is relative 

to need. The bookkeeping becomes 
unimportant, for example, in wartime. 
At the present time, in response to the 
oil shortage, interest in oil from coal 
has been vigorously revived, and the 
several processes are being subjected 
to cost-benefit analyses. Judging by the 
current literature on this subject, it 
might almost seem that we were 
starting de novo. 

It seems to be forgotten that Fri­
edrich Bergius got the Nobel Prize for 
the work he had started in 1914, con­
verting coal dust into gasoline and lu­
bricating oils. The Fischer-Tropsch 
reaction was developed to convert coal 
gas to hydrocarbons and synthesise 
petroleum-like substances. In a recent 
debate in the House of Lords, their 
Lordships had to be reminded, to their 
incredulous surprise, that, essentially, 
the German war machine in World 
War II ran on oil-from-coal processes. 
Hitler depended on them for most of 

his motor and aviation fuel and for 
ammonia for explosives. He did not 
launch his blitzkrieg until he could rely 
on his synthetic oil supplies. His only 
source of natural oil was the Romanian 
oil field, and the main objective of his 
attack on the USSR was to gain the 
possession of the Baku oil field. 

At the peak of wartime production, 
Germany's oil-from-coal plants were 
supplying 6000000 metric tons per 
annum. The main centre was Leuna in 
the brown coal region of East Germa­
ny. The Germans failed in their thrust 
to the Caucasus. In May 1944, the 
American 15th Air Force wrecked the 
principal natural oil refineries at 
Ploesti in Romania. Simultaneously, 
the 8th U.S. Air Force attacked the 
synthetic oil plants in Germany. Albert 
Speer, Germany Armaments Minister, 
has written: "On May 4th 1944 the 
technological war was decided . With 
the attack of nine hundred and 
thirty-five daylight bombers of the 
American Eighth Air Force upon 
several fuel plants in central and 
eastern Germany, a new era in the air 
war began. It meant the end of Ger­
man armaments production." For lack 
of oil from coal, the German tanks 
were to grind to a standstill in the 
Battle of the Bulge, and the German 
Air Force was to be grounded. But, for 
6 ye:lfS, the German war machine had 
been fueled from coal. To cost the 
project (and what a project!) would be 
meaningless, because one would be 
putting price tags on death and de­
struction, but what about energy-in 
and energy-out? And whatever hap­
pened to oil from coal in the interven­
ing 30 years? 

Oil from coal? 
The answer to the latter is obvious: 

oil, apart from its intrinsic chemical 
values, was conveniently liquid and, in 

money terms, cheap. Its cheapness had 
scuppered Britain's well-advanced 
oil-from-coal program in the 1930's. 
Britain has been described as "a lump 
of coal entirely surrounded by fish." 

We fueled the Industrial Revolu­
tion . We blackened our cities with 
millions of tons of soot from combus­
tion that was less than 10% efficient. 
We still have an estimated 1.55 X 1010 

tons in reserve. In the 1930's there was 
no premonition of North Sea oil, and 
we were entirely dependent on oil im­
ports. It behooved us, therefore, to 
make the most of our coal. And in the 
1930's we were proceeding to do so. 

There were other compelling rea­
sons. Britain then had a mining work 
force of over a million. In some of the 
mine fields the unemployment was 
over 80%, considerably because ships' 
bunker-coal, so hard to handle, was 
being replaced by oil. Work for miners 
was therefore a consideration. 

Another reason was the belated 
recognition of the health hazards of 
coal. The notorious pea-soup fogs (the 
coal smogs) were thickening, and the 
sulphur from British chimney stacks 
was wafting northward to destroy the 
Scandinavian forests . There was a 
public health demand for smokeless 
fuel. 

In the early 1930's, work on low­
temperature carbonisation to produce 
smoke-free fuel for the domestic open 
fires was well advanced. It was reck­
oned that if the 120 million tons of coal 
being consumed in Britain were 
treated, they would yield, apart from 
smokeless fuel , 440 million gal of 
motor-spirit (nearly half of Britain's 
import requirements), 750 million gal 
of diesel oil, and 560 million gal of tar 
acids. 

The process produced a rich gas. 
The approach here was the Fischer­
Tropsch reaction. There was also the 
Bergius approach-pulverising the 
coal and pumping in hydrogen at high 
pressure and high temperature. The 
Imperial Chemical Industry, with a 
promise of Government tax protection, 
went ahead with a plant capable of 
producing 100000 tons of petrol a year 
using 350 000 tons of coal (or half of I 
day's national production) . The plant 
was to cost the equivalent of $10 mil­
lion at the then exchange rate. 

There were plans to salvage the de­
pressed mining areas by establishing 
carbonisation plants and oil distilleries 
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at the pithead, establishing gas-grids, 
and erecting chemical plants and fac­
tories for plastics derived from coal. 

What went wrong with those ratio­
nal ideas for oil from coal? Quite 
simply: in commercial terms, the 
availability of cheap oil. And that 
consideration persisted after the War, 
until OPEC served notice that oil 
would never again be cheap. 

For the past 30 years, the chemical 
industry has moved its source of feed­
stock for bulk chemical production 
from coal to oil. In Britain, the work 
force in the mines declined to about a 
quarter of a million, and the con­
sumption of coal declined from 5 X 
10 18 J/y in 1920 to 3 X 1018 at the 
present time. Solid fuel consumption 
has been dominated by blast-furnace 
coke for iron and steel. The chemical 
industry is the largest industrial con­
sumer of primary energy, of gas and 
petroleum, and is second to the cngi­
neering and metal trades in the con­
sumption of electricity. 

Looking back 
Thirty years ago, I went back to my 

home district in Scotland. Its industry 
was traditionally weaving--wool , 
linen, cotton, and, predominately, jute. 
One hundred and fifty ycars ago, still 
in the days of hand looms, an East In­
diaman, under sail, had arrived in the 
Tay, on the East Coast of Scotland. It 
had on board a course fiber-jute. The 
cottage weavers could weave anything, 
so they produced a tough textile .that 
could be used for sacking and baling 
and tarpaulin. Then they combined thc 
linen trade and the jute backing, and 
jute also became the basis for carpets. 
With mass-production factories, the 
jute trade boomed. The jute was 
hauled 10000 mi from Ganges Delta . 
Then the jute manufacturers of Dun­
dee found that they could use cheap 
Indian labour and set up weaving 
plants on the Hoogly in competition 
with the Scottish production. And still 
the jute industry on the Tay boomed 
until the middle 1930's, when it began 
to suffer from the jute manufactured 
on the spot in India and what is now 
Bangladesh. 

After the War, I suggested that 
Dundee should forget the long sea 
haul. Across the River Tay, in Fife, 
was a coal field . Why not take advan­
tage of oil from coal and go over to 
man-made fibres? Today in my home 
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town there is a polypropylene plant 
working 24 h a day producing man­
made fibres for the local weaving 
mills-but from oil, not coal. True, it 
will now come from the North Sea, but 
I still think that an opportunity of oil 
from coal was missed 30 years ago. 

A second coming 
It is coming in Britain. It is recog­

nized that the oil and natural gas from 
the North Sea, so convenient to the 
British economy at the moment, will be 
depleted within 25 years, while the coal 
reserves can be reckoned in centuries. 
We talk about "the second coal era." 
It is current U.K. government policy 
not to approvc any more oil- and gas­
fired power stations. Environmental 
regulations will force the production of 
a clean low BTU coal gas to be pipcd 
to industry. The U.K. has a natural gas 
grid, but the British Gas Corporation 
is developing the technology that will 
provide methane synthesiscd from 
coal. 

With the statutory imposition of 
smokeless zones, we are now in Britain 
and Europe beginning to clean up the 
soot-blackened buildings. In Edin­
burgh, which used to be called "Auld 
Reekie" because of its smoke pollution, 
and in London, which was already 
smothered by soot from "sea coal" in 
the 17th century, and in Paris, we can 
now have our architectural heritage, 
the stonework restored and nood-lit in 
all its pristine beauty. 

We are not likely to tolerate the 
abuses of crudely burning coal as a 
fuel, especially since we can now treat 
coal as what it really is-a storehouse 
of essential chemicals. In it we have the 
feedstocks of the materials of the 
present and the future-pharmaceu­
ticals, dyes and paints to brighten our 
lives, plastics, man-made fibres , even 
(it seems) fossilised antibiotics, sin-

gle-cell protein fertilisers, herbicides, 
and pesticides. 

Almost as a belated compensation 
for our past burden of soot, we have the 
carbon for carbon-fibres and their 
composites as structural materials. 
And, since we are committed to the 
internal combustion engine for a long 
time to come, we can have nuid hy­
drocarbons as well . With the develop­
ment of MHD (magnetohydrodyn­
amic) generators, it may be possil>le to 
get electricity directly from coal, in­
stead of using it to generate steam for 
turbines. MHD is, of course, a major 
preoccupation of plasma physics with 
profound implications for fusion re­
actors. A very hot gas when in motion 
conducts an electric current. When it 
passes through a vertical magnetic 
field the ions are moved horizontally 
and can be collected by electrodes. 
Hence, if coal can be used to generate 
a very hot name, electricity might be 
extracted. 

Ongoing projects 
·Although there is a great deal of 

interest in the production of oil from 
coal, there are really only two centres 
of significant commercial produc­
tion- in East Germany, the major 
scene of German wartime hydrogen­
eration activities, and South Africa. 
South Africa is entirely dependent for 
its natural oil on imports and, with 
recurring threats of sanctions, has 
reconciled itself to a siege economy. 

As early as 1955 a plant to produce 
liquid hydrocarbons was brought into 
operation . It combined the Lurgi 
pressure gasification process with 
conversion through the Fischer­
Tropsch process. In 1974 a new large 
plant was undertaken, sited in a coal 
field of 30 000 ha with sufficient coal 
for more than 60 years. The target was 
motor fuels (gasoline plus diesel oil) of 
the order of I 500000 tonnes/yr. 

In Britain, the National Coal Board 
is developing two processes for con­
verting coal to synthetic crude oil, with 
a special concern about aviation fuel. 
The present U.K . aviation kerosene 
requirements of 4 million tonnes per 
year is equivalent to 7 million tons of 
coal. However, aviation kerosene is not 
the only product, and energy is re­
quired to carry out the conversion. 
Estimates show that to meet present 
aviation requirements would mean 
liquefaction of 2.5 million tons of coal 



a year, and the market is expected to 
double by 1995. 

Synthetic oil 
One process is liquid solvent ex­

traction, in which coal is digested in an 
oil of high boiling point recycled from 
the process itself. The filtered coal so­
lution is pumped to a hydrocracker 
where it is catalytically treated with 
hydrogen under pressure and con­
verted into "syncrude" and hydrocar­
bon gases. The syncrude is distilled to 
separate light, middle, and heavy 
fractions. The light oil can be pro­
cessed into transport fuels, chemicals, 
and plastics; the middle oil can be 
further hydrogenated to provide avia­
tion fuel. 

The heavy oil is recycled as a solvenl 
for the early stages of the process or 
converted into coke. The other process 
is gas extraction, using the solvent 
power of gas at high pressure and 
temperature. When the coal is mixed 
with a suitable hydrocarbon gas, as 
much as 40% of the coal dissolves; the 
undissolved residue can be used to 
produce hydrogen or gaseous fuels . 
When the dissolved coal is transferred 
to another vessel at low pressure, the 
gas and the extract separate cleanly. 
The extract can be reacted with hy­
drogen to produce light oil, and the 
heavier fraction can be further pro­
cessed to give aviation fuels . 

Coal 
I have laboured the point about coal 

because in addressing myself to ma­
terials and energy, I have been im­
pressed (or depressed) by the way in 
which get-rich-quick considerations 
have diverted us from the effective use 
of our resources, of which coal is con­
spicuously one. Coal was a bit of rock 
that you burned very inefficiently in 
domestic grates and boiler furnaces. 
And as long as there was cheap mus­
cle-energy in the form of badly paid 
miners, it did not matter. 

In 1792, William Murdock first lit 
his house in Redruth, Corwall, with 
gas from coal but was derided as the 
"madman who is proposing to light 
London with smoke." Around the 
same time, Thomas Cochran, Earl of 
Dundonald (who, incidentally. as a 
volunteer admiral in the Chilean navy 
contributed to the defeat of the Span­
iards and the liberation of Chile and 
Peru), invented a smokeless fuel pro-

cess and explored the potentialities of 
coal tar. 

From the coal tar, William Perkin 
of London, trying to make a synthetic 
quinine, discovered the first aniline 
dye, but it was left to the Germans 
with their greater regard for chemical 
engineering to exploit it and develop 
the dyestuff and pharmaceutical in­
dustry. Kerosene was manufactured 
from coal for lighting lamps in 1850 
but within 10 yeats was overtaken by 
E. L. Drake's petroleum well. The in­
ternal combustion engine became a 
competitor with steam. The oil refin­
eries as byproducts produced the 
feedstocks of the chemical industry, 
which might otherwise have come 
from coal or coal-tar distillation. And 
oil, until recently, was abundant and 
cheap. 

The environmental concern 
One salutary effect of the modern 

environment movement will be to re­
mind us of the real cost. 'The quality 
of life" is difficult to quantify, but we 
now take some notice of the "environ­
mental impact," the social cost so long 
ignored. In industrial England in the 
19th century the gloat was "where 
there is muck there is brass" (where 
there is filth there is money). The 
gracious countryside of the Midlands 
became "The Black Country." The 
Welsh living in the coal fields and 
working in the steel mills lamented 
"How green was my valley." The 
lowlands of Scotland became a 
blighted landscape of slag heaps, 
acid-poisoned lakes and streams, and 
industrial slums-the hallmark of 
prosperity. "Lancashire cough" was 
the chronic bronchitis of helpless mil­
lions. And so it was in the industrial 
areas of the U.S. and Europe. The 
present generation is now having to 
foot the bill for reclamation. 

Concern with the environment is 
also reminding us that all life, and not 
just our livelihood, depends on energy 
and that energy derives from that fu­
sion reactor, the sun. It is the sun 
which drives the weather machine, the 
winds, the waves, and the clouds that 
replenish our hydroelectricity. From it, 
through photosynthesis, we derive the 
food calories that sustain life and the 
coal and oil hydrocarbons. 

More and more, we are turning to 
sun-derived organic materials, and 
when we achieve nuclear fusion as our 
source of energy, we will be imitating, 
on earth, the processes of the sun. 
When we are talking about the envi­
ronment, our main concern is with the 
sun-created biosphere that sustains all 
life- the trees, the vegetation, the sea 
plankton, the food crops, the creatures, 
including Man himself. We exist be­
cause of sun-generated molecules. 

In our awareness of environmental 
problems, we are being reminded of 
the wealth we are squandering because 
pollution is, in the final analysis, the 
discarding of unwanted products. Eu­
trophication, which is bedevilling our 
rivers, our lakes and seas, is just too 
many rich nutrients, from domestic 
wastes and industrial effluents, in the 
wrong place at the wrong time. Smoky 
chimney stacks and automobile ex­
hausts are venting valuable chemicals. 
Noise pollution is squandered energy. 
British Aerospace Corporation has 
estimated that the engine-combustion 
system of a jet aircraft releases enough 
energy to heat 17000 four-bedroom 
houses: That expresses itself in dB. 

We mine and quarry the rocks of the 
lithosphere to extract metal, which we 
process and presently discard, with 
inadequate provision for recovery and 
recycling. Product manufacturers go 
for the end result and jettison as waste 
what they do not want. One recalls 
that the uranium for the first atom 
bombs came from the spoil heaps of 
Katanga, in the Congo. When radium 
was the premium product, Union Mi­
niere had treated the uranium as 
waste. One also recalls that deep cul­
ture of penicillin became possible when 
it was recognized that corn-steep li­
quor, an embarrassing waste of the 
distilleries and starch manufacturers, 
was an admirable nutrient for the 
Penicillium nolalum mould that se­
cretes the antibiotic. 

I once made a film for I.e. I. on en-
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vironmental pollution. With great in­
dulgence, they accepted my condition 
that all the examples of pollution 
should be from their own plants. As a 
practical illustration of "repentance," 
we filmed the treatment of sludge from 
one of their processes and followed 
through the extraction from it of rare 
metals and fine chemicals. Directors of 
1.e.1. who saw the film were piqued 
when they recognised that, for other 
purposes of the combine, they had been 
buying them at premium prices from 
competitors. 

We are a long way past the time 
when we despised "erastz." The feudal 
hierarchy of traditional materials has 
now given way to an aristocracy of 
man-made alternatives. Or maybe one 
should say that materials l}ave been 
democratised. I am old enough to re­
member when rayon was disparaged as 
"artificial silk," but no one would so 
derogate present man-made fibres. 
Polymer chemistry has produced a 
social revolution. It was summed up on 
a university debate, apropos of a fa­
mous British department store where 
Royalty and commoners shop for 
"ersatz." The motion was "This house 
agrees that Marks and Spencers have 
had more social influence than either 
Karl Marx or Herbert Spencer." 

Synthetics 
Apart from wood, structural mate­

rials were always inorganic. We even 
define our epochs as the Old Stone 
Age, the New Stone Age, the Bronze 
Age, and the Iron Age-the materials 
by which cultures were determined. 
Surely ours must be the Plastic Age, 
even if in terms of end results the 
products may be, in many cases, rigid 
and unyielding. We might agree that 
to qualify as a plastic or synthetic, the 
material, at some stage of its history, 
must possess plasticity, the capacity to 
flow and take a desired shape. The 
foundations of the present synthetic 
plastics industry were truly laid by Dr. 
Leo H. Baekerland when he produced 
the first man-made resin-phenofor­
maldehyde- in the presence of an acid 
catalyst. 

Synthetic material, to match spe­
cific needs and process engineering 
requirements, challenged the metal­
lurgists to make unmanageable metals 
manageable metals. Electrolysis had 
already transformed aluminum from 
an intractable laboratory curiosity, 
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tantalisingly described by Humphry 
Davy at the beginning of the last cen­
tury, into a cheap universal light metal. 
Magnesium, lighter still, had been 
mass extracted from seawater. But, 
came the day when high temperatures, 
high speeds, and the new requirements 
of atomic energy and electronics called 
for the handling of unfamiliar metals 
such as uranium, beryllium, zircon­
ium, titanium, germanium, indium, 
tantalum, niobium, and molybdenum. 
And- how important now-a new 
look at silicon. 

Inside-out smelting, which uses 
ultra-short waves to agitate molecules 
and generate heat from inside a metal , 
made still rarer refinements possible. 
Powdered metallurgy, which involved 
compressing rather than smelting, 
produced combinations that could not 
be achieved by alloys. Ceramic metals, 
or metallic ceramics, a long way from 
potters' clay, exploited oxides, borides, 
carbides, and nitrides to make mate­
rials which were strong, corrosion re­
sistant, and able to endure high tem­
peratures. Combinations of plastic 
with metals or glass (e.g., fiberglass) 
opened up even wider possibilities. 

The development of "tailor-made 
molecules" or, in the language of the 
new chemist, "long-chain polymers," 
was, indubitably, one of the most im­
portant points of departure in the his­
tory of technology. To be able to pre­
scribe a material for a specific purpose 
and give it predetermined qualities 
meant that invention was taking on a 
new dimension. It was no longer a case 
of "What can we do with the metals we 
have?", but "What exactly do you 
want?" 

Carbon fibre composites 
One development that fascinates me 

is carbon fibre. (You see how com­
pulsively I go back to coal and soot?) 

Since the advent of stressed skin con­
struction in the early 1930's, alumi­
num alloys have been the dominant 
structural materials. They have been 
improved progressively. What de­
signers of airframes are looking for is 
a structural material that combines 
strength, stiffness, weight, ease of 
fabrication, and durability under ser­
vice conditions. 

In all those requirements, carbon­
fibre composite is five times more 
strong and four times more stiff than 
titanium alloy. Carbon-fibre epoxy is 
laminated so that the fibres are cross­
plied. Substantial weight savings 
should result from the use of carbon­
fibre composites as structural materi­
als. Since the 1960's when they were 
first developed, activity has built up in 
the western world on their production 
and use not only in aircraft production 
but in manifold different ways, from 
self-lubricating bearings to golf 
clubs. 

Using such a material, it is possible 
to reduce the vast number of small 
components that are typical of con­
ventional metallic structures, leading 
to a reduction in production costs as 
well as weight. Laboratory tests have 
shown that this material does not ex­
hibit fatigue properties analogous to 
those of metallic materials, but careful 
tests are still being carried out on the 
effects of temperature, moisture, and 
repeated loading under service condi­
tions. The promise is that there will 
eventually be a weight saving of 25% 
in the wing structure compared with 
present materials. 

Age changing 
There may be those who might 

question the description the "Plastic 
Age" and make claims for the "Silicon 
Age." Identified with silicon chips and 
the implications that the integrated 
circuits they minisculise may take over 
the logical faculties of the human brain 
in a world run by computers, silicon 
might indeed qualify. Silicon stands 
next to carbon in the fourth group of 
the periodic system. and it is the second 
most abundant clement in the earth's 
crust, surpassed only by oxygen. It is 
nonmetallic in character. It is prescnt 
in practically every rock. 

I f we think back to the creation of 
the world, the respective roles of car­
bon and silicon are interesting. The 
carbon series build up their complex-



ities by conjunction of carbon atom to 
carbon atom, while the silicon series 
build up their complexities through the 
intermediary of oxygen atoms. In the 
beginning, at temperatures of -50 to 
+ I 00 °C, carbon had within itself the 
capacity of evolving life, while silicon 
was a parent of cold rocks. The energy 
we get through the carbon route, like 
oil and coal, has come to us through 
the organic chemists. Silicon, long the 
inert material that as SiO (silica) 
fashioned glass and ceramics, was el­
ectrified by the solid-state physicists. 
Not only is silicon likely to run our 
businesses for us, but, with silicon cells 
already proven as the source of energy 
for the radiotransmitters and teleme­
tering equipment of space satellites 
and probes, we can get direct conver­
sion of sunbeams into electricity. 

We are discussing materials and 
energy. The prevailing paradigm is 
that it all began with the Big Bang. 
Time began with a primaeval atom 
that exploded and released the energy 
and particles, the matter and anti­
matter, which formed the expanding 
universe, and all the galaxies and the 
stars and the planets and created the 
clements which congealed to form the 
earth. Energy into matter. Matter into 
energy. 

When you are thinking about ma­
terials it does not matter whether you 
start with the energy within the nu­
cleus or with hydrogen with its proton 
and orbiting electron . To have the el­
ements that form any of the materials 
you are going to manipulate or the 
molecules you are going to fabricate 
you . have to account for energy. You 
can do your accountancy in gigajoules 
or you can express it as money and 
costs "added value." But you have to 
do the sums properly, and what we call 
"cost" is not a reliable indicator. It all 
depends on "energy in" and "energy 
out." 

For example, the food calories of a 
crop may be much less than the energy 
put into the artificial fertilisers . Or 
another example, the EEC produced 
an energy plan that aimed at 200 GW 
from nuclear reactors by 1990 (to help 
fill the predicted energy gap). One of 
my noble colleagues- an eminent 
scientist-in a select committee of the 
House of Lords, without bothering 
about the huge cost in money terms, 
demolished the argument by demon­
strating on a sheet of notepaper that 

the energy used in the materials for 
constructing and equipping the many 
installations would exceed Europe's 
interim capacity and precipitate the 
energy shortage which the prog.ramme 
was planned to correct. 

Perhaps if we really started ac­
counting in energy terms instead of 
money symbols we might get the en­
ergy problem straight and get the real 
value of our materials and commodi­
ties. I ought to admit, and my banker 
will confirm, that I know little about 
finance, but I know that money has 
little relation to real wealth. It did at 
one time when the tillers produced the 
food calories and sustained the artisans 
who madc better tools or better pots or 
better textiles than they could. The 
tiller bartered food for the products 
into which the artisan put his muscle 
energy. 

And presently both the tillers and 
the artisans produced surpluses, which 
went onto trade barter between indi­
viduals and with other communities. 
Individuals could justify their efforts 
to each other-so much stoop labour 
was worth so much bench labour. But 
it was clumsy- so coins were invented 
and there was buying and selling. 
When goods were exported to other 
communities, there were further dif­
ficulties. 

So Darius II of Persia invented the 
cheque (of Persian origin) or money 
order which said, "This barley is worth 
so much in Babylon and should be 
worth so many hides in Ispahan." The 
money became itself a commodity. 
Bankers started in Babylon as early as 
500 B.C. They grub-staked the arti­
sans. They paid people to dig irrigation 
canals and sold the water to the farm­
ers. They diseounted the cheques of the 
merchants on the caravan routes. 
There was a trade in money itself. It 
was not a question of the energy put 

into the product but of how much the 
market would bear. 

Now, barned by the apparent 
meaninglessness of money in real 
terms, by the wild excesses of inflation, 
and by the contortions of the financiers 
and economists to control, I have de­
cided to go back to first principles-to 
the Big Bang, to E = mc2-and invent 
my own currency, not based on the 
inert metal gold, dug out of one hole 
and stored in another, but on energy. 

I follow the conventions of currency. 
It has to be something difficult to ob­
tain; it has to be durable; and, by my 
specification, it has to be redeemable 
as energy. And it has to be calibrated. 
I decided on uranium-235. (Natural 
uranium is too accessible and pluto­
nium is a second-stage product. I 
wanted a primary.) 

23SU can be expressed in curies as 
gold can be expressed in carats. It can 
be calibrated to other forms of en­
ergy-coal and oil calories or food 
calories. It can be related in work 
terms to gigajoules. I t can scarcely be 
carried around in the pocket, but it can 
be banked like the gold in Fort Knox, 
as the backing of notes. And it fulfils 
my last requirement- it can, in the 
ultimate, be put in reactors to produce 
energy. I have called my new currency 
'The Utope." You can derive it as you 
wish from "Uranium Isotope" or from 
"Utopia." 

And it has as much promise of suc­
cess as sunbeams out of cucumbers. 
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How to get the devil out of your 
waste stream and the EPA off your back. 
Organic contamination of plant waste streams is a 
devil of a problem. Contaminants such as phenol, 
dyestuffs, chlorinated pesticides, and chlorina­
ted hydrocarbons, to name a few, give the modern 
industrial producer a myriad of troubles. 

How can one remove these chemicals from waste 
streams? Is the method used satisfactory? What do I 
do with recovered chemicals? Will the removal pro­
cess meet federal and local standards? Is the 
recovery or removal process economical? 
Through constant research and development over the 
past four decades, Rohm and Haas Company has 

pioneered the technology that can give you the right 
answers. Our line of Amberlite"' polymeric adsorbents 
and ion exchange resins provides industry with pro­
ducts that will safely and economically adsorb these 
and other chemicals from plant waste streams. 

We will be pleased to discuss your organic waste 
problems and possible solutions. For further informa­
tion, circle our reader service 
number or contact Rohm and RDHM A 
Haas Company, Marketing Ser-
vices, Independence Mall West, ~HAAS 
Philadelphia, PA 19105. ~HIlADELPHIA. PA . 191D5 

A World Leader in Water Treatment 
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Effect of Suspended Sediments on the Photolysis of Organics in Water 

Barry G. Oliver', Ernest G. Cosgrove, and John H. Carey 
Water Chemistry Section, Process Research Division, National Water Research Institute, Canada Centre for Inland Waters, 
Burlington, Ontario, Canada L7R 4A6 

• An assessment of the role of suspended sediments and clays 
on the rate and mechanism of photolysis of pollutants in water 
was carried out. It was found that even though semiconductor 
powders such as Ti02 could photocatalyze the decomposition 
of organics such as methyl alcohol and p -dichlorobenzene in 
water, no such reaction occurred with naturally occurring 
suspended sediments or clays. The sediments and clays were 
found to decrease the rate of photolysis of pollutants such as 
methoxychlor by shielding the pollutant from the available 
light. 

Photolysis is an important route of environmental degra­
dation for many organic pollutants such as pesticides (1). To 
date, most research has been focused on measuring photolysis 
degradation rates in mixed solvents and distilled water (2). 
However, in the environment varying amounts of suspended 
sediments are present in the water and this sediment could 
change the rate or mechanism of photolysis of a pollutant in 
several ways. Suspended sediment may reduce the photolysis 
rate by either shielding the organic from the available light 
or by quenching the excited states of the organic molecules 
before they react to form products. It is also possible for sus­
pended particulates to enhance the rate of organic photolysis 
if sediment absorption of light produces excited states or free 
radicals that can then react with the organic. b this way it is 
possible for organic materials that do not absorb sunlight to 
be photolyzed indirectly. 

This type of indirect photolysis does occur with semicon­
ductors such as Ti02, which are common constituents of clays, 
sediments, and soils (3). In the presence of O2, ultraviolet (UV) 
irradiation of Ti02 photooxidized alkanes to alcohols, al· 
dehydes, and ketones (4). Also, UV irradiation of aqueous 
Ti02 slurries results in the dehalogenation of fluorinated 
benzenes (5) and polychlorinated biphenyls (6). Similar re­
actions have also been observed for some semiconductors such 
as ZnO (7). It has been reported that the speed of photolysis 
of certain pollutants is much higher in natural waters than in 
distilled water owing to the presence of unknown sensitizers 
(8, 9). This paper reports studies designed to elucidate 
whether suspended sediments accelerate the photolysis of 
aqueous organics by a mechanism analogous to photosensi­
tized semiconductor reactions or whether they slow down 
photoreactions by shielding or quenching. 

Experimental 

Some commonly found clays (montmorillonite, kaolinite, 
bentonite, dolomite, and illite) were obtained from Ward 
Scientific, and several samples of suspended sediments from 
rivers flowing into the Great Lakes were collected and 
freeze-dried. For comparison purposes, a sample of Ti02 
(anatase) powder was obtained from Fisher Scientific. The 

ultraviolet-visible adsorption spectra of the clays, sediments, 
and semiconductors were measured using a Pye-Unicam SP 
1700 spectrophotometer equipped with a diffuse reflectance 
attachment. All spectra were referenced to magnesium 
oxide. 

Aqueous solutions were irradiated as 1.0% slurries in a 
stirred quartz reaction vessel in a Rayonette photoreactor 
equipped with 300- or 350-nm ultraviolet lamps. The intensity 
of light impinging on the cell was 4.3 X 10-5 Einsteins/min at 
300 nm and 6.3 X 10-5 Einsteins/min at 350 nm as measured 
by ferrioxalate actinometry (10). 

The Fe(lI) yields were determined from the absorbance at 
510 nm (A = 1.09 X 104) using o-phenanthroline and a neu­
tralization-dilution technique (11). Formaldehyde concen­
trations were measured colorimetrically (A = 1.8 X 104 at 470 
nm) using a modified chromotropic acid technique (12) after 
suspended sediments were removed by centrifugation. After 
extraction of the 100 mL of slurry into 20 mL of pentane, the 
dichlorobenzene concentrations were measured using a Tracor 
550 gas chromatograph equipped with an electron capture 
detector. A glass column packed with 10% aV-1 on Gas­
Chrom Q was used isothermally at l aO °C for the analysis. 
Methoxychlor was determined using the same extraction and 
gas chromatographic procedure, except the temperature of 
the column was programmed from 2:10 to :130 °C at a rate of 
5°C/min with a final hold of 4 min. 

Results and Discussion 

The absorption spectra of a typical suspended sediment, 
clay, and semiconductor are shown in Figure 1. All the mate­
rials absorbed light strongly in the ultraviolet spectral region, 
but the semiconductor (Ti02, anatase) showed a sharp cutoff 
in absorption at about 400 nm, corresponding to the band gap 
energy, whereas the suspended sediment and clay continued 
to absorb a significant amount of light in the visible region of 
the spectrum. These spectra were typical of various materials 
studied, although the wavelength dependence of the extinc­
tion coefficients varied significantly for the different sus­
pended sediments and clays. To examine whether light ab­
sorption by these solids could lead to photoreactions, exper­
iments were carried out with various scavengers that react 
with the photochemically produced free radicals to give 
readily identifiable products. 

The first scavenger system employed was a degassed 
aqueous solution of isopropyl alcohol (0.26 M), methyl alcohol 
(0.49 M), ferric perchlorate (0.01 M), and perchloric acid (0.5 
M). This system was chosen because the solution absorbs 
minimally at the irradiation wavelength (350 nm) and because 
alcohols are excellent scavengers for most oxygen-containing 
free radicals (13,14). From studies of iron photochemistry (11) 
alcohol concentrations were selected that were large enough 
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Table I. Iron(ll) Quantum Yields of 1 % Slurries of 
Clays and Ti02 in the Aqueous Solution a 

mat.rlal 

blank 

Fe(ll) yield 

0.032 

material 

kaolinite 

Fe(lI) yield 

0.0022 

TiO. (anatase) 0.200 montmorillonite 0.0048 

• [HCIO,] = 0.5 M. [CH30H] = 0.49 M. [(CH3),CHOH] = 0.26 M. [Fe3+] = 
0.01 M.lrradiation wavelength, 350 nm. 

Table II. Formaldehyde Quantum Yields for 1 % 
Slurries of Suspended Sediments and Ti02 In the 
Aqueous Solution 10% Methanol (Irradiation 
Wavelength, 300 nm) 

formaldehyde quantum yield 

mate'lal degassed air saturated 

blank 0.00038 0.00058 

TiO. (anatase) 0.0034 0.0821 

Black River 5.5. 0.00028 0.00041 

40-Mile Cr~k 5.5. 0.00015 0.00023 

to scavenge all free radicals in the solution. Typical reactions 
of hydroxyl radicals in this solution are: 

(CH:lhCHOH (CHah COH 
or + OH· - or + H20 (1) 

CH:lOH ·CH20H 

(CHah COH (CHahC=O 
or + Fe:H - or + Fe2+ + H+ (2) 

.CH20H H2C=O 

It can be seen that the production of one hydroxyl radical in 
the system eventually leads to the production of one Fe2+ 
molecule. Thus, the addition of ferric perchlorate at concen­
trations large enough to react with all the alcohol radicals 
formed suppresses chain reactions and provides a simple an­
alytical system (Fe2+ analysis). Perchloric acid must be added 
to prevent dimerization and polymerization of the hexaaquo 
iron(III) to species that absorb light at the irradiation wave­
length (11) and to prevent adsorption of Fe3+ and Fe2+ onto 
the sediments. Unfortunately, this strongly acidic solution 
caused decomposition of some of the materials under study 
(all suspended sediments, some clays), but some useful in­
formation was obtained. 

Table I shows the Fe(H) quantum yields for the stable 
materials. There is a small but measurable Fe2+ yield in the 
scavenger solution in the absence of solids due to a small 
amount of light absorption of the hexaaquo iron(IH) charge­
transfer band that produces hydroxyl radicals (11). The 
semiconductor, Ti02, gave Fe2+ quantum yields well above 
the blank, whereas the montmorillonite and kaolinite clays 
gave Fe2+ yields below the blank. This indicates that the 
semiconductor is producing free radicals that are being 
scavenged in the system and that the clays do not produce 
such free radicals. 

The next scavenger system tested was an aqueous solution 
of 10% methanol. Methanol should react with oxygen-con­
taining free radicals to produce formaldehyde, for which a very 
sensitive analytical technique is available (12). Formaldehyde 
quantum yields at 300 nm are reported for a few materials in 
Table II. Again there is a small but measurable yield with the 
scavenger solution in the absence of solids due to the photol­
ysis of methanol. The addition of suspended sediments to the 
solution resulted in a reduction in the formaldehyde yield. The 
addition of the semiconductor Ti021ed to large increases in 
the formaldehyde yield. When oxygen, an excellent electron 
scavenger, is added to the system (air saturated) the formal-
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Figure 1. Ultraviolet-visible absorption spectra of TiO. (anatase). Black 
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Figure 2. The effect of suspended sediment on the half-life of 
methoxychlor in a Rayonette photoreactor (wavelength of irradiation, 
300 nm) 

dehyde yields in all cases are increased substantially over the 
degassed solutions. Again, the semiconductor, Ti02, appears 
to be the only photoactive material with this scavenger 
system. 

Since many of the persistent pollutants in natural waters 
are chlorinated compounds, an experiment was performed to 
see whether a chlorinated compound that did not absorb 
sunlight could be photodegraded when suspended sediment 
or clays were present. p -Dichlorobenzene (p -DCB) was chosen 
for study since it has an absorption maximum of 275 nm and 
does not absorb significantly at the wavelength of irradiation 
(300 nm). A saturated aqueous solution of p-DCB (47 ppm) 
was irradiated at 300 nm in the Rayonette photoreactor with 
1.0% Ti02 (anatase), and the p-DCB degraded rapidly with 
a half-life of approximately 5 min. When saturated aqueous 
solutions of p-DCB were irradiated as 1.0% slurries with the 
clays, montmorillonite, kaolinite, bentonite, illite, and dolo­
mite, and with the suspended sediments from the Ausable, 
Grand, Black, and 40-Mile Rivers, no decomposition of the 
p-DCB was observed even after irradiation periods up to 4 h 
in the photoreactor. The irradiation of slurries of the naturally 
occurring titanium-containing ores, rutile and ilmenite, again 
resulted in no decomposition of the p-DCB from saturated 
aqueous solutions. Therefore, even though ultraviolet irra­
diation of the semiconductor, Ti02• can result in the photo­
decomposition of non-light-absorbing organics in water, 
naturally occurring suspended sediments and clays do not 
appear to be capable of undergoing this type of photocatalytic 
reaction. 



To find out what effect suspended sediments have on the 
photolysis rate of a compound that absorbs sunlight, the 
degradation rate of methoxychlor in the Rayonette photo­
reactor at 300 nm was studied as a function of suspended 
sediment concentration. Figure 2 shows that the rate of pho­
todecomposition of methoxychlor from a saturated aqueous 
solution (0.12 ppm) is considerably reduced in the presence 
of the suspended sediments. The half-life of methoxychlor in 
the photoreactor seems to increase linearly with suspended ' 
sediment concentration but at different rates for the two 
sediments studied. Although there is a large difference in or­
ganic carbon content between the two sediments (40-Mile 
Creek, 21%; Black River, 4.1%), the major reason for the dif­
ference in behavior appears to be differential light absorption. 
The extinction coefficients at 300 nm, as measured in the 
secondary cell compartment of the spectrophotometer close 
to the photomultiplier, are 13.8 X 10-4 L mg- I cm- I for 40-
Mile Creek and 4.1 X 10-4 L mg- I cm- I for Black River 
sediment. The true extinction coefficients of such suspensions 
are impossible to measure using a standard spectrophotometer 
because of sample light scattering. For example, if the mea­
surement is made using the primary sample compartment of 
this spectrophotometer located some 15 cm from the photo­
multiplier, the apparent extinction coefficients are about twice 
the above values. In any case, the ratio of the extinction 
coefficients at 300 nm (;IO-Mile Creek/Black River) is about 
3.3. The ratio of the slopes of the half-life vs. concentration 
plots (40-Mile Creek/Black River) is 3.8. Therefore, to a rea­
sonably close approximation, the suspended sediments appear 
to be simply shielding the methoxychlor from the available 
light. 

In summary, even though suspended sediments and clays 

can contain Ti02 and other semiconductors in the 5-10% 
range and even though they absorb sunlight, suspended 
sediments and clays do not appear to photocatalyze the de­
composition of organic pollutants in water but reduce the rate 
of photolysis by shielding the pollutant from the available 
light. 
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• Factor analysis on polynuclear aromatic hydrocarbon 
(PAH) emissions from gasoline engine automobiles was made 
on the data from test runs of more than 50 000 km on each of 
26 cars. The average emission rate of PAH from cars was di­
rectly linked to average car mileage. The consumption of en­
gine oil was a significant faclor governing PAH emissions from 
cars in ordinary city service. An experimental equation which 
can give the average emission rate of PAH from cars was de­
rived as a function of car mileage and engine oil mileage. The 
validity of this equation was supported by field data. 

Recently, carcinogenic polynuclear aromatic hydrocarbons 
(PAHs) from automobiles have become a significant problem 
for public health, especially in big cities troubled by heavy 
traffic. The present research is part of ongoing research on the 
emissions of PAHs from automobiles. 

Generally, older cars with higher mileage have higher PAH 
emissions (1-4). For example, Begeman and Colucci (1) 
measured the emission rates of PAH from 25 cars. They 
showed that the average emission rate of benzo[a ]pyrene 
(BaP) from 12 cars of 1951-1959 model years was 3 times 
higher than that from 13 cars of 1959-1963. Thus, PAH 
emissions are closely related to car age, i.e., car mileage. 

To determine a quantitative relation between PAH emis­
sion rate and car mileage, test runs of more than 50 000 km 
were carried out on each of 26 Japanese gasoline engine cars 
in ordinary city service (5). In this paper, from the results of 
the test runs, we elucidated the main factors governing P AH 
emissions, and derived an experimental equation on P AH 
emissions as a function of car mileage and engine oil mileage. 
Finally, the validity of this equation was evaluated by field 
data. 

Experimental 

To investigate the effect of used oil on PAH emission. two 
cars, car A and car B, were operated for 6000 km on single oil 
changes. For car A, a similar test run was repeated . 

The specifications of these cars are as follows. Car A: 1972 
model year, 4-cycle and 4-cylinder gasoline engine, 14oo-cm3 

displacement, spark retarded for emission control of HC and 
NOx , initial car mileage in the test run, 39 000 km, and con­
sumption rate of engine oil, operating at 40 km/h using new 
oil, 1.44 mLIL of fuel (oil economy,10.9 km/mL). Car B: 1974, 
4-cycle and 4-cylinder gasoline engine, 1200 em3, spark re­
tarded, 19000 km, and 0.14 mLIL of fuel (143 km/mL) at 40 
km/h using new oil. 

The PAH measurements were made at 2000-km intervals 
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Figure 2. Oil consumption rate (OJ and relative oil viscosity vs. oil 
mileage. Broken lines: kilometers where oil consumptions were mea­
sured 

during the above test runs. The sample collection was done 
on a chassis dynamometer, while operating at 40 km/h. 

The fuel used in the test runs and the P AH measurements 
was the same commercial gasoline containing 153 J1.g/L BaP 
and no tetraethyllead. The lubricating oil used for the tests 
was the same commercial oil, which had only negligible traces 
of P AH in its fresh condition. 

With respect to the test runs of 26 cars and the measure­
ments of PAH from them for the investigation. on the rela­
tionship between P AH emission and car mileage, the details 
have been described in a previous paper (5). 

The procedures for the PAH collection from automotive 
exhaust gas and the PAH analysis have also been described 
there (5). 

Results and Discussion 

Relationship between PAH Emission and Oil Mileage. 
It has been shown previously (5), from the results of the 
measurements for the 26 cars, that PAH emissions under used 
oil conditions were, on the average, high8r than those under 
new oil conditions. Furthermore, we investigated the rela­
tionship between BaP emission and engine oil mileage, and 
the causes of the higher emission under used oil conditions, 
using two cars, i.e., car A with a comparatively high oil con­
sumption rate and car B with a low consumption rate. 

As Figure 1 shows, the BaP emission rate for car A increased 
with an increase in the oil mileage. The higher emission level 
after the 6000-km run returned to the initial low level after 
changing the oil. When the 6000-km test was repeated for car 
A, a similar result was obtained. On the other hand, this in­
crease was hardly noticed through the test run of 6000 km for 
car B. 

The above increases for car A are considered to be due to 
an increase in oil consumption rate by aging of oil, because it 
is known that high oil consumption causes high PAH emission 
(1,5-8). As Figure 2 shows, for car A, a considerable increase 
in oil consumption rate was observed in proportion to the oil 
mileage. For car B, a slight increase was observed. 

In order to find out the cause of the increase in the oil con­
sumption rate for car A, a change of the viscosity of the oil with 
oil mileage was investigated. The relative viscosity of the oil, 
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Figure 4. Rate of generation of BaP from consumed oil vs. concentration 
of BaP in oil for car A 

'f//'f/o, decreased with an increase in oil mileage, where 'f/ and 
'f/o are the viscosities of used oil and new oil, respectively. This 
result is also shown in Figure 2. Therefore, the increase in oil 
consumption rate with the increase in oil mileage is due to the 
lowering of oil viscosity. 

The reciprocal of the above relative viscosity was found to 
increase linearly with the increase in oil mileage. That is, 'f/o/'f/ 
can be given by: 

'f/o/'f/ = -yd + 1 (1) 

where -y is a proportionality constant and d represents kilo­
meters of oil use. -y was given as 1.25 X 10-4 km- 1 for car A. 

It is known that oil consumption rate is inversely propor­
tional to oil viscosity (9), i.e., Q = Qo'f/oI'f/, where Q and Qo are 
oil consumption rates for used oil and new oil, respectively. 
From this relation and Equation 1, the following equation is 
given: 

Q = Qo(-yd + 1) (2) 

Q and Qo are expressed in units of mL of oil consumed/L of 
fuel consumed. 

Provided that the elevation in the BaP emission level with 
the increase in oil mileage for car A depends only on the in­
crease in the oil consumption rate, the plot of the BaP emis­
sion rate vs. the oil consumption rate should give a linear 
relation. However, the relation is not linear, as shown in Figure 
3. The deviation from linearity is considered to be caused by 
the accumulation of BaP in used oil. 

To estimate the emission rate of BaP only from consumed 
oil, the contribution (m from factors other than engine oil was 
subtracted from each BaP emission rate in Figure 3. The {3 
value was taken as 1.27 J1.g/L of fuel (Table I). The explanation 
of the determination of this value will be done in the suc­
ceeding section. Each estimated value was divided by the 
corresponding oil consumption rate. The result gives the rate 
of generation, « J1.g/mL, of BaP from 1 mL of consumed oil. 
The increase in the slope of the broken line in Figure 3 means 
the increase in «. (The common intercept for the broken lines 
was taken for the subtraction of (3.) Each slope, i.e., «, was 
plotted vs. the concentration, m J1.g/mL, of BaP in the oil. As 
Figure 4 shows, the plot gave a straight line, with a slope of 
0.375 (nondimensionl and an intercept of 5.40 J1.g/mL of oil. 



The intercept gives the rate of generation of BaP from oil in 
its fresh condition, which equals the intrinsic rate of forma­
tion, ao IIg/mL, of BaP from consumed oil for car A, because 
the content of BaP in the new oil was negligible. The slope 
represents the ratio, p , of BaP surviving the emission process 
in consumed oil. That is, for car A, about 38% of the BaP 
contained in the oil consumed by leakage into the combustion 
chamber ot the exhaust system survived the emission process. 
From the linearity in Figure 4, the rate of generation, a, of BaP 
from used oil can be written as follows: 

a = pm + ao (3) 

In order to confirm further the effect of the PAH in oil on 
the PAH level in exhaust gas, another experiment was done 
by adding BaP artificially to new oil. As Figure 5 shows, for 
car A, BaP emission rate increased linearly with an increase 
in the concentration of BaP in the oil. The survival ratio, p, 
of BaP in the consumed oil was given by dividing the slope, 
0.480 mL of oillL of fuel , of the straight line by the oil con­
sumption rate, 1.44 mL/L of fuel, for the new oil condition. 
The result was 0.333. This value agreed approximately with 
the value obtained from the plot in Figure 4. The mean of 
them, 0.354, was adopted as p for car A. 

On the other hand, for car B with a low oil consumption rate, 
the effect of BaP in oil was scarcely recognized, as shown in 
Figure 5. 

The actual mode of accumulation of BaP in engine oil was 
followed by the quantitative analysis of BaP in the oil at every 
1000 km during the run of 6000 km. The concentration of BaP 
accumulated in oil was found to be directly proportional to oil 
mileage, d km. A similar result was shown by Gross (7) , too. 
Hence, the concentration, m IIg/mL, of BaP in engine oil was 
given by: 

m = ()d (4) 
where () is the accumulation rate of BaP in oil. Its values were 
given as 1.10 X 10-:1 and 1.21 X 1O-:llIg/(mL·km) for car A and 
car B, respectively. 

On the basis of the results described so far, an experimental 
equation, which can explain the change of BaP emission rate 
with oil mileage, was derived: 

IIg of BaP/L of fuel = ",Q + {3 = QIl(-yd + 1 )(nll + pm) + (3 
= QIl(-yd + 1)("0 + pod) + {3 (5) 

Upon substituting tbe numerical values for the individual 
coefficients in this equation, the equation was written as a 
quadratic function of d. The equations for an operating con­
dition of a steady speed of 40 km/h on car A and for that on 
car B are as follows: on car A, 

IIg of BaP/L of fuel = 7.01 X 1O-"d" 
+ 1.53 X 1O-:ld + 9.05 (6) 

(Qo = 1.44 mL of oillL of fuel, -y = 1.25 X 10-4 km -1, all = 5.40 
IIg/mL of oil, p = 0.:154, b = 1.10 X 1O-:1I1g/(mL·km), (3 = 1.27 
IIg/L of fuel), and on car B, 

IIg of BaP/L of fuel = 8.05 X IO-"d" 

+ 1.88 X 1O-4d + 2. 17 (7) 

(Qn = 0.14 mL/L, -y = 1.50 X 10-.1 km- 1. "'0 = 6.40 IIg/mL, p 
= 0.:117, h = 1.21 X 1O-:1I1g/ (mL.km), (3 = 1.27 IIg/L). For the 
values of {3 on car A and -y, <Yo, p , and {3 on car B, the average 
values (Tables I and II) determined using the 26 cars were 
used. 

As shown in Figure I, the results calculated from Equations 
6 and 7 were in good agreement with the observed values for 
car A and car B, respectively. 

For cars with low oil consumption such as car B, since the 
contribution from the first and second terms in Equation 7 
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Figure 5. BaP emission rate vs. concentration (m') of BaP added in new 
oil 

Table I, Values of ao and a (~g/ml of Oil) and ~o and 
fJ (~g/l of Fuel), for 10-Mode and 40 km/h Conditions 

"0 .. flo fI 
BaP 10-mode 5.47 6.19 1.62 1.B5 

40 km/h 6.40 7.03 1.25 1.27 

BaA 10-mode 13.4 15.3 14.2 15.6 

40 km/h 15.0 17.2 13.6 14.9 

chrysene 1O-mode 13.9 15.9 17.0 17.2 

40 km/h 16.0 17.9 14.6 16.4 

pyrene 10-mode 33.4 63.4 97.4 99.2 

40 km/h 41.7 70.9 95.7 107 

is small as compared witb tbe value of the final term, the effect 
of used oil is not so apparent. However, for cars with high oil 
consumption, its effect becomes significant. 

Average PAH Emission Rate as a Function of Average 
Car Mileage_ The change of PAH emission rate (BaP, 
benz(a Janthracene (BaA), chrysene, and pyrene) with car 
mileage was studied by test runs of more than 50 000 km on 
each of 26 cars. The details of the results have been reported 
previously (5). A quantitative analysis of the results is made 
bere. Emission ratesofPAH from cars, even from the cars with 
almost similar mileage, varied over a wide range (.5). The mode 
of the change of PAH emission rate with car mileage also 
differed widely among individual cars (5). However, taking 
an average in the groups of cars, a linear relation between the 
average PAH emission rate and the average car mileage was 
recognized at mileages above 20000 km, with a correlation 
coefficient of more than 0.95 (statistically significant at a 
confidence level of more than 95%). 

A linear relation between average PAH emission rate and 
average oil consumption rate was also recognized for each 
condition of new and used oi l, with a correlation coefficient 
of more than 0.96 (statistically significant at a confidence level 
of more than 95%). That is, this relation can be expressed by 
the following equations: 

IIg of j-PAH/L of fuel = aoj'Qo + ~Oj (new oil) (8) 

and 

IIg ofj-PAH/L of fuel = (yj'Q + ~j (used oil) (9) 

The subscriptj means a PAH species. Q" and Q (mL/L of fuel) 
are average oil consumption rates for new oil and used oil 
conditions, respectively. The slopes, auj and <Xj (lIg/mL of oil), 
give the average intrinsic rate of formation and the average 
rate of generation ofj -PAH from consumed oil for its !!ew and 
used conditions, respectively. The intercepts, {:foj and f3j (lIglL 
of fuel), indicate the contribution of j-PAH from factors other 
than consumed oil, presumably mainly from gasoline, under 
new oil and used oil conditions, respectively. The numerical 
values of (Yo, (Y, ~o, and~, which were determined by a least-
squares method,-are summarized in Table I. _ 

The values of f3 were slightly higher than those of f31l. How-
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Table II. Values of m (llg/mL of Oil), ;;, and ~ 
(llg/ (mL'km)) 

rii lo-modi 40 km/h 

BaP 1.99 0.362 0.317 7.65 X 10-' 
BaA 6.12 0.310 0.359 2.35 X 10-3 

chrysene 6.63 0.302 0.287 2.55 X 10-3 

pyrene 107 0.280 0.273 4.12 X 10-2 

Table III. Values of Xo and X (mL/(L'km)) and Do 
(km) 

10-mode 
40 km/h 

Xo X 
6.47 X 10-5 8.96 X 10-5 

1.03 X 10-4 1.44 X 10-4 

Do 
new 011 used 011 

19210 20830 
19960 20460 

ever, the difference between them was of no great impor­
tance. 

The values of a were higher than those of ao. This can be 
ascribed to the contribution of the P AH accumulated in used 
oil. The average mileage of the used oils employed for the 
present PAH emission tests was 2600 km. The average con­
centrations, m (/lg/mL), of PAH in the used oils are summa­
rized in Table II. The concentration of pyrene in used oil was 
much higher than those of the others. This caused the re­
markable difference between a and ao, particularly for py­
rene. 

The average survival ratio,pj, ofj-PAH in consumed oil was. 
determined from aoj, aj, and mj by Equation 3. _ 

The average accumulation rate of j-PAH in engine oil, OJ, 
/lg/(mL·km), was determined from mj and the average I!lile­
age d (2600 km) by Equation 4. The values of P and 0 are 
summarized in Table II. 

The relationship between the average oil consumption rate 
and the average car mileage, 15 km, could be adequately ap­
proximated at mileages above 20 000 km by the following 
linear equation, with a correlation coefficient of 0.97 (statis­
tically significant at a confidence level of 95%), for each con­
dition of new and used oil: 

Qo, mLIL of fuel = Xo(15 -150) (new oil) (10) 

and 

Q, mL/L of fuel = X(15 -150) (used oil) (11) 

The numerical values of the coefficients Xc and X (mL/(L.km» 
and 150 (km), which were determined by a least-squares 
method, are summarized in Table III. The values of 150 were 
in fairly good agreement regardless of new/used oil, 10-mode 
(the standard Japanese city driving schedule)-40 km/h op­
eration. The average was 20 120 km. From Equations 2 and 
10: 

Q = Qo(rd + 1) = Xo(rd + 1)(15 -150) (12) 

Upon comparing Equations 11 and 12: 

(13) 

The value of r was determined from those of Xo and X, and d 
= 2600 km by Equation 13. The determined values for 10-
mode and 40 km/h conditions were 1.48 X 10-4 and 1.52 X 
10':'4 km- I, respectively. These values can be regarded to be 
in fairly good agreement. Therefore, their average, 1.50 X 10-4 

km- I, was adopted as the value ofr. 
From the results obtained so far, an experimental equation 
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Figure 6. Average BaP emission rates calculated for various average 
oil mileages and observed ones vs. average car mileage. Broken lines: 
calculated results 

on the average emission rate of PAH from gasoline engine cars 
was derived as a function of average car mileage D and average 
oil mileage d by the modification of Equation 5. The derived 
equation is as follows: 

j -PAH emission rate (/lglL of fuel) = ai~ + {jj 
= Xo(rd + l)(D -Do)(aoj + p/;jd) + {jj (14) 

Upon substituting the numerical values for the individual 
coefficients in this equation, the equation was transformed 
into the feasible form of a linear function of D and a quadratic 
function of d. For example, the equation for average emission 
rate of BaP from cars operated on the 10-mode city driving 
cycle is as follows: 

/lg of BaP/L of fuel = (2.69 X 1O- 12d 2 + 7.10 X 1O-8d 
+ 3.54 X 10-4) X (D - 20 120) + 1.85 

15 ~ 20120 (15) 

(Xo = 6.47 X 1O-5 mL/(L.km),r = l.50 X 10-4 km-I,ao = 5.47 
/lg/mL ofoil,p= 0.362,~ = 7.65 X 10-4 /lg/(mL.km),{j = l.85 
/lglL of fuel, Do = 20 120 km). 

Figure 6 shows the results calculated by Equation 15 for 
various d and D values. The experimental values of the av­
erage BaP emission rate under 10-mode operating conditions 
were also plotted vs.D in Figure 6. There was good agreement 
between them, for both conditions of new oil (d = 0) and used 
oil (d = 2600 km). 

For cars with low car mileages below 20000 km, PAH 
emission rates were very low. The emission rates of BaP from 
them were a few micrograms per liter of fuel. 

Evaluation ofthe Equation by Field Data. The validity 
of Equation 14 was evaluated by comparing the calculated 
results with those observed in the actual atmospheric envi­
ronments, where pollution by PAH from gasoline engine cars 
was considered to be predominant. 

The P AH concentrations in the actual environments were 
measured at Iidabashi along Sotobori St. in Tokyo in De­
cember 1977 and Chiyoda Road Tunnel on the Metropolitan 
Expressway in August 1977. The PAH collection at Iidabashi 
was done with an apparatus additionally equipped with liquid 
nitrogen cooling traps after the filter to capture P AH which 
passed through the filter. The collection in Chiyoda Tunnel 
was done with an ordinary high-volume air sampler. The re­
sults are summarized in Table IV. 

The average emission rates of P AH from cars in ordinary 
city operation were estimated on the basis of Equation 14 in 
the following manner. The average mileage of cars in Tokyo, 
15, was estimated to be 43 600 km from the number of gasoline 
engine cars registered each year (10) and the average mileage 
accumulation per year, 13 000 km. The value of 13000 km was 
estimated from the average kilometers driven by gasoline 
engine cars per day in Tokyo, 36.7 km, based on the traffic 
statistics of the Metropolitan Police Office (11). 

