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There is a tide in the affairs of men ... 

While returning from the 11th International Confer
ence of the IA WPR, in Cape Town, South Africa, I had a 
good bit of time for thinking. One thing that kept popping 
up in my mind was: what is going to be the future of water 
pollution control in the U. S. and how are the members of 
the Environment Division going to be involved in it? 

I thought back to the early days of our active involve
ment with the government on water pollution control, 
and how our work led to the very effective program of the 
AIChE GPSC. We of the Environmental Division, with
out anything other than moral support from the GPSC 
and AIChE, prepared and submitted testimony before 
the National Commission on Water Quality for Amending 
the Federal Water Pollution Control Act. 

At that time we were in the forefront of change, the 
cutting edge of the development of new legislation and 
regulations. We were the first professional society to rec
ommend that the municipal construction grants program 
be terminated. This is the program under which the fed
eral government pays seventy-five percent of the cost of 
engineering, design and construction of municipal sani
tary sewage treatment and facilities, and collection sys
tems. We were later followed by the American Water 
Works Association. And recently even such organizations 
as the Water Pollution Control Federation have seen fit 
to get on the bandwagon that we started moving. 

Our reasons for this position was that the construction 
grants program was not effective as a pollution control 
program. It was a public works program pure and simple, 
and it should have been viewed as such. In fact, it soon 
became crystal clear that we were correct, and not only 
was the program ineffective for pollution control, but 
rather it probably did more to impede the cleanup of the 
water of the nation than any other single factor or pro
gram. It had a strong, negative impact. 

In looking at programs today and what is needed, now 
with the construction grants program expected to be 
gradually phased out, there will seemingly be less money 
available for municipal sewage treatment plant construc
tion. What program then could we come up with that 
would lessen the need for larger (and "better") sanitary 
sewage treatment plants. And here we come to what I ex
pect Will be the controversial part of what I have to say. 

I recommend that we in the Environmental Division 
see what can be done to encourage industry to divert out 

T. H. Goodgame is a member of the adVisory board of Environ
mental Pro~ress, Past Chairman of the Environmental Division 
and Past Director of AIChE. He holds a Ph.D in chemical engi
neering and is Environmental Control Director of Whirlpool 
Corp., Benton Harbor, MI. 
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of municipal sewage treatment systems all wastes that 
cannot be beneficWlly treated by biological treatment 
methods. For this to happen to any degree there are a 
number of things that will have to come about. 

First, the regulatory agencies (federal, state and local) 
will have to be brought on board. The regulatory agencies 
must monitor the permitted outfalls in their area and the 
fewer outfalls there are, the less work they have to do. 
Thus, it has been their attitude in the past to encourage 
industries to pretreat their waste and then if possible to 
discharge it through a municipal sewage treatment sys
tem. I maintain that this is neither cost effective nor is it 
environmentally sound. Properly treated industrial 
wastewater that cannot be beneficially treated by biolog
ical systems, should be discharged directly to the surface 
waters. If discharged to a muniCipal sanitary sewage treat
ment system the minimum effect it will have is to increase 
the hydraulic load on the system, and consequently, the 
total pounds of BOD which the plant will discharge into 
the environment. 

Second, we will have to convince industry that this is in 
their best interest also. I think that in many cases this will 
be somewhat easier, particularly if industry is to be re
quired to pay its fair share of construction and operation 
costs for municipal treatment systems. With many indus
trial discharges now requiring pretreatment before dis
charge into the municipal sanitary system, would it not be 
better to allow these properly pretreated wastes to be dis
charged directly to the surface waters. 

In many cases this will also require changes of piping 
systems within the industrial plant so that wastes tliat can 
be beneficially treated by biological methods can be kept 
separate from those which cannot. Changing of piping 
within a plant can be very expensive. But over the long 
run, if we start now on working toward this system, doing 
the educating necessary, and creating the proper atmo
sphere, we will be moving ahead toward the type of envi
ronment that we have all been working for, and we will be 
doing it in a most cost effective manner. 

I realize that there may be a substantial amount of op
position to this proposal. There will be individual plants 
where this will not work today. And for the plants tliat are 
so small that pretreatment is not required, this system 
may not work. But my experience in metals finishing in 
plants located in large cities or in small towns, is that this 
system will work, and it will be cost effective, and envi
ronmentally sound. 

Let's be the leaders again and get this new concept 
moving down the road. 

T. H. GOODGAME 
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Environmental 
Shorts . .. 

Battelle to Study Environmental Effects of Drilling on Large Commercial Fishing Area 
A study to identify the environmental effects of drill

ing exploration on the Georges Bank is being conducted 
by Battelle's New England Marine Research Laboratory, 
Duxbury, MA for the U.S. Department ofInterior, Bu
reau of Land Management. 

Georges Bank, located southeast of the MA coast, sup
ports one of the largest commercial' marine fisheries in 
the world. In recent years, however, alternative uses for 
the Bank have been proposed, including offshore drill
ing for oil and natural gas. 

According to a Battelle spokesman, there have been 
concerns that these alternative uses of the Bank could se-

New Lab Test Will Help Assess Relative 
Toxicity of Burning Materials 

Researchers at the U.S. Commerce Department's Na
tional Bureau of Standards (NBS) have developed and 
published a test method that will help to assess the rela
tive toxicity of materials when they burn. 

Product manufacturers, building officials, and others 
who want to know more about the toxicity of the combus
tion products of various materials have been handi
capped by the lack of an agreed upon laboratory test. The 
bureau's suggested test method, published in a report re
leased today, will provide laboratories with a method for 
evaluating materials of concern. 

The NBS test involves heating a sample material in a 
speCial furnace and exposing test animals (rats) to the 
combustion products. The materials are tested under 
both Raming and non-Raming conditions in an attempt 
to reRect two major modes of material decomposition in 
fires . 

The procedure calls for animals to be exposed to the 
combustion atmosphere for 30 minutes, a time chosen as 
representative of the escape or rescue time for an occu
pant of a burning building. The animals are then moni
tored for 14 days following exposure, reRecting the situ
ation in which fire victims die some time after escape. 
Death of 50 percent of the test animals during the test or 
post-exposure period determines the lethal concentra
tion of a burning material. The test also provides an op
tional procedure to examine materials which rapidly pro
duce combustion products during a 10 minute exposure. 
In addition, the NBS test method describes analytical 
and physiological measurements which can provide more 
detailed information and will be helpful in determining 
the need for further research on specific materials. 

Copies of the NBS reports, Further Development of a 
Test Method for the Assessment of the Acute Inhalation 
Toxicity of Combustion Products, which describes the 
test method, notes refinements over an earlier version, 
and lists results from illustrative tests on sample materi
als, will be available in several weeks from the National 
Technical Information Service. 
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riously damage the fishing industry. 
Exploratory drilling began in the area in July 1981. 

Drilling Ruids--{)r muds--{)ften are discharged in small 
quantities during the exploration. These water-based 
Ruids contain the mineral , harite, and small quantities 
of clay and other materials . 

The major emphasis of this research and monitoring 
program will be to determine short and long-term 
changes in the bottom-living fauna that can be attributed 
to oil and gas exploration. If harmful effects are de
tected, corrective measures can be taken by the oil indus
try or the government. 

EPA Publishes Guide on Clean Efficient 
Operation of Boilers 

The U.S. Environmental Protection Agency has pub
lished a guide on clean and efficient operation of coal 
stoker-fired boilers. 

The 72-page guide, prepared by EPA's Industrial En
vironmental Research Laboratory (IERL) Research Tri
angle Park, NC. and designed for use by boiler opera
tors, explains and illustrates the types of coal-fired 
stokers, the combustion process, and reasons for heat loss 
and inefficiency. 

It goes on to discuss ways in which coal stoker-fired 
boilers can be operated at peak efficiency and with mini
mum pollutant emissions. Step-by-step instructions are 
included. 

Copies of the publication, titled "A Guide to Clean 
and Efficient Operation of Coal Stoker-Fired Boilers," 
are available for $9.00 from the National Technicallnfor
mation Service, 5285 Port Royal Road, Springfield, VA 
22161. Ask for publication #EPA-600/8-81-016. Copies 
will also be available for $25.00 through the American 
Boiler Manufacturers Association, 950 North Glebe 
Road, Suite 160, Arlington, VA. 22203. 

New hazard communication system presented 
to OSHA 

With its Hazardous Materials Identification System 
(HMIS), the paint and coatings industry has developed a 
simple, easy-to-use and effective hazard communication 
system which may eventually be adaptable for use by 
workers in other industries. 

Testifying at the recent Occupational Safety and 
Health Administration (OSHA) hearing in Washington, 
D.C. , on its proposed hazard communication standard 
for chemical industry workers, National Paint and Coat
ings Association (NPCA) member representatives from 
DeSoto, Inc. and the Grow Group, Inc. , described the 
HMIS system, which uses numerical and pictorial codes 
to inform workers of work place materials hazards and ap
propriate protective equipment. 
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Permanganate solves odor and corrosion problems in pulp and paper industry 
Recent tests by Carus Chemical Co., La Salle, IL, have 

disclosed that use of potassium permanganate is success
ful in controlling the problems caused by sulfide com
pounds at pulp and paper plants. 

Already used widely by municipal wastewater treat
ment plants to eliminate obnoxious odors, Cairox potas
sium permanganate has been found effective in oxidizing 
unwanted sulfides in the mill wastewater. The tests 
were conducted at both pulp and paper mills in WI. 

Hydrogen sulfide (H2S) gas can react with oxygen in 
the air to form acids in the atmosphere. In addition to this 
corrosiv~ atmosphere, the hydrogen sulfide odor is 

highly objectionable and can be toxic. 
A spokesman for Carus Chemical, identified three 

major benefits of using potassium permanganate in 
wastewater treatment: 

1. improved health and safety for plant employees, 
2. control of corrosion to extend equipment life, and 
3. elimination of obnoxious and toxic hydrogen sulfide 

odors as a good-neighbor policy. 

Further information is available from the Technical 
Services Department, Carus Chemical Co., La Salle, IL. 

LETTERS 

More on "Prediction of Destruction 
Efficiencies" 
To the editor: 

Mr. Brown's letter [EnVironmental Progress, 1, M7 
(1982)] about my paper [Environmental Progress, 1, 
38-42 (1982)] asked for "some correction" to be pub
lished. 1 assume he was referring to the fact that E can be 
different for different temperature ranges (due to chang
ing mechanisms). Though not stated explicitly in the pa
per, the empirical A and E values used must be derived 
for temperature ranges of interest. 

Currently, the most directly applicable data from the 
laboratory for empirical pseudo first order rates of disap
pearance is that being generated by thermal destruction 
units. These units normally operate up to about 12000K 
(1700°F), well within the lower range of boiler firebox 
temperatures. 

The model is designed to give an upper bound on the 
amount of emitted material, not the actual value. In this 
light, using lower rate constants is appropriate. Using 
pyrolitic rates (i.e., those generated in nitrogen) is the 
safest approach, but normally lead to criticisms of "over 
conservatism. " 

The question of turbulence is addressed by starting the 
calculations at the point of maximum average bulk gas 
temperature. This point occurs slightly beyond the point 
of maximum heat release rate. The rate of heat release is 
primarily a function of oxygen concentration and fuel 
concentration within an elemental reaction volume. Fuel 
concentration within this "packet" will be monotonically 
decreasing due to diffusion, dilution, and reaction. Oxy
gen concentration will first rise from diffusion and tur
bulent mixing, reaching a maximum when complete mix
ing has occurred. Thus of concern (and truly the one that 
could prove fatal in the case of PhosphonoHuoridic acid 
esters) is the time-temperature history of the compound. 
A distribution of paths (mechanical as well as chemical) 
exist. Some of these paths may have elemental volumes 
where little or no mixing has taken place, or where the 
temperature is 200_300° below the mean gas tempera-
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ture. A very small percentage of material passing along 
such a path can drastically change the destruction effi
ciency of a unit. For example, if a unit can achieve greater 
than ten nines destruction for 99% of the gas, but less 
than one nine for 1 %, the overall efficiency will be less 
than three nines! 

DEAN WOLBACH 
Senior Scientist, 

Environmental Sciences 
Acurex Corp. 

Mountain View, CA. 

On "Waste Incineration and Heat Recovery" 

To the editor: 
I enjoyed the recent article that reviewed environmen

tal considerations on waste incineration [Ward, J. and 
Ting, A., Environmental Progress, 1,30 (1982)]. How
ever, I believe that the section entitled "Nitro Groups" 
may be somewhat incomplete. In particular, I'm re
ferring to the comments regarding the fractional conver
sion of the bound nitrogen compound to NO,r versus 
bound nitrogen compound concentration in the fuel. Fig
ure 6 of the text contains an inverse relationship for 100% 
theoretical air. The studies cited (references 15 and 16 of 
article) contain excellent information concerning NO,r 
formation when combusting fuels containing a multitude 
of different bound nitrogen species. However, another 
study (Appleton, J. and Heywood, J., "The Effects ofIm
perfect Fuel-Air Mixing in a Burner on NO Formation 
from Nitrogen in the Air and the Fuel", 14th Interna
tional Combustion Institute Meeting, Penn State, Au
gust, 1962, 777-786) gives different results for the com
bustion of fuels containing bound nitrogen compounds. 
Figure 8 of this study shows that the percent conversion 
of the bound nitrogen compound to NO",is a strong func
tion of the premixed state of the mixture and not the per
cent bound nitrogen compound. For instance, they used 
0.5 weight % pyridine and obtained from 50% to 100% 
conversion to NO,r depending on the nozzle atomizing air 
pressure (a variable affecting the degree of premixing). 
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Using Figure 6 of the Ward and Ting article, the 0.5% 
pyridine should have resulted in only 40% conversion to 
NO z. Basically, this means that in studying combustion of 
fuels with bound nitrogen in excess air, it is the degree of 
mixing that is the important variable not the fuel bound 
nitrogen content. The studies with a poor fuel atomiza
tion actually represent a staged combustion (fuel rich fol 
lowed by fuel lean), while the studies with good fuel at
omization approach a premixed, prevaporized combus
tor. 

Fig. 8. Measured hurner-exhaust NO l'OIH:cntratioIlS for pure 
kerosene (solid points) and kerosene with n.5 per cent loy weight 
of pyridine fi .. difrerent atOllllizing air pressures. SOIlid line shOlws 
100 per cent cOIn version OIl' nitrogen in the pyridine. [Appleton, J. 
and Heywood, J., "The Eflects ofIlllperfect Fncl·Air Mixing in a 
Burner 011 NO Formation from Nitrogen in the Air and the Fuel", 
14th Internatiollal Comhllstiunlnslitnte Meeting. Penn State, Au
gust, (1982), 777.786). 

It has been about five years since I have done research 
in this area but the Appleton and Heywood article aided 
greatly in the interpretation of combustion data using 
bound nitrogen compounds in rich and lean operation as 
well as multi-stage combustion. For this reason I think it 

should be included in any review on NOr formation in
volving bound nitrogen species. 

Ronald M. Heck 
Research and Development Dept. 
Engelhard Industries Division 
Edison, NJ. 

On "Soluble-Sulfide 
Precipitation for Heavy 
Metals Removal from 

Wastewaters" 

To the editor: 
Without knowing all of the circum

stances concerning the pilot plant op
eration, truly apropos comment is 
difficult, but I would like to make 
three general observations on this 
article [EnVironmental Progress, 2, 
no (1982)). 

First, the solubility products ofthe 
sulfides of the six metals listed vary 
from Cu+ at 2 X 10-47 to Zn++ at 1.2 
x 10-23 (except no figure was availa
ble for any chromium sulfide.) I 
have had some limited experience in 
using both BaS and Na2S . 9H20, 
with mixtures of sulfates of several 
metals and found that the metal with 
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the smallest solubility produce inva
riably preCipitated almost com
pletely before the metal with the 
next larger solubility product started 
to precipitate. Hence, I was sur
prised to see any cofper or cadmium 
(3.6 X 10-29) nicke (1.4 X 10-24) of 
zinc had occurred. There are un
doubtedly good explanations but the 
table results caught my attention. 

Secondly sulfides are fairly read
ily oxidized by chemical or bacterio
logical action to sulfates, which are 
generally rather soluble, therefore, 
even if immediate leaching tests 
show low discharges, the results in a 
few years may be very different. 

My third point is to wonder why 
BaS was not tried or at least dis
cussed. In many areas of the country, 
too much sodium is already in 
streams. Barium is, of course, an un
desirable heavy metal in streams but 
if any sulfate ions are present or 

could be introduced, BaSO. is quite 
insoluble and could be precipitated 
prior to discharge to a stream. Fi
nally, at least a few years ago, the 
sulfide ion of barium was considera
bly less expensive than the ion of 
sodium. 

E. B. Pugsley 
4505 S. Yosemite St. #415 

Denver, CO 

AIChE 1982 Publications Catalag 
For 0 complete listing of all process con
trol titles available from AIChE, consult 
our 1982 Publicotions Catalog. If you 
have not received your copy, send your 
request to: AIChE Marketing Dept., 345 
East 47 St., New York, N.Y. 10017. 
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Engineering Control of Odors 

Every industrial odor-control problem must be regarded individually as an en
gineering exercise in applied research. 

Richard A. Duflee, TRC-Environmental Consultants, Inc. , Wethersfield, Conn. 06I09 

Odor <:ontrol may he the most challenging area to the envi
ronmental pollution-control engineer. There are several 
reasons for this. Most significant, perhaps, is the lack of 
any-not merely unili,rm-standards as to what consti
tutes an acceptable odor. As a result, each odor-control 
prohlem becomes-or should-an exercise in applied re
search to determine what sources of odorous emissions to 
control and to what extent to eliminate community odor 
complaints. One can neglect this only at the risk of greatly 
exacerbating the prohlem, as well as wasting considerable 
amounts of time and money. 

The second underlying reason for the challenge of odor 
control is the extremely small amount of odorant that trig
gers odor perception in humans. Some odorants can be de
tected in vapor concentrations as low as 0.001 parts per bil
lion. As a result of our oll'lctory acuity, ordinarily minor 
sources for most pollutants-e.g., evaporation from ,vaste
treatment ponds or impoundments, spills, leaks from 
valves and flanges, vents from tanks or filling opera
ti(ms-may be the primary source. Also, the concentration 
of odorants in typical emission sources is usually in the 
parts-pcr-million (ppm) range. To minimize orto eliminate 
odor detection frequently requires reducing odorant con
centrations to the parts-per-hillion (ppb) range, i.e. , overall 
control efficiencies upwards of 99 percent. 

The final hasis fi,r the challenge of odor control is that 
one is dealing with an eflect, i.e., our conscious reaction to 
a stimulus of our oll,u:tory system hy odorants in the gas
eous or vapor state. While one 'can quantify several odor 
properties such as intensity or detectability, as well as 
odorant concentration, one has only a limited understand
ing of the relation of these measures to the resulting level 
of annoyance. (Rememher, the ohjective of odor control is 
to eliminate ohjectionahle odors not all odor). Ability to 
detect odor increases in parts of the populace with in
creased frequency of exposure to certain odorants with an 
associated increase in their level of annoyance. Conse
quently, designing to so-called threshold concentrations 
fre(luently will not eliminate odor complaints where the 
population is sensitized. 

Because one is dealing with an effect, odor control can 
be directed either at reducing the concentration of odor
ants at the receptor {the human nose) or at interfering with 
the receptor's olfaction process [I]. Approaches to odor 
control aimed at reducing odorant concentration at the re
ceptor are: 

• Process modification 
• Atmospheric dispersion 
• Absorption and gas-phase reactions 
• Adsorption 
• High-temperature oxidation 

ISS!' u27H·4491-8:2-5fiI2·UI55·$2.I.IO, "The Allleri<"i\11 Instihlte of Chemical En~i· 
neers, 19R2. 
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The techniques that interfere with the olfaction process 
are commonly grouped under the term "odor modifica
tion." These include: 

• Counteraction--<lenotes reduction in intensity of the 
malodorant 

• Cancellation-means reduction to zero intensity 
never convincingly documented 

• Masking-refers to a change in odor quality that 
makes the malodorant unrecognizable; implies conceal
ment 

These will not be discussed, since they do not represent 
engineering controls of odor. 

In the following sections, each of the odorant control 
techniques is reviewed briefly with respect to principles 
of design and operation. Comparative costs are also in
cluded as a guide to method selection. 

For a fuller discussion of these topics the reader is re
ferred to the section on odor control in the report by the 
National Research Council Committee on Odors From 
Stationary and Mobile Sources, published by the National 
Academy of Sciences in 1979 [2]. 

PROCESS MODIFICATION 

The simplest way to solve odor problems is to prevent 
them-not by applying sophisticated and costly technol
ogy but merely by being aware of potential odor problems. 
For example, many odor problems can be eliminated sim
ply by using less odorous materials, e.g., substitute glycols 
or refined mineral oil for aromatic solvents. Odorous 
emissions can be reduced substantially by operating dry
ing systems at lower temperatures. Chilling the water in 
condensers can increase their effectiveness. Conversely, 
raising the temperature in combustion equipment used for 
waste treatment can prevent formation of partially oxi
dized intermediates more odorous than the original waste. 

Pressure should also be carefully considered. Simply 
maintaining a slight negative pressure in process equip
ment or in production facilities minimizes fugitive emis
siems and makes the odor-control job easier. 

Volume is one of the most important considerations. A 
large dilution ventilation volume may be desirable to 
maintain worker comfort and safety. However, this can in
crease the discharge of volatile odorants to the atmosphere 
and negate the efficiency of certain odor-control alterna
tives such as scrubbers. Careful exhausting of process 
emissions, including such things as drain junction boxes 
and sewer vents, can greatly reduce ventilation volumes. 
The resulting energy savings, in fact, can offset the cost of 
the odor-control system. 