The average oil mileage, d, was estimated to be 1950 km as 
the middle value of the average oil change interval of 3900 km. 



Table IV. Observed and Calculated Atmospheric PAH 
Concentrations 

obsd conen. ng/m3 

laP ea. chrysene 

lidabashi filter 2.68 6.14 7.05 

liq. N2 0.19 0.92 1.41 
traps 

total 2.87 7.06 8.46 
Chiyoda filter 14.2 14.0 19.3 

Tunnel 
calcd conen, ng/m3 

lidabashi 2.12 6.24 6.58 
Chiyoda 10.9 32.0 33.8 

Tunnel 

Table V. Average Car PAH Levels Calculated by 
Equation 14 

Itg/L of fuel 
Itg/m3 

BaP 

22.8 
2.39 

BaA 

67.1 
7.05 

chrysene 

70.9 
7.44 

pyrene 

13.7 
16.2 

29.9 
31.7 

28.4 
146 

pyrene 

306 
32.1 

The value of 3900 km was estimated on the basis of the data 
of the Petroleum Association of Japan (12). 

The driving modes of cars at Iidabashi OIl Sotobori St. and 
in Chiyoda Tunnel were close to a steady rate of 40 km/h. 
Therefore, the calculation of the average P AH emissiol! rate 
from cars was done regarding the condition of 40 km/h. The 
results are summarized in Table V. In order to match the units 
of PAH emission rates with the ones of the PAH concentra­
tions measured in atmospheric environments, the unit of Itg/L 
of fuel was transformed into Itg/m:! of exhaust gas. The results 
are also summarized in Table V. 

Colucci and Begeman (13) and Hirono et al. (14) reported 
that, in high traffic areas, atmospheric BaP was significantly 
correlated with CO concentration. Therefore, it can be as­
sumed that the dilution ratio of PAH from automotive ex­
haust to atmosphere is nearly equal to the dilution ratio of CO. 
The CO emissions from cars depended somewhat on car 
mileage. The average concentration of CO from cars under an 
operating condition of 40 km/h could be approximated by the 
following equation, with a correlation coefficient of 0.98 
(statistically significant at a confidence level 0£98%): % CO 
= 2.0 X 10-61) + 0.52. Hence, the average CO concentration 
for 1) = 43600 km was estimated to be 0.61%. The CO con­
centrations in Iidabashi and Chiyoda Tunnel were 5.4 and 27.7 
ppm, respectively. Therefore, the dilution ratios in Iidabashi 
and Chiyoda Tunnel were given as 1/1130 and 1/220, respec­
tively. The concentrations of PAH diffused from automotive 

exhausts into the atmosphere were calculated from the values 
in Table V and these dilution ratios. The results are summa­
rized in Table IV. 

The calculated concentrations of PAH for Iidabashi were 
in fair agreement with the observed ones. For Chiyoda Tunnel, 
the approximate agreement between the calculated and ob­
served concentrations was recognized for BaP; however, 
agreement was not recognized for other lower molecular 
weight PAHs. As one cause of the disagreement, the incom­
plete collection of lower molecular weight PAH is considered. 
The sampling in Chiyoda Tunnel was carried out in summer. 
TherE;fore, the collection error may be larger than that in the 
sampling at Iidabashi in winter. 

Thus, the validity of Equation 14 was supported by the field 
data. Consequently, the equation seems likely to be sufficient 
to give the average emission rate of PAH from gasoline engine 
cars in ordinary city operation. 
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Chemical and Physical Behavior of Stabilized Scrubber Sludge 
and Fly Ash in Seawater 
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• An investigation of chemical and physical properties of a 
stabilized admixture of scrubber sludge and fly ash in seawater 
was carried out with the intent of relating the results to the 
question of ocean disposal of these wastes. Leaching studies 
indicated that stabilization minimized or prevented the re­
lease of copper, iron, and nickel. Release of major components, 
i.e., calcium salts, was regulated by solubility and surface: 
volume ratio of solid test samples. Studies of physical prop­
erties (porosity, density, compressive strength, surface 
hardness) carried out in the laboratory and the results of on­
going field work have demonstrated that the structural 
strength of test blocks is maintained over prolonged periods 
in seawater. 

With the return of coal as a major energy source and the use 
of flue gas desulfurization scrubbers to remove sulfur oxides 
from the combustion gases generated, large quantities of 
scrubher sludge and fly ash will be produced by coal-fired 
electric utilities (1). These waste products have been found 
to he environmentally unacceptable for direct land or ocean 
disposal (2) . However, they can he mixed with a suitable ad­
ditive, such as lime, to form stabilized brick-like solids which 
may be useful materials in construction (3, 4). Another al­
ternative would he to use blocks of stabilized scrubber sludge 
and fly ash (SSFA) to construct a subsurface ocean reef. This 
applicati<)O would provide a habitat for marine life besides 
reducing the costs and problems associated with more con­
ventional disposal. The purpose of the present investigation 
was to conduct a laboratory study of the chemical and physical 
hehavior of SSFAs in seawater. The aim was to (a) measure 
concentrations of major and minor elements in test mixes, (b) 
determine 'physical properties, and (c) investigate leaching 
behavior of major and minor components. 

A large scale, comprehensive field and laboratory research 
project resulting from this preliminary investigation is now 
underway at the Marine Science Research Center in which 
biological impacts and long-term block stability are being 
addressed. 

Methodology 

Test Mixes, Samples, and Composition. Test samples, 
which were solid cylinders 7.6 X 7.6 cm of SSFA, were pre­
pared by IU Conversion Systems, Inc. (IUCS) of Philadelphia, 
Pa. The samples were cured at 2:1 °C and 80-90% relative 
humidity for at least 30 days prior to use. Four SSFA mix 
types were prepared to examine varying sample compositions. 
The basic mix design (Poz-O-Tec process by IUCS, Inc.) was 
as follows: 16% scrubber sludge + 80% fly ash + 4% quicklime. 
These mixes were especially designed for this project. For mix 
6, 20% of the fly ash was substituted by bottom ash. The 
scrubber sludge used in mixes 4 and 5 was obtained from the 
Conesville power plant (Columbus and Southern Ohio Elec­
tric). The scrubber sludge for mixes 6 and 7 plus all of the fly 
ash and bottom ash used were obtained from the Elrama 
power plant (Duquesne Light) located near Pittsburgh, Pa. 
The ash:scrubber sludge ratio in these mixes was approxi­
mately 5:1. At present, work is continuing on 1:1 and 3:1 mixes 
that are more representative of the true waste ratios that 
would he generated at an operating flue gas scrubbing power 
plant. 

Test samples of construction grade concrete prepared by 
ASTM methods (6, 7) and cured for 30 days were used for 
comparison purposes. 

The cured samples of S8FA and concrete were ground using 
a porcelain mortar and pestle and analyzed for Ca, Cd, Cr, Cu, 
Fe, Hg, Mn, Ni, Pb, and Zn by atomic absorption spectro­
photometry (AA8) (7). Sulfite (S03) was converted to sulfate 
(804) and, subsequently, total 804 was determined grav­
imetrically by precipitation of Ba804. Total carbon was de­
termined Using a carbon-hydrogen-nitrogen analyzer and 
carbonate carbon was determined using a gas buret method 
(8). 

Physical Properties. Permeability was determined using 
the standard falling head technique and the Darcy equation 
(9). Porosity and bulk specific gravity were determined from 
the change in weight of samples due to the absorption of water 
(6). Bulk densities of dried, powdered samples were deter­
mined by measuring the volume displacement of water per 
mass of material (6). 

Compressive strength was determined by measuring the 
load needed to achieve total failure of the sample when the 
load was applied to the vertical axis of the sample (6). A Riehle 
universal testing apparatus with a loading rate of 0.064 cm/ 
min was used. 

Qualitative determination of the relative surface hardness 
of the test mixes was made using an improvised abrasion 
technique (7). 

Sets of samples were tested for compressive strength and 
surface hardness after curing in humid air for: 30 days, 150 
days, 120 days with 30 additional days of immersion in sea­
water, and 30 days with 120 days immersion in seawater; the 
salinity of the seawater was about 34%0. 

Leaching Experiments. Percolation Experiment. To 
accelerate the dissolution process, a percolation leaching ex­
periment (10, 11) was performed on mixes 5 and 7. The ex­
periment consisted of percolating seawater through stabilized 
scrubber blocks while they were fixed in vertical pvc columns, 
1 m in height (7). Seawater (2.5 L) was added to the columns, 
containing mixes 5 and 7, before the system was closed and 
purged with N2 to avoid oxidation of 803 to S04. After per­
colation began, successive 60-mL aliquots of seawater were 
removed for analysis of pH, Eh, and the concentrations of Ca, 
SO", 804, Ni, Cu, and Fe (7). 

Tank Experiment. In these experiments, samples of SSFA 
mil<es 5 and 7 were placed in tanks with covers, containing 3 
L of seawater, for 1 month without stirring to determine 
short-term leaching rates of major and minor soluble com­
ponents from 88FAs. A control . tank containing seawater 
alone was also sampled. Aliquot.~ of seawater were withdrawn 
hy plastic syringe at the beginning of the experiment and at 
the following time intervals: I, 3, 5, 10, 20, and 30 days for 
analysis of pH, Eh, dissolved SO", S04, Ca, Cu, Fe, and Ni (7). 
The seawater was thoroughly mixed prior to sampling each 
time. 

Result" and Di.~cussion 

Composition. Concentrations of selected major and acid 
leachable minor components are presented in Table I. These 
values are average concentrations based on replicate samples 
and suhsamples of each mix type. There was no significant 
variation [one-way ANOVA, a = 0.05; Sokal and Rohlf (I 2) J 
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Table I. Concentrations of Selected Major and Minor Components a 

sample bulk content, mg/g acid-leached components, b "gig 
mi. lotal Co. .. g 
type CeC03 carbon carbon carbone Ca SO. S04 d Fe Mn Zn Cu Cr Pb NI Cd Hg 

4 118 15 14 52200 23600 2600 3660 58.6 23.2 19.1 16 11 7 0.6 0.048 
5 118 17 14 3 66600 26700 3000 4750 53.0 30.5 22.7 18 19 7 0.7 0.059 
6 15 20 2 18 33200 16300 24500 4930 35.1 13.7 12.3 7 12 6 0.4 0.272 
7 19 25 2 23 37400 16300 24500 3340 33.1 14.1 10.9 10 10 3 0.2 0.299 

concrete e 111300 6400 5780 312.5 18.4 5.2 24 6 5 <0.2 g 0.010 

detection 5 0.5 400 100 100 30 0.3 0.1 0.4 2 3 2 0.2 0.002 

C.V .. %' 9.5 15.7 9.5 15.7 10.5 10.7 10.7 4.9 4.1 21.4 7.2 9.4 20.8 18.9 17.3 12.1 

a Concentrations are presented on a dry weight basis and are average values of sample and subsample replicates. b Ni tric acid was used fOf heavy metal leaching 
and hydrochloric acid was used for calcium and sulfur oxide leaching. C Organic carbon is determined by subtracting carbonate carbon from total carbon. d Total 
SOx was measured analytically; reported values of S03 and SO .. are based on 803:80 .. ratios supplied by IUCS. e Concrete component concentrations are based 
upon total weight including aggregates. The component concentrations presented would be approximately two times ~igher if the aggregate materials were not 
included. f C.V. is the weighted average coefficient of variation (SO/y X 100) for the replicate samples (n = 2) and subsamples (n = 3) 01 each mix type for each 
component measured. 9 Less than sign denotes values below the detection limit. 

Table II. Selected Physical Properties of Test 
Samples a.b 

bulk porosity, coen of 
sample ~~:J' bulk vol % Of water- permeability 

mix type sp gravity permeable voids K (cmfs) X 10-1 

4 2.17 (0.2) 1.48 34 3.9 
5 2.18 (0.1) 1.49 37 1.0 
6 1.99(0.3) 1.01 58 
7 2.03 (0.2) 1.21 48 65.0 

concrete 2.70 (0.05) 1.96 13 0.1 

a All samples were cured 90 days. /) Values in parentheses represent range 
between duplicate subsamples. 

between samples of the same mix type for any of the compo· 
nents measured. Thus a fairly uniform product was achieved 
in the preparation of the test mixes. 

Major Components. The four mix types investigated fell 
into two basic categories depending upon the power plant 
origin of the scrubber sludge used in each mix. Mixes 4 and 
5 (Conesville scrubber sludge) had a higher CaCOa content, 
S03:S04 ratio, and a lower organic carbon resie.ue than mixes 
6 and 7 (Elrama scrubber sludge). These parameters are de· 
pendent upon the power plant characteristics, i.e., scrubbing 
process and boiler efficiency. The S03:S04 ratio of the mixes 
and the overall Ca content are two very important charac· 
teristics in the stability and behavior of SSFAs in seawater. 

Minor Components. High S04 mixes were lower in heavy 
metals except for Hg, the concentrations of which were about 
five times higher than those observed in the high S03 mixes. 
Cd, Cu, and Hg were the heavy metals present in SSF As in the 
highest concentrations compared to concrete. The remaining 

Table III. PhYSical Stability of Test Samples 

heavy metals measured had concentrations similar to or lower 
than those of the concrete test samples. Heavy metal con· 
centrations in SSF As are dependent upon the type of coal 
burned and the scrubbing material used in each power 
plant. 

Physical Properties. Porosity and Permeability. The 
SSFAs were three-four times more permeable than the con· 
crete test samples. Mixes 6 and 7 were more porous and per­
meable than mixes 4 and 5 (Table II). The relationship be· 
tween porosity and permeability is a direct function of the 
amount of Ca available for calcium aluminosilicate precipi· 
tation in the cementation process. This precipitation results 
in a reduction in porosity and permeability. 

Compressive Strength. Compressive strength (Table III) 
of all the test samples increased significantly with curing time. 
After 30 days of curing, the SSFAs had a compressive strength 
of 25-75% of the reference concrete. After 5 months of curing, 
the compressive strengths of the SSF A samples were 1.2-3 
times greater than those observed at the end of 30 days, while 
concrete increased fivefold . 

Comprehensive strength of concrete and similar cementi· 
tious phases varies as a function of curing time, humidity, 
temperature, water content, and additive content (fly ash, 
lime, etc.). The observed differences in hardness are due to 
variations in the composition of the samples. In the case of 
concrete. for example, the hardening process continues for 
many months due to the slow reaction kinetics and hydration 
processes associated with the precipitation of calcium and iron 
aluminosilicate phases, which are the cementing bonds for 
concrete. The abundance of Ca available for such reactions 
in concrete accounts for its strength. Unreacted Ca in SSF As, 
resulting from incomplete scrubbing and/or the addition of 
Ca compounds (i.e., lime) as stabilizing agents, react with the 

days days In ago .. compressive strength, psi a rei surface hardness b 
cured seawater sample. days 5 6 7 concrete 6 7 concrete 

30 0 30 110 320 160 200 425 mid high low mid high 
150 0 150 215 920 205 355 2160 high high mid high high 
120 30 c 150 low mid v. low v.low high 
120 30 d 150 low mid mid high high 
120 30· 152 180 840 320 1780 high high mid high high 
30 120· 152 310 1520 mid high 

120 0' 150 245 1650 mid high 

8 The coefficient of variation for compressive strength values. based on three replicates of one mix type (mix 4), was 7 %. /) Relative surface hardnesses were 

based upon comparisons of the numerical values obtained by the abrasion test as outlined under Methodology. C Samples were tested immediately upon removal 
from the seawater. d Samples were allowed to dry for 3 h after removal from seawater before testing. ~ Samples were allowed to dry for 2 days after removal 
from seawater before testing. f These samples underwent 20 cycles of rapid freezing and thawing in air requiring 30 days. 
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Figure 1. Results from the percolation leaching experiment: (a) Fe re­
moved from seawater; (b) Cu leached from the test samples; (c) Ni 
leached from the test sample 

added fly ash, which is rich in Fe and Si, to form calcium and 
iron aluminosilicates, as in concrete, through precipitation 
reactions (13). SSFAs contain less available Ca for reaction 
than concrete and therefore do not form as many strength­
ening precipitates as does concrete. 

When SSFA and concrete test samples were immersed in 
seawater for 30 days, the compressive strengths of these 
samples were less than those values observed for samples 
cured an equal amount of time in humid air (Table III). The 
losses in strength for the SSFAs were 8--16% and the loss for 
concrete was 18%. Mix 7 (high in SO.) and concrete were also 
subjected to 120 days immersion in seawater. Here it was 
found that mix 7 did not exhibit a significant reduction in 
strength beyond its 30-day loss. Concrete, however, lost an 
additional 12% of its initial strength beyond the 30-day loss. 
Variations in strength losses for SSFAs and concrete exposed 
to seawater may be due to different seawater attack processes 
occurring on the cementitious bonds. There are two principal 
processes by which seawater weakens cementitious bonds 
(14). 

In the first process, loss of compressive strength can be at­
tributed to sea salt intrusion into the block. Elevated pore 
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water salt concentrations can cause migration of the water of 
hydration by osmotic processes, resulting in partial dehy­
dration of cementation compounds and weakening of the solid 
structure. This process probably affects both SSFAs and 
concrete but is not as important as the second process in 
overall strength reduction over time. 

In the second process sulfate ions in seawater react with one 
of the cementing phases in the blocks, namely, tricalcium 
aluminate (3CaO·AI20 3) to form a precipitate, ettringite 
(3CaO·Ah03·3CaSO.·31H20) in situ, which occupies a 14% 
greater volume than the phase originally present. As this re­
action occurs over time, concrete continually expands and 
subsequently loses its strength. SSFAs are probably not af­
fected by this process to as great a degree as concrete, since 
they already contain very high concentrations of CaSO. re­
sulting in high concentrations of SO. ions in the block's in­
terstitial water. They also have high porosities that permit 
volume expansion with less internal pressures. Therefore, one 
would expect the compressive strength of SSFAs to be less 
affected over time by seawater than concrete, as was observed 
in this investigation and further ongoing marine in situ studies 
over an 18-month period (personal communication (15». 

Surface Hardness. All of the mix types, including concrete, 
exhibited continued surface hardening as curing proceeded 
(Table III). Immersion in seawater of the SSF A samples 
caused their surfaces to soften in varying degrees depending 
upon their compositions. Mixes 4 and 5, high in CaS03, soft­
ened slightly after 30 days exposure to seawater. Mixes 6 and 
7, however, high in CaSO., showed more softening upon ex­
posure to seawater. SSFAs containing high concentrations of 
CaSO. exhibited greater surface softening because of the 
greater solubility and higher dissolution rate of CaSO. as 
opposed to CaS03. When mix 7 was exposed to seawater for 
120 days, it continued to soften on the surfaces, indicating that 
dissolution of the major soluble components continued to 
occur over extended periods of exposure to seawater. The 
degree of surface softening, however, was primarily superficial, 
indicating that the blocks were not readily losing their 
structural integrity in seawater. In contrast, concrete remained 
uniformly hard regardless of the exposure time to seawater, 
again demonstrating the difference in the processes involved 
for seawater attack on SSFAs and concrete. 

Leaching Investigations. Percolation Study. The results 
of the percolation experiment are presented in Figures 1-3. 
~an/Ao X 100 is plotted as a function of Vn (16), where Ao is 
the initial mass of component an present iIi the test sample, 
~an is the cumulative mass of an that is leached from the test 
sample, ~an/ Ao X 100 is the cumulative percentage of an that 
is leached from the sample, and V n is the volume of seawater 
percolated through the test sample. 

With respect to minor component leaching, the results of 
the percolation experiment show that the heavy metals Fe, 
Cu, and Ni leached very little or not at all from the test sam­
ples during the time period of this experiment. Fe (Figure 1a) 
did not leach from the SSF A samples at all, but instead was 
absorbed from the percolating seawater by the test samples. 
Up to 85% of the Fe in the original seawater was removed. On 
the other hand, Cu (Figure 1b) leached from the samples ini­
tially but then reached equilibrium with the percolating sea­
water within the first 1.5 L of seawater percolation (based on 
a curve-fitting prediction for mix 5). As a result, less than 1% 
of the total Cu initially present in the SSFA samples was re­
leased by the samples. Ni leaching followed a similar pattern 
(Figure 1c), but the total release of Ni from the test samples 
was considerably less than that for Cu. 

The leaching behaviors of Fe, Cu, and Ni appear to be in­
terrelated and dependent upon the Eh of the percolating 
seawater. In the pH-Eh ranges encountered in this experi­
ment (Figures 2a and b), the speciation (I 7) of these heavy 
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Figure 2. Eh (a) and pH (b) of seawater percolating through test samples 
of stabilized scrubber sludge and f)y ash 

metals in seawater can account for the observed leaching be­
haviors. As percolation began, seawater Eh was drastically 
lowered due to the oxygen demand caused by caS03• As more 
seawater percolated through the SSFAs, the oxygen demand 
decreased and therefore the Eh increased. In contrast, pH was 
highest during early percolation due to the dissolution of lime 
and subsequently decreased as lime leaching decreased. Cu 
and Ni release from the samples was at a maximum during the 
lowest Eh conditions, when Fe loss from the seawater was at 
a minimum. As the Eh increased, Fe loss from seawater in­
creased probably due to the formation of insoluble Fe oxides 
in the seawater that adsorbed on the internal surfaces of the 
SSFAs. Additiona)ly, Cu and Ni release from the SSFAs, 
which was facilitated by low Eh conditions, decreased as the 
Eh of the percolating seawater increased. This may be due to 
a coprecipitation or adsorption of Cu and Ni with the Fe ox­
ides, which. are known to be scavengers in seawater (Jill. 

Leaching of the major components Ca and sulfur oxides 
(S03 and S04) was found to be relatively constant and rapid 
compared to the minor components (Figure 3). . 

Variations in the concentrations and solubilities of the 
Ca-containing compounds present in the different SSFA 
mixes can account for the observed differences in the leaching 
rates of Ca' and sulfur oxides. The major Ca salts present in 
SSFAs are CaS03, CaSO., CaC03, and Ca(OHb The resis­
tance to leaching of the soluble Ca compounds in mix 5 can be 
explained by higher concentrations of less soluble compounds 
such as CaCOa and CaS03 found in mix 5. In mix 7, however, 
there are higher concentrations of the more soluble CaS04 
than in mix 5. 

Tank Study. Figure 4 shows the concentrations of dissolved 
Fe, Cu, and Ni in seawater containing the SSF A samples as 
a function of time. There was an initial increase of dissolved 
Fe and Ni within the first few days after exposure to seawater, 
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7.5 CALCIUM (TANK STUDY) 
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Figure 5. Release of Ca during the tank leaching experiment 

but after approximately 10 days the concentrations of these 
components decreased to levels near the original seawater 
concentrations. The observed increase and subsequent de­
crease in dissolved Fe, Cu, and Ni concentrations are probably 
due to desorption-adsorption processes or precipitation re­
actions occurring on the surfaces of the SSFA and the sus­
pended particulates that were released. 

Concentrations of dissolved SOa observed during the tank 
study never exceeded 2 mg/L. Thus, stabilization of SSFAs 
significantly reduced the amount of CaSOa available for dis­
solution. Therefore, any SOa released would be rapidly oxi­
dized to S04 in an aerobic environment. In an anaerobic en­
vironment dissolved SOa concentrations would be expected 
to increase. 

The concentrations of Ca (and also S04) in the seawater 
steadily increased with time (Figure 5). As in the percolation 
leaching experiment, mix 7 was found to release Ca at a greater 
rate than mix 5. This is primarily due to a higher content of 
the more soluble Ca compound, i.e., CaS04 in mix 7 compared 
to mix 5, which contains greater concentrations of the less 
soluble CaSOa and CaCOa. 

The release of soluble components from the blocks occurs 
primarily on the outer surfaces as the permeabilities (Table 
II) of the SSFAs blocks are relatively low. This is evident from 
the much lower pH and Eh changes observed for the seawater 
in the tank experiment (Figure 6) compared to the percolation 
experiment (Figure 2) . Therefore, it would be expected that 
the rate of leaching from blocks of SSF As would be a direct 
function of the surface:volume ratio in static pressure envi­
ronments such as the ocean. 

Conclusions 

The following conclusions demonstrate the advantages of 
stabilization as a means of minimizing the environmental 
impact imposed by the disposal of scrubber wastes and fly ash 
in the ocean, 

• Stabilization of scrubber sludges and fly ash minimizes 
the rapid mobilization and dissolution of the minor compo­
nents present. 

• Leaching of the major calcium containing compounds is 
primarily regulated by their concentrations in the blocks, their 
solubilities, and the effective surface area:volume ratio of the 
blocks. 

• The results suggest that blocks of SSFAs could remain 
stable in the ocean as an artificial reef for extended periods 
of time provided that organism colonization does not sub­
stantially reduce their structural integrity. 

These conclusions are limited to the sample mixes used in 
this investigation. Variations in the components and their 
proportions in SSFAs due to the mix design, the characteris­
tics of the scrubber process, the type of coal burned, and the 
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stabilizing additives used could affect the behavior of SSFAs 
in seawater. 
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Development of Long-Term Sulfur Dioxide Monitor Using Permeation Sampling 

Darrell L. McDermott1, Kenneth D. Reiszner, and Philip W. West" 

Environmental Sciences Institute, Chemistry Department, Louisiana State University, Baton Rouge, La. 70803 

• A method has been developed for monitoring integrated 
or time-weighted-average sulfur dioxide concentration for 
time periods of weeks or even months. The approach is based 
upon the quantitative permeation of gaseous sulfur dioxide 
through a dimethylsilicone polymer membrane into a man­
ganese salt solution, which subsequently stabilizes the col­
lected sulfur dioxide by catalytic oxidation to sulfuric acid, 
Like the lead peroxide candle method, the permeation pro­
cedure does not require the use of pumps or motors and the 
product is photochemically and thermally stable. However, 
unlike the lead peroxide candle, which produces only relative 
S~-sulfation effect measurements, the newly developed 
method provides absolute quantitation in terms of concen­
tration and is sulfur dioxide specific, humidity independent, 
and functional over a wide temperature range, The detection 
limit is 10 Jlg/m3 for a 7 -day exposure period. Exposure peri­
ods as great as 3 months are possible. 

Sulfur dioxide has long been recognized as an important 
parameter in the determination and control of ambient air 
quality. In the past, lead peroxide candles (I) and Huey plates 
(2) have been used for monitoring sulfation effects. These 
devices, either Mason jars or petri dishes, respectively, when 
coated with a lead dioxide paste can be used to collect sulfur 
dioxide in the form of lead sulfate. This tedious method is 
generally unacceptable due to extraneous factors which affect 
the method's reliability. A lack of specificity, due to inter· 
ferences by sulfate-containing aerosols, as well as humidity 
and wind velocity effects on the sulfation rate detract signif­
icantly from the usefulness of these methods (3, 4). More 
critical is the fact that sulfation rates are not quantitatively 
related to the ambient concentrations of sulfur dioxide. 

More recent developments in technology involving the 
collection and determination of sulfur dioxide, incorporating 
permeation sampling techniques developed by Reiszner and 
West (5), now provide a valid approach for long-term sulfur 
dioxide monitoring. The stabilization of sulfur dioxide in the 
form of dichlorosulfitomercurate(II) for up to about 7 days 
is possible, but thermal and photochemical decomposition of 
the sulfito complex precludes the use of this approach for more 
extended periods. A better method is now proposed that is 
capable of monitoring sulfur dioxide for weeks or possibly 
months and does not require the use of electricity or compli­
cated peripheral equipment. The results provide integrated 
values for ambient sulfur dioxide concentrations and can 
therefore be directly correlated to federal regulations. The 

I Deceased, March 1979. 

method involves collecting sulfur dioxide by permeation of 
the gas through a membrane into a catalytic oxidizing soluti?n, 
which stabilizes the sulfur dioxide as sulfate. The resultmg 
sulfate sample is then analyzed turbidimetrically by precipi­
tation as 2-perimidinylammonium sulfate. 

Experimental 

Apparatus. A Beckman DB spectrophotometer was used 
for absorbance measurements and an Orion Model 801 PH 
meter was used for pH determinations. 

Reagents. All solutions were prepared in distilled, deion­
ized water using only reagent grade chemicals. 

Manganese(ll) Chloride Solution. The manganese ab­
sorber solution was prepared by dissolving 3.6 g of manganese 
chloride tetrahydrate (Baker, Analyzed Reagent) in 650 mL 
of water. This solution was then diluted to 1 L with certified 
ACS grade glycerol and mixed thoroughly. . 

2-Perimidinylammonium Bromide (PDA-Rr). PDA·Br IS 

not commercially available at this time and, therefore, was 
prepared in the laboratory. The first report of 2.perimidi~. 
ylammonium ion used as an analytical reagent for the turbi­
dimetric measurement of sulfate was suggested by Stephen 
(6). Dasgupta et at. (7) have recently improved the synthesis 
of PDA, increasing the percentage yield and purity of the 
product. A 0.5% solution of PDA-Br reagent was prepared by 
dissolving 0,5 g of PDA-Br in 100 mL of water by gently 
heating. The resulting filtered solution provided enough re­
agent for 25 sulfate determinations, according to t~e recom­
mended procedure. This solution was prepared dally. 

Sulfate Standards. For stock standards, sulfuric acid was 
diluted to approximately 0.02 N and standardized against a 
sodium hydroxide solution that had been standardized against 
primary standard potassium hydrogen phthalate. This solu­
tion, containing 960 mg per mL of sulfate, was then diluted 
to produce working standards. 

Preparation and Calibration of Permeation Monitors, 
An abbreviated summary of the procedure for the preparation 
and calibration of the permeation device, developed by Re­
iszner and West, is presented here. Each permeation device 
was prepared by sealing a single-backed dimethylsilicone 
rubber membrane, available from General Electric Co. 
(Schenectady, N.Y.), to one end of an 8 cm column of 41 mm 
o.d. glass tubing using silicone rubber cement. The opposite 
end of the device was fitted with a no, 8 neoprene rubber 
stopper and capillary tube. The capillary tube eliminated any 
pressure gradient which might damage the polymer mem· 
brane. Six milliliters of manganese absorber solution was 
added to each device and exposed to a known concentration 
of sulfur dioxide for given periods of time. The calibration 
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Table I. Absorber Efficiencies 

absorber (1000 ppm) 

Co(N0312 

Ni(N03)2 

Mg(N03)2 

CU(N03 )2 

Hg(N0312 

Fe(N03b 
Cr(N03b 
Zn(C,H30,12 

Ce(N03b 
MnCl, 

Na2HgCl. (0.1 M) 

S02 ' Air MI.!ure 

(~;I~~' :~insu~:/ M3 J 

Bubbler 

Abso,binQ 
Solution 
(15ml) 

effective time, 
mine! 

>90%efflc 

30 
20 
20 
24 

>240 
>240 

240 
260 
300 
300 

98 

Figure 1. Apparatus for measuring absorber efficiency 

constants were then calculated from the following equa­
tion: 

k = f!. 
w 

where k = constant, usually on the order of 10:1 h/m3, C = 
concentration of sulfur dioxide, /lg/m3, t = time, h, and w = 
amount of sulfur dioxide absorbed, /lg. Utilizing the technique 
developed by O'Keeffe and Ortman (8), standard sulfur 
dioxide-air mixtures were prepared by purging known 
amounts of charcoal-filtered, dried air over a standard sulfur 
dioxide source. These known concentrations of sulfur dioxide 
were then used to expose permeation monitors for calibration 
purposes. 

Sampling. The permeation devices used for sampling 
ambient sulfur dioxide were first charged with 6 mL of man­
ganese chloride absorber solution and then exposed to the 
sulfur dioxide/air mixtures. The exposure times were typically 
5 to 6 days for the detection of 10 /lg/m3 of sulfur dioxide. Any 
anticipated decrease in absorber volume due to evaporation 
was made up with deionized water before starting the expo­
sure. Experimental results indicated average losses of 0.5 mL 
per day in the field at average temperatures of 30°C. An initial 
charge of 6 mL of manganese solution plus 10 mL of deionized 
water was found to be adequate for a normal30-day sampling 
period in the Louisiana area during the summer. Up to 50 mL 
of water may be added; however, the volume to be analyzed 
must not exceed 6 mL. The unrestricted movement of air over 
the membrane was found to be essential and therefore the 
monitors were positioned in a manner which left the mem­
brane unobstructed. 

Analysis. The total sample volume was adjusted to 6 mL 
either by dilution or evaporation. To this sample volume, 4 
mL of freshly prepared 0.5% PDA-Br solution was added and 
the mixture was then agitated thoroughly. The samples were 
allowed to nucleate for 10 min and the absorbance was then 
measured at 420 nm using a 3-cm glass cuvette. Blanks of 
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Figure 2. Collection efficiency of 10 ppm of Ce3+ and Mn2+ solutions 

approximately 0.01 absorbance relative to water were obtained 
if the PDA-Br reagent was of acceptable quality. The ab­
sorbance at 420 nm after 10 min was linearly proportional to 
the amount of sulfate in solution. The total weight (w) of 
sulfur dioxide oxidized to sulfuric acid was calculated by 
preparing an absorbance vs. concentration curve to determine 
the sulfate content, which was then expressed in terms of 
microgrllms of sulfur dioxide absorbed. The average time­
weighted concentration, C, of sulfur dioxide in air for the 
sampling time, t, was calculated using the equation: 

Results and Discussion 

C =wk 
t 

Selection of Absorber Reagent. The catalytic oxidation 
of gaseous sulfur dioxide by aqueous solutions of manganese 
salts was independently investigated by Vasilev et al. (9) and 
Grodzovski (10) in the same year. Bassett and Parker (11). 
found that among several metal salts and oxides that were 
catalytic by nature, manganese was the most efficient studied. 
Also, it was found that the amount of dithionic acid formed 
by catalytic oxidation with manganese salts was negligible, 
unlike the case with many other salts. Working with unbuff­
ered aqueous solutions, we confirmed and extended these 
studies to include additional salts. By bubbling a 3720-
/lg/m:1 sulfur dioxide-air mixture through 15-mL volumes of 
each salt solution at a rate of 1.0 L/min, and monitoring the 
resulting sulfur dioxide exhaust with a Bendix Model 8300 
flame photometric total sulfur monitor, a table of relative 
absorber efficiencies was prepared (Table I and Figure 1). 

Mercuric nitrate was considered to be inferior to either 
manganese(I1) chloride or cerium(III) nitrate due to the in­
herent toxicity of the solution. Also, iron(III) nitrate was 
discounted on the basis of colorimetric interference. A com­
parison of Ce(NO:1h and MnCl2 absorber efficiencies at cation 
concentrations of 1000 ppm indicated no significant differ­
ences. However, by making absorber dilutions, it was possible 
to determine the most efficient reagent because the rate of the 



oxidation reaction is dependent on catalyst concentration. By 
evaluating each absorber at 10 ppm, MnCl2 was selected as 
the best absorber reagent (Figure 2). 

As one might expect, there is a marked effect of pH on the 
rate of the oxidation reaction (e.g., the reaction is favored by 
a neutral or alkaline pH). Formation of sulfuric acid slows the 
oxidation rate until eventually a steady state is achieved. The 
rate patterns for manganese(II) chloride aerosols were de­
scribed by Matteson et al. (J2). Values reported for the H2S04 
concentration at which the oxidation approached a steady 
state varied between 20 and 40 wt %. Using the above reported 
literature, and absorber efficiency information reported here, 
the sulfur dioxide absorber concentration was chosen to be 
.lOOO ppm of manganese in aqueous solution. It has a large 
excess absorbing capacity and concentrations higher than this 
would cause precipitation of PDA-Cl during the subsequent 
analysis. 

Certified ACS grade glycerol was added to the absorber 
solution, providing a 41% by weight glycerol solution. The 
freezing point of the absorber solution was thus reduced to 
approximately -16°C. The reduced freezing point of the 
absorber solution made sampling operations possible over an 
extended temperature range. Also, the glycerol served a sec­
ondary purpose by increasing the viscosity of the sample so­
lution, acting effectively as a suspending agent for the turbi­
dimetric determination of sulfate. The apparent pH of the 
absorber solution was 4.8. A repeat of the absorber efficiency 
study indicated a decrease in capacity of the absorber after 
addition of the glycerol. However, the capacity was felt to be 
far in excess of what is needed for a permeation method. 

Temperature Effect. The effect of temperature on the 
permeability of the dimethylsilicone rubber membrane was 
studied over a temperature range of 50°C. The results, when 
expressed as a linear plot of mean percent difference in the 
reciprocal permeation rates vs. temperature, indicated that 
the calibration constant k decreased 6.3% per 10°C increase 
(Figure 3). This phenomenon was assumed to be due to 
changes in the mass transfer rate through the silicon rubber 
membrane, rather than kinetic effects on the rate of oxidation 
of sulfur dioxide to sulfate. This conclusion was supported by 
earlier work done by Reiszner and West, illustrating similar 
temperature effects on the permeation rates of sulfur dioxide 
in dimethylsilicone rubber using sodium tetrachloromercurate 
as the absorber-stabilizer (1). 

Humidity Effect_ All experiments were conducted at ap­
proximately 30% relative humidity, to avoid repeating the 
work previously reported that demonstrated the permeability 
of sulfur dioxide in silicon rubber membranes of this type to 
be constant over a range of 0-90% relative humidity. Even 
condensation of moisture on the membrane failed to affect the 
permeation rate. 

Response Time. Because the permeation of gases througb 
polymer films is not an instantaneous process, the time be­
tween tbe initial exposure of the device to sulfur dioxide and 
tbe subsequent dissolution, permeation, and evolution of 
sulfur dioxide to the opposite side of the membrane must be 
quantified. This lag time has been studied by Reiszner and 
West (5) and termed insignificant in relation to long-term 
exposures. The permeation rate for the silicone membrane 
attains 90% of the steady-state value within 10 min of expo­
sure. However, brief pulses of sulfur dioxide of less than 10-
min duration are quantitatively integrated provided the 
sampling is continued at least 2 min beyond the pulse. 

Influence of Sulfur Dioxide Concentration on Per­
meability. The calibration constant values were measured 
at concentrations of 660 to 1975 Jlg/m:l (Table II) . The per­
centage deviation from the mean k value was <5% at 23°C, 
indicating that the k value was independent of sulfur dioxide 
concentrations, as was reported earlier (1). 
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Figure 3. Effect 01 temperature on rate of permeation 

Table II. Effect of Concentration on Calibration 
Constant 

1<. h/m3 

device no. at 660 IAG/m3 at 1975 1'9/m3 % deviation 

1 1299 1346 3.6 

2 1246 1224 1.8 

3 1442 1427 1.0 

4 1356 1291 4.7 

5 1418 1346 5.2 

Interference Study. Only gaseous sulfur compounds, 
which could permeate tbrough the membrane and lead to 
insoluble PDA salt-forming species, could conceivably in­
terfere with the determination. Therefore, the interference 
study was restricted to the evaluation of hydrogen sulfide 
effects on tbe measurement of sulfur dioxide. The aftereffect 
of hydrogen sulfide exposure was studied to determine what 
physical damage might be incurred by the polymer membrane, 
as well as any positive interferences due to oxidation of hy­
drogen sulfide to sulfuric acid. 

A battery of five permeation monitors charged with 5 mL 
of manganese absorber was exposed to hydrogen sulfide (4500 
Jlg of H~ per m:!) for a period of 16.5 h at 24°C and a relative 
humidity of 30%. 

The results obtained from the turbidimetric analysis of the 
absorber solutions indicated no interference due to the oxi­
dation of hydrogen sulfide. The question of whether the hy­
drogen sulfide permeated across the membrane under these 
conditions remains unanswered. Current research indicates 
that the permeability of hydrogen sulfide is extremely hu­
midity dependent and that relative humidity and permeability 
are inversely related (13). Evaluation of the sulfur dioxide 
calibration constants after the hydrogen sulfide exposure 
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indicated that the membranes had not suffered physical 
damage as in the previous permeation method (5). 

Comparative West-Gaeke vs. Turbidimetric Evalua­
tion. Using disodium tetrachloromercurate(II) as the absorber 
solution, the colorimetric West-Gaeke method for sulfur 
dioxide determination was used to determine the permeation 
monitor calibration constants. A set of duplicate calibration 
experiments was conducted to substantiate the previously 
determined sulfur dioxide permeation rates and illustrate the 
quantitative nature of the newly developed technique. The 
calibrations were made after an exposure of 3 h of 660 Jl.g/m3 

of sulfur dioxide at 24 DC. The mean percentage deviation 
between the two methods of calibration was less than 2%. 
These results indicated essentially 100% of the sulfur dioxide 
that permeated into the manganese solution was converted 
to sulfuric acid at a rate rapid enough to avoid affecting the 
sulfur dioxide permeation constants. 

A cursory feasibility study of the newly developed method 
was conducted in the field for a period of 1 month in parallel 
with a West-Gaeke bubbler assembly. The results obtained 
from both methods indicated that only rural background 
levels of sulfur dioxide were present (below 10 IJ.g/m3 of sulfur 
dioxide). 

Conclusions 

This research, which involved the development of the 
manganese(II) chloride procedure, was successful in producing 
a viable alternative to the 40·year old lead peroxide candle 
method. This work has demonstrated the high degree of 
quantitation achieved by the manganese method as opposed 
to the nonquantitative lead candle method. 

The maximum possible exposure period, based upon the 
average evaporation loss of absorber solution under field 
conditions, was determined to be 3 months. The detection 
limit was established to be 10 Jl.g/m" of sulfur dioxide for a 
7-day exposure period. The blank absorbance value at 25 DC 
was 0.01 provided the PDA reagent was of acceptable quality. 
The absorbance vs. sulfate concentration calibration curve 

was linear over a range of 0.1-10 ppm. The absorber solution 
was nontoxic and therefore was handled with care to avoid 
contamination by biologically active organisms. The high 
stability of sulfuric acid in aqueous solutions enabled collected 
samples to be stored for extended periods of time in glass or 
polyethylene vials without decomposition or adsorption. The 
method was found to be specific for sulfur dioxide and inde­
pendent of humidity effects over a range of at least 0-80% 
relative humidity. The effect of temperature on the rate of 
permeation of sulfur dioxide through the polymer membrane 
resulted in a 6% decrease in permeation for every 10 DC in­
crease in temperature. 
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A Personal Chlorine Monitor Utilizing Permeation Sampling 

James K. Hardy, Purnendu K. Dasgupta, Kenneth D. Reiszner, and Philip W. West' 

Environmental SCiences Institute, Chemistry Department, Louisiana State University, Baton Rouge, La. 70803 

• A method for the determination of personal exposure to 
chlorine is described. Samples are collected by permeation 
through a silicone membrane into 10 mL of a fluorescein­
bromide absorbing solution. The resulting eosin is measured 
spectrophotometrically and the Clz exposure (time­
weighted-average) is calculated. The detection limit of the 
method is 0.013 ppm (0,038IJ.g/m:l at 20 DC) for an 8-h expo­
sure with a working range of 0.1-2.0 ppm. The device responds 
in less than 1 min and is unaffected by variations of temper­
ature and humidity. Response of the device is dependent on 
pH and is optimized by buffering the absorbing solution at pH 
7.0. No significant interferences are encountered, but the so­
lution fades if exposed to intense sunlight for extended peri­
ods. A device can be constructed that is small in weight and 
size and can serve as either an area or personal monitor. 

Federal regulations have set the present personal exposure 
limit for chlorine at 1 ppm (8-h time-weighted-average) (1), 

emphasizing the need for monitoring methods that reflect 
actual individual exposures. Current procedures used to de­
termine personal exposures to Cl2 are active sampling methods 
in which the air sample is drawn through a liquid absorber. 
These involve the use of a pump, battery pack, and glass im­
pinger. Two of the present approaches used for determining 
the collected Clz involve the use of o-tolidine (2) or methyl 
orange (3). In the first, the sample is collected in NaOH and, 
at the end of the collection period, o-tolidine is added. A yel­
low color is produced and measured spectrophotometrically. 
The latter technique relies on a quantitative bleaching of a 
methyl orange solution, which is also determined spectro­
photometrically. The color developed in the o-tolidine method 
is unstahle, and the reaction itself is acutely dependent on pH 
(4). The methyl orange method, like all other hleaching 
methods, lacks precision and accuracy at low chlorine con­
centrations. 

The relatively bulky, inconvenient, and expensive collection 
devices now available are a deterrent to personal monitoring. 
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Figure 1. Calibration curve 

The problems of the mechanical and chemical processes in­
volved add further to the need for a better approach for per­
sonal monitoring for chlorine. 

A new method is proposed which is low in cost and simple 
to use. It may be employed for sampling periods as short as 
30 min or as long as 12 h. The new method utilizes a permeable 
membrane for sample collection, where the permeation rate 
is proportional to the external Ch concentration (5). Samples 
are collected directly into a color developing solution, which 
has proven to be stable over long periods of time. At the end 
of exposure, the solution is transferred to a cuvette and mea­
sured spectrophotometrically. 

The absorbing solution consists of a fluorescein-bromide 
mixture in which CI2 oxidizes bromide to bromine, which in 
turn brominates fluorescein (6, 7) to form eosin, which is then 
measured at its absorption maximum, 519 nm. The detection 
limit for this method is 0.013 ppm ofCh for an 8-h exposure, 
with a working range of 0.1- 2.0 ppm. For shorter periods of 
time, concentrations as high as 5 ppm can be accurately 
measured. 

Experimental 

Reagents. High-quality distilled, deionized water was used 
throughout. All reagents were reagent grade where possible. 
Fluorescein (no. P780, 96% assay, Eastman Kodak Co.) was 
obtained in acid form, and eosin (no. E-511, 87% assay, Fisher 
Scientific Co.) was obtained as the disodium salt. 

A fluorescein stock solution was prepared by dissolving the 
following in deionized water and diluting to 2 L: 0.011 g of 
fluorescein, 6.19 g of NaBr, 2.24 g of NaOH, 13.6 g of KH2P04. 

The fluorescein and NaOH were added first with a few milli­
liters of water, and the mixture was then agitated vigorously 
to convert the fluore~cein to its sodium salt (uranin), thus 
increasing its solubility. The resulting solution was 16 /LM 
fluorescein-0.03 M NaBr with a pH buffered at 7.0. 

The reagent is slightly light sensitive but may be stored in 
the dark for at least 1 month without significant alteration. 
Naturally, it must be protected from direct exposure to sun­
light when used in a personal monitor. Decomposition does I 
not change the linearity of the method but the range decreases 
with decomposition of fluorescein . High blanks are an indi­
cation of Clz in the water or decomposed reagents. Low blanks 
are an indication of impure fluorescein or decomposition of 
the reagent due to exposure to sunlight. The blank absorbance 
vs. water, typical of our studies, was 0.029. 

Apparatus. The calibration chamber, permeation devices, 
gas filtration and dilution system, and other auxiliary 
equipment have been described by Reiszner and West (.5). The 
permeation devices used in this study employed General 
Electric single-backed dimethylsilicone membranes of 0.025 
mm thickness. 

Calibration of Permeation Devices. Standard Clz-air 
mixtures were prepared by passing dry filtered air over a 
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Figure 2. Effect of temperature on permeation 

standard permeation tube (8, 9), ~hich emitted CI2 at a con­
stant rate. A 10-mL aliquot of the fluorescein solution was 
pipetted into the permeation device, which in turn was placed 
in the calibration chamber. The solution was transferred into 
a cuvette at the end of the exposure period, and the absorb­
ance measured at 519 nm with the original fluorescein solution 
taken as blank. The calibration constant (K) of each device 
was calculated by exposing the monitor to a known concen­
tration of Clz for a measured period of time. This constant is 
defined as: 

K= A/(Ct) (1) 

where K = constant, absorbance units/(ppm·h), t = exposure 
time, h, C = Clz concentration, ppm, and A = measured ab­
sorbance at 519 nm with a l-cm cell. The constant, K, is the 
reciprocal of the constant k , as defined in the original theory 
on permeation sampling (5). 

A linear response to cumulative dosage was verified by de­
termining the absorbance after exposure to various Clz con­
centrations and exposure periods. The results are shown in 
Figure 1. The devices used in this study had K values of about 
0.05 absorbance unit/(ppm·h) or, in absolute units, 0.56/Lg of 
Clz/(ppm.h). Although membrane thickness and exposed 
surface area can be varied to alter sensitivity, changes should 
be made only with caution. 

AnaIY$is. It is imperative that the analysis procedure be 
the same as that used for calibration. Then, by exposing the 
device for a known length of time, the following equation can 
be used to find the average time-weighted CI2 exposure: 

C(ppm of C12) = A/(Kt) (2) 

where K is the constant as defined in Equation 1. 

Results and Discussion 

Effect of Temperature. Because calibration of the devices 
was done at 24 DC, it was necessary to determine if changes in 
temperature would cause any deviation in response. The ef­
fects of temperature were studied over a range of 0- 55 DC. As 
illustrated in Figure 2, no significant deviations in response 
were observed. 

Effect of Humidity. A dry air stream was used for cali­
bration, and it was felt that some deviations in permeation 
may occur at higher relative humidities (RH). Humidity was 
varied by mixing a humid air stream with the dry Ch-air 
stream coming from the permeation chamber. The humid 
stream was produced by directing air flow through two im­
pingers, the first containing water and the second left empty 
to serve as a condensation trap. By varying the water level and 
temperature of the first impinger, it was possible to vary the 
humidity without changing the flow-meter settings. All RH 
measurements were made in the exposure chamber with a 
solid state probe. Over a range of 0-97% RH, response re­
mained unaffected. 
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Table I. Response Time 
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Figure 3. Ci2 saturation point for absorber solutions 

Response Time. Permeation through a membrane is not 
an instantaneous process. With some membranes, the re­
sponse may take several hours (5). In an industrial environ­
ment, the device may be subjected to brief periods of high Ch 
concentrations and it is important that it responds quickly. 
By exchanging the solution at 3-min intervals in a device being 
exposed to a CI2 stream, response was found to be 100% within 
the first 3 min (Table I). This places the response time at less 
than 3 min, and the actual value probably is less than 0.5 
min. 

Effect. of Absorber Concentration. While fluorescein 
does not absorb very strongly at 519 nm, the variation of the 
blank at this wavelength could be significant when low con­
centrations of Ch are to be determined and high fluorescein 
concentrations are used. For this reason it was desirable to 
keep' the fluorescein concentration as low as possible, bearing 
in mind the a\l1ount of eosin formed is independent of the 
fluorescein concentration, unless the latter becomes the lim­
iting reagent'On the other hand, the use of too dilute an ab­
sorber solution would result in rapid saturation leading to the 
ble~ching of the product. The lower limit of the absorber 
concentration was dictated by the upper limit of the cumu­
lative exposure to be measured. After a study of various ab­
sorber concentrations (Figure 3), it was found that a 16 I'M 
solution of fluorescein was the optimum choice for measuring 
0.8- 16 ppm·h of Ch exposures in the devices being studied. 
If higher CI2 levels are anticipated, the fluorescein concen­
tration can be increased . 
. Experience has shown that the permeability of different 

batches of membrane varies widely. The concentration of 
fluorescein must be increased in proportion to any increase 
In permeability if the range of the method is to be maintained. 
Calibrations must be carried out with the same reagent that 
is used in the field exposure. Dilution of the reagent after ex­
posure may be necessary to obtain on scale readings. 

Anticipating the use of a personal chlorine monitor under 
a wide variety of lighting conditions, an evaluation of the effect 
of light on the absorbing reagent was undertaken. The fact 
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Figure 5. Effect of pH on fluorescein absorbance 

that bromide ion is light sensitive would lead one to expect a 
positive response to sunlight. Fortunately, no positive re­
sponse was noted even after exposure for about 4 h to intense 
direct sunlight. The fluorescein color (absorbance at 490 nm) 
did fade almost completely during this exposure and the ab­
sorbance of the solution was slightly below that of the blank. 
This intense fading was reduced to about 50% in a prototype 
personal monitor, with all areas except the membrane face 
protected during a 4-h exposure. Eosin, which is formed from 
exposure to chlorine, also fades but at a reduced rate, which 
means that the primary concern must be with the fluorescein 
itself. 

Effects of pH. The effects of pH of the absorber solution 
were studied to determine the region of optimum response. 
Buffered ad sorber solutions at pH 5,6,7,8,9, and 10 were 
studied. It was found that solutions with pH in the range 5-8 
resulted in the greatest conversion of fluorescein to eosin 
(Figure 4) . Solutions with pH values less than 5 resulted in the 
formation of a precipitate where solutions with pH >8 resulted 
in reduced eosin production. Buffering of the absorber solu­
tion to pH 7 was chosen to assure optimum eosin formation 
without the risk of precipitation. It was also noted that while 
the Ama, for fluorescein was pH dependent, the Ama, for eosin 
remained constant over the entire pH range studied (Figures 
5 and 6). 

Eva90ration Study. To compensate for possible evapo­
ration losses, the initial studies were conducted by diluting 
both the sample and blank to 25 mL with deionized water. 
Later studies indicated that less than 3.5% evaporation loss 
occurred when one of the devices that contained 10 mL of the 
absorber solution was exposed for 8 h to completely dry air at 
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Figure 6. Effect of pHon eosin absorbance 

24 ·C. Therefore, all further studies were conducted without 
efforts to compensate for the evaporation loss. It should be 
pointed out that the evaporation loss will increase with ele­
vated temperature, and quantitative transfer and dilution may 
be necessary if high degrees of accuracy are desired. 

Interferences. Only gaseous pollutants can conceivably 
interfere with the permeation process. Furthermore, in order 
to cause an interference, the interferent would logically be an 
oxidant that would convert bromide to bromine or react with 
fluorescein or eosin directly. Ozone and nitrogen dioxide were 
therefore expected to have some effect. Nitrogen dioxide, with 
an exposure limit of 5 ppm (1), could conceivably present a 
serious problem. By exposing the devices to 5 ppm of N02 for 
6 h, it was found that the response was only +0.01% of an 
equivalent CI2 exposure. While the exposure limit to ozone, 
0.08 ppm (I), is well below that of C12, even low 0:1 levels might 
cause significant errors at low Ch concentrations. Devices 
exposed to 5 ppm of O~ for 4 h produced no measurable re­
sponse. Therefore, neither N02 nor O:J represent significant 
interferences. During field tests of the monitor, an inadvertent 
loss of hydrogen chloride occurred. The monitor seemed un­
affected, but laboratory studies were undertaken which con­
firmed that exposure to 1500 ppm·h of HCI was without ef­
fect. 

Field Tests. Independent field testing was conducted at 
a local chlorine production facility. Five calibrated Ch mon­
itors and a supply of the reagent were furnished for testing. 
At the discretion of the plant personnel, replicate samples 
were taken with the monitors and with battery-operated pump 
with impinger samplers placed in areas of the plant considered 
to represent typical exposures. Monitoring was conducted for 
2-h periods with the subsequent analysis being done by the 
plant personnel. Data so observed are shown in Table II. 

Table II. Field Evaluation 

date 
'mp~~;'-~fpm permeation de'llce, ppm of CI2 

12/1178 0.47 0.52 0.67 0.56 

1.10 1.10 1.20 

0.28 0.44 0.49 0.52 

12/4/78 0.80 0.80 0.90 0.90 

0.90 0.70 0.60 

12/5/78 0.04 0.25 0.28 0.26 

0.03 0.16 0.22 

12/6/78 0.09 0.40 0.20 0.30 

0.09 0.20 0.20 

12/6/78 0.20 0.20 0.20 0.10 

0.20 0.20 0.20 

12/7178 0.93 0.97 1.10 1.10 

0.93 0.95 0.97 

a Determination made by modification of methyl orange method (10). 

Cone/usion 

The results reported lIere show that "the measurement of 
Ch can be accomplished in a simple yet efficient manner by 
using a technique that allows direct conversion of chlorine to 
a measurable product. Of special importance are the small size 
and convenience of the monitoring device employed. 

The complete personal monitor for chlorine is a passive 
device the size and weight of a radiation dosimeter that serves 
the dual function of quantitatively sampling and determining 
C12• The device can serve for personal or area monitoring or 
for ambient air studies. 
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Smog Chamber Studies of Temperature Effects in Photochemical Smog 

William P. L. Carter, Arthur M. Winer, Karen R. Darnall, and James N. Pitts, Jr.· 
Statewide Air Pollution Research Center, University of California, Riverside, Calif. 92521 

• Irradiations of selected hydrocarbon-NOx-air mixtures 
were carried out over the temperature range -3 to 60°C in a 
5800-L, thermostated evacuable environmental chamber. The 
federal air quality standard for ozone, 0.08 ppm (l-h average), 
was exceeded within 6 h of irradiation of a surrogate hydro­
carbon-NO. mixture approximating an urban atmosphere, 
even at 5°C. In all three systems studied (propene, toluene, 
and surrogate), rates of ozone formation increased signifi­
cantly with temperature. In propene-NO.-air and in tolu­
ene-NO.-air reaction mixtures, the amounts of hydrocarbon 
consumed and the approximate amounts of NO to N02 con­
version increased significantly with temperature. The nature 
of the Oa concentration-time profiles in high concentration 
propene-NO. experiments was significantly affected by 
temperature. In runs between 11 and 33°C, [OaJ peaked 
slightly before most of the initially present NO. was consumed 
as is usually the case. However, for T :::; 11 °C, [OaJ peaked 
significantly earlier and, for T :e: 33°C, significantly later than 
the time of NO. consumption. Furthermore, in a run at T "" 
50°C, (OaJ reached a maximum prior to complete NO. con­
sumption, then decreased slightly, and finally slowly increased 
to a second maximum. The mechanistic implications of these 
observations are discussed. 

It is well known that the formation of photochemical smog 
is influenced by a number of meteorological factors (1-5). 
Their natural fluctuations contribute to the observed variation 
in the frequency and the intensity of episodes in different 
geographic locations and at different times of the year. Among 
the most important factors from a fundamental gas-phase 
chemical kinetic standpoint is temperature. Unfortunately, 
although recently there has been significant progress in un­
derstanding the temperature dependences of elementary 
processes, to date no quantitative experiments concerning the 
overall temperature dependence of ozone production have 
been conducted. Such information could be useful to control 
officials and to atmospheric scientists alike, for example in 
testing the validity of complex kinetic-computer models of 
photochemical air pollution as applied to " real world" situa­
tions where temperature extremes exist. 

Previous studies concerning the effects of temperature on 
photochemical smog formation have been reviewed in the 
EPA air quality criteria documents for ozone and other pho­
tochemical oxidants (2, 3). It was concluded that both labo­
ratory and field studies verify the existence of a significant, 
positive temperature effect. Additionally, on the basis of an 
analysis of field data (4), in which a good correlation between 
maximum I-h oxidant levels and daily maximum tempera­
tures was observed, and on the basis of outdoor smog chamber 
studies performed in the winter and summer (3, 6), it was 
suggested (4, 7) that "below a cutoff temperature of ap­
proximately 55-60° F (15 °C) atmospheric reactions are not 
fast enough to yield oxidant/ozone at levels above 0.08 ppm 
when pollutants react for 1 solar day." 

Substantial effects of seasonal changes of light intensity, 
duration, and spectral characteristics were predicted in 
computer model calculations by Nieboer et al. (8) and Bot­
tenheim et al. (9). Indeed, Bottenheim et al. (9) also calculated 
that the effect of seasonal variations of temperature on overall 
smog chemistry was minor. However, their model did not in­
clude PAN (10,11) and peroxynitric acid (12, 13) decompo-
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sitions, which are now known to be important and highly 
temperature dependent. Thus, it is highly probable that their 
model underpredicts temperature effects. 

Direct evidence that significant photochemical smog for­
mation can occur at low temperatures comes from ambient 
air measurements by the Colorado Department of Health (14). 
Over 0.2 ppm of 0:\ was observed near Denver on a clear March 
day in which the temperature did not exceed 52 OF. These 
results contradict the conclusion in the Air Quality Criteria 
Document for Ozone cited above (3). Clearly, there is an im­
portant need for unambiguous data concerning the effect of 
temperature alone on photochemical smog formation. 

Few data concerning temperature effects are available from 
smog chamber studies of photochemical air pollution, since 
such experiments have traditionally been conducted over a 
relatively narrow range of temperature, typically -25-35 °C. 
This has resulted from the experimental complexities involved 
in accurate temperature regulation of the large environmental 
chambers required for such studies. 

On the other hand, analysis of air quality and outdoor smog 
chamber data is not, unfortunately, an unambiguous method 
for determining temperature effects, since conditions of lower 
temperature are often also associated with conditions of re­
duced light intensity or duration, which of course has a sig­
nificant impact on smog formation (1-4, 8, 9). 

In order to address this problem, a 5800-L evacuable envi­
ronmental chamber (IS, 16) in our laboratories was designed 
and constructed with the capability for a wide range of tem­
perature control (e.g., -20 to + 100 °C). This capability al­
ready has been utilized in kinetic studies of the tempera­
ture-sensitive species peroxynitric acid (12, 13). This evac­
uable chamber-solar simulator facility is currently being used 
in a program to determine the effects of temperature and other 
physical parameters such as UV spectral distribution (17) on 
photochemical smog formation processes. In this paper three 
categories of hydrocarbons are treated: (a) mixtures designed 
to resemble as closely as possible the composition and con­
centration ranges occurring in a polluted urban airshed [in our 
studies, these consist of sub-parts per million concentrations 
of oxides of nitrogen (NO.) and a "surrogate" hydrocarbon 
mixture consisting of 12 alkanes, olefins, and aromatics de­
signed to represent hydrocarbon emissions from all sources 
in the Los Angeles air basin (18)] ; (b) mixtures consisting of 
sub-parts per million concentrations of NO. and the single 
hydrocarbons propene or toluene; (c) mixtures consisting of 
NO. and propene in concentration ranges greater than am­
bient. Studies of high concentration systems are useful be­
cause chamber effects relating to unknown radical sources, 
known to be important in ambient concentration smog 
cbamber studies (19-21), are minimized by increasing the 
relative importance of known homogeneous radical sources. 
This also allows tests of detailed models under a wider variety 
of conditions, and allows a larger number of trace intermedi­
ates and products to be detected . 

Experimental 

Experimental Facilities and Methods. The experimental 
facilities and methods employed in these smog chamber ex­
periments are discussed in detail elsewhete (15,16,22-24) and 
are only briefly described here. The evacuable thermostated 
chamber (I,), 16) consists of a 5800-L cylindrical aluminum 
alloy cell coated on the inside with Teflon and equipped with 

0013-936X/79/0913-1094$01.00/0 © 1979 American Chemical SOCiety 



quartz end windows (UV cutoff ~200 nm). Photolyses were 
performed using a 25 000 W solar simulator (22) producing 
a collumated beam designed to minimize direct irradiation 
of the chamber walls. The light was filtered by a O.25-in. Pyrex 
pane to cut off radiation below ~290 nm. 

The temperature control system was designed to regulate 
the temperature of the chamber walls to ±0.5 °C over the -20 
to + 100°C range. In this system ethylene glycol is heated or 
cooled by external heat exchangers and then circulated by 
means of a 1.5 hp pump through channels welded to the 
chamber exterior. A YSI Model 71A temperature controller 
diverts the circulating fluid through the heat exchangers in 
response to a thermocouple signal. A 10-kW electrical heater 
powers the exchanger used for the heating cycle, and a 7.5-ton 
two-stage refrigeration unit is used for the cooling cycle. The 
chamber temperature can be taken from ambient to either 
-20 °C or +100 °C in less than 4 h. The ±0.5 °C control of the 
fluid temperature provided by this system results in regulation 
of the chamber air temperature to better than ±0.2 °C due to 
the large heat capacity of the chamber. 

The chamber walls are insulated with 1 in. of fiberglass 
insulation and 2 in. of polyurethane foam and are covered with 
an aluminum sheath. Further details of this system and its 
performance specifications are reported elsewhere (I5, 16). 

Prior to each experiment, the chamber was evacuated to at 
least 10-4 Torr. After we filled the chamber with purified 
matrix air (23) at the desired temperature and relative hu­
midity, reactants were added and allowed to mix for at least 
30 min. During the course of a run, sampling consumed ap­
proximately 2% of the reaction mixture per hour; the chamber 
pressure was maintained by the addition o( purified air (at 
room temperature) from a Teflon bag outside the chamber. 
Absolute light intensity within the chamber was determined 
periodically using NOz actinometry (2.5). Relative spectral 
distributions were obtained with a double monochromator­
photomultiplier system located at the far end of the chamber 
facing the solar simulator through the chamber end windows. 
Temperature was monitored using thermocouples, pressure 
with a Validyne gauge, and relative humidity with a Brady 
array (16). 

Methods and reliabilities for monitoring reactants and 
products are described in detail elsewhere (1.5,16,24). Ozone, 
NO, NOt, and NO, were monitored by chemiluminescence 
methods, and CO, organics, and peroxyacetyl nitrate (PAN) 
and organic nitrates by gas ch romatography. Known inter­
ferences by PAN and organ ic nitrates on commercial chemi­
luminescence NO, analyzers (26) were corrected for by sub­
tracting the chromatographically determined PAN and or­
ganic nitrate concentrations from the NOt readings. 

Reactants and Conditions Employed. Five different 
reactant mixtures were irradiated at a variety of temperatures. 
Specific initial concentrations and temperature ranges em­
ployed were: (a) propene ~0.5 ppm, NO., ~0.6 ppm, T = 
16-29 °C, (b) propene ~1 ppm, NO, ~0.5 ppm, T = 1O-29°C, 
(c) propene ~ 10 ppm, NO, ~6 ppm, T = 3-59 °C, (d) toluene 
~1 ppm, NO, ~0.5 ppm, T = 8-5:1 °C, and (e) "surrogate" 
mixture ~2.5 ppmC, nonmethane hydrocarbons (consisting 
of ~40 ppb of ethene, ~80 ppb of ethane, ~40 ppb of acety­
lene, ~15 ppb of propene, ~17 ppb of n-butane, ~12 ppb of 
cis-2-butene, ~110 ppb of 2,3-dimetbylbutane, ~1O ppb of 
2-methylbutene-2, ~20 ppb of toluene, and ~o ppb of m­
xylene), methane ~2.5 ppm, NO; ~0.25 ppm, T = 5-34 °C. 
The initial concentrations, temperatures, humidities, and light 
intensities (as measured by k" the NOt photolysis rate con­
stant) for these runs are given in Table I. 

Results and Discussi(}n 

Ozone Formation in "Ambient" Concentration Runs. 
Table I gives the times of the ozone maxima (if attained), the 
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Figure 1. Selected experimental concentration-time profiles for T 
= 16.1 °C, run no. 193 

maximum 0" concentrations observed, and the 0" concen­
trations observed at selected times prior to the maximum for 
runs at ambient concentrations. Clearly, the rate of ozone 
formation, as indicated by the times of the 0" maxima or the 
2- or 6-h 0" concentrations, increases significantly wit.h 
temperature, Despite this, 0:, formation occurred at the lowest 
temperatures, and in every case, even at temperatures as low 
as 5°C, the ozone concentrations observed after 6 h of irra­
diation exceeded the federal air quality standard for oxidant 
at 0.08 ppm. 

Thus, while these experiments confirm the previous evi­
dence of a significant and positive temperature effect for 
photochemical smog formation, they do not support the as­
sertion in the revised air quality criteria document for ozone 
(4) that oxidant concentrations are unlikely to exceed the 
federal standard at temperatures below ~ 15°C. While ex­
t.rapolation of our smog chamber results to the atmosphere 
must be done with caution, the observation of high ozone 
levels (exceeding a first-stage alert in California) on bright and 
cold (T :S 11°C) days in Denver (I4) is consistent with our 
chamber data. 

Ozone Formation and NOx Consumption in Higher 
Concentration Runs. Table II gives times and levels of the 
ozone maxima and minima, the times of probable complete 
N02 consumption, and the times of the PAN maxima ob­
served in the high concentration propene runs. In addition, 
Figures 1-3 show the concentration-time profiles for 0:1, N02 

+ HNO,l. and PAN for experiments performed at 16, 33, and 
51°C, respectively. It can be seen that for T ~ 16°C the times 
of the 0" and PAN maxima and of estimated NO" consump­
tion decrease with increasing temperature, while the ozone 
maximum concentration is relatively unaffected by temper­
ature for T ~ 11 °C. On the other hand , the maximum 0" 
observed in the 3 °C runs was significantly lower, and occurred 
earlier than in the higher temperature runs. 

In addition to affecting the rates of 0 " formation, temper­
ature was found to affect the shapes of the 0" concentra­
tion-time profiles, particularly with respect to the locations 
of their maxima relative to the NOt and PAN concentra­
tion-time profiles. For the 7' = 15-:1:1 °C runs, the 0" profile 
followed the pattern generally observed in ambient concen­
tration runs in that the maximum occurred at or slightly be­
fore the time of NO,. consumption and the PAN maximum 
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Table I. Experimental Conditions and Results of Irradiations of Hydrocarbon-NO,,-Air Mixtures 

run condHlons 
av av av 

temp, Inldal concn. I!I!!!! Ilghl H,o, RH, ozone yields. ppm 
·c He NO HOi! Inten S Torr % 2h 8h ma. 

Propene Runs 
54 16.0 0.51 0.53 0.06 0.21 7.4 57 0.021 0.130 b 

52 30.0 0.55 0.52 0.06 0.22 13.7 43 0.020 0.270 b 

53 38.2 0.55 0.55 0.08 0.21 24.1 48 0.137 0.410 b 
139 10.3 0.98 0.39 0.13 0.32 3.3 35 0.254 b 
138 29.5 0.97 0.37 0.14 0.32 2.0 6.5 0.640 0.923 

218 2.8 9.89 2.42 2.32 0.42 d 0.591 0.591 

206 11.1 9.51 3.37 1.88 0.38 ~1 14.5 0.8.92 2.145 

193 16.1 9.50 3.96 1.88 0.38 ~1 11 0.511 2.340 

192 32.8 10.1 4.15 1.88 0.38 ~1 5 2.423 
211 48.9 10.44 4.51 1.84 0.41 ~1 3.5 2.081 c 
209 50.5 10.64 4.74 1.87 0.39 ~1 2.0 2.081 c 
212 58.9 10.77 4.84 1.95 0.41 ~1 1.5 1.96 c 

Toluene Runs 
292 7.8 0.94 0.41 0.08 0.39 4.0 49.5 0.034 0.127 b 
293 29.9 1.07 0.39 0.08 0.39 17 53.0 0.342 0.420 

294 52.9 1.11 0.36 0.12 0.39 16.2 15.0 0.491 0.501 
Surrogate Runs 

239 5.0 2.27' 0.14 0.10 0.30 ~3 ~50 0.032 0.086 b 

240 29.4 2.47 0.15 0.09 0.30 15.7 51 0.117 0.349 b 

213 33.9 2.57 0.15 0.10 0.40 23.8 60 0.332 0.481 0.481 

a Light intensity measured by N02 photodissociation rate (min-'). b Ozone maximum not attained during period of photolysis. C See Table II. d Tank O2 + N2 
used instead of plI'ified air. Humidity was not monitored, but probably was low. e Estimated from propene loss rates, corrected for dilution and reaction of propene 
with 0,. k(OH + propene) (35) and k(O, + propene) (6) were laken from lIle literature. ' First value is estimated from propene loss rates (see footnote e). The second 

(see Figures 1 and 2). In contrast to this, in the lowest tem- fortunately was not routinely monitored and hence its inter-
perature run the 0:1 peaked substantially earlier than the time ference could not be corrected. However, substantial yields 
of the PAN maximum and N02 consumption (see Figure 2); of HNO:l are expected in these runs on the basis of model 
in the T ~ 49°C runs, the 0:1 concentration generally peaked calculations (28), and have indeed been observed by in situ 
significantly later than the time of NOz consumption and the infrared techniques (29). It has been assumed in this work that 
PAN maximum (see Figure 3). Moreover, in the high-tem- the times at which the N02 readings level off correspond to 
perature runs the Oa concentrations do not fall following their "complete" NOz consumption, and that the subsequent 
initial rapid rise; instead they either continue to increase, "NOz" measurements are due solely to HNO:1• The increase 
though at a much slower rate, or, in the case of run 209, de- in these N02 + HNO:1 readings following the assumed times 
crease slightly and then slowly increase again to produce a of NOz consumption in the higher temperature runs is at-
double 0:1 maximum. tributed to HNO:1 formation from PAN decomposition, as 

The leveling off of N02 readings at a nonzero value after the discussed below. 
first ozone maximum is believed to be an artifact due to in- Since 0" is produced only from the photolysis of N02 (J, 21, 
terference on the N02 analyzer (26, 27) by HNOa. HNO:1 un- 30- 34), the continued formation of 0" following consumption 

Table II. Results for the Irradiation of Propene (10 ppm)-NO" (6 ppm)-Air Mixtures as a Function of 
Temperature 

run no. 218 206 
temp,OC 2.8 11.1 

timeofN0 2 ~200 ~270 

consumption a 

PAN max concn, ppm 0.76 2.90 
lime,min 210 270 

"first" 03 max C concn, ppm 0.59 2.20 
time, min 120 240 

03 local min concn, ppm 
time,min 

"second" 03 max C concn, ppm 
time,min 

193 192 
16.1 32.6 

~330 ~115 

3.82 3.10 
~330 ~115b 

2.34 2.42 
255 110 

211 
48.9 

~60 

2.42 
60 

2.10 
150 

209 
50.5 

~60 

2.40 
~60 

2.09 
45 
1.99 
75 

2.08 
120 

212 
58.9 

~45 

2.50 
45 

2.07 
90 

a In the high concentration runs the N02 readings on the NO .... analyzer never reached negligible values, probably because of HN03 interference (see text). N02 

was assumed to be consumed when the N02 readings stopped declining following the N02 maximum. b PAN data are highly scattered in this run; the time of the 
maximum is uncertain. cAn 0 3 maximum that occurs at or before the time of N02 consumption is deSignated the " first" 0 3 max, while a maximum which follows 
the time of NO .... consumption is deSignated a "second" 03 max, even it no "first" 0 3 maximum preceded it in the run. 
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estimated quantities. time = t' 
• COlT 

lime He t.00 corr a. exptl quantities used In esllmatm. 
max, (, reacted, -t.NO, t.00 - t.NOI [OH1, IHek. Integrals, t 0 (, ppmlmln 

ppm ppm He - ret pphl ppm 1001 lo.Ie.Hol [He] 

e 
>6 6 0.37 0.78 2.1 10.3 0.10 23.9 3.74 87.4 
>6 6 0.45 1.04 2.3 10.8 0.05 47.2 5.73 90.6 
>6 6 0.50 1.33 2.7 13.7 0.01 93.4 5.66 58.5 
>2 2 0.447 0.72 1.6 11.8 0.50 9.18 5.72 90.3 

3.75 3.75 0.919 1.79 1.9 21.5 0.02 1.5 18.3 80.1 

2 2 6.21 3.82 0.6 20,10 3.42 17.2 76.2 772 
4 4 9.13 5.57 0.6 21,15 0.09 228 237 840 
4.25 4.25 9.20 8.80 0.96 25,14 0.06 233 163 789 
1.83 1.83 9.81 9.42 0.96 47,30 0.15 127 150 427 

c 0.75 9.59 7.59 0.79 94,66 0.79 26.0 48'.9 251 
c 0.75 9.78 9.44 0.97 80,51 0.77 45.6 110 254 
c 0.75 10.35 8.85 0.85 110,62 0.35 45.8 77.3 211 

9 
>6 6 0.284 0.57 2.0 10.4 0.57 21.4 267 

2.75 3 0.426 0.86 2.0 36.1 0.60 39.1 144 
2.25 2 0.422 0.90 2.1 59.2 0.65 22.7 106 

h 
>6 6 4.2 
>6 6 18.5 

4.25 4 35.6 

value is estimated from relative ~butane/neopentane loss rates. k(OH + "..butane) (35) and k(OH + neopentane) (35) were taken from!he litera~ure. Q Estimated 
from toluene loss rates, corrected for dilution. k(OH + toluene} (35) was taken from the literature. h Estimated from 2,:H:Iimethylbutane loss rates. corrected for 
dilution. k(OH + 2,3-dimethylbutane) (35) was taken from the literature. i Value given is total nonmethane hydrocarbon in parts per million of carbon. 
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Figure 2, Selected experimental concentration-time profiles for T = 
32.8 °C, run no. 192 

of the initially present NO, in the higher temperature, higher 
concentration runs means that N02 must be produced later 
in the runs by the thermal or photoc.hemical decomposition 
of nitrogen-containing species formed during the experiment. 
The major nitrogen-containing species formed in the pro­
pene- NOx- air irradiations include PAN, nitric acid (27), and 
peroxynitric acid (12,13). Of these only PAN is in sufficient 
concentration and decomposes sufficiently rapidly to provide 
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Figure 3. Selected experimental and model calculated concentra­
tion-time profiles for T = 48.9 to 50.5 °C runs: run no. 209, (e) ex­
perimental; (-) model calculation (03, N02 + HN03, PAN); (---) 
model calculation, N02 only; run no. 211, (4) experimental 

the postulated source of N02. The thermal decomposition of 
PAN: 

° II 
CH,COONO, 

M 
:;:::!: 

° II 
CH,COO, + NO, 
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occurs with a half-life of -20 min at 27°C (10), and the half­
life is known to decrease rapidly with temperature (10). Based 
on the measured activation energy of26 kcal mol-I (10), the 
rate of the PAN decomposition (reaction 1) is expected to 
increase by a factor of -12 for an increase in temperature from 
-27 to -50°C. Thus, at the higher temperatures encountered 
in this study, PAN decomposition could provide a source of 
N02 sufficient to permit net ozone formation to continue after 
the "original" N02 has been consumed. 

The maximum rates of NOz input due to PAN decay can 
be determined from PAN concentration-time profiles mea­
sured during the experiments. As expected, the PAN decay 
rate following NOx consumption increased with temperature; 
it was too low to measure at T .:5 32°C, and increased to 
-10- 15 ppb min-I at T = 49-50 °C, and-25 ppb min-'at T 
= 59°C. The observed rates of O~ production are, as expected, 
less than the rates of PAN decay, since other reactions of NOz, 
which do not lead to 0" production, are occurring, and some 
0" is lost at the walls and by reaction with, for' example, pro­
pene. 

Occurrence of a Double Ozone Maximum at High 
Temperature. The occurrence of the double maximum in the 
ozone concentration observed in the 51°C, high concentration 
propene run 209 can be explained by the changing balance 
between source and sink processes for ozone. At the time of 
the first 0" maximum, reaction with propene is probably the 
major sink for ozone, with a rate of -37 ppb min-I (estimated 
using the observed reactant concentrations and the known 
propene-ozone rate constant (6». This rate compares with 
an 0" wall decay rate of only 0.4 ppb min-I (estimated from 
the 0" dark decay constant measured previously in our 
chamber (16, 24». As the bulk N02 becomes consumed, its 
photolysis does not compensate for the ozone-propene reac­
tion (and other ozone sinks), so that the ozone concentration 
declines. However, the rate of the ozone-propene reaction 
decreases as propene is consumed, until it becomes about 
equal to the rate of PAN decomposition (-10 ppm min-I in 
run 209), which is by then the major source of N02 and thus 
of ozone. At this time a local minimum in the ozone concen­
tration occurs, after which the PAN decomposition more than 
balances the ozone sinks. It is clear that these opposing pro­
cesses are delicately halanced and only under certain condi­
tions will an ozone minimum occur. In fact, such minima were 
not observed in the otherwise very similar run 211, or in the 
higher temperature run 212; in these cases a "flat" profile was 
observed once the ozone maximum was achieved. 

The occurrence of the double ozone maxima observed in run 
209 was qualitatively simulated by computer model calcula­
tions (21, 28) employing a detailed mechanism for propene­
NOx-air photooxidations that has been validated (21) from 
propene-NOx-air and propene-n-butane-NOx-air smog 
chamber photolyses performed at our laboratories (16, 24) 
under simulated ambient conditions. (The efficiency of radical 
production"from the O('lP) + olefin reaction was adjusted to 
fit the initial rates of 0:; and NOz formation.) As seen in Figure 
3, our model gives good fits to the PAN and the NOz + HNO:; 
profiles, which tends to validate our assumptions that the 
interference in the NOz readings of the chemiluminescence 
analyzer is due primarily to HNO:lo and that the leveling off 
of the N02 readings indicates the consumption of initially 
formed NOz. (The dashed line in Figure 3 is calculated for NOz 
alone.) The model also gives good fits to the time and level of 
the first 0:; maximum, and predicts the occurrence of a shallow 
0" minimum at 115-1I0 min. Although the model predicts 
that the ozone local minimum occurs somewhat later, and that 
the 0" levels at the minimum and the second maximum will 
be lower than observed experimentally, it can be seen that the 
observed ozone profile is in qualitative agreement with the 
current mechanism for smog formation. 
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Effect of Temperature on Radical Levels. Table I gives 
the estimated average hydroxyl radical (OH) concentrations 
for all experiments. They were calculated for the time period 
o to t', where t' (given in Table I) was chosen to be either at 
or immediately prior to the time of NOx consumption (or, in 
experiments where this did not occur, the end of the experi­
ment). The OH radical concentrations were estimated from 
observed rates of hydrocarbon consumption, since it is gen­
erally accepted that hydrocarbons are consumed almost en­
tirely by reaction with OH or 0:; under our conditions (20, 
30- 35). The concentrations were corrected for dilution and 
(in the case of propene) reaction with 0:;. The specific hy­
drocarbons whose consumption rates were used are given in 
the footnotes to Table 1. Since different hydrocarbons were 
used to estimate OH levels in different series of runs, the 
technique is most reliable for obtaining relative changes in OH 
concentration within a given series of runs rather than for 
obtaining absolute OH concentrations. 

It can be seen from Table I that the average hydroxyl radical 
concentrations generally increase with temperature for all sets 
of ambient concentrations runs. For t.he higher concentration 
runs, the OH radical concentration appeared to be roughly 
temperature independent for T .:5 61°F and T ~ 49°C. For 
16 to 49 °C the OH radical concentration increased with 
temperature. 

The observed dependence of radical levels on temperature 
could be caused by a number of factors. At the higher tem­
peratures (i.e., T ~ 49°C), the decomposition of PAN, whose 
formation amounts to a radical recombination sink, leads to 
net lower radical loss rates. At the lower temperatures, the 
slower decomposition of HOzNOz allows its formation to be­
come an important radical sink. Moreover, radical initiation 
processes such as reactions of olefins with 0 3 and 0(3P), re­
actions in the aromatic system forming highly photoreactive 
ring cleaved intermediates (probably a-dicarbonyls (36)), and 
radical input from "chamber effects" (19-21) may be tem­
perature dependent. It is not possible to decide the relative 
contribution of the various factors leading to enhanced radical 
concentrations at higher temperatures, since these tempera­
ture dependences remain uncertain. 

Effect of Temperature on NO to N02 Conversion. The 
formation of 0" in photochemical smog is attributed to the 
conversion of NO to N02 by the radicals formed by the hy­
drocarbon consumption reactions. The amount of NO con­
verted to N02 can be estimated from the expression: corr LlO" 
- LlNO. This is the sum of the amount of NO consumed and 
the corrected amount of 0" formed after the NO is consumed. 
(The observed ozone yields are corrected for amounts con­
sumed by photolysis, reactions with olefins, and heterogeneous 
decay to obtain an estimate of the total amount formed.) 
These quantities are given in T~ble I for the propene and the 
toluene runs. It can be seen from Table I that while both the 
estimated amounts of NO to NOz conversion and the esti­
mated amounts of hydrocarbon consumed increased sIgnifi­
cantly with temperature, their ratio is remarkably tempera­
ture independent for the ambient concentration runs, and for 
the high concentration runs where T > 11 °C. These results 
suggest that, at least in the propene and toluene systems with 
T > 11°C, the temperature does not significantly influence 
the efficiency of the hydrocarbon consumption reactions in 
converting NO to N02• 

Conclusions 

Smog chamber irradiations of hydrocarbon-NOx-air 
mixtures employing three different hydrocarbon mixtures and 
a range of reactant concentrations experimentally confirm 
that temperature has a significant effect on photochemical 
smog formation over a range of atmospherically relevant 
temperatures (e.g., 3-52 °C). In general, the rates of all major 



manifestations of smog formation, such as ozone formation, 
hydrocarbon, and NOr consumption, and NO to N02 con­
version, increase with increasing temperature. This appears 
to be primarily due to increasing radical concentrations in 
smog systems (through increasing rates of radical initiation 
reactions) or reduced efficiency of radical termination reac­
tions, or both. 

On the other hand, temperature appears to have relatively 
less effect on the ozone formation potential of hydrocarbons, 
provided sufficient time is allowed for equal amounts of hy­
drocarbon to react at the lower temperatures as reacted at 
higher temperatures. Although reduced smog manifestations 
are observed at low temperatures, our smog chamber results 
show that it is possible for 0 3 levels to exceed the federal air 
quality standard of 0.08 ppm at approximately 5 °C in hy­
drocarbon-NOr systems simulating polluted ambient atmo­
spheres, at least in multiday episodes. Clearly, it would be of 
interest to have additional ambient air monitoring data taken 
for the case of low temperafures over a wide range of emission 
loadings and meteorological conditions from locations at 
northern latitudes. 

In experiments performed at temperatures greater than 
~40 °C we have found that ozone concentration-time profiles 
can be significantly different than those observed at lower 
temperatures. At lower temperatures, ozone formation gen­
erally ceases after the N02 is depleted, but at higher tem­
peratures the decomposition of PAN can provide a sufficiently 
large source of N02 to allow continued net ozone production, 
albeit at a much lower rate than earlier in the experiment. 
Furthermore, the balance between the destruction of ozone 
and the ozone-producing reactions can, under appropriate 
conditions, lead to an ozone concentration-time profile that 
exhibits more than one maximum. To our knowledge, this has 
not been observed previously for static smog simulations. 

It should be noted that in experiments where the temper­
ature is varied, either the relative humidity or the total water 
concentration must aiso vary (except in completely dry sys­
tems). The data given in this report are insufficient to deter­
mine whether the variation in humidity or water concentration 
has a significant effect, but preliminary results of other ex­
periments performed in our laboratories suggest that such 
effects are small compared to those of temperature, at least 
for the propene and the surrogate systems. Further experi­
ments concerning those effects are planned, and will be de­
scribed in subsequent reports. 

Although our observations concerning the effect of tem­
perature on photochemical smog formation can be qualita­
tively accounted for in terms of current photochemical models, 
the predictive capabilities of the models concerning these 
effects do not appear to be totally satisfactory, and they may 
very well have errors in important areas relating to tempera­
ture effects. Further basic studies of the temperature de­
pendences of the mechanisms and products of ozone-olefin 
reactions, o(ap) + olefin reactions, and aromatic photoox­
idations are required. Furthermore, a much better under­
standing of temperature and humidity dependences of smog 
chamber characteristics affecting radical initiation is required 
before temperature effects observed in smog cham hers can 
he reliably applied to predicting temperature effects in smog 
formation in the ambient atmosphere. 

Note Added in Proof 

After this article had been suhmitted, the federal air quality 
standard for ozone was revised upward from 0.08 to 0.12 ppm 
(l-h average) hy the EPA administrator. 
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Interchange of Metals and Organic Matter between Water and Subbituminous Coal 
or Lignite under Simulated Coal Slurry Pipeline Conditions 

Judy Godwin and Stanley E. Manahan" 

Department of Chemistry, 123 Chemistry Building, University of Missouri, Columbia, Mo. 65211 

• The uptake of metals and organic matter from granular 
subbituminous coal and lignite by water was investigated 
under simulated coal slurry pipeline conditions. The metals 
present at levels well over 1 ppm in both types of coal were Fe, 
Ca, Mg, AI, Na, K, Mn, Pb, Cu, Zn, Co, Ni, Cr, and ti. Of these, 
Pb, Co, Ni, and Cr were not detectable by flame atomic ab­
sorption in the slurry water separated from the coal. The 
percentage of metal extracted from the coal varied widely with 
the type of metal and with the coal/water ratio in the slurry, 
spanning a range of 0.01 to 75%. Humic acids were present at 
coal percentages below 5% and were shown to be involved in 
the solubilization of iron, copper, and aluminum. 

The developing need for large-scale transport of abundant 
resources of Western U.S. coal to Eastern and Southeastern 
markets has increased interest in coal slurry transport. Basi­
cally, this method of transport consists of pumping a mixture 
of approximately half granular coal and half water through 
a pipeline. The use of slurry pipelines for the transport of 
mineral commodities dates back to the 1800's. The first 
commercial coal slurry pipeline in the U.S. was a 108-mile line 
operated by the Consolidation Coal Company between Cadiz, 
Ohio, and Eastlake, Ohio, starting in 1957. This line operated 
very successfully for 6 years before closing due to increased 
efficiency of competitive rail transport. At the present time, 
the only coal slurry pipeline operating in the U.S. is the 
273-mile Rlack Mesa pipeline transporting a coal slurry from 
the Black Mesa mine in northeastern Arizona to the Mojave 
Power Project in Southern Utah. In succcessful operation 
since 1970, this line moves about 5 million tons of coal each 
year. The successful experience with previous coal slurry lines 
has provided impetus for proposals for additional lines. 
Among these are a 1040-mile long ·line proposed to carry 25 
million tons of coal per year from the Powder River Basin near 
Gillette, Wyo., to a site near White Bluff, Ark., and a very large 
1500 mile long pipeline to carry coal from eastern Kentucky 
to Florida and Georgia. 

Typically, coal to be transported by pipeline is ground to 
below 14 mesh, such that no more than 20% of the solids are 
below :125 mesh (I, 2) , stored in tanks under water, and 
pumped through the pipeline as a 50% slurry in water. At the 
power plant the slurry is dewatered by centrifugal dryers to 
about 25% moisture, pulverized with additional removal of 
surface moisture, and blown into the furnace with heated air. 
The energy penalty exacted by moisture in the coal requires 
as much removal of water as possible; the water must he used 

or disposed of in an environmentally acceptable manner. 
Water requirements are a major disadvantage of coal slurry 

lines, particularly in that most lines are proposed for shipment 
of coal from arid regions. However, to place the water problem 
in perspective, it should be poted that generation of electricity 
at the mine site or conversion of the coal to a liquid or gaseous 
fuel requires more water than does slurry pipeline transport. 
For example, generation of 1 million Btus of electrical energy 
at the mine site requires 100 gal of water, on-site generation 
of synthetic natural gas with the same energy content requires 
30 gal of water, and only 12 gal of water is required for the 
slurry transport of coal with an equivalent amount of energy 
(3). 

The disposal or use of water at the terminus of a coal slurry 
pipeline is a major environmental consideration with this 
technology. Use of the water as makeup water in the power 
plant's cooling system is a beneficial use, although pollutants 
in the water have the potential to cause air pollution problems. 
Discharge of the water into receiving waters requires that it 
meet pollution standards. These problems may be aggravated 
if low-grade groundwater is used for slurry transport. Because 
of pollution problems involving slurry water use or disposal, 
it is necessary to have as much information as possible about 
the effects of coal upon the quality of water used for a coal 
slurry. It should be stressed that these effects can be either 
harmful or beneficial depending upon whether pollutantS are 
leached from the coal and its associated mineral matter into 
the water, or if the coal sorbs pollutants from the water. Both 
types of effects may occur. This paper addresses the question 
of potential pollutants, especially metal ions, leached from coal 
into water under simulated slurry pipeline conditions. 

Few published studies have addressed the question of 
coal/water interactions, such as might occur in slurry pipe­
lines. Preliminary results of one such study (4) have indicated 
some coal/water interaction when a 40:60 by weight coal/water 
slurry was pumped through a closed-loop pipe with a cen­
trifugal pump and when individual flasks containing the same 
mixture were continuously rocked (both methods gave es­
sentially identical results) . Both fresh water from surface 
water sources and saline water were used in these studies. 
After 1 day of contact, the concentration~ of arsenic, cadmium, 
chromium, and lead increased slightly, but remained less than 
0.050 mg/L, whereas manganese and zinc concentrations in­
creased approximately two and one orders of magnitude, re­
spectively, to reach concentrations of O.~ mg/L each. The raw 
water used in the slurry contained a relatively high concen­
tration of copper, which was observed to decrease slightly after 
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Table I. Metal Concentrations (Parts per Million) in 
Subbituminous and Lignite Coal 

metal subbltumlnous 1IgnIle 

Fe 0.50 ± 0.08% 1.4± 0.2% 

Ca 1.1±0:1% 1.9±0.1% 

Mg 0.21 ± 0.04% 0.62 ± 0.08% 

AI 1.3±0.1% 0.64 ± 0.06% 

Na 0.057 ± 0.006% 0.12 ± 0.05% 

K 0.044 ± 0.006% 0.044 ± 0.002% 

Mn 53 ± 6ppm 150 ± 4 ppm 
Pb 53± 12 ppm 27 ± 4 ppm 
Cu 44±2ppm 17±lppm 
Zn 49 ± 5 16 ± 2 ppm 

Co 12 ± 4 ppm 15 ± 8 ppm 
Ni 8.8 ± 5.0 ppm 14 ± 1 ppm 
Cr 15 ± 1 ppm 7.6 ± 0.5 ppm 

Li 6.2 ± 6:2 ppm 2.6 ± 0.1 ppm 
Ag 0.6 ± 0 .. 1 ppm 0.4 ± 0.1 ppm 

1 day of contact with the coal. No detectable change in mer­
cury concentration was observed. Alkalinity was found to 
increase by a factor of four after the first day and continued 
to increase with time. Sulfates immediately increased from 
15.1 to 89 mg/L, then stabilized. Chlorides, nitrates, and pH 
all increased slightly, but total organic carbon increased from 
2.15 to 21.0 ppm. A similar study has been conducted on 
subbituminous coal from Gillette, Wyo., using distilled water 
and treated municipal wastewater for the slurry medium, 
yielding comparable results (5). Solutes in the water that were 
below detectable limits included chromium, copper, manga­
nese, mercury, phosphate,- and zinc. 

Coal contains a number of components that can contribute 
pollutants to water used in a coal slurry. Organic substances, 
particularly humic substances in lower rank coals, can be 
leached into water from the coal organic matter. Coal contains 
a variety of mineral matter including primarily clays, alkaline 
earth carbonates (limestone, dolomite), sulfides (e.g., pyrite, 
FeS2), and silica. Of particular significance are the trace ele­
ments, including elements from throughout the periodic table. 
A survey of 101 coals, primarily from the Illinois Basin, has 
shown (6) the presence of the following trace elements sub. 
stantially above the part per million level: As, B, Be, Br, Cd, 
Co, Cr, Cu, F,Ga,Ge, Mn, Mo, Ni;P, Pb,Sb,Se,Sn, V,Zn,and 
Zr. These elements may be associated with either the organic 
or mineral fraction of coal and potentially may be leached 
from the solid coal into the slurry water. 

This investigation was undertaken to determine s()lubili­
zation of trace elements and organic matter from carefully 
characterized samples of subbituminous coal and lignite under 
simulated coal slurry pipeline conditions. In these studies 
distilled water was used as the slurry medium so that the 
maximum effect of the' coal upon the water quality could be 
determined. " -

Experimental 

Trace Element Analysis of Coal. Subbituminous coal 
from the Powder River Basin of Wyoming and lignite from 
North Dakota were sampled to obtain representative samples. 
One-gram portions of the sample were accurately weighed into 
a crucible and dry-ashed in an oven at 550°C for 8-12 h. The 
ash was then transferred to a Teflon cup and 2 mL of aqua 
regia and 0.2-0.3 mL of HF were added. The Teflon cup was 
placed inside a metal bomb and heated at 150°C for 3-4 h to 
completely digest the ash. The samples were then diluted to 
!)O mL and analyze? by flame atomic absorption (Perkin-

300,--------------------------------------. 

SUBBJI • 
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'l. CORL IN SLUART 

Figure 1. Chemical oxygen demand (COD) as a function of percent 
coal in subbituminous and lignite slurries 

Elmer Model 403) using standard addition. Interference ef­
fects were reduced by adding 2000 ppm of lanthanum for 
calcium and magnesium analysis, 2000 ppm of sodium for 
potassium and aluminum analysis, and 1000 ppm of potassium 
for sodium analysis. Each of the coal samples was analyzed in 
triplicate for calcium, magnesium, lithium, zinc, cadmium, 
copper, silver, sodium, aluminum, potassium, chromium, iron, 
nickel, cobalt, lead, and manganese, as shown in Table I. 

Preparation and Mixing of Slurries. Both coals used in 
this study were maintained in a closed container in air at 100% 
relative humidity prior to processing. The coal was reduced 
in size with a blender operating at low speed. To avoid pre­
leaching the coal, water was not added during grinding, and 
the speed was kept low to avoid excess pulverization or heat· 
ing. After grinding, the coal was shaken through 20 and 200 
mesh wire screens. Stock coal mixtures were made up to 
consist of75% solids between 20 and 200 mesh and 25% solids 
less than 200 mesh. From 50 to 200 mL of slurry was prepared 
ranging from 0.1 to 50% coal by weight. The slurries were 
contained in sealed flasks and stirred by magnetic stirrers for 
24 h. Immediately after stirring, the contents of the flasks were 
transferred to 50-mL centrifuge tubes and centrifuged for 1 
h. The water was separated and analyzed for metal content, 
chemical oxygen demand (7), acidity, and pH. 

Metal Analysis in Slurry Water. Samples of slurry water 
not requiring digestion were adjusted to 1% HNO:l (volume/ 
volume ratio) with concentrated HNO:1 in a volumetric flask 
and analyzed by flame atomic absorption. Samples containing 
humic acid were boiled to dryness after 2 successive additions 
of 2 mL of concentrated HNO:l and diluted to volume. 

Determination of Slurry Water Acidity. Aliquots of 
15-100 mL of centrifuged slurry water were titrated poten­
tiometrically with 0.005 N NaOH in a nitrogen atmosphere. 

Results and Discussion 

In order to understand some of the results obtained with 
the metals, it is instructive to consider plots of chemical oxy­
gen demand (COD) vs. percent coal in the slurry shown for 
both subbituminous coal and lignite in Figure 1. Examination 
of this figure shows that there is a generally increasing COD 
level with increasing coal/water ratio for both subbituminous 
coal and lignite; the latter gives higher COD values. Further­
more, both coals show distinct evidence of a peak in COD 
levels at ca. 2% coal. In this vicinity, the water has a definite 
yellow color (from the subbituminous slurry) or brown color 
(from the lignite slurry) , and acidification of both solutions 
yields a characteristic flocculent humic acid precipitate. 
Acidification of water from the subbituminous coal slurry does 
not yield a humic acid precipitate at coal/water ratios ex­
ceeding approximately 5%. These interesting results can be 
explained by the solubilization and reabsorption of humic 
substances at increasing coal/water ratios. Although bitumi-
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Figure 2. Extraction of Na+ from subbituminous coal in a slurry 
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Figure 3. Extraction of Ca2+ from lignite in a slurry 
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Figure 4. Extraction of Cu2+ from subbituminous coal in a slurry 
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Figure 5. Extraction of AI(III) from subbituminous coal In a slurry 

nous coal contains essentially no humic acid inherent to its 
structure, subbituminous coal is ca. 8.5% humic acid and lig­
nite is ca. 27% humic acid (8). At slurry concentrations of only 
about 2% coal, humic matter leaches from the coal and makes 
the primary contribution to COD. As the coal/water ratio in­
creases, the humic matter is reabsorbed, and other lower 
molecular weight organic compounds make up the major 
contribution to COD. 

The metal levels in slurry water were expressed in two ways 
as a function of increasing percentage of coal in the slurry. The 
first of these is a plot of metal concentration in the water vs. 
percent coal in the slurry. To emphasize the effect of coal 
proportions on metal concentrations in the slurry water, the 
data were also plotted as percent metal extracted as calculated 
from the following formula: 

% metal extracted 

total mass of metal in slurry water X 100 (1) 

total mass of metal in coal prior to slurrying 

Selected plots of these parameters are shown in Figures 
2-5. 

Plots of metal concentration vs. percent coal show three 
general types of behavior, as illustrated in Figures 2-4. The 
first of these is an essentially linear increase of metal con­
centration with percent coal ash shown for Na+ ion leached 
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Table II. pH and Acidity for lignite and Subbituminous 
Slurry Water 

% eoa' lignite IUbbllumlnouoa 

In slurry pH oc:ldIIy . ~YII. pH 

0.1 4.21 0.108 4.96 
0.2 4.05 0.122 4.92 
0.5 3.97 0.687 4.92 
1.0 3.84 0.568 4.82 
1.5 3.83 0.820 4.78 
2.0 3.83 1.81 4.76 
2.5 3.78 1.34 4.75 

3.0 3.76 1.38 4.71 
4.0 3.63 1.51 4.65 
5.0 3.59 1.53 4.61 

10.0 3.57 1.78 4.57 
20.0 3.53 3.15 4.58 
30.0 3.47 3.21 4.41 
40.0 3.49 4.55 4.43 
50.0 3.50 5.31 4.34 

a Acidity values are not given for subbituminous coal because insufficient 
organic acid was leached from it to enable titration. 
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Figure 6. Titration of water from 5 % lignite slurry 

from sub bituminous coal in Figure 2. Such a plot implies an 
equilibrium of the type: 

(coa\)-Na+ '" (coa\) - + Na(aq)+ (2) 

in which the Na+ species in water does not exceed any water 
solubility limit. It may also be due in part to soluble salts, such 
as NaCI or NaHCO" in the coal matrix. The second general 
type of behavior observed is exemplified by CaH extraction 
from lignite as shown in Figure :1. This behavior shows an es­
sentially linear increase in Ca2+ concentration up to a point 
where the Ca2+ concentration abruptly levels off and does not 
increase further with increasing percentage of coal in the 
slurry. Such behavior would be observed if the solubility 
product of a calcium salt in water is exceeded. The third 
general type of behavior observed is shown for the extraction 
of Cu2+ from subbituminous coal in Figure 4. The distin­
guishing feature of this plot is a peak in the vicinity of 2- 3% 
coal in the slurry. This peak coincides with the maximum 
humic acid concentration in the slurry water and is readily 
explained by formation of soluble metal humates in the water. 
Aluminum from subbituminous coal shows extraction be­
havior that does not coincide exactly with any of the three 
preceding general schemes, as illustrated in Figure 5. It is seen 
that the AI(III) concentration peaks abruptly at 2-3% coal, 
then remains totally level with increasing coal concentra­
tion. 

Organic acids leached into the slurry wa1.er produce ti­
tratable weak acids in the water. In the case of subbituminous 



Table III. Metals in Subbituminous Coal Slurry Water as a Function of Percent Coal 

metal content conen of metal In H~, ppm (% metal .x~acted from coal), for % coal In slurry designated 

metal of coal, ppm 1" 1.' 2 3 • 10 20 30 40 SOb 

Li 6.2 0.003 0.003 0.005 0.013 0.012 0.025 0.040 0.070 

(2.98) (2.53) (2.41) (1.90) (0.75) (0.94) (0.96) (1 .14) 

Na 570 6.5 8.5 11.8 18.6 36.8 69.8 106.0 127.5 181.2 

(75.4) (73.3) (67.2) (62.1) (58.2) (49.1) (43.5) (33.7) (31.9) 

K 435 0.56 0.70 0.91 1.40 2.68 4.74 6.55 7.46 8.98 

(8.42) (7.88) (6.74) (6.09) (5.54) (4.35) (3.51) (3.51) (2.06) 

Mn 53 0.07 0.11 0.15 0.20 0.34 0.63 1.46 2.16 2.40 2.68 

(13.7) (14.2) (14.1) 12.1) (12.1) (10.8) (11.1) (9.6) (6.8) (5.1) 

Mg 2110 6.1 9.6 13.3 19.4 29.9 134.2 223.5 266.5 300.0 

(28.4) (30.0 (31.0) (29.8) (26.9) (25.4) (24.7) (18.9) (14.4) 

Ca 11130 14.7 23.5 34.1 45.4 76.2 145.8 348.8 553.0 551.5 553.0 

(13.1) (13.9) (15.0) (lJ.2) (13.0) (11.8) (12.5) (11.6) (7.43) (4.97) 

Fe 4980 0.216 0.265 0.310 0.175 0.165 0.249 0.200 0.376 0.295 0.400 

(0.35) (0.35) (0.30) (0.11) (0.06) (0.04) (0.01) (0.02) (0.01) (0.01) 

Cu 44 0.013 0.020 0.036 0.008 0.008 0.026 0.044 0.048 0.047 

(2.84) (3.02) (3.95) (0.56) (0.36) (0.24) (0.23) (0.16) (0.11) 

Zn 49 0.032 0.022 0.038 0.056 0.110 0.148 0.157 0.156 

(3.19) (1.46) (1.46) (1.04) (0.90) (0.71) (0.48) (0.32) 

AI 13110 1.13 1.58 1.80 1.61 1.56 1.58 1.42 1.70 1.42 1.63 

(0.86) (0.80) (0.68) (0.40) (0.23) (0.11) (0.04) (0.03) (0.02) (0.01) 

a Designates a slurry of 1 % coal in water. b Designates a slurry of 50% coal in water. 

Table IV. Metals in Lignite Slurry Water as a Function of Percent Coal 

metal content conen of metal In H20! ~m (% metal extracted 'rom coal}1 for % coal In alurrl d.~ated 
metal of coal, ppm 1" 1.' 2 3 • 10 20 30 40 SOb 

Li 2.6 0.008 0.008 0.011 0.017 0.029 0.050 0.111 0.174 0.252 0.340 
(32.4) (20.3) (20.5) (21.2) (21.6) (17.5) (17.5) (15.9) (14.8) (13.3) 

Na 1200 8.4 11.6 17.8 27.0 39.8 82.2 151.5 204.0 260.0 315.8 

(~9.1) (63.2) (72.5) (72.6) (62.9) (61.5) (50.2) (39.5) (32.4) (26.3) 
K 440 0.57 0.83 1.20 1.81 3.60 5.55 6,41 7.06 8.08 

(8.36) (9.13) (8.67) (7.70) (7.25) (4.98) (3.35) (2.37) (1.81) 
Mn 147 0.37 0.40 0.71 1.10 2.02 4.06 6.05 6.90 7.72 8.70 

(24.8) (18.0) (23.7) (24.1) (26.1) (24.8) (16.4) (10.9) (7.9) (5.9) 
Mg 6240 25.0 35.2 51.9 76.1 137.8 280.0 474.2 600.0 739.1 856.2 

(39.6) (37.0) (40.8) (39.4) (41.9) (40.4) (30.2) (22.4) (17.8) (13.7) 
Ca 18740 57.0 59.9 87.2 126.3 280.1 554.5 587.0 553.0 529.5 531.0 

(30.1) (21.0) (22.8) (21.8) (28.4) (26.6) (12.5) (6.9) (4.2) (2.8) 
Fe 14440 1.04 1.79 3.79 1.89 1.08 0.83 1.12 1.44 1.48 2.35 

(0.72) (0.82) (1.29) (0.42) (0.14) (0.05) (0.03) (0.02) (0.02) (0.02) 
Cu 17.3 0.024 0.041 0.015 0.016 .0.050 0.076 0.054 0.057 

(13.9) (11.6) (2.7) (1.8) (1.2) (1.0) (0.5) (0.3) 
Zn 16.5 0.051 0.062 0.062 0.167 0.175 0.186 0.181 0.207 

(20.3) (18.5) (7.1) (9.1) (4.2) (2.6) (1.6) (1.2) 
AI 6420 0.92 1.45 2.69 2.31 2.43 4.48 6.58 6.55 7.29 8:62 

(1.43) (1.48) (2.06) (0.99) (0.72) (0.63) (0.41) (0.24) (0.17) (0.13) 

a Designates a slurry of 1 % coal in water. b DeSignates a slurry of 50% coal in water. 

coal the organic acid content was too low to give meaningful coal and Table IV summarizes the metal extraction data for 
titrations. However, good titration curves were obtained with lignite. In the case of subbituminous slurries, the metals 
water from lignite slurries as shown in Figure 6. The acidities showing "type I" behavior, in which there is a regularly in-
of lignite slurries and the pH values of lignite and subbitu- creasing concentration of metal in slurry water with increasing 
minous coal slurries are expressed in Table II. percentage of coal in the slurry, include lithium, sodium, and 

Space does not permit showing plots of metal concentration potassium. Metals in subbituminous coal slurries showing 
and percent metal extracted vs. percent coal in the slurry for "type 2" behavior with a distinct plateau are manganese, 
all the metals studied in both subbituminous coal and lignite. magnesium, calcium, and zinc. Metals in subbituminous coal 
These plots are given in a thesis on the subject (9). However, slurries showing "type 3" behavior with a peak coinciding with 
Table III summarizes the data obtained from subbituminous peak humic acid concentration are iron , copper, and alumi-
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num. In lignite slurries the "type 1" metals are lithium, sodr· 
um, and magnesium; the "type 2" metals are potassium, 
manganese, calcium, and zinc; and the "type 3" metals are 
iron, copper, and aluminum. It is significant to note that the 
percentage of metal extracted from the coal decreases with 
increasing coal/water ratio for all metals, and that in many 
cases only a very small percentage of the total metal in the coal 
is extracted in a slurry containing around 50% coal. Both of 
these factors are very favorable insofar as the quality of coal 
slurry wastewater is concerned. 

Lead, cobalt, and chromium were not detectable in the 
slurry waters by flame atomic absorption. Although these 
metals were present in the subbituminous coal and lignite at 
appreciable levels, their absence in the coal slurry water is 
quite favorable from the environmental viewpoint. 

Zinc, iron, and copper are known to be present as low-sol­
ubility sulfides in coal, although their solubilities could be 
increased in the acidic slurry or by oxidation of sulfide to 
sulfate. Aluminum is found in several insoluble inorganic 
forms in coal, which should limit the solubility of aluminum 
in slurry water. The solubilities of these metals are higher than 
would be predicted from the solubilities of their inorganic 
forms, indicating that organic chelates formed with coal or­
ganic matter may be present in the slurry water. 

Aluminum hydroxide precipitates at pH values above 4 and 
is probably a limiting factor in the concentration of aluminum 
observed in subbituminous coal slurries. The lignite slurry 
waters have pH values lower than the subbituminous coal 
slurry waters, probably explaining why the aluminum con­
centration in the subbituminous slurry is lower than that in 
the lignite slurry, even though the subbituminous coal con· 
tains twice as much aluminum as the lignite. The solubility 
of inorganic iron(III) does not appear to limit the concentra­
tionb of iron in the slurry waters. The soluble iron is probably 
present as organically bound iron or as soluble iron(II). 

There is very little difference in pH between 1 and 50% 
slurries of both lignite and subbituminous coal. Therefore, the 
data are probably insufficient to discern any influence of pH 
upon metal extraction from coal. In most practical applica­
tions of the coal slurry pipeline, it is likely that the pH of the 
slurry water will be determined and buffered by the mineral 
matter in coal and acidic ion exchange groups on the coal 
surface. However, it is expected that in general more metals 
would be extracted at lower pH values. In cases where metal 
leaching from coal might be a problem, it is suggested that 
lime could be added to keep the pH high enough to reduce 

leaching while preventing the formation of soluble metal hu­
mate complexes through the production of insoluble calcium 
humate salts. 

The inorganic constituents of coal containing sodium, 
lithium, potassium, and magnesium are soluble to the extent 
that they would not limit the concentrations of these elements 
in slurry water. These metals are probably exchanged by 
cation exchanging groups on the coal surface. 

In general, the results of this research present a favorable 
picture of coal slurry pipeline byproduct water insofar as 
heavy metals are concerned. The essential absence of lead, 
cobalt, nickel, and chromium in the water, despite their 
presence at levels of several parts per million in the coal, is 
evidence of a low tendency for water to leach these environ­
mentally important heavy metals from coal under coal slurry 
conditions. The percentages of other metals leached from coal 
in a 50% slurry are extremely low, e.g., 0.01% for iron, alumi­
num, and copper in subbituminous coal. Coal even has the 
ability to retain most of its sodium, which should be highly 
soluble in the inorganic form (except for that held by ion ex­
change in clay). Organic levels in the slurry water could cause 
some water quality problems, although it is anticipated that 
standard lime treatment would remove a large amount of 
humic organic material. In summary, these studies have not 
shown any major coal slurry byproduct water quality prob­
lems. 
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Mathematical Modeling of Changes in the Distribution of Sulfur in Coal as It 
Undergoes Mining and Transport OperatiOns 

James P. Meyerl 

Systems Applications Incorporated, 950 Northgate Drive, San Rafael, Calif. 94903 

The time-averaged distribution of sulfur dioxide (S02) 
emissions from a coal-fired electrical generating station 
completely determines whether compliance with both Federal 
and State New Source Performance Standards (NSPS) for 
S02 emissions will be achieved. In addition, this distribution, 
together with atmospheric conditions, determines whether 

I Present address, Atlantic Richfield Co., Production Research 
Center, :1:300 Dalias North Parkway, Plano, Tex. 75075. 

federal and state ambient S02 air quality standards will be 
met in the vicinity of such a station. In light of the increasing 
importance that coal is expected to play in the national energy 
picture, the air quality impacts of IIsing coal as fuel for gen· 
erating stations deserve in-depth consideration. 

T he distribution of S02 emissions is influenced by:. 
• the composition of the coal that is mined 
• the coal handling and processing methods used at the 

mine, during coal shipment, and at the generating station 
• the fuel combustion processes 
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• A model that simulates the effects of mixing on the dis­
tribution of the sulfur content of virgin coal as it is mined and 
transported from the Kayenta Mine to the Navajo Generating 
Station in Page, Ariz. is described. By knowing the heating 
value of the coal and assuming that all of the sulfur appears 
in the form of S02 in the product stream, one can translate the 
sulfur distribution directly into an S02 distribution. The basis 
of this model is the characterization of the coal flow as a con­
tinuous stream of discrete parcels of coal, each of known mass 
and known sulfur content. Mixing in the process is assumed 

• the air quality control equipment used 
• the averaging times for the S02 emissions used in the 

distribution. 
During t he processing of coal between mining and its use 

as a fuel, mixing occurs that reduces the variance in the sulfur 
distribution of the coal at the mine. The mathematical model 
described here predicts this mixing by modeling the flow of 
coal throughout processing as a continuous stream of discrete 
amounts of material of known weight and uniform sulfur 
content. When fully validated, the model is capable of pre­
dicting the distribution of sulfur emissions at the plant stack 
when supplied only with information characterizing the dis­
tribution of sulfur in the source field. 

The model described was developed for application to the 
Navajo Generating Station (NGS) in Page, Ariz., but we be­
lieve that its underlying principles are valid more generally. 
Although our development did not treat the case where control 
devices were installed, the model can be easily extended for 
this application if it is assumed that the net effect of the 
controls is the proportional reduction of the emissions by a 
constant factor. 

The Navajo Generating Station 

The NGS is located in northern Arizona on Lake Powell. 
At full capacity, it produces 2400 MW of electricity from three 
800-MW units while consuming approximately 22000 tons 
of coal per day. As a byproduct, 220 tons of S02 per day is also 
produced from coal containing 0.5% sulfur. 