Two of the major contributors to odor problems are poor 
maintenance and poor housekeeping. In many odorous 

r.
rocesses, the greatest amount of odorant released is from 

eaks (from flanges, pumps, seals, open vessels, etc.). Con
tinued maintenance can preventthis type of problem. Sim-
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ilarly, processes involving odor-producing materials such 
as putrescible foods or food by-products or volatile materi
als must be kept scrupulously clean to prevent odor 
problems. 

ATMOSPHERIC DISPERSION AND LAND-USE PLANNING 

Many odor problems result from exhausting odorous 
emissions through ventilating fans or through stub vents or 
ducts on the roof in such a manner that they are immedi
ately entrained in the building wake and become, in effect, 
ground-level sources. Solving these problems frequently 
involves discharging these exhausts through a stack tall 
enough to prevent capture of the odorous exhaust in the 
building wake. But beware-this does not necessarily 
mean a good-engineering-practice (GEP) stack height of 
2Y2 times the height of the building roof, which is fre
quently woefully inadequate. The requisite stack height 
can only be determined by either 1). a puff dispersion 
model that incorporates building-wake effects; 2) a phys
ical model/wind tunnel simulation; or 3) tracer experi
ments on the actuaI-facility. 

Odor control by atmospheric dispersion is predicated on 
the assumption that dilution of odorants to below a sensory 
target value-e.g., the detection threshold-can be 
achieved and maintaind by atmospheric dispersion. This 
assumption relies heavily both on the validity of reported 
odorant thresholds and on the accuracy of measurements 
of odorous emission. Published odorant thresholds are 
more a function of the measurement method used than an 
absolute indicator. The same observation may be made 
with respect to measurement of odorant emission rates; in 
this case, however, with careful selection of method and 
adaptation to the source, accurate and reliable measure
ment can be made. 

Since there are no federal EPA odor regulations, neither 
is there an EPA ban on using atmospheric dispersion for 
odor control. Atmospheric dilution of odorous emission 
can be achieved in two main ways: 

• Collection of all rocess and lant emission and dis
charge t roug a ta stac: ontaminants emitte into t e 
atmosphere are diluted by turbulence and diffusion. The 
dilution of a contaminant depends directly on the wind 
speed: the mass emitted in unit time is spread over the dis
tance traveled in unit time by air blowing over the dis
charge point. In addition to this thinning of material in the 
direction of the mean wind, there is mixing along and 
across the mean wind horizontally and vertical mixing be
cause of the natural turbulence resulting from the wind. 

• Relocation of the source at a greater distance from 
any receptor: Moving an odorous discharge farther from 
any receptor obviously results in a reduced odorant con
centration at the receptor. Such a drastic step is currently 
limited to situations where the source may be relocated 
within the confines of property to take advantage of favor
able atmospheric dispersion provided by local climate and 
topography. These situations arise most often during siting 
studies. Careful assessment by use of physical or disper
sion models of industrial-plant odor sources before the lo
cation of a plant is fixed can avoid odor problems. 

Several factors must be carefully considered before reli
ance is placed on atmospheric dispersion for odor control. 
These include the characteristics of the odorants and their 
sources and local meteorologic characteristics. Point 
sources-such as ducts, ports, and vents-are suitable for 
dispersion. Fugitive emission-such as that from open 
doors, windows, or leaking flanges-should be prevented 
or captured and ducted to the stack. Terrain must also be 
considered. If the odor source is in a valley in rugged, com
plex terrain, odor control by dispersion is either impracti
calor impossible; in such cases, discharging odorants 
through a tall stack only transfers the location of com-
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plaints of malodors. The following steps should be fol
lowed when discharge through a tall stack is selected as 
the means of controlling odors: 

• Measure the odor emission per source. Dilution ratio 
and standard flow rate are measured at each potentially 
odorous emission source. 

• Perform modeling calculations from the present or 
design source configuration with a puff model, such as the 
TRC Odor Model [3] which includes plume rise, huilding
wake entrainment, and mixing-volume corret:tion tech
niques designed to increase accuracy. 

• Conduct an odor survey in the community. This in
volves the mapping of perceived odor qualities (or chanK'
teristic smell) and odor dilution ratios and/or intensities 
under different meteorologic conditions, usually on the 
hasis of tests with expert odor judges. 

• Correlate the model results with the survey results 
(Le., calihrate the model). This will relate the odor intens
ities, dilution ratios, and types found in the community 
with those determined hy modeling suspected sources. If 
there is no correlation, this could mean that the odor 
source configuration is more complex than anticipated or 
that a significant contrihution to the odor prohlem has 
been neglected or incorrectly represented in the model. 
The model should he adjusted accordingly. 

• Determine required stack height. The adjusted 
model should be used for the determination of the stack 
height -re<luired to reduce the odor impact at receptors to 
less than the selected target value. 

ABSORPTION AND GAS-PHASE REACTIONS 

Scrubbing of odorous emissions is a widely used means 
of odor control. Non-chemical ahsorption, Le. , involving 
only solution of the odorants in an appropriate solvent 
(usually water) is widely used for removal of soluhle inor
ganic gases such as HCI and NH3 • Most odorants, however, 
are organic compounds with limited solubility in water. 
Accordingly, most odorant scrubbing applications involve 
use of solvents which not only dissolve the odorants-a 
fundamental requirement for scrubbing-but also react 
with the odorants to prevent their revolatization from the 
scrubbing liquid. Since most odorous emissions involve 
mixtures of numerous odorants, multiple-stage scrub
bing is becoming more common, using different scruhhing 
liquors in each stage. Frequently, injection of an oxidant 
(usually Cl.) into the odorous exhaust upstream of the 
scrubber is used to react with the odorants in the gas phase 
to make them either less odorous or more soluble or both. 
Since these oxidants are soluble in the scrubbing liquid, 
they become powerful oxidants for the absorhed odorants. 

For applications involVing very low odorant concentra
tions and requiring maximum mass-transfer rates, counter
current packed towers are used. Maximum odor-control ef
ficiencies for single-stage towers are approximately 95 
percent because of mass-transfer limitations. For some
what higher concentrations or multistage scrubber opera
tions, cross-flow packed beds are most often used with di
lute, recycled sulfuric acid and dilute, recycled caustic as 
the primary scrubbing liqUids. Such systems can achieve 
odor control efficiencies of 97 percent or hetter. Other 
commonly used scrubbing liquors are sodium hypochlor
ite for aldehydes, organic acids, amines and sulfides, so
dium or calcium bisulfite for aldehyde control, and min
eral oil or glycol for miscellaneous volatile organics [4]. 

Careful design is needed for scruhbing applications to 
prevent plugging of the packing by particulate matter, to 
maintain adequate li<luid/gas ratios usually in the range of 
5-10 gpm (19-38 Umin)/(28.3 m3/min)), and to control 
chemical feed rates. For example, careful control of chem
ical feed is vital when using Cl. or hypochlorite to prevent 
discharging strong chlorine-like odors. 
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ADSORPTION 

Any gas or vapor will adhere to some degree to any solid 
surface. This phenomenon is called "adsorption." Practi
cal adsorbents have extensive areas of inner surface, by 
reason of extensive honeycombing. When adsorbed matter 
condenses i.n the submicroscopic pores of an adsorbent, 
the phenomenon is called "capillary condensation." Ad
sorption is useful in odor control, because it is a means of 
concentrating gaseous odorants from an airstream, thus fa
cilitating their disposal, their recovery, or their conversion 
to innol'uous or valuable products. When an odorous air
stream is passed through a fresh adsorbent bed, almost all 
the odorant molecules that reach the surl'lce are adsorbed, 
and desorption is very slow. Furthermore, if the bed con
sists of closely packed granules, the distance the mole
cules must travel to reach some point on the surface is 
small, and the transfer rate is therefore high. In practice, 
the half-life of airborne molecules streaming through a 
packed adsorbent bed is around 0.0 I s, and a 95% removal 
occurs in about 4 half-lives, or around 0.04 s [5]. Thus, the 
very high efficiencies re(luired to deodorize a highly 
odorous airstream may be achieved with a bed of moderate 
depth at reasonable airHow rates. 

The ,!uantity or material that can be adsorbed by a given 
weight of adsorbent depends on the following factors : the 
concentration of the material in the space around the ad
sorbent, the total sur/'Ice area of the adsorbent, the total 
volume of pores in the adsorbent with diameters small 
enough to facilitate condensation of adsorbed gases, the 
temperature, the presence of other gases in the environ
ment that may compete for a place on the adsorbent, the 
characteristics of the molecules to be adsorbed (especially 
the ir weight, e lectric polarity, size, and shape), and the 
electric polarity of the adsorbent surface. Maximal capac
ity for adsorption of a given substance is favored by a high 
concentration of the substance in the space adjoining the 
adsorbent, a large adsorbing surface, freedom from com
peting substances, low temperature, and aggregation of 
the substance in large molecules that fit and are strongly 
attracted to the rece iving shapes of the adsorbent [6]. 

Adsorbed odorants may be disposed of in any of the fol
lowing ways: the adsorbent with its adsorbate may be dis
carded; the adsorbate may be desorbed and recovered, if it 
is valuable, or discarded (the adsorbent is recovered in 
either case), or the adsorbate may be chemically converted 
to a more easily disposed product. 

There are basically two adsorbents widely used for in
dustrial odor control, activated carbon, often impregnated 
for specialized applications, and activated alumina im
pregnated with potassium permanganate (which has the 
trade name of Purafil). Activated carbon will adsorb most 
organic odorants, especially non-polar. For typical indus
trial applications, thick-bed adsorbers are used with on
site regeneration of the carbon by superheated stream. 
This system involves two carbon beds. One carbon bed is 
adsorbing while the other is being regenerated. Bed 
depths are in the range of 1 to 6 feet (0.3-l.83 m) and air 
How capacities up to 40,000 dm. 0,132 m"/min). The car
bon in this system can last for years with odor-control effi
ciencies in excess of 95 percent. The period between re
generation is usually in the range of2 to 10 hours, but this 
is highly variable and must be determined for each ap
plication. 

Thin-bed adsorbers are used for light odorant loads (ppb 
to low ppm range) and consist of carbon beds of approxi
mately I-in (0.25 m) depth in Hat, cylindrical , or pleated 
shapes. Single cells handle 750-1000 cfm (2l.2-28.3 
m"lmin), while a§?regates of Hat-bed components handle 
2000 dm (56.6 m Imin). Thin-bed adsorbers are expected 
to have service lives of several months. They are usually 
replaced when exhausted. 

Impregnated activated alumina is used in similar con
figurations as thin-bed carbon adsorbers. It is used pri
marily to control easily oxidizable odorants including for
maldehyde and hydrogen sulfide. Typical applications of 
impregnated adsorbents are shown in Table I [8]. 

HIGH TEMPERATURE OXIDATION [7] 

High-temperature oxidation is an air-pollution control 
process in which odorous waste oganic gases or organic 
particles are converted to odorless gaseous products, such 
as carbon dioxide and water vapor. The odors are de
stroyed by exposure of the waste gases to the proper condi
tions of temperature, time, and turbulence in the presence 
of air in a combustion chamber. The temperature required 
depends on the specific contaminants involved and the 
design configuration of the equipment used. This method 
will completely destroy the odors in the waste gases at 
some temperature if the control equipment has been prop
erly designed. 

Oxidation temperatures range mainly from about 600 to 
1,500°F (about 315 to 8150(;). Residence times can range 

T ABU'; I. ADSORBENT hIPREGKATIONS' 

Ads",l",nt 

Activated carhon 

At tivatcd alumina 

Impregnant 

Bromine 

Lead ace tate 
Phosphoric acid 
Sodium silicate 

Iodine 
Sulfur 
Sodium sulfite 

Sodium carbonate or hicar
hemate 
Oxides ofCu, Cr. V, etc.; no
hie metals (Pd, Pt) 

Pc)tassium pe nnanganate 

Sodium carhonate or bicar
honate 

• Rt·printt·d with pl'rmissinn rrom Turk. 
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Pollutant 

Ethylene; other alkenes 

H,S 
NH:J; amines 
HF 

Mercury 
Mercury 
Fonnaldehyde 

Acidic vapors 

Oxidizable gases, including re
duced sulfur compounds such 
as H,S, COS, and mercaptans 
Easily oxidizable gases, espe
cially fonnaldehyde 
Acidic gases 

Action 

Conve rsion to 
dibromide, which re
mains on carbon 
Conversion to PbS 
Neutralization 
Conve rsion to 
Auorosilicates 
Conversion to HgI, 
Conve rsion to HgS 
Conversion to addition 
product 
Neutmlization 

CatalYSis of air oxida
tion 

Oxidation 

Neutralization 
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from less than a second to about 2 s. Turbulence (on the ba
sis of a calculated average velocity at the outlet from the 
combustion chamber) can be as high as about 30 ftls (9.1 
m/s) at oxidation temperature. 

Some odorous inorganic combustibles-such as hydro
gen sulfide, ammonia, and cyanides--can be destroyed by 
high-temperature oxidation, but there is a limit on the con
centration of inorganic combustibles in the waste gas 
stream that can be satisfactorily controlled, because these 
substances are converted by oxidation to their oxides, 
which can be objectionable themselves at high concen
trations. 

Odor problems that ordinarily cannot be satisfactorily 
controlled by high-temperature oxidation alone are those 
in which the waste gases contain halogen compounds or 
compounds (such as phosphates) that form objectionable 
oxides or acids. When odorous waste gases containing hal
ogens are oxidized, the reaction products include free hal
ogens (fluorine, chlorine, bromine, or iodine), halogen 
acids, phosgene, etc., all of which are tOllic or corrosive and 
must be removed by chemical scrubbing before discharge 
to the atmosphere. In the case of phosphates, the treated 
gases contain phosphorus oxides or acids, which are toxic 
and also have to be removed. 

Several methods of high-temperature oxidation are ap
plicable to controlling odorous waste gases in which con
taminants are present in concentrations below the LEL: 
direct-flame oxidation, catalytic oxidation, and use as the 
combustion air supply for any plant combustion equip
ment, such as boilers and air heaters. The maximal concen
tration of odorous waste gases processed in high
temperature oxidation equipment is usually limited, by 
insurance underwriters, to 25% of the LEL, to e liminate 
fire hazards. This limitation ensures that the vapor-air 
mixture being oxidized will not ignite when exposed to a 
spark or flame. In some cases with continuous monitoring 
equipment, concentrations as high as 40 or 50% of the LEL 
are permitted. In most instances of odor nuisance, the con
centration of the contaminating vapors is well below 25% 
of the LEL-and in many cases, as low as a few parts per 
million by volume. 

In direct-flame oxidation, the odorous emission in con
centrations well below the LEL is completely oxidized to 
nonodorous gases, such as carbon dioxide and water vapor, 
by exposure to temperatures of900-1600°F (480-815"C) in 
the presence of a flame. The temperature required to do 
an effective job depends on the specific pollutants in
volved and the design of the combustion chamber. It has 
been shown that temperatures of900-1600°F (480-815"C), 
velocities of 15-30 ftls (4.6-9.1 mls), and residence times 
(including flame contact time) of 0.25-0.60 s give satisfac
tory cleanup. 

In catalytic oxidation, the presence of a catalyst allows 
high-temperature oxidation to take place at a lower tem
perature and in the absence of a flame. However, a burner 
is usually required to heat the odorous waste gases to the 
required temperatures, and the gases are partially oxi
dized before they reach the catalyst. In catalyst systems, 
the type of catalyst, the oxidation temperature, the velocity 
through the bed, and the amount of catalyst are important 
variables that affect efficiency. Platinum and mixed no
ble-metal catalysts have been used predominantly in cata
lytic oxidation equipment for the control of industrial air 
pollutants. The catalyst does not participate in the reac
tion. Although the precise mechanism of heterogeneous 
catalytic oxidaton is not well understood, there is general 
agreement that it proceeds through three necessary steps 
(and in this order): adsorption on the active surface, chem
ical reaction (oxidation on surface), and desorption of the 
reaction products. 

The oxidation temperature for a catalyst system is the av
erage temperature of the gases leaving the catalyst bed and 
ranges from about 600°F to 1200°F (about 315"C to 650"C). 
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There is a temperature rise across the bed that depends on 
the amount of the contaminant that is oxidized. 

The major problems with catalyst systems are the diffi
culty in obtaining uniform flow and uniform temperature 
distribution and the susceptibility of catalysts to deteriora
tion due to poisoning, suppression, and fouling (Table 2), 
or due to attrition. Another concern is that catalytic condi
tion is difficult to monitor, compared with the ease of 
monitoring temperature only in a direct-flame oxidation 
system. Any high-temperature oxidation system that oper
ates inefficiently for any reason will yield intermediate 
oxidation products, such as pungent aldehydes and acry
lates and burnt odors. With direct-Hame oxidation, once 
the temperature for proper oxidation has been determined 
in a field test, maintenance of that temperature should en
sure proper operation of the system. That is not true for a 
catalyst system, because higher operating temperatures 
are required as the catalyst deteriorates. 

COSTS 

The costs of odor-control systems vary with application 
and depend on a number of factors, such as volume of gas, 
size of equipment, odorant composition and concentra
tion, and degree of control required. Consequently, the 
comparative costs of the various control techniques pre
sented in Table 3 are to be taken only as broad gUidelines 
not definitive estimates. 

Operating costs are highly variable and are very much 
site specific. Scrubbers handling 20,000 cfm (566 m3/min) 
will have energy costs for fans, etc., of approximately 
$4,000 per year based on a rate of$0.015 per kWh. A stack 
100 ft(30.5 m) in height will have similar energy operating 
costs. 

Chemical costs for a two-stage scrubber using dilute sul
furic and dilute caustic with chlorine injection upstream 
would be approximately equal to another $4,000 per year 
for a 20,OOO-cfm (566 m3/min) system. 

Operating costs for carbon systems are highly variable as 
shown in Table 4. 

Annualized costs for catalytic oxidizers are shown in Ta
ble 5. For low pollutant concentrations of 100 ppm or less, 
operating costs for a 20,000-cfm (566 m3/min) direct-Hame 
system with heat recovery is approximately $180,000/yr. 
This means that controlling odor sources by high-tempera
ture oxidation can become prohibitively expensive. 

In summation, the most cost-effective way to solve odor 
problems is to prevent them by proper siting and process 
design, and by good maintenance and housekeeping prac
tices. Atmospheric dispersion may be used as a means of 
odor control, especially to prevent entrainment of exhaust 
in building wake. When required stack height exceeds ap
proximately 150 ft (45.7 m), other control methods become 
comparably cost-effective. 

In choosing between absorption (scrubbing), adsorption 
or thermal oxidation, consideration must be given to de
gree of control required, type and concentration of odor-

TABLE 2. [7) TYPICAL POISOJl;S, SUPPHESSA:><TS, Al'OU FOULll'OC 
ACEJI;TS THAT AFFECT CATALYSTS OF THE PLATIl'OU~I-M t;TALS 

Type of Agent 

Poison 

Suppressant 

Fouling Agent 

Heavy metals 
Phosphates 
Arsenic 
Halogens (hoth as elements 
and in cnmpounds) 
Sulfur cnmpounds 
I norganic particles 
Alumina and silica dust 
Iron oxides 
Silicnnes 
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TABLE 3. COMPARATIVE CAPITAL COSTS OF ENGINEERING ODOR CONTROL METHODS 

Method 

Stack Dispersion 

Absorption 

Adsorption 

High-Temperature Oxidation 

Type of System 

SO-foot (17.24-m) guyed stack 
Small diameter 
l00-foot (30.48-m) guyed stack 
200-foot (60.96-m) self-supporting 
300-foot (91.44-ml se lf-supporting 
FRP scrubber only 
fnns, pumps, piping, etc. 
Dual-bed regenerable 
Thin-bed adsorber 
Direct Flame-with heat recovery 
Catalytic~with heat remvery 

Approximate Capital Cost 

$ 7,000 

$13,000 
$250,000 
$400,000 
$1.3-3.0/cfm ($46-106/m'/min) 
$2.5-3.5Icfm ($88-1241m'/min) 
S10-15/cfm ($353-530/m'/min) 
$4-7/cfm ($141-247/m'/min) 
$10-25/cfm ($353-883/m'/min) 
$10-30/cfm ($353-1059)/m'/min) 

TABLE 4 . [6] CmIPoNE~TS OF AN~UALIZED COSTS (SAVINGS) FOR ADSORPTION AND ADSORPTION-INCINERATION SYSTEMS' 

Configuratiun: I. Dual fixed-bed absorber 
operating at 100°F (38"C) 

I. Dual fixed-bed adsorber 
operating at lOO°F(38"C) 

2. Solvent recovery with 
cundenser and decanter 

2. Thermal incineration with 
primary heat recovery 

Cas-stream chamderistks; 
Fluw 
Concentrati<m 
Proeess-gas temperature 

20,000 scfm (566 m'/min) 
25% LEL 

20,000 scfm (566 m3/min) 
25%LEL 

170°F (77"C) 375°F (191° C) 
Direct operating costs: 

Utilities 
Direct labor 
Maintenanee 
Carbun replacement 

Capital {·harges: 

$48,700' 
3,000' 

15,400" 
11,500' 
8O,8SO' 

70,200' 
3,000' 

18,400· 
11,500' 
96,500' 

Recuvery (credits): (333,400)' 
Tutal net annualized t'(}sts 

(credits): (173,9SO)h 199,600 

• Dt'ri\'t'd frum Rlidian Cm·p,r.ttiun. 
~ CuolinJ:!; willtor lit SO.04~I.OOO X"J (SO.OII/IOOO L); sll'am ott $211,000 Ih ($4.4011.000 kg); e1edricity at? 
~ Lahur ill $H.2.'5Ih. 
,I MlI.inlt' n;uH':l' as 4% ur Iht- (·"pilll) t"llst. 