Coal is supplied to the Navajo site from the Kayenta mine, 
which lies 90 miles west of the plant in Black Mesa, Ariz. A 
brief description of the mining and transport operations as 
the coal moves from mine mouth to boiler, illustrated in Figure 
1, is given: (I) At the mine site, approximately 160 truckloads 
of coal, each holding 180 tons, are mined during the daylight 
and evening shifts. (2) Once mined, the coal is hauled to a 
hammer mill, where it is reduced to particles no larger than 
2 in. in cross section. (3) After this reduction, one-third of the 
coal is discharged onto a night storage pile, to be reclaimed 
during nighttime operations. The remaining two-thirds are 
shipped overland on a 7.3-mile conveyor belt to the train 
loading silos. (4) From the conveyor belt, the coal is trans­
ferred to four 6000-ton storage silos by means of a carrousel 
feed mechanism, which fills them sequentially. (5) When a 
train is filled, the cars are pulled under the silos, and either 
silos 1 and 2 or silos 3 and 4 are unloaded simultaneously, 
filling two cars at a time. The process continues until an entire 
50-car train, with each car carrying approximately 120 tons, 
is full. (6) After the 9O-mile overland train ride, the coal is 
unloaded at the NGS. Initially, six cars are pulled over the 
train unloading hopper and emptied. Then, with the train 
moving at 4 miles per hour, subsequent blocks of four cars are 
dumped automatically until the train is entirely emptied. (7) 
From the train unloading hopper, the coal falls onto a con­
veyor belt and passes over a magnetic separator. Coal samples 
are periodically withdrawn from the conveyor belt for further 
analysis before the coal is divided into the supply for opera-

to occur through independent diffusive and block shuffling 
effects. Transfer functions are developed for each of the in­
tervening unit operations and combined mathematically to 
reconstruct the entire process. Results indicate that this ap­
proach can be used successfully to predict the distribution of 
sulfur emissions from the plant for both 3- and 24-h averaging 
times. Although specifically developed for the Navajo Gen­
erating Station, the underlying principles in this formulation 
can be applied to similar situations. 

tiona! use and that for on-site storage for weekend operations. 
Approximately one-quarter, or 300 tons per hour, of the coal 
is fed to the on-site storage pile. The remaining three-quarters, 
or 900 tons per hour, is used in daily operations. (8) The daily 
supply of coal is divided among the three boilers at the plant 
surge bin. Then the coal is fed via an overflow mechanism to 
seven feed silos, each holding 540 tons, assigned to each boiler. 
(9) As the coal filters through each feed silo, it is ground in a 
bowl mill until it is less than 60 mesh in size. The streams of 
coal from the seven bowl mills are combined and fed into the 
boiler. 

During weekend operations, the plant is fed directly from 
the on-site storage pile. Material is reclaimed, fed to the plant 
surge bin, and subsequently processed through the remaining 
transport steps. At night, a similar procedure is used, except 
that coal is withdrawn from the night storage pile and subse­
quently processed. 

The Mathematical Model 

Throughout the mining and transport operations, consid­
erable mixing of the coal occurs. In addition to the mixing 
between adjacent truckloads, various amounts of coal are in­
terchanged as they are fed to silos, train cars, and receiving 
hoppers. In our analysis, the flow of coal throughout the 
transport process was characterized as a stream of discrete lots 
(Ni) of variable size and sulfur content. At the outset, they 
were chosen to be equivalent in size to one truckload of coal 
originating at the mine. However, during the various stages 
of processing, both their size and sulfur content were allowed 
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Figure 1. Flow diagram for the mining and handling operations at the 
Kayenta Mine and the Nav~jO Generating Station 
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to vary in accordance with the amount of mixing occurring in 
a particular operation. 

In our model, mixing is divided into two different types that 
are treated independently: diffusional and block shuffling. 
The former occurs when adjacent loads of coal interact and 
homogenize the sulfur content in each sample. The latter re­
sults whenever the sequence in which the lots of coal in a 
particular queue are changed in a predetermined pattern 
during processing. 

For further simplification, we subdivided the process into 
several individual unit operations, each of which was modeled 
independently. Among those steps for which transfer func­
tions were developed are: (1) daily mining operations, (2) 
hammer-mill operation, (3) on-site mine storage and night­
,time reclamation, (4) silo loading and unloading, (5) train 
unloading at the NGS, (6) on-site plant storage and weekend 
reclamation, and (7) boiler silo storage and bowl mill opera­
tion, 

As a means of developing the required models, we followed 
the progress of an individual block of material as it passed 
through a particular stage of an operation. With knowledge 
of the sequence of the inlet queue and either the storage or 
outlet feed arrangement, an algorithm relating the inlet and 
outlet streams was developed. Aside from the hammer-mill 
operation, which involves diffusional mixing, this procedure 
was used in the analysis of each of the above steps. 

Diffusional Mixing Model. Although mixing is one of the 
most common industrial processes, it is poorly understood. 
Quantification of such processes has been largely empirical, 
but some theoretical inroads have been made (1, 2). In our 
study, we modeled diffusive mixing using a diffusional shear 
analysis (3, 4) originally proposed by Lacey (5) and later de­
veloped by Hogg et al. (6), 

As a means of simulating the intermingling between adja­
cent blocks of material, the situation was visualized as shown 
in Figure 2. Material from sample L in the region -L/2 5 x 
5 0 mixes with the material in sample R in the region 0 5 x 
5 L/2 and vice versa. We have represented the process using 
a simple Fickian model: 

~= D ()2C 

()t ()x 2 

where c = concentration of sulfur in the region -L/2 5 x 5 
L/2, D = diffusion coefficient, x = distance, and t = time. 

The boundary conditions are: 

()c (t -L/2) = 0 
()x ' 

()c (t L/2) = 0 
()x ' 

c(O x) = {[COL] if -L/2 5 x 50 
, [COR] if 0 5 x 5 L/2 

Using Laplace transform techniques, we can obtain the 
solution for the sulfur concentration as given by the following 
Fourier series: 

c(X, t) = [CoL]; [CoR] 2([COL] - [CoR]) 

;.. { 1 . [(21] - Ihrxj X,- ---sm 
.=1 (21] - 1) L 

-L/2 5 x 5 L/2 

To remove the spatial dependence of this formulation, we can 
subdivide the original sample lots into half-sizes and consider 
a new mean value for those areas in the regions -L/2 5 x 5 
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Figure 2. Diagram of adjacent blocks of material 

o and 0 5 x 5 L/2 given by the integral formulas: 

1° c(x, t)dx 
J-L/2 

and 

-L/2 

ILI2 
_ Jo c(x, t) dx 
CR(t) =----­

L/2 

-L/2:S x:S 0 

O:S x 5 L/2 

Performing the integrations, we obtain: 

C ( ) _ [CoL] + [CoR] 4([CoL] - [CoR]) 
1. t - 2 + 11'2 

X I: ---exp 00 1 [_--".:(2:..:o.1]_-....:I:.:.)2..::11'....:2D::..:t j 
.=1 (21] - 1)2 £2 

and 

CR(t) = [CoL] + [CoR] 4([COL] - [COR]) 
2 11'2 

00 1 [-(21] - 1)211'2Dtj 
X .Y;.1 (21] _ 1)2 exp £2 

Since the quantity Dt/£2 = 0 appears as a lumped parameter 
for which D, t, and L need not be known individually, the 
modeling of diffusive processes can be limited to an estimation 
of a single parameter, IJ. 

Population Models. In general, the distribution of sulfur 
in a coal field is not spatially uniform. Its variation is not even 
monotonic; it can deviate significantly over reasonably short 
distances. Thus, without a point-to-point analysis, it is im­
possible to determine the spatial dependence of sulfur in a 
given field. To circumvent this problem, we have adopted a 
statistical approach using a distributional model that related 
the sulfur content of a particular sample to its frequency of 
occurrence in a given field. Establishing this distribution re­
quires an extensive sampling program, which normally entails 
drilling a statistically significant number of core samples, 
analyzing the composition of each core, and then developing 
a population model. 

In our study, we used a 'Y distribution (7) rather than the 
customary normal curve to represent the in situ sulfur content 
in the Kayenta field . This distribution has been shown to 
describe accurately the distribution of sulfur from the 
Kayenta mine (8). Mathematically, the 'Y distribution is given 
by: 

o <x < "', a> 0 

where the parameters" and {3 are given by the equations: 

a = X2/S 2 

{3 = x/s 2 

and x is the mean of the distribution and S2 is its variance. 
Both x and 8 2 can generally be determined empirically and 
in our application were obtained from the available core 
data. 

A 'Y distribution was also used to characterize the distri­
bution of sulfur at both the mine site and the yard site storage 



locations. In these cases, the parameters a and fJ were com­
puted using the elementary formulas: 

N ' f Xi 
x= i=l 

Nj 

• / ~ (Xi -X) 
s2=V L---

i=l Nj-1 

where x j is the homogeneous sulfur content of an individual 
block of material deposited on a coal pile j, which was origi­
nally obtained from the mine field, and Nj are the number of 
blocks used to constitute that pile. 

Sampling Techniques. During daily operation, coal is 
continuously withdrawn from the mine and is stored at the 
mine or the plant. Later, at night or on the weekend, this 
material is reclaimed and used. To model these mining ac­
tivities, we assumed that whenever coal was withdrawn from 
a site, discrete amounts were taken, each of which had a ho­
mogeneous sulfur content. This assumption appeared to be 
justified because this quantity of coal is very small compared 
with the quantity burned over any significant combustion 
time (or averaging time). With this proviso, random sampling 
techniques were then used to simulate the sampling pro­
cess. 

Mathematically, this technique entailed first generating 
a random number from a uniformly distributed population 
in the open interval 0 < <I> < 1. Then, from a standard normal 
curve: 

<I> =....!.... fZ~ e-z'dz 
Vir -~ 

we determined the normal variable Zot corresponding to the 
random cumulative index <1>. The value Zot was subsequently 
substituted into the Wilson-Hilferty transformation: 

Xot = ~ (1 - ..!. + Zot V..!.)3 
fJ 9a 9a 

to compute the random 'Y variable X'~ corresponding to the 
sulfur content of a particular sample. The variables a and fJ 
have the same definitions given earlier. 

Experience has shown that this approximation is most ac­
curate in the central part of the distribution and is less accu­
rate in the extreme parts of the tails. We computed the 
amount of error incurred by this approximation using the 
method developed by McGinnis and Sammons (9) . Table I 
gives the error for two values of the parameter a. 

Parameter Estimation. A complete mathematical de­
scription of the Kayenta mining and transport operations 
would require acquisition of a voluminous amount of infor­
mation, such as empirical data on the distribution of the sulfur 
content in the inlet and outlet streams of each unit operation 
previously identified. In addition, data on the composition of 
streams fed to and reclaimed from storage would have to be 
obtained. Although this information would be both expensive 
and time consuming to gather, it would permit the modeling 
of individual process steps, taking into account both diffusive 
and block mixing effects. 

Unfortunately, most of this information was unavailable 
for the case we studied, and would not be available in most 
applications. The available data included: (a) the distribution 
of sulfur in selected coal fields; (b) the distribution of the daily 
average dry sulfur content of the coal received at the plant for 
a base-case field; (c) the distribution of hourly average S02 
emissions emanating from an operational stack for the same 
base-case field. 

In light of such limited information, we analyzed the process 
to minimize the number of parameters to be estimated. We 

Table I. Errors in Approximating a 'Y Distribution Using 
the Wilson-Hllferty Transformation for Various 
Percentiles and a Parameters 8 

error 
(oyer.sllm.'Ion), 

percentile % 

a> 16 0.1 0.2 

0.0001 0.6 

0.99 0.5 

0.9999 0.1 

a>4 0.0001 1.5 

0.01 

0.9999 1.2 

0.99 

Ol in most of the cases treated In this study, a > 4. 

~ r---~----------,----------'r-------; 

o 

o.~ 0.60 

SULFUR CONTENT 

Figure 3. Frequency distribution of mine core percent sulfur showing 
definition of daily mining range 

identified three values that need be specified for a simulation: 
(a) A mining range, aD, representing the limits of the sulfur 
content of the coal over which daily mining operations can 
occur. (b) A dimensionless parameter, OD, characterizing the 
downstream diffusive mixing that occurs between the train 
unloading hopper and the boiler. (c) A dimensionless pa­
rameter, Ou, characterizing the upstream diffusive mixing that 
occurs between the mine site and the train unloading 
hopper. 

In spite of these further simplifications, only two sets of data 
were available for estimation of the above three values: the 
daily dry sulfur averages at the plant site (aD) and the hourly 
S02 emissions recorded at the stack (OD) . Through analysis 
of operational practices at the NGS, we assessed the impact 
of the third parameter (Ou). 

Experience has shown that, if the entire mine population 
is sampled on a given day, then the variance in the computed 
daily average dry sulfur content is less than the observed 
variance. This finding indicates that only a discrete subset of 
the entire coal population is mined at any given time. To 
simulate this phenomenon mathematically, we restricted daily 
mining activity to a limited segment of the entire coal popu­
lation, which is characterized by a typical daily value, XD, 
randomly drawn from the entire population and a variation 
aD in either direction (:1:). The situation is shown graphically 
in Figure 3. Using this approach and base-case data for a field 
having a mean sulfur content of 0.53 and a standard deviation 
of 0.17, we parametrically determined that aD = 0.45. Thus, 
a significant fraction of the mine field sulfur distribution is 
apparently sampled during a mining day. 

Volume 13. Number 9. September 1979 1107 



To estab~is~ the downstream mixing parameter IJD, we used 
the S02 emIssIons data to calculate sulfur emission rates based 
on hourly data for coal flow rates and volumetric gas 
t~r?ughputs. We normalized the sulfur distribution by di­
vld~ng ~ac~ value by its daily average and then constructing 
a dIstrIbutIOn of these ratios. This procedure reduces the 
uncertainties associated with determining S02 emissions over 
short averaging times «24 h) in the effluent stream. Then 
in a serie~ of parame~ric studies, we compared the computed 
results wIth observatIonal data. Figure 4 represents our final 
results, which indicate thatlJD = 1.04. 
. Having exhausted the available information, we could not 

rIgorously estimate the upstream mixing parameter, lJu. 
Fortunately, the conditions at the NGS render absolute de­
termination of this parameter noncritical. At the train un­
loading hopper at the NGS, four carloads of coal are simul­
taneously unloaded. Through a simple calculation based on 
the speed of the conveyor belt, its width, the coal discharge 
rate, and coal density, it is easy to show that the four carloads 
are homogeneously blended. Thus, the mixing at this location 
more than overshadows the diffusive mixing occurring in all 
the previous processes. A sensitivity analysis, in which a series 
of parametric runs was made varying the value of lJu, indicated 
that the effects of large changes in this parameter on the final 
3-h computed average S02 concentration were marginal. For 
completeness, we used a nominal value of lJu = 0.05 in our 
simulations. 

Model Output_ The previously described model with its 
parameters aD, lJu, and IJD can produce the following distri­
butions for coal from any portion of a mine, given the mean 
and variance of the input distribution: (a) the daily dry sulfur 
averages; (b) 3-h averages of the sulfur content of the burned 
coal for daily operations; (c) 3-h averages of the sulfur content 
of the burned coal for weekend operations. In addition, the 
program has been developed with sufficient flexibility to be 
able to treat cases in which incoming high-sulfur coal from the 
mine may be mixed with on-site low-sulfur coal at the plant. 
Such mixing might be necessary when disruptions in the 
normal low-sulfur coal supply occur. 

To extend the validity of the model for a variety of cases 
beyond the parameter estimation case (referred to as the base 
case), we had to make certain assumptions about the param­
eters 1J0 and aD. We assumed that the value of 1J0 will not vary 
as long as the mining and transport operations remain un­
changed. For the parameter aD, we postulated the relation­
ship: 

aD aE 
v'S2=vsr; 

where aD = the daily mining range of any arbitrary coal field, as = the daily range of the base case (0.45), s2 = the variance 
of any arbitrary coal field, and s~ = the variance of the base 
caSe (0.029). Our motivation for making this approximation 
was to allow compensation for either the skewness or the 
flatness that may occur in sulfur distribution of other mine 
fields. 

Assumptions and Limitations. In developing our model, 
we made four basic assumptions, discussed below: 

• Representation of Mixing by a Fichian Model. Since 
little information is available on mathematical modeling of 
mixing, this application of the Fickian model represents a 
practical approach to analyzing the processes involved. Ba­
sically, the assumption implied is that alternate layers of 
material are thinly overlaid in a way that allows mixing. Al­
though some material may be convectively transferred in bulk 
as in other transport processes, little information of value i~ 
available for evaluating the magnitude of the effect of this 
process. Using the Fickian model, one need vary only one 
parameter,lJ, to simulate various degrees of mixing, whereas 
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Figure 4. Comparison of observed and predicted distributions of sulfur 
emissions from the Navajo Generating Station 

if convective effects were included, two parameters, V and IJ, 
would have to be specified. 

• Lumped Parameter Representation. We assumed 
throughout this analysis that the diffusive mixing process can 
be separated from any other mixing that might occur in the 
actual operations. Furthermore, we assumed that the entire 
bulk of this mixing can be lumped into two categories: pre­
train-loading hopper and post-train-loading hopper. In reality, 
mixing occurs at each step where material is transferred or the 
contents of a container or conveyor are agitated. To develop 
an adequate, comprehensive model of the process, we would 
have to measure the composition of incoming and outgoing 
str~ams as they enter and exit each phase of coal handling. 
ThIS procedure would enable the modeling and parameteri­
zation of each piece of equipment independently. Although 
possible, such a procedure would be very costly, and it may 
be necessary only if the mining and handling sequence is 
sensitive to diffusion processes and if those processes were 
expected to change over the life of the modeled facility. 

• Variance Ratio. We postulated the relationship: 

ao as 
v'S2=vsr; 

to account for variances in the limits of daily mining activity 
(aD) that may occur as arbitrary coal fields are selected (s2). 
Using the base values of 0.45 and 0.029 for as and S~, re­
spectively, indicates that aD will have a value of approximately 
2.648, or more than three times the standard deviation of the 
selected coal field. Although it would be desirable to have data 
from various coal fields available to confirm this relationship, 
the value of +2.648 can be interpreted as ensuring that almost 
the entire population would be sampled on any given day. 
Hence, It appears that major discrepancies arising from this 
assumptIon would be minimal. 

• Uniform Mixing at the Train Unloading Hopper. At the 
NGS, 1200 tons of coal per hour is ejected from the train un­
loa~ing hopper onto a high-speed conveyor belt, which is 4.5 
ft WIde and which moves at 600 ft/min. Since coal has a density 
of 50 lb/ft~, the thickness of the coal layer on the conveyor belt 
is about 4 in. The hopper unloads through 12 outlet chutes; 
thus, the contents of any four train cars that are simulta­
neously unloaded are thoroughly mixed. 
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Poisoning of Platinum-Rhodium Automotive Three-Way Catalysts 
by Lead and Phosphorus 

W. Burton Williamson, Henry K_ Stepien, William L. H. Watkins, and Haren S. Gandhi' 

Research Staff, Ford Motor Company, P.O. Box 2053, Dearborn, Mich. 48121 

• The activity and durability of platinum- rhodium (Pt-Rh) 
automotive three-way catalysts were investigated as a function 
of lead (Pb) and phosphorus (P) fuel levels, thermal aging, and 
catalyst composition. The Pt-Rh catalysts were durability 
tested in pulse-flame reactors followed by flow reactor 
steady-state activity measurements. The nitric oxide (NO) 
and hydrocarbon conversions of low Rh-content three-way 
catalystS were highly sensitive to even trace levels of Pb in 
current simulated certification fuel (6 mg of Pb/gal) when 
compared to contaminant-free fuel. Catalysts having higher 
Rh content with similar noble metal loadings improved the 
net NO and hydrocarbon conversions. Increasing the peak 
temperature in the aging cycle from 730 to 820 ·C improved 
the NO and hydrocarbon conversions because of lower Pb 
retention. The Pt-Rh three-way catalysts were not poisoned 
byP. 

catalysts. Poisoning studies of monolithic noble-metal oxi­
dation catalysts indicated that at lead levels of 570 mg of 
Pb/gal there exists a correlation between catalytic deactiva­
tion rate (especially for hydrocarbon conversion) and the 
amount of Pb passed through the catalyst (5,6). Fuel P was 
shown to exert a strong poisoning effect on the oxidation 
catalysts (7). Poisoning by Pb and S is considered the most 
important factor in the deactivation of NO reduction cata­
lysts, such as copper-nickel and platinum-nickel catalysts (8). 
Also, the NO reduction activity of ruthenium-containing 
catalysts was depressed by the ptesence of fuel Pb and S with 
only slight poisoning due to P, even though the catalyst re­
tention for P was higher than for 'Pb or S (9). Laboratory 
evaluations of TWCs (1 ,10) indicated a significant improve­
ment in catalyst durability upon a decrease in Pb and P levels 
from simulated 1975 certification fuel containing 30 mg of 
Pb/gal and 2.1 mg ofP/gal to 1977 certification fuel contam­
inant levels of7 mg ofPb/gal and 0.8 mg ofP/gal. Sulfur was 
maintained constant at a level of 0.02 wt %. 

The present laboratory research extends the study of the 
effects of Pb and P fuel contaminants on Pt-Rh TWCs. The 
detrimental effects of S on the performance of TWCs have 
been reported previously (11) and will not be dealt with fur­
ther. Thus, the purpose of the present research was to deter­
mine the activity and durability of Pt-Rh TWCs as a function 
of Pb and P poisoning, thermal aging, and Pt-Rh catalyst 
composition. 

The successful utilization of noble-metal automotive cat­
alysts necessitates the removal of potential catalytic poisons 
from the exhaust system. In order to comply with the more 
stringent emission standards of the future, platinum- rhodium 
(Pt-Rh) three-way catalysts (TWC) have been developed for 
the simultaneous removal of nitrogen oxides (NO.), carbon 
monoxide (CO), and hydrocarbons (HC) from the exhaust of 
light-duty motor vehicles. These noble-metal TWCs are 
susceptible to poisoning by lead (Pb) at the relatively low 
contaminant levels present in "unleaded" fuels. Rhodium, an 
active metal component in TWC formulations, is particularly 
sensitive to poisoning by Pb (1). The problem in the wide­
spread use of precious metals in catalytic converters is further 
intensified because of the shortage of Rh, whose supply is 
limited to the mine ratio (PtfRh = 17/1), i.e., 6% of the amount 
of Pt found in the precious metal ores (2) . 

Experimental 

Of the three major fuel contaminants [Pb, phosphorus (P), 
and sulfur (S)[, Pb and P are fuel additives, whereas S is 
present in gasoline in varying amounts depending, in part, 
upon the origin of the crude oil. Since the introduction of 
catalytic converters and the availability of unleaded gasoline, 
Pb and P contamination have continuously declined, while 
the S content has not changed. ~'ield audit data indicate cur­
rent contaminant levels of 5 mg of Pb/gal, 0.1 mg of P /gal, and 
0.022 wt % S in "unleaded" gasoline marketed across the na­
tion (3). 

Poisoning of automotive catalysts has been recently re­
viewed by Shelef et al. (4) for both noble- and base-metal 
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Catalysts. The TWC formulations contained Rh as the 
selective NO reduction component, Pt as the hydrocarbon and 
CO oxidation component, and proprietary base metal pro­
motors. TWCs identified in Table I were prepared on Corning 
EX -20 monolithic supports. The catalyst supports had a cell 
density of 49 square cells/cm2• All of the TWCs had similar 
total noble metal loading (Pt + Rh = 0.2 wt %) but differing 
Pt/Rh ratios. The fresh BET area of these catalysts varied 
from 14.6 to 17.0 m2/g. Catalyst buttons, 1.9 cm diameter X 
1.3 cm long, were used in these studies. 

Apparatus and Procedure_ Pulse-Flame Reactor Dura­
bility Testing. The procedure for durability testing of TWCs 
using pulse-flame reactor techniques is given in ref 10; a more 
detailed description of the pulsator apparatus and instru­
mentation for the exhaust stream analysis is reported in ref 
12. The simulated mileage accumulation of pulsator durability 
utilized lead-sterile isooctane and simulated fuels containing 
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Table I. Description of Catalysts a 

catalyst pt + Rh, BET area, 
!denl wt% Pt/Rh m2/g 

M-268B 0.2 11/1 fresh: 16 

M-2680 0.2 11/1 fresh: 16 

M-26 1A 0.2 19/1 fresh: 16.0 
aged: 13.7 (17 400 miles/fuel 0)" 

10.8 (21 100 miles/fuel F) 
10.4 (17 500 miles/fuel E) 

M-265B 0.2 5/ 1 fresh: 17.0 
aged: 12.3 (16 500 mileslfuel 0) 

14.7 (18 200 mileslfuel F) 
12.4 (18 600 mileslfuel E) 

• Contain base-metal oxide (promoter). Supported on Corning EX-20 Monolith. 
49 square cells/cm2 . b Description of fuels given in Table II. 

Table II. Contaminant Levels in Simulated Fuels for 
Pulsator-Aged Catalysts 

'uei S Pb." p. e lueI " Pb." p c 
designation mg/gai mg/gal designation mg/gal mg/gal 

Ad 0 0 0 6 0.8 

B 0 0.9 E 60 1.2 

C 0.8 F 5 8.2 

/I Isooctane containing 0.03 wt % S in addition to the indicated amounts of 
Pb and P. II From " 'TEL Motor Mix" containing tetraethyllead. ethylene dtchloride, 
and ethylene dibromide in an atomic ratio of Pb:CI:Br::: 1:2:1. C From cresyl 
diphenyl phosphate. d So. Pb-. and P-free iscoetane. 

Table III. Conditions for Durability Testing of Three­
Way Catalysts on Pulse-Flame Reactor 

teed vas composfUons 

cycle A NO = 500 ppm 
CO = 1.5% 
O2 = 0.8% 
HC = 2000 ppmC 

cycle B NO = 500 ppm 
CO = 1.5% 
O2 = 2% 
HC = 2000 ppmC 

time duralkln, % 

~83.3 (T > 400°C) 

~16.7( T < 4000C) 

fuel : isooctane or (isooctane + Pb + S + P) 

temperature cycle 
T, °c time duration, % 

3~ la 7 
515 77.0 

730 6.3 
space velocity: 40000 h- 1 

simulated mileage accumulation: ~5000 miles/week (1 68 h) 

the Pb and P contaminant levels listed in Table II. 
In the laboratory catalyst aging procedure the catalyst is 

exposed to feed gas compositions and temperature cycles 
shown in Table III. The low-temperature oxidizing cycle B 
simulates the cold-start exhaust conditions, and t he high­
temperature cycle A is intended to simulate high acceleration 
modes of operation. The simulated mileage calculations are 
based on a 30 mph [or 5000 miles/week (168 h) J steady-state 
vehicle operation at a nominal 40 000 h- I space velocity. 

Steady-State Activity and Selectivity. Following the 
pulsator durability, the catalytic steady-state activity was 
measured at 550°C in a separate flow reactor system de­
scribed previously (10) operating at 60 000 h-1 space velocity 
with a simulated gas mixture containing 20 ppm of S02. The 
synthetic gas mixture contained NO, COIH2 = 3, C3HslCaHa 
= 2, S02, CO2, and H20 in N2. A detailed gas mixture com-
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Table IV. Feed Gas Composition of Simulated Gas 
Mixture 

component vol, % component vol, % 

NO 0.1 C3H. 0.015 

O2 0.6-1 .0 H2O 10 

CO 1.2-2.0 CO2 10 

H2 0.4-0.7 S02 0.002 

C3H• 0.03 N2 balance 

Table V. Effect of Thermal and Thermal plus Chemical 
Aging on Performance of M-268B Catalyst" 

% conyersion at 
~eak 18m2 In durabllit! c!cIe 
730 °C 820 °C 

lso- 100-
R fresh oct .... fuel D oclane luot D 

~1 .05 net NO 98 96 84 96 86 

NH3" 0 0 0 0 0 
gross NO 98 96 84 96 86 
CO 97 98 100 94 98 
HC 94 95 84 90 86 

1.8 nelNO 80 74 23 69 44 
NH3b 20 20 43 28 32 
gross NO 100 92 40 96 64 

CO 37 38 40 40 
HC 64 69 34 72 59 

Tao%.oC 225 280 275 280 

iI Pretreatment: 25 000 simulated miles on pulsator. Durability fuel: thermal 

aging. leacl-sterile isooctane (fuel A): thermal + chemical aging. fuel 0 containing 
6 mg of Pb + 0.8 mg of P + 0.03 wt % Si gal of isooctane. Activity measure­
ments in flow reactor : space velOCity = 60 000 h- 1; T = 550°C; Simulated 
exhaust gas containing 20 ppm of 502 , b As percent NO converted. 

position is given in Table IV. Propylene and propane repre­
sented fast-burning and slow-burning hydrocarbons, re­
spectively. 

The activity and three-way selectivity of the catalysts are 
reported as percent conversion of NO, CO, and HC as a 
function of the redox ratio, R, of the reacting gas mixture. (R 
is a measure of the gas mixture stoichiometry of reducing to 
oxidizing components and is determined as follows: R = [CO 
+ H2 + 3nCn H2n + (3n + l)Cn H2n +2]/( NO + 20 2). Thus,R 
= 1 corresponds to a stoichiometric gas mixture, while R > 1 
represents an overall reducing gas mixture.) 

Results and Discussion 

Susceptibility of TWCs to Trace Levels of Pb. In order 
to differentiate thermal deactivation from combined chemical 
and thermal deactivation of TWCs, M-268B catalysts were 
durability tested for 25000 simulated miles on pulsators 
burning (a) isooctane (fuel A) and (b) simulated 1977 certifi­
cation fuel (fuel D) . T he peak temperature of the pulsator 
aging cycle (Table III) was varied from 730 to 820°C for two 
separate 25 OOO-mile aging tests. 

The steady-state activity results are shown in Table V for 
the redox ratio (R "" 1.05) corresponding to the maximum 
simultaneous three-way conversion of NO, CO, and HC (NO 
and HC conversion crossover) and for R equal to 1.8 corre­
sponding to 2.8% rich of stoichiometry. At R = 1.8, the net NO 
and HC conversions decrease after aging in the presence of 
fuel contaminants when compared to contaminant-free iso­
octane at either temperature. The conversion of CO was not 
affected by the fuel contaminants in these tests. 

The benefits achievahle by decreasing Pb contamination 
(P and S levels constant) are shown in Table VI for a newer 



Table VI. Activity of M-268D Pulsator-Aged Catalysts 
at Trace Lead Levels a 

% conversion 
1 ... 10 'uele 

R (6 rna of Pb/gaf) (1 rna of Pblgal) 

~1.05 net NO 91 97 

NH3• 0 0 

gross NO 91 97 

CO 99 98 

HC 92 94 

1.8 net NO 70 77 

NH3· 20 20 

gross NO 87 96 

CO 45 32 

HC 53 59 

• Pretrealmenl: 25 000 simulaled miles on pulsalor using luel 0 (6 mg of Pb 
+ 0.8 mg of P + 0.03 w1 % Sigal of isooctane) and fuel C (1 mg of Pb + 0.8 mg 
01 P + 0.03 w1 % Sigal). Aclivity measurements: flow reactor with simulaled 
exhausl gas conlaining 20 ppm of S02; T = 550°C; space velocity = 60 000 
h-'. • As percenl NO converted. 

generation M-268D catalyst having the same precious metal 
loading and Rh content (Pt/Rh = 11) as the former M-268B 
catalyst. When exposed to fuel at the lower Pb level of 1 mg 
of Pb/gal for 25000 simulated miles of pulsator aging, the 
M-268D catalyst yielded &-7% higher net NO conversion near 
stoichiometry and at R = 1.8 than when the catalyst was aged 
using fuel containing 6 mg of Pb/gal. At R = 1.8 the HC con­
version also improved ~% when aged at. the lower Pb level. 
While HC conversion was improved by lower Pb levels, the 
CO oxidation decreased. This effect will be discussed later. 
Although improvements in HC and NOx by &-7% do not seem 
very large on an absolute basis, they are quite significant in 
terms of unconverted NO and HC. For example, a 6% increase 
in net NO conversion near stoichiometry reflects a threefold 
decrease in the unconverted NO, i.e., from 9 to 3%. 

The effects of thermal aging at somewhat higher cycling 
temperatures are beneficial during rich excursions of TWCs. 
Aging Qf the M-268B catalysts at the higher peak temperature 
of 820°C (instead of 730 °C) improved the net NO and He 
conversion (Table V). For example, at R = 1.8 the net NO 
conversion increased 21% (from 23 to 44%) and the HC con­
version improved 25% (from 34 to 59%) when cycled to peak 
temperatures of 820°C rather than 7.30 °C. X -ray fluorescence 

(A) CATALYST M - 2611. 

analysis of the aged catalysts indicated 0.14 and 0.10 wt % Pb 
retention at 730 and 820°C, respectively. Contaminant re­
tention of Pb increases with increasing catalyst temperature 
in the temperature range 350-760 °C (5). The catalyst poi­
soning mechanism proposed by McArthur (13) for automotive 
catalysts predicts that contaminant composition on the cat­
alyst varies with temperature and that contaminant retention 
decreases as the temperature approaches the values where 
PbO has an appreciable vapor pressure. For example, PbO has 
0.1 Torr vapor pressure at 850°C (/4). Thus, the improved 
NO and HC conversions achieved at the higher cycling tem­
perature of 820°C are attributed to lower retention of Pb. 

The poisoning of Pt by sulfur species in a reducing atmo­
sphere leaves Rh as the major active component (11,15). 
Therefore, during rich operation (R = 1.8, for example) Rh 
is primarily responsible for the conversion of NO to N2 
(16-18), while also being a good steam-reforming catalyst (1) . 
Thus, the significant decreases in net NO and HC conversions 
in the rich region are attributed to the lower availability of 
active Rh on the aged TWC. On the other hand, near stoi­
chiometric conditions (R '" 1.05) where 802 poisoning on Pt 
becomes less significant, and in the absence of H2, the Pt sites 
of the TWC contribute sigriificantly toward higher net NO 
conversion and HC oxidation (15) . The present steady-state 
results indicate that for pulsator-aged PtlRh catalysts having 
relatively low Rh content, the current fuel Pb levels have a 
significant effect. 

Extent of Poisoning vs. Catalyst Composition. The ef­
fects of various Pb and P contaminant levels were determined 
for two TWC formulations containing the same total precious 
metal loadings (0.2 wt %), but differing in the Pt/Rh ratio. A 
relatively low Rh-content catalyst, M-261A, and a relatively 
high Rh-contentcatalyst, M-265B, contained ratios of PtlRh 
= 19/1 and 5/1, respectively. These catalysts were pulsator 
aged for 15000 to 20 000 simulated miles using simulated fuels 
described in Table II; (a) base-line simulated 1977-1978 cer­
tification fuel 0, (b) fuel B which is fuel 0 minus Pb, (c) fuel 
E which is fuel 0 with 60 mg of Pb/gal, and (d) fuel F which 
is fuel 0 with 8.2 mg of P/gal. BET surface areas of the cata­
lysts aged using the various fuels are shown in Table I. The 
aged catalysts have retained sufficient surface areas to elim­
inate any excessive deactivation that could be attributed to 
sintering of the catalyst caused by overheating. 

The effects of Pb levels on the two catalysts are shown as 
a function of redox ratio and air/fuel ratio (A/F) for net NO 
conversion in Figure I, for HC conversion in Figure 2, and for 
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Figure 1. Effects of Pb and P on the steady-state net NO activity of pulsator-aged TWCs 01 different Rh content: (A) M-261A (Pt/Rh = 19)and (B) 
M-265B (Pt/Rh = 5) 
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Figure 2. Effects of Pb and P on the steady-state HC activity of pulsator-aged TWCs of different Rh content: (A) M-261A (PtIRh = 19) and (B) M-265B 
(P1/Rh = 5) 
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Figure 3. Effects of Pb and P on the steady-state CO activity of pulsator-aged TWCs of different Rh content: (A) M-261 A (PtIRh = 19) and (B) M-265B 
(P1/Rh = 5) 

CO conversion in Figure 3. The net NO conversion of both 
catalysts decreases over the range of R values with increasing 
amounts of Pb present in the fuel. The low Rh-containing 
TWC shown in Figure lA is severely poisoned at levels of 60 
mg of Pb/gal. For example, the net NO conversion over the 
M-261A catalyst decreases 24% (90 to 66%) near stoichiometry 
at R '" 1.05 and the net NO conversion decreases by 34% (65 
to 31%) at R = 1.8 by increasing Pb content from 0 to 60 
mg/gal. By comparison, for the M-265B TWC containing more 
Rh the poisoning effect by higher Pb levels is much less pro­
nounced (Figure IB). For example, the net NO decreases 15% 
(97 to 82%) at R '" 1.05 and 17% (82 to 55%) at R = 1.8. 

The hydrocarbon conversion over both TWCs is affected 
to an even greater extent by the 60 mg of Pb/gal fuel, especially 
during rich operation. The HC conversion at R = 1.8 over the 
M-261A and M-265B TWCs decreases by 47% (63 to 16%) and 
33% (64 to 31%), respectively, at the higher Pb levels when 
compared to the Pb-free fuel. Near stoichiometric conditions, 
where poisoning of Pt by S is minimal and Pt contributes to 
the HC conversion, the differences in HC conversion over the 
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two catalysts and deterioration in HC activity to higher leaded 
fuel are smaller. 

Another criterion for judging catalytic performance is to 
compare the temperature required to reach 80% conversion 
of the limiting reactant HC. (As shown in Table IV, the ratio 
of C3HslC3Hs is 2/1. One can discriminate catalyst efficiency 
by the oxidation of the more difficult-to-oxidize C3Hs.) The 
temperature required for three-way conversion of NO, CO, 
and HC decreases significantly as Pb levels are lowered. The 
higher Rh-containing catalyst also lowers this temperature 
for each of the fuels investigated, as well as improving the net 
NO activity. 

CO oxidation over the TWCs is affected to a lesser extent 
by increased Pb poisoning than for HC oxidation, but CO 
conversions improve slightly with increased Pb levels, as 
shown in Figure 3 and mentioned previously in Table VI for 
the M-268D catalyst. The M-261A and M-265B catalysts show 
higher CO conversion activities of about 16% at R = 1.8 for 60 
mg of Pb/gallevels when compared to the Pb-free fuel. Since 
the oxidation of hydrocarbons is a more demanding reaction 



requiring multiple adjacent active sites, poisoning by Pb af­
fects the HC oxidation activity severely. In the rich A/F ratio 
region where CO + HC ~ 0", oxygen is partitioned between 
HC and CO. Any decrease in HC conversion may release 
equivalent oxygen for a stoichiometric increase in CO oxida­
tion. 

An order of magnitude increase in the P content of the fuel 
has no poisoning effect, as shown by the dashed lines in Fig­
ures 1 and 2 for the M-261A and M-265B catalysts. In fact, the 
net NO and HC conversion are slightly improved by the rel­
atively high P levels for the fuels that contained similar Pb and 
S contaminant levels. The catalytic activities following aging 
at 8 mg of P /gallevels are slightly better than those aged with 
6 mg of Pb/gal. The small improvement in net NO conversion 
is attributed to the formation of stable, inert lead phosphate, 
Pb,,(P04h. Fuel containing 8 mg of P (0.26 mg-atom of P)/gal 
and 5 mg of Pb (0.024 mg-atom of Pb)/gal would have a ten­
fold atomic excess of P to Pb. The excess P could conceivably 
neutralize poisoning by Pb to some extent by the formation 
of lead phosphates. Pb,,(P04h was indeed identified previ­
ously on catalysts by X-ray diffraction analyses (5,13). 

Concluding Remarks 

For a large scale practical application of three-way catalytic 
converters, the Pt/Rh ratio should be close to the mine ratio 
of 17/1. Catalysts containing Rh considerably higher than that 
deemed practical, because of the limited Rh supply, were ca­
pable of lowering NOx and hydrocarbon emissions even in the 
presence of relatively high Pb contamination. The laboratory 
performance of TWCs having a more realistic Rh content 
improved significantly when Pb contamination was reduced 
90% from the 1975 levels near 60 mg of Pb/gal to levels of6 mg 
of Pb/gal, representative of current contamination in mar­
keted unleaded fuel. However, these laboratory tests simu­
lating automotive exhaust conditions revealed that these 
TWCs were sensitive to even these trace levels of Pb. When 
Pb contamination was reduced further, the laboratory studies 
indicated that the deactivation of the TWCs by Pb was further 
alleviated. 

In these studies Pt-Rh TWCs were not sensitive to trace 
levels of P (0.8 mg of P/gal) found in current unleaded fuels. 
However, when the fuel contained a large atomic excess of P 
to Pb, the possible formation of nonpoisonous, stable lead 
phosphates minimized poisoning of the Rh to some extent. 

Catalyst deactivation by Pb was also decreased when cat­
alysts were operated at higher temperatures due to lower Pb 
accumulation on the catalyst by volatilization of PbO. How-

ever, catalyst operation at elevated temperatures may make 
them more suceptible to thermal deactivation by overheating 
from the engine exhaust. Therefore, a satisfactory compromise 
between improved performance from lower Pb retention and 
the potential risk of thermal deactivation must be reached. 
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Effects of Sodium Chloride on Limestone Calcination and Sulfation in 
Fluidized-Bed Combustion 

John A. Shearer", Irving Johnson, and Clarence B. Turner 

Argonne National Laboratory, 9700 S. Cass Avenue, Argonne, III. 60439 

Considerable attention is being focused on fluidized-bed 
combustion of coal as a result of its potentially higher effi­
ciency and low capital costs (1). In the FBC process, coal is 
burned at 850-900 °C and 10" to 106 Pa pressure in a fluidized 
bed of a partially sulfated solid SO~ sorbent such as limestone 
or dolomite. Steam generation in boiler tubes immersed in the 
bed removes part of the heat of combustion. The limestone 
bed material both transfers heat to the boiler tubes and, by 

reacting witb the sulfur-containing gas, captures the poten­
tially harmful S02 released from the coal. 

At tbe stated operating conditions, after calcination, CaO 
in the limestone or dolomite reacts with S02 and O2 to form 
stable CaS04, leaving exhaust gases that are relatively free of 
sulfur. 

Limestones and dolomites are being extensively evaluated 
(2) as fluidizing materials because of their high calcium con-
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Ii A laboratory investigation of the interaction of sodium 
chloride with natural limestones during calcination and sul­
fation has been performed. Reactions were carried out at 850 
°C in a synthetic flue gas consisting of 0.3% 802,5% O2, 20% 
CO2, and the balance nitrogen. Results show that the presence 
of salt induces structural rearrangement in the stones that can 
lead to an optimum pore distribution for reaction with 80d02 
mixtures. The salt effect involves the presence of a iiquid 

tent and thus high capacity for 802 removal, their low cost, 
and their widespread availability. Owing to the low price of 
naturally occurring limestones, the sulfated product possibly 
can be disposed of as solid waste without regeneration and 
recycling. Regeneration of the limestone or dolomite is also 
a possibility (3). The major disadvantage of using a natural 
limestone or dolomite without improving its S02-removal 
capability is the environmental impact of extensive quarrying 
and the disposal of large quantities of solid waste material. 

Any process would be advantageous that would reduce the 
sorbent requirement-for example, by increasing the reac­
tivity of the limestone or dolomite sorbent. 80me high-calcium 
limestones do not fully react to form CaSO •. If the amount of 
CaSO. formed in such stones could be substantially increased, 
the stones would become more effective sorbents and the 
dependence on naturally reactive stone could be reduced or 
eliminated. Obviously, both the amount of material required 
and the amount of waste produced would be reduced by using 
more of the available calcium in the stone. For example, by 
increasing conversion from 25 to 40% for an 80% CaC03 
limestone, the amount of stone needed to remove 85% of the 
sulfur emitted during combustion of coal containing 4% sulfur 
is reduced by almost one-half. 

The use of sodium chloride as an enhancement agent for 
sulfur capture in fluidized-bed combustion was reported 
earliest for the combustion of oil shales in a shale-limestone 
bed (4). In pilot plant studies (5, 6), adding salt to fluidized­
bed coal combustors was demonstrated to be a way of de­
creasing the levels of S02 in off-gases. The reactivity of 
limestones with S02 was found to be affected by many vari­
ables, including the sodium content of the natural stone and 
the method of calcination (7). 

Inorganic salts have been used in the lime industry to alter 
the physical properties of calcined limes for many years (8-
11). Such physical effects on limestone calcines appear to form 
the basis for the enhanced ability of stones to react with sulfur 
dioxide. 

The present study was initiated to investigate this inter­
action, with particular regard to using limestones more effi­
ciently to reduce environmental contamin{lnts in FBC off­
gas. 

Laboratory studies were performed on the interaction of 
inorganic salts with limestones during calcination and sulfa­
tion in order to verify the positive enhancement effects and 
to obtain a more complete understanding of the process and 
the optimization of its effects. Sodium chloride was chosen 
as the additive to be investigated most thoroughly, since it was 
used in the successful FBC runs mentioned above (in ref 5 and 
6) and is a natural component of limestones. It has also been 
shown in laboratory studies (J 2- 18) to have dramatic effects 
on the decomposition temperatures and other properties of 
carbonates. 

Experimental 

Naturally occurring limestones were used throughout this 
work in order to note the effects of composition and structure 
on reactivity. Table I lists compositions in weight percent for 
limestones referred to in the figures of this paper. The first two 
digits of the ANL number designation refer to the nominal 
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phase that increases the ionic diffusion and mobility of the 
system, enhancing calcination, enhancing crystallization of 
CaO, and creating a pore structure permeable to reactant gas 
diffusion. Application ofNaCI addit ion to fluidized-bed coal 
combustion would increase the .sulfur capacity of unreactive 
limestone and would reduce the quantity of limestone needed 
and the amount of solid waste produced in meeting 802 
emission standards. 

CaC03 content of the stones. The reactions studied, both 
calcinations and sulfations, were carried out in shallow quartz 
boats (in horizontal tube furnaces), with a single layer of 
limestone particles exposed to controlled atmospheres that 
were designed to simulate flue gas. The temperature ofreac­
tion was kept at 850 °C, which is a typical fluidized-bed coal 
combustor operating temperature. The calcination gas com­
position was 5% O2, 20% CO2, and the balance N2 flowing at 
a rate of 500 cm:1/min. For sulfation reactions, 0.3% S02 was 
added to this mixture, and reaction was allowed to proceed 
to near completion. 

The I-g samples of 18-20 mesh limestone were periodically 
weighed to monitor the progress of the reaction and were an­
alyzed for sulfate at the conclusion of the 6-h reaction period 
for comparison with the sulfation values indicated by the 
weight change measurements. A mercury porosimeter was 
used to generate pore distrihution data, as well as surface areas 
and average pore diameters, on I-h-calcined samples and on 
stones that had undergone other treatments. A scanning 
electron microscope was also used to provide visual references 
for determining structural changes that might occur. Baker 
reagent grade NaCI was used throughout the investigation. 
The salt was generaIiy introduced by complete evaporation 
of an aqueous slurry onto the raw stones before calcination to 
obtain a uniform distribution on the particle surface and ac­
cessible pore space and thus ensure intimate contact with the 
limestones. 

Results and Discussion 

Figures 1 and 2 show sulfation reaction curves for several 
limestones, untreated (Figure 1) and treated with 2 wt % NaCI 
(Figure 2). The effects of treatment with salt are apparent-an 
increased initial slope of the sulfation curves and a greater 
amount of sulfation in the same time interval, as compared 
with the raw untreated stones. These data represent simul­
taneous calcination and sulfation, a situation that presumably 
exists in a fluidized-bed coal combustor. However, for ex­
perimental purposes, the effects of calcination alone can be 
separated from the effects of the sulfation reaction by treating 
the material with salt and then precalcining the material for 
1 h. This was done for all suhsequent reactions to remove the 
effects of at least that one variable (slow or incomplete calci­
nation) . 

Figure 3 is a bar graph showing the effect of NaCI at dif­
ferent concentrations on the percentage conversion of avail­
able CaO to CaSO. for precalcined stones. The reactivity 
reached a maximum with a salt content near 0.5 wt % for most 
of the stones, as was concluded from the extent of reaction at 
several different salt concentrations. The reactivity begins to 
decrease as NaCI amounts larger than 0.5 wt % are added due 
to loss of the surface area. The point where reactivity begins 
to decrease appears to be related to the amount of impurities 
present in a stone. 

Figure 4 is a typical set of porosity curves showing the effect 
on pore distribution of NaCI during calcination. This partic­
ular stone (ANL-9501) has a low impurity content (3 wt %), 
and the shifts observed in average pore diameter with different 
NaCI additions are smaller than for pure CaCO'l (calcite), but 
greater than for a stone with impurity levels of 10% or more. 



Table I. Compositions of Representative Limestone Samples 
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Figure 1. Reaction curves for limestones calcined and sulfated simul­
taneously at 850·C for 5 h in 0.3% SO •• 5% 0 •• 20% CO2• balance 
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Figure 2. Reaction curves for limestones treated with 2 wt % NaCI. then 
calcined and sulfated simultaneously at 850 ·C for 5 h In 0.3 % S02. 
5 % O2• 20 % CO2• balance N2 

The inherent porosity in a lime is produced as a result of the 
evolution of C~ at high temperature without any change in 
gross physical dimensions. As salt is added. the majority of 
pores have increasingly larger diameters, as indicated by the 
midpoint of the rise in the porosity curve gradually shifting 
to larger pore diameters as salt content goes up. 

This structural change can be readily seen in scanning 
electron microphotographs of this same stone. Figure 5 shows 
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Figure 3. The effect of 0.5 and 2.0 wt % NaCI treatment on limestone 
subsequently precalcined and sulfated at 850·C for 5 h in 0.3% S02. 
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that the increasing pore diameters due to salt addition would 
allow sulfation to occur for a longer time before the formation 
of an impervious shell of CaS04. Despite the fairly large pore 
sizes of the untreated stone, the unreacted material is sealed 
off when the CaS04 reacts first with the particle surface. When 
salt is present, recrystallization and rearrangement of the CaO 
and CaS04 maintain gaseous permeability for much longer 
periods. Earlier studies (19) showed that there is a minimum 
pore size for effective sulfation. Pores smaller than 0.3 I'm are 
closed off rapidly by CaS04 (20), which has a larger molar 
volume than does the original CaC03. The presence of trace 
amounts of surficial liquid produced by localized melting of 
NaCI with some dissolved CaO and CaS04 is proposed as the 
basic mechanism for initiation of these structural changes as 
illustrated in Figure 6. With increased ionic mobility there is 
pore growth, as well as crystallite growth of both CaO and 
CaS04, throughout the reaction as long as residual salt re­
inains in the particle. 

The structures developed with NaCI are very similar to 
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Figure 5. Limestone ANL-950 1 calcined at 850°C for 1 h in 5 % O2, 
20 % CO2, balance N2 after treatment with NaCI 

those for high-temperature calcined limes. This high-tem­
perature effect is referred to as sintering, wherein the calcia 
grains grow together at a rate directly related to temperature. 
Stones fired at temperatures greater than 1200 °C are called 
"dead-burned" because of their inactivity with respect to 
hydration. This is due to their extremely low surface area, high 
crystallinity, and unconnected pore space. The porosity curves 
show the same trend of increasing pore diameter with in­
creasing temperature as for stones with increasing salt content 
at a single temperature. This sintering effect is essentially a 
reflection of the ionic mobility within the lattice structure of 
the calcine. Additives have been most frequently assumed to 
control defects in diffusional sintering, and have not been 
commonly interpreted to have effects as liquid (21). It was felt 
that sufficient liquid was necessary to completely wet the 
boundary of grains before the effect would be noticeable. 

Some work on the BeO-CaO system shows that the volume 
fraction of liquid necessary to greatly enhance sintering rates 
can be less than was formerly thought (22). The ranges of ef­
fective additive content varied from 0.01 to 0.05 mol %. 

From the above discussion, we arrive at the conclusion that 
the effects of NaCl in limestones are to accelerate the rates of 
sintering and crystal growth during both calcination and 
sulfation. It is believed that this is primarily due to the pres-
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MACROPORES CALCIUM SULFATE 

figure 6. Magnified cross-section comparison of limestooe calcination 
and sulfation, with and without salt (schematic) 

ence of a liquid phase that increases ionic mobility and dif­
fusion. 

Since NaCl has the effect of an impurity, it is necessary to 
observe the effect of salt on impure limestones as well as on 
pure limestones to expand our understanding to more com­
monly occurring natural limestones and dolomites, which 
usually contain appreciable amounts of materials other than 
CaC03. These incorporated impurities might or might not 
affect the reactivity of the calcine with SO,JOz. On this basis, 
the program included a study of the sulfation of a broad range 
of limestone compositions. 

Figure 7 shows the effects of salt on calcite spar (naturally 
pure CaC03) during sulfation. The depth of penetration of 
sulfate formation is much greater for salt-treated stones than 
for untreated ones. The photograph illustrates the enlarged 
pore structure and the formation of CaS04 on the grain sur­
faces, internally as well as externally. 

Figure 8 is a graphic representation of data, for 27 different 
stones, illustrating the effect of pore diameter on sulfation 
reactivity. Average pore diameters were calculated from sur­
face area pore volume measurements on a mercury porosi­
meter, using a model of a right circular frustrum for pore 
shape. The distribution of points shows that initially, as pore 
diameter increases, reactivity increases, reflecting the previ­
ously mentioned minimum effective pore size of 0.3 p.m. As 
the average pore diameter increases further. gaseous perme­
ability increases. However. surface area decreases continually 
and eventually becomes the controlling factor over perme­
ability; the reactivity decreases with further salt addition (i.e., 
further pore enlargment). The maximum theoretical con­
version to CaS04. which is limited by pore volume. is ~70% 
of the available CaO. Most stones studied achieved 50% or 
greater conversion at low salt concentrations before pores were 
sealed by CaS04. 

From this type of plot, potentially unreactive stones can be 
identified. Also. the desirability of adding salt for enhance­
ment and the relative quantities of salt to be added for ap­
plication to fluidized-bed coal combustors can be deduced. 

Summary and Conclusions 

The treatment of limestones with NaCl before calcination 
and sulfation results in structural changes-in particular. pore 
enlargement that enhances the reaction with SOz/Oz. In­
creasing the concentration of salt results in an initial increase 
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Figure 7. Effect of NaCI treatment on calcination/sulfation of calcite spar at 850°C for 5 h in 0.3% 502,5% O2, 20% CO2, balance N2 
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Figure 8. Percent conversion of CaO to CaSO. vs. average pore di­
ameter (pores ~ 0.3 I'm) for limestones at 850°C with and without 
NaCI calcined for 1 h in 5 % O2, 20 % CO2, balance N2, and sulfated 
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in S02102 absorption, followed by a decrease in reactivity in 
most cases due to loss of surface area. In some pure limestones, 
the effectiveness of the salt is greater and, thus, larger shifts 
in pore diameter result upon the addition of NaC!. 

The effect of salt addition may be duplicated by any means 
that increases ionic mobility and diffusion. Thus, high tem­
perature can cause either solid-solid sintering, or the forma­
tion of liquids that act as accelerators of sintering and result 
in changes in pore structure (22). High CO2 pressures also 
result in increased ionic mobility (23), thereby improving 
sulfation under certain conditions. Control of the pore sizes 

developed during calcination is necessary to achieve maximum 
sulfation. The sodium chloride data show that at average pore 
diameters above 0.3 I'm, reactivity falls off as long as the 
structural integrity of the stone is maintained. Any of the 
techniques suggested above must be predictable and con­
trollable to be effective in FBC. 

In fluidized-bed coal combustion, the addition of empiri­
cally determined amounts of salt should affect the maximum 
amount of sulfation for any limestone, regardless of impurity 
content. By introducing salt during precaicination outside the 
combustor, possible corrosive effects due to the increased al­
kali content of the bed material may be eliminated. The effects 
of aluminosilicate formation between' alkalies and coal ash 
may also reduce the potential corrosiveness of salt addition, 
as evidenced by the successful use of salt by Pope et a!. (6). 
Salts other than NaCI are effective in changing the properties 
of lime (8-11) and may also be effective in enhancing the 
sulfation properties of limestone iii a similar manner. 

The effectiveness of salt in F:BC will depend on the amount 
of salt used, as well as the limestone chosen and the combus­
tion conditions of the system. The best reasons for using sul­
fation enhancement agents are the smaller amounts of stone 
to reduce the 802 emissions and the smaller amounts of solid 
wastes generated. 
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• Azaarenes were characterized in several Recent and ancient 
sedimentary samples and anthropogenic source materials by 
glass capillary gas chromatography using nitrogen-specific 
detection, gas chromatography/mass spectrometry, and probe 
distillation/low voltage mass spectrometry. In lake surface 
sediments and street dusts, unsubstituted azaarenes con­
taining three to five aromatic rings predominate over the more 
numerous alkyl homologues. In contrast, azaarenes in fossil 
organic matter have a much more complex composition, with 
alkyl azaarenes much more abundant than unsubstituted 
molecules. In this respect, the azaarenes resemble the PAH 
composition of these samples. Diazaarenes were apparently 
also present. An anthropogenic origin for the aza aromatics 
in the surface sediments is indicated, with street dust as a 
likely source for some of the sedimentary azaarenes. There is 
no evidence that natural combustion processes contribute 
azaarenes to Recent lake sediments. 

Aza heterocyclic hydrocarbons (azaarenes) are potentially 
hazardous environmental contaminants because of their 
carcinogenic and mutagenic character (1, 2). As trace com­
ponents, azaarenes have been detected in cigarette smoke (3), 
automobile exhaust (4), industrial stack effluents (5), and 
urban suspended particulate matter (6-8). Petroleum (9), 
shale oil (10) , coal tar (11), and fossil hydrocarbon minerals 
(12) also contain substantial amounts of a very complex and 
therefore poorly characterized mixture of aza aromatic com­
pounds. 