~ C.-,I,nn at SO.721lh ,' I.5Hlkg). with 20% of <:arhon replenished (-,,<:h yCOlr. 
I ClIpilal (·hargt·s int"ludt·d as pt'n:t'nt of t:apitall'usl: dt-pn·l·i;atinn. 12%; tuxes, insunml·t~. und overhl·ad. 4%; interest. 5% . 
• 8 t.'nzt'nt· t:u·ditl'tl at SO.9OIgal (SO.24/l.). Ilt'xnnt· .. t SO.50/gal (SO. I3IL). 
~ Nt-Il'usls l'ltit-uillit·d lU l·otpitotll·hargt·s + dirt'l'l upending l'UstS - n·t:uvery l·n·dils. 

TABLE 5 [7]. TYPICAL COMPO~Jo:NTS OF ANNUALIZED COSTS OF 
CATALYTIC AFTERBURNERS' 

Cas·stream l·harac.:teristil's: 
Flow 15,000 scfm (7 m'/s) 
C()Ocentrati()n 15% LEL 
Inlt· t tt'ml",rature 

Dired operating costs: 
300°F (lSO"C) 

Utilities $20,000' 
Diret'llabur 3,000'· 
Maintenanl'e 7,800" 
Annualized catalyst 19,800" 

replacement 
Capital charges: 41,000' 

Tutal: $91,600 

• Rt'prinlt"d with Ilt'rmissun fmm lIirt Cumhusliun EnKim-t·rs. 
h Fut>! al SI.56'GJ ($1.65110' 8Iu), {·h·dridty al $9.17/GJ ($O.0331kWh). 
,. Lahor al SH.251man·hnur . 
• Maintt'nam'(' as pt'rl't·nlagt· uf l'apilall'ust: 4%. 
~ Catalyst lifl' I)f 3 Yni . 
f Cotpihtl ('hargt's inl'ludt' as I'{·rn·ntagt·s of l'apitall'tlst: dt'l'rt'1:iatlull. 13%; and laxt·s. 
in surann', and administ,.. .. tivt· on·rot·ad. 4%. 

ants. In all cases, the volume of air to be treated should be 
minimized. Scruhbing will usually involve lower capital 
costs than either adsorption or thermal oxidation, but may 
require higher operating or maintenance costs. 
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Diethylenetriamine Solutions for 
Stack Gas Desulfurization 
by Absorption/Stripping 

Drastic reductions in steam consumption can be realized in a simple 
absorption/stripping process. 

R. Peyton Thorn and Gary T. Rochelle, University of Texas, Austin, Texas 78712 

Absorption/stripping is a potentially attractive method of 
desulfurizing stack gas with the production of concentrated 
S02 [1,2]. S02 is absorbed from stack gas containing 500 to 
5000 ppm S02 by an aqueous solution at 30 to 60°C. The 
solution is regenerated by stripping with steam at 80 to 
120°C. Water is easily condensed from the stripper over
head vapor, leaving concentrated S02. This process has not 
received commercial acceptance because of excessive steam 
requirements. 

This paper reports on work which is a part of a develop
ment program on absorption/stripping sponsored by the 
Electric Power Research Institute [3]. Previous portions of 
the program concentrated on the use of sodium citrate solu
tion [3,4,5], and screened the use of glyoxylic acid, basic 
aluminum salts, and ethylenediamine [6]. 

Diethylenetriamine (DETA) was first proposed as an 
aqueous absorbent for S02 by Roberson and Marks [7]. 
Johnstone et al. [2] recognized that weak bases with buffer 
capacity between pH 4 and 6 should minimize steam re
quirements for absorption/stripping because their pH 
values decrease with increasing temperature. DETA gives 
solutions with such properties, is nonvolatile at absorber 
conditions, and is commercially available at about $2.70 
/kg [8]. 

This paper characterizes DETA solutions by experimental 
data and correlations of pH behavior [9], S02 vapor pres
sure, and absorbent stability at absorber and stripper con
ditions [10]. These data have been used to estimate steam 
requirements of a simple absorption/stripping process. 

pH BEHAVIOR 

Previous pH measurements found DETA dissociation 
constants and heats of neutralization at 10 to 40°C in dilute 
solutions [11, 12]. This work measured values of pk, and 
DoH, for DETA and pk for sulfite/bisulfite at 25 to 96°C in 
0.00667 to 1.6 m DETA neutralized by HCI, H2SO .. and/or 
S02. 

At pH values typical of absorption/stripping, DETA 
buffers by the reaction: 

DETAH2+2+ H+ .,. DETAH3+3 

(sst\" OZ7S-4491·H2·5563-0IHCMj:2.()(). "Tht" Ameril';UI Institute ufCht.'lllil'al Engillt't'TS, 

1982. 

160 August, 1982 

At 25°C and infinite dilution, pK, is 3.64 and DoH, is -7.6 
kcal/gmol [11]. Other reported values of DoH, are -7.3 kcall 
gmol [13] and -8.2 kcal/gmol [12]. 

With high concentrations of dissolved S02 the sulfite/ 
bisulfite buffer can also be important [14]: 

S03 - + H + .,. HSO; 

K I ( 
aHHIS()3 ) 691 P s = - og = . 

aHSO;'l 

DoH, = -0.89 kcal/gmol 

In concentrated solutions the effective dissociation con
stants are defined by: 

k _ _ (. [DETAHr]) 
p ,- log ,IH+ [DETAHj3] (1) 

. ( [SO,i] ) 
pks = -log aH+ [HSO,] (2) 

Because the effects on activity coefficients of ionic strength 
and ion interactions are greater for more highly charged 
ions, pk, will increase and pk, will decrease in more concen
trated solutions. At 1.3 m ionic strength, Jonassen et al. [12] 
reported pk, of 4.78. 

Because DETA is a weak base, pk, decreases with increas
ing temperature: 

~ = -DoH, 
d(lIT) 2.303R 

(3) 

In the absence of other buffers, solution pH is directly re
lated to pk, and pH decreases with increasing temperature: 

~ = -DoH, 
d(lIT) 2.303R 

(4) 

In DETA solutions with high concentrations of dissolved 
S02, buffering by sulfite/bisulfite will tend to reduce the in
crease of pH with temperature because DoH, is positive. 

The desired operating pH for absorption/stripping can be 
obtained by neutralizing aqueous solutions of DETA with 
S02 and either sulfuric or hydrochloric acid. Assuming that 
dissolved S02 appears as bisulfite, the fraction neutraliza
tion is given by: 

f = CS02 + Ce, + Cso• - CN. 
3eD 

(5) 
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In solutions containing 502 and DETA, pH can be ob
tained in terms of k, and k, from the relationship: 

a~ + + [3Co - CS02 - 2Cso, - Cc, + k, + k,jaf.+ (6) 
+ [(3k, + 2k,)Co - (2k, + k,)CS02 - (k, + k,)Cc, 
- 2(k, + k,)Cso, + k,k.]aH + 
+ k,k,(2Co - 2CS02 - Ce, - 2Cso.) = 0 

This model neglects concentrations of undissociated 502, 
DETAH ' , and DETA species and is limited to a pH range of 
4.0 to 6.0. 

Experimental Procedures 

DETA buffer solutions were prepared from reagent grade 
DETA, HCI, and H2SO,. Dissolved 502 was obtained by 
sparging with pure 502 or by adding NaHS03 solids. The 
actual 502 concentration was determined by iodimetric ti
tration . 0 .1 wt. % hydroquinone was added to inhibit oxi
dation. Compositions are reported as molarity (!!! = 

gmol/liter) or molality (m = gmol/kg H20) . 
Measurements of pH were made with combination elec

trodes calibrated by pH 4.00 and pH 7.00 buffers. At 25°C, 
measurements were made with a Ag/AgCl electrode. 
Measurements at 55 and 95'C, were made with a Thalamid 
electrode, which was conditioned in a pH 4.00 buffer by 
holding it at 55 or 95°C for at least 24 hours. 

EH .. ts of Ionic Environment and Temperature 

Table I gives pk, values and heats of neutralization mea
sured at 26 to 96°C in solutions with 83.3 % neutralization 
of the DETA. The pk, values were taken to be equal to the 
measured pH. 

The pk, values increased with apparent ionic strength 
and were greatest in solutions of Na2SO" probably because 
more SO; is available for ion pairing with the DETA spe
cies. At ambient temperature with an ionic strength of 1.5, 
the pk, value was 5.91 in Na2SO. solution and 4.78 in 
DETAIHCI solution. This compares to 3.64 at infinite dilu
tion. The presence of NaHS03 significantly reduces the ap
parent pk" because the SOj /HS03 buffer was neglected in 
assuming pk, equal to pH at 83.3 % neutralization. 

The heat of neutralization was estimated using pairs of 
pH data at different temperatures. In the absence of dis
solved 502, ~H, was about -8.4 kcallgmol in solution neu
tralized by HCI and -7.0 kcallgmol in solutions neutralized 
by H2SO •. In solutions neutralized by H2SO, and 502, the 
heat of neutralization was as low as -4.0 kcal/gmol, be
cause of the influence of the sulfite/bisulfite buffer. 

EHects of Solution Composition 

Extensive pH measurements were made at 25°C in solu
tions containing 0.4, 0.8, and 1.6 m DETA with variable 
levels of H2SO., HCI, and 502. Each series of measure-

TABLE I : ApPARENT pki VALUES OF DETA 

Composition 
(m) 

Ideal [11] 

0.00667 DETA 
0.01667 HCI 

0.3 NaCI 
1.5 NaCI 
0.1 CaCI2 
0.1 Na2SO. 
0.5 Na2SO. 

0.0522 DETA 
0.0652 H2SO. 

0.261 DETA 
0.326 H2SO, 

1.00 DETA 
1.25 H2SO. 

0.333 DETA 
0.833 HCI 

0.0667 DETA 
0.167 HCI 

0.222 DETA 
0.222 NaHSO, 
0.278 H2SO, 

1.00 DETA 
1.00 NaHS03 
1.25 H,SO. 

Ionic 
Strength 

(equivlliter) 

0.0 

0.3 
1.5 
0.3 
0.3 
1.5 

0.3 

1.5 

5.75 

1.5 

0.3 

1.5 

6.75 

T 
(0C) 

25 

27 
27 
27 
27 
26 

26 
95 
27 

26 
96 

27 
94 

26 
94 

26 
95 

26 
96 

27 
60 
27 
27 
94 

• Apparent pk, = pH when DETA is 83.3% neutralized by acid . 
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Apparent pki 

3.64 

4.72 
4.99 
4.62 
5.48 
5.91 

4.98 
4.03 
4.93 

5.40 
4.36 

5.73 
4.87 

4.78 
3.67 

4.49 
3.32 

5.18 
4.34 

5.33 
5.Il 
5.28 
5.28 
4.85 

Heat of 
Neutralization 

(kcallgmol) 

-7.6 

-6.9 

-7.6 

-6.5 

-8.2 

-8.6 

-6.1 

-4.0 
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ments was correlated using Equation 6 to give values of pkl 
and pk,. Table 2 gives a summary of the measured values of 
pkl and pk, in solutions with HCl and H,SO •. 

Empirically, the effects ofDETA concentration and acid 
to DETA ratio are given at pH 4 to 6 by: 

In DETA-H,SO. - SO, solutions, 
pkl = 6.25 + 0.32 CD - 0.64 (CSO,/C D) (7) 
pk. = 4.05 + 0.13 CD + 0.92 (CSO./C D) (8) 

In DETA - HCI - SO, solutions, 
pkl = 7.51 + 0.31 CD - 1.20 (CcI/CD) (9) 
pk. = 2.90 + 0.03 CD + 1.03 (CcI/CD) (10) 

Generally, increasing solution concentration (CD) increases 
pk l, but has little effect on pk,. Increasing fraction neutral
ization (C .Nd/C D) reduces pkl and increases pk •. 

Measurements of pH in 0.4 and 0.8 m DETA neutralized 
only by dissolved SO, were not correlated well by pkl and 
pk,. The pH data were given instead by the empirical equa-
tion: . 

pH = 10.72 - 2.72 CD + 1.76 Cso, - 3.36 Cso,/CD (Il) 

SO. VAPOR/LIQUID EQUILIBRIUM 

Steam requirements for simple absorption/stripping are 
determined primarily by the temperature dependence and 
the linearity of the vaporlliquid equilibrium relationship. 
Roberson and Marks [7) used dynamic saturation to mea
sure SO, and H,O vapor pressure over concentrated DETA 
solutions neutralized with SO,. The SO, vapor-pressure 
measurements were only accurate above 0.01 bar. We have 
extended this work to include lower SO, vapor pressures 
and solutions with HCI and H,SO •. 

At pH values between 3.0 and 5.0, dissolved SO, is 
present primarily as bisulfite, so the SO, vapor pressure 
(Pso,) is proportional to aH + and total dissolved SO,: 

SO,(g) + H,O .. HSOi + H+ 

Pso, = K all + Cso, 

In weak acids the temperature dependence of pH is negligi
ble and the heat of absorption of SO, is about equal to the 
heat of vaporization of water; therefore, the ratio PSO,/PH,o 
is independent of temperature [6). In DETA solutions the 
dependence of pH on temperature can be accounted for by 
taking the ratio PSO,/PH,oto be independent of temperature. 
The exponent v is expected to be less in the presence of high 
concentrations of SO,- IHSOi which reduce the pH temper
ature dependence. 

TABLE 2: pk VALUES FOR DETA-H,SO,-SO, AND 
DETA-HC1-S0, SOLUTIONS AT 25°C 

Concentration (m) Measured Measured 
DETA HCI H,SO, pkl pk, 

1.60 1.60 6.10 5.23 
1.60 1.84 6.03 5.23 
1.60 2.08 5.93 5.43 

0.80 0.80 5.87 5.17 
0.80 0.92 5.79 5.20 
0.80 1.04 5.69 5.48 

0.40 0.40 5.74 5.03 
0.40 0.46 5.63 4.97 
0.40 0.52 5.51 5.35 

0.80 1.60 5.35 4.99 
0.80 1.84 5.00 5.26 

0.40 0.80 5.23 4.94 
0.40 0.92 4.87 5.28 
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Exporlmontal Mothod. 

SO, vapor pressure was measured by dynamic saturation 
at 40 to 135°C and by an SO, gas sensing electrode at 25°C 
as in previously reported work on citrate buffers [4,6). The 
SO, electrode was calibrated in solution containing 1.0 m 
NaOH, 0.5 m citric acid, and 0.05 orO.2 m SO,. Ps,~/P",n of 
the calibration solutions was calculated Irom the correla
tion given hy Rochelle [4]. 

The activity of water, all,O, was estimated by a Raolfs 
law relation: 

all,o = 1.0 - 0.0481 C" - 0.0332 CN, (13) 

The coefficient for C" was fitted with the data of Roberson 
and Marks [7). The coefficient for CN. was derived from 
data on vapor pressure lowering by NaCI [14). 

Ro.ult. 

The equilibrium data for ·DETA-HCI-SO, and DETA
H,SO.-SO, solutions have been correlated in terms of KD, 
defined as: 

K" = Pso, 
(all'oP~,o) 1. 75 Cso,lO-pH 

(14) 

The pH is taken at 25°C and the exponent I. 75 (v) includes 
the effect of temperature on pH and on SO, vapor pressure. 
As summarized in Table 3, measured values of the exponent 
vary from 1.63 to 1.99. 

In the ahsence of HCI and H,SO" the sulfite/hisulfite 
huffer reduces the I'lvorahle temperature dependence of the 
DETA buffer. Measured values of the exponent v vary from 
1.38 to 1.58. Therefore, data for DETA-SO, solutions have 
been cOrrelated in terms of KOI , defined as: 

KOI = 2.378 bar -O.25PSO, 

ali;6P~~i~ C" "IO-pH 

KOI is defined so that it is equal to KD at 25°C. 

(15) 

Table 3 gives average values of KD and KDI for sets of ex
periments with equal DETA concentrations. Figure I shows 
that KD decreases with increasing DETA concentration. 
This would be expected, since the activity coefficient of bi
sulfite should decrease at higher ionic strength and because 
of interaction with DETA cation. The dependence of KD on 
DETA concentration is given by: 

K" or K"I = 5300 CD-o,. (16) 

The correlation of K" can be used to generate equilib
rium curves if pH at 25°C is predicted from the solution 
composition. Figure 2 gives equilibrium curves using Equa
tions6, 7, 8,14 and 16 for I m DETAwith 1.0, 1.3, and 1.4 
m H,S04. The curves are nonlinear and illustrate that ca
pacity for SO, absorption can be changed arbitrarily by 
adding H,S04. 

SOLUTION STABILITY 

DETA solutions with dissolved SO, are subject to thermal 
degradation in the stripper (80 to 120°C) and oxidation in 
the absorber (30 to 60°C, 3 to 8% 0,) . Disproportionation 
of dissolved SO, to sulfate and thiosulfate or oxidation to 
sulfate is undesirable because these relatively stable salts 
must be removed from the system without loss of DETA and 
because they constitute a waste-disposal problem . DETA 
degradation will contribute to makeup costs and may give 
environmentally undesirable waste products. Thermal deg
radation is especially important because it determines the 
maximum stripper temperature and places a limit on the re
duction of steam consumption that can be achieved by in
creased stripper temperature. 

Disproportionation of sulfite, bisulfite, or SO, irrevers
ibly produces sulfate and thiosulfate by the stoichiometry: 

4HSOi -+ S,0.1 + 2S0.- + 2H' + H,O 
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TABLE 3: SUMMARY OF VLE DATA 

Solution Composition (m) 

DETA 

0.40 
0.82 
1.0 
2.8 
4.6 

0.26 
2.7 
2.7 
3.0 

0.17 
0.4 
1.0 
1.2 
2.6 

Other Acid 

HCl 

0.64 
4.1 
5.4-7.2 
6.8-7.4 

H,SO. 

0.2 
0.4 
1.3 
1.2-1.6 
0.1-0.7 

SO, 

0.8-0.9 
1.4-2.0 
1.9-2.3 
6.3 
9.3 

0.2 
2.2 
0.1-1.4 
0.6-0.7 

0.2 
0.04-0.3 
0.26-0.35 
0.2-1.2 
0.1-1.4 

This reaction has been observed in the Wellman-Lord and 
NH3 absorption/stripping processes, where regeneration is 
carried out above 100°C [15, 16). In absorption/stripping 
with b?sic aluminum-sulfate solution, Applebey [17) ob
served that thiosulfate catalyzed disproportionation. In a 
sodium-citrate buffer solution at 70 to 180°C, Rochelle and 
Gibson [5) found that disproportionation had an activation 
energy of 45 kcal/gmol , a second-order dependence on 
thiosulfate, and a 1.6-order dependence on H' , but was in
dependent of dissolved SO,. 

Above 130°C, Rochelle and Gibson [5) found that sulfite 
reacted with citrate to give sulfo-tricarballylic acid. Similar 
reaction of DETA and sulfite may also occur. 

DETA CONCENTRATION (m) 

Figur. 1. Dependence of Ko or KOI on DETA concentration. 
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KD or KDJ X 10-3 

(m-I bar-O.75) 

6.8 ± 1.0 
5.2 ± 1.7 
4.3 ± 0.9 
3.6 ± 0.5 
4.4 ± 1.1 

5.9 ± 0.5 

2.9 ± 0.7 
3.7 ± 0.9 

9.4 ± 1.3 
9.2 ± 0.9 
7.2 ± 0.5 
6.0 ± 0.6 
3.8 ± 1.3 

1.50-1.55 

1.38-1.58 

1.50 

1.64 
1.72 

1.79-1.99 

1.68 
1.72 
1.85 
1.63-1. 77 
1.72 

Sulfite oxidation in the absorber is an important side
reaction, but we have not included it in the scope of this 
work. Oxidation of adipic acid conjugated with sulfite oxi
dation has been observed in limestone slurry scrubbers [18) . 
Similar degradation of DETA may occur with sulfite oxida
tion in the absorber. 

Experimental Method. 

Thermal degradation of DETA/SO, solutions was studied 
using the same apparatus and procedures as used in the 
study of sodium citrate buffers [5) . The solution was held in 
a stainless-steel reactor at 120 to 165°C for 2 to 75 hours. 
Intermittent samples were analyzed for sulfite and 
thiosulfate by iodimetric titration with and without formal
dehyde. Final samples from several experiments were ana
lyzed for DETA and other volatile amines by gas 
chromatography on chromasorb 103 at 190°C. 

30 120 
1.4 m H2SO4 

25 1.3m H2 S04 100 

~ U 

10 
80 ~ ~ 20 

'" '" ~ 0 

'" 15 60 -;:; 
0 0 N N 

'" '" a. 
40 ~ ';., I 0 

N 
0 0 

'" II> a. a. 
5 20 

Figure 2. Calculated vaporlliquid equilibria for 1.0 m DETAll .3 m 
H,S04· 
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A single experiment on oxidative degradation was per
formed in the same apparatus used for study of adipic acid 
degradation [18]. A solution containing 0.5 m DETA and 
1.0 m SO, was sparged with pure 0, at 55°C and pH 5.0. 

DI ..... op0rtlonatlon 

The rate of SO, disproportionation in DETA solutions 
was correlated as the sum of two parallel reactions, one ca
talyzed by DETA and one by thiosulfate. 