Recently, Blumer et al. (13) reported a rich assemblage of 

1 Present address, Department of Chemistry, Woods Hole Ocean­
ographic Institution, Woods Hole, Mass. 02543. 

azaarenes and their alkylated homologues in two coastal 
surface sediments. The origin of these compounds was pre­
sumed, but not proven, to be natural forest and prairie fires 
rather than anthropogenic pyrolysis and combustion pro­
cesses. However, the low voltage mass spectral probe distil­
lation technique Blumer used did not permit identification 
and quantitation of individual constituents in the complex 
aza mixture. 

Environmental materials containing azaarenes also usually 
contain polycyclic aromatic hydrocarbons (P AH; 3- 13). This 
suggests that both compound classes may have common 
sources and fates in aquatic systems. At EA W AG we have 
been investigating the geochemistry of P AH in Recent lake 
sediments (14-16), and it was of interest to extend our studies 
to provide some analogous geochemical information about 
azaarenes. To do so, glass capillary gas chromatography using 
nitrogen-selective detection, capillary gas chromatography/ 
mass spectrometry, and probe distillation/low voltage mass 
spectrometry were applied to characterize azaarene mixtures 
isolated from Recent lake sediments and other environmental 
materials. Identification and quantitation of individual con­
stituents were of prime concern. Further emphasis was on a 
comparison of azaarene distributions in lake surface sediment 
layers (known to contain primarily anthropogenically derived 
PAH; 15) to sediments deposited several hundred years ago 
(containing few anthropogenic PAHs but several PAHs gen­
erated by post-depositional processes; 16). This paper de­
scribes the isolation and characterization of azaarene assem­
blages in environmental materials and discusses preliminary 
environmental and geochemical implications of the results. 

Experimental 

Environmental Samples. Surface sediments (0-10 cm) 
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were collected from Lake Zurich and Lake Lucerne, Swit­
zerland, with a grab sampler. Samples ofpre-industrial-rev­
olution sediments from Lake Lucerne (80-100 cm; deposited 
about 400-500 years BP based on a sedimentation rate of 2 
mm/year (I5» were taken from gravity cores. Previous results 
show that surface sediments of both lakes contain high con­
centrations of a wide range of unsubstituted and alkylated 
PAHs having anthropogenic origins (15,16). In contrast, the 
older sediments are characterized not only by very low levels 
of anthropogenic PAH but also by a homologous series 'of 
phenanthrenes and perylene that are apparently produced 
in the sediment during early diagenesis. 

The most important present-day anthropogenic source of 
PAH to surface sediments of the two lakes may be run-off 
from streets on the adjacent shores (I5). Street dust is be­
lieved to be the prime contributor of PAH to this run-off. 
Samples of street dusts were swept from heavily traveled as­
phalt roads in Diibendorf and analyzed for azaarene content. 
For comparison, a sample of automobile gasoline engine ex­
haust (collected during a standard dynamometer-type test by 
the Swiss Federal Institute for Materials and Testing 
(EMPA), DiibendorO was also analyzed for azaarenes. Two 
standard American Petroleum Institute crude oils (Kuwait 
and South Louisian!!) and a sample of Serpiano oil shale 
(Grenzbitumen-Horizon, Triassic, Switzerland) were exam­
ined as representatives of organic-rich ancient sedimentary 
materials and to compare the azaarene content of ancient 
materials with Recent materials. 

Materials_ Silica gel (Merck Kieselgel-40) and alumina 
(Merck type 1076) were activated overnight at 240 DC, after 
which their activities were altered with various amounts of 
water or 1 N Hel. Sephadex LH-20 (Pharmacia Fine Chemi­
cals, Uppsala) was conditioned in benzene-methanol (1 :1) 
before being wet packed into a glass column. 

Azaarene reference samples of 2-azafluoranthene, 7-aza­
fluoranthene, 2-aupyrene, 1,2-benzacridine, and 3,4-benza­
cridine were kindly provided by Rutgerswerke AG (Duisburg, 
Federal Republic of Germany). Other standard materials were 
used as obtained from commercial sources (EGA Chemie, 
Steinheim, F.R.G.; Fluka AG, Buchs, Switzerland). 

Isolation of Azaarenes. The isolation procedure is. an ex­
tension of that briefly outlined by Blumer et al. (I3), with 
modifications where necessary to improve recoveries. Dry 
samples of lake sediment (200-250 g), street dust (60 g), or 
shale (40 g) were batch Soxhlet-extracted with methylene 
chloride. Aliquots of concentrated lipid extracts were weighed 
on a Cahn 4100 electrobalance to estimate the amount of ex­
tractable material. 

The lipid extracts, or 0.5-g samples of the two crude oils, 
were dissolved in benzene-methanol (1:1) and charged to a 
Sephadex LH-20 column (20 g of Sephadex in a 50 X 1.6 cm 
glass column). The first 50-mL benzene-methanol eluate 
contained aliphatic and highly pigmented material. Polycyclic 
aromatic material was collected in a second 50-mt. benzene-
methanol fraction. . 

Following evaporation, the aromatic eluate from Sephadex 
was transferred in pentane to a column of acidic silica gel (8 
mL, containing 3% 1 N HCl; 10 X 1 cm column). A20-mL 
pentane eluate was discarded, while arenes were eluted se­
quentially with benzene (20 mL) and 2% methanol in benzene 
(20 mL). Basic compounds were then recovered by elution 
with 35 mL of 3% aqueous ammonia in methanol. This fraction 
was extracted with benzene (3 X 30 mL) in a separatory fun­
nel. The benzene layer was dried over Na~04 and evapo­
rated. 

The basic eluate was rechromatographed on alumina 
packed over silica (each 4 mL, deactivated with 3% water). A 
pentane fraction (20 mL) and a methylepe chloride eluate (15 
mL) were discarded. Azaarenes were collected as two fractions: 

20 mL of methylene chloride containing 10% methanol fol­
lowed by 25 mL of methylene chloride with 40% methanol. 
These two eluates were combined and evaporated to dry­
ness. 

Picric acid (20 mg dissolved in 3 mL of benzene) was added 
to the material recovered from the silica-alumina chroma­
tography. The benzene was evaporated at room temperature 
and the residue washed with pentane (3 X 2 mL); the washings 
were discarded. Any remaining solids were redissolved in 
benzene, transferred to a separatory funnel, and washed with 
5% aqueous ammonia (3 X 30 mL). The organic layer was 
subsequently washed with water, dried over Na2S04, and 
evaporated. 

The azaarene fraction was further purified by chromatog­
raphy from alumina (5 mL, 1% water). Any material eluting 
with 10 mL of pentane was discarded, and the azaarenes were 
collected by elution with 50 mL of 60% methylene chloride in 
pentane. A weight of aza material thus obtained was deter­
mined by weighing an aliquot on the electrobalance. 

Gas Chromatography (GC). Mixtures of azaarenes iso­
lated from the various samples were analyzed by glass capil­
lary gas chromatography using a Carlo Erba Fractovap in­
strument with a direct on-column injector as described by 
Grob and Grob (I7). Detection of nitrogen-containing com­
ponents was with a Perkin-Elmer nitrogen-phosphorus de­
tector (Model 228-0301). A series of azaarenes ranging from 
azafluorene to several dibenzacridines (Table I) was best re­
solved with a glass capillary column (20 m X 0.3 mm i.d.) 
coated with SP-2340. 

Aliquots of azaarene concentrates were injected (1-2 /LL in 
methylene chloride) into the capillary column: both the in­
jector and column were at ambient temperature. After elution 
of the solvent, the column temperature was rapidly raised to 
100 DC and then programmed at 4 DC/min up to 250 DC. He­
lium carrier gas flow was maintained with a back-pressure of 
2.2 atm so that the dibenzacridines would elute within several 
minutes after reaching the maximum temperature. 

Quantitation was by peak area measurements (Spectra 
Physics Autolab Minigrator) relative to an internal GC 
standard (octadecanoic nitrile), which was added to the aza­
arene concentrates immediately before GC analysis. Reported 
concentrations are corrected for nitrogen detector response 
of the azaarenes compared to octadecanoic nitrile, analytical 
recovery efficiencies (determined by replicate analyses of 
standard mixtures- Table I), and procedural blank con­
tent. 

Gas Chromatography-Mass Spectrometry (GC-MS). 
Mass spectral identifications and mass chromatography were 
carried out with a Finnigan GC-MS (Model1015D) and in­
teractive data system (Model 60(0). The SP-2340 capillary 
column was directly interfaced to the mass spectrometer by 
means of a platinum capillary. Gas chromatographic condi­
tions were similar to those described above, except that a 
conventional Grob-type injector (heated and with septum 
(I8» was used. MS operating conditions were: electron energy, 
70 eV; emission current, 350 /LA; preamplifier sensitivity, 10-8 

AN. 
Low-Voltage Mass Spectrometry (LVMS). Information 

about the degree of alkyl substitution of the azaarene mixtures 
and evidence for higher molecular weight components not 
amenable to GC analysis were obtained by the low-voltage (12 
e V) mass spectral probe distillation technique described by 
Giger and Blumer (19) and Youngblood and Blumer (20) . 
Samples were introduced into the electron source region using 
closed-end glass capillaries (15 X 2 mm o.d.; 1 mm i.d.) 
mounted in a low-mass heated probe. To minimize premature 
loss of low boiling components during introduction, samples 
were exposed to the fore-vacuum for only 10 s. Scanning over 
the mass range 120- 410 amu every 3 s was initiated immedi-
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Table I. Azaarene Response Factors and Recovery Efficiencies 

anal. recov!!l effk:lenckts 
compd reaponse factor • "'_1'9 tound,l'O° % recovery 

4-azalluorene 0.60 ± 0.04 2.42 0.93 ± 0.33 38 
7,8-benzoquinoline 0.64 ± 0.03 2.14 0.81 ± 0.33 38 
acridine 0.68 ± 0.03 2.18 0.93 ± 0.16 43 
phenanthridine 0.63 ± 0.04 2.23 1.60 ± 0.42 72 
5,6-benzoquinoline 0.57 ± 0.02 2.31 1.49 ± 0.36 65 
2-azafluoranthene 0.59 ± 0.03 2.09 1.54 ± 0.35 74 
7 -azalluoranthene 0.71 ± 0.04 2.28 1.59 ± 0.28 70 
l-azapyrene 0.71 ± 0.04 2.28 1.85 ± 0.21 81 
3,4-benzacridine 0.91 ± 0.06 2.00 1.27 ± 0.29 64 
1,2-benzacridlne 0.94 ± 0.09 2.58 1.90 ± 0.39 74 
1,2,3,4/1 ,2,5,6-{llbenzacridine 1.60 ± 0.16 4.47 2.63 ± 0.60 59 
1,2,7,8-<libenzacridine 1.63 ± 0.22 2.36 1.73 ± 0.36 73 

• Detector response relative to octadecanotc nitrHe; ± relatrve standard deviatton for four determinations. b Mean ± relative standard deviatoo for tripltcate 

analyses. 

Table II. Characteristics of the Samples 

extractable a''''hetle aromatic 
material, hydrocarbons, hydrocarbons. azaaran •• , 

sample nag/g- mo/g· mg/g' mala· O1g C. % Gfg N, % 

Lake Zurich surface 6.9 0.6 0.D7 0.006 5.5 0.9 
Lake Lucerne surface no. 1 b 2.0 0·1 0.03 0.0008 2.7 0.9 

no. 2 1.7 0.1 0.06 0.0005 3.3 0.8 
Lake Lucerne 80-1 00 cm no. 1 1.3 0.03 0.006 NS· 2.0 0.6 

no. 2 1.0 0.06 0.01 NS 2.1 0.6 
street dust 00. 1 9.3 1.1 0.6 0.03 III) NO 

00.2 14.4 2.0 0.9 0.01 III) NO 

auto exhaust C NO" III) 87 2.3 NO NO 
Serpiano shale 30.3 1.9 2.3 0.04 27.5 NO 

Kuwait crude NO 300 39 1.06 NO NO 
South Louisiana crude NO 350 66 0.4 NO NO 

• Gravimetric determination. b Samples 1 and 2 are in all cases completely separate samples rather than duplicates. C Concentrations/m3 exhaust. d NS, not 
significant relative to blank. "ND, not determined. 

ately upon introduction of the probe into the source. Radiative 
heating from the source caused evaporation of two- and 
three-ringed azaarenes, after which the probe temperature 
was raised to about 300 °C to vaporize the remainder of the 
sample. The resulting 20-50 mass spectra were summed to 
give the composite mass spectrum for total sample (or any 
fraction thereof over a desired boiling range). Low-voltage 
mass spectrometry alone does not provide information se­
lectively about azaarenes, since other components may also 
give spectra at this low ionizing potential. However, in com­
bination with GC and the nitrogen detector, L VMS does show 
the presence of azaarenes and gives information about alkyl 
substitution. 

Results and Discussion 

Methodology. Most environmental materials contain a 
variety of classes of nonpolar solvent-extractable organic 
compounds. As a group, azaarenes apparently represent only 
a few tenths of 1 % of this extractable material (compared, for 
example, to aliphatic and aromatic hydrocarbons which may 
be present as f>--10 and 1-5%, respectively, of the extract; Table 
II). The isolation procedure described here, although requiring 
many steps, resolves and concentrates the low level azaarenes 
from more abundant but no less environmentally significant 
components. Application of glass capillary gas chromatogra­
phy provides superior resolution of complex aza mixtures 
compared to previously reported gas (7, 21) and high-pressure 
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liquid (8, 22) chromatographic analyses. Furthermore, the 
selectivity of the nitrogen detector helps to discriminate 
against spurious components that survive the extensive 
workup or are contaminants from the procedure. For example, 
using flame ionization detection GC, extraneous peaks in­
terfered with the azaarene determinations, However, these 
contaminants did not show up using the nitrogen detector or 
in LVMS. In the case of GC-MS, the azaarenes could be se­
lectively detected using mass chromatographic reconstruc­
tions, even in the presence of non·aza contaminants. 

Elution volumes for the three adsorption chromatography 
steps are critical. Substitution of a nitrogen atom for a 
methyne group of a PAH molecule greatly increases the 
number of possible isomers for a given molecular weight group, 
since a number of positions are available for the nitrogen. 
Elution of these compounds during adsorption chromatog­
raphy depends on the amount of steric protection of the aza 
nitrogen and the resulting interaction with the solid adsor­
bent, For example, 1,2-benzacridine has a more exposed ni­
trogen and is more strongly adsorbed and retained than the 
3,4 isomer. Acridine and 1,2,7,8-dibenzacridine have similar 
retention times despite large differences in molecular weight 
and number of aromatic rings. Information about retention 
of azaarenes on both alumina and silica gel is available else­
where (6, 23). It is therefore imperative that elution volumes 
be carefully determined for each batch of adsorbent by using 
a wide range of reference aza compounds and isomer series 



Table III. Azaarenes Identified and Their Concentrations in Two Surface Sediments and a Street Dust 

conen, nglg b 

peak no. compd mol wt 8 Lake Zurich surface Lake Lucerne surface street dust no. 1 

4-azafluorene 167 5 0.2 40 

, ....... -.) 20 0.6 350 

3 acridine 
179 

27 0.1 32 

4 phenanthridine 10 0.3 180 

5 5,6-benzoquinoline 31 0.2 185 

6 2-azafluoranthene 

) 
23 0.3 255 

7 -azafluoranthene 203 27 0.2 265 

8 l-azapyrene 20 0.3 210 

9 C'5H9Ne (33) (0.2) (40) 

10 3,4-benzacridine 

} 
45 3.9 525 

11 C17HllN (7) (0.1) (98) 

12 C17HllN 229 (1.0) (120) 

13 1,2-benzacridine 50 0.8 220 

14 C17HllN (9) (0.4) (170) 

15 C17HllN (29) (1.2) (74) 

"} } 
(39) (3.0) (410) 

17 (35) (1.5) (300) 

18 C,gH llN 253 (90) (0.3) (490) 

19 (30) (0.5) (40) 

20 (25) (2.4) (90) 

21 C2,H'3N (12) (1.3) (200) 

22 1,2,3,4/1,2,5,6-dibenzacridine 279 35 5.0 260 

23 1,2,7,8-dibenzacridine 37 0.7 56 

a Molecular weight. b Parentheses indicate estimated concentrations based on nearest neighbor identified azaarene. C Exact aromatic ring configuration and 
position of the aza nitrogen could not be determined for compounds assigned molecular formulas. 
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Figure I, Glass capillary gas chromatograms of nitrogen-containing 
compounds in lake Zurich surface sediment and a street dust. Numbers 
refer to peaks identified in Table III; S = octadecanoic nitrile 

having the aza nitrogen at different ring positions. For this 
investigation, a reference mixture ranging from azafluorene 
to dibenzacridine (Table I) was used. 

Quantitative aspects of the method are shown in Table I in 
terms of nitrogen-detector response relative to octadecanoic 
nitrile and analytical recovery efficiencies as determined by 
capillary GC for a series of reference compounds. Low recov­
eries for azafluorene, 7,8-benzoquinoline, and acridine are 

probably due to partial volatilization during the several 
evaporation steps. Actual samples, however, contain addi­
tionallipid material that may act as a carrier and thus improve 
recoveries of the azaarenes. Recoveries and reproducibilities 
are adequate for analyses of environmental and geochemical 
materials, 

Characterization of the Azaarenes. The complexity of 
the azaarene mixtures in the lake surface sediments and street 
dusts is shown in Figure 1 by capillary gas chromatograms of 
nitrogen-containing compounds. Major peaks have been as­
signed on the basis of GC coinjection and GC-MS to unsub­
stituted aza aromatics (Table III), although the configuration 
of the aromatic rings (linear, angular, clustered) and the ring 
position of the aza nitrogen could not always be determined. 
The numerous minor constituents are alkylated homologues 
of the unsubstituted species. Estimated concentrations of the 
identified azaarenes in two surface sediments and a street dust 
are compared in Table III. No azaarenes were found (detection 
limit about 0.03 ng of azapyrene/g of dry sediment) in the deep 
(80-100 cm) Lake Lucerne sediments by either GC or GC-MS. 
While the Serpiano shale and the two crude petroleums ap­
parently contain an abundance of nitrogen-containing ma­
terial (Table II), the mixtures of aza aromatics were poorly 
resolved by GC and none of the azaarenes of Table III could 
be conclusively identified. Further fractionation, such as by 
high-pressure liquid chromatography (HPLC), of the azaar­
enes extracted from the fossil samples prior to GC analysis 
would be necessary. The automobile exhaust contained aza 
aromatics over a much lower boiling range, primarily quinoline 
and alkylquinolines. 

The resolution of the capillary column provides an oppor­
tunity to evaluate changes in environmental distributions of 
individual aza compounds. For example, acridine is present 
in the Lake Zurich sediment as 40% of the three-ringed com­
pounds (Table III). But in the Lake Lucerne sediment and 
street dust, acridine is a minor (6%) constituent of this group. 
The reverse is true for 7,8-benzoquinoline. Levels of 3,4- and 
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Figure 2. Composite mass spectra obtained by probe distillation/low voltage mass spectrometry of the azaarene fractions isolated from a street 
dust (a) and South Louisiana crude oil (b). and relative abundances of Co-C,o alkyl azaarenes in these samples (c and d). Each homologous series 
is separately normalized and the plots may be compared with PAH plots of Youngblood and Blumer (20). Solid circles represent the acridine­
benzoquinoline homologue series (Z = -19. where Z is defined as CnH2n+zN); crosses the azapyrene-azafluoranthene series (Z = -21); open 
circles the benzacridine-azachrysene series (Z = -23) 

1,2-benzacridine are comparable in Lake Zurich. while the 3,4 
isomer is much more abundant in Lake Lucerne and the street 
dust than the 1,2 isomer. A similar but more dramatic shift 
is observed for the dibenzacridines. From such a limited suite 
of samples, it is of course impossible to determine the envi­
ronmental significance, if any, of these variations. However, 
capillary GC offers a technique by which such relative isomer 
distributions may be investigated. 

Analyses of the azaarenes by L VMS provided three sig­
nificant pieces of information. First, only a small fraction of 
the total azaarenes isolated from the various samples could 
be analyzed by GC. This is illustrated by noting that the last 
compounds eluted by GC are the pentacyclic dibenzacridines 
(Figure 1), whereas unidentified higher molecular weight 
components are readily detected by LVMS (Figures 2a and 
2b). Secondly, the LVMS results indicate the presence of 
significant amounts of aza compounds containing two nitrogen 
atoms (i.e., molecular weights 230, 254, 280, 304, etc., in Figure 
2a). This conclusion was supported by GC-MS, but the lack 
of reference compounds precluded identifications of any of 
these diazaarenes. Thirdly, information about relative 
abundances of alkyl homologues of azaarenes was obtained. 
For example, as was initially indicated by GC, unsubstituted 
azaarenes predominate over alkyl azaarenes in the surface 
sediments and street dusts. This observation is shown in the 
composite mass spectrum of Figure 2a and the corresponding 
homologue plot in Figure 2c. The addition of each alkyl carhon 
on the side chain is generally accompanied by a decrease in 
the relative concentration, and alkyl derivatives containing 
six or more alkyl carbons were detected. In contrast, the an-
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cient organic matter shows a very different homologue pat­
tern. There is a strong predominance of alkyl derivatives over 
the unsubstituted parent azaarene, with the highest abun­
dance being for homologues containing four-eight alkyl car­
bon atoms (Figure 2d) . 

The molecular distribution of azaarenes in the samples 
analyzed in this investigation is remarkably like that of PAH 
in the same samples (14,15,24). Both compound classes are 
distributed over similar boiling and molecular weight ranges. 
In the surface sediments and street dusts, unsubstituted PAH 
and unsubstituted azaarenes are more abundant than the 
many alkyl homologues. Similarities between PAH and aza­
arenes are also seen in the ancient sedimentary organic matter, 
as represented by the Serpiano oil shale and the two crude oils 
(20). In the case of this fossil material, alkylated PAH and 
alkylated aza homologues dominate over the unsubstituted 
parent molecules. However, azaarenes apparently cover a 
higher boiling range than the PAH in fossil organic mate­
rial. 

Since the aza nitrogen may occupy different ring positions, 
the azaarene complexity is in fact greater than that of the 
PAH. Thus, for example, while two unsubstituted three­
ringed PAHs (phenanthrene and anthracene) exist, eight 
three-ringed aza aromatics containing a single nitrogen atom 
are possible. Indeed, four three-ringed azaarenes are major 
constituents of the surface sediment and street dust samples 
analyzed (Figure 1 and Table III). Likewise, four methyl­
phenanthrenes are generally found in environmental samples 
(14-16.24-26). However, about 14 methylated three-ringed 
azaarenes were detected by GC-MS. The situation is further 



complicated for homologues containing a greater number of 
alkyl carbons and if two or more nitrogens are present. 

Environmental and Geochemical Implications. The 
presence of an extremely complex mixture of azaarenes in 
surface lake sediments confirms the earlier finding of these 
compounds in the Recent sedimentary environment by 
Blumer et al. (13). However, because a wider variety of sam­
ples were analyzed in this investigation, the results here 
suggest that most of the azaarenes in surface sediments have 
anthropogenic rather than natural origins. 

The apparent absence of detectable azaarenes in the deep 
Lake Lucerne samples leads to two points. First, the conclu­
sion of Blumer et al. (13) that azaarenes found in surface 
marine sediments have resulted from deposition of material 
produced during natural fires seems unlikely. If natural 
combustion were an important long-term natural source of 
aza material, then a relatively constant background of these 
compounds would be expected to be preserved in aquatic 
sediments. This assumes a relatively constant level of such 
fires and a resistance of azaarenes to degradation in the 
sediments. The older lake sediments should thus contain a 
complex and measurable azaarene assemblage similar to that 
of the marine sediments. This is clearly not the case, therefore 
arguing against natural fires as a significant azaarene 
source. 

Secondly, the older Lake Lucerne sediments contain per­
ylene and a series of phenanthrene homologues that appar­
ently were generated by post-depositional reactions (16). 
However, no azaarenes were detected. This observation 
suggests that detectable levels of azaarenes are not formed by 
the same short-term diagenetic processes which can produce 
PAH. Perhaps azaarenes are indeed generated, but at a level 
that cannot be detected by this methodology. Lowering the 
analytical detection limits and/or processing still larger 
sediment samples might help resolve this question. 

The probable origin for the azaarenes in both the Recent 
marine and lake sediments appears to be anthropogenic. The 
dramatic difference between azaarene levels in surface sedi­
ments of Lake Lucerne and Lake Zurich is attribllted to a 
higher input of anthropogenically derived organic matter in 
the more heavily populated and industrialized drainage basin 
of Lake Zurich (15). The absence of azaarenes in sediments 
deposited prior to large-scale anthropogenic activities sup­
ports this conclusion. Street dust, similar to that analyzed, 
may be an important source for the sedimentary azaarenes, 
as it evidently also is for sedimentary PAH (1.5). Such material 
may be washed from streets and roads by rainfall, transported 
hy rivers and streams, and eventually accumulated in the 
sediments. Fallout of atmospheric particulate matter con­
taining azaarenes from fossil fuel combustion is another likely 
source. The notion of an atmospheric input of anthropogen­
ically generated azaarenes to lake sediments is supported by 
the results of Dong et al. (8) and Cautreels and Van Cau­
wenberghe (7) for analyses of atmospheric particulate mate­
rial. In atmospheric particulate extracts, azaarenes represent 
only a few percent of the P AH content, as is the case in the 
lake sediments. Furthermore, in particulates sampled in a U.S. 
city (8), azaarene concentrations decreased with increasing 
ring number, while in Europe (7), concentrations increased 
with increasing ring number. This difference was attributed 
(7) to greater coal combustion in Europe compared to the U.S. 
The azaarene composition of the lake surface sediments is 
similar to that of the European air particulates, which could 
suggest that coal combustion is a prime source for the sedi­
mentary azaarenes. Atmospheric fallout will also contribute 
to the azaarene content of street dust. One fossil fuel com­
bustion product, however, is apparently not an important 
azaarene source. None of the azaarenes present in the lake 
sediments and street dusts were found in the automobile en-

gine exhaust analyzed, and the azaarenes that were in the 
exhaust were not detected in the sediments. 

The presence of azaarenes in surface sediments shows that 
these compounds are cycled through the aquatic environment, 
with the sediments acting as a sink. Little is known about the 
long-term biological effects of azaarenes in aquatic systems. 
Nor is information available dealing with the biogeochemical 
fate of these compounds. However, one report dealing with 
bioaccumulation of azaarenes by freshwater zooplankton (27) 
raises the question of possible food chain accumulation in 
higher organisms, including humans. More data are clearly 
needed before a better understanding of the sources, effects, 
and fate of azaarenes in the aquatic environment is achieved. 
This knowledge is also important considering that production' 
of liquid fuels by gasification of nitrogen-rich oil shale and coal 
could potentially release increasing amounts of heterocyclic 
hydrocarbons to the environment in the near future. 
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Applicability of Pyrolysis/Gas-Uquid Chromatography for the Identification of 
Bacteria in Sewage Treatment Plant Effluent 

Richard A. Symuleski1 and David M. Wetzel" 

Department of Chemical Engineering and Materials Science, The Catholic University of America, Washington, D.C. 20064 

• Pyrolysis/gas-liquid chromatography (PGLC) is investi­
gated as a technique to identify bacteria in sewage treatment 
plant effluent. PGLC shortens the analysis time for bacteria 
from the 24 to 72 Jl required by conventional methods to ap­
proximately 1 to 2 h. Results indicate PGLC signatures of wet 
bacterial cells are unique at the species level and can be de­
tected at a lower limit of 50 colony forming units per 100 mL. 
Analyses of secondary treatment plant effluent have yielded 
reliable, largely qualitative results in studies conducted to 
date. Preliminary quantitative data are encouraging but re­
q,!ire further development. 

As effluent discharge standards become stricter and 
treatment techniques become more complex, there is a de­
veloping need for better process control instrumentation in 
w.astewater treatment plants. Present techniques for deter­
mining the bacterial content of water require 24 to 72 h to 
complete. This long measurement lag creates a potentially 
unstable operating situation in the control of the process. In 
addition, conventional measurement techniques are not 
specific in that they only determine the presence or absence 
of indicator organisms and, furthermore, are not quantitative. 
Lastly, pathogenic species of bacteria have recently been de­
tected in samples of drinking water that had few or no indi­
cator organisms detectable by conventional procedures (1 , 
2). 

Pyrolysis/gas-liquid chromatography (PGLC) has been 
recently employed to determine the composition of bacterial 
cells (3). Pyrolysis breaks down the cells into their biochemical 
building blocks, whose structure and quantity vary from 
species to species. Several studies have demonstrated that this 
technique yields chromatograms that are unique for the 
species analyzed (4-6). The present work is aimed toward 
developing this technique for the automatic monitoring of 
bacteria in potable water treatment plant and sewage treat­
ment plant effluents. 

Our research centered on identifying samples of wet, filtered 
cellular material. Samples of pure strains were analyzed to 
provide a statistically significant reference file of chromato­
grams. The samples differed in taxonomic classification at the 
order, family, genus, species, and strain levels. Binary and 
ternary mixtures of bacteria at various levels of taxonomic 
diversity were then analyzed by PGLC. A computer program 
was developed to identify bacteria in samples analyzed by 
comparing chromatograms of mixtures of species, with chro­
matograms for the individual strains stored in a computerized 
reference file (7). 

Experimental 

Apparatus, Pyrolysis of bacterial samples was carried out 
using a CDS 150 pyrolyzer (Chemical Data Systems, Oxford, 
Pa.). A probe of platinum wire 152 mm long and 0.36 mm in 
diameter formed into a coil 3.0 mm i.d. by 15 mm long was 
used to pyrolyze cells that were loaded into a 3.0 mm o.d. 
quartz sample tube as depicted in Figure 1. With the tube in 
place, the probe was inserted into a heated interface attached 

1 Present address, Air & Water Conservation Group, Technology 
Department, Amoco Chemicals Corp., Chicago, Ill. 60680. 

to the inlet of gas chromatograph. Figure 2 is an exploded view 
of the pyrolysis probe, quartz sample tube, and gas chroma­
tograph interface. 

All chromatographic analyses were carried out on a Varian 
Model 2700 dual column gas chromatograph (Varian Instru­
ment Division, Palo Alto, Calif.). The pyrolysate was eluted 
onto a column packed with 110- 120 mesh Chromosorb W, 
washed with acid and treated with dimethylchlorosilane. The 
column was coated (5% by weight) with Carbowax 20M-TPA. 
During operation, the columns were programmed from 30 'C 
at ignition of the probe to 250 ·C at the rate of 10 ·C/min. The 
columns were then held at 250 ·C until the analysis was 
complete, approximately 45 min after ignition of the pyrolyzer. 
These do represent relatively severe operating conditions for 
these columns, which resulted in a usable column life of ap­
proximately 1100 analysis cycles. Columns were replaced when 
the loss of support phase resulted in poor separation as iden­
tified by the loss of total peak response and/or the loss of peaks 
from the final minutes of the chromatogram. The dual hy­
drogen flame ionization detectors were maintained at 275 ·C 
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Table I. Taxonomic Classification of Bacteria 

order 

Eubacteriales 

Pseudomonadales 

tamlly 

Micrococcaceae 
Enterobacteriacae 

Pseudomonadaceae 

genus 

Streptococcus 
Escherichia 

Enterobacter 
Proteus 
Salmonella 
Shigella 

Pseudomonas 

species 

faecalis 
aurescens 
coli 

aerogenes 
rettgeri 
typhimurium 
flexneri 
sonnei 
aeruginosa 
fluorescens 

ATCC 
strain no. 

19433 
12814 
11303" 
12435 
13048 
25932 
23564 
12661 
9290 

10145 
13525 

Table II. Mean Retention Times and Peak Area Percents for E. coli ATCC 11303 (N = 46 Samples) 

peak 
no. 

2 

3 
4 

5 

6 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

mean 
retention 

Ume, 
min 

0.37 
0.50 
0.77 
0.81 
0.93 
1.10 
1.25 
1.39 
1.61 
1.78 
1.89 
1.98 
2.06 
2.34 
2.53 
2.76 
3.24 
3.39 
4.01 
4.48 
4.81 
6.30 
6.80 
7.22 
7.87 
8.62 
9.18 

10.35 
11.52 
12.12 
12.41 
12.96 

sid 
dey, 
min 

0.06 
0.01 
0.02 
0.08 
0.06 
0.03 
0.04 
0.12 
0.06 
0.02 
0.06 
0.06 
0.11 
0.09 
0.03 
0.02 
0.07 
0.09 
0.02 
0.02 
0.04 
0.03 
0.Q4 

0.04 
0.04 
0.03 
0.05 
0.02 
0.05 
0.03 
0.05 
0.03 

mean 
peak 
area, 

% 

0.0407 
42.6616 
0.0792 
0.7131 
0.3079 
0.0606 
0.0603 
0.2168 
0.7935 
3.2963 
0.8485 
1.4577 
0.9906 
0.8284 
1.6048 
3.7560 
0.8636 
0.4041 
0.1781 
0.4380 
0.0563 
0.4870 
0.2562 
0.9470 
0.1262 
0.2879 
0.4474 
0.1627 
0.6683 
0.2334 
0.1847 
1.2086 

sid 
dey, 
% 

0.0120 
1.5239 
0.0216 
0.0533 
0.0010 
0.0454 
0.0220 
0.0346 
0.0350 
0.5166 
0.0222 
0.1600 
0.1430 
0.1054 
0.3200 
0.8139 
0.0954 
0.1006 
0.0145 
0.0654 
0.0059 
0.0872 
0.0246 
0.0437 
0.0990 
0.0801 
0.0625 
0.0196 
0.0125 
0.0642 
0.1220 
0.0987 

under hydrogen flowing at 0.5 mLis and air zero gas at 5 mLis. 
The detector electrometer was operated at a sensitivity of 2 
X lO- iO A/mV. 

The chromatograph was fitted with Varian dual hydrogen 
flame ionization detectors, whose current output was con­
verted to a potential signal by a Varian dual-differential 
electrometer. The electrometer output was recorded on a strip 
chart recorder. The electrometer output was also digitized by 
a Varian Model 101 electronic di!(ital integrator whose printed 

peak 
no. 

22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

45 
46 
47 
48 
49 
50 
51 
52 
53 

mean 
retention 

time, 
min 

13.61 
14.22 
14.83 
15.28 
16.21 
16.78 
17.19 
17.90 
18.41 
18.80 
19.64 
19.88 
20.25 
21.01 
21.27 
22.63 
23.06 
23.42 
24.15 
24.75 
25.02 
25.39 
26.73 
27.81 
29.16 
30.49 
31.27 
32.28 
33.18 
34.38 
36.46 
41.50 

sid 
deY, 
min 

0.04 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.04 
0.04 
0.05 
0.04 
0.04 
0.04 
0.05 
0.05 
0.04 
0.02 
0.05 
0.03 
0.03 
0.02 
0.05 
0.03 
0.03 
0.02 
0.05 
0.05 
0.04 
0.04 
0.05 
0.03 
0.04 

mean 
peak 
area, 

% 

1.2526 
0.2919 
1.1767 
0.1553 
0.5855 
0.4117 
3.4627 
0.8007 
0.4687 
2.6359 
0.3868 
0.5251 
0.3011 
1.7811 
0.4373 
1.1474 
2.6536 
0.6809 
1.2326 
0.2749 
0.8286 
1.0761 
0.6857 
2.7898 
1.0919 
1.1983 
0.7035 
1.318& 
1.0021 
1.6408 
2.0252 
0.1439 

99.83 

sid 
dev, 
% 

0.2634 
0.0238 
0.2398 
0.0066 
0.0652 
0.0387 
0.0367 
0.0272 
0.1626 
0.5515 
0.0997 
0.0784 
0.0019 
0.5092 
0.0894 
0.5550 
0.1265 
0.0842 
0.0579 
0.0080 
0.1052 
0.6337 
0.0789 
0.2992 
0.5120 
0.8943 
0.0945 
0.8594 
0.2796 
0.3654 
0.0762 
0.0054 

output included the peak number, method of separation of 
adjacent peaks, retention time, peak area, and peak area 
percent. The output of the integrator is in two forms, digital 
d.c. electronic voltage pulses and hard copy digital paper tape. 
While the electronic signal could be recorded on magnetic tape 
or interfaced directly with a computer, we chose the less ex­
pensive option of punching cards from the paper tape readout. 
A block diagram of the sample analysis and signal processing 
equipment is depicted in Figure 3. 
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Stock Cultures. In order to have reference strains of bac­
teria differing at the order, family, genus, species, and strain 
levels, 11 different cultures were used in the study. These were 
obtained in lyophilized (freeze-dried) form from the American 
Type Culture Collection (ATCC), Rockville, Md. The taxo­
nomic classification of the bacteria used is reported in Table 
I. 

Procedure. Cells from the stock cultures were prepared for 
PGLC analysis by vacuum filtering 20-mL portions of re­
frigerated (2°C) culture material through a 0.45-llm mem-
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brane filter. The filters were then washed with 100 mL of 
sterile water and placed in 60-mm sterile petri dishes for 
storage prior to sampling. 

Samples to be pyrolyzed were loaded into preweighed, 
sterile quartz sample tubes by moving 1m open end of the tube 
over the cell mass on the filters as depicted in Figure 1. The 
loaded tubes were then weighed on a Cahn RG electrobalance. 
Immediately after weighing, the loaded sample tubes were 
placed in the coil probe. The probe was then inserted into the 
pyrolysis interface which was maintained at 175°C under a 
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Figure 5. The effect of bacteria classification on PGlC response. two chromatograms of E. coli and one of E. aurescens: (A) E. coli AlCC 11303, 
196 iL9: (B) E. coli AlCC 12435. 187 1l9: (C) E. aurescens AlCC 12804. 192119 

helium carrier gas sti'eatn at a flow rate of 0.5 mLis. 
Two minutes was required for the interface and chroma­

tograph to reach equilibrium, as detected by stable recorder 
base line, after which the sample was pyrolyzed at 900°C for 
10 s. The pyrolysis products were swept into the gas chrotna­
tographic column and analyzed as described. Data were re­
corded by the digital integrator that was started simulta­
neously with the ignition of the probe and was terminated 
automatically at the end of the analysis cycle (-0.75 h). 

Experiments were also conducted with two or more species 
of bacteria. The procedure for these experiments was the same 

as for those. involving a single bacterium, except the 20-mL 
portions of culture material consisted of smaller aliquots of 
culture material from each individual stock culture. 

Duplicate samples of cells were analyzed according to pre­
scribed (8) membrane filter procedures by taking cellular 
material from the. filters with a quartz sample tube, weighing 
the material, and resuspending it in 100 mL of sterile water. 
This sample was serially diluted to 1/10, 1/100, and 1/1000 the 
initial concentration. The four resulting samples each were 
vacuum filtered through a 0.45-llm membrane filter and 
washed with 50 mL of sterile water. The filters were then in-
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cubated according to the membrane filter technique recom­
mended for the species being analyzed. After incubation, the 
colonies were counted under a microscope at 20X and recorded 
as colony forming units (CFU's) per 100 mL. 

Results and Discussion 

We identified mixtures of bacteria by using a computer 
program to compare peak retention times of the sample 
chromatogram to those in a reference file. If a match was 
found, the program would subtract that reference chro­
matogram of the sample and then search for additional 
matches. 

This process required two preliminary sets of experiments. 
First, a reference file was built using the different bacteria of 
interest. This was done by performing a statistically signifi­
cant number (at least 30) of PGLC runs and averaging the 
retention times and peak areas for all peaks for each bacteri­
um. After the reference file was completed, it was stored on 
magnetic tape. If the standard deviation for each of these two 
measurements is small, then a simple matching and subtrac­
tion technique should readily be able to differentiate between 
bacterial profiles stored in the reference file. 

In addition, we compared the sum of the peak areas with 
the amount of sample pyrolyzed. A strong correlation between 
these two quantities could lead to a determination of the rel­
ative amounts of bacteria in mixtures if the correlation is in­
dependent of the species of bacteria. 

To illustrate the repeatability of the PGLC method, we 
present here, as Figure 4, 3 of the 46 chromatograms which 
were made to generate the data file on Escherichia coli, 
American Type Culture Collection (A TeC) 11303. Figures 4A 
and 4B were chosen as representative of samples of about the 
same weight (196 and 174 p.g), while Figure 4C is the chro­
matogram of a sample considerably lower in weight (52 p.g). 
Note that the upper two chromatograms are virtually iden­
tical. The lower one has smaller peaks but these occur at es­
sentially the same times. Some of the individual peaks are not 
reproducible, for example, the peaks at 4.9 and 27.4 min. 
When the entire 46 runs were analyzed, 11 peaks had standard 
deviations of peak area and/or retention times which were 
greater than our tolerance limits (±5% for peak area and 0.05 
min for retention time). These limits were established on a 
trial and error basis by using the computer program to identify 
samples of known species of bacteria with data stored in the 
reference file. Table II is the summary of this data. In accor­
dance with our tolerance limits, the 11 peaks marked with 
asterisks were deleted from the computerized data file. This 
permitted consistent, reliable computer matches to be ob­
tained between the reference file and samples of known bac­
terial composition. While the 11 peaks represent approxi­
mately 15% of the number of events in the chromatogram, 
their elimination from the reference file is not significant. 
These peaks, and most others discarded in the generation of 
reference chromatograms for the other species, occur in the 
first 10 min of the chromatogram where there are many peaks. 
Since many sequential peaks in this portion of the chro­
matogram are skewed and have peak widths up to 0.1 min in 
duration, precise matching of peaks in this region is extremely 
difficult. This problem does not occur in analyzing the last 30 
to 35 min of the chromatogram where the number of peaks are 
fewer and more widely spaced and the chromatograms are 
more unique from one species to the next. 

At least 48 and as many as 60 reproducible peaks were de­
tected in each of 11 strains of bacteria we studied. This com­
pares favorably with the 30 to 40 peaks reported by Reiner (9). 
The slightly larger number of peaks in the present work may 
be due in part to the higher pyrolysis temperature used, 900 
vs. 800 ·C. Our attempts at even higher temperatures pro-
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duced fewer peaks, all of which eluted faster. It appears the 
pyrolysis products at higher temperatures are a small number 
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of compounds that differ only slightly from one species to 
another. 

The variation in the chromatograms of the different bac­
teria is illustrated in Figure 5, which represents two strains 
of one species, and two species from the same genus. Figures 
5A and 5B represent two strains of the same species (E. coli, 
ATCC 11303 and ATCC 12435, respectively). Figures 5B and 
5C represent two species of the same genus (E. coli A TCC 
12435 and E. aurescens ATCC 12814, respectively). The three 
chromatograms have been chosen such that the sample 
weights are about the same. We note there is less variation in 
retention times and peak areas between the'two strains of E. 
coli than there is between either of the two E. coli strains and 
E. aurescens. We concluded that the method, as we have ap­
plied it, is sensitive enough to differentiate between two tax­
onomically related species of bacteria, but perhaps not be­
tween two strains of the same bacterium. 

Since there is some visual difference between the chro­
matograms of the two E. coli strains, we analyzed them in 
detail to see if the d ifference is great enough to differentiate 
between them. To do this we matched the signature infor­
mation of the two strains in turn with the statistical infor­
mation stored for all bacteria on magnetic tape. We found we 
could identify the chromatogram of individual bacterial 
species. However, the computer match could not discriminate 
between the two strains if the species was E. coli. At this time, 
we do not know if the limitations to reliable identification and 
differentiation at the strain level are due to inherent limita­
tions in the equipment, the analytical procedure, or our 
identification algorithm. 

In addition to the qualitative results already described, we 
used the computer program to obtain quantitative results 
from the PGLC analyses of individual strains and mixtures 
of strains. By recording the total peak area response obtained 
from the PGLC analyses of preweighed samples of cellular 
material, we were able to obtain the signal response to cellular 
mass relationship depicted in Figure 6. As can be seen from 
the graph, the signal response was fairly linear for samples 
having masses between 50 and 500 !,g. In order to permit a 
direct comparison between the number of CFU's detected by 
membrane filter counts and PGLC response, duplicate sam­
ples of weighed cellular material were incubated for subse­
quent colony counting. As can be seen from Figure 7, an ex­
ponential relationship between membrane filter counts and 

sample mass was found. By equating the two expressions 
obtained in terms of the mass of cellular material, the equation 
and graph on Figure 8 resulted. This equation: 

Z = 0.0314(8.08 X 1O-7y + 17.5)2.26 (1) 

where Z = membrane filter counts, CFU's per 100 mL, and 
Y = total peak area,!, V,s, was used in analyzing mixtures of 
bacteria to determine the contribution to the chromatogram 
due to each individual species present in the sample. 

When the computer program finds all the peaks in one of 
the reference files are present in a sample, it subtracts the 
scaled mean peak areas of that reference file from the sample 
chromatogram. The scale factor is computed so as to subtract 
the most signal without any residual peak area being negative. 
It is then used to quantify the amount of that bacteria present 
in the sample by using Equation 1. Results from the analysis 
of mixtures of stock cultures indicate the procedure is highly 
reliable in the identification of these samples. 

To see what this technique would yield when applied to a 
mixture of two strains of the same bacteria, a sample was 
prepared containing approximately equal amounts of the two 
E. coli strains. Figure 9 is a chromatogram of this mixture. As 
can be seen by comparing Figure 9 w'ith the representative E. 
coli chromatograms in Figures 4 and 5, it is visually difficult 
to identify those peaks attributable to each strain. This was 
verified by usirig the computer program, which was not able 
to recognize that two strains were present. From an environ­
mental standpoint, this result is a desirable one. A method so 
sensitive as to differentiate at the strain level would probably 
not be useful in the analysis of secondary treatment plant 
effluent. 

Work has begun on the detailed analysis of environmental 
samples. We are attempting to improve results at the strain 
level of diversity and to determine whether the procedure can 
be used to differentiate between whole, viable cells and dead 
cellular material. Refinements and adjustments must be 
made, primarily in the areas of sample preparation and the 
computer matching procedure. Preliminary results, though, 
show that with further modification the method can be ap­
plied for the analysis of bacteria in samples of sewage treat­
ment plant effluent. 

Conclusions 
• PGLC analysis of species of bacteria yielded chromato-
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grams unique for each species analyzed. 
• A computer program was written that permitted the 

identification of individual species in mixtures of stock cul­
tures. 

• The PGLC technique/computer program was not able 
to differentiate between different strains of the same species 
of bacteria. 

• Relationships were obtained between signal response, 
colony counts, and the mass of cells analyzed. The relation­
ships were capable of quantitatively differentiating between 
different species in mixtures of stock cultures. 

• The PGLC procedure/computer program could be used 
to a limited extent ill identifying bacteria in samples of sec­
ondary treatment plant effluent. 
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Silicon and Aluminum In Urban Aerosols for Characterization of Atmospheric Soil 
Particles in the Nagoya Area 

Satoshi Kadowaki 
Aichi Environmental Research Center, 7-6, Nagare, Tsuji-machi, Kita-ku, Nagoya 462, Japan 

• Measurements of size distributions and concentrations of 
Si and Al in urban aerosols were made in Nagoya, Japan, and 
the behavior of the atmospheric soil particles is described. The 
size distributions for both elements suggest that more than 
90% of the mass of Si and Al in the atmosphere originates from 
soils. The average concentrations of Si and Al in the three 
seasons except spring Were 2.30 and 0.812 ,..g/m3, respectively. 
In the spring, yellow sand dusts called Kosa were transported 
from North China to Japan, so that the concentrations of both 
elements increased to 5.33 and 1.88 ,..g/m3, respectively. 
However, the size distributions and the concentration ratio 
of Si/ Al were almost constant throughout the year. The con­
tribution of soil dust to the total suspended particulate matter 
is also discussed. 

Measurements of the size distributions and chemical 
compositions of particles in ambient air are Important in 
understanding the sources, behavior, and mechanisms of 
formation of particles in the atmosphere. 

It is generally concluded that fine particle sizes arise from 
man's activities, including combustion processes and the 
conversion of pollutant gases, whereas coarse particle sizes 
originate mainly from natural activities, such as wind erosion 
of land and sea surfaces (1, 2). Whitby and co-workers (3-6) 
have reported that the size distribution of atmospheric par­
ticles is usually bimodal, with one mode occurring beiow 1-2 
,..m and another in the 5-15-,..m range. In the previous papers 
of this series (7,8), the a!lthor represented the relationship 
between the bimodal distribution of atmospheric particles and 
the size distributions of sulfate, nitrate, and ammonium, which 
were principal components associated with seconda,ry particles 
from anthropogenic sources. Atmospheric soil particles 
comprise the bulk of primary particles from natural sources 
as well as sea salt particles. Si and Al are the two most abun­
dunt elements in the crust next to oxygen, so that the size 
distributions for Si and Al in atmospheric particles contribute 

to an understanding of the behavior of soil particles in ambient 
air. On the other hand, the concentration ratio of Si/ Al in at­
mospheric particles is also important in estimating the mineral 
composition of soil particles (9). The size distribution for Al 
has been reported by several groups of workers (10-13); 
however, the information on the size distribution for Si is very 
meager because of the difficulties in fractionating and col­
lecting sufficient materials for chemical analysis. The present 
study was undertaken to clarify the size distributions for Si 
and Al in atmospheric particles and the relationship between 
the size distribution of total suspended particulate (TSP) and 
those of both elements. Measurements were made in Nagoya 
from September 1976 to September 1978. Fractions of part i­
cles collected with an Andersen cascade impactor were ana­
lyzed for Si and Al by means of spectrophotometric methods 
after alkaline 'fusion. From the results of the size distributions 
and concentrations for Si and AI, the behavior of atmospheric 
soil particles i~ the Nagoya area could be discussed. 

Experimental 

Sampling Procedure. Air samples were collected at the 
Aichi Environmental Research Center in a mixed residen­
taillight industry area of Nagoya by use of a Model 21-000 
Andersen sampler manufactured by 2000 Inc. The sampler 
consisted of eight stages followed by a Whatman 41 (cellulose) 
backup filter. Atmospheric particles were fractionated into 
size classes <0.43,0.43-0.65,0.61>--1.1,1.1-2.1,2.1-3.3,3.3-4.7, 
4.7-7.0,7.0-11, and> 11 JIm equivalent aerodynamic diam­
eter. 

The sampler was operated at 1 cfm (28.3 L/min); the col­
lecting surfaces were stainless steel plates. In order to collect 
enough particles for chemical analysis, sampling times were 
5-8 days, depending on air pollution and weather condi­
tions. 

Analysis of Silicon and Aluminum. Atmospheric particles 
collected on each impactor plate were scraped with a "po­
liceman" and transferred respectively to 200-cm:1 beakers with 
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Figure 1. Approximate trajectory of yellow soil dust called Kosa from 
North China to Japan 
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Figure 2. Log probability plot of size distributions for silicon, aluminum, 
and TSP at Nagoya, May 12-18. 1978. Mass median diameters are 5.7 
I'm (Si), 5.8 I'm (AI), and 0.68 I'm (TSP) 

150 cm3 of distiJJed water. The suspended solutions were fil­
tered by use of Toyo No. 7 (cellulose, 11 cm diameter) fil­
ters. 

The water-insoluble fractions collected on the filters were 
dried by keeping them in a drying oven for 1 h at 100·C and 
ashed in 30-cm3 nickel crucibles at 550 ·C, and then solubi­
lized by fusion with Na2COa (300 mg) over a Meker burner. 
The fused samples were dissolved with water and analyzed 
for Si and Al by absorption spectrophotometry. The backup 
filter was ashed in a nickel crucible at 550 ·C and treated in 
the same way as the impactor plates. Si was determined by the 
molybdenum blue method (14, 15) for which a coefficient of 
variation, CV, of 8% was found. Al analysis was done by the 
Chromazurol S-hexadecyltrimethylammonium chloride 
method (16). The CV of this method was about 10%. The ac­
curacy of the procedure, established by ashing, fusion, and 
analysis of the cellulose filters spiked with known amounts 
of Si and AI, averaged 95% (17). 

Size distribution curves of TSP, Si, and Al were calculated 
as in the previous papers (7, 8,18), but in this paper the par­
ticle size range, t:. log Dp, was used instead of t:. In Dp, fol­
lowing Husar's advice (19). 
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Figure 3. Size distributions for silicon, aluminum, and TSP at Nagoya, 
May 12-18, 1978 
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Figure 4. Log probability plot of size distributions for silicon, aluminum, 
and TSP influenced by Kosa at Nagoya, March 12-18, 1977. Mass 
median diameters are 4.2 I'm (Si), 4.0 I'm (AI), and 2.9 I'm (TSP) 

Results and Discussion 

When atmospheric soil particles in Japan are discussed, 
the influence of the yellow loess particles called "Kosan must 
be taken into consideration. In the arid desert regions of North 
China and Mongolia of the Asiatic Continent, heavy dust 
storms frequently occur on a very wide scale in the spring. 
Kosa is the yellow sand dust that arises from a dust storm in 
an arid area of the northern part of China, which is trans­
ported to Japan (Figure 1). These yellow soil particles are 
observed in almost all regions of Japan, especially in 
spring. 

Figure 2 shows typical examples of cumulative size distri­
bution of Si, AI, and TSP in urban air at Nagoya, and those 
size distribution curves are shown in Figure 3. As shown in 
Figure 2, about 95% of the atmospheric Si and Al were con­
centrated in the particles larger than 2 I'm in diameter. Most 
of the mass of Si and Al was found in the particle size range 
of 3-7 I'm diameter. The mass median diameters (mmd's) of 
Si and Al were 5.7 and 5.8 I'm, respectively. The shape of the 
Si cumulative size distribution curve was in good agreement 
with that of AI, and the log probability plots gave an ap-
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Figure 5. Size distributions for silicon, aluminum, and TSP influenced 
by Kiisa at Nagoya, March 12-18, 1977 

Table I. Size Characterization of Atmospheric Silicon 
and Aluminum at Nagoya (September 1976-
September 1978) 

av % 01 ma .. 
> 2.1 I'm In 

sampling no. of av mmd, pm dlam ----
period samples 51 AI SI AI 

spring (Mar-May) 10 5.7 5.1 93 93 
summer (June-Aug) 10 6.6 6.0 93 92 
autumn (Sept-Nov) 9 5.6 5.1 91 92 
winter (Dec-Feb) 9 6.4 5.6 90 91 

Table II. Average Concentrations of Atmospheric 
SiliCon, Aluminum, and TSP at Nagoya (September 
1976-September 1978) 

.. mpllng no. 0/ SI, AI, concn rat50 TSP, 
period ........ s J£G/m3 pglm3 0/ SIIAI I'SI/m' 

spring 10 5.33 1.88 2.8 86.9 
summer 10 2.05 0.747 2.7 76.7 
autumn 9 2.43 0.901 2.7 71.5 
winter 9 2.42 0.788 3.1 57.8 

proximately straight line. The size distribution of TSP was 
a bimodal distribution consisting of a coarse (>2/1m diameter) 
and fine «2/1m diameter) particle peak, as seen in Figure 3. 
In contrast to TSP, the size distributions for Si and Al were 
approximately log normal, and both were in good agreement 
with the coarse particle peak of TSP. 

Figure 4 shows the cumulative size distributions of Si, AI, 
and TSP in urban air at Nagoya when Kosa was observed 
clearly, and those size distribution curves are shown in Figure 
5. The size distribution of TSP influenced by Kosa changed 
remarkably in comparison with that ofTSP in the usual urban 
air, as shown in Figure 3, i.e., the distribution shifted toward 
large particle size and the coarse particle peak was predomi· 
nant. On the other hand, in spite of a marked increase of the 
concentrations, the size distribution patterns for Si and Al did 
not change, except the mmd's ofSi and Al became only slightly 
smaller. 

The mmd's of Si and Al on March 12-18, 1977, were 4.2 and 
4.0 /1m, respectively. This slight shift of Si and AI mmd's 
toward a smaller size suggests that the large soil components 
of Kosa (e.g., quartz) fall out as Kosa is transported to Japan 
over the sea, in contrast to the small soil components (e.g., clay 
minerals) that remain in the atmosphere. In Figure 5 the 
shapes of the Si and Al size distribution curves were almost 
completely log normal. Table I summarizes the average mmd's 
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and percent mass> 2.1 /1m in diameter of Si and Al for the 
four seasons at Nagoya from September 1976 to September 
1978. The size distribution patterns of atmospheric Si and Al 
described above were constant throughout the year. More than 
90% of the mass of Si and Ai was found in particles larger than 
2 /1m in diameter. 

Figure 6 shows the variation of concentrations of Si and Al 
in urban air at Nagoya. The concentrations of Si and AI 
changed periodically with the season. The high concentrations 
were found in the spring. The maximum concentrations of Si 
and AI were 10.6 and 3.72 /1g/m:l; on the other hand, the min­
imum concentrations were 1.23 and 0.436 /lg/m", respec­
tively. 

Table II lists the average concentrations and concentration 
ratios of Si and Al for the four seasons at Nagoya. The average 
concentrations ofSi (5.33 /1g/m") and AI (1.88/1g/m") in the 
spring were about 2.3 times higher than those in the other 
three seasons (Si = 2.30 /lg/m'l, AI = 0.812/1g/m"). It is indis­
putable that the high concentrations of both elements in the 
spring are due to the influence of Kosa. However, the con­
centration ratio of Sil Al did not change throughout the year, 
in no connection with the influence of Kosa. 