Twenty two experiments were performed with the initial 
absence of thiosulfate over the following range of condi
tions: 

[DETA] = 0.16 to 2.0 m 
[SO,] = 0.08 to 2.6 m 
[HC1] = 2.6 to 5.0 m 
[H2SO,] = 0.65 to 1.3 m 
T = 120 to 165°C 
pH(25°C) = 2.6 to 5.5 

(9 experiments) 
(3 experiments) 

The rate of SO, disappearance (ROETA) was correlated in 
terms of initial solution composition (!!!.) by: 

Rom = B . e-(EAl /RT) . [DETA]' . [SO,]b . ali+ (17) 

DETA-HC1-S0, 
and 

DETA-H,SO,-SO, 
Solutions Only All DETA Solutions 

12 points 22 points 

10gB 10.33 ± 26 % 10.34 ± 19% 
EAI(kcal/gmol) 19.0 ± 26% 20.6 ± 18% 

a 1.04 ± 40% 0.28 ± 61 % 
b 0.42 ± 60 % 0.96 ± 13% 

c 0.68 ± 24 % 0.27 ± 23% 

The all + term at reaction temperature is estimated for HC1 
and H2SO. containing solutions by: 

log all . - -pH (25°C) + 1721 (18) 

and for DETA- SO, solutions: 

1 1 
log all . = -pH(25°C) f' 1147 (298 -"T) (19) 

The standard deviation for the DETA-H2S0.-S0, and 
DETA-HC1-S0, model is a factor of 1.44. The standard 
deviation for all 22 data points without thiosulfate is a fac
tor of 1. 75. 

There were five experiments performed with DETA in 
the presence of thiosulfate. Four of these used 1 !!!. DETA 
and 1.3 !!!. H,SO. with 0.1 to 0.3 m SO, and 0.05 to 0.1 !!!. 
Na,S,0 3 at 120 or 135°C. One experiment was performed at 
150°C with 2.0 m DETA, 5.0 m HC1 , 0.2!!!. S02, and 0.2!!!. 
Na,S,03' The rate of SO, loss attributed to thiosulfate catal
ysis (RThlo) was calculated as the difference between the to
tal measured rate and the calculated rate attributed to 
DETA catalysis (ROETA). Disproportionation rates were also 
measured at 120 to 150°C in 8 solutions containing 2 m ace
tate, 2.6 m Na·, 0.1 to 0.4 m SO" 0.09 to 0.37 m Na,S,03, 
and 0.6 to 1.8 m C1-. 

These data in DETA and acetate buffers and previously 
reported data in citrate and acetate buffers [5] were correl
ated by the equation: 
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RThlo - Ce-( EA2/RT) [S203]d all. ' 
log C = 13.03 ± 11 % 
EA, = 21.6 ± 10 % kcallgmol 
d - 1.70 ± 13% 
e = 0.54 ± 16% 
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(20) 

For citrate and acetate solutions, all + was taken to be 10-pll 

at 25°C. For DETA solutions it was estimated at reaction 
temperature by Equation 18. 

The standard deviation of the rate prediction for all 24 
experiments with thiosulfate is a factor of 1.74. Because it 
includes more data, this rate expression for thiosulfate
catalyzed disproportionation should be more reliable than 
that proposed by Rochelle and Gibson [5] . It is similar in 
form and magnitude to the rate expression for acid decom
position of thiosulfate found by Johnston and McAmish 
[19]: 

d[S] • , 
1ft = k a" . [S,0 3 ] 

k = 1.6 . 10" e-(lfl.5IlIJIRT) m-' sec- I 

It also compares well to the rate of reaction of H,S with 
thiosulfate measured by Keller [20] : 

d[H,S] 
--dt- = k a~" [S,O:i ]L5 

k = 3.0 . 1011 e-(1 6.500/RT) !!!.-I min-I 

All of these reactions are probably limited by the reaction of 
thiosulfate with bithiosulfate (HS20 3) to produce bisulfite 
and a higher monosulfonate [21]: 

HS,0 3 + S20 j --+ HS03 + S30j 

The disproportionation kinetics do not agree well with 
kinetics for the reaction of thiosulfate and bisulfite at 70°C, 
which were found to be first order in bisulfite and third or
der in thiosulfate [22] . We found that RThlo was independent 
of SO, concentration. 

The total rate of SO, disproportionation (RTotol) is given 
by: 

RTot,1 = ROETA + RThln (21) 
where ROETA is given by Equation 17 and RThlo by Equation 
20. 

Sulfite Oxidation 

With 1.0 !!!. SO, and 0.5 !!!. DETA at pH 5.0 the initial 
sulfite oxidation rate was 0.4 m/hr, which is about the same 
as the 0 , mass-transfer rate previously determined for the 
oxidation apparatus [18]. The rate of SO, oxidation began 
to decrease at 0.4!!!. SO, and was about 0.03 !!!./hr at 0.1 !!!. 
SO, . 

DETA Dell.adatlon 

Final samples from the oxidation experiment and 5 ther
mal degradation experiments were analyzed by gas chro
matography. There was less than 5% loss of DETA in all of 
the experiments. Ethylenediamine was the only degrada
tion product observed . At 150°C with 0.5 m DETA and 
1.24 m S02 it was produced at a rate of 7.1 x 10-3 m/hr. At 
120°C with I!!!. DETA, 1.3 !!!. H,S04, and 0.3 !!!. SO" it was 
produced at a rate of 1.1 to 1.8 x 10-' m/hr. In the oxidation 
experiment it was produced at a rate of 2.6 x 10-3 m/hr. In 
all cases the rate of ethylenediamine production was at least 
an order of magnitude less than the rate of SO, disappear
ance. It is possible that DETA is degraded by attack of the 
carbon at the secondary amine to give ethylenediamine and 
sulfoethylamine: 

H2N-CH,-CH,-NH-CH,-CH,-NH, + SOj --+ 

H,N-CH,-CH2-NH, + H,N-CH,-CH,-S03 

Sulfoethylamine would not be detected by gas chromato
graphy. 

DESIGN IMPLICATIONS 

The major design variables for simple absorption I 
stripping are stripper temperature, pH, DETA concentra
tion, and the neutralizing acid. The number of stages in the 
stripper and absorber and the extent of cross-exchange can 
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also affect system performance. For a given S02 removal 
and flue-gas composition, the primary performance vari
ables are steam consumption, absorbent degradation, and 
SO, absorption capacity. Rochelle [1,23] has given extensive 
coverage of process options and design techniques for 
absorption/stripping processes. In this paper we will use 
those techniques to evaluate DETA for use in simple 
absorption/stripping. 

The following estimates of steam consumption assume 
90 % SO, removal from flue gas with 3000 ppm SO,. Unless 
noted, the absorber is at 55°C and the stripper is at 100°C. 
The extent of heat exchange between hot lean solution and 
cold rich solution is assumed to be sufficient to eliminate its 
effect on the steam requirement. This should be economi
cally feasible if the SO, absorption capacity is greater than 
0.05 to 0.1 m. Pure steam is used for stripping and there is 
no reflux in the stripper. 

For minimum steam consumption an infinite number of 
absorber and stripper stages are used with an optimized liq
uid circulation rate. Ideally, with a linear equilibrium rela
tionship that is independent of temperature, the minimum 
steam requirement is 51.7 gmol steam/gmol SO, removed . 
Favorable temperature dependence reduces this by a factor 
of 4.0 for DETA-H,SO.-SO, and DETA-HCI-SO, solutions 
and a factor of 2.9 for DETA-SO, solutions. 

An estimate of minimum steam consumption with 1.0 m 
DETA/1.3 m H,S04 is illustrated in Figure 3. Because of 
equilibrium nonlinearity, the stripper operating line is tan
gent to the equilibrium curve. The minimum steam con
sumption for this case is 23.1 gmol/gmol SO,. It is 1.80 
times greater than the ideal case because of nonlinearity. 

Over a range of 0 .5 to 1.5 m DETA at inlet pH 4.6 to 5.6 
(25°C) , the minimum steam consumption varies only from 
19 to 24 gmollgmol SO,. However, the S02 absorption ca
pacity is easily changed by adding or removing acid and 
varies from 0.04 to 0.4 m. Solution with 0.5 m DETA and 
only SO, gives a higher minimum steam consumption of 
32.6 gmol/gmol SO" because of reduced temperature ef
fects in DETA/SO, solutions. 

Actual steam consumption with 3 absorber stages and 6 
st ripper stages is given in Figure 4. With 1.0 m DETA/I .3 m 
H,S04 the actual steam consumption is 39.5 gmol/mole SO, 
(ll.l kg/kg) . The SO, absorption capacity is 0.15 m. 
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Figur. 3 . Minimum steam consumption for 1.0 m DEl'A/1.3 m 
H,S04, 55' C absorption, 100' C stripping, 90% removallrom 3000 

ppm SO,. 
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Figure 4 . Actual.team consumption for 1.0 m DETA/l.3 m H2S04, 
3 stage. absorption, 6 stage. stripping. 

Steam consumption for DETA-H,SO.-SO, solutions 
should be sensitive to stripper temperature and very sensi
tive to absorber temperature. Absorption at 40°C rather 
than 55°C would reduce steam consumption by a factor 01 
3.8. Stripping at 120°C rather than 100°C would reduce 
steam consumption by a factor of I. 7. 

The optimum stripper temperature is a tradeoff between 
steam consumption and sulfite disproportionation. Higher 
temperature increases disproportionation but decreases 
steam consumption. Figure 5 gives the calculated range 01 
operating conditions that would give a marginally accepta
ble rate of disproportionation. The operating temperature 
can be maximized by increasing pH and minimizing the ac
cumulation of thiosulfate. 

In solution containing 1.0 ill DETA, 1.2 ill H,SO" 0.15 ill 
SO" and 0.1 III S,O:; at lOO' C, the calculated rate of dispro
portionation is 4.4 x 10-' ill/hr. With an SO, absorption 
capacity of 0.1 ill and a stripper residence time of I hour, 
this corresponds to degradation of 0.44 % of the absorbed 
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Figure 5 . Temperature and pH giving 0.02 mJhr SO, 

dlsproportionation in 1.0 m DETA. 
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S02. At 120°C the degradation rate would increase to 
2.27 %, but should still be acceptable. 

CONCLUSIONS 

1. DETA solutions neutralized by HCl or H2S04 can give 
2.2 to 4.0 times better steam consumption for simple 
absorption/stripping than weak acid buffers such as sodium 
citrate. 

2. DETA solutions neutralized only by S02 can give 1.5 
to 2.7 times better steam consumption than sodium-citrate 
solutions. 

3. Stripper temperature should be maximized to reduce 
steam consumption. S02 disproportionation will limit strip
per temperature to about 120°C and will require purge 
treatment to control thiosulfate accumulation. 
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NOTATION 
a, b, c, Exponents in Equation 17 
a, 
B 
C 
C, 
CD 
CS02 

f 
flH, 

flH, 

K, 
k, 

K, 
k. 
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Activity of species i, (m or m) 
constant in Equation 17, (m, .. ·b -< hr-') 
constant in Equation 20, (m'·d., hr-') 

- concentration of species i, (m or m) 
total concentration of DETA species, m or m 
total dissolved S02 

(S02 + HSO" + SOil, (m or 111) 
- exponents in Equation 20 -

disproportionation activation 
energy, (kcal gmol-') 

disproportionation activation 
energy, (kcal gmol-') 

fraction neutralization, defined dimensionless 
heat of neutralization, DETAH2· 2/ 

DETAH3•
3, (kcal gmol-') 

heat of neutralization, SO; IHSO; , 
(kcal gmol-') 

dissociation constant for DETAH3·' , (m or m) 
effective dissociation constant 

for DETAH; 3, (m or m) 
dissociation constant for HSO;, (m or m) 
effective dissociation constant for HSO;, 

(m or m) 

August, 1982 

KD constant defined by Equation 14, 
(m-' bar -0.75) 

= constant defined by Equation 15, 
(M-' bar - 11.75) 

m 

m 
m, 

- molality, (gmol solutelkg H20) 
molarity, (gmol solutelliter) 
molality of species i, (gmol solutelkg H 20) 
-log a" + pH 

pK -log K 
P, 
P/~20 
R 
ROF.TA 

- vapor pressure of species i, (bar) 
vapor pressure of pure water, (bar) 

- universal gas constant, 1.987, (calOK-'gmol-') 
S02 disappearance rate in DETA solutions 

without thiosulfate, (m hr-') 
RTMII thiosulfate catalyzed S02 disappearance 

rate, (m hr-') 
RTllltll total S02 disappearance rate, (m hr-') 

_ temperature, (OK) T 
v dIn Pso21d In P1I2() 

[] concentration of charged species, (m or m) 
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A Promising NOx-Control Technology 

Combustion-modi6cation NOx-control technology-hope on the horizon for 
pollution abatement of the emissions from industrial boilers? 

Kenneth J. Lim, Carlo Castaldini, and C. Dean Wolbach, Acurex Corp., Mountain View, Calif. 94042 

The 1970 Clean Air Act designated oxides of nitrogen 
(NOz) as one of the criteria pollutants requiring regulatory 
controls to prevent potential widespread adverse health 
and welfare effects. To attain and maintain ambient air 
quality standards, the act mandated control of new mobile 
and stationary NOr sources, each of which emits approxi
mately half of the manmade NOr nationwide. As shown in 
Figure I , industrial boilers represent the third largest con
tributor to total stationary source NOz emissions. Indeed, 
industrial boilers were the origin of approximately 14 per
cent of all stationary NOz emissions for the year 1977[1]. 

Since the Clean Air Act, NOr control techniques have 
been developed and implemented reducing emisions by a 
significant amount (20 to 60 percent) for a variety of 
source/fuel combinations, notably in the utility boiler sec
tor. With increasingly stringent New Source Performance 
Standards (NSPS) established for utility boilers, the En
vironmental Protection Agency (EPA) is currently compil
ing and developing background information on industrial 
boilers with the intent of proposing NSPS[2]. State and 
local regulatory developments also point to increasing 
NOr control implementation. . 

Combustion-modification NOr control technology for 
coal-, oil-, and natural gas-fired industrial boilers is sum
marized in this paper. The effectiveness of controls in re
ducing NO" emissions and their applicability to industrial 
boilers are reviewed. Demonstrated or expected opera
tional or environmental impacts are highlighted, and 
energy and cost impacts are noted. An assessment of the 
environmental impact was performed for two selected 
coal-fired boilers to estimate the overall environmental 
benefit of NOr control for these units. Information 
presented in this paper is based primarily on results by 
Lim et al.[3] . A discussion of NO" formation mechanisms 
and princirles of control is given by Mason et al. [4]. The 
majority 0 the emissions data evaluated are drawn from 
References [5] through [16]. 

OVERVIEW OF NO>: CONTROL TECHNIQUES 

The combustion-modification NOr controls haVing pos
sible application to industrial boilers include: 

• Low excess air (LEA) 
• Staged combustion (SC) 

ISS~ 11278·4491 ·H2·Sfi:lH·1I167-$2.()(). ftThe AIIl t"Til-mllnstihltt" uf C hc Ul k·,,1 ellgillceTs. 
1982. 
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• Low NO" burners (LNB) 
• Flue gas recirculation (FGR) 
• Reduced air preheat (RAP) 
• Load reduction (LR) or reduced combustion intensity 

(furnace redeSign) 
• Ammonia injection (selective noncatalytic reduction) 
Ammonia injection, though actually a post-combustion 

technique, is included here as a process modification be
cause the reducing agent, ammonia, is injected in the 
boiler proper. Post-combustion Rue-gas treatment tech
niques under development (e.g., selective catalytic reduc
tion) have the potential for even greater NOz reductions, 
but at significantly greater capital and operating costs as 
reviewed by Jones and Johnson[17]. 

Low Excess Air 

Reducing the excess air level in the furnace has gener
ally been found to be an effective method ofNOz control 
for all fuels, reducing NOr by 5 to 25 percent. In this tech
nique, the combustion air is reduced to the minimum 
amount required for complete combustion, maintaining 
acceptable furnace cleanliness and steam temperature. 

-........ 4.1,. 

..... : 1U.1 • ..",(11.1 .... ...."" 

Figure 1. Distribution of stationary anthropogenic NO., emissions for the 
year 1977 (stationary fuel combustion) [1]. 
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With less oxygen available in the Aame zone, both thermal 
and fuel NOr formation is reduced. In addition, the re
duced airAow reduces the quantity ofAue gas released per 
unit time, resulting in an improvement in boiler efficiency. 
LEA, being the simplest NOr control technique with the 
added benefit of improved boiler efficiency, is often the 
first technique imple mented. 

Staged Combustion 

Staged combustion, through the use of overfire air(OFA) 
ports or burners-out-of-service (BOOS), seeks to control 
NOr by carrying out initial combustion in a primary, fuel
rich combustion zone, then completing combustion at 
lower temperatures in a second, fuel-lean zone. The tech
nique involves firing the active burners (or the combustion 
bed in the case of stokers) more fuel-rich than normal 
while admitting the remaining combustion air through 
OFA or inactive burners (BOOS). SC is generally very et~ 
fective for NOr reduction and may be used with all fuels 
with reductions of up to 30 perce nt. 

Law NO, Bumers 

Low NOr burners are generally designed to reduce 
Aame turbulence, delay fuel-air mixing, and establish 
fuel-rich zones where combustion initially takes place. 
The longer, less intense flames produced with LNB's, as 
compared to those of conventional burners, result in lower 
Aame temperatures that reduce thermal NOr generation. 
Moreover, the reduced availability of oxygen in the initial 
combustion zone inhibits fuel NOr conversion. LNB's rep
resent adeveloping technology that promises highly effec
tive NOr control at a relatively low cost, with NOr re
ductions of 40 to 60 percent projected. 

Flue-Gas Recirculation 

Flue-gas recirculation for NOr control consists of ex
tracting a portion of the Aue gas and returning it to the fur
nace, admitting the flue gas through the burner windbox. 
FGR lowers the bulk furnace gas temperature and reduces 
oxygen concentration in the combustion zone. The former 
effect is probably dorminant, since FGR has been found to 
be most effective in reducing thermal NOr. FGR has not 
been found to be an effective control method, considering 
the major equipment modification involved, for coal and 
residual oil, fuels for which fuel NOr often predominates. 
Indeed, NOr reductions of only 10 to 15 percent have been 
found for coal firing, but reductions of 40 to 70 percent 
have been achieved for distillate oil and gas. Addition of 
FGR to a boiler is a major modification : the fan , dampers, 
and controls , as well as possibly having to increase existing 
fan capacity due to increased draft loss, can represent a 
large investment. 

Reduced Air Preheat 

Reducing the amount of combustion preheat lowers the 
primary combustion zone peak temperature, generally 
lowering thermal NOr production as a result. It is an effec
tive technique applicable to the clean fuels : distillate oil 
and natural gas. However, to prevent severe energy penal
ties, an economizer should be substituted when possible 
as a Aue gas heat-recovery device. RAP has not been found 
effective for coal-fired units. 

Load Reduction 

RedUcing combustion intensity generally lowers ther
mal NOr formation. Reduced combustion intensity can be 
brought about by load reduction in existing units and by 
use of an enlarged firebox in new units . NOr reduction 
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field test results on industrial boilers have been mixed, on 
a retrofit basis, but the technique is probably best im
plemented as an increased furnace plan area in new de
signs, based on results for new utility boilers. 

Ammonia Injection 

This technique selectively reduces NO to N, and H20 
with injection of ammonia (NH,,) at flue-gas temperatures 
ranging from 1070 to 1270K (1470 to 1830°F) without a 
catalyst. However, the method is very temperature
sensitive, with maximum NOr reductions occurring in a 
very narrow temperature window around 1240±50K 
(1770 ± 90°F). Addition of hydrogen can lower amI thus 
extend the etlective temperature window. An elaborate 
NH, (and possibly H2 ) injection, monitoring, and control 
system is required. The application of this technique to 
flue gas from coal combustion has not heen demonstrated 
in the field . Several industrial boilers in California are 
being fitted with ammonia injection as part of demonstra
tion programs. Control e ffectiveness is projected to be 40 
to 60 percent [18, 19]. Ammonia injection is a postcombus
tion technique under development for possible applica
tion after conventional comhustion modifications have al
ready ben applied, where additional NOr reductions are 
required. 

APPLICATION OF CONTROLS TO COAL-FIRED BOILERS 

Pulverized Coal 

Combustion-modification NOr controls have been suc
cessfully imple mented on a limited number of industrial 
boilers. Representative e<luipment design types and typi
cal baseline (uncontrolled) NOr emissions from industrial 
boilers are listed in Table 1. It should be noted that NO.r 
emissions are site-specific, dependent on individual 
boiler/burner design differences, fuel properties, and local 
combustion conditions. Thus a particular boiler can ex
hibit an emission level different from the one indicated. 

Of seven pulverized coal-fired units tested, baseline 
NO.r emissions ranged from 174 to 563 ngl], with most data 
from 200 to 300 nglJ. No significant correlation of emission 
levels with (pulverized coal) boiler type (i.e., tangential 
versus wall-fired), coal properties, or operating conditions 
was evident from the limited data. For example, Figure 2 
shows that the fuel nitrogen content has no Significant ef
fect on NOr emissions from coal-fired industrial hoilers. 
Although undoubtedly fuel NOr emissions increase with 
increasing fuel nitrogen-content, the emissions increase is 
not proportional; furthe rmore, such effects are often over
shadowed by boiler design and operating parameters. In
deed, Figure 2 shows that the data for pulverized coal and 
spreader stoker units are clustered in the 200- to 300-nW] 
heat input range, while other stoker types are clustered in 
the 100- to 200-ngl] range, all independent offuel nitrogen 
content. All these units were generally operating at normal 
excess air levels . 

Table 2 lists the combustion modifications applicable to 
pulverized coal-fired industrial boilers. Combustion 
modifications for which no actual data exist for the indus
trial boiler size range have also been included, based on 
utility boiler experience which is much more extensive. 
Clearly, industrial boiler-control test data are limited. 

Law Excess Air 

Low excess air operation is a relatively simple technique 
to impleme nt. It is applicahle to all boiler types and re
quires only reducing airflow to the burner windbox. How
ever, in a multiburner unit, modifications to the windhox 
may be necessary to improve air distribution to individual 
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TABLE 1. REPRESENTATIVE INDUSTRIAL BOILERS AND TYPICAL BASELINE ~O, EMISSION LEVELS 

Fuel 

Pulverized Coal 

Stoker Coal 

Residual Oil" 

Distillate Oil 

Natural Cas 

• Includes NC!. 5 ;Uld l\o, 6 fuel oils. 

Boiler Type 

Single Wall and 
Tangential 
Spreader 
Underfeed 
Chain Crate 
Firetube 
Watertube 
Firetube 
Watertube 

Without air pre heater 
With air preheater 

Firetube 
Watertube 

Without air pre heater 
With air pre heater 

burners during LEA operation. Lowering excess air can 
reduce the safety margin for complete combustion. Hence, 
installation of an oxygen-trim system may be necessary, in 
addition to the normal airflow controllers. Nevertheless, 
boiler efficiency gains with LEA sbould off.~et any ad
ditional hardware costs, and thus make LEA the most at
tractive NOr control tecbnique for first implementation (5 
to 25 percent NOr reduction). Figure 3 shows the result of 
LEA tests on representative coal-fired industrial boilers. 
The slopes of the data bands indicate tbe relative effec
tiveness of LEA on each equipment category. It is seen 
that LEA is about equally effective for each category. 

Staged Combustion 

Staged combustion with OFA and LEA represents the 
best demonstrated, available control option for pulverized 
coal-fired industrial boilers, potentially redUcing NOr 
emissions by up to 30 percent. The LEA and OFA control 
system has a primary advantage over the other control sys
tems because of its commercial availability and its effec
tiveness . The cost of tbe system is not prohibitive when 
OFA ports are designed as a part of new boilers. In addi
tion, careful operation of staged air injection is not ex
pected to seriously aflect emissions of other criteria pollut
ants. 

Burner stoichiometries in the range of 100 to 110 percent 
would be adequate to achieve a 20-percent NOr reduction. 
At these stoicbiometry levels, oxidizing atmospheres 

Coal-Fired Industrial Boilers 

i ° OP_edCoai 

0 {; Spreeder Stoker 

~ 
500 o Underteed Stokefl 

0::- (1.17) 'l ChllnG .... _ 

~ Vibrating Grate Stokefl 
eo 400 c 

(G.93) !! 

I {; I> 300 {; d& (G.70) .. 
{;O 0 200 

{; {; 
{; 

° (;o z (0.47) 'l 'l 
"l: ° 0 

=e 100 0 

C (0.23) 'l 
0 
u c 
::;) 

0.5 1.0 1.5 2.0 

Nitrogen Content In Coal (hrconI by Weight) 

Figure 2. Effect of fuel nitrogen on NO, emissions from cool-fired indus
trial boilers. 
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Typical Size 
(Heat Input Capacity) 

MW 
(10" Btu/hr) 

59(200) 

44 (150) 
9(30) 

22(74) 
4.4 (15) 

44 (150) 
4.4 (15) 

29(100) 

4.4 (15) 

29(100) 

Average 
NO, Baseline 

Emission Level 
ng NO,/J 

(lb/lO" Btu) 

285 (0.663) 

265 (0.616) 
150 (0.349) 
140 (0.326) 
115 (0.267) 
160(0.372) 
70(0.163) 

55 (0.128) 
90(0.208) 
40 (0.093) 

45 (0.105) 
lIO (0.255) 

would prevail in the furnace, thus minimizing concern 
over possible furnace slagging and boiler-tube wastage. 
However, achieving more stringent NO, control with 
combined LEA and OFA may require that hurner 
stoichiometries be reduced below 100 percent in some 
cases. This low burner stoichiometry level would cause 
reducing atmospheres in parts of the furnace, thus creating 
the potential for corrosion of water tubes, especially when 
firing high-sulfur coa\[21]. Generally, boiler manufactur
ers do not recommend burner operation with 
stoichiometry below 100 percent, primarily because of in
creased corrosion potential. Another potential adverse im
pact is that additional excess air may be required to ensure 
complete combustion, resulting in a decrease in boiler 
efficiency. However, experience with utility boilers indi
cates that these potential problems can be overcome with 
proper design and implementation[21]. Indeed, a recent 
30-day, continuous monitoring test of SC with LEA, at 
varying reduced boiler loads, demonstrated a 30-percent 
NOr reduction with no adverse operational impacts[16). 

Burners-out-of-service is the other technique that can be 
used to achieve staged combustion. It is primarily con
sidered for retrofit application. However, it is not a favored 
technique because of several limitations: 

• Extensive engineering and testing on an individual 
boiler basis is required to determine the optimal 
BOOS pattern 

• Selection of an effective BOOS pattern is sometimes 
not possible because pulverizers may serve burners 
located on t~o separate levels. The most effective 
BOOS pattern often involves only the top level of 
burners on air only. 

• In many cases, burners/pulverizers that operate dur
ing BOOS cannot handle increased coal flow, neces
sitating a significant reduction in the boiler steam rat
ing (e.g., 20-percent derate) 

• Potential increased slagging and corrosion 

Low NO, lumen 

Because of the possible operational problems associated 
witb SC, a number of low NOr burner designs are under 
development by commercial firms, with 40 to 60 percent 
NOr control projected. An advanced design under study is 
a distributed fuel-air mixing concept being developed by 
the Energy and Environmental Research Corp. for the 
EPA[22]. Field testing and application is scheduled for 
late 1982, with a target NOr level of 86 nwJ (0.2 Ib/106 

Btu)[22,23] . 
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TABLE 2. COMBUSTION-MoDIFICATION NOr CONTROLS FOR PULVERIZEP COAL-FIREP INPUSTRIAL BOILERS 

Number of Elfectiveness of Commercial 
Control Description Industrial Control (Percent Range of Availability! 

Technique Technique Boilers Tested NO.,. Reduction) Application R&D Status Comments 

Low Excess Air Reductioll of COI1l- 7 0-25 Excess oxygen rc- Available Added benefits of 
(LEA) bustiol1 air (avg. 9) duced to 5.2% on techni<lue include 

the average increase in hoiler 
efficiency, lim-
ited hy increase in 
CO. HC and 
smoke emissions. 

Burners Out of One or mOTe hurn- 2 27-39 Applicable only Availahle. How- Limited 171 the 
Service (BOOS) ers on air only. (avg.33) Ii .. boilers with ever, extensive ell- number () hurners 

Remainder firing minimum of4 gineering work availahle. Load 
fuel-rich . hurners necessHry prioT to reduction re-

implementation. quired in most 
cases. Possihle in-
creased slagging, 
corrosion. 

Overfire Air Secondary air from 5-30 Burner stoichi- Commercially of- Requires installa-
Injection (OFA) OFA ports alxlVe ometry as low as fered but not dem- tion of OFA ports, 

li.el rich firing 100% onstrated for i 11- etc. Possible 
hurners dustrial size increased slag-

boilers ging, corrosion . 
Flue Gas Recirculation of 0-20 Up to 25% of the Not otTered he- Re'luires installa-
Recirculation fll~e Hns to burner flue gas reciT- cause relatively tion of FGR ducts, 
(FGR) WIIl( lOX culated inell'ective hm, etc. Can cause 

combustion insta-
bility. Burner 
windhox may 
need extensive 
IHo<iificatiolls. 

Low NOr New hurner de- 40-60 Prototype LNB Still in the devel- Active R&D ef-
Bnmer (LNB) signed utiliZin/f limited to size opment stage. Pro- forts underway 

controlled air- uel ranges ahove 29 totype LNB avail-
mixing MW (100 x 1()6 ahle from n"~<H 

Btu!hr) boiler mfrs. 
Ammonia Injection ofNH, in 40-60 Limited by lilr- Commercially 01'- ElalxHate NH, in-
injection convective section nace geometry. fered but not jedion. monitor-

of boiler N H, injection rate delilOllstrated iug and control 
limited to 1.5 system re'luired. 
NH,INO. Possible load re-

strictions on hoiler 
and air r,reheater 
fouling >y ammo-
nium hisu lfate. 

Reduced Load Rednction of fuel 6 Varies fwm 45% Applicable to all Availahle now but Load reduction 01'-
and air How to the rednction to 4% in- Ix>ilers. Load e'lII not implemented len not efTec..'tive 
boiler. crease in ~O.r 

In some applications, LNB's may have several advan
tages over other combustion modifications such as SC with 
OFA or BOOS. For example, one utility boiler manufac
turer claims that LNB's will maintain the furnace in an 
oxidizing environment, minimizing slaggingand reducing 
the potential for furnace corrosion when firing high-sulfur 
coal[24]. Also, more complete carbon utilization may be 
achieved due to hetter coal-air mixing in the furnace. Fi
nally, lower oxygen levels may be obtained with all the 
combustion air admitted through the burners[21]. 

Since the burners generally alter the Harne configura
tion, care must be taken when applying the burners to 
existing boilers. For instance, some LNB's have a longer 
Rame length. Such burners can be installed only in those 
boilers large enough to avoid cold-wall impingement. 
Once developed, however, low NOJ , coal-fired burners for 
industrial boilers could become the best control system 
because of the expected lower cost, higher NOJ reduction 
capability, and other operational advantages over SC. 
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be reduced to 25% hecause of adverse hecause of in-
of capacity. operational im- crease in excess 

pacts 0,. Best imtle-
mented wit in-
crease in furnace 
size for new 
boilers. 

Ammonia Injection 

If additional control over and above hoiler/burner 
modifications are needed (e.g., to meet stringent local reg
ulations), ammonia injection is a commercially offered 
technique. The technique has yet to be demonstrated on 
coal-fired boilers and is generally several fold more costly 
than conventional comhustion modifications. In addition, 
as a developing technology, there are several potential im
plementation and operational prohlems that need to be re
solved: 

• Optimal effectiveness li>r noncatalytic reduction of 
NO by NH, occurs over a very narrow temperature 
range; helice, the precise location of NH, injection 
ports is crucial 

• Since the temperature profile in a boiler changes with 
load, NO,. control with NH" may dictate load restric
tion 

• Emissions of NHa anu hyproducts 
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• Possihle hoiler equipment 1()lIling by ammonium sul-
I'ltes 

However, the major strengths of the technique are its po
tential I(lr high NO,. removal (40 to 60 percent), and its 
applicability is an additional control that can he combined 
with conventional combustion techniques lor large NO,. 
reductions [18, 19], 

Stoker Coal 

NO,. emission from stokers are generally lower than 
those Irom pulverized coal. These lower emissions have 
heen attrihuted to the lower combustion intensity and to 
the partial staged comhustion that naturally occurs during 
combustion on fuel heds[25], 

As illustrated in Figure 2, NO,. e missions from spreader 
stokers tend to he higher than those from other stoker de
signs. The coal in a spreader stoker hoiler hums partly in a 
suspended state and partly on a moving or vihrating grate, 
The comhustion of coal in the suspended state apparently 
causes NO., emissions to he generally higher than for other 
stoker types that feed and comhust coal directly on a mov
ing grate. In addition, the higher heat-release rates of 
spreader stokers probahly also contribute to high NO,. 
emissiolls. 

Four methods have heen used to modify stoker coal 
comhustion to reduce NO,. emissions. These methods are 
1) reduced undergrate airor LEA, 2) OFA, 3) reduced heat 
input, and 4) RAP. Ofthese methods, only LEA firing has 
been demonstrated to he widely elfective, Table 3 sum
marizes the perl(>rInance and limitations of each of these 
techniques, 

Law Excess Air 

Low excess air firing represents the only widely e.lIec
tive NO,. control technique I(lr coal-fired stokers, OFA is 
generally a design feature of all stokers and is controlled 
independently Irom undergrate air. LEA tests performed 
in the field consisted of reducing the undergrate airflow 
whi Ie maintai ning the 0 FA flow close to normal operation, 

A series of EPA field tests of 17 stokers indicate that the 
excess oxygen levels at baseline operating conditions av
eraged about 9 percent During LEA tests, the average ex
cess oxygen level was reduced to 6.4 percent. Such reduc
tion lowered NO,. emission lev¢ls approximately 10 per
cent for each I-percent reductio!) in excess oxygen, Figure 
3 illustrates this trend, Indeed, data from an ongoing 
EPA-DOE-ABMA field test program involving II rela
tively new design stokers operating near the lower excess 
air level tend to support this general trend[15]. 
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Fuel combustion with lowest possible levels of excess 
air assures maximum boiler efficiency unless the air is de
creased to the point where unburned carbon losses are 
greatly increased, From the limited amount of data it can 
be tentatively generalized that if the airflow is maintained 
such that the excess oxygen level is approximately above 6 
percent, no serious operational or emission problem 
should result Of course, this generalization would require 
verificatiOlL Indeed, the minimum excess oxygen level for 
a particular boiler could be higher than 6 percent NOr 
emission reductions of about 5 to 25 percent and increases 
in boiler efficiency of 1 percent can be expected with LEA, 
provided fuel burnout does not change during the process. 

Staged Combustion 

One of the reasons NOr emissions from stokers is lower 
than those Irom pulverized coal-fired boilers is the partial 
staged combustion nature of combustion offuel beds[26], 
Volatile matter leaves the fuel bed as the coal is fed into the 
grate and burns above the bed level. The solids are sub
sequently burned with lower combustion intensity, 

An increased staged combustion effect beyond what 
seems to occur naturally in the stoker furnace seems 
difficult to obtain, However, augmented staged combus
tion control can be effected by increasing air injection 
above the fuel bed through the OFA ports and reducing the 
undergrate airflow. 

A reduction of 10 to 25 percent in NOr has been 
achieved by this method without increasing CO emis
sions, However, most stokers have OFA ports originally 
deSigned for use as smoke-control devices, Therefore, the 
location or orientation of the OFA ports may not be the 
optimum to achieve best NO,. reductions, The current 
EPA-DOE-ABMA field program has found little success 
with OFA on existing units[15]. 

The OFA method suffers from the same potential prob
lems as LEA because reduced undergrate airflow is abso
lutely necessary to achieve any staging effect Therefore, 
limitations applicable to the technique of LEA such as 
grate overheating, corrosion, and clinker formation can 
also limit the application of the staged combustion tech
nique. An ongoing EPA-sponsored program is examining 
advanced stoker designs, including use of OFA for NOr 
control[27] . 

Ammonia Injection 

Ammonia injection is potentially applicable, although it 
has not yet been demonstrated on an industrial stoker. The 
boiler geometry and the flue-gas temperature profile in a 
stoker should permit the implementation of the NH3 injec
tion process in a similar manner as for a pulverized coal
fired unit Indeed, the discussion on performance and 
limitations of ammonia injection as noted earlier for pul
verized coal firing is also applicable to stokers. 

APPLICATION OF CONTROLS TO OIL- AND GAS-FIRED BOILERS 

Combustion-modification NO,. controls have been suc
cessfully implemented on a limited number of oil- and 
gas-fired hoilers, as for coal-fired units. Table 4 sum
marizes the performance characteristics of potentially ap
plicahle controls. As noted earlier, low excess air firing is 
the only demonstrated control technique applicable to all 
industrial boilers. Figures 4 and 5 give graphical 
presentations of the excess air test results for these units. 
Although the test data of Table 4 indicates that LEA is 
ahout equally effective on a percentage basis for oil and 
natural gas (about 11 percent NOr reduction), Figure 4 
shows that absolute NO,. reductions are greater for the 
higher nitrogen, heavier fuels. This is, of course, expected 
hecause LEA is effective in reducing both fuel and thermal 
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TABLE 3. COMBUSTION-MoDIFICATION NO, CONTROLS FOR STOKER COAL-FIRED INDUSTRIAL BOILERS 

Control 
Technique 

Description of 
Technique 

Number of 
Industrial 

Boilers Tested 

Effectiveness of 
Conlrol (Percenl 
NOr Reduction) 

Range of 
Applicalion 

Commercial 
Availahililyl 
R&D Slalus Comments 

Low Excess Air 
(LEA) 

Reduction of air 
Row under stoker 
bed 

24 5-25 Excess 0, limited Availahle now hUI Danger of over
healh.g grale, 
clinker tc.nlnatioll . 
corrosioll. and 
high CO emis
sions 

Staged 
Combustion 
(LEA + OFA) 

Reduction of un
dergrate air flow 
and increase of 
overSre air Row 

5 5-25 

to 5-6% minimull need R&D 011 
lower limit of 
excess air 

Excess 0, limited 
to 5% minimum 

Mosl slokers have 
OFA porls as 
smoke control 
devices hut may 
need hettcr air # 

Row conlrol 
devices 

Need research to 
determine optimal 
locatioll and orien
lalillll IIf OFA 
porls fllr \0" 
emission control. 
Overheating grate, 
corrosion, and 
high CO emissillll 
call o(.'Cur if under
grate airfluw is 
reduced helow ac
~eplahle leve l as 
in LEA. 

Reduction Load 
(LR) 

Reduction of coal 
and air feed to the 
stoker 

13 Varies for 49% de- Has heen used Availahle Ollly slllkers Ihat 
call reduce load 
without illcreasing 
excess air. t\ot a 
desirahle lech
lIi<Jlle hecause of 
loss in hoiler 
efficiency. 

crease to 25% in- down to 25% load 
crease in NOr (av-
erage 15% decrease) 

Reduced Air 
Preheat (RAP) 

Reduction of com
bustion air 
temperature 

8 Comhustion air 
temperature re
duced from 473K 
lo453K 

Availahle now if 
hoiler has l'OIll

Imstion air heater 

Ammonia 
Injection 

Injection ofNH, in 
convective section 
of boiler 

40-60 (from g'l'
and oil-fired boiler 
experience) 

Limited hy fur
nace geometry. 
Feasihle NH, in
jection rate lim
ited to 1.5 
NH,INO. 

Commerl'iallv of
fered hUI not yel 
demonstrated 

Not a de~'irahle 
technic)lle he
calise of loss in 
Imiler effidenc\' 
Elahorate NH" . 
injection, 
monitoring, and 
control system re
(I"ired. Possihle 
load restridiolls 
Oil hoiler and air 
pre healer i(llIlillg 
hy ammonium hi
sllli',le. 

NO, in the heavier fuels. Number 2 distillate oil and 
natural gas produce primarily thermal NOr. Figure 5 
shows, as expected, that low excess air firing is more effec
tive for boilers with air preheat because LEA would re
duce the amount of preheated air; hence loweringcombus
tion intensity and reducing NOr formation . 

Residual 011 

Baseline NOr emissions from residual oil-fired firetube 
boilers are relatively low, averaging 115 nglJ (Table 1). 
Low excess air operation should lower emissions by about 
10 percent and also increase boiler efficiency. The same 
caution about possible increased CO and hydrocarbon 
emissions discussed for coal firing under low excess air 
applies here also. Low NOr burners or staged combustion 
are the preferred alternatives if additional control is neces
sary. However, neither one has been demonstrated for the 
firetube boiler design. Developing low NOr burners may 
become the first control choice after LEA because of their 
potential for high NOr reduction with the lowest boiler 
operational impact. 

The generally larger watertube boilers with higher NOr 
emissions (160 nglJ average) will also need the same con
trols: low excess air,low NOr burners, and staged combus
tion. Staged combustion is a demonstrated technique for 
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the large multiburner watertuhe hoilers . However, if de
veloping low NOr hurners are successful and achieve 
about a 50 percent NOr reduction, down to 86 nglJ (0.2 
Ib/106 Btu), they should prove more cost effective. The 
only other alternative f(lr stringent control is ammonia in
jection. Although demonstrated and in limited commercial 
operation for oil and gas firing in Japan, this control system 
represents a several-fold more costly alternative for NOr 
reduction than the other two systems. In addition, opera
tional problems and potential emissions of NH3 and by
products may cause environmental concern. 

It should be noted that the ahove-discussed controlled 
emission levels for residual oil firing may be difficult to 
achieve for boilers firing high nitrogen content fuel (e.g., 
greater than 0.3 weight percent nitrogen) . Indeed, Figure 
6 indicates a possible trend of increasing total NOr emis
sions with fuel nitrogen content, unlike the behavior ex
hibited by coal-fired boilers. A possible explanation may 
be the following: 1) the fractional conversion offuel nitro
gen to fuel NOr increases with decreasing fi,e! nitrogen 
content, and 2) residual oil generally has a much lower 
fuel nitrogen content than does coal[9]. 