The overall arithmetic mean Sil Al (N = 38) was 2.9, with 
a standard deviation of only 0.24 and a CV of 8.3%. Figure 7 
is a scatter plot for the concentration of Si against that of AI. 
The correlation coefficient for these data is 0.97. The atmo­
spheric Si/ Al ratio is very significant to estimate the mineral 



Table III. Concentrations of Aluminum In Solis 
conen 01 AI. % 

.... 10 AI,.o • Ala 

alluvial soil b 12.39 6.6 
in Japan 10.79 5.7 

brown forest soil C 18.5 9.8 
in Japan 

loess in China d 11.94 6.3 
9.56 5.1 

15.44 8.2 

• Ai percent values are calculated from the data of AlA percent. • From 
ref 24. C From ref 25. d From ref 26. 

composition of the atmospheric soil particles. This remarkable 
Si-AI correlation and the size distributions for Si and Al de­
scribed above suggest that not only do the atmospheric Si and 
AI originate almost entirely from the soil, but, also, the soil 
components of the atmospheric soil particles do not change 
very much. 'From the results of Figures 2-5 and 7 and Table 
II, it is appropriate to consider that the contribution of at­
mospheric soil particles to TSP matter can be obtained by 
using the two Al (or Si) concentrations in the atmosphere and 
soil. The Al concentration is usually used to estimate this 
contribution. " 

Bear has reported that the Al content of soils, expressed on 
the basis of Aiz03, frequently is in the range of 2-12% (20). 
Miller et al. (21) have reported the Al concentration in soil 
dust of 8.2%, and Friedlander (22) has estimated that the 
contribution of soil dust to TSP matter is 11.4% in Pasadena. 
On the other hand, Kowalczyk et al. (23) have used the Al 
concentration in soils of 5.6% to estimate this contribution in 
the Washington area, and estimated that the concentration 
of atmospheric soil particles is 21.4 p.g/m3• 

In Table III are summarized the Al concentrations of the 
soils that are most abundant on the land surfaces of Japan (24, 
25) and the Al concentrations of loess in China (26), which is 
the source of Kosa. 

In the present study, the contribution of atmospheric soil 
particles to TSP matter has been calculated, assuming that 
the Al concentration in soils is about 6%. The predicted con­
centration and contribution of atmospheric soil particles are 
summarized in Table IV. The average predicted concentration 
of atmospheric soil particles in the three seasons except spring 
was about 14 p.g/m3, and the contribution of about 20% to TSP 
matter was estimated. In the spring period influenced by 
Kosa, a twofold increase of these was found in' comparison 
with the other seasons. 

Summary 

The size distributions and concentrations of Si and Al in 
urban aerosols at Nagoya were measured for the character­
ization of atmospheric soil particles. The Si and Al were pre­
dominantly associated with coarse particles. The size distri­
butions and concentrations of both elements suggest that 
more than 90% of the mass of Si and Al in the atmosphere 
originates from soils. It was estimated that the background 
concentration of soil dust was about 14 p.g/m3, and the con­
tribution of soil dust to TSP matter was about 20%. However, 
in the present study the errors of bounce-off and wall loss in 

Table IV. Contribution of Soli Particles to TSP Matter 
at Nagoya 

ptodlcleda _Ion 01 

abod concn Of lIOII.,.rI_. 
-ling no. 01 .-,.01 lIOII parIIcI ... toTSPmatler. 

period sempl •• AI./lVfrW' "g/m' % 

spring 10 1.88 31.3 36.0 

summer 10 0.747 12.5 16.3 
autumn 9 0.901 15.0 21.0 

winter 9 0.788 13.1 22.7 

• Values are calculated by use of AI concentralion in solis of 6 % . 

the sampling procedure are not taken into consideration, so 
that the concentrations and mmd's of Si and Al may be 
somewhat increased compared to those presented above. 
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Trihalomethane Yields as a Function of Precursor Molecular Weight 

Jerald L. Schnoor', James L. Nltzschke, Rick D. Lucas, and John N. Veenstra 
Civil and Environmental Engineering, The University of Iowa, Iowa City, Iowa 52242 

• The trihalomethane (THM) yield on a total organic carbon 
(TOC) basis was measured as a function of the molecular 
weight of precursor organics in the Iowa River. Gel permeation 
chromatography with Sephadex G· 75 gel was utilized to 
separate naturally occurring organics into apparent molecular 
weight fractions that were subsequently chlorinated to 2 mg/L 
of free residual and analyzed for THMs. Ninety percent of the 
organics in the Iowa River were of mol wt less than 3000, while 
75% of the THMs were derived from the mol wt less than 3000 
fraction. It was found that bromoform was derived from only 
the smallest organics of mol wt less than 1700. 

The National Organics Reconnaissance Survey (NORS) was 
sponsored by the U.S. Environmental Protection Agency 
(EPA) in 1974 and 1975 to determine the concentrations of 
carbon tetrachloride, 1,2·dichloroethane, and four trihalo· 
methanes (THMs), which were chloroform, bromodichloro­
methane, dibromochloromethane, and bromoform in 80 city 
water supplies (1). Contamination of drinking waters with 
these known or suspected carcinogens was widespread at the 
parts per billion level. About the same time, Rook (2) and 
Bellar et al. (3) stated that halogenated organics are formed 
during the chlorination of water for disinfection. Subse­
quently, the National Organics Monitoring Survey (NOMS) 
was conducted to determine the frequency and concentration 
of many specific organics in drinking water supplies (4). The 
result of these surveys and the Safe Drinking Water Act of 
1974 (PL 93-523) has been the proposal of a maximum con­
taminant level (MCL) of 100 I1g/L for trihalomethanes pub­
lished by the U.S. EPA in the Federal Register on Feb 9, 
1978. 

The formation ofTHMs in water treatment plants during 
and following chlorination involves the reaction between 
hypochlorous acid and organics to form chlorinated organics 
including THMs. The chemical nature of the organic pre­
cursors and the reaction mechanisms have been hypothesized 
(5-8), but experimental data on the molecular weights (mol 
wt) of these precursors are lacking. 

Because control of THM production by precursor removal 
may be the best approach for decreasing THMs in finished 
water, knowledge of the precursor identity and molecular 
weight is valuable. This information may be useful in the de­
sign of adsorbents or other treatment systems and provide 
clues as to the origin of these compounds. The objective of this 
study was to determine the apparent molecular weight range 
of THM precursor compounds in the Iowa River and Coral­
ville Reservoir near Iowa City. Soluble organics from Iowa 
River water were size-fractionated by gel permeation chro­
matography, and the fractions were chlorinated and analyzed 
for THM yields by electron-capture gas chromatography. 

Site Description 

Samples for this investigation were obtained above and 
below the Coralville Reservoir. Upstream samples were col­
lected at Johnson County Road O. Samples at the outflow for 
the reservoir were collected from the Iowa River about.1 mile 
below the Coralville Dam, at old highway 218. 

The Iowa River Basin is located in the eastern half of Iowa. 
The river rises in north-central Iowa and flows in a 
southeasterly direction for approximately 255 miles before 
entering the Coralville Reservoir. The drainage basin com­
prises an area of 3115 square miles and is characterized by rich 

prairie soil formed by the Wisconsin, Iowan, and Kansan 
glacial drift. Agricultural runoff is the major source of water 
pollution in the Iowa River Basin, since over 90% of the area 
is in agricultural use. The magnitude of industrial and mu­
nicipal discharge of organic pollutants into 'the Iowa River and 
its tributaries is relatively small, with Marshalltown being the 
only city with greater than 10000 population existing in the 
basin area above the reservoir. 

Coraiville Reservoir is located in eastern Iowa, about 3 miles 
north of Iowa City. At the conservation pool level, 680 ft above 
sea level, it forms a lake 21. 7 miles long, with a surface area of 
4900 acres and a capacity of 40 300 acre ft. The reservoir is a 
shallow, eutrophic impoundment with extensive littoral areas 
where there is a close association between the zones of pho­
tosynthesis and decay. Below the reservoir, the Iowa River 
serves as the raw water supply for The University of Iowa and 
Iowa City. 

Experimental 

Grab samples from the Iowa River were taken at a depth 
of 1 ft, both upstream and downstream from the Coralville 
Reservoir, Iowa. The sample was centrifuged at 2000 rpm in 
a Damon/lEC HN-S centrifuge to remove suspended solids 
and was subsequently stored at 3 ·C for 1 to 3 weeks. 

Concentration of the samples was carried out by freeze­
drying. The centrifuged sample was frozen at -20 ·C and 
freeze-dried in a lyophilizer. A volume of 500 mL required 
approximately 2 days for complete removal of water. The 
freeze-dried residue was dissolved in 2 mL of elution water, 
which had been predistilled, purified with a Millipore Milli-Q 
system, and purged with nitrogen gas to strip THMs. It con­
tained a 0.01 M solution of K2HP04 and KH2P04 to provide 
buffering capacity, and a 0.02% concentration of sodium azide 
to serve as bactericide. The pH of the elution water was 6.95. 
This redissolution resulted in a 250-fold increase in concen· 
tration of the nonvolatile organics. The undissolved (inor­
ganic) solids were then removed by centrifugation. 

To achieve the required fractionation of the organic com­
pounds according to molecular weight, gel permeation chro­
matography with Sephadex (Pharmacia Fine Chemicals, 
Uppsala, Sweden) dextran gels was performed. Sephadex G-75 
was utilized with an upper exclusion limit of 50 000 and a lower 
exclusion limit of mol wt -1000. 

The columns were constructed of polyethylene with brass 
fittings and Teflon tubing. Column dimensions were 2.2 em 
X 60 em with a bed volume of 164 mL. Columns were operated 
downflow at a rate of 40 mL/h with a constant head of 50 
em. 

Calibration of the columns required protein compounds of 
known molecular weight including: bovine serum albumin 
(BSA) monomer, mol wt 66 500; ovalbumin, mol wt 43 500; 
trypsinogen, mol wt 23560; cytochrome c, mol wt 12 380; and 
bacitracin, mol wt 1500. Blue dextran 2000, with a mol wt of 
2 X 106, was used to determine the void volume of the column. 
The calibration curve of Sephadex G-75 resulted in a straight 
line on a plot of log molecular weight vs. elution volume. 

Next, the concentrated sample of 2-mL volume was injected 
onto the column and eluted with approximately 200 mL of 
elution water. Separation of the compounds was on the basis 
of the molecular exclusion principle; molecules are eluted from 
the gel in decreasing order of size. Collection of the eluant in 
2.5-mL volumes was followed by measurement of total organic 
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carbon (TOC) concentration. A plot was then made ofTOC 
vs. elution volume, resulting in a chromatogram. 

Following fractionation, the 2.5-mL elution samples were 
combined into groupings of various molecular weight ranges 
and stored in acid-washed flasks at 3 ·C. The number of mo­
lecular weight fractions varied from four to nine per 
sample. 

For sample chlorination, an attempt was made to simulate 
chlorination conditions at The University of Iowa lime-soft­
ening water treatment plant, which chlorinates to a free 
chlorine residual concentration of 1.5-2.5 mglL. Duplicate 
10-mL samples were prepared from a size fraction containing 
a high TOC concentration. The pH of one of the duplicate 
samples was adjusted upward to 10.8 (from ~7), by adding 
0.02 mL of 0.02 N NaOH (Baker Analyzed Reagent grade). 
This is a typical pH found during the course of lime softening 
at the University plant- The sample was then chlorinated with 
6 mglL CI by a<!dition of NaOCI solution (Fisher Scientific 
Co., 4-6% NaOCI, Laboratory grade). The chlorine solution 
was applied with a l00-/oIL Hamilton gas tight syringe, accu' 
rate to 1 /oiL, and checked with an o-tolidine-arsenite (OTA) 
test after 5 min to confirm a 2 mglL free residual. The drop 
in pH following the addition of NaOCI was found to be neg­
ligible. The remainder of the sample fractions were chlori­
nated in the same manner, using this dosage. The chlorinated 
sample fractions were then stored in the absence of light at 3 
·C and allowed a reaction time of approximately 10 h, to 
simulate the distribution system. 

A Tracor Microtek MT-220 gas chromatograph (GC) 
equipped with a nickel-63 electron capture detector was used 
for qualitative and quantitative THM analysis. The 6 ft X 0.25 
in. U-shaped glass column was packed with 4% SE-30 and 6% 
OV -210 on SO/I00 mesh Gas-Chrom Q Support. High purity 
nitrogen was employed as the carrier gas. The instrumental 
parameters for gas chromatographic analysis were as follows: 
carrier gas flow rate, 40 cm3/min; column temperature, 70 ·C; 
inlet temperature, 230 ·C; detector temperature, 245'·C; and 
attenuation, 32 X 102. 

Standard solutions of each of the four THMs were made up 
in THM-free water (predistilled, purified with a Millipore 
MiIIi-Q system and purged for 2 h with high purity nitrogen 
gas). 

A minimum of four standards were used to plot the cali­
bration curve (peak height vs. concentration) for each halo­
form. Prior to analysis for THMs, it was necessary to make a 
series of dilutions of each chlorinated sample to ensure that 
the concentrations would fall in the linear range on the cali­
bration curve. The dilution water contained 4 mg/ l00 mL 
ascorbic acid (Baker Analyzed Biochemical Grade, J, T. Baker 
Chemical Co.) to provide a stoichiometric excess of reducing 
agent to dechlorinate the samples and prevent any re'inaining 
residual chlorine from reacting with trace organic precursors 
in the THM-free dilution water. The ascorbic acid in no way 
interferes with THM analysis via electron-capture gas chro­
matography (9). 

THM analysis was then conducted on dilutions of the 
chlorinated samples by a liquid extraction method (10). 
THMs were determined in a 3-/oIL aliquot of the pentane­
extracted phase by gas chromatography. 

To avoid potential problems with contamination, the purity 
of the pentane and cleanliness of the glassware used in this 
analytical procedure were of primary importance. It was found 
that even spectrophotometric grade pentane may contain 
interfering peaks at low concentrations. However, lot numbers 
of pentane were located with acceptable contamination levels. 
All glassware was rigorously cleaned with chromerge, rinsed 
with THM-free water, and dried in a 200 ·C oven. Frequent 
blank runs were performed to ensure the absence of artifacts 
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Figure 1. Chromatogram showing fractions chlo<inated fo< Oct 10, 
1977, Iowa River, G-75 column 

99.9 

99.8 

99.!l 

(-' 
a 

99 

" 
U to E! 

z 
g 

" o 8 
~ " fl ~ 90 w 
-' 
~ 

80 z 
w 
u 

~ 
w 
> 

S 
~ 

3 

o HI GHWAY D, UPSTREAM 
C. HI GHWAY 218, DOWNSTREAM 

2 :3 !l 7 10 20 30 ~ 

MOLECULAR WE IGHT, (10~) 

Figure 2. Cumulative percent of TOC less than a given molecular 
weight, Iowa River, Oct 17-Nov 21. 1977 

and background contamination. Details of experimental 
procedures are given by Nitzschke (11) and Lucas (12). 

Results and Discus.~ion 

An example of a chromatogram is shown in Figure 1 from 
a sample of the Iowa River upstream from Coralville Reservoir 
on Oct 10, 1977. Note the first peak in TOC ranged from 40 
to 72 mL and corresponds to organic compounds with mo­
lecular weights greater than 50 000. This first peak decreased 
sharply after Oct 10, and the percentage of organics greater 
than mol wt 50 000 decreased from ~ 15 to less than 2% ofthe 
total TOC present in the concentrated sample. The decrease 
in large organic compounds may have been caused by a sea­
sonal decline in algal productivity and au~hthonous organics 
and/or a decrease in runoff of allochthonous material. 

The apparent molecular weight distribution of TOC was 
determined from the calibration curve of the G-75 column. 
As seen in Figure 2, approximately 1.0% of the TOC was 
greater than mol wt 50 000, 90% was less than mol wt 3000, and 
7% was less than a mol wt of approximately 1000. Therefore, 
a great majority of organics in the Iowa River during No­
vember and December 1977 were compounds of relatively low 
molecular weight, between 1000 and 3000 g/moL 
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Table I. THM Formation and Chloroform Yield as a Function of Precursor Molecular Weight Range for Iowa River, 
December 1977-January 1978 

app TOC, CHCls, CHCI2Br. CHIk,ct, CHBr3. 1'9 L llr~itCl31 
sample mol wi range mglL ppb ppb ppb ppb mg L-1 TOC 

blank 3.4 <0.2 <0.2 <0.2 
I >50000 0.05 4.4 0.4 <0.2 <0.2 2.00 

-33000 0.30 5.4 0.3 <0.2 <0.2 6.67 
111 -20000 0.55 4.2 0.4 <0.2 <0.2 1.33 
IV -10000 0.48 4.6 0.3 <0.2 <0.2 2.40 
V -6000 0.60 4.2 0.3 <0.2 <0.2 1.33 

VI -3000 2.23 15.0 1.4 <0.2 <0.2 5.27 
VII -1700 13.3 43.0 8.0 0.8 0.2 2.98 

V1I1 -1000 34.8 13.0 21 .0 11.0 2.1 0.28 
IX <1000 8.30 11.5 14.3 6.0 1.8 1.01 

total a 61.1 74.7 46.4 17.0 3.9 1.22 

• Total excluding the blank; sample concentration factor "-'2.5; G-75 Sephedex column. 

Losses of organics in the concentration step were consid­
erab�e. The recovery of the TOC in the original sample after 
freeze-drying concentration was approximately 70%. It was 
determined that nearly 100% recovery could be achieved if the 
sample was only partially lyophilized, i.e., not taken to com­
plete dryness. One sample was concentrated by vacuum ro­
toevaporation at 35-40 ·C with a recovery of 81.4%; however, 
100% was recovered if the TOC of the condensate was included 
in the calculation. Apparently, the losses of organics occurred 
primarily due to volatilization of organics. Therefore, this 
work dealt with nonvolative and semivolatile substances. Most 
volatile losses occur from organic compounds of 3-5 carbon 
atoms according to Andelman and Caruso (13). Carbon could 
also have been lost in the redissolution of the freeze-dried 
residue, and approximately 5% of the organics were lost by 
adsorption to the Sephadex gel. This is within the range of 
0-13% reported by other investigators for natural waters (14, 
/5). 

The molecular weight fractions for 16 samples were chlo­
rinated to determine the yield of THMs. Tabular results 
(Table I) are presented for a December-January composite 
of grab samples. Elution water blanks were identically chlo­
rinated to serve as a control. Yields of chloroform were cal­
culated as Jlg/L CHCh per mglL TOC, with 10000 being the 
theoretical stoichiometric maximum. The high CHCh yield 
from sample fraction II (mol wt 50 000-30 000) may have been 
due to contamination at low levels, since it is the only fraction 
which is inconsistent with yields from the high molecular 
weight fractions in other samples. Neglecting this possible 
error, the table then shows that the highest CHCh yield oc­
curred in sample division VI (mol wt 6000(3000), with a lesser 
amount in sample fraction VII (mol wt 3000-1700). The ha­
loform, bromodichloromethane, was also produced along the 
entire spectrum, although at less than 1 ppb in the larger 
molecular weight groups. ; 

The pattern of occurrence for the four THMs in this com­
posite sample, as a function of molecular weight, confirmed 
trends observed in the 15 other samples. Fifteen parts per 
billion of chloroform was detected at r.lol wt 6000-3000. Or­
ganics with mol wt 3000-1700 produced the higl)est concen­
tration ofCHCI3, 43 ppb, and also significant concentrations 
of CHCI2Br and CHBr2Cl. In sample fraction VIII (mol wt 
1700-1000), the CHCla concentration decreased to 13 ppb, 
along with an even greater drop in yield, and CHCI2Br and 
CHBr2CI occurred at their highest concentrations, of 21.0 and 
11.0 ppb, respectively. Bromoform appeared for the first time, 
and in its highest concentration of 2.1 ppb in this fraction. 
Sample division IX, which was composed of compounds with 
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Figure 3. Trihalomethane concentration as a function of precursor 
molecular weight, Iowa River water, December 1977-January 1978 

molecular weights less than 1000, produced less quantities of 
each of the four THMs. 

Figure 3 gives the THM concentrations as a function of 
molecular weight for the December 1977 through January 
1978 composite sample. Concentrations reported are minus 
the blank and include a concentration factor of approximately 
2.5. Primarily, THMs were formed from precursors of less 
than mol wt 6000. Chloroform was detected in greatest con­
centrations from the organic fraction of mol wt 1700-3000. At 
molecular weights less than 1700, bromodichloromethane was 
produced in the highest concentration of any THM, and di­
bromochloromethane and bromoform were detected in sig­
nificant concentrations. The percentage contribution of the 
brominated haloforms is believed to be directly related to the 
bromide concentration of the raw water (16). The bromide 
concentration in Iowa River water was 0.10-0.45 mg/L. 

Data for the 16 Iowa River samples from September 1977 
through January 1978 are plotted as THM yield vs. log scale 
of molecular weight in Figures 4-7. Yields are plotted at the 
lowest molecular weight of the precursor molecular weight 
range. In general, chloroform was detected in concentrations 
greater than the blank throughout the molecular weight 
spectrum, but it primarily resulted from organics of mol wt 
less than 5000. Yields at molecular weights less than 5000 
ranged from 0.0 to 10.9 Jlg/L CHCI:l per mg/L TOC while those 
at molecular weights greater than 10 000 were usually less than 
2.0. Owing to low concentrations of TOC in the higher mo­
lecular weight fractions, there is less precision in the analytical 
measurement and yield calculatiot!. Chloroform yields were 
greatest for the molecular weight ranges from 2200 to 5000 and 
less than 1000. The considerable scatter in the data may reflect 
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Figure 4. Chloroform yield vs. molecular weight 
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Figure 5. Bromodichloromelhane yield vs. molecular weight 

the functional differences in organic moieties with time, and 
proves that chloroform concentrations would be difficult to 
predict based solely on knowledge of the molecular weight and 
the TOC distributions of naturally occurring organics. 

Figures 5-7 gives the yields for the other three THMs as a 
function of molecular weight for the period September 1977 
through January 1978. With each bromine atom added, the 
mean yield decreases and the precursor organics are of lower 
molecular weight. The maximum yield ofCHCh was 10-11 
/lglL per mg/L TOC at molecular weights of less than 5000, 
while the maximum yields for CHCI2Br, CHCIBr2, and CHBra 
were 9.7, 4.5, and 0.36, respectively; all were formed at mo­
lecular weights less than 1000. 

On the average, 75% of the THMs formed from chlorination 
at pH 10.8 of Iowa River water was derived from organics of 
less than mol wt 3000 (Figure 8). The cumulative distribution 
of Figure 8 indicates that both the fraction of less than mol wt 
1000 and the heavier humic substances are important in the 
formation of trihalomethanes. The fraction less than mol wt 
1000 has been cited as including fulvic acid compounds (8). 

Overall yields of total trihalomethanes (TTHMs) varied 
from 2.3 to 7.2 /lglL TTHM per mgIL TOC. There was a slight 
tendency for the sample from below Coralville Reservoir to 
cause higher TTHM yields than that above (significant at the 
90% confidence level, z = 1.9432 in a paired t test). The effect 
could be due to biological degradation and sedimentation of 
the higher molecular weight compounds, which were generally 
less reactive. TTHM concentrations varied from 52 to 177 ppb 
with a mean of 104 ppb in samples that were concentrated 2.5 
times. The effect of impoundment was not dramatic on THM 
formation . 

The average reactant ratios plus or minus 1 SD were as 
follows: 0.04 ± 0.01% of the TOe present in the concentrated 
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Figure 6. Dibromochloromelhane yield vs. molecular weight 
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organics of less than a given molecular weight. October-November 
1977 

sample reacted to form THMs; 1.1 ± 0.4% of the chlorine 
reacted; and 24.1 ± 11.5/lglL of bromine reacted, between 5.0 
and 20% of bromide present. As more chlorine is used in 
chlorination, the chlorine reactant ratio of 1.1 % would be ex­
pected to decline. Reactivity is greatest for bromide, which 
was shown to interact with small organics (mol wt <1700) to 
form CHCI2Br, CHCIBr2, and small amounts of CHBr3. Hy­
pobromous acid can be formed initially via the oxidation of 
the bromide ion by chlorine and has been shown to be more 
reactive than hypochlorous acid (I7). 
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Conclusions 

Ninety percent of the organics in the Iowa River during 
October 1977 to January 1978 were less than mol wt 3000, 
while approximately 7% were less than mol wt 1000. Sev­
enty-five percent of the THMs formed were derived from 
organics of less than mol wt 3000, and 20% on the average were 
derived from compounds of less than mol wt 1000. In general, 
total trihalomethanes were formed in the molecular weight 
ranges where the greatest concentration of TOC was detected, 
but yields of TIHM were larger for the organics less than mol 
wt 1700. Chloroform was primarily a product of chlorination 
of precursors less than mol wt 5000, but the brominated 
THMs formed from smaller organics, less than mol wt 1700. 
Effects due to impoundment were not dramatic, but some 
tendency was observed for greater THM yields downstream 
from the Coralville Reservoir. 
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Water Distribution System, a New Source of Mutagens in Drinking Waters 

David J. Schwartz and Jitendra Saxena" 
Center for Chemical Hazard Assessment, Syracuse Research Corporalion, Syracuse, N. Y. 13210 

Frederick C. Kopller 
Health Effects Research Laboratory, U.S. Environmental Protection Agency, Cincinnati, Ohio 45268 

• Compounds capable of reverting base pair substitution and 
frame shift mutants of Salmonella typhimurium are intro­
duced in some drinking waters during transportation from 
treatment site to the consumers. 

The disclosure of the presence of halogenated hydrocarbons 
and other potentially carcinogenic compounds in drinking 
waters has caused public concern with respect to the quality 
of drinking waters. Generally recognized dimensions of the 
chemical problem in drinking waters are (a) man-made 
chemicals that find their way into drinking water sources from 
pollution and (b) compounds formed during chlorination of 
water supplies. The data presented here show a third and 
potentially important dimension of the problem, which con­
cerns the introduction of mutagenic/carcinogenic substances 
in the distribution process. 

Experimental 

Three medium sized water supplies, each representing 
different raw water sources, wastes/discharges entering the 
raw water, treatment processes, and distribution lines, were 
selected for this investigation (Table I). From each water 
supply, four samples (raw water, finished water, and two 

samples from different locations within the supply network) 
were obtained. All the samples within a single water supply 
were collected on the same day and transported to the labo­
ratory in wet ice. Samples were sterilized by filtration through 
sterile 200-nm Millipore membrane filters. 

.. Concentration of chemicals from the drinking waters was 
performed in the field using flexible polyurethane foam col­
umns (I, 2). Foam columns have been shown to effectively 
concentrate trace quantities of a wide variety of chemicals 
from water (2-5). Chemicals were recovered from 60 L of 
finished and 30 L of raw water. Following exposure to water, 
foam columns were wrapped in aluminum foil to protect from 
light and transported to the laboratory in wet ice. Each foam 
column was eluted successively with acetone (20 mL) and 
benzene (75 mL). The combined eluate was passed through 
a sodium sulfate bed to remove residual water and evaporated 
to 1 mL by rotary evaporation. The mixture was evaporated 
to dryness with prepurified grade nitrogen and redissolved 
in dimethyl sulfoxide for mutagenicity assay. 

For detection' of mutagens, the Ames Salmonella typhi­
murium assay (6), with strain TAlOO as base pair substitution 
mutant and strain TA98 as frameshift mutant, was employed 
after minor modifications. Low concentrations of mutagenic 
substances in unconcentrated waters were determined by 
preparing minimal glucose agar with the test water; thus, test 
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Table I. Details of the Water Supply System Studied 
.... pply type of 
.ystem geograph rawH~ raw H2O 
code location source pollution 

treatment 
provldads 

probable nature of 
distribution line 

sampling 
date. 

A Southeast Ohio River industrial aeration with lime and ferric sulfate, intermix of copper, cast iron, 2·2-78 
waste and phosphate, activated carbon addition, cement·lined ductile iron, and 
sewage filtration, chlorination, and asbestos cement 

fluoridation 

B Midwest lake papermill activated carbon, lime, alum, ferric cement-lined ductile iron 3-13-78 
IYaste sulfate, ammonium sulfate, filtration, 

chlorination, and fluoridation 

C Midwest ground water uncontaminated lime, ferric sulfate, sulfuric acid, cast iron 3-16-78 
source chlorination, and fluoridation 

8 Not necessarily in the proper order of treatment. 
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Figure 1, MutageniC activity of unconcentrated raw water, drinking waters at treatment site, and two samples of distributed waters from supply 
system AP in S. Iyphimurium, strain TA 100. The data represent response with 1, 10, and 20 mL of test water/assay. The increase in the number 
of reverlants at distribution sites A and B over drinking water at the treatment site is best observed at the test water concentration of 20 rrL/assay, 
and is significant at p < 0.05 

water was present in the bottom agar, whereas bacteria and 
activation mix (when added) were present in the agar overlay. 
Modification of the Ames assay in this manner permitted 
incorporation of as much as 20 mL of test water in the assay. 
To substantiate the expected low reversion rates with un­
concentrated drinking waters, efforts were made to obtain 
dose-response data. The volumes of drinking water tested 
were 1, 10, and 20 mL/assay. Mammalian metabolic activation 
of the compounds present in water was achieved by incorpo­
rating rat liver homogenate (S-9) derived ' from male 
Sprague-Dawley rats induced with Aroclor 1254. Standard S-9 
addition was 50 ILL/assay. Mutagenicity assays on all four 
water samples from one water supply were carried out si· 
multaneously, together with a distilled-demineralized water 
control to determine spontaneous reversion, and positive 
controls using known mutagens recommended by Ames (6) 
and benw{aJpyrene (5 ILg/assay). The assays were performed 
in quintuplicate and results expressed as an average. A 
probability of 0.05% or less in the Student t distribution was 

considered to represent a significant increase in revertants 
above spontaneous. 

The chemical concentrates prepared from water, using 
polyurethane foam plugs as sorbent, were evaluated using 
conventional plate incorporation assays and spot tests with 
Salmonella strains TA100 and TA98 as described by Ames 
(6). Studies showed that mutagens and/or toxicants were not 
introduced in detectable quantities from the solvents used for 
column elution and from polyurethane foam. Due to limitation 
on the volume of the concentrate, the assays were performed 
in duplicate only. 

Results and Discussion 

Assay of the unconcentrated raw, treated, and distributed 
water samples from the water supplies coded as AP and CH 
revealed that mutagens were being contributed by the dis­
tribution process (Figures 1 and 2). On the other hand, the 
samples obtained from the water supply coded as WH were 
not mutagenic to any of the tester strains (data not shown). 
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Figure 2. Mutagenic activity of unconcentrated raw water, drinking waters at treatment site, and two samples of distributed waters from supply 
system CH in S. typhimuriumstrain TA 100. The data represent response with I, 10, and 20 mL of test water/assay. The increase in the number 
of revertants at distribution sites A and B over drinking water at !he treatment site was best observed at a test water concentration of 10 mL/assay 
(except for site A, + S9, where 20 mL of water/assay gave optimOOl increase). Level of significance for the increase, p < 0.05 

The treatment processes employed at the water supplies 
AP and eH caused a reduction in the mutagenicity of raw 
waters in Salmonella strain TA1oo. However, upon passage 
of the treated water from these sites through distribution 
pipes, a consistent and significant increase in the level of 
mutagenicity beyond the levels found in raw waters was noted. 
The increase in the number of revertants attributed to the 
distribution process at the water supply AP was 140 for dis­
tribution site A and 85 for site B, for 20-mL sample volume. 
The mutagens introduced were active without liver enzyme 
activation. With the distributed water from the water supply 
eH, the increase in the number of revertants was relatively 
more pronounced at the test water volume of 10 mL/assay. At 
this concentration, the increase in revertants in distributed 
samples over treatment site samples was 120 for distribution 
site A and 45 for site B. The mutagens introduced at site A 
were partially inactivated by liver enzymes. However, the 
number of revertants at site B almost doubled in the presence 
of S-9, demonstrating the presence of mutagen(s) requiring 
mammalian metabolic activation. The dose-response profiles 
shown further confirm the presence of mutagenic compounds 
in the distributed samples. Strain TA98, which detects 
frameshift mutations, did not show a mutagenic response with 
unconcentrated waters from water supplies AP or eH in the 
presence or absence of mammalian metabolic activation. 

None of the water samples showed detectable quantities 
of histidine when assayed by the enzymatic method of Hassall 
(7). The assay permitted detection of as low as 1llg/mL of 
histidine. We feel, therefore, that the increase in the number 
of revertants seen is due to the presence of mutagens in 
drinking waters. The mutagens introduced in the distribution 
process are not volatile in nature (e.g., trihalomethanes, vinyl 
chloride, etc.), since such compounds would be lost during 
vacuum filtration of the test waters andlor maintenance of the 
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minimal glucose agar prepared with test water, at 47 °e in 
order to pour into plates. 

It might be argued that the drinking waters at the treatment 
site contain more residual chlorine than do the waters reaching 
the consumer, and this may be responsible for the reduction 
in the number of revertants in the treatment site sample. If 
chlorine was present in the water in high enough concentration 
to exhibit toxicity, one would expect a decrease in the number 
of revertants with an increase in the volume of water in the 
assay. The dose- response data show that this was not the case. 
Generally, an increase in the volume of test water in the assay 
was accompanied with an increase in the number of revertants. 
Therefore, the decrease in the number of revertants in 
drinking waters at the treatment site was clearly due to the 
removal of mutagens during treatment and not due to the 
influence of residual chlorine. 

The organic mixtures wncentrated by foam plugs from raw 
and drinking waters from the water supplies AP and eH were 
nonmutagenic to Salmonella strain TA 100. The concentration 
o!"the organic mixtures used in the assay represented 100-1000 
mL of water. High concentrations of the concentrate were 
toxic to the bacteria. Since mutagenic activity toward strain 
TAloo was detected in the unconcentrated samples, this 
demonstrates the inability of polyurethane foam to recover 
these mutagens. The organic mixture recovered from the 
distribution system samples of water supply eH exhibited a 
strong mutagenic response in strain TA98 after activation by 
liver enzyme& (Figure 3). It should be mentioned that muta­
genicity toward strain TA98 was not detected in unconcen­
trated samples. The mixture from as little as 100 mL of water 
caused a more than sixfold increase in the number of rever­
tants in the plate incorporation assay. Mutagenic activity was 
not detected in the spot test, which suggests that the mutagens 
were nondiffusible in aqueous media. Since these mutagens 
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were not present in either raw water or finished water at the 
treatment site, they were clearly introduced from the distri­
bution process. Mutagenic compounds active in TA98 were 
not detected in the organic concentrates prepared from the 
samples from water supply system AP. In agreement with the 
results obtained with unconcentrated waters, the organic 
concentrates of water from the water supply WH were non­
mutagenic to Salmonella strains TA98 and TAlOO. 

The data presented here show that the water distribution 
process is able to introdlJce two different classes of mutagens. 
One class, which responds to the base pair substitution re­
vertible strain TAloo, does not adsorb on polyurethane foam 
and acts without metabolic activation. Compounds of this 
class are probably polar and of low molecular weight since they 
could be detected by incorporation in the bottom agar (min­
imal agar). We have observed that when the Ames mutagen­
icity assay is performed by preparing minimal glucose agar in 
the test water, although it allows incorporation of large 
quantities of water, it becomes less sensitive toward mutagens 
with limited diffusibility in the aqueous media (e.g., polycyclic 

aromatic hydrocarbons). The second class, which responds 
to the frameshift mutant TA98, requires metabolic activation 
and can be recovered from water by adsorption on polyure­
thane foam. They are probably high molecular weight, non­
polar compounds, since they fail to exhibit mutagenicity in 
the spot test and when incorporated in the bottom agar. 

Several possible events may account for increased muta­
genesis in water after distribution. Mutagenic compounds 
could be leached from the interior surface of municipal water 
tanks and pipelines, which are frequently coated with coal tar, 
a mixture containing proven animal carcinogens. Addition of 
polar compounds is unlikely by this mechanism because of the 
expected rapid depletion of su~h compounds. Efforts to link 
the mutagenic responses reported here to the nature of the 
coating within the pipes in each distribution system were 
unsuccessful because only incomplete information could be 
obtained on the coating practices employed. Synthesis of 
mutagens during water distribution as a result of chemical 
reaction, e.g., reaction of residual chlorine with organics, ox­
idation, etc., or microbial action may also be possible. It is 
conceivable that distribution pipe walls may support microbial 
growth and these microorganisms may convert inactive 
chemicals into mutagens and/or synthesize new mutagens. 
Synthesis of some strong mutagens by microbial action has 
been noted in other environments (8). 
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• Using ESCA (electron spectroscopy for chemical analysis) 
and atomic absorption spectroscopy as analytical techniques, 
we show that naturally occurring sulfides are excellent ad­
sorbers for aqueous solutions of Hg2+ and HgO. The Hg con­
centration in chlor-alkali effluent can be decreased dramati­
cally to less than 100 ppt. 

Mercury pollution of natural waters by man's activities 
(1-3) has created severe problems in many countries of the 
world. It has been estimated that the land-derived flux of 
mercury to the oceans is four times the preman level (4). In 
addition, an increased use of coal and geothermal steam for 
electrical generation will, without further abatement mea­
sures, increase mercury (and other heavy metal) contamina­
tion of the atmosphere and hydrosphere. Of particular recent 
ecological concern has been the mercury pollution from in­
dustrial plants and their associated dump sites (2). 

Although mercury losses from these plants have been re­
duced greatly in the last decade (5,6), economical and efficient 
methods must be devised to decrease further losses to the 
environment. Because the solid-solution adsorption reaction 
is known to control many heavy ion concentrations in the 
environment, we looked for a common economical mineral to 
adsorb Hg from such industrial waste. Pyrrhotite (FeS) and 
pyrite (FeS2) ores seemed ideal candidates for a number of 
reasons. Mercuric ions have a large affinity for sulfide, as ev­
idenced by the solubility product for HgS and a preliminary 
adsorption study on heated pyrite (7). Iron sulfides are com­
mon and economical minerals to mine throughout the world 
and are usually quite accessible in localities where mercury 
contamination is dominant. For example, most massive sulfide 
mining operations (Pb, Zn, Cu) separate and discard huge 
amounts (thousands of tons) of iron sulfides yearly. Iron sul­
fide and its oxidation products should pose little pollution 
threat if dumped into contaminated waterways. If mercury 
exchanges for surface lattices sites, the displaced iron and/or 
sulfur is precipitated by natural processes. 

Three separate sets of adsorption experiments have been 
carried out. In the first two experiments, 0.1 to 1.0 g of pow­
dered «200 mesh) pure Sudbury pyrrhotite or pyrite was 
stirred in deionized distilled water in polypropylene or boro­
silicate beakers for approximately 2 h to obtain equilibrium. 
The pH was adjusted to between 4 and 9. Solutions of HgCl2 
were added to the stirred FeS to give initial Hg concentrations 
between 1 and 200 ppm in a first study and 20 and 100 ppb in 
a second study. In the second study, large concentrations of 
Cl- were added to simulate chlor-alkali waste. At selected 
times, 1O-mL aliquots were removed and centrifuged to re­
move any iron sulfide powder. The samples were then ana­
lyzed for mercury by cold vapor chemical (8) or graphite fur­
nace flame less atomic absorption methods (9). 

To show the great utility of the ESCA technique for 
studying metal sorption on solids directly, and to study further 
the effect of chloride ion concentration, a third set of experi­
ments was performed. High grade pyrrhotite and pyrite ores 
were cut into small pieces with a 1-cm2 surface and then 
ground and polished. Each sulfide plate was washed thor-

oughly in acetone and deionized distilled water and air-dried 
prior to ESCA (XPS) analysis for surface trace impurities of 
silica (Si02), mercury, chlorine, etc. A review of this ESCA 
technique has been previously published (10-12). The theory 
of ESCA and its recent applications in surface analysis have 
been critically reviewed by Hercules (13-15). These plates 
were then placed in 500 mL of various concentrations of 
mercuric chloride or elemental mercury (HgO) at pH 4-7. After 
a specific time in solution, each plate was carefully removed 
from its reaction solution and dipped five times in fresh 
deionized water to remove unadsorbed, adhering Hg ions (10, 
16). Each plate was then air-dried and analyzed using the 
ESCA technique for the following elements: Hg, Cl, S, Fe, C, 
andO. 

The data for the mercuric ion uptake in the first experiment 
are summarized in Figure 1. The data indicate an adsorption 
process, as the mercury loss from solution is proportional to 
the weight of powdered FeS and the initial mercury ion con­
centration. The Langmuir adsorption expression (17) was 
used to determine the maximum adsorption capacity (X m, 

3.55 X 10-2 mol of Hg/mol of FeS) and the adsorption con­
stant (b, 6.05 X 104) for the FeS powder. The equilibrium re­
sults fit well to the Langmuir adsorption equation and ad­
sorption isotherm. The good linear fit to the Langmuir 
equation indicates a sorption process proportional to sorbent 
surface area and sorbate concentration at constant pH. 

Table I summarizes the Hg uptake at much lower Hg con­
tents for both Hg2+ and HgO with FeS and FeS2. These results 
are notable for two reasons. Firstly, with the exception of HgO 
on FeS, over 95% of the Hg is removed from solution in all 
cases. Secondly, the adsorption is not decreased by the chlo­
ride ion concentration. This result contrasts with previous 
studies involving the removal of mercury from solution by 
other materials where increasingly greater Cl- content re­
duced the mercury adsorption from solution (18). 

The ESCA results using both pyrrhotite and pyrite plates, 
at a solution pH of -4 (HgCI20 species dominant) and variable 
sodium chloride content (0, 100, 1000 ppm), are shown in 
Tables II and III. These results show that for each initial 
mercuric ion concentration and constant time of reaction, the 
sorption rate of mercury increased with increasing chloride 
concentration, especially at low initial Hg concentrations. 
Mercury sorption rates on iron sulfide minerals thus do not 
follow a simple cation hydrolysis relationship as previously 
suggested for oxides (19). The highest Hg intensities corre­
spond to near monolayer coverage. In the ESCA studies, little 
chloride and no sodium ions were detectable, although the 
initial solution concentration of NaCI was as large as 1000 
ppm. This indicates that the mercury sorption is highly spe­
cific. 

A sulfide plate studied at pH -7 (Table II) produced a 
much lower sorption rate with respect to the results at pH -4. 
This again indicates the pH influence upon sorption rates (see 
also Table 1). It was also found that pyrrhotite sorbed much 
larger weights of mercury ions than pyrite, assuming equiva­
lent initial mercury, sodium, and chloride ion concentrations. 
Thus, surface lattice sites and solubility differences are im­
portant sorption reaction parameters. 
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Table I. Results of Hg2+ and Hgo Adsorption by 1-g Iron Sulfide Minerals 
IH91 lell IH91 % Hg 

Initial, Initial, final, reduction 
Hg spee," and mlne,al ',pea pH ppb ppm ppb in solution 

A. Hg2+-FeS 4.4 20 0 0.14 99.3 
6.5 20 0 0.35 98.3 
9.8 20 0 1.00 95.0 
4.6 20 100 0.12 99.4 
7.0 20 100 0.40 98.0 
9.7 20 100 0.45 97.8 
4.4 100 0 0.57 99.4 
6.5 100 0 1.5 98.5 
9.5 100 0 4.30 95.7 
4.6 100 100 0.60 99.4 
6.7 100 100 1.3 98.4 

B. Hgo-FeS 4.5 30 0 5.1 83.0 
-FeS2 4.5 30 0 0.10 99.7 

C. chlor-alkali plant waste-FeS 
CA lb 5.5 2000 >1000 60 97.0 

4.4 c 2000 >1000 40 98.0 
CA2 d 6.2 5 <100 0.10 98.0 

4.4C 5 <100 0.05 99.0 

a 100 ml of solution shaken for 1 h, and then allowed to settle 1 h before analysis of the supernatant. b Nontreated chlor-alkali processing water. C pH adjusted 
by dropwise addition of 1 M HC!. d Treated chlor-alkali processing water. 

Table II. ESCA Study of Mercury Adsorption on Iron Sulfides; Variation with Chloride Concentration 

Inlt Hg conen, ppm" 

A. Hg2+ reactions 
0.02 

0.10 

1.0 

0.02 
0.10 

B. Hg°-H20 equilibrium reactions 
0.03 

C. Hgo 

minerai 
type b 

FeS 
FeS 
FeS 
FeS 
FeS 
FeS 
FeS 
FeS2 
FeS2 

FeS 
FeS2 
FeS2 

FeS 
FeS2 

react. 
solution time, 

pH mine 

4 1440 
4 5 
4 60 
4 t440 

1440 
4 60 
4 1440 
4 1440 
4 1440 

5.7 2880 
5.7 5760 
5.7 5760 

2880 
5760 

Hg 4' peak area 
Intenslly (X loS) d 81 

1nlt chlorlde conen, ppm 
100 1000 

3.6 29.4 38.7 
0.42 0.47 

0.82 2.12 7.30 
30.6 56.9 69.5 

2.3 6.0 2.3 
53.0 43.8 38.2 
40.6 40.6 52.4 

1.0 7.4 9.4 
14.00 10.0 

2.54 
18.6 
16.0 

31 .3 
32.8 

8500 mL of Hg solution used. b Cut pyrrhotite or pyrite are. C Minerai plates dipped five times in fresh water to remove Hg solution. d Peak area intensity for 
50 scans 01 Hg 41. 

Several pyrrhotite and pyrite plates reacted in elemental 
mercury (HgO) and in elemental mercury in water (Table II) 
were also studied by ESCA for sorption rates; pyrite appears 
to be a superior adsorber for HgO. An earlier study of HgO 
solubility in water at 22°C indicated an equilibrium mercury 
content of ~25 ppb (20). It is apparent that iron sulfide min­
erals concentrate mercury ions and atoms from extremely 
dilute mercury solutions, efficiently and specifically. 

Process water samples (CAl and CA2) were collected at a 
large chlor-alkali plant in Canada, and Hg adsorption was 
studied using both iron sulfide powder and plates. The ad-

sorption results (Tables IC and III) are consistent with those 
using our prepared mercury solutions. The ESCA results 
(Table III) indicate that a significant amount of mercury in 
the 500·mL 5-ppb solution is removed, and the powder results 
(Table IC) show that this Hg content is reduced to ::;0.1 ppb. 
The ESCA results again indicate that the sorption rate in­
creases with decreasing pH. 

Some recent studies on mercury in fish in Quebec indicate 
that the natural existence of sulfide minerals, such as pyrite 
and pyrrhotite, may be a factor in reducing the availability of 
mercury to biota in otherwise sensitive areas. In contrast to 
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Figure 1. Mercuric ion adsorption on powdered FeS in 500 mL of so­
lution. The time of reaction in each case is 30 min 

Table III. ESCA Study of Mercury Sorption by Iron 
Sulfides from Chlor-Alkali Processing Waters 

chlor-alkali reaction peak area 
processing Iron suHlde time. Intensity 

solution type a oreb he Hg 41 (Xl0') d 

1. CA 1 (pH ~5.5) FeS 1.0 1.1 
24.0 3.0 
48.0 6.9 

CA 1" (pH ~4.0) FeS 4.0 nil 
24.0 4.5 
48.0 27.5 

FeS2 24.0 7.0 
2. CA 2 (pH ~6.2) FaS 6.0 0.83 

24.0 2.10 
CA 2" (pH ~4.0) FeS 4.0 27.3 

24.0 7.1 
48.0 19.3 

FeS2 24.0 2.7 

• As per Table II. b As per Table II. C As per Table II. d As per Table II. • pH 
adjusted by dropwise addition of 1 M HCI. 

accepted theory, the mercury concentration in fish (21) was 
lowest in regions unaffected by point sources with the highest 
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sediment mercury concentrations. This supposed anomaly 
can be explained by the presence of relatively high concen­
trations of sulfide minerals in the regions with the highest 
sediment mercury concentrations. 

Our results of mercury adsorption on iron sulfides indicate 
the potential use in eliminating both mercuric ions and ele­
mental mercury atoms from polluted natural waters, indus­
trial waste, and process waters. The observed residual solution 
values compare to levels in ocean water (~5 ppt) and rain (~l 
ppt) (22). A more detailed investigation involving the most 
efficient design of a pilot plant and related chemical param­
eters to best use iron sulfide ore is in progress. 
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NOTES 

An Experimental Evaluation of Atmospheric Nitrosamine Formation 
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Environmental Science Department, General Motors Research laboratories, Warren, Mich. 48090 

• It has been suggested that carcinogenic nitrosamines can 
be formed in the atmosphere from ambient NOx and amines. 
A long-path infrared study of the reaction of dimethylamine, 
NO, and N02 has heen carried out at various parts per million 
levels of the reactants to test this suggestion. It was found that 
low concentrations of dimethylnitrosamine were formed at 
rates independent of the amine concentration. Further ex­
periments showed that the &mine was adsorbed on the cell 
walls and that nitrosamine formation was probably proceeding 
heterogeneously. Using the data of this investigation and the 
results of a recent EPA study, it was shown that homogeneous 
nitrosamine formation in the atmosphere should not pose a 
significant health hazard, although further wor~ will be re­
quired to establish whether nitrosamine formation on aerosol 
surfaces could result in a significant health risk. 

The discovery of the suspected carcinogen (I) dimethyl­
nitrosamine (NDMA) in the atmosphere in several areas of 
the U.S. (2) has led to concern that the reaction of ambient 
NOx with amines to form nitrosamines could pose a health 
hazard. Although it was shown that airborne NDMA was due 
to local chemical manufacturing processes in some of these 
areas, it has been suggested that automotive NOx emissions 
should he reduced to minimize this possible health hazard (3). 
A recent survey of several areas of the U.S. (4) found nitro­
samine in only one location. The level found was about 0.1 
ppb. The Environmental Protection Agency (EPA) has 
studied the reaction of NOx and dimethylamine in air (5). 
They found that NDMA does form, but that the rate of the 
reaction based on amine disappearance was too slow to be of 
importance in the atmosphere, considering the fact that 
NDMA rapidly photolyzes in sunlight. The EPA study was 
repeated in the present work to verify their conclusions about 
atmospheric NDMA formation. 

Experimental 

The study was carried out in a long-path infrared cell (6) 
(3-m base path, 614-L multiple-reflection stainless steel) at 
a temperature of 35°C and a total pressure of 760 Torr. Di­
methylamine was an Eastman Kodak product, and di­
methylnitrosamine was a product of Chemical Procurement 
Laboratories. Nitric oxide was a Matheson product, while 
nitrogen dioxide was prepared on the vacuum line by the 
thermal oxidation of nitric oxide. The concentrations of 
NDMA and dimethylamine were determined by measuring 
their infrared absorptions at 9.9 and 8.7 /Lm, respectively. 

Results and Discussion 

Various mixtures of dimethylamine (DMA), NO, and N02 
were reacted in the dark. The disappearance of dimethylamine 
and the formation of dimethylnitrosamine were studied. The 
results are given in Table I. 

In every experiment, NDMA was observed in substantially 
smaller amounts than the amount of dimethylamine lost. The 
NDMA formed amounted to an average of 6.3% of the lost 
amine in dry air and 7.3% in the presence of 2200 ppm of 
added H20. Examination of the corresponding concentration 
vs. time plots provides further insight into the chemistry of 

Table I. Reaction of Dimethylamine, NO, and N02 in 
Air 8 

[OMAIo, [NOlo. INO.Io, [OMAlb loss, INOMAI. 
ppm ppm ppm ppm ppm 

4.8 2.0 1.2 1.99 0.15 
13.5 2.0 1.9 3.91 0.23 
7.2 2.1 2.0 5.90 0.38 
3.7 2.0 2.0 2.91 0.15 
5.1" 2.1 2.0 1.75 0.15 
7.5 e 2.0 1.9 5.45 0.20 
4.0e 2.0 2.0 2.70 0.26 

a Reactions carried out in the dark at 35°C and 760 Torr total pressure for 
100 to 400 min in cylinder air. b Refers to DMA that disappeared from the gas 
phase. C Experiments carried out in the presence of 2200 ppm of added 
H20. 
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Figure 1. Reaction of dimethylamine with nitrogen oxides: (0) di­
methylamine; (e) dimethylnitrosamine 

NDMA formation in these systems. A typical plot is given in 
Figure 1. After an induction period of about 40 min, NDMA 
formation proceeds at a constant rate for the remainder of the 
reaction period, while the amine concentration decreases by 
about 80%. This behavior is inconsistent with that of a ho­
mogeneous gas-phase reaction. Rather, the data in Figure 1 
are consistent with a mechanism involving adsorption of the 
amine on the cell walls, followed by NDMA formation and 
subsequent desorption. It was verified that dimethylamine 
adsorbs on the cell surfaces by carrying out a control experi­
ment. The amine (10.2 ppm) was added to the cell. and the 
same rate constant for amine disappearance was observed 
independent of the presence or absence of added NOx . Thus, 
the amine adsorbs on the cell wall and then probably reacts 
with nitrous acid, formed from NO and N02 dissolved in the 
water layer at the surface (adsorbed from trace amounts of 
H20 in the cylinder N2 and O2), according to Reaction 1: 

HN02 + (CH~hNH - (CH3hNNO + H20 (1) 

The nitrosamine then desorbs from the wall into the gas phase 
where it is detected. The constant rate of NDMA formation 
would then correspond to the rate of desorption. The "miss­
ing" amine undoubtedly is adsorhed on the walls either as the 
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amine, NDMA, or other (unknown) products. 
Grossly, the results of this investigation agree with those 

of the recent EPA study (5). In that study, dimethylamine 
disappeared from the system while NDMA was formed. The 
EPA investigators did not calibrate their system for NDMA, 
but merely assumed that one molecule of NDMA was formed 
for every molecule of amine that disappeared. They did not 
investigate the possibility of heterogeneous reactions. The 
conclusion of their study stated that the rate of homogeneous 
NDMA formation in the atmosphere was insignificant, based 
on their rate data. Since the results of the present study have 
shown that NDMA formation occurs at only 6 to 7% of the rate 
of amine disappearance, these results not only support this 
conclusion, but also strengthen it. 

It is possible that nitrosamine formation could occur on the 
surface of airborne' particulate matter, since the heterogeneous 
nature of the reaction has been demonstrated in the present 
study. In general, the low levels of atmospheric amines would 
tend to militate against this possibility. In local areas of high 
atmospheric amine content (sewage disposal plants, stock­
yards, etc.), this possibility cannot be completely disregarded. 
However, the results of a recent study (7) have shown negli­
gible quantities of NDMA in the atmosphere of a sewage­
treatment plant near Baltimore, Md. 
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Organochlorine Insecticide Residues in Deep Sea Fish from 
2500 m in the Atlantic Ocean 

Richard T_ Barber' 

Duke University Marine Laboratory, Beaufort, N.C. 28516 

Stanley M. Warlen 

National Oceanic and Atmospheric Administration, National Marine Fisheries Service, 
Southeast Fisheries Center, Beaufort, N.C. 28516 

• Eleven organochlorine insecticide residues were measured 
in the livers of Antimora rostrata, a deep sea fish coliected 
from 2500 m in 1972, 1973, and 1974 off the east coast of the 
United States. Compounds present wete p,p'-DDE, p,p'­
DDD, p,p'-DDT, o,p'-DDT, and dieldrin, while six com­
pounds were not detectable. The ratio of p,p' -DDT to p,p'­
DDE decreased from 2.17 in 1972 to 1.00 in 1974. The mean 
concentration of total DDT residues in the fish livers for the 
entire period was 7.06 mg/wet kg, similar in magnitUde to the 
concentration of DDT residues found in lipid-rich livers of 
Atlantic cod (Gadus morhua) from shallow waters of the At­
lantic coast of Canada. 

Organochlorine insecticide residues have spread over the 
face of the globe to the extent that they are detectable in the 
biota of both poles. Initial analyses of one deep ocean fish by 
Teal (1) and a few by Meith-Avcin et al. (2) reveal that the 
lipid-rich deep sea fish have detectable concentrations of some 
organochlorine compounds. A 1971 National Academy of 
Sciences report entitled "Chlorinated Hydrocarbons in the 
Marine Environment" (3) predicted that 25% of all the orga­
nochlorine material produced would eventually enter the 
ocean; in the same year, Woodwell et al. (4) presented a global 
flux model that predicted the organochlorine concentrations 
in the atmosphere, ocean, and sediments through the end of 
this century. The Woodwell model (4) is now recognized as 
having some incorrect assumptions because of the limited data 
available at that time, and modified predictions have been 

made by Bidleman et al. (5) and others using recent data. One 
theme of the NAS report and the W oodwell model (4) is that 
the deep ocean sediment will be the major final accumulation 
site of the organochlorine compounds that enter the atmo­
sphere. The proportion of the total material that will reach 
this reservoir and the rate of degradation in seawater and 
sediments remain in doubt, but the importance of the deep 
ocean sediments as the final reservoir seems undisputed 
(5-7). 