It should also be noted from Figure 6 that NOremissions 
from residual oil-fired boilers appear to he independent of 
combustion air preheat. This is expected hecause reduced 
air preheat is primarily effective for reducing thermal NO" 
but fuel NOr dominates for the heavy oil. 
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TABU: 4. CUMBUSTlUN-MoDIFICATION NO, CUNTROLS FOil; OIL- AND GAS-FIRIm INDUSTRIAL BOILKRS 

EfWdivt'nt'ss orCnnt",1 
(PC:'fc:tml NO, Rt·dut1inn) 

Cunl .... 1 
Tt·dmi'lllt· 

LHw Ext'l'ss Air 
(LEA) 

Stagt'd 
Ce'mllll,\ti,m 
(Sc) 

Dt·!~t:riptioll 
of 

Tt·dlllicllII· 

No. of 
8uilt·rs 
Tt·stt-d 

Rt'sidual 
oil 

Rt·dlll'tinn oft'lImhus- 22 n'siduoll nil hnil- () tn 2H 
tilln ,Iir l'rs. 7 distill",,· nil (lI,lVt'mgd 

huill'rs ,md 2H niltllml 
JtdS bClilt·rs 
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NO ... emissions from distillate oil and natural gas com-
bustion are primarily from thennal NO ... formation. The 
relatively low uncontrolled baseline NO ... emissions from 
combustion of these fuels (Table 1) should permit 
achievement of very low controlled NO ... levels. These 
control levels can in most cases be met with commerCially 
available combustion modification techniques. The pre
ferred control systems are low excess air, reduced air pre
heat, Hue gas recirculation, and low NO ... burners (under 
development), in that order, lowering NO .. down to about 
65 nglJ (O.15Ib/10· Btu). Distillate oil- and natural gas-fired 
boilers not equipped with air pre heaters (all firetubes, 
some watertubes) generally exhibited Significantly lower 
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average NO .. emissions than those with pre heaters, irre
spective of boiler heat input capacity, as shown in Figure 
7. Although Figure 7 would seem to indicate a general 
trend of higher NO ... emissions with increasing boiler ca
pacity, the trend is probably due to factors other than ca
pacity per se: design differences such as firetube systems 
for the smaller boilers and watertube systems for the 
larger, and air preheaters with the larger units as well. Fig
ure 7 shows that bypassing an existing pre heater substan
tially reduces NO ... (shown for natural gas, though similar 
behavior is expected for distillate oil). Those boilers with
out air preheat should be able to reach 43 nglJ (0.1 Ib/10· 
Btu) with just Hue-gas recirculation, while air pre heater
equipped boilers may require combined reduced air pre-
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high effectiveness (40 to 75 percent NOr reduction) of 
flue-gas recirculation filr clean fuels (distillate oil and 
natural gas). 

ENERGY IMPACT 

Of the NOr control methods availahle, LEA is the most 
fi.el-efficient. LEA should he used with most control 
methods to increase thermal efficiency and reduce NOr 
emissions. In general, comhustion-modification NOr con
trols should only have a minor energy impact, usually less 
than 0.5 percent increase in energy consumption. In fact, 
with proper hoiler design and control implementation, it 
might even he possihle in some cases to significantly lower 
NOr emissions and use less energy. The postcomhustion 
NO., control techniques under development are expected 
to increase energy usage hy less than 1 percent[17). 

COST IMPACT 

The primary contrihutions of comhustion-modification 
controls to steam cost changes are the equipment modifica
tion costs and changes in thermal efficiency and fan power 
demand. In general, comhustion-mod~fication controls 
should he cost-effective means of control for industrial 
hoilers, raising steam costs only 1 to 2 percent in most 
cases. However, the initial investment required, espe
cially for smaller hoilers, may he a large fraction of the cost 
of the boiler itself, up to 25 percent when controls are in
stalled on a new boiler. Retrofit control costs, highly site
specific, could he two to three times higher. 
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Figure 8. Effect olllue-gas recirculation on NO, emissions from industrial 
bailers. 
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The postcombustion control techniques, because of 
higher capital equipment, raw material, and energy re
quirements, are significantly more costly. Ammonia injec
tion is several-fold more costly than conventional combus
tion modifications, while Hue-gas treatment techniques 
are about an order of magnitude higher than combustion 
modifications. However, post combustion controls are the 
only near-term option if extremely high NOr reductions 
are required (e.g., 90 percent). 

Environmental Impact 

To help quantify the potential change in the environ
mental impact of an industrial boiler that switches from 
baseline to low NOr firing, a source analysis model SAM 
IA[28] was applied to the effluent data from the two stoker 
coal-fired industrial boilers tested in this study. EPA has 
been developing a series of source-analysis models to 
define methods of comparing emission data to environ
mental objectives, termed Multimedia Environmental 
Goal (MEG' s)[29]. The model selected for the level of data 
detail obtained from the industrial boiler tests was de
Signed for rapid screening purposes. As such, it includes 
no treatment of pollutant transport or transformation. Goal 
comparisons employ threshold effluent-stream concentra
tion goals. 

For purposes of screening pollutant emissions data to 
identify species requiring further study, a Discharge Sev
erity (DS) is defined as follows: 

Concentration of Pollutant i in Effluent Stream 
DS; = DMEG of Pollutant i 

The DMEG (Discharge Multimedia Environmental 
Goal) value, a threshold effluent concentration, is the 
maximum pollutant concentration considered safe for oc
cupational exposure. When DS exceeds unity, more re
fined chemical analysis may be required to quantify 
specific compounds present. 

To compare waste-stream potential hazards, a Total 
Weighted Discharge Severity (TWDS) is defined as fol
lows: 

TWDS = (l; DS;) x Mass Flow Rate 

where the Discharge Severity is summed over all species 
analyzed. The TWDS is an indicator of output of hazardous 
pollutants and can be used to rank the needs for controls for 
waste streams. Itcan also be used as a preliminary measure 
of how well a pollutant control, say a combustion
modification NOr control, reduces the overall environ
mental hazard of the source. 

The tests performed were both cooperative efforts with 
the EPA-DOE-ABMA field program on stoker emissions 
and efficiency improvement[15]. Site A was a traveling 

grate spreader stoker with a steam capacity of 38 kgls 
(300,000 Iblhr) while Site B, also a spreader stoker, can 
produce 25 kgls (200,000 Ib/hr). Both boilers were tested in 
the baseline (normal) operation and low NOr firing modes. 
The Site A low NO" condition was increased overfire air at 
the same overall excess air level (actually LEA firing) as 
baseline. The Site B low NOr mode was low excess air 
firing. 

Environmental Test Results 

Table 5 shows the results of the SAM IA evaluation of 
the flue gas composition data from both Sites A and B. 
Emission rates are given in References [I3] and [14]. Re
sults are presented for uncontrolled operation (baseline) 
and controlled operation (low NO,,). The table shows MEG 
category DS for each firi ng condition for those components 
with DS greater than 1 in either test. DS values shown 
were calculated from air/health-based DMEGs. 

The results presented in Table 5 show that NO" and SO, 
are potentially the most hazardous flue species. The sum of 
the DS values for these two species comprises over 70 per
cent of the stream Total Discharge Severity (TDS). The DS 
for SO, fluctuates with day-to-day fuel sulfur content, 
masking the effects of the reduction of the NO" DS with 
the application of NO" control in the case of the Site A re
sults. For Site B results the DS for SO, drops in the low 
N Or mode so that stream TDS decreases with NOr-control 
application since NO" DS decreases significantly. Other 
species of potential concern include CO, SO, (vapor), and 
several trace elements. The sixfold increase in SO, DS 
recorded for the Site A boiler control is not attributed to 
NO" control butto the accuracy of the analytical technique 
used to measure SOa. With the exception of carboxylic 
acids for Site A, no organic category had a DS greater than 
one for either boiler. 

Table 6 shows stream DS for each stream under each 
firing mode tested. The flue-gas stream dominates the po
tential hazard of the source, with a WDS over two orders of 
magnitude larger than any other stream. In addition, the 
WDS's for the ash streams generally remain relatively con
stant with firing mode. Thus, changes in flue gas WDS will 
elicit corresponding changes in total source WDS. So it is 
concluded that the NOr controls tested reduce total source 
potential hazard in the absence of sulfur emissions which 
are dependent on the fuel and not on the NOr control. 

General Comments on Environmentol Impact 

Based on a review of the emissions data from the two 
stoker coal-fired boilers tested in this program and pub
lished data from other coal-, oil-, and gas-fired industrial 
boilers, no serious environmental impacts are expected 
from applying combustion-modification controls. How-

TABLE 5. FLUE GAS DISCHARGE SEVERITY: SITES A & B 

Component 

l\o,r 
SO, 
CO 
SO, (vapor) 
Be 
As 
Fe 
Carboxylic acids 
Ti 
Cd 
Pb 
Total stream 

MEG Category 

47 
53 
42 
53 
32 
49 
72 
8 

41 
82 
46 
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Discharge Severi ty 
Site A 

Baseline Low NOr (OFA) 

70 
63 

6 .3 
5.8 
1.9 
1.6 
l.l 
I.() 
0.34 
0.61 
0 .38 

154 

58 
85 
12 
35 

0.049 
3.5 
1.9 
1.8 
3.7 
1.7 
1.2 

206 

Discharge Severity 
Site B 

Baseline 

68 
39 

1.4 
1.9 
0.60 

18 
OAO 

0.0092 
0.12 
0.0080 

168 

38 
23 

0.88 
1.6 
0.13 

20 
0.13 

(1.0082 
0.52 
0.0033 

114 
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TABLE 6. WEIGHTED DISCHARGE SEVERITY (kgls): SITES A & B 

Flue gas 
Bottom ash 

Stream 

Mechanical collector hopper ash 
ESP hoppe r ash 
Total source 

a Bottom ilSh s<llllples !lot tukell for haseline test. 

Baseline 

6,600 
15 

1.7 
5.3 

6,620 

Site A 

ever, more field testing is required to quantify and estab
lish that statement. The limited field test data on incre
mental emissions indicate that pollutant emissions other 
than NOr are generally unaffected by proper implementa
tion of preferred combustion-modification NOr controls. 
Emissions of CO, unburned hydrocarhons, organics, and 
SO. are largely unaffected. There may be a possihle, slight 
decrease of sulfate and particulate emissions; the re also 
could be slight shifts in trace-metal partitioning. However, 
all these potential effects appear to he quite secondary 
compared to the overall reductions in NOr emissions with 
the proper application of controls. 

CONCLUSIONS 

NOr controls have been applied only to a limited extent 
in the industrial-hoiler sector. An exception is low excess 
air operation, which is often implemented for boiler ef
ficiency gains. The general trends highlighted in this re
port are meant to be only guidelines; there will certainly 
be exceptions, and much research and development work 
remains to he done hefore NOr-control technology is well 
characterized for the wide diversity of industrial boiler de
sign and equipment types. 

However, it can he generally concluded that currently 
available combustion-modification technology is capable 
of moderate reductions (10 to 25 percent) for coal- and re
sidual oil-fired boilers, while major reductions (40 to 70 
percent) are possible for distillate oil- and gas-fired units 
with minimal adverse operational or environmental im
pacts. Advanced techniques under development, such as 
low NOr burners and ammonia injection, are potentially 
capable of more efficient operation andlor additional re
ductions. 

EPA is currently sponsoring several field test programs 
demonstrating combustion modification NOr controls fi)r 
industrial boilers. These programs include identification 
of optimal combustion conditions for 11 stoker coal-fired 
boilers, sponsored jointly with the Department of Energy 
and ABMA[15], and field demonstrations of a commercial 
low NOr hurner for both oil and gas firing[30]. The results 
from these studies should help fill some of the data gaps 
identified in this study. In addition, several other field 
tests of these and othercomhustion controls are underway, 
including 30-day continuous monitoring programs [30]. 
The results of these and other test programs should he 
monitored and incorporated in future updates of the as
sessment of comhustion modification NOr controls. 
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The Random-Walk Advection and 
Dispersion Model (RADM) 
A sophisticated new model is applied to evaluation of 802 pollution at loca
tions in California, Alaska, and North Dakota. 

William R. Goodin and Akshai K. Rnnchal, Danies & Moore, Los Angeles, Calif. 90024 
and George Y. Lou, Dames & Moo,..~ , Seattle, WA 911125 

Stochastic techniques for describing atmospheric disper
sion are conceptually simple and attractive, but require a 
sophisticated data base to provide the required level of in
put regarding the structure of turbulence and dispersion 
processes. The stochastic approach is typically formulated 
in terms of a probability distribution of certain outcomes 
for a given system of Ouid units. For applications of practi
cal concern, the fluid unit is defined to be orders of mag
nitude larger than the mean free path of the fluid mole
cules, but small enough to provide adequate resolution of 
the smallest length scale of interest. Such a fluid unit may 
be referred to as a fluid "parcel". The interaction between 
these fluid parcels can be expressed in stochastic terms 
from a knowledge of the structure of turbulence and dis
persive processes. In practical applications, the structure 
of these processes is often inadequately known and pheno
menological descriptions are employed to characterize the 
dispersive transport. Variations of this approach to the 
analysis of transport and dispersion of scalar (Iuantities 
have been employed by Hotchkiss and Hirt [1], Hall [2], 
Joynt and Blackman [3], Ahlstrom and Foote [4], Watson 
and Barr [5], Lamb et (1/. [6], Reid [7], and Patterson et (1/. 
[8). 

This paper outlines the basic components, input data re
quirements, and evaluation of the Random-Walk Advec
tion and Dispersion Model (RADM). The mathematical 
formulation of RADM is independent of the problem-spe
cific input. As a result, the external algorithms that calcu
late the required input parameters, such as the wind-field 
and dispersion coefficients required for atmospheric ap
plications ofthe program, determine the temporal and spa
tial scales of the problem. RADM is presently structured to 
utilize input data and mmpute atmospheric pollutant con
centrations on a spatial scale of 10 to 200 km. 

BASIC MODEL COMPONENTS AND SPECIFICATION OF INPUTS 

The problem of transport of parcels by advection and 
dispersion can be represented simply as a series of random 
walks [9). Each of these random walks is composed of a de
terministic advection component and a random dispersion 
component as shown in Equation (1): 

x, - x" = f' U(x'" t']d!' + n,'(J' 2K(x,.,t')dt ') 1/2 (1) 
til II/ 

where x" is the initial parcel location, U is a mean velocity 
vector defined over a suitable time interval, K is a diffu-

ISSt\ 027H-449 J-Hl-5H66-017H-$2.00. ~Tht· AllIcrit.·ltu IlIs!ittltt.' of Cht:'lIIkaJ EIIv;i
IIcers, 19H:2. 
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sion coefficient also defined over a suitable time interval, 
and n, is a normally distributed random number with a 
mean value of zero and a standard deviation of unity. 

For a rigorous application of the ranqom-walk method, 
the net parcel displacement must be calculated by integra
tion of Equation (I) . However, with U and K as arbitrary 
functions of space and time, it is not always possible to ob
tain a closed-form solution to this equation. For suitably 
small time steps, it often proves ade(luate to assume that 
the mean velocity and the random components can be sep
arately calculated and linearly superposed. This is the as
sumption that is employed in the present version of the 
random-walk method. 

In the application ofRADM, both U and K are assumed 
to be externally specified inputs. These inputs may be ob
tained from field data, laboratory studies, analytical solu
tions, numerical simulations,or other such means. RADM 
is a completely Lagrangian model that continuously tracks 
the motion of a statistically large number(5,OOO to 10,000) 
of arbitrarily released parcels; it is free of any imposed 
grid. The specification of of U and K, however, may be 
made on an appropriate grid and a technique specified to 
calculate inter-grid point values . 

The diffusion coefllcients used in RADM are computed 
usinga technique described in McRae et (1/. [10). The tech
nique relies on similarity theory, employing local values of 
!fiction velocity, u. , mixing depth , Z" Monin-Obukhov 
length, L, surface roughness, z,,, and atmospheric stability. 
The velocity vectors are computed using an analogous 
methodology which is described in Goodin and McRae 
[11]. 

EVALUATION AND APPLICATION 

The RADM has been employed f()r simulating a number 
of problems with known analytical solutions as well as 
those utilizing field data (Runchal, et (1/ . [12); Runchal et 
al. [16]). The subsequent sections of this paper briefly de
scribe two recent evaluation studies that used field data 
(Goodin, et (1/. [13]; Dames & Moore [14) and one applica
tion of the Illodel (Lou and Richmond [/.5]). 

Evaluation of RADM in the Son Francisco Bay Areo 

The purpose of this study was to understand the rela
tionships between SO. emissions and SO./SO, air quality 
in the Bay Area as well as to analyze the impacts of natural 
gas curtailment and proposed SO, emissions regulations 
on ambient air quality. The study area is shown in Figure 
1. The majority of the SO, sources are located in the Car
quinez Straits which are enclosed by a rectangular box in 
the figure. 
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Figure 1. locations of So., and SO, monitors in the San Francisco Bay area. 

Periods suitable filr modeling were selected with re
spect to seasonal distribution and type of flo.w regime. 
Four modeling pe riods, encompassmg apprllXlmately 10 
days of extreme air quality, were s~lected for study. Two 
were northeasterly, winter flow regImes; one was a south
easterly, winter regime, and one was a westerly, summer 
flow regime. . 

Twenty-four hour averaged emissions from eac~ of t~e 
approximately 100 major sour~es (> 12 hms/y.ear) of ~02 m 
the Bay Area were provided for each modeling perl?d ~)y 
the Bay Area Air Quality Management DIstrict 
(BAAQMD) based on information supplied by the source 
owner. The smaller, distributed-source emissions (small 
industry, home heating, ships, etc.) were input as em is-
siems per unit area. . 

Meteorological data reeluired for the study were ob
tained from the BAAQMD and also from the National Cli
matic Center, Asheville, North Carolina. The required in
put data consisted of: 

• Cloud cover and insolation; 
• Deposition velocity for 502; 

• Ave rage conversion rate of 502 to SO,; 
• Hourly air temperature in the region of the major 

sources; 
• Ave rage surfi\(:e roughness and topographic height 

specified on the scale of 5 ~m; 
• Mixing depth on the scale of 5 km for each hour; and 
• A three-dimensional wind field (horizontal compo

nents only) on the scale of 5 km filr each hour. . 
Following caleulation of the impacts from source emls

siems, the sulfate background concentrations for each mod
eling pe riod were determined. This spatially vari~lble 
background concentration was calculated by RADM fn.lm 
known sulfate concentrations specified at the boundanes 
of the region. These concentrations were transported into 
the region by the period-specific wind fields. . z 

Figure 2 shows a plot of computed versus measured SO. 
concentrations for all filltr modeling periods. The mean re
sidual concentration was -0.35/LWm3 (0.01 pphm as 502) 

which indicates slight overprediction. The mean mea
sured SO, concentration was 6.43 /LWm3. The computed 
correlation coefficient was 0.70 and the slope and inter
cept of the regression line were 0.71 and 2.06, respec
tively. This correlation coefficient is comparable to tlI0se 
ohtained hy other investigators (e.g. , Duewer e/ al. [I7). 
The error hars on tbe ohserved concentrations were pro
vided hy BAAQMD (Levaggi [I8]. The other lines on the 
figure indicate the ideal fit and the :t pe.rcent accuracy 
bounds corresponding to the worst-case hmlts of uncer
tainty of model input data. 

Evaluation of RADM in Port Valdez. Alaska 

The purpose of this study was to determine whether the 
region was in compliance with the National Ambient Air 
Quality Standard (NAAQS) for 502; EPA's previous calcu-
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Figure 2. Comparison of measured and computed SO, cancentra~ians from 
four modeling periods spanning 12 days during 1975 to 1977 In the bay 

area. 

lations using the VALLEY Model had indicated that the 
region was exceeding those :~tandards. The primary 
sources of 502 were emissions from supertankers and re
lated land-based facilities at Jackson Point. The region of 
interest is indicated in Figure 3. 

Meteorological conditions that are conducive to pollu
tant buildup in this region are: light winds in the ~astern 
basin area, cool drainage winds in the western basm area 
resulting from the glaciers, and surface inversion or shal
low mixed layers (approXimately 200 meters) throughout 
the basin. 

Selection of the individual episodes for model valida
tion was based on several criteria including: relatively 
high 502 levels at one or more monitoring location> !he 
availability of necessary tanker information for emiSSIOn 
estimates, and the number of valid surface SO. measure
ments. Five days with high SO. levels were eventually se-
lected for modeling. . . 

The compilation of the emission inventory relted mamly 
on information provided by Alyeska Pipeline Service Co. 
However, as many sources of data as possible were used in 
order to accurately portray the SO. emissions during these 
periods. Data used included tanker s.ize, berth number, 
and amount and duration of deballastmg and cargo load
ing. For some tankers, the arrival and departure times, fuel 
sulfur content, and/or amount of fuel used at berth were 
also available. Emiss.ions data for other sources including 

g" .VI __ Ia
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Figure 3. locations of meteorological and air-quality monitors in the Val
dez basin. 
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boilers, tugboats, waste-gas incinerators, trash incinera
tors, and diesel generators were also included in the 
inventory. 

The meteorological data requirements for this study 
were very similar to those in the San Francisco Bay area. 
The major differences were that the conversion rate of SO. 
to SO. and deposition velocity were less important be
cause the residence times of parcels in the basin were 
shorter. The grid size for construction of the wind fields, 
diffusivity fields, and mixing depth fields was 1.6 km in 
this study. It is also important to note that less meteorolog
ical data were available for this study than in the San Fran
cisco Bay area study, butthe dimensions ofthe Port Valdez 
region were also smaller. 

Figure 4 shows a plot of measured versus computed SO. 
concentrations for the five days in 1978 that were mod
eled. Multiple data points at the same location on the 
graph are not shown. The slope of the least-squares line 
was 0.69 with an intercept of 6.62. The correlation coeffi
cient was 0.74. The magnitudes of errors in the measured 
data were not available. . 

The correlation coefficient was higher in this study than 
in the previous study for a number of reasons. There were a 
number of hours when no SO. was measured or computed 
(origin of graph); the pollutant of interest was emitted as a 
primary pollutant; the residence times of air parcels in the 
region were si}ort, and the receptors were generally close 
to the sourc ' \ of SO •. 