Species of bathydemersal fish such as Antimora rostrata 
are permanent resi!fents of great depths, and they feed by 
rooting in the sediment for infaUlial animals (8) and cropping 
epifaunal animals. These fish are exceptionally rich in lipids; 
the livers of Antimora rostrata are 85% lipid on a dry weight 
basis (7). Organochlorine compounds in the prey and in the 
sediment ingested along with prey would be partitioned into 
the lipid fraction of these long-lived and slowly metabolizing 
fish. Antimora rostrata is found throughout the world's 
oceans at depths of 1000 to 3000 m (9--11), and at greater 
depths other species with similar lipid content and feeding 
habits are present. The final accumulation of organochlorine 
residues in deep ocean sediments and the properties of the fish 
living there suggest that the lipids of deep sea fish may be a 
reservoir that should be specifically considered in organo­
chlorine flux models. This note reports the concentration of 
organochlorine insecticide residues in Antimora rostrata 
collected from a single location on 3 successive years to doc­
ument the insecticide levels present in this species of deep sea 
fish. 
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Experimental Procedures 

The fish analyzed for this study were collected in July of 
1972,1973, and 1974 from a depth of 2500 m off the east coast 
of the United States. The collection site was 34°18.2'N and 
75°32.6'W, which is heneath the mean axis of the Gulf Stream 
and on the upper continental rise about 50 km southeast of 
Cape Hatteras. The fish were collected by a standard otter 
trawl net; the net tows lasted 2 h and covered a distance over 
the bottom of 4 to 10 km. As the trawl was brought on board, 
the cod end of the net was prevented from touching the ves­
sel's side or deck and the contents of the cod end were dumped 
into enamel pans. The fish were sorted and each one was fro­
zen in aluminum foil at -80°C in an ultralow temperature 
freezer. 

In the laboratory the livers were dissected out and a 20 to 
30 g piece was prepared for extraction according to the pro­
cedure given in Duke and Wilson (12). The tissue was ex­
tracted for 4 h with hexane in a Soxhlet apparatus. Extracts 
were concentrated and partitioned with acetonitrile. The 
acetonitrile was evaporated to dryness at 38°C, and the 
residues were eluted from a Florisil column. The 6% ethyl 
ether in petroleum ether eluate was analyzed for aldrin, 
p,p'-DDD, p,p'-DDE, o,p'-DDT, p,p'-DDT, heptachlor, 
heptachlor epoxide, lindane, and mirex, while the 15% ethyl 
ether in petroleum ether eluate was analyzed for dieldrin and 
endrin. Residues were identified and quantified from elec­
tron-capture gas-liquid chromatograms. Most analyses were 
done using a column of DC-200. A second column of mixed 
QF-l and SE-30 was used to confirm the identification of 
dieldrin and p,p'-DDD. Pesticide extraction p values were 
used for residue identity confirmation as suggested by Bow­
man and Beroza (13). Additional confirmation of residues and 
analysis of PCB compounds were obtained from subsamples 
of two livers of the same Antimora rostrata analyzed by R. W. 
Risebrough, Bodega Marine Laboratory. 

Operating conditions for the Varian Aerograph gas chro­
matograph, Model 2840, were as follows-columns: 1.8 m X 
6.4 mm o.d. (2 mm i.d.), Pyrex glass, packed with 3% DC-200 
and a 1:1 ratio of 6% QF-l and 4% SE-30 all on 60/80 mesh 
Gas-Chrom Q; temperature: injector and detector, 210°C; 
oven, 180°C; carrier gas: prepurified nitrogen at a flow rate 
of 60 mLimin. 

The lower limit of detectability for the residues in the fish 
livers was 0.01 mg/wet kg. Recovery rates were determined to 
he greater than 85% for all the residues found in the livers, but 
the data reported here do not include a correction for percent 
recovery. 

Results and Discussion 

Six compounds (aldrin, heptachlor,lindane, endrin, hep­
tachlor epoxide, and mirex) were not detected in the Antimora 
rostrata livers. The concentrations of the five compounds that 
were detected are given in Table l. 

Relatively large proportions of undegraded p,p'-DDT and 
o,p'-DDT were present in the Antimora rostrata livers in 
1972, indicating that these compounds were relatively rapidly 
transported to the benthic environment. Since Antimora 
rostrata does not occupy depths shallower than 500 m, the 
residues present in these fish must have heen transported to 
depth before accumulation in fish. Giam et al. (14, 1.5) re­
ported that in coastal fish from the Gulf of Mexico the ratio 
of p,p'-DDT to p,p'-DDEdecreased from 2.8 in 1971 toO.16 
in 1974. The decrease in this ratio was interpreted by Giam 
et al. to indicate that the supply of undegraded p,p'-DDT was 
reduced between 1971 and 1974, but that continual degrada­
tion in the marine environment occurred. In the deep sea 
Antimora rostrata, the ratio of p,p'-DDT to p,p'-DDE was 
2.17 in 1972 and decreased to 1.00 in 1974. 

Table I, Organochlorine Insecticide Residues in mgt 
Wet kg in Antimora rostrata Livers 
specimen no. p,p'-DOE p,p'·OOO p,p'-fJOT o,p'-DDT XOOT -1172 

30 1.98 0.77 4.54 0.24 7.53 0.03 
31 0.69 0.35 1.76 0.13 2.93 0.02 
32 1.56 0.67 2.81 0.29 5.33 0.01 
33 1.58 0.69 3.48 0.18 5.93 0.01 
X 1.45 0.62 3.15 0.21 5.43 0.02 

0.54 0.19 1.17 0.07 1.91 0.01 

1973 

404 1.14 0.35 1.46 0.12 3.07 0.01 
405 0.55 0.21 0.79 0.07 1.62 0.01 
407 3.28 0.65 2.61 0.20 6.74 0.03 
X 1.66 0.40 1.62 0.13 3.81 0.02 

1.44 0.22 0.92 0.07 2.63 0.01 

1974 

400 0.58 0.27 1.34 0.13 2.32 0.01 
402 2.53 0.72 2.70 0.21 6.16 0.03 
403 12.45 2.48 11.58 0.80 27.31 0.01 
X 5.19 1.16 5.21 0.38 11.93 0.02 

6.37 1.17 5.56 0.37 13.46 0.01 

There is very little information for direct comparison with 
our Antimara rastrata data, since few deep ocean organisms 
have heen analyzed for pesticide residues. Teal (I) reported 
a concentration of 1.13 mg/wet kg of p,p' -DDE in a rattail fish, 
Nematanurus armaturus, collected from 5500 m in the 
western North Atlantic at 25°N latitude and 62°W longitude 
in 1974. This concentration is similar to the range of p,p'-DDE 
concentrations, 1.45 to 5.19 mg/wet kg, measured in Antimara 
rostrata from 2500 m. 

The PCB concentrations in the Antimora livers were ana­
lyzed by Risebrough et al. (7); the livers contained about 1/3 
as much PCB as total DDT (DDE + DDD + DDT); the PCB 
concentrations were 3.8 to 12.5I'g/lipid g. We do not believe 
that the presence of the lower levels of PCB in our Antimora 
samples significantly interfered with the quantitation of the 
insecticide residues. Duke and Wilson (12) did not find PCBs 
to interfere with their quantitation of DDT and its metabolites 
in fish livers. Also, Sims et al. (16) found that ~DDT analyses 
of cod fish tissues that had included compensation for the 
presence of PCBs gave results that were an average of 26% 
lower than analyses of aliquot samples not compensated for 
PCBs. 

Organochlorine residues in cod livers from the Atlantic 
coast of Canada determined by Sims et al. (16, 17) had a mean 
concentration of total DDT residues of 5.6 mg/wet kg com­
pared with the mean concentration in the livers of Antimora 
rostrata of 7.05 mg/wet kg. The similarity of the mean con­
centrations is striking, since the cod inhabit relatively shallow 
continental shelf waters. In the cod livers analyzed by Sims 
et al. (16, 17), there were increases in residues in fish that were 
collected from waters near large population centers such as 
Halifax, Nova Scotia. It would be possible to collect Antimara 
rastrata from 2500 m at various sites along the continental 
margin of the east coast of North America to determine 
whether or not population centers such as New York were 
affecting the concentration of residues in the fish on the ad­
jacent deep sea. We predict that an elevation associated with 
population centers would not be detectable hecause strong 
horizontal dispersion of residue concentrations by the currents 
that parallel isobaths and sweep the continental margin (18) 
would eliminate such horizontal heterogeneity along the coast. 
The amount of information available on the insecticide resi­
due content of bathydemersal fish is meager; only 11 indi-

Volume 13, Number 9, September 1979 1147 



vidual deep sea fish have been analyzed. In view of the im­
portance assigned to deep sea sediments as the final accu­
mulation site of these compounds, the lipid-rich fish that live 
in close association with those sediments merit attention. 
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CORRESPONDENCE 

SIR: In your February issue, C. Chakoumakos, R. C. Russo, 
and R. V. Thurston present 96-h LCso acute copper toxicity 
data for "Cutthroat Trout (Salrna clarki) under Different 
Conditions of Alkalinity, pH, and Hardness" under nine 
combinations of these parameters (ES&T, 13,213-9 (1979)). 
Data of this type are of great interest because they are cited 
by the EPA in regulatory actions, standards and guidelines, 
and environmental risk classification of chemicals. However, 
there are enormous differences between the effects of copper 
and other essential trace metals observed in these tests and 
those on aquatic life in the real environment. 

The reason for such differences may be found in the con­
ditions of the experiment, which are not designed to replicate 
anything in nature nor to indicate the actual risk to the envi­
ronment, but are designed to place chemicals into neat and 
tidy categories for regulatory administrative purposes. It must 
be noted that, under the test conditions, the copper com­
pounds in the water are highly unstable and undergo reactions 
of hydrolysis, association and precipitation. Specifically, in 
these tests a strong solution of a copper salt is mixed contin­
uously with the water entering each experimental tank. The 
mean holding time in each tank was only 5 h, during which 
time from 8 to 22% of the copper was precipitated, according 
to Table III. This table indicates that the percentage of copper 
precipitated correlates poorly with alkalinity, hardi1ess, or pH. 
This seems to betray evidence of inadequate experimental 
control. 

Even overlooking this uncertainty, the practical application 
of such data appears to be limited to a situation such as that 
in a stream receiving a discharge of soluble copper. The tox­
icity data would then apply within a stream length repre­
senting the flow of water in 5 h. At points more remote from 
the point source, there would be a further reduction of copper 
concentration and a further change of speciation of the copper 
accompanied by a reduction of toxicity. 

Because of the instability of the copper species under the 
experimental conditions of this study, the entire analysis of 
metal speciation in this publication is suspect, as is the attri­
but ion of degrees of toxicity to these species. 
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There are published studies by competent investigators of 
toxic effects of metals under natural environmental conditions 
on numerous aquatic species. One wonders what purpose is 
served by highly contrived test conditions that appear to be 
favored by regulatory agencies. These place an undue onus on 
minor discharges or spills that are, in fact, of little actual 
consequence to the environment. 

In conclusion, I would like to suggest that a possible reason 
for the inability to control tbe rate of precipitation of copper 
in these experiments may be the presence of uncontrolled 
small amounts of suspended matter in the water. Suspended 
particles bebave as nuclei for precipitation. Suspended matter 
is always present in natural waters and it greatly reduces the 
toxic risk of copper to aquatic life. 

S. B. Tuwlner 
50 East 41st SI. 
New York, N.Y. 10017 

SIR: Dr. Tuwiner appears to raise two points about the 
subject paper. The first relates to a time factor required to 
reach equilibrium and the transitory nature of that equilib­
rium in natural environments. Equilibrium for the copper 
system studied was effectively attained far short of tbe tank 
water residence time. We based our calculations on the total 
soluble copper under the conditions specified. 

His second point relates to oversimplifications of tbe 
complexities of natural aquatic systems that result from 
placing chemicals "into neat and tidy categories for regulatory 
administrative purposes". We believe Tuwiner is expressing 
recognition of a point already illustrated in the subject 
paper. 

Department of Chemistry 
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INDUSTRY TRENDS 
Matthey Bishop, Inc. (Malvern. PAl 
has Qedicated its new $10 million 
Catalyst Systems and Equipment Di­
vision facility. 

Moore Systems, Inc. (San .lose. CAl 
has shipped the second of thrce com­
puter systems to the Metropolitan 
Water District of Southern Cali­
fornia. 

Neptune AirPollnc. (Englewood, NJ) 
will furnish 4 venturi scrubbers to 
pulp/paper mills; they will control 
emissions and collect valuable salt cake 
at the rate of 20 Ib/t of pulp pro-
cessed. . 

Air Products and Chemicals, Inc. will 
supply to Indianapolis, IN , the largest 
U.S. wastewater disinfection system to 
use ozone to complement an OASES® 
oxygen-activated sludge system. 
Startup is scheduled for 19X I. Ca­
pacity is 6380 Ib/d of ozone. 

Peabody International has acquired 
Spunstrand, Inc. (Seattle, WA), a 
manufacturer of filament-wound 
ducting for the ventilation and mining 
industries. 

Research-Cottrell's Hamon Cooling 
Tower Division will design/construct 
a $1.4 million cooling tower for Colo­
nial Pipeline Co., ncar Atlanta, GA. It 
will be a 3-ccll, mechanical draft fa­
cility to cool 56000 gpm. 

Barnard and Burk, Inc. (Pasadena, 
CAl and Energy Recovery Research 
Group (Portland, OR) have embarked 
on a project to convert scrap tires into 
usable energy products, along with 
other solid wastes. A proprietary py­
rolysis technique is the key. 

Continental Controls & Equipment Co" 
Inc. (East Brunswick, N.I) has pur­
chased the Allith Liquid/Liquid Sep­
arator Division of Smith-Jones, Inc., 
and is marketing a separator that the 
firm says meets EPA requirements. 

General Resource Corp. (Hopkins, 
MN) says that its Air Purification 
Methods subsidiary has developed a 
new, energy-efficient dust filter. A 
75% power requirement reduction, 
with a 99.9% collection efficiency, is 
claimed. 

Peabody N.E. will be general con­
tractor for the Taunton, MA, water 
treatment plant; contract value is 
nearly $6.3 million. Capacity will be 
12 million gpd of drinking water. 

Scientific Systems Services, Inc. (SSS) 
has purchased land near Melbourne, 
FL, to design, develop, make, and test 
computer software systems for pollu­
tion control and other applications. 

Chern-Nuclear Systems,lnc. (Bellevue, 
W A) has a $1.8 million contract to 
work on a process to purify contami­
nated water in the containment 
building of Three Mile Island (PA) 
Unit 2. 

Mitsubishi Heavy Industries, Ltd. 
(Japan) will provide incineration fa­
cilities and a steam turbine generator 
to the Yokohama Municipal Govern­
ment; the steam will deliver II 500 kW 
of power. 

Versar, Inc. (Springfield, V A) has 
rormed the Environmental Planning 
Division out of what was its former 
wholly owned subsidiary, EnviroPlan, 
Inc. 

Analytical Bio Chemistry Laborato­
ries, Inc. (Columbia, MO) is offering 
services in contract aquatic toxicology 
and other related fields. 

Dames & Moore (Toronto, Canada) 
developed criteria to be used in se­
lecting sites for fossil and nuclear 
power plants, for the Canadian Dept. 
of Environment. 

Environmental Testing Services, Inc. 
(Roanoke, VA), a firm specializing in 
SO, removal and fabric filter consul­
tati~n, has been purchased by John 
McKenna and Gary Greiner, and will 
continue activities as before. 

The Atomic Industrial Forum (Wash­
ington, DC) warned that, without nu­
clear power, the gasoline lines of mid-
1979 could have been much worse, and 
said that nuclear "displaced" needs for 
470 million bbl of oil for last yea·r. 

C1evepak Corp. (White Plains, NY) 
has changed the name of its wastewa­
ter aeration system manufacturing 
unit to Aeroc\cve Division. 

from 

Iseo. • • 
A new water sampler 
for toxic substances. 

The new Model 2100 Sampler 
has been specifically designed for 
sampling all types of effluent for 
priority pollutants, but is equally 
well suited for general applica­
tions. Samples are collected in 
individual glass bottles and do not 
contact any substance that can 
contribute to the background. 
Sampling is accomplished by the 
use of a high speed peristaltic 
pump. There are no cumbersome 
metering chambers or valving sys­
tems to clean or cause cross­
contamination. 

The Model 2100 Sequential 
Sampler features microprocessor­
based electronics that provide a 
new dimension in programming 
versatility. Any sample volume 
from 10 to 350 ml can be collected 
on a timed or flow proportioned 
basis, at heads to 22 feet and line 
lengths over 44 feet . 

For details on the Model 2100 
and all its other features, send for 
a descriptive brochure or phone 

toll free: [800)228-4373 

(continental U.S.A. except Ne­
braska). ISeO, 3621 NW. 36th 
Street, Lincoln, NE 68524. 

Wtter monitoring instrumentation 

See us in Booth 719 at WPCF 
CIRCLE 4 ON READER SERVICE CARD 
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Biospherics Inc. (Rockville, M D) has 
expanded its laboratory services to 
provide aquatic toxicology testing for 
industrial clients, crediting EPA 
guidelines with the need for such ex­
pansion. 

Olin Corp. (Stamford, CT) will in · 
crease its capacity to produce HTH® 
dry chlorinator swimming pool 
chemica ls by 45 million Ib/ y. in a $40 
million plant expansion at Charleston. 
TN. 

Vestal Laboratories (SI. Louis. MO) 
says that there is a commercially 
available cooling tower additive. which 
is known as Ty· lon® A-35, that effec­
tively kills the bacteria that arc sup­
posed to cause Legionnaires Disease. 

The Syracuse Research Corp. (Syra­
cuse. NY) has received a 3-year. 
$300000 grant from the National In­
stitutes of Health to study the fate and 
action of dichlorobenzidine in mam­
mals. 

Southern California Edison Co. and 
Riverside Cement Co. have agreed on 
a power cogeneration project that 
should eventually save the equivalent 
of 197 600 bbl/y of imported oil. 

From the solar energy industry, 20 
companies have submilled proposals 
to the Solar Energy Research Institute 
(Golden. CO) to build the world's 
largest photovoltaic power system for 
two small villages in Saudi Arabia. 

Aeroglide Corp. (Raleigh. NC) has 
installed the first industrial drier spe­
cifically adapted for the drying of 
green sawdust and whole tree chips as 
an economical fuel. 

Research-Cottrell has a $1 5 million 
contract to design/engineer/ fabri­
cate/ construct the largest fabric filter 
systcm purchased in the U.S. to 
datc -- nearly 13000 bags - for 
Houston Lighting and Power Co. 

LFE Environmental Analysis Labora­
tories (Richmond. CA) has an EPA 
qualification to analyze bulk asbestos 
samples for school districts in the 
U.S. 

Stone & Webster Engineering Corp. 
(Boston, M A) will design/build a fa­
cility that will allow Great Northern 
Paper Co. (East Millinocket . ME) to 
burn bark and other waste products 
and save more than 400000 bbl/ y of 
oil. 

The cAutoAnalyzer* 
is the standard 

and cALPJ{$M 
rebuilds the standard. 
* Rebuilt AutoAnalyzer instruments * Full line of accessories & supplies * Applications Engineering 

cALP1{PM Corporation 
14625 S.E. 82nd Dr., Clackamas, OR 97015 
503-657-3010 or 800-547-6275 

-Trademark Technlcon Corp. 

Brown and Caldwell Consulting Engi­
neers has designed a $12.5 million cx­
panded sludge handling projcct. which 
has been accepted by the City of 
Portland. OR. 

Flakt, Inc. and Flakt Canada Ltd. havc 
five contracts for a uniquc pneumatic 
dense-phase ash and dust conveying 
system (DEPAC): total value is $3 
million. They will be used at power 
plants. 

Chicago Bridge & I ron Co. (Oa k 
Brook, I L) will purchasc the Envi­
ronmental Equipmcnt Corp. (Austin, 
MN). Terms were not discloscd. 

Apollo Technologies Inc. is the new 
namc for Apollo Chemical Corp. The 
company is headquartered at Whip­
pany, N.J . 

Gilbert / Commonwealth (Jackson. M I) 
will conduct energy studies. for the 
Depl. of Energy. at gaseous diffusion 
plants located at Portsmouth. OH. and 
Paducah. KY. 

Environmental Data Corp. (Monrovia. 
C A) has become a wholly owned sub­
sidiary of Thermo Electron Corp. 
(Waltham. MA). 

CIRCLE 1 ON READER SERVICE CARD CIRCLE 16 ON READER SERVICE CARD 
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Opacity monitor plus 
The plus is a combination sensor­
blower weather cover designed for 
outdoor mounting in the most severe 
industrial environments. The model, 
number 1100, is designed to meet 
current applicable state and federal 
requirements. It can monitor opacity 
from several different types of emission 
sources: industrial ' boilers, baghouses, 
electrostatic precipitators, and incin­
erators. Dynatron 101 

MS for VC processing 
This mass spectrometer package is 
designed for continuous monitoring 
and rapid analysis of vinyl chloride 
monomer in the atmosphere. It is able 
to tolerate the harsh environmental 
conditions encountered in petro­
chemical plants. CVC Products 102 

Sequential event recorder 
The recorder is able to monitor up to 
60 alarm signals emanating from dry 
contacts, series string contacts, or 
voltage. DATAcap . 103 

Fuel oil viscometer 
The viscometer increases burner effi­
ciency and contributes to compliance 
with mandatory emission require­
ments. The unit can withstand vibra­
tion, temperatures to 300 0 F, and 
pressures to 200 psi. Output is a 4-20 
mA signal, proportional to viscosity. 
Brookfield Engineering Laboratories 

104 

Stack sampling train 
The emission-parameter-analyzer 
stack-sampling train permits the user 
to sample industrial ' and utility gas 
streams at isokinetic rates both accu­
rately and simply, states the manu­
facturer. The system consists of a 
control unit, sample unit, and pitobe 
(probe) assembly. Andersen Sam­
plers lOS 

PRODUCTS 

Sample fraction collector 
This new accessory to the company's 
liquid chromatographs permits the 
user to collect automatically selected 
fractions of samples for analysis. 
Hewlett-Packard 106 

Dew-point hygrometer 
This industrial model, System 1200A, 
is portable and suitable for panel 
mounting. Measurements are absolute, 
and outputs are continuous. Typical 
span is 80 to -40 0 F at an ambient 
temperature of 80 0 F. It is designed for 
applications where continuous readout 
with good accuracy is required. Gen­
eral Eastern 107 

Dust collectors 
Three different sizes of downdraft 
bench dust collectors for grinding, 
buffing, assembly, and packaging op­
erations are nominally rated at 1600, 
3200, and 4800 ft 3 of air per min with 
an air cleaning efficiency of 99+%. 
American Air Filter 108 

Tube settling system 
Designed for a variety of industrial and 
municipal applications, the heart of the 
system, according to the manufactur­
er, is BIOdek 19060, material from 
which trickling filters are made. The 
cross-fluted design of the filter pro­
vides up to four times the equivalent 
detention time of conventional sys­
tems. Munters 109 

Companies interested in a listing in this 
department should send their releases 
directly to Environmental Science & 
Technology. Attn: Products. 1155 
16th St .. N. w.. Washington. D.C. 
20036 
Need more information about any 
items? If so. just circle the appropriate 
numbers on one of the reader service 
cards bound into the back of this issue 
and mail in the card. No stamp is 
necessary. 

Remote pH probes 
The one-piece probe, which does not 
require an outboard amplifier to 
compensate for conventional signal 
loss, is designed to provide accurate pH 
readings regardless of probe-to-mon­
itor distance, cable age, ground, or 
humidity and temperature effects. 
McNab 110 

8aghouse filter 
This "quick-connect" filter bag is so 
designed that clamps, studs, and 
thimbles are not needed to fasten down 
the bags in dust collectors. Installation 
time is reduced by up to 80%. Bag­
house Accessories 111 

Sludge blanket indicator 
The unit gives quick and accurate 
measurements of sludge depths, vol­
umes, and pockets in settling tanks or 
ponds. The data generated can be used 
to maintain a good sludge-manage­
ment program, especially in waste­
water treatment plants. KDO Com­
pany 112 

Ozone monitor calibrator 
The instrument is a UV photometric 
ozone calibration system. It weighs less 
than 35 Ib, has an alphanumeric dis­
play of 16 characters, and an ex­
tremely stable ozone generator with a 
variable output control. Columbia 
Scientific Industries 113 

Nitrate analyzer 
This on-line instrument continuously 
performs measurements of dissolved 
nitrate in aqueous solutions. Features 
include simple calibration, real-time 
analysis, automatic standardization, 
and adjustable high/low set points. 
Delta Scientific Products 114 
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Measuring open channel flows and 
water levels is our business-what's yours? 

Whatever your business-you know it well or you wouldn't be in it. 
We've been in the water measurement business for over 65 years. 
Some of our customers have used the same original Stevens instru­
ment for over 50 of those years-our quality speaks for itself. 

If you have a need to measure open bodies of water for sewage, 
irrigation, stream gaging, or ground water studies-even in difficult 
locations like manholes and small diameter wells-let us make your 
business into our business. You could find it a satisfying way of 
solving your water measurement problems. 

Here are just some of our products: 
Send for a catalog 
of our complete line. 

Model61R 
T ot81 Flow Meter 
For a chart record 
and totalized 
volume of flows 
through flumes 
and weirs. 

T~: ~~~ t~:o(:;o 
6 months) unattended 

recording of levels. 

Type F Recorder 
Low cost unit for 
recording levels, flows 
and many other 
moving elements. 

Simultanegus record· 
ing of precipitation 
or temperature 
with level, plus 
other features. 

:1 : "": Di91t.r~~d~~ ~ :.It .... Punched tape 

Porcelain ! • r~~~~~,~r~~~ 
enameled iron ~ ~ lalion, tempera. 

statt gages . . ? ...: lure, elc; optional 
for easy visual :. •• encoding modules 

reading of ! • for telemetering 
water levels. I)..~" .... applications. 

Send today for FREE BULLETINS on Stevens instruments 

STEVENS Water Resources Products 
LEUPOLD & STEVENS, INC. 
P.O. Box 688, Dept. U-51 
Beaverton, Oregon 97005, USA 
Tftl.ft~h~nft 503-646-9171 , Telex 36-0683 
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Dust and fume collector 
The cartridge filter unit is designed for 
small and medium size applications. It 
is well suited for fine dusts and light 
dust loading applications, with 99.9+% 
particle removal, the company claims. 
Ammerman Co. 115 

GC/MS 
This benchtop gas chromatograph/ 
mass spectrometer features a direct 
insertion probe, glass-lined jet sepa­
rator, digital temperature contfOl of 
seven areas, and a turoo-molecular 
pump. Hewlett-Packard 116 

Horizontal centrifugal sump pumps 
Series 2400 pumps handle acids, 
caustics, salts, solvents, and abrasive 
slurries at capacities to 1000 gal/min, 
heads to 180 ft, and temperatures to 
300 OF. Vanton Pump & Equipment 

117 

Conductifity meter 
The multirange conductivity meter 
uses a microcircuit to achieve linearity, 
and has a relative accuracy of 2% on 
any of the four ranges measuring from 
0.1 - 10 000 !In. The metal-alloy elec­
trodes in the cell never need re­
plating. DMC Electronics 118 

X-ray spectrograph 
The portable unit comes equipped with 
an attachm~nt for easy handling of 
powder and liquid samples to be ana­
lyzed. The attachment is especially 
useful for rapid sample handling of 
ores, slurries, and other industrial 
sampling applications. Pitchford Sci­
entific Instruments/Hankison 119 

Meteorological sensors 
The Model 200 I transmuter features 
a fivefold reduction in power require­
ments; voltage transient protection; 
operation from -30 to +65 °C; and 
ease of access to test points and ad­
justments, among others. Circuit 
boards are available for wind speed 
and direction, temperature and dif­
ferential temperature, and others. 
Meteorology Research 120 



High-density temperature monitors 
The new thermocouple and RTD 
temperature monitors arc capablc of 
monitoring from 6- 30 points. The 
units provide independent alarm and 
shutdown functions and linear digital 
readout and incorporate three-channel 
plug-in modules to provide high-den­
sity packaging. Rochester Instrument 
Systems 121 

Two-way, three-way solenoid \a\l"es 
The valves are designed for micropro­
cessor applicat ions. and have power 
levels of 0.02 - 1 W. They arc designed 
to handle vacuum and low-pressure 
nuids. and gases of all types. Angar 
Scientific 122 

Rotary vacuum pump 
The single-stage pump is suitable for 
industrial rough vacuum applications 
between 760 and 100 Torr. Busch 

123 
Gas sensing system 
The unit is of modular design. suitable 
for sensor location in hazardous areas 
with the modular channels located 
centrallv. Each module is self-con­
tained ;vith its own power suppl y, 
meter readou t, test facilities. dual 
alarms. fault circuit. and relay func­
tions. Gasvu Instruments 124 

Cascade air sampler 
The unit aerodynamically sizes parti­
cles into nine fractions. has a now rate 
of 2.X- 28.3 L/ min. and has a high 
capacity preimpactor that eliminates 
particle bouncing and reentrainment. 
The unit meets OSHA and EPA de­
sign requirements for respirable/ 
nonrespirable particle fractionation. 
Gelman Sciences 125 

Liquid-level switches 
The switches. mounted in compact 
bolt Ie-type housings. arc suitable for 
externa l installation on tanks and 
containers where access to the interior 
is not practical. Gems Sensors Divi­
sion/ Transamerica Dclaval 126 

Data acquisition, handling system 
This high-speed system is designed to 
complement the increased speed 
capabi lities of current model gas 
chromatograph/ mass spectrometers. 
Columbia Scientific Industries 127 

Organophosphonate test kit 
The kit is designed to determine the 
phosphonate concentration in boilers 
and cooling towers. The test requires 
no acid digestion, boiling. or additional 
instrumentation. Results arc obtained 
in minutes. Ecologic Instrument 128 

Ozone contactors 
This modular ozone system is designed 
for cyanide destruction. and finds ap­
plication in electroplating, mining, and 
other industries with emuents con­
taining cyanide. It is fully automatic 
and has a capacity of 10- 2000 gpm. 
U.S.Ozona ir 129 

The Selas Silver 
Metal Membrane Filter ... 
when you can't 
tolerate a slip up 

ENVIROTECHNICS, INC. 

The Selas Silver 
Metal Membrane 
Filter outperforms 
organic membrane 
filters. Free bro­
chure describes 
such major benefits 
as thermal stability, 
physical integrity, 
high chemical com­
patability, and high 
volume thru-put. 

SPECIALIZING IN SERVICE 
TO MtNING AND ENERGY INDUSTRIES 

OF THE WESTERN UNITED STATES 
Air . wo te l and land qual ity studies 

I- r ,vHonmenta l a nalYSIS 
BaCkground Gnd cOIY'\plJonce morlltOflng 

Meteorolog ical monllorlng 
Site IndeXing & evaluOTlon 

Envirotechnics. tnc . 
ROOSEVElT. UTAH 84066 

!I SALT LAKE CITY. UTAH (8011 364·0081 

~' ~~~D~EN~V~E~R~. C~O~lO~R~A~D~O~I~30~3~) ~62~3~'8~0~90~ : CASPER. WYOMING (307) 266·6235 

CIRCLE 24 ON READER SERVICE CARD 

Contact Selas Corporation of America, 
Huntingdon Valley, PA 19006, 
(215) 672-0400, Thlex: 083-4323. 

5ela5~ 
FLOTRONICS ' OIVISION 
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NO. analyzer. Flyer sheet describes 
Model 235 NO/NOx analyzer that 
works on principle of chemilumines­
cence. Applications for stack gas, 
diesel exhaust, and others. Scott En­
vironmental Systems 151 

Particulate sampler. Bulletin No. 
1178-244 lists Series 244 dichotomous 
samplers (virtual impactors) for sam­
pling particulate matter. The tech­
nique was originally developed by 
EPA. Sierra Instruments, Inc. ]52 

Inversion/wind detectors. Echosonde®, 
which detects air temperature inver­
sions often responsible for pollution 
episodes and wind field characteristics, 
is described. Radian Corp. 153 

Problem solving. Brochure explains 
services in environmental problem­
solving, and doing so with the least 
necessary expenditure of funds. Mon­
santo Environmental Services ]54 

Dust control. Form GB describes TOC 
1000 model, which combines cartridge 
filter technology with small capacity 
for intermittent dust collection. Torit 
Division, Donaldson Co., Inc. ]55 

Water conservation/reuse. Bulletin 
525-1 describes clarification tech­
niques and corrosion/deposit control 
at coal preparation plants. Water 
conservation/reuse is an aim. Zimmite 
Corp. ]56 

Noise protection. Brochure describes 
preassembled and portable acoustic 
personnel enelosures to protect people 
from unacceptable noise levels. Noise 
Control Products Inc. ]57 

Chromatography. TLC brochure is a 
guide to products for thin-layer chro­
matography. Other data are included. 
Schleicher & Schuell, Inc. ]58 

Exhausters. Catalog CBE-378 lists 
linc of multi-stage centrifugal blowers 
and exhausters. Many applications: 
can range 100- 25000 inlet cfm; 
pressures to 18.5 psig; and vacuums to 
16 in . Hg. Hoffman Air & Filtration 
Systems ]59 

Fly ash collection. Brochure, "Air 
Pollution Control for Industrial 
Coal-Fired Boilers," is a case study of 

LITERATURE 
a precIpitator installation. Fly ash 
collection and low power consumption 
are featured . United McGill Corp. 

]60 

Extractor. Bulletin G-I929-A I fea­
tures an oil solids extractor that sepa­
rates oil-in-water emulsions and re­
moves suspended solids through a 
separation medium. C-E Natco ]6] 

Air monitoring. Bulletin 07-0005M 
describes systems that monitor airfor 
nammable and toxic components in 
enclosed spaces. Many different gases 
can be measured. Mine Safety Appli­
ances Co. ]62 

Permitting services. Brochure de­
scribes services for obtaining permits, 
preparing environmental impact 
statements, and other work for mining, 
power, and water resource projects. 
Harza Engineering Co. ]63 

Chromatogram plotting. Publication 
5953-1408 tells how to plot chro­
matograms automatically with a spe­
cial computer terminal system. High 
resolution is provided. Hewlett-Pack­
ard ]64 

Biofouling control. Data sheet de­
scribes potassium ferrate (K2Fe04), 
which may have applications for bio­
fouling control, disinfection, and 
coagulation. Carus Chemical Co., Inc. 

]65 

Wastewater treatment. Publication B 
568 describes wastewater treatment 
system using the basic oxidation with 
new design features, including a 
unique integral clarifier. L1GHT­
NINiI> is the trade name. Mixing 
Equipment Co., Inc. ]66 

Companies interested in a listing in this 
department should send their releases 
directly to Environmental Science & 
Technology. Attn: Literature, 1155 
16th St., N. w.. Washington, D.C. 
20036 

Need more information about any 
items? If so, just circle the appropriate 
numbers on one of the reader service 
cards bound into the back of this issue 
and mail in the card. No stamp is 
necessary. 
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Sulfur determination. Bulletin No. 
AB-21 tells about a fast. simple 
method of determining the sulfur 
content of diesel and heating oils. 
Analysis time is less than 2 min/sam­
ple. Fisher Scientific Co. 168 

Water services. Brochure 1-32, 
"Creative Technology for Environ­
mental Health." describes products/ 
services for protecting drinking water, 
purifying products, treating waste­
water, and many other tasks. Calgon 
Corp. 169 

Materials safety. Brochure describes 
a list of safety data for 370 materials 
found in many industrial plants. Prlces 
for data lists are given ($195/set). 
General Electric ] 70 

Precipitator voltage. Bulletin describes 
A VCON 2000, an automatic voltage 
control system for electrostatic pre­
cipitators; it compensates for changes 
in gas/particulate conditions. Envi­
rotech/ Air Quality Control Group 

17] 

Chemical services. Catalog describes 
specialty chemicals and preparations 
for environmental and other work, sold 
in special, premeasured units for a 
particular job or experiment. Chem 
Service, Inc. ] 72 

Vacuum pumps. Bulletin VP-97 ex­
plains selection. applicability, and uses 
of Liquid Ring Vacuum Pumps. 
Croll-Reynolds Co .• Inc. ]73 

Fabric filters. Bulletin DCB-312B lists 
line of Draeeo® fabric filter dust col­
lectors, whieh work up to 550 0 F. Wide 
selection of cloth media is available. 
Fuller Co. 174 

Bacteria cultures. Brochure tells how 
DBC Plus!M Dried Bacteria Cultures 
are being used in domestic wastewater 
facilities. Grease is eliminated. solids 
settle better. many other advantages. 
Flow Laboratories, Inc. ]75 

Maintenance services. Brochure ex­
plains services for maintaining equip­
ment on a comprehensive basis; could 
apply to wastewater treatment sys­
tems, also. B I F, a unit of General 
Signal ]76 



Professionals in Chemistry 1978 
... the fifth report in this series on the people who make up the chemical profession. 

Professionals in Chemistry 1978 contains a wealth of employment and educational data of 
particular interest to academic administrators and faculty members, industrial managers and 
personnel specialists, individual chemists and chemical engineers, career counselors and young 
men and women contemplating - or preparing for - a career in chemistry. 

Among the topics discussed in the latest report are: 

. __ .. .. :~--. .' .'," 

Professionals in 
Chemistry 

1978 
A Comprehensive Report on: 

Characteristics 
Remuneration 

Employers 
Minority Chemists 
Supply/Demand 

• OFFICE OF MANPOWER STUDIES 
AMERICAN CHEMICAL SOCIETY 

WASHINGTON. D.C. 

• The chemical profession 
-numbers of scientists and engineers 
-characteristics 
-unemployment 

• Salaries 
-trends 
-inflation 

• Chemical education 
-trends in degrees granted 
-degrees granted to women and minorities 
-estimates of degrees to be granted 
-schools granting the Ph.D. in chemistry 

• Supply/Demand 
-new entrants 
-plans of new graduates 
-academic job openings 

A complete set of Professionals in Chemistry includes five issues: 
PIC 1978 as described above 
PIC 1977 including a special report on postdoctoral fellows and an analysis of job switching 
PIC 1976 including a special report of the growth of the chemical industry and future employment of chemists 
PIC 1975 including a special report on salaries of women chemists and chemists' salaries compared with those of 
other professions 
PIC 1974 including a detailed study of the growth of the profession 

Special Issues Sales/ American Chemical Society 
115516th Street, N.W., Washington, D.C. 20036 

Please send me ____ copies of Professionals in Chemistry 1978 at $22.00 each. 
Please send me complete sets of Professionals in Chemistry (1974-1978) ai $44.00 each. 

D Mail to address on reverse. 
D Mail to address below. 

D Payment of $, ____ enclosed. 
D Please bill me. 

Name ________________________________ _ 

Add~ss _______________________________ ___ 

City _____________________ State ______ Zip ___ _ 



Toxicology. Toxicology Newsletter. 
Vol. 5, No. I, tells about automated 
equipment for analysis of toxics and 
gives information of general interest to 
toxicologists. Technicon Industrial 
Systems 177 

Analysis. Two catalogs list books on 
analysis by spectroscopy, chemical 
methods, chromatography, and many 
other techniques. Reference books and 
students' textbooks are listed, too. 
Heyden & Son [nco 178 

Coal services. Brochure, "Upgrading 
Coal for the Future," covers prepara­
tion, washability, analysis of coal. 
Hazen Research, Inc. 179 

Primary standards. Literature release 
describes primary standards that can 
be prepared for 92 chemicals, many of 
which are environmental contami­
nants. Over 170 standards presented, 
as is material on permeation devices. 
Analytical Instrument Development, 
Inc. 180 

Combustion control. Brochure tells 
about benefits and features of Series 
7150 Trim-Trol electronic combustion 
control that company says can achieve 
"substantial fuel cost savings." 
Cleveland Controls, Inc. 181 

Adsorbents. Technical Publication 
IE-254 describes laboratory column 
procedures for testing Amberlite® 
polymeric adsorbents. Loading, re­
generation, and other technical mat­
ters are discussed. Rohm and Haas Co. 

182 

Fabric filters. Booklet 610 describes 
Pulse-Jet fabric filter dust collectors 
with no moving parts. Bags are easily 
replaced, dust readily dislodged for 
future disposal. UOP Inc. 183 

Gas analysis. Product data sheet de­
scribes JUNIOR MODELS 510 and 
610 gas analysis apparatus for meth­
ane, CO, hydrogen sulfide, sludge di­
gestion gases, others. Burrell Corp. 

184 

Fans and blowers. Brochure covers 
complete RT line of fans and blowers 
with capacities to 600 000 cfm, usable 
in temperatures up to 600 0 F. Needs 
less horsepower; services many indus­
tries. Garden City Fan & Blower Co. 

185 

Swimming pool cleaning. Brochure 
explains how diatomite filter powders 
are especially suitable for filtering and 
cleaning swimming pool water, and 
why they cost less. Witco.Chemical 

186 
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Hydrocarbon detector (water). Bulletin 
announces a hydrocarbon detector for 
monitoring process streams, plant ef­
fluent, and boiler condensate. Can 
alarm as low as 5 ppm. AMSCOR 

187 

Ion chromatography. Applications 
Note 15 explains use of ion chroma­
tography to analyze combustion 
products of gasoline, fuel oil, diesel, 
sewage sludge, and coal for Clean Air 
Act compliance. Dionex Corp. 188 

Monitoring/ control. Brochure tells 
how conductivity/resistivity mea­
surements facilitate monitoring/ con­
trol for boiler operation, rinse-water 
purity, power generation, and many 
other needs. Foxboro Analytical/ 
Balsbaugh Center 189 

Inline f1owmeters. Brochure covers 
fixed and retractable inline flowmeters 
and gives ranges, specifications, di­
mensions, ordering codes, and other 
pertinent information. Digitool 190 

Flocculants. Product Bulletin No. 1-
300/78 describes SANDOLEC floc­
culants for wastewater treatment. 
They are polyclectrolytes and have 
many industrial/municipal applica· 
tions. Sandoz Colors & Chemicals 

191 

Clean Air Act. Monograph by Bradley 
Raffle explains prevention of signifi­
cant deterioration, nonattainment, new 
sources, and many other aspects of the 
Clean Air Act. TRC 192 

Heated hoses. Booklet tells why heated 
hoses are needed, for example, to 
sample gases, transfer chemicals, dis­
pose of wastes, and perform other 
tasks. Importance of thermal insula­
tion is stressed. Technical Heaters, Inc. 

193 

Flowmeters. Brochure describes 
pulse-jet top-access fabric filters with 
efficient bag cleaning. Engineering 
services with turn-key capabilities are 
also set forth. Johnson-March Corp. 

194 

Filtration. Plate and frame filtration 
can help to clean water to sterilization, 
if necessary, collect valuable solids, or 
simply clean water. Particles to 0.1 11m 
can be collected, brochure says. Star 
Systems Filtration Division 195 

Low-flow estimation. I mportant to 
estimate pollutant drainage. Method 
applicable to other areas. Bulletin I 17. 
Publications Sales, Geological Survey 

of Alabama, P.O. Drawer 0, Univer­
sity, AL 35486 (write direct) . 

Mined land recovery. Film: "New Life 
for Ruined Land: Expanding the 
Frontiers of Environmental Re­
search." Office of Public Affairs, Ar­
gonne National Laboratory, Argonne, 
IL 60439 (write direct) . 

Ozone disinfection. "Effect of Partic­
ulates on Ozone Disinfection of Bac­
teria and Viruses in Water," by OtisJ. 
Sproul, et aI., EPA-600/2-79-089. 
U.S. EPA, Municipal Environmental 
Research Laboratory, P.O. Box 19069, 
Cincinnati, OH 45219 (write direct). 

Oil spill cleanup. How it was done off 
Prince Edward Island, Canada. EPS 
3-EC-79-5. Publications Coordinator, 
Environmental Impact Control Di­
rectorate, Dept. of Environment, Ot­
tawa, Ontario K I A OC8, Canada 
(write direct). 

Residential solar energy. Stresses 
heating/hot water. Many reports on 
performance. U.S. Dept. of Energy, 
Technical Information Center, P.O. 
Box 62, Oak Ridge, TN 37830 (write 
direct) . 

Swedish environment. "Environmental 
Policies and Problems in Sweden," by 
Valfrid Paulsson, director-general of 
Swedish Environment Protection 
Board. FS 58. Swedish Information 
Services, 825 Third Ave., New York, 
NY 10022 (write direct) . 

C1~an Air Act and RCRA. Two book­
iets explain each act and company 
policy. Corporate Communications, 
Union Carbide Corp., 270 Park Ave., 
New York, NY 10017 (write direct). 

Waste treatment. Film, "An Invest­
ment to Protect," tells how Hinsdale, 
I L solved wastewater treatment plant 
problems and brought its plant up to 
expectations. John T. Rhett, U.S. 
EPA , Washington. DC 20460 (write 
direct) . 

Plutonium. "Plutonium-239 and Am­
cricium-241 Uptake by Plants from 
Soil," EPA-600/3· 79-026. Environ­
mental Monitoring and Support Lab­
oratory, U.S. EPA, P.O. Box 15027, 
Las Vegas, NV 89114 (write direct). 

Uranium determination. "Radiometric 
Method for the Determination of 
Uranium in Water," EPA-600/7-
79-093. Environmental Monitoring 
and Support Laboratory. U.S. EPA. 
P.O. Box 15027, Las Vegas, NV 
89114 (write direct). 



BOOKS 

The Brain: The Last Frontier. R icha rd 
M. Restak. 41l! pages. Doubleday & 
Company. Inc .. 245 Park Ave .. New 
York. NY 10017. 1979. $12. hard 
c..:ovcr. 

This book is a compendium of cur­
rent knowledge of the brain - -how it 
works and how it is innuenced by nu­
trition. environment. heredity. and 
drugs. The author chronicles animal 
studies. human data on malnutrition 
and its elTect on brain size and intelli­
gence. and how possibly inheritable 
brain central-processing activities may 
underlie heart diseases and some can­
cers. which also have environmental 
clements. 

Nuclear Disaster in the lIrals. Zhores 
A. MedvedCl' . vii + 214 pages. W W 
Norton & Co .. Inc .. 500 Fifth Ave .. 
New York. NY 100.16. 1979. $12.95 . 
hard cover. 

Did an atomic disaster. involving 
radioactive waste. occur in the south­
ern Urals in late 1957" One leading 
British authority says. "No." but the 
author offers much documentation 
that suggests that an accident ma y. 
indeed. have taken place. This docu­
mentation includes accounts by people 
who were in the area at the time. as 
well as information gleaned from 
"sanitized" scientific papers on the 
subject. The author himself is in exile 
from the U.S.S.R. and is now living in 
I'ngland. 

Handbook of Siudge-Ihndling Pro­
cesses: ('ost and Performance. (jordon 
L. Culp. x + nx pages. C,arland 
STPM Press. 545 Madison Ave .. New 
York. NY loon 1979. $21.50. hard 
L'llVcr. 

This book presents a single. com­
prehensive compilation of data on 
performance. capital costs. opera­
tion / maintenance costs. and energy 
needs for sludge processing units . 
Most. if not all. aspects of sludge 
handling are covered . Many alterna­
ti ves arc considered . This volume is 
part of the Garland Water Manage­
ment Series. 

Aerosol Measurement. Dale A. 
I.undgren et al. xxiv + 716 pages. 
University Presses of Florida. 15 N.W. 
15th St.. Gainesville. FL 32603.1979. 
$45. hard cover. 

Here. there is explained how to 
classify aerosols and analyze them . 
Origin and behavior of aerosols arc 
considered. as well as numerous 
methods of measurement. Under­
standing of aerosols is extremely im­
portant to the knowledge and control 
of air pollution. 

N-Nitrosamines . .lean-Pierre Anselme. 
rd . x + 204 pages. Marketing Man­
ager. Books Dept.. American Chemi­
cal Societ y. 1155 16th St.. N.W .. 
Washington. DC 20036. 1979. $22.50. 
hard cover. 

N- Nitrosamines. Hardly a house­
hold word. But these compounds arc 
suspected of being potent carcinogens 
and. indeed. have orten come out pos­
itive on mutagenicity tests. They arc 
produced in many ways. but a princi­
pal way is through nitrite reactions in 
food . Their chemistry. reactivity. and 
ot her aspects arc considered in this 
book. which is No. 101 of the ACS 
Symposium Series. 

The Passive Solar Energy Book: Ex­
panded Professional Edition. Edward 
Mazria. xiii + 6x7 pages. Roda1c 
Press. I ne .. Organic Park. Emmaus. 
PA I X049. 1979. $24.95. proressional 
hard cover: $12.95. hard cover: $10.95. 
paper. 

The house itselr and its immediate 
surroundings can themselves be "col­
lectors" and utilizers or solar energy. 
But in order to achieve that desirable 
aim. one must design the house. and 
orient it to its surroundings. in certain 
ways. This book explains how to do 
these things in the most rational way 
and provides much technical data and 
comprehensibly worded. detailed 
how-to-do-it instructions and recom­
mendations. 

A Perspectile of Environmental Pol­
lution. M. W. Holdgate. x + 27X 
pages. Cambridge University Press. 32 
Fast 57th St. . New York. NY 10022. 
1979. $.15. hard cover. 

Iho's Got The 
Experience In 

DUST 
CONTROL? 

Me. 1080 AireVac Shaker Collector 
dra wing of! fumes from induction furnaces . 

Ask Anyone Who Owns 
A Griffin Collector! 

Amax Zinc Martin-Marietta 
Aramco McDonnell-
Armco Steel Douglas 
Bendix Corp. Medusa Cement 
CPC Inl'l. Miller Brewing 
Central Foundry Mobil Chemical 
Certainteed Prod. Monsanto 
Chloride Metals Morrison-Knudson 
Copperweld Steel Mueller 
Comtng Glass National Lead 
Dow Chemical Nestle' 
Eastman Kodak Owens·Coming 
FMC Chemical Penn·Dixie 
Folger Coffee Pfizer 
GAF Chemical Proctor & Gamble 
GTE Sylvania Ralston Purina 
General Electric Shell Oil 
Gcmeral Motors St. Joe Lead 
Gen'l Tire Teledyne National 

& Rubber Texas Industries 
Gold Kist Triple/S Dynamics 
Goodyear Uncle Ben's Foods 
Harshaw Chemical Union Camp 
Hercules Uniroyal 
Hughes Tool U.S. Gypsum 
Life Savers Wean United 
Lone Star Webster Foundry 
M & M Mars Williams Patent 

Hundreds more. 
List supplied on request. 

For 27 years dusl conlrol has been our 
business ... and our only business. Griffin dust 
collectors. designed and manufactured in 
OUT own plant. are meeting demanding 
requirements in over 20.000 installations. 
world wide. We have systems for every need. 
versatile in design. featuring lasting quality. 
efficiency and economy. 

For a fast answer to your dust 
problem. call us at 

315/635-9971 or write to 

G
Griffin 

~ Environmental. Inc. Sii One Ecology Park. P.O. Box 86 
Baldwinsville. New York 13027 
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This book explains how a given 
material becomes a pollutant. It de­
scribes pollutant pathways and prin­
cipal environmental changes that these 
pollutants could cause. Other pollution 
aspects are considered. but perhaps the 
main thesis is that if important pre­
vention measures are taken now. on a 
worldwide basis. then pollution need 
not be a threat to the future of man­
kind. 

Environmental I mpact Assessment: 
Principles and Applications. Paul A. 
Erickson. xiv + 395 pages. Academic 
Press. III Fifth Ave .. New York. NY 
10003. 1979. $26. hard cover. 

This book explains how to assess the 
impacts needed in preparation of im­
pact assessments. as required by 
NEPA. That would include physical 
environment. social. institutional, and 
many other impacts. The structure and 
function of the environmental impact 
assessment itself are discussed in de­
tail. 

The Solar Decision Book: A Guide for 
Heating Your Home with Solar Ener­
gy. Richard H. Montgomery . .lim 
Budnick. 283 pages. John Wiley & 
Sons. 605 Third Ave .. New York. NY 
10016.1979. $12.95. paper. 

This book tells how to do it. from 
negotiating an intelligent loan and 
pricing the job. to full installation of 
the system. Energy storage is also 
covered. How to determine what 
components arc needed and what sys­
tem size should be used arc topics of 
discussion. Technical and numerical 
data are also presented. 

Proceedings of the Water Reuse 
Symposium. 3 vols .. 2400 pages. total. 
A WW A Research Foundation. 6666 
West Quincy Ave .. Denvcr. CO 80235. 
1979.$15/set. 

The symposium was held in Wash­
ington. DC, in March. It covered water 
supply augmentation. industrial re­
cycling/reuse. aquaculture. wetlands. 
municipal and agricultural reuse. 
health/quality considerations. and 
many other similar and related 
topics. 

Energy Technology VI: Achievements 
in Perspective. 1168 pages. Govern­
ment Institutes. Inc .. P.O. Box 5918. 
Washington. DC 20014. 1979. $38. 

This volume contains 112 papers 
presented at the 6th Energy Technol­
ogy Conference and Exposition and 
was edited by Richard F. Hill. It covers 
anthracite. environmental problems. 
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fusion. "gasohol," nuclear. oil shale. 
and many other subjects involved in 
and closely related to present and fu­
ture energy sources. 

Liquid Filtration. Periodical publica­
lions in three units. The Mcilvaine 
Company. 2970 Maria Avenue. 
Northbrook. I L 60062. All three units. 
$390fyear. 

This series goes exhaustively into 
liquid filters. There are descriptions of 
filter types. properties and uses. spec­
ifications with photos. industry data 
and applications. and much other im­
portanl and pertinent information. 

A Manual for the Use of SBA 's Pollu­
tion Control Financing Guarantees. 
.lames H. McCall. Robert P. Feyer. 
112 pages. Council of Pollution Con­
lrol Financing Agencies. 10960 Wil­
shire Blvd .• Suite 1806, Los Angeles. 
CA 90024. 1979. $15, paper. 

This manual tells how a creditwor­
thy small business can obtain funds for 
pollution control, on much the same 
advantageous basis that major na­
tional corporations can. Small Busi­
ness Administration (SBA) guarantees 
are involved. and rates can average 7%. 
In some cases, tax-exempt industrial 
revenue bonds can be issued. Repay­
ment averages 20 years. Projects 
costing $75000- 5 million have been so 
financed. 

Hazardous Waste Report. Periodical. 
Aspen Systems Corp .. 20010 Century 
Blvd., Germantown, M D 20767. 
$194/year: special rates may be 
available. 

This report will cover enforcement. 
spill and hazard areas, litigalion, 
Washington news, state news, industry 
case histories, and many other matters 
of which any industry affected by 
hazardous waste problems should be 
cognizant. 

Municipal Sludge Compost Design. 
220 pages. Information Transfer. Inc., 
9300 Columbia Blvd .. Silver Spring, 
MD 20910.1979. $25. 

This work covers compost technol­
ogy. material handling equipment. 
federal rulings and guidelines, compost 
facility design. pretreatment require­
ments, and other topics pertinent to 
this composting effort. 

Estimating the Hazards of Chemical 
Substances to Aquatic Life. STP 657. 
283 pages. ASTM Sales Service Dept.. 
1916 Race St.. Philadelphia. PA 
19103.1979. $19.50. 

This work has. among its other aims. 
the objective of helping companies 



NEW! 
UPDATED! 

EXPANDED! 

A totally revised edition 
of the best selling 
single publication 

ever produced by ACS 

Cleaning Our 
Environment 
IA ©[}u@Wi)0©@~ 
~~©UOw® 

New chapters on 
• analysis & monitoring 
• toxicology 
• radiation 

Updated coverage on 

• air 
• water 
• solid wastes 
• pesticides 

Essential reading for: 
• educators 
• researchers 
• legislators 
• administrators 
• and a great refresher for 

environmentalists 

5I*:lal 18 __ Selee 

American ChemiCal Society 
1155 16th St., NW. 
Washington, D.C. 20036 

Prtcea: 
1-9 copies .. . .. $9.50 each 
lG-49 copies . .. $8.50. each 
50 or more ... .. .......... $7.50 each 

~~::~~cC::=fr%n:~!~~:.'stage. 
Ptease send me __ copies of Cleaning 
Our Environment - A Chemical Perspective 

Name 

Address 

City 

Stale Zip 

o My payment is n Bill me 
enclosed 

comply with certain TSCA require­
ments. It covers toxicological effects, 
pollutant concentration in the envi­
ronment, hazard assessment, and test 
procedure eva luation. 

The Effect of Nitric Oxide Emissions 
on Photochemical Smog. W. B.lnnes. 
314 pages. Purad Inc., 724 Kilbourne 
Dr., Upland, CA 9 I 786. 1979. $ I 2. 

The author notes that NOx, in fact, 
helps to reduce photochemical smog 
and takes issue with A. J. Haagen­
Smit that NO:,- increase this smog. He 
suggests that rational, minimal NOx 
controls, together with "common 
sense" hydrocarbon control measures, 
say, for cars, would actually do more 
to minimize smog than would an ex­
pensive, fuel-consumptive NOx con­
trol installation. 

The Beaches Are Moving: The 
Drowning of America's Shoreline. 
Wallace Kaufman, Orrin Pilkey. 336 
pages. Doubleday and Co., Inc., 245 
Park Ave" New York, NY 10017. 
1979. $10.95, hard cover. 

Beaches erode and wash out from 
under houses and hotels. The authors 
propose that this is not caused neces­
sarily by freak storms or "acts of God," 
but simply that the sea level has long 
been rising. But the urge to live right 
neat the beach does not take these 
facts into account. How to choose a 
safe site and to tell dangerous from 
safe development are two of the topics 
discussed. 

Advances in Photochemistry. Vol. III. 
James N. Pitts, Jr. et al. xii + 538 
pages. John Wiley & Sons, Inc ., 605 
Third Ave., New York, NY 10016. 
1979. $35.95, hard cover. 

Many aspects of photochemistry are 
covered here. However, there are some 
of great environmental importance. 
These include behavior of the hydroxyl 
radical in air. under sunlight, in the 
presence of organic compounds, 

Environmental Health Criteria 8: Sul­
fur Oxides and Suspended Particulate 
Matler. 108 pages. WHO Publications 
Centre USA, 49 Sheridan Ave., Al­
bany. NY 12210. 1979. About $6, 
paper. 

The most important route of human 
exposure to sulfur compounds is 
through inhalation, on which this book 
concentrates. Most of this sulfur comes 
from combustion of fossil fuels. This 
work considers the matter of human 
exposure. and looks into biological 
action of these pollutants. 