Application of RADM in Western North Dakota 

RADM was used to assess the impacts on the existing 
sulfur dioxide air quality in North Dakota of a proposed 
coal-to-methanol conversion facility. The relative dis
tances of the proposed faCility and other sources to EPA 
Class I areas in North Dakota mandated modeling tech
niques capable of simulating long-range transport and dif
fusion. As travel times increase, spatial and temporal varia
tions of meteorological conditions conSiderably alter a 
plume's trajectory and dispersion characteristics. Simi
larly for these plumes, removal and transformation mecha
nisms become increasingly important. As a result, the 
RADM was deemed very appropriate for an analysis of this 
type. This project did not involve model validation be-
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cause sulfur dioxide is not routinely measured at the low 
levels that are permitted for the Class I increment. 

In order that the total impact on nearby Class I area 
could be assessed, all major SO, emission sources within 
the state of North Dakota and the eastern portion of Mon
tana were included in the study. This encompassed 
sources within about 180 km of the proposed facility . The 
inventory used was compiled from data made available by 
the State of North Dakota. Since area sources were as
sumed to be small they were not included in the study. 

An important aspect of the study was the construction of 
the three-dimensional flow field. The data base con
sisted of surface winds and Pasquill stabilities from five 
stations and upper-air data containing mixing heights and 
winds from three stations. The wind input arrays included 
10 vertical levels, the lower level derived Irom the surface 
wind stations and upper levels computed from the 3 
upper-air stations. 

The results of the RADM calculations indicated that the 
proposed facility would comply with all Class I incre
ments for SO •. It should also be noted that the major part of 
increment consumption would be due to other sources. 
The meteorological conditions that led to high 3-hour pre
dictions were associated with transient fumigation. The 
high 24-hour concentration values were due to persistent 
flow aligned with the major sources upwind of the north
ern unit of Theodore Roosevelt National Park. 

SUMMARY AND CONCLUSIONS 
The mathematical framework of a stochastic, random

walk model has been developed to simuhlte transport un
der conditions of complex advection and dispersion. The 
framework allows lilr inclusion of other physical transport 
processes, such as chemical reaction", radioactive decay, 
particle drag, settling, and deposition. 

The mathematical model, called RADM, is completely 
Lagrangian and is based upon the superposition of a ran
dom dispersive displacement on a deterministic advective 
displacement. Its structure is not dependent on the form of 
the physical and empirical input and other problem-spe
cific features. The model is especially simple to apply and 
possesses a number of advantages over the commonly em
ployed grid-based models. These are summarized below: 

• RADM has no imposed spatial grid system and is thus 
completely free from the restrictions of grid-related 
numerical stability, accuracy, and false diffusion that 
are commonly encountered in Eulerian models em
ploying finite difference or finite element tech
niques. 

• The only time and space scales of concern for RADM 
are the physically relevant ones such as those for ad
vection or diffusion. No artificial grid-related scales 
are present. Thus, the time and space resolution is 
easily tailored to the availability of input or require
ments lilr output. For example, with RADM the pol
lutant concentrations need only be computed at loca
tions and time intervals specified by the user. 

• The RADM methodology is well suited for dealing 
with the turbulence characteristics of the wind field . 
It is easily employed with either the usual K-theory 
approach or the statistical approach to turbulent dis
persion. 

• When modeling the movement of a plume, RADM 
can resolve its location and concentration more accu
rately than an Eulerian grid model. The representa
tion of a plume in an Eulerian grid depends on the re
lationship between cell size and plume dimensions. 

• RADM is well suited for modelingpollutanttransport 
under complex meteorological conditions such as 
stagnation, flow reversal, or flow in regions of com
plex terrain. This is because each parcel is trans
ported by the local meteorological conditions that it 
encounters as it moves across the region of interest. 
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A number of comparisons between the RADM simula
tions and analytical solutions, as well as field data, have 
been performed. The RADM results, in all cases, have 
compared very favorably with the measured 
concentrations. 
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Organic Emission Control Devices 

The environmental-control engineer's handy guide to preliminary selection of 
the best device for a special organic emission. 

James W. Blackburn, IT Enviroscience, Inc., Knoxville, Tenn. 37923 

The air-pollution control engineer has options to specify 
a number of different control devices for organic emis
sions. Specification and design of most organic air
pollution control devices require a knowledge of the 
specific organics present in an air emission, because dif
ferent organic compounds have different physical proper
ties that have major effects on the system design. 

In a recent contract for the EPA (Emissions Control Op
tions for the Synthetic Organic Chemicals Manufacturing 
Industrv, Contract No. 68-02-2577) IT Enviroscience 
studied' a variety of air-pollution control devices in use in 
the synthetiC organic chemical industry, These devices in
cluded thermal oxidation, flares, the use of emissions as 
fuels, carbon adsorption, absorption, and condensers. A 
control device evaluation (CDE) report was prepared on 
each of these control devices. These reports have been 
published in two volumes of the final report for that pro
gram [1-7]. 

These CDE reports focused on analyzing the basic de
sign of each control device for a wide range of flows and 
VOC concentrations. The important VOC physical proper
ties for design were studied and, where possible, the range 
of variation of these properties was established. The de
sign techniques and assumptions were stated in these re
ports, and a variety of systems were designed spanning the 
flow and VOC concentration range of interest, which were 
-500 to 100,000 f!"/min and 100 ppm,. to 100% VOC con
centration (-850 to 170,000 m3/hr).* 

Capital cost curves for each of the unit operations in the 
control device were generated by contacting vendors and 
using a consistent method to analyze the costs. A summary 
of the capital cost estimating procedure is shown in Table 
1. Annual costs were determined from the control-device 
designs . The unit costs shown in Table 2 use consistent 
unit costs. Since these unit costs were determined early in 
the four-year contract, they are somewhat low today. How
ever, as they are consistent from control device to control 
device, the economic evaluations represent an ideal tool 
for comparative evaluation. 

The control-device evaluation reports deal with each 
technology in some detail. Capital and annual costs are 
presented in the CDE reports for a variety of control de
vice alternatives. This paper seeks to offer a more sim
plified summary of the technical and economic ramifica
tions of selecting an organic air-pollution control device. 
In doing so, additional assumptions are made. The tables 
and charts in this paper should be considered as only a pre
liminary selection tool. For instance, if the VOC concen
tration and flow rate of the emission is known, the charts 
would be used to determine the most and least costly con-

ISSl\ 1J27R·4491-82·5H27'(1182-$2.00. "T hl' Alllcrkilll Inslilull' elf Chl'ulil"al EUI-:i
IIl'NS. 19H2. 

• All volumetric flowrates cited in this paper are al the standard conditions ofOOC and 
101.3 kP •. 
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trol devices and the technical feasibility of their use. Con
trol devices that are not technically feasible or are too ex
pensive can be rejected and the remaining control devices 
can be further considered by using the CDE reports, ven
dor contacts, and other more detailed sources. 

TECHNICAL CONSIDERATIONS 

In general, technical considerations include the impor
tant properties of the VOC that limit the application, 
maximum capacities related to technical or practical rea
sons, VOC removal efficiencies, energy effectiveness, and 
other factors, A discussion of these considerations follows. 

Combustion Control Devices 

Thermal oxidation at conventional (1200 to 2200°F or 
650 to 12000C) and high temperatures (2200 to 3000°F or 
1200 to 1650°C), catalytic oxidation, flares, and the use of 
emissions as fuels are all used to control VOC emissions. 
In all combustion-control devices the heat content of the 
waste gas is the most Significant VOC property that relates 
to system design. The heat content is in turn determined 
by the VOC's heat of combustion. Because the heats of 
combustion vary so widely (50,000 to 2,000,000 Btu/lb
mole of organic or 116,200 to 4,646,000 Jig-mole), knowing 
the VOC concentration alone is inadequate. As can be seen 
in Figure 1, an emission with a heat content of 12.5 Btuff!" 
(466 kJ/m3) could vary in VOC concentration between 
about 0.2 to 5 mole % ofVOC. Alternatively, a waste gas 
with, say, 1 mole % VOC varies in heat content between 2 
to 55 Btu/f!" (74.5-2050 kJ/m 3

) . A waste gas with a heat con
tent of 2 Btu/ft3 (74.5 kJ/m3)would be a lean gas and sig
nificant supplementary fuel would be required for com
bustion. A waste gas at 55 Btu/lt"(2050 kJ/m3) could support 
combustion on its own with little supplementary fuel. So 
for a 1 mole % ofVOC stream, significant cost differences 
are expected. 

Heat content of the waste gas also determines the 
minimum combustion temperature of the combustion de
vice. A waste gas with about 60 and 80 Btu/lt" (2230-2980 
kJ/m3) could support at combustion about 1400 to 1600°F 
(760 to 8700C), respectively. A waste gas containing 100 
Btu/ft3 (3720 kJ/m 3

) would only burn at 1600°F (870°C) if it 
were diluted with air or another gas. This implies that 
high-heat content waste gases achieve higher combustion 
temperatures. A heat content of 100 Btu/ft3 (3720 kJ/m3) 
will bum at a temperature of about 1900°F (l040°C) and 
200 Btu/ft3 (7450 kJ/m3) would achieve about 2200°F 
(l200°C). 

Conventional thermal oxidation is defined as operating 
at temperatures between 1200 and 2200°F (650 to 1200°C). 
Most experts agree that at temperatures over 1600°F 
(870°C) and at a residence time of 0.5 sec, most organic 
compounds achieve over 99% removal. This is a con trover-
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TABLE 1. FACTORS USED FOR ESTIMATING TOTAL INSTALLED COSTS 

A ~ Major Equipment Purchase Cost Plus 0.1 to 0.3S Allowance 
Installation Costs 

Foundations O.06A + $100 X number of pumps 
Structures O.lSA (no stmctures) to 0.30A (multideck stmctures) 
Equipment Erection O.lSA to O.30A (depending on complexity) 
Piping 0.40A (package units) to 1.10A (rat's nest) 
Insulation O.06A or 0.15 X piping (normal) to 0.30 X piping 

(hulk hot or cold) 
Paint 0.05A 

O.OIA to 0.06A (depending on requirements) Fire Protection 
Instruments 
Electrical 

O.IOA to 0.30A or O.OIA to O.25A + $50,000 to $300,000 for process control computer 
O.ISA or 0.05A + $500 per motor 

B ~ Base Cost 
Sales Tax 

A + Sum of Installation Costs 
0.025A + 0.025B 

Freight 
Contractor's Fees 

0.16A 
0.30 (B-A) 

C ~ Total Contract 
Engineering" 
Contingencies' 

B + Taxes, Freight, and Fees 
O.OIC to 0.2OC 
O.ISC 

o ~ Process Unit Installed Cost C + Engineering + Contingencies 

E ~ Total Subestimates Sum oC semidetailed subestimates (buildings, site development, cooling towers, etc.). 
Each subestimate should include taxes, freight, fees, engineering and contingency, and 
should be escalated to date of expenditure for that cost component. Engineering costs, 
contingencies, and escalation factors for these subestimates will vary according to the 
type of job. 

F ~ Total Project Cost D+E 

-Includes cost from capital project teams, process engineering. engineering. purchasing. and other support groups. 
bContingem:y should not he applied to any cost component that has heen c.:ommitted by either purchase order or <:ontract. 

TABLE 2. ANNUAL COST PARAMETERS 

Operating factor 8760 hr/yr 

Fired costs } 
Maintenance labor plus materials, 6% 
Capital recovery, 18%' 29% installed capital 
Taxes, insurances, administration 

charges, 5% 
Operating lahor SIS/hr 
Utilities 

Electric power $0.03/kWh 
Steam $2.50/million Btu 
Natural gas and energy recovery credits $2.0011000 scC 
Cooling water $0.10/1000 gal 
Wastewater treatment $0.2511000 gal + 

$O.lO/lh of BOD 
Carbon adsorption cost (5-yr replacement) $1.17/1h 

-Based on IO-ve~r life and 12% interest. 
Conversion ra~lors:*,kWh )( 0.2778 '" $IMJ 

"million Blu x 9.4HO x 10-4
", $/MJ 

$/11)00 fP x 35.3 1 :: $fIOO .. 1Il~ 
$llh x 2.203 : $lkg 

sial area and work is now going on to hetter estimate the 
destruction efficiency as functions of time and tempera
ture. 

Waste gases with low heat contents (less than 12.5 Btufft3 

or 466 kJ/m3
) can he hurned in catalytic oxidizers. These 

devices achieve high destruction efficiencies at tempera
tures lower than conventional thermal oxidizers « 1200"F 
or 650°C). However, catalytic oxidizers cannot he used for 
control of all VOC. Waste gases containing compounds 
such as phosphorous, hismuth, lead, arsenic, antimony, 
mercury, iron oxide, tin, silicon, zinc, sulfur, or halogens 
may poison the catalyst and render the control device inef
fective. Catalytic oxidizers can only he used for the suhset 
of emissions with low heat contents and for waste gases 
containing no catalyst poisons. 

High-heat content waste gases can he hurned in thermal 
oxidizers, /lares, or hoilers if adequate air-pollution control 
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for noxious combustion products is supplied. If the VOC in 
the organic emission contains an element which leads to a 
noxious combustion product (5, Cl, Br, etc.), a scrubher is 
often required. The most common example of this case is 
the control of chlorinated organics. CI, or HCI is generated 
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Figure 1. Relationship between waste gas heat content, VOC composition, 
and VOC molar heat of combustion 
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as a combustion product of chlorinated organics. Chlorine 
is difficult to remove by scrubbing and the oxidizer is oper
ated at high temperatures to fully convert the CI, to HCI. 
The flue gas generated at high temperatures can then be 
scrubbed with water in an absorption column to generate 
an HCI solution. Halogenated organics require both high
temperature thermal oxidizers and scrubbers to hIlly solve 
the air-pollution problem. 

Flares are generally used for high-heat content waste 
gases with intermittent flow characteristics. Waste gases 
with heat concentration as low as 50 to 60 Btu/ft' (1860 to 
2230 kJ/cubic liters) can be considered for control by flares 
but much higher heat contents are normally seen in waste 
gases fed to flares. VOC destruction efficiencies are con
troversial, but can be in excess of99% under appropriate 
conditions. 

Existing boilers can be used to control high-heat content 
waste gases. Corrosion of the boilers and the potential of 
boiler downtime and maintenance must be considered be
cause these factors are functions of the corrosive nature or 
slagging tendency ofthe VOC combustion products. Often 
the destruction efficiency in a boiler cannot be determined 
in advance, although the destruction efficiencies can 
match those of thermal oxidizers. 

Combustion of waste gases at moderate and low heat 
contents is highly energy intensive. Much of the annual 
cost of such a device is related to the fuel required to burn 
the waste gas. This heat is lost in hot flue gases unless heat 
recovery is included. Two types of heat recovery are in 
common practice-recuperative heat recovery and 
waste-heat boilers. Recuperative devices transfer heat 
from the hot flue gas to heat the cool waste gas and combus
tion air. These devices are limited because of materials of 
construction considerations to applications less than or 
equal to 1600°F (870°C) combustion temperature. Even at 
this temperature, alloys are used to reduce corrosion prob
lems. 

Waste-heat boilers can be utilized at any combustion 
temperature and can recover heat by generating steam 
with the hot flue gas. The maximum heat recovery possible 
when using a waste-heat boiler depends on the final tem
perature of the flue gas alter heat recovery, assumed to be 
500°F (260°C). 

Carban Adsarption 

Two specific properties of the organic compounds are 
important in the design of carbon adsorption systems. 
These are the VOC molecular weight and the actual 
operating capacity of the adsorption system for the VOC. 
VOC concentration is related to these properties by the fol
lowing equation: 

VOC Concentration 

(Carbon Requirement)(Operating Capacity) x 0.00359 

VOC Molecular Weight 

The units used are mole fractions for the VOC concentra
tion, Ib of carbon/lOOO ft3 for carbon requirement, and Ib of 
VOC/I00 Ib of carbon for operating capacity. (Carbon re
quirement expressed as kg of carbon/lOOO m3 can be con
verted to Ib/lOOO ft' by dividing by 16.03.) For a given con
centration, then, the carbon requirement varies directly 
with molecular weight and inversely with the operating 
capacity. This study assumes that molecular weights of or
ganic vapors vary between 50 and 150 with 100 being typi
cal and operating capacities vary between 5 and 20 with 7 
being typical. 

Carbon adsorption may require pretreatment to contend 
with conditions such as high waste-gas temperatures, high 
humidity, entrained liquids and solids, and high-boiling 
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organics. Waste-gas temperatures should be less than 
100°F (38°C) or the system capacity will be lowered. Rela
tive humidity of the waste gas should be less than 50%. 
Excursion beyond 50% relative humidity will also reduce 
the capacity. Dilution air may he used to control tempera
ture and humidity, hut a larger system will be necessary. 

Entrained solids and liquids pose different problems. 
Solids tend to plug the bed since carbon itself acts as a 
filter. Prefiltration is recommended. Li<juids can load on 
the carbon, resulting in lower capacity for removal of the 
vaporized organics. Entrained liquids must be removed. 

High-boiling organics will load on the bed and will not 
be volatilized during steam regeneration. The result will 
be cumulatively lower capacities a.ld short carbon 
lifetimes. High-hoiling organics should he avoided. 

Carbon adsorption systems are normally deSigned for 
waste gases below 25% of the lower explosion limit (LEL) 
of the VOC li)r safety reasons and design related consider
ations. Twenty-five percent of the LEL li)r organics in air
containing waste gas translates to a heat content of 12.5 
Btu/ft' (466 kJ/m 3

). As noted earlier in the combustion
device discussion, this implies a range of VOC concen
trations from ahout 0.2 to 9 mole % of VOC. However, 
compounds at the high-concentration range have low heats 
of combustion and are generally highly oxygenated or 
halogenated organics. The heat of adsorption released dur
ing loading of high concentrations of organics increases 
the bed temperature and decreases the capacity. Waste gas 
VOC concentrations should be limited to less than 2 mole 
% to minimize this factor. This limitation will allow design 
at the 25% LEL level for all VOC except organics with very 
low heat contents. 

A properly designed carbon adsorption system gener
ates a gas with very low VOC concentration. Tbe actual 
effluent concentration varies, depending on tbe ellective
ness of the prior regeneration cycle. The assumption used 
in the CDE report was that 70 ppm,. VOC and 12 ppm,_ 
VOC could be achieved at steam usages in regeneration of 
0.3 and 1.0 Ib of steam/lh of carhon (g of steam/g of carbon) 
respectively. If tbe waste gas is greater than 7,000 ppm,_ 
VOC, then removal efficiencies should be greater than 
99% for hoth cases. (This assumes steady-state operation. 
VOC concentration surges or transient VOC components 
with low operating capacities can adversely affect the re
moval efficiency.) 

Carbon adsorption is not generally a destructive control 
technology. VOC removed can he recovered and reused. 
Sometimes this offers an advantage over the destructive 
combustion technologies. 

Absorption 

Absorption systems can be designed to control waste 
gases over the entire VOC concentration range. (Although 
concentrations less than 200 to 300 ppm,_ usually favor 
other control devices.) A primary design considcration that 
strongly alleets the system design is the gas-liquid e<jUilib
rium between the VOC in the waste gas and in the iquid 
used for the absorption fluid. For VOC where the slope of 
the equilibrium line is low, absorption can be a very 
efficient and low-cost control device. As the slope in
creases, the removal efficiency falls if the same size 
equipment is assumed; alternatively, larger equipment is 
needed to achieve the same removal efficiency. Any re
moval efficiency is theoretically possible if a suitable 
scrubber liquid exists, but achieving very high efficiencies 
(>99%) is much more costly than lower efficiencies. 

If the absorber fluid is water (the most common fluid 
used in the organic chemical industry), the system can be 
deSigned to either treat and discharge the absorber liqUid 
effluent or to strip the organic from the effluent and recycle 
the water. For non-aqueous fluids, stripping and recycle is 
normally the sole option. For water systems, the decision 
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is based on economics-a stripping-recycle system is used 
when the cost of annual treatment for the organics in the 
effluent exceeds the annual cost for both the stripping sys
tem and the incrementally larger absorption system that is 
required. This breakpoint ranges approximately 1 to 5 
mole %, based on the economic assumptions in this study. 
Generally speaking, waste gases containing less than 1 to 5 
mole % ofVOC and that are suitable for water absorption 
can be controlled more cost eflectively with a "once
through, treat-and-discharge" absorption system. Of 
course, once-through systems may be applicable in in
dustries where the absorber 1i(luid can be fed to another 
process unit operation. 

Absorption can be a VOC recovery technology if a strip
per is provided or if the absorber liquid can be recycled to 
another process unit operation. 

Condensotion 

The primary physical property aflecting the use of con
densers Ii)r VOC control is the vapor pressure of the VOC 
component at the condenser temperature. Condensation 
occurs in a condenser until the partial pressure ofthe VOC 
in the waste gas is just less than the vapor pressure at the 
condenser temperature. Any VOC can be removed to any 
given removal efficiency at a sufficiently low temperature. 
Since low-temperature coolants require refrigeration 
equipment, condensation at very low temperatures be
comes impractical, even if technically leasible. 

Condensation I()r air-pollution control is limited to con
trol of waste gases with flowrates up to 2000 ft"/min (3400 
mO/hr). This is related to the very large volume of non
condensable carrier gases which must sweep through the 
condenser. 

A major consideration in the use of a condenser is the 
problem associated with the Ireezing of the waste-gas 
components onto the condenser surface. Commonly, 
streams with high humidity require a warming cycle to 
periodically thaw the ice Irom the heat-exchange surface. 
Other VOC which solidify at condenser temperatures may 
require high maintenance or thermal cycling, or they may 
limit the removal efficiency of the more volatile VOC. 