EPA: 
right way, 
wrong way. 

wrong wait until state or local 
agencies, or private groups target 
your manufacturing or process plant 
water/waste effluents for EPA com­
pliance. 

right call West Coast Technical 
SerVice, Inc., a private, totally equip­
ped analytical lab-one qualified 
by the EPA-to perform organic 
analyses strictly according to EPA 
Protocol. 

We'll analyze your wastes accord­
ing to your needs -an assay for 
selected chemicals, a priority pollu­
tant screening, or a full survey for 
all organic pollutants to the parts-per­
billion level. Your confidential results 
from a certified, authoritative third­
party lab will provide a valid baseline 
record of your waste disposal. 

easy way our computerized 
GC-MS instruments and library of 
spectra are ready to serve you-and 
we make it easy. 

, ! 

sample-pak Our program 
lends you the sample bottles and ice 
chest, and we meet your samples at 
the ai rport every morning . (Our clienls 
are nationwide; local pickup daily in 
Southern California.) Head off contro­
versy--know what's in your discharge. 
Call us today, find out about our other 
industrial analytical services, too. 

West Coast 
Technical 
Service, Inc. 
17605·0, Fabrica Way, Cerri1os, CA 90701 
(213) 921-9831 • (714) 523 -9200 
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NEI-,-RecurdillS on 
TOXIC SUBSTANCES CONTROL 

o Methods for Risk Assessment 
5 Speakers 

Length: 2 Hours. 25 Minutes 

E. I. Becker 
Significance of Risk Assessment 

N. Ashford 
Risk Analysis in the Context of the Law 

L. Benner, Jr. 
A Risk Analysis Progress Report 

W. O. Rowe 
Assessing Risk to Society 

C. R. Shaw 
Toxic Substances Control - The Human Element 

PRICE: $19.95 (cassettes only) 
(Postpaid. includes printed copies of slides used) 

o Monitoring Toxic Industrial 
Substances 

4 Speakers 
Length: 2 Hours. 30 Minutes 

B. N. Ames 
Detection & Hazards of Environmental 
Carcinogens/Mutagens 

W. G. Thilly 
Gene Locus Mutagens: Human Health Hazards 
Which Could Be Monitored in the Workplace 

R. A. Hites 
GClMS Analysis of Wastewater and Receiving Water 

V. A. Fassel 
Determination of Trace Inorganic Toxic Substances 
in Industrial Environments by Inductively Coupled 
Plasma-Atomic Emission Spectroscopy 

PRICE: $19.95 (cassettes only) 
(Postpaid. includes printed copies of slides used) 

ORDER FROM: 
American Chemical Society 
1155 Sixteenth Street. N.W. 
Washington. D.C. 20036 
Dep\. AP 

Name 

Address 

City State 

(California residents 
add 6% state use tax.) 

Zip 

(Allow 4 to 6 weeks for delivery) 



September 18-19 Concord, Calif. 
Sewage Sludge Composting Confer­
ence. Energy Resources Co., Inc. 
(ERCO) 

Write: Jan Connery, ERCO, Inc., 185 
Alewife Brook Parkway, Cambridge. 
Mass. 02138 

September 19-21 Cincinnati, Ohio 
National Symposium on Wastewater 
Aerosols and Disease. U.S. Environ­
mental Protection Agency 

Write: Virginia Hathaway, JACA 
Corp., 550 Pinetown Rd., Fort Washing­
ton, Pa. 19034 

September 23-26 Las Vegas, Nev. 
The 6th Annual National American 
Society for Quality Control: Energy 
Difision Conference. The American 
Society for Quality Control 

Write: F. B. Hyland, Westinghouse, 
P.O. Box 1313, Pensacola, Fla. 32596 

September 23-26 Los Angeles, 
Calif. 
1979 Mining Confention. The Ameri­
can Mining Congress 

Write: American Mining Congress, 
1100 Ring Building, Washington, D.C. 
20036 

September 23-26 Detroit, Mich. 
Toxic Substances in the Human Food 
Chain: Implications for Public Health 
Practice. The Michigan Public Health 
Associa tion 

Write: University of Michigan Exten­
sion Services, Conferences & Institutes, 
412 Maryland St., Ann Arbor, Mich. 
48109 

September 23-26 Chicago, III. 
The 9th North American Thermal 
Analysis Society Meeting. The North 
American Thermal Analysis Society 

Write: Barbara Fabricant, Glass Ther­
mochemistry R&D, Owens-Corning Fi­
berglas Technical Center, P.O. Box 415, 
Granville, Ohio 43023 

September 24-25 Chicago, III. 
Fuels Use Planning: New Strategies. 
The Energy Bureau Inc. 

Write: Robert Nash, Executive Director, 
The Energy Bureau Inc., 41 East 42nd St., 
New York, N.Y. 10017 

September 24-28 Chicago, III. 
Design, Installation and Operation 
Criteria for Solar Energy Systems 
Symposium. The Institute of Gas 
Technology 

Write: Kathy Fisher, IGT, 3424 South 
State St., Chicago, III. 60616 

MEETINGS 

September 24-28 Las Vegas, Nev. 
The 15th American Water Resources 
Conference. The American Water 
Resources Association 

Write: The American Water Resources 
Association, St. Anthony Falls Hydraulics 
Laboratory, Mississippi River at Third 
Ave., S.E., Minneapolis, Minn. 55414 

September 27-28 Denver, Colo. 
Health Effects of Air Pollution. 
American Medical Association and 
the Colorado Medical Society 

Write: American Medical Association, 
Department of Environmental, Public and 
Occupational Health, 535 N. Dearborn 
St., Chicago, III. 60610 

September 28 Chicago, III. 
Air Quality Conference. The lIIinois­
Indiana Bi-State Commission 

Write: Jeanne Millin, Projects Coordi­
nato.r, Illinois-Indiana Bi-State Commis­
sion, One East Wacker Drive, Chicago, III. 
60601 

October 1-3 Washington, D.C. 
Waterpower '79. The International 
Conference on Small Scale Hydro­
power. The U.S. Army Corps of En­
gineers and the U.S. Department of 
Energy 

Write: Waterpower '79, 1129 20th St., 
N.W., Suite No. 511, Washington, D.C. 
20036 

October 2-4 Columbus, Ohio 
4th International Symposium on Pol­
ynuclear Aromatic Hydrocarbons. 
Battelle's Columbus Laboratories 

Write: Alf Bjorseth, Symposium 
Chairman, Battelle's Columbus Labora­
tories, 505 King Ave., Columbus, Ohio 
43201 

October 2-4 Manhattan, Kans. 
An International Symposium on Grain 
Dust. The United States Dept. of Ag­
riculture, the Grain Elevator and 
Processing Society, and the National 
Grain and Feed Association 

Write: B. S. Miller, U.S. Grain Mar­
keting Research Laboratory, 1515 College 
Ave., Manhattan, Kans. 66502 

October 2-5 Syracuse, N.Y. 
The 9th Northeast Regional Meeting 
of the American Chemical Society. The 
American Chemical Society 

Write: R. J. Conan, Jr., Dept. of 
Chemistry, LeMoyne College, Syracuse. 
N.Y. 13214 

October 3-5 Wilmington, Del. 
Stormwater Management Alternatives: 
A National Conference. The University 
of Delaware Water Resources Center 
and the U.S. Dept. of Interior Office 
of Water Research and Technology 

Write: Conference Administration, 
University of Delaware, Water Resources 
Center, 42 E. Delaware Ave., Newark, Del. 
19711 

October 3-5 Kansas City, Mo. 
The 4th National Passife Solar Con­
ference. The International Solar En­
ergy Society 

Write: The 4th National Passive Solar 
Conference, P.O. Box 1643, Jefferson City, 
Mo. 65102 

October 3-5 Cherry Hill, N.J. 
The American Association of Textile 
Chemists and Colorists 1979 National 
Technical Conference. The American 
Association of Textile Chemists and 
Colorists (AATCC) 

Energy and environmental issues will be 
discussed. Write: AA TCC, P.O. Box 
12215, Research Triangle Park, N.C. 
27709 

October 3-5 Gatlinburg, Tenn, 
Biotechnology in Energy Production 
and Conservation. The U.S. Depart­
ment of Energy and the Oak Ridge 
National Laboratory 

Write: Oak Ridge National Laboratory, 
P.O. Box X, Oak Ridge, Tenn. 37830 

October 4 Boston, Mass. 
Hazardous Waste Management: Re­
quirements of the Resource Conserva­
tion and Recovery Act. New England 
Research, Inc. 

Write: New England Research, Inc., 15 
Sagamore Rd., Worcester, Mass. 01605 

October 7-10 Daytona Beach, Fla. 
Advances in Particle Sampling and 
Measurement. The Southern Research 
Institute 

Write: Kenneth Cushing, Southern 
Research Institute, 2000 Ninth Ave .• 
South, Birmingham, Ala. 35205 

October 7-11 Charlotte, N.C. 
1979 Joint Power Generation Confer­
ence. The American Society of Me­
chanical Engineers 

Write: The American Society of Me­
chanical Engineers, United Engineering 
Center, 345 East 47th St., New York, N.Y. 
10017 

(nmtinued on page 1164) 
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CLASSIFIED SECTION • POSITIONS OPEN 

Grow With GCA ••• 
GCA Corporation is a growth-oriented manufacturer of 
instruments, equipment and systems oriented to a wide 
cross-section of industries and markets throughout the 
world. GCA/Technology Division, a major contractor in 
environmental engineering, research and instrumentation 
development to industry and government agencies, is 
experiencin~ a large expansion program in the environ­
mental services area. As a result of this growth, we plan 
to immediately augment our staff by the addition of full 
time professionals with the following experience: 

ENVIRONMENTAL 
MARKETING SPECIALISTS 
Immediate openings exist for individuals to develop new 
environmental services business in commercial and/or 
governmental sectors with emphasis on air and water 
quality, and toxic and hazardous waste planning and 
control. 

Applicants should have a minimum of 3 years experience 
in a marketin\! or related capacity, be highly adept in 
developing chent relations and new business, be skill­
ful in coordinating with Technical Program Managers 
and possess good oral and written communication skills. 
Principal emphasis will be p'laced upon technical and 
marketing experience. POSitions report directly to the 
Marketing Manager. 

Complete fringe benefits. Salary commensurate with · 
background and experience. 

Please forward your resume to Mr. Leonard M. 
Aschenbrand, or call collect at (617) 275-9000. Inquiries 
will be treated in a confidential manner. 

GCA CORPORATION 
Technology Division 

Burlington Road 
Bodford. Massachusetts 01730 

an equal opportunity employer m/f 

• MISCELLANEOUS 

-MONITORING CONFERENCE­
BENEFITING FROM ENVIRONMENTAL MONITORING 

Ground Water, Surface Water & Air Monitoring 
October 29-30,1979 Key Bridge Marriott, Arlington, VA 

Sponsored By 

Geraghty & Miller Inc.! American Ecology Services, Inc. 
For More Information Contact: 

American Ecology Services, Inc. 
127 East 59th Street New York, N.Y. 10022 (212) 371-1620 
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CLARKSON COLLEGE 
OP TECHNOLOGY 

Graduate Program in Environmental 
Science and Engineering 

Applications are invited for research and 
teaching assistantships at the Master's and 
Ph.D. levels. A B.S. in engineering or science 
is required. Research opportunities exist in the 
areas of applied limnology. ecological mod­
eling. potable water treatment. and wastewater 
processes. Financial aid ranges from 
$8000-$9500. For Information and application 
forms write: Dean. Graduate School, Clarkson 
College of Technology. Potsdam, N. Y. 13676. 
Affirmative Action/Equal Opportunity Em.. 
ployer. 

POSITION AVAILABLE 
AIR POLLUTION CONTROL DIRECTOR 

Requires: B.S. Degree in Engineering. 
Chemistry. or allied field with 5 years experi­
ence in the field of air pollution control. Re­
sponsible for engineering. field enforcement. 
administration aoo technical services provided 
by a stall 01 13. All inquires confidential. Seoo 
resume and salary requirements, before 
October 1. 1979. to: 

Civil Service Director 
Canton Civil Service Convnission 

Clly Hall Annex, Canton, Ohio 44702 

SOUTHEAST 
. - ~ Our 11 offices in NC, SC, GA specialize in Engi­

neering and Environmental positions from 16K to 
30K. Aggressive, confidential, Fee-Paid Service. 
Send resume with salary info to: Watt Loescher, 
BEAU PERSC>NN:l, PO Box 4006, Anderson, S.C. 
29622. 

CLASSIFIED 
ADVERTISING 

RATES 

Rate based on number of inser· 
tions used within 12 months 
from date of first insertion and 
not on the number of inches 
used. Space in classified adver· 
tising cannot be combined for 
frequency with ROP advertising. 
Classified advertising accepted 
in inch multiples only. 

unit l·T 3·T 6·T 12·T 24·T 
1 inch $63 $60 $58 $56 $54 

(Check Classified Advertising 
Department for rates if adver· 
tisement is larger than 10".) 
SHIPPING INSTRUCTIONS: 
Send ali material to 

Environmental Science 
& Technology 

CI_ified Advertising Department 
25 Sylvan Rd. South 
Westport. CT. 06880 

(203) 226·7131 

• • • 



CLASSIFIED SECTION • POSITIONS OPEN 

ENVIRONMENTAL 
PLANNER 

In Colorado, Platte River Power Authority 
seeks a graduate from an accredited college 
with a degree in environmental planning or 
related discipline to coordinate and supervise 
environmental monitoring and mitigation ac­
tivities in connection with the Authority's en­
ergy production and transmission facilities and 
operations. Requires at least two years ex­
perience involving coal-fired power plant en­
vironmental activities. Liberal paid benefits 
include medical and disability insurance plus 
retirement. An equal opportunity employer. 
Send resume to: 

Mr. William J. Slimak 
Director 01 Engineering 

Platte River Power Authority 
Timberline & Horsetooth Roads 

Fort COllins, Colorado 80525 

SENIOR HYDROLOGIST 
Preferably with advanced degree plus strong 
background in field of groundwater hydrology 
for work relating to environmental assess­
ment, hydrologic flow into underground 
openings, contamination of ground and 
surface water as a result of solid waste 
disposal, land reclamation and others. 

Equal Opportunity Employer 

Please send resume to: 

F. T. Davis, Director 
Environmental Technology Division 

Colorado School of Mines 
Research Institute 

P.O. Box 112, Golden, CO 80401 

ANALYTICAL 
CHEMIST 

We seek individual experienced in GC-MS 
techniques. Your responsibility will be priority 
ppllutants analysis. Join staff 'of dynamic new 
organization. Salary: $20-25M. 
Write in confidence to: 

Herbert Burnett, Director 
Parkchester Testing Laboratories, Inc. 

1248 White Plains Road 
Bronx, New York 10472 

An Equal Opportunily·Affirmalive Action Employer. 

POSITION AVAILABLE 
AIR POLLUTION 

CONTROL ENGINEER 
Requires: 8 .5. Degree in Engineering with E.I.T. 
or P.E. Responsible for permit review. source 
inspections and other engineering functions of 
an Air Pollution Control Agency. All inquiries 
confidential. Send resume and salary require­
ments before October 1, 1979 to: 

Civil Service Director 
Canton Civil Service Commission 

City Hall Annex 
Canton, Ohio 44702 

If you are an Environmental Engineer who: 

-is interested in al phases of environmental engineering. including air. 
water and solid waste control 

-has a B.S. in Civil, Chemical or Mechanical Engineering plus a M .S. in 
Environmental Engineering 

-has a minimum of 3-5 years of work experience. preferably in an In­
dustrial or consulting engineering firm 

- seeks challenges with an industry leader which is building for the 
future on a record of solid growth 

Anheuser-Busch is looking for you! 

We have a position available at our St. Louis Corporate Headquarters 
for a qualified individual who fits the above requirements. The successful 
candidate will become a member of our corporate Environmental 
Engineering and Resources Department and will have as typical 
assignments: 

- Analysis 01 environmental requirements for new and expanded 
manufacturing faciities of several types 

- PrOOJrement of environmental approvals and permits for these 
facilities 

- Environmental compliance monitoring 

-Process design of aU types of environmental controls. Including air 
pollution control equipment and wastewater treatment/pretreat­
ment facilities 

- Consultation with operating personnel on pollution control problems 
and determination of solutions 

- Evaluation of the impact of regulatory proposals on coporate opera· 
tions 

We offer an excellent starting salary and complete company paid fringe 
benefits. including dental plan. Interested and qualified applicants should 
send a resume. outlining education and income history in confidence to: 

Anheuser-Busch, Inc. 
Managar-Salariad Employment 

Depertmant J-5-S 
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CLASSIFIED SECTION • POSITIONS OPEN 

ENVIRONMENTAL 
SPECIALIST 

Midwestern energy corporation needs an experienced professional 
for a highly responsible position in the environmental field. Candidates 
should have experience in monitoring and evaluating environmental 
policies, laws, regulations, proposed legislation and public opinion 
pertaining to the utility industry. 

The person selected will have a technical background with demon­
strated interest in policy issues, and will have strong written and oral 
communication skills, including the ability to testify at environmental 
hearings. Competitive fringe benefit package and salary commen­
surate with experience. 

" this position is well suited to your background and career expec­
tations, APPLY TODAY. Send your resume including salary history 
in confidence to: 

Employment Supervisor 

Wisconsin Power 
G light Company 

u.s. ENVIRONMENTAL 
PROTECTION AGENCY 

The Environmental SCiences Research Laboratory, Environmental Protection 
Agency, located in Research Triangle Park, North Carolina, currently has openings 
for candidates with academic degrees in engineering and the physical sciences 
to conduct research to detect, define and quantify air pollution and its effects on 
urban, regional, and global atmospheres. It is desirable that candidates have some 
experience in air pollution research and possess good verbal and written com­
munication skills. 

Salaries range from $19,263 to $32, 442 commensurate with experience. The 
positions are in the Federal Civil Service with the customary fringe benefits. 

Send resumes to: 

EPA 
Administrative Officer 
Environmental Science Research 
Laboratory, MD-59 
Research Triangle Park, N.C, 27711 
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MEETINGS (contillued) 

October 7-12 Houston, Tex. 
The 1979 Annual Conference of the 
Water Pollution Control Federation. 
The W ater Pollution Control Federa­
tion (WPCF) 

Write: WPCF, 2626 Pennsylvania Ave., 
N .W., Washington, D.C. 20037 

October 9-11 Gaithersburg, Md. 
The 4th Annual Conference on Mate­
rials for Coal Con~ersion and Utiliza­
tion. The N ational Bureau of Stan­
dards 

Write: Kathy Stang, Room B348, Ma­
terials Building, NBS, Washington, D.C. 
202~4 

October 9-11 Gatlinburg, T enn. 
The 23rd Oak Ridge National Labo­
ratory Conference on Analytical 
Chemistry in Energy Technology. The 
Oak Ridge N ational Laboratory 

Write: W. S. Lyon, Technical Program 
Chairman, Oak Ridge National Labora­
tory, P.O. Box X, Oak Ridge, Tenn. 
37830 

October 10-12 New Orleans, L a. 
The 1979 Marine Technology Society 
Exhibition and International Confer­
ence. The Marine Technology So­
ciety 

Write: The Marine Technology Society, 
Headquarters Suite 41 2, 1730 M St., 
N .W., Washington, D.C. 20036 

October 11-13 Monterey, C alif. 
The 23rd Annual Western Occupa­
tional Health Conference. The Amer­
ican Occupational Medical Associa­
tion 

Write: B. H. Bravinder, Executive Sec­
retary. P.O. Box 201, Alamo, Ca lif. 
94507 

October 15-17 Jekyll Island, G a. 
The 3rd International Symposium on 
Aquatic Pollutants. The American 
Institute of Biological Sciences and the 
U .S. EPA 

Write: Donald Beem, American Insti­
tute of Biological Sciences, 1401 Wilson 
Blvd., Arlington, Va. 22209 

Courses 

September 13-14 
D.C. 

Washington, 

Plant Energy Consenation. The A s­
sociation o f Energy Engineers 

Fee: $330 (member); $385 (nonmem­
ber) . Write: Association of IOnergy Engi­
neers, 464 Armour Circle, N.E., Atlanta, 
Ga. 30324 

(n J/llinued on page 1167) 



professional consulting services directory 
GAS ·ANALYSES 
MASS SPECTROMETRY 

GAS CHROMATOGRAPHY 
AIHA Accredited 

Write for brochure "., ... on 
~Di.LDB 
LmIf'ov.2LYTICAL 
~ERVICE 
47 Induslrlal Hoa. • Blrllley H'ighls. NJ 01922 

Phaol: (201146(·3331 

SONICS 
INTERNATIONAL, INC. 

Over 20 years industrial service 
All projects designed to meet your 

objectives 

Stationary/Ambient Air Quality Studies 
OSHA/Industrial Hygiene Applications 

Water/Wastewater Quality Studies 

Other services available 
Class I Liquid Waste Disposal Wells 

Oil Field Water Quality Studies 

tiS) i i [MiH'",'on. TXITI3) 419·6084 
,.. _. I I ._ .. Dalfas, TX (214) 631·4411 

enVlrODvne 
enGineerS 

222 West Adams St.. ChIcago. Illinois 60606 

1312)263·0114 

A Profe ss ion .. 1 ConSl,llling Se r¥ ice s Fi lm 

Transportation. Environmental 

Food Engineering. Energy. Civil/Sanitary 

Systems Studies and Design 

oUiees ,n pronClpal u .s . cities 

RECON SYSTEMS 

<TESTtNG 

ODOR DtSPERStON MODELING 

CONTROL ENGtNEERtNG 

Box 842 
Somerville, N.J. 08876 

(201) 
685·0440 

CORPORATION 
f.,,~ APC ENGINEERS 
~l j,. & CONSTRUCTORS 

• Cadre engineered CUSTOM Structural Baghouses for Hot Gas 
& Abrasive Applications 

• Ctldre Speclal -Oeslgn Fume & Fly Ash Collection Units ­
Shop Assembled 

• Retrofit SPECIALIST of l<lrge uisting Baghouse Systems 

• El(pefts In correction of air flow or difficult duct design for reduction 
In pressure drop through laboratory & scale modeling 

• Feasibility & cost trade -off studies with use of 
Cadre's Computing Center 

PLEASE CONTAC T TERRY 8ARTLETT • THE CADRE CORPORAT ION 

PO BOX 47837 • ATlANTA. GEORG IA 30361 • 1404 1458-951 1 

TURNKEY AIR POLLUTION CONTROL SYSTEMS 

COMPLETE ENVIRONMENTAL SERVICES 
• REGULATORY GUIDANCE • HAZARDOUS WASTE 
• AMBIENT MONITORING CHARACTERIZATION & CONTROL 
• METEOROLOGY & DIFFUSION MODELING • PROCESS/CONTROL ENGINEERING 
• ENVIRONMENTAL IMPACT STATEMENTS • ENERGY SYSTEMS STUDIES 
• ORGANIC/INORGANIC ANALYSES • STACK TESTING 

GCA offers 20 years experience serving Industry & Government. 

• e. ... GCA CORPORATION 
.. Technology Division 

For information contact 
Marketing Manager G CA Burlington Road. Bedford. Mass. 01730 

(617) 275·9000 

SYST EMS/SE RVIC ES/STU DIES 

Au ' WMt! Oil ~nd H~ za r dol! s Materials 
Comuhmq . Impact Assessmenu 

Amblen!lSourceTesunq 

Quali ty A'~u r ance Audlt~ 

Moniloring ' Modelir.q· PSD 

BACT Review 

Analylical Labor<llorySerVlces 

SPECIALIZING IN 
SERVICE TO MINING 

AND ENERGY 
INDUSTRIES OF THE ~ WESTERN UNITED STATES 

Air. water , and land quality studies. Environ­
mental analysis. Background and compliance 
monitoring. Meteorological monitoring. Site 
indexing & evaluation 

ENVIROTECHNICS, INC. 
ROOSEVELT, UTAH 84066 

Postal Box 355 801 .722. 3827 

A.\ ·A/. rs/s I .A/It'Ii. IT'I/{lf:.~ /'/1 '/.'/11.\' 

Air and Water Pollution. Radiochemistry 
Geothermal Surveys. Industrial Hygiene 
2030 Wright A" cnu c, Richmond, CA 94804 

(415) 2:~5~26:~3 

ENVIRONMENTAL CONSULTANTS INC 

ANAL YTICAL TESTING AND 
SAMPLING SERVICES: 

• EPA- Drinki ng water 
• Cert.ified bacteriological testing 
• N.P.D.KS. Permit 
• EPA consent decree 
• Workplace environments 
• Stack emissions- part.iculates 

Part icle identification and sizing 
Process Quality Control 

• Research and Development 

USING: 
(;as chromatography/Mass spectrometry; 
Atom ic Absorption Spectroscopy; Infrared 
spect.roscopy; Microscopy; TOe; E.P.A. and 
OSHA certified methods. 

CONSULTATION- PLANNING 

391 NEWMAN AVE 
CLARKSVILLE, INDfANA 47130 

812·282·8481 

AIR-WATER-ENERGY 

STACK & EXHAUST TESTS 
CONSULTING. LABORATORY 

articulates· Aerosols . Odor. Organics 
Industrial Hygiene Tests. Waste 

G.C., I-~ & A.A. Analyses 
"TEST tT FIRST SO YOU REALLY 
KNOW WHAT THE PROBLEM tS'· 

ROSSNAGEL & ASSOC. 

fnQineering & Testing Consultants 
Medford, N.J. (609) 654·1441 

Chadolte, N.C. (704) 333·8411 
Altanla. GA. (404) 377·4248 

South EUClid. OH. (216) 777·5500 
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professional consulting services directory 
POLLUTION ABATEMENT 

Custom engineering 
and construction 
of pollution 
abatement facilities. 

1.0 POLLUTION ABATEMENT GROUP 

• ~~.~.~.~,, ~~QS. 
1"le'''d l ,on~1 Heddqulf [,· " T t l e~ 924 328 

(617) 344-1700 CAMPANELLI PA.AKWAY STOUGH roN MASS 02072 

Monsanto 
Environmental Services 

• SOURCE & AMBIENT A IR T(STING 

• DIFFUSION MOOELING 

ENGINHRING • GClM S-EPA PRIORITY POL lUT ANTS 

CONSUL TATION. B/DANA! YTIC A L LABORA TOR Y 

TREATABILI TY STUDIES 

INDUSTRIA L HYGIEN E SURVEYS ! 

ANAl VSfS 

>oI ONSANT O RISfARCH (O RPOR AilOIi 
BO~ ! SU IIO ~ B 
OA'10~ OHI O .,10 1 
I1 TN OB NilSO N IS 131.168 Jil l 

(omplele Environmenlal Services 
Refineries. Chemical Plants 

Fertilizer Facilities . Pipelines . Docks , 
Oil & Gas Offshore Facilities . Terminals 

600 Carondelet 51.. New Orleans. la. 70130 
504 ·5868111 

WRITE FOR CATALOG 

WATER 
WASTEWATER 
SOLID WASTES 

222 S R ,vers,dE' ~la7a Cn lcag o 6 0606 

GREELEY :~,:""S HANSEN S oc. '9" 

lAB SAFEn 
Send for 1979 Catalog 

LAB SAFETY SUPPLY co. 
P.O.Bo. 1368. Janelville. WI 53545 

~NT-ROPY 

~NVIRONMENTALISTS. INC. 

AIR POLLUTION MEASUREMENT 
IS OUR BUSINESS 

p,o. Box 12291 
Research Triangle Park , N.C. 27709 

919·78 1-3550 
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I~Breedlove Associates Inc:. 
~ [nvironment,,1 Consuh"nts 

• Dredge and Fi ll Permits 
• Rec lamation Programs 
• Aquatic Syste m Restorati on 
• Environmental Monitoring 
• Ana ly tica l Laboratory 
• Bioassay 
• Environmental Licensing 
• Umnol o gical Studies 
• Environmental Impact Statements 

19041·376·2320 
618 Northwest 13th Avenue 
Gainesville, Florida 32601 

FOR THE SENSIBLE SO LUTION 

TO WATER POLLU TIO N 

A ,@,co,nc. 
~ 23~"MITYROAO I RT63 1 

U 9E THMn CONN 06~25 

BROWN 
AND CALDWELL 
CO NSUL TING ENGINE ERS 

ENVIRONMENTAL ENGINEERING 
Sou,ct' (0111<01 • Wa~te T<ea lmt'111 ' So"<.1~ Hdndllll9 

R~cldmJ t ' o" . f.ne.y~ dn<.l R e~Ol,,( e fI~'{;o " t'<¥ 

Operations ConsultatiOn Laboratorv Analvses 
and Trammg SIIlce1941 and$urvevs 

~~t&.4Ir 
LABORATORIES INC. 

545 Commtrct 5t Fronklln L"kts, N J 07411 
201·337-477. 201·891·8787 

• AtOMic Absorption • Opllul EMlnlon 
• Ch.mlul • X..,.y Sp,ctrOMetry 

Complttt Analytlc,,1 Servlcts for 
Envlronmtnt,,1 Studies &: Pollution Control 

* 
SCHNEIDER 
CONSULTING 
ENGINEERS 

ENVIRONMENTAL AND FACILITI ES 
PlANNING. Df.SIGN , AND CONSTRUCTION MANAGEM ENT 

FOR INDUSTRY AND GOVERNMf.NT 

98 VANAJ"''' 1M ROAD, BRIDGEVILLE, PA. 15017 
1412) 563·6100 

M Scott Environmental 
W Technology. Inc. 

The Air Pollution Specialists 
• Research and Consulting. 

• Source Emissions' Testing • 
• Control Device Efficiency • 

• Continuous Source Monitoring. 
• Ambient Monitoring. 

• Fuel Additive & Automotive Testing. 
Route 611. Plums_viii •• PA 18949 

215 - 166-8861 
2600 Cajon Blvd .• San Bernardino. CA 92411 

114·- 887·2571 
1290 Com";;j~e~~:I95cI' MI 48084 

~~ G roulld IF""ter 
~ Associates. Illc. 
Water Supply Geologists and Engineers 

• Hydrogeolog ical Investigations 
• Iron Removal by VYAEDOX Process 
• Hydrocarbon Bioreclamalion 

PO Bo ~ 280 
Westervi lle Ohio <13081 Llflden, Nel'l Je rsey 
614 882 -3136 Ar lll1gton Massacnusells 

1:1 II 
Engineers Since 1902 An Employee Owned Company 

Complete Design of 
Environmental Facilities 

U SA Greenville SC 29606 • Houston TEX 
RTP NC 27 r09 J R lyadt1 S aud i 

HAVENS AND 
EMERSON, INC. 
Environmental Engineers 

Cleveland , OH Sadd Ie Sroo k , N J 

Atlanta, GA St. Louis, MO 

Conlultlng !ngl,...f"I 
,\ " P:l llul'On COntrO l 
Oram&ge ~ ~ r OOO COnltOI 
rnaustroal Waste 
qesOurce Recovery 
SOIiOWaSle 
WaterSuooly 
Wster Pol lu tion Co,.,trOI 

~8t~f.A~S~SO~CI~AT~E~S~--------~ 
C~''''" R Vltltv ~noClitfl , Inc . 355101 • • n SI "'mo~~ "" 1050/0 
~Ir-.o .. , IN r s.!7yIOI'I NY 

USE THE CONSULTANTS' DIRECTORY 
HATES PER ISSUE 

Six TWl, I\·" 
Your l'arci UN IT Issues Iss ut's 

may app,'ar III 
('very issue for on{~ Y(,af. 

I ' I col. $ :1:, $ :1:1 t'vpry issup for six months 
1 2 ('01 . !i~ t):) /('on sPl'utivp issllPs). 
1 :l ('ul 1112 91 

or 
1('01 . r,g () .... ) l'vt'ry ()ther Issue for one 

2- 2 ('e)1 1:111 II H v{'ar I "Il<'rnale issues ). 
1 col 1: 111 II H Spnd Y'·our ('opy to : 

ENVIRONMENTAL SCIENCE & TECHNOLOGY 



professional consulting services directory 

''''''''~'' COMPLETE ENVIRONMENTAL SERVICES: 
...... " .... "., .' . Environmental impact assessments ... P'ollutant emis-

Slearns·R : . sian. air quality & water quality monitoring ... Dis-
. , persian estimates .. ~ Ecological consulting ... 

Meteorological field studies & consulting services. Contact 

ENVIRONMENTAL SCIENCES DIVISION 
(303) 758-1122 

p, O. Box 5888 
Oenver, Colorado 80217 

Orlando Laboratories, Inc. 
P_O. Box 8008 • Orlando, Florida 32858 • 3051843-1881 

ENVIRONMENAL ANALYTICAL SERVICES 
RADIONUCLIDES-WA TER-WASTEWATER-OIL-GAS 

FOOD-VEGETATION-AIR-SOIL-SEDIMENT 

ASSISTANCE WITH METHODS EVALUATION 'STUDIES 

enviiro/erVice® 
Programs 

• Consulting engineering 
water. ail. solid waste 

• Air testing 
• Analytical lab services 

CHAGRIN FALLS. OHIO 44022 
(216)247·5000 

Arlington. TX • Charlotte. NC 
los Angeles. CA. Minneapolis. MN 
Portland. OR Windsor. CT 

THE MO<iUl CORPORATION 

CAMP DRESSER & McKEE INC. 
0 111ces. Throughout the US 

One Cenler PIa/a 
Boslon MilS~ (l r. h\Jse lls 02108 

CDM 
enVironmental engmeefs. sClentlsls. 

planners. & management consultants 

UNITED STATES 
TESTING CO. INC. 
Complete Sampling & 
Analytical Services: 

• Water & Wastewater Analyses 
• Priority Pollutants 
• Bench Scale Modeling 
, Stack Sampling 
• Industrial Hygiene 
• Aquatic & Marine Bioassays 

Home Office 1415 Park Avenue, 
Hoboken, N.J. 07030 

(201) 792-2400 

USE THE 
CONSULTANTS' 

DIRECTORY 

,.. Laboratory and Process Development " 
Industrial Waste Water Control 
liquid and Solid Incineration 

Air Pollution Control 
In·plant Control and Process Modifications 

Environmental Impact and Permits 

CATALYTIC 
INC. 

Consultants. Engineers. Constructors 
Environmental Systems DivisiOn 

Centre SQuare West. 1500 ~et Street 
Philadelphia, Pa. 19102, 2t5-864-8000 
Charlotte, N.C. 28210, 70 .... 5<12-<1220 

Balon Rouge. La. 70895, 50 .... 293-6200 

Woodward·CIyde ~ 
ConsuHants ~ 
• Site Selection Studies 
• I mpact Assessment 

Evaluation 
• Decision and Risk Analyses 
• Environmental Field and 

Laboratory Studies 
Environmental Systems DivISion 
Headquarters: San Francisco. CA 

o Other ol/tces III CII/tOIl. NJ • Washlllgtofl.D C. 
Anchorage. AK • San Diego. CA 

DAMES 8 MOORE 
Englflecflng ]nei Environmental Cansulrants 

Geot~hnical and Environmental Engineeri~g 
Environmental Impact Assessment 

Meteorology and Air Quality Monitoring 

Water Pollution Control Engineering 

Modelling and Numerical Analyses 

Permitting and licensing Consultation 

San Francisco. Denver 
Chicago. New York. Atlanta 

Offices in Principal Cities Throughout the World 

2 Jewel Drive Wilmington . ~ass . 01887 

_llu.l:II."dnu'"o " ·II!'otI~· Sltldi~o ... 

_ I': 11\ I."un IIIt°UIIlI Su ."\ ~ol'"o 

_(HI .. uttulinuH(· ... I,IIJ"I,h 

_1 .lIhu.ouln.")· SI,."\il'I'''' 

Tel. (617)651·4170 

MEETINGS (conlinued) 

September 17-19 Nashville, Tenn. 
Control, Operation, and Management 
of Biological Wastewater Treatment 
Plants. Vanderbilt University 

Fee: $395. Write: Vanderbilt University, 
Box 6222, Station B, Nashville, Tenn. 
37235 

September 18-20 New Orleans, La. 
Wastewater Treatment Facilities for 
Small Communities. The U.S. EPA 

No fee. Write: U.S. EPA, c/o Enviro 
Control, Inc., P.O. Box 828, Rockville, Md. 
20851 

September 18-21 Minneapolis, 
Minn. 
Control of Particulate Emissions 
(Lecture course). U.S. EPA. 

Fee: $88. Write: Registrar, Air Pollution 
Training Institute, MD-20, U.S. EPA, 
Environmental Research Center, Research 
Triangle Park, N.C. 27711 

September 20-21 New York, N.Y. 
Innofatife and AIternatife Technology 
Assessment. U.S. EPA 

No fee. Write: U.S. EPA, c/o JACA 
Corporation, 550 Pinetown Rd., Ft. 
Washington, Pa. 19034 

September 24-28 Cincinnati, Ohio 
Liquid Chromatography: Separation 
Plus Spectroscopy. The Finnigan In­
stitute 

Fee: $625. Write: Ann Woolley, Finni­
gan Institute, 11750 Chesterdale Road, 
Bldg. No.5, Cincinnati, Ohio 45246 

October 1-3 Washington, D.C. 
Preparation of Enfironmental Impact 
Statements_ The George Washington 
University 

Fcc: $435. Write: Director, Continuing 
Engineering Education, George Wash­
ington University, Washington, D.C. 
20052 

October 3-5 Albany, N.Y. 
Air Management. Airtechnical En­
terprises, Inc. 

Fcc: $345. Write: Thomas Cutter, 
Seminar Director. Airtechnical Enter­
prises, Inc., 29-28 41st Ave .. Long Island 
City, N.Y. 11101 

October 10-12 Washington, D.C. 
Air Pollution Control Equipment: Op­
eration and Maintenance. The George 
Washington University 

Fcc: $430. Write: Direclor, Continuing 
Engineering Education, George Wash­
ington University, Washington, D.C. 
20052 

(continued on page 1168) 
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INDEX TO THE ADVERTISERS IN THIS ISSUE MEETINGS (con/inued) 

CIRCLE 
INOUIRY NO. PAGE.NO. 

1 .....• Alpkem Corporation ••••.• 1150 
Alpkem Advertising Co. 

xx x •••• Argonne National 
Laboratory .•.•.•.•.•••• 1048 

Deutsch. Shea & Evans. Inc. 

25 •...• Beckman Instruments ••••• IFC 
Ayer, Jorgensen, MacDonald 

24 .•... Envlrotechnlcs, Inc. • •.••• 1153 
LeBaron & AssOCiates, Inc. 

2 ...... ERT .................. 1017 
Impact Advertising Inc. 

18 ..... Finnigan Institute .• •• ..•. 1023 
Robert Pease & Co. Adv. 

22 ..•.. Foxboro Analytical ••••.•• 1029 
Shepherd, Tibball & Galog 

3 ...... Griffin Environmental ..... 1157 
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20 ..... HamlHon Company • • •••• 1158 
Mealer & Emerson Adv. 

4 ...... ISCO •••••••••••••••••• 1149 
Farneaux Associates. Adv. 

5 ...... Leupold & Stevens, Inc •••• 1152 
Tualatin Advertising 

19 ..... Martek ................ 1022 
T ekmar Marketing Services 

27-33 .. Matheson .............. 1024 
Kenyon Hoag Associates 

6 ...... Mine Safety Appliance ••••• IBC 
KM&G International 

7 ...... Oceanography International 
Corporation •.•••••••• . • 1057 

Gianturco & Michaels, Inc. 

23 ..... Radian Corporation ...... OBC 
The Advertising Dept. Inc. 

8 •..•.. Rockwell International •••• 1020 
Campbell-Ewald Company 

9 ...... Rohm & Haas ........... 1074 
AI Paul Lefton Company, Inc. 

10 .•... Selas •••••••.••••••••• 1153 
Emery Adv. Corporation 

11 ..... Sierra Instruments .; ••••• 1047 
Creative Counselors 

12 ..... Sigmamotor, Inc. • ••••••• 1048 
Sheridan Advertising Inc. 

xxx •••• Union Carblde-
Linde ••••••••••.• 1033-1040 

Young & Rubicam, Inc. 

17 •...• West Coast Technical Servlce,lnc. 
• ...............•.•... 1159 

Raetz & Warsaw 

21 ..... Whatman Inc .••••••.••.• 1027 
J. S. Lanza & Associates 

15 ..... Carl Zelss,lnc ........... 1042 
David Deutsch Assoc. Inc. 

16 •..•. Zeta-Meter,lnc ••••••••.• 1150 
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PAGE NO. 

CLASSIFIED SEC"nON ••••••• 1162-1164 
PROFESSIONAL CONSULTING 
SERVICES DIRECTORy ...... 1165-1167 

Advertising Management for the 
American Chemical Society Publications 

CENTCOM. LTD. 

Thomas N. J. Koerwer, President; James A. 
Byrne, Vice President; Clay S. Holden, Vice 
President; Benjamin W. Jones, Vice Presi­
'dent; Robert L. Voepel, Vice President; 25 
Sylvan Rd. South, Westport, Connecticut 
06880 (Area Code 203) 226-7131 

ADVERnSING SALES MANAGER 

Allred L. Gregory 

SALES REPRESENTAnVES 
Allanta, Ga •... Donald B. Davis, CENTCOM. LTD., 

Phone (Area Code 203) 226-7131 
Boston, Ma •... Thomas Carey. CENTCOM, LTD., 

(Area Code 212) 972-9660 
ChIcago, HI •.. . CENTCOM, LTD., 540 Frontage Rd., 

Northfield, III. 60093 (Area Code 312) 441-
6383 

Cleveland, Oh .... Bruce Poorman. CENTCOM, 
LTD., 17 Church St., Berea, OH 44017 (Area 
Code 216) 234-1333 

Denver, Co, ... Clay S. Holden. CENTCOM. LTD .. 
(Area Code 213) 325-1903 

Houston, Tx, ... Robert E. LaPointe. CENTCOM, 
LTD .. (Area Code 415) 781-3430 

los Ang .... , Ca, ... Clay S. Holden. CENTCOM 
3142 Pacilic Coast Highway, Suite 200, Tor­
rance. CA 90505. (Area Code 213) 325-
1903 

New York, N.Y .... Thomas Carey, CENTCOM, 
LTD .. 60 E. 42nd Street, New Yorl< 10017, 
(Area Code 212) 972-9660 

Philadelphia, Pa, ... Thomas Carey, CENTCOM, 
LTD., GSB Building, Suite 510, 1 Betmont Ave .. 
Bala Cynwyd, Pa. 19004, (Area Code 215) 
667-9666 

San Francisco, Ca ... Robert 1:. laPOinte, (;I:N 1-
COM, Ltd., Suite 303, 211 Sutter Streel, San 
Francisco, CA. 94108. Telephone: 415-781-
3430. 

Westport ct .... Thomas Carey, CENTCOM, LTD., 
25 Sylvan Rd. Sooth, Westport, Ct. 06880, 
(Area Code 203) 226-7131 

UnHed Kingdom 
Reading, England . .. Malcolm Thiele, T ech­

namedia ltd .. Wood Cottage. ShtJ-1ock Row, 
Reading RG10 DOE. Telephone: 073-581-
302 

Manchester, England . .. Jill E. loney, Tech­
nomedia ltd .. 216longhurst lane, Mellor. 
Stockport SK6 5PW. Telephone: 061-
427-5660 

Continental Europe ... Andre Jamar. Rue Mallar I, 
4800 Verviers, Belgium. Telephone: (087) 
22-53-85. Telex No. 49263 

Tokyo, Japan ... Shigeo Aoki, International Media 
Representatives ltd., 2-29 Toranomon 1-
chrome, Minato-Ku, Tokyo 105 Japan. Tele­
phone: 502-0656 

PRODUCTION DEPARTMENT 

PRODucnON DIRECTOR 

Joseph P. Stenza 

PRODUCnON MANAGER 

Diane C. McGrath 

October 11-12 Atlanta, Ga, 
Environmental Laws & Regulations 
(Introductory course). Government 
Institutes, Inc. 

Fee: $375. Write: Government Insti­
tutes, ~733 Bethesda Ave., Suite No. 806, 
Washmgton, D.C. 20014 

October 15-19 Boston, Mass. 
Industrial Hygiene Workshop, Evalu­
ation and Control of Occupational 
Hazards: Basic Skills. Harvard Uni­
versity 

Fee: $500. Write: Short Course Coor­
dinator, Dept. of Environmental Health 
Sciences, Harvard School of Public Health, 
665 Huntington Ave., Boston, Mass. 
02115 

October 16-17 St. Louis, Mo. 
The 2nd AES Coatings for Solar Col­
lectors Symposium. The American 
Electroplaters' Society, Inc. 

Fee: $150 (members); $185 (nonmem­
bers). Write: Mary Lou Dowdell, 
Manager, Meetings/Conferences, AES 
Headquarters, 1201 Louisiana Ave., 
Winter Park, Fla. 32789 

October 17-19 Washington, D.C. 
Wastewater Engineering. The George 
Washington University, the Illinois 
Institute of Technology, and Vander­
bilt University 

Fee: $435. Write: Continuing Engi­
neering Education, George Washington 
University, Washington, D.C. 20052 

Call for Papers 

October I deadline 
Combined Municipal-Industrial 
Wastewater Treatment. The U.S. EPA 
and the University of Texas at 
Dallas 

Conference will be held March 25-27, 
1980, at Dallas, Tex. Write: Aharon Net­
zer, University of Texas at Dallas, P.O. 
Box 688, Mail Station BE 22, Richardson, 
Tex. 75080 

October I deadline 
The 34th Annual Technical Conference 
of the American Society for Quality 
Control. The American Society for 
Quality Control 

Conference will be held May 19-21, 
1980, in Atlanta, Ga. Write: Maxwell 
Jeane, Route No. I, Box 105, Randall 
Court, White Plains, Md. 20695 

October 15 deadline 
26th Annual Technical Meeting of the 
Institute of Environmental Sciences. 
Institute of Environmental Sciences 

Conference will be held May 11-14, 
1980, in Philadelphia, Pa. Write: Henry 
Caruso, Westinghouse Electric Corpora­
tion, Box 746, Mail Stop 504, Baltimore, 
Md. 21203 



ES&T SEPTEMBER 1979 

ADVERTISED PRODUCTS, I 2 
7 8 9 10 11 12 13 

18 19 20 21 22 23 24 
29 30 31 32 33 34 35 
40 4 1 42 43 44 45 46 
51 52 53 54 55 56 57 
62 63 64 65 66 67 68 
73 74 75 76 77 78 79 
84 85 86 87 88 89 90 

NEW PROOUCTS, 101 102 103 
108 109 110 11 1 11 2 113 114 
11 9 120 121 122 123 124 125 
130 13 1 132 133 134 135 136 
141 142 143 144 145 146 147 
152 153 154 ISS 156 157 158 
163 164 165 166 167 168 169 
174 175 176 177 178 179 180 
185 186 187 188 189 190 191 

VALID TtflOUGH 

January 1980 

3 4 5 6 
14 15 16 17 
25 26 27 28 
36 37 38 39 
47 48 49 50 
58 59 60 61 
69 70 71 72 
80 81 82 83 
91 92 93 94 

104 105 106 107 
115 116 117 118 
126 127 128 129 
137 138 139 140 
148 149 150 151 
159 160 161 162 
170 171 172 173 
181 182 183 184 
192 193 194 195 

TO VALIDATE THIS CAR D, PLEASE CHECK 
ONE ENTRY FOR EACH CATEGORY BELOW, 

Intensity 0' product need: 
o 1. Have sa lesman call 
o 2. Need wi th in 6 months 
o 3. Future project 

Employees at 
th is location: 
o I. Under 25 
o 2. 25 - 99 
03. 100 - 299 
04. 300 - 499 
o 5. 500 - 999 
o 6. 1000 - 2999 
o 7. Over 3000 

Areas of your 
responsib il ity: 
o A. Ai r poll ution only 
o 8 . wa ter pollution only 
o C. waste trea tment only 
o D. Air & Water pollu tion 
o E. Air & waste t reatment 
O F. Water & Waste treat . 
o G. Air / Water /Waste 
o H. Other Environmental 

Th is copy of ES& T is •• • 
o 1. Personally addressed 

to me in my name 

Principal product to 
which my work relates: 
o A. Oil /Gas/Petroleum 
o B. Plastics l Resi ns 
o C. Rubber 
o D. Drugs/ Cosmetics 
o E. Food f Beverages 
o F. Textile / Fiber 
o G. Pulp/ paper / Wood 
o H. Soaps/ Cleaners 
o I. Pai nt / Coating/l nk 
o J . Agrichemical s 
o K. Stone/ Glass/ Cement 
o L. Metals/ Mining 
o M. Machi nery 
o N. Autol Ai rcraft 
o O. Instrument/Controls 
o P. Inorganic Chemicals 
o Q. Organic Chemicals 
o R. Other Manufacturing 
o S. Design/ Construction 
o T. Uti l ities 
[] U. Consu lti ng Services 
o V. Federal Government 
OW. Sta te Government 
o X. Municipa l Government 
o Y. Education 

Membership status: 
o 1. I am an ACS member 
o 2. Not an ACS member 

NAME, 

TITL E, 

FIRM , _ 

STREET, 

CITY, 

- - -- ------- o 2. Addressed to other 
person or to my fi rm . 

STATE, _ _ ____ . _____ _ ZIP, _ . __ _ . 

PHONE, ( _ _ _ _) __ 

IIIIII 
BUSINESS REPLY CARD 

FIRST CLASS Permit #27346 Philadelphia, Pa. 

POSTAGE Will BE PAID BY ADDRESSEE 

Environmental 
Science & Technology 

P.O. BOX # 7826 
PHILADElPHIA, PA 19101 

Circle 94 for 
subscript ion 
form to [5&T 

NO POSTAGE 
NECESSARY 

IF MAILED 
IN THE 

UNITED STATES J 



111111 

BUSINESS REPLY CARD 
FIRST CLASS Permit #27346 Philadelphia, Pa, 

POSTAGE WILL BE PAID BY ADDRESSEE 

Environmental 
Science & Technology 

P.O. BOX #7826 
PHILADELPHIA, PA 19101 

l
OPOSTAGE 

NECESSARY 
IF MAILED 

IN THE 
UNI!~ STATES J 

ES&T SEPTEMBER 1979 
VALID THROUGH 

January 1980 
TO VALIDATE THIS CARD, PLEASE CHECK 
ONE ENTRY FOR EACH CATEGORY BELOW, 

ADVERTISED PRODUCTS, 1 2 3 4 5 6 
7 8 9 10 11 12 13 14 15 16 17 

18 19 20 21 22 23 24 25 26 27 28 
29 30 31 32 33 34 35 36 37 38 39 
40 41 42 43 44 45 46 47 48 49 50 
51 52 53 54 55 56 57 58 59 60 61 
62 63 64 65 66 67 68 69 70 71 72 
73 74 75 76 77 78 79 80 81 82 83 
84 85 86 87 88 89 90 91 92 93 94 

NEW PRODUCTS, 101 102 103 104 105 106 107 
108 109 110 111 112 113 114 115 116 117 118 
119 120 121 122 123 124 125 126 127 128 129 
130 131 132 133 134 135 136 137 138 139 140 
141 142 143 144 145 146 147 148 149 150 151 
152 153 154 155 156 157 158 159 160 161 162 
163 164 165 166 167 168 169 170 171 172 173 
174 175 176 177 178 179 180 181 182 183 184 
185 186 187 188 189 190 191 192 193 194 195 

NAML 

TITLE, , _ , _ _ _____ __ _ 

FIRM, __ , _______ ,_,_, ,,_,_ , _, ___ _ _ 

STREET, 

CITY, __ , __ _ _ __ _ ____ ,_ , ____ ,_ 

STATE, __ ___ _ _ ____ __ __ ZIP, ___ _ , _ _ . 

Intensity of product need: 
o 1. Have salesman call 
o 2. Need within 6 months 
o 3. Future project 

Employees at 
this location: 
o LUnder 25 
o 2, 25 - 99 
o 3. 100 - 299 
04. 300 - 499 
o 5. 500 - 999 
o 6. 1000 - 2999 
o 7. Over 3000 

Areas of your 
responsibility: 
o A. Air pollution only 
o 8. water pollution only 
o C. waste treatment only 
o D. Air & Water pollution 
o E. Air & Waste treatment 
OF. Water & Waste treat. 
o G. Air/Water/Waste 
o H. Other Environmental 

This copy of ES& T is . .. 
o 1. Personally addressed 

to me in my name 
o 2. Addressed to other 

person or to my firm. 

Principal product to 
which my work relates: 
o A. Oil/Gas/ Petroleum 
o B. Plastics/Resins 
o C. Rubber 
o D. Drugs/ Cosmetics 
o E. Food/ Beverages 
o F. Textile/Fiber 
o G. Pulp/Paper/Wood 
o H. Soaps/ Cleaners 
o I. Paint/Coatingjlnk 
o J. Agrichemicals 
o K. Stone/Glass/Cement 
o L. Metals/ Mining 
o M. Machinery 
o N. Auto/ Aircraft 
o O. Instrument/Controls 
o P. Inorganic Chemicals 
o Q. Organic Chemicals 
o R. Other Manufacturing 
o S. Design/Construction 
o T. Utilities 
o U. Consulting Services 
o V. Federal Government 
o W. State Government 
o X. Municipal Government 
o Y. Education 

Membership status: 
o 1. I am an ACS member 
o 2. Not an ACS member 

Circle 94 for 
subscription 
form to ES&T 



CO\ 1 HLSIIO'\ ( 0'\ mOl· I IF;\[ TH 8: \ .\1 rn· r:,\\ '1 RO,\;"ll '\ IAI " ['l~() 

Accurate combustion control with MSA Oxygen 
Analyzer helps industry save scarce fuel. 

Since its introduction in 1975, the 
Model 803 Oxygen Analyzer from 
MSA has received a warm welcome 
from combustion engineers across in­
dustry. Wherever fuel is burned for 
process heat , power generation or 
manufacturing, fine tuning of excess 
air in the combustion process pays big 
dividends. It used to be difficult to get 
reliable readings in the hot, dirty con­
ditions in the stack . But the Model 803 
0, Analyzer is changing all that. 

Located right on the stack, the 
Model 803 gives you the shortest pos­
sible sampling line. It operates hot so 
that gases are kept above their dew­
point. That minimizes plugging prob­
lems and increases time on line with­
out shutdown. The analyzer measures 
oxygen directly-not just an effect of 

MSA Oxygen Analyzer 
goes to "energy college!' 

The engineering department of a 
southern college conducts seminars to 
help industry improve their boiler oper­
ating efficiency. During the lecture por­
tion, the Model 803 Oxygen Analyzer 
demonstrates the theory of excess air 
control; then the professor takes the 
group of boiler operators and super­
intendents to a nearby industrial plant 
to observe this combustion control 
theory in operation. 

The class analyzes the combustion 
gases from the boiler with the Model 
803 and correlates the analysis to Orsat 
te sts. Conditions are deliberately 
varied, and effect on excess air and 
efficiency noted. 

The fast response and trouble-free 
operation of the 803 verifies classroom 
data and confirms how simple it is to 
continuously maintain the correct ex­
cess air ratio. 

oxygen. So it produces a high-level 
signal. And its sensitivity holds through 
the full 0.1 % to 21 % 0 , range. 

Many users have commented on the 
803's speed of response when furnace 
operating conditions vary. Prompt cor­
rective action saves them fuel and 
avoids pollution incidents. 

Flue gas analysis 
goes portable. 

The popular Model 803 is now also 
available as the 803-P Portable 0 , 
Analyzer. The 20-pound unit is com­
plete in a single case with handle. It 
offers the same high levels of accuracy, 
measuring 0 , from 0.1 % to 21 %. The 
logarithmic scale provides highest 
accuracy at the lowest concentration 
levels. 

While measuring flue gas excess oxy­
gen is a major application, inert gas 
generators, heat-treating atmospheres 
and other combustion processes can 
all benefit from its use. You just plug 
it in at the test location, 
and within 20 minutes 
you're ready for accu­
rate analysis of com­
bustion oxygen level. 
Adjustments in ratios 
are recorded in 
for fast correction of 
fuel /air imbalances. 

How can we help you? 
MSA has experienced instrumenta­

tion engineers in your area who can 
review your needs and make specific 
proposals for your plant. They can also 
provide details on other MSA instru­
ments for stack emission monitoring, 
health and safety analysis systems and 
air quality monitoring. Check the 
Yellow Pages for the nearest MSA 
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Multi-plant air analysis 
shows hQwto shave 
fuel costs. 

In the dim, dark past when fuel was 
cheaper than controls, boiler operators 
didn 't mind losing a little heat in the 
form of excess air. It was heated and 
then carried its Btu's right out the stack, 
but it didn't bother the burning rate 
or the operation. 

Now, that "little heat" can add up 
to a loss of thousands of dollars every 
month . More and more industrial boiler 
operators are turning to oxygen moni­
toring and control as a cost-efficient 
way to reduce fuel consumption. 

toEL$ 

One multi-plant company studied 
the effect of increasing boiler efficiency 
from I % to 5% for four classes of 
boilers. The figures showed, for exam­
ple, that a 2% improvement for a 
100,000-lb boiler would offer savings 
of $3,000 pel' month when fuel was 26¢ 
a gallon. At that rate, the cost of con­
trols could be paid off in a matter of 
months. 

Today, saving fuel is not just a 
matter of economics-it can be the 
difference between operating or shut­
ting down in cold weather. 

As a bonus, efficient combustion 
processes are less likely to create air 
pollution problems from the stack . 

office or write MSA Instrument Divi­
sion, 600 Penn Center Blvd., Pitts­
burl(h, Pa. 15235. 

Make sure /check MSA 
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