Generally speaking, VOC condensed with a refrigerated 
condenser is a candidate I()r chemical recovery and there
fore may show extremely favorable economics. In fact, the 
present widespread use of condensers (refrigerated or not) 
to remove VOC from waste gases attests to the general 
applicability and economy of this device. 

ECONOMIC AND ENERGY CONSIDERATIONS 

Summaries of the relative costs of the various control de
vices and diagrams of tbe regions of VOC concentrations 
and flowrates in which sucb a device is applicable are 
presented in Figures 2 through 13. Lines of constant an
nual cost are plotted over the applicable flow and concen
tration regions. The lines represent a typical emission de
fined I(lf each technology. Shaded regions above or below 
the lines represent variations in the significant physical 
parameters relating the VOC concentration to the system 
design. 

Normally, these costs represent worst-case costs, since 
the designs on which the costs were based are conserva
tive . For instance, waste gases fed to thermal oxidizers are 
assumed not to contain any oxygen. Theref()re, the flow of 
all combustion air required to burn the VOC is added and 
the combustion chamber and fuel re(luirements are greater 
than if a VOC-in-air waste gas is assumed. Costs for waste 
gases in air (containing sufficient oxygen so that no ad
ditional combustion air is needed) may be estimated by 
multiplying the waste-gas flowrate by 0.7 for clitalytic oxi
dation, 0.5 I()r conventional thermal oxidation, and 0.2 for 
high-temperature thermal oxidation and using the costs as-
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sociated with those flowrates. More exact methods are ex
plained in the CDE reports. 

The absorption curve in Figure 13 is different from the 
others. This curve assumes that the absorption system uses 
a stripper with steam ratios of 0.1 and 0.2 moles of steam/ 
moles of waste gas and that 99% of the VOC is removed for 
all cases. Under these assumptions the cost of the absorp-
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tion system is independent of voe concentration at less 
than 10 mole 0/0 (absorbers used for streams above this con
centration are commonly process unit operations}. The an
nual cost versus the slope of the gas-liquid equilibrium 
line for the voe in the absorber liquid is shown in Figure 
13. 

Costs of Rares and the use of emissions as fuels are not 
included because their annual costs are not functions of 
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voe concentrations. (Annual costs li)r elevated Hares typi
cally range under $100/ft'min- ' lilr Rowrates hetween 300 
to 50,000 ft' min or $59/m' hr" hetween 510 to 85,000 m'l 
hr). 

Recovery credits for voe were ignored in this presenta
tion (although included in the eDE reports) and annual 
costs where recovery is possihle may be small or savings 
may even occur. Tecbnologies where VOC may be recov
ered are carbon adsorption, condensation, and absorption. 
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Where recove ry has potential, these curves probably rep
resent an extremely high cost limit. 

These curves may be used to quickly estimate the an
nual cost of a control device for comparative purposes. The 
accuracy of this method is loose and CDE reports, vendors, 
and other references should be used before the final selec
tion of a control technology is made. 
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Different control devices have different VOC removal or 
destruction efficiencies and several technologies are lim
ited only by economics as to the maximum VOC removal. A 
summary of the various technologies with the annual cost 
divided by the annual amount of VOC removed is 
presented in Table 3. This VOC-based cost effectiveness 
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Application Re'lillle <lnd Costs fo r Refriqer<ltcd Condenses 
IVOC relllOval efficiency between 60 - 95\ ) 

Figure 12. Application regime and annual costs fo r refrigeraled conden
sers 

differs from the Howrate-based cost effectiveness since 
removal or destruction efficiencies are factored in . These 
values are for illustration and comparative purposes only 
because VOC removal or destruction efficiencies are often 
a design variable and the values may have a significant ex
cursion in cases where removal or destruction efficiencies 
are different from those assumed in the Table 3 cases. 

The flow-based air energy ell'ectiveness (Btu/ft' of waste 
gas ofkJ/m' of waste gas) values are presented in Table 4. 
These values are essentiall y constant with Howrate. The 
ranges of energy consumption for the control of typical 
waste gases are shown. 
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Figure 13. Application regime and annual cosls for absorbers wilh slrippers 

SUMMARY 

A variety of control devices are presently in use lilr the 
control of volatile organic compounds (VOC) Ii-om poten
tial organic air-pollution sources. Thermal oxidation, 
catalytic oxidation, Hares, the use of emissions as fuels, 
carbon adsorption, absorption, and condensers are exam
ples of these control devices. This raper has presented a 
brief description of the limitat ions of each of these 
technologies and has discussed the emission-How and 
VOC-concentration range over which each one is appli
cable. The cost-effectiveness range (cost lilr each pound or 
kilogram of VOC destroyed or removed) and How-based 
energy effectiveness range have also been presented. This 
paper should aid the environmental control engineer in 
pre liminary selection of the best device or devices for a 
specific organic emission . 

ACKNOWLEDGMENTS 

I wou ld like to acknowledge the contributions of the 
Emission Standards and Engineering Division of the U.S. 
EPA Office of Air Quality Planning and Standards (Re-

TABLE 3. REPRESENTATIVE COST-EFFECTIVENESS FOR ORGANIC EMISSION CONTIIOL TECHNOLOGY 

Cost Effectiveness (per III of VOC) lin 

Waste Cas 
Flow VOC 

(ft'/min) Concentration3 Condensationb AbsorptionC Adsorptiond 

500-700 Low $0.20 
Medium 0.03 
High 0.06 i i 

1000 Low 0.14 $0.56-1.07 $0.13-0.15 
Medium 0.02 0.06-0.11 k 
High 0.04 i k 

5000 Low I 0.20-0.55 0.06-0.08 
Med iulll I 0.04-0.08 k 
High I i k 

50,000 Low I 0.02-0.IB 0.03-0.05 
Medium I 0.10-0.45 k 
High I k 

-Low 3! 0.5 vol. % or 10 8tu/03; medium:!! 5 vol. % or SO BtuJft3; hi~h it 20 vol. % or 100 81u/f13. 
"95% removill effidencv; 110 VOC credit. 

Flare~.(' 

j 
j 

SO.OOI 

'99% removal e fficienc;'; L./mC .. = 1.4; steilm roltio = 0.2 moles or sleam/mole of wilste gas; un VOC credit. 

Catalytic 
Oxidation' 

$0.3 1-0 .. 17 
k 
k 
i 
k 
k 

0.09-0 .12 
k 
k 

0.05-0.07 
k 
k 

d70-12 ppm effluent: 6.96lh of (:arhon/lOOO ft 3; 110 VOC credit; 1000uJing-U.llb orVOCIlb or carhon. lIlolel'u l"r we ight orvoc = 5U. 
·Based on l()()% VOC of propylene al 100% of l·"Pilcity. Flares normall~' operilte intermittently ill a low rml1ion of t:apadly. 
'90-99% destruction effil'iencv; no heal re<:over\'. 
'9().99% destruction effil'ielll:y ; no hral recove;y. 1400-1600°F (760-S700c) (:omhuslion temperature. 
h99.9% destruction effil'iency; no hellt rel'tlVery. 2200-26OlrF (I 2UU-143O"C) (:omhuslioll temperature. 
ICosts not available, 
INot applicable at low l'Ou(.'eutratiolls. 
-Not applicable at high l'oncenlrations. 
'Not applicable at high Row rates. 
Conversion fa(.'tors: $lIh )( 2.203 = Slkg 

Btu/ftl x 37.24 '" k J/m3 
Ihl1000 fll x 16.03"" 11>/1000 ml 

Ib/lb: WK 

Thermal High~Telllperature 
Oxidatimil Oxidationh 

$0.55-0.62 $0.78-1.29 
(Ul9-0.ll 0.20-0.30 
0.06 0.12-0.17 

i 
0.25-0 .29 0.44-0.78 
(W2-0 .04 0. 13-0.19 
(WI 0.09-0.12 
0.20-0.24 0.37 
0.01-0.02 0 .11 
0.007 0.08 
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TABLE 4. TYPICAL ENERGY EFFECTIVENESS OF ORGANIC EMISSION CONTROL DEVICES 

Energy Enedivcness (Btu consumed/ft3 of waste gas contmlled) 

Thermal Oxid"tion with Thermal Oxidation with 
Waste No Heat Rec()vcryH Wilsie He"t Boiler-

Cas voe High High Flare with Ahsorher 
Concentration Catalytic Conventional Temperature Catalytic Conventional Temperature Smokeless Carho)) Refrigerated with 

(mole%) (l200"F) (l6000F) (26(X)"F) (l200"F) (l6(X)"F) (26(X)"F) Comlmstionitl Acisorhe..-a Coucienserh Stripping"" 

0.1 
1.0 

W.O 

40 
d 
d 

/1.1 
62 
d 

-Energy primarily thermal. elt't:lrkall'UllSluliption low. 
hEnt'rg~' primarily dcctril'al. the rmal consllmption low. 

:3.10 
3!K) 

70 

27 
d 
d 

31 
10 
d 

((X) 

70 
-16(" 

d 2-12 0.1-0.2 5-10 
d 4-24 0.5-1.0 5-10 

0.02 ,I 2-4 5-10 

r Ba.\t'tl till systt'lIIs using sl(mm slrippill~ of fht· ~thsllrl)t"r Huhl. Ol1l,(·-thmugh sysft'lIIs ('OI1SIIIIII' IIIl1l,h It,SS (' ut'rJl:.\" . 
"Cellt'r;llly 1101 applic:.thlc ill this l'OllCc,'ulr.dilll1 mugl' . 
·EIlt'rI(Y prudm't'd. 
Cum'crsioll factors; Rtll1ft3 x 37.24 = kJ/l1IJ 

(OF + 4fiO)/1.1i - 273 '" ·C 
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Mass Transfer in Ozone 
Absorption 

An approximate analytical equation is derived for predicting the enhancement 
of mass transfer by decomposition and ozanation reactions. 

C. H. Kuo, Mississippi State University. Mississippi State, Ms. 39762 

The mass transport of ozone into aqueous solutions is im
portant in both air and water pollution abatement. Absorp
tion and reactions of ozone with organic and inorganic 
compounds in liquid drops has been suspected to playa ma
jor role in the formation and accumulation of secondary 

(SSN 0278.4491.82-5740.0189.$2.00. O'fhe American Institute 01 Chemical Engineers. 
1982. 
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aerosols in the atmosphere [24). On the other hand, ozone 
has been used for the disinfection of drinking water and 
treatment of industrial waste waters for many years [29) be
cause of its high oxidation potential. All these applications 
involve reactions of ozone in the gas phase with one or more 
constituents in the liquid phase. But before ozone can react 
with any substance in the liquid phase, whether the liquid 
is water or an organic solvent, it must pass through an inter-
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face between the two phases. This transfer of ozone from 
one phase to another is via diffusion and convective mass 
transport [30] . 

The mechanism of the gas-liquid reaction system can be 
visualized as consisting of several steps. These include diffu
sion of ozone through the gas phase into an interface be
tween the gas and liquid phases, transport across the 
interface to the liquid-phase boundary, and transfer into 
the bulk liquid. The dissolved ozone may be depleted in 
each of these steps by decomposition or reactions with reac
tants diffusing from the liquid phase. Products formed in 
the reactions may penetrate across the phase boundary into 
the main liquid or may diffuse back into the gas phase if 
they are volatile. 

In this paper, the relative importance of diffusion in each 
step is examined and fundamental concepts governing 
transport of a gas into the liquid phase are introduced. Ef
fects of decomposition and ozonation reactions on the rate 
of mass transfer of ozone are investigated. On the basis of 
the film theory, a mathematical model taking into account 
molecular diffusion and simultaneous decomposition and 
ozonation reactions has been developed to predict enhance
ment of mass transfer by the chemical reactions . Methods 
for estimation of chemical mass-transfer coefficients for 
ozone absorption processes in gas-liquid contactors are dis
cussed and illustrated. 

MASS TRANSFER BETWEEN PHASES 

The transport of a solute from one phase to another is a 
result of a concentration gradient, as sketched in Figure 1. 
In the absorption of a gas by a liquid, it can be assumed that 
a fairly uniform composition is maintained in the bulk gas 
because of turbulent motion. As suggested by the two-film 
concept of Lewis [18] and Whitman [36], the solute A must 
diffuse through a laminar layer between the gas bulk and 
the interface and another layer between the interface and 
the liquid bulk. Once the solute approaches the liquid
phase boundary, it is carried away by eddy diffusion into 
the turbulent liquid which is well mixed at a constant con
centration. At steady state, the rate of diffusion of the so
lute A from the gas to the interface is equal to the rate from 
the interface to the bulk liquid 

NA = kG(PA' - PA;) = kL(CA; - CAL) (I) 

In the above equation, the individual mass-transfer coeffi
cients are denoted by k,: and kj., respectively, for gas and 
liquid films . The mass-transfer flux also can be expressed in 
terms of the overall mass-transfer coefficients, Kb and Ki., 
as follows: 

NA = KG (PA, - PAl.) = Ki. (CA, - CAl.) (2) 

Steady-State Equations 

The steady-state equations describe a dynamic equilib
rium which is established by the common substance be
tween the two insoluble phases. For example, if an 

Gas PhQ-se 
(SoluteAJ 

Interface 

~gas film- liq. film-ll 

Liquid Phase 
(Solvent B) 

CAL 

Z= LO::-----Z.L= Lc----*z 

Figure 1. Ma •• transl.r betw •• n pha ••• _ 
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air-ozone gas mixture is brought into contact with distilled 
water, the ozone will be absorbed into the water until the 
water becomes saturated. At a fixed temperature, the par
tial pressure of A is a linear function of the mole fraction of 
A in a dilute solution in accordance with Henry's law: 

PA = H XA = HCAIC (3) 

where the total concentration, C, is about 0.056 mole/cm' 
for dilute solutions. If the two phases can be assumed in 
equilibrium at the interface, then Equations (I), (2) and (3) 
can be combined to yield the following relationships be
tween the overall and individual mass-transfer coefficients: 

I I H 
(4) Ki: ki: + Cki. 

and 
I C 

(5) K' = ki. + Hki: I. 

The above equations suggest that the overall resistance to 
mass transfer is the sum of the individual resistances pre
sented by the terms on the right-hand side. 

Solubilities of ozone in water [28,35] and Henry's law 
constants [27] at various temperatures are illustrated in Fig
ure 2. Since ozone is only slightly soluble in aqueous solu
tions, the Henry's law constant, H, is large, as indicated in 
the figure. Under this condition, the resistance in the gas 
film is negligible compared with that in the liquid film, and 
the mass-transfer process is controlled by the diffusion in 
the liquid film as can be seen from the above equations 
[7,30]. 

MASS TRANSFER MODELS 

Many theories or models have been proposed to explain 
the phenomenon of mass transport in the region adjacent to 
the liquid-phase boundary. The most notable are the film, 
penetration, and surface-renewal theories. These models all 
postulate that the transport of mass in the region is predom
inantly by molecular diffusion in accordance with Fick's 
law and that convective transport is unimportant . Thus, 
the equation of continuity for unsteady-state, one
dimensional transport of the solute A can be written as 

D il
2
CA _ ilCA (6) 

A ilz2 - ill 

where the diffusion coefficient or molecular diffusivity of A 
into the liquid, DA , is assumed independent of the concen
tration, CA. At the interface (z = 0), the solute is in equilib-

60 30 
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E50 25 
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Figure 2. Solubility of ozone in wat.r and Henry's law constant. 
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rium with the liquid elements or film at the concentration, 
CA;. At the outer edge of the film or an element (z = L) , the 
concentration of the solute, CAl., is identical to that in the 
bulk liquid , which is well mixed. Thus, the differential 
equation (6) with the associated conditions can be solved to 
obtain the concentration profile of A in the liquid film or an 
element. The instantaneous rate of absorption of A per unit 
surface area , then , can be derived from 

N () D (aCA) At=-Aazz =o (7) 

The theories differ in two main aspects in postulating the 
theoretical mechanism for interphase mass transport. One 
aspect deals with diffusional behavior of the transporting 
species, and the other with hydrodynamic activities of the 
two phases nca r the interface. 

As mentioned ea rlier, the film theory of Lewis [18] and 
Whitman [36] is based on the assumption that when two 
fluid phases are hrought in contact with each other, there 
exists on each side of the phase boundary a thin layer of 
stagnant fluid. The liquid film is considered very thin, 
without any accumulation of the diffusing mass. Thus, 
steady-state diffusion prevails and the concentration distri
bution is a linear function of the distance in the liquid film , 
as can be seen from Equation (6). The average rate of mass 
transfer is identical to the point rate of mass transfer for the 
film theory, and can he derived from Equation (7) as, 

N.I = NA = DA(CA; - CAI.J!L (8) 

By defining the liquid-side mass-transfer coefficient ki. , in 
terms of the concentration driving force, (C,,; - CAl') , 

NA = ki.(C,,; - CAl.) (9) 

then the ex pression for ki. can be derived for the film theory 
as 

ki. = D.I / L (10) 

Penetration Theory 

The penetration theory postulated by Highie [10] as
sumes that turhulent eddies travel from the bulk of the 
phase to the interface, where they remai n for a short time. 
If the exposure time is short, it is possihle that a steady-state 
concentration gradient within a film may never have heen 
achieved hefore the film is disrupted or replaced. Also , the 
transporting species may never approach the outer edge of 
the liquid film or clement in the short contact time, and the 
thickness of the liquid film or element may be assumed infi
nit e. The partial differential equa ti on (6) governing 
unsteady-state diffusion of the transporting species is appli
cable according to the penetration concept, and the instan
taneous rate of mass transfer for an individual surface 
element can he derived from Equation (7). Higbie [10] as
sumed that every surface clement is exposed to the solute for 
the same length of time, / .. , before heing replaced. Tbere
fore, the average mass flux can he derived to he 

(11) 

The expression for the liquid-side mass-transfer coefficient 
is ohtained from equations (9) and (II) as 

ki. = 2.J6., / (;,;:) (12) 

Instead of a constant time of exposure , the surface
renewal theory of Danckwerts [6] pictures the liquid phase 
as completely disturhed hy numerous infinitesimally small 
phase elements or eddies in the phase. These eddies are con
stantl y changing the st ructure and position resulting in tur
bulence in the interface boundary. Dackwerts proposed that 
the eddies may vary at locations but are continuously bring
ing microscopic masses of fresh phase from the bulk to the 
interphase surface. The chance of an element or eddy being 
replaced with fresh liquid is assumed independent of the 
length of time of exposure. If the fraction of the surface is 
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replaced at a rate s, Danekwerts (6) showed that the distri
bution of the surface age can be represented by 

q,(t) = se-" (13) 

Danckwerts Theory 

The Danckwerts surface-renewal theory adopts this 
surface-renewal concept to represent the hydrodynamic be
havior and the unsteady-state molecular diffusion for the 
transport activities through the elements or eddies. Thus, 
the concentration distribution and point mass-transfer rate 
can he derived from Equations (6) and (7), respectively. 
The average rate of mass transfer per unit area is 

NA = J"oo NA(I) s e-"dl = .JI5;S (eA; - CAl.) (14) 

The expression for the liquid-side mass-transfer coefficient 
is 

ki. = .JI5;S (15) 

In addition to the above theories, other models also have 
been proposed in the literature [7] to describe the diffu
sional behavior or hydrodynamic conditions at the inter
face . For example, Dobhins [8] and Toor and Marchello 
[32] suggested in a film-penetration model that the equilib
rium condition may be established in a surface element of 
finite thickness after a long residence time. They showed 
that the film and the penetration theories are not separate 
concepts but merely limiting cases of the more general film
penetration model. Rate equations derived by these authors 
indicated the dependence of the mass-transfer coefficient 
on the diffusivity in the following form: 

(16) 

where v may vary from 0.5 to 1.0, as concluded by many 
experimental investigations [30] . According to the penetra
tion and surface-renewal concepts, v is equal to 0.5 , while, 
on the other hand, the film theory yields unity for v. 
It should he noted that the rate equations derived from 
various theories contain at least one parameter which is 
not , in general , experimentall y measurable. Therefore, 
quantitative verification of the various theories may not be 
permissible . 

Enhancement of Mass Transfer by Ozonatlon 

The resistance to the transport of ozone from a gas phase 
into the interface is insignificant , as discussed earlier. The 
process of ozone absorption by a liquid , therefore, is con
trolled mainly by molecular diffusion of the dissolved ozone 
and chemical reactions in the region between the interface 
and the liquid-phase boundary. In this region , laminar flow 
behavior prevails and eddy diffusion is unimportant. Once 
the ozone approaches the phase boundary, it is carried away 
into the turbulent liquid by eddy diffusion. Since the eddy 
diffusivity is much greater than the molecular diffusivity, 
the liquid bulk provides little resistance to the overall mass 
transfer. 

As the ozone diffuses toward the liquid-phase boundary, 
it may decompose to oxygen. Simultaneously, the ozone also 
may react with a contaminant penetrating from the bulk 
liquid . The parallel reactions may be expressed in the fol
lowing form : 

A _ _ k_,_p., 

A + bB _ k_2_ Q .• 

and the rates of depletion of the ozone (A) and the liquid 
reactant (8) by the reactions are 

(17) 

and 

(18) 

The one-dimensional, unsteady-state diffusion accompa
nied hy the decomposition and ozonation reactions within 
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the liquid film or element are, therefore, governed by the 
following set of partial differential equations: 

D iJ2CA + RA = iJCA 

A iJz2 iJt (19) 

D iJ2C B iJCB 
B iJz2 + bRb = at (20) 

For many ozonation systems commonly encountered in 
practice [19,31], the decomposition reaction can be consid
ered first order (f = I), and the ozonation reaction second 
order (with first order in both concentrations of the ozone 
and the constituent in the liquid, m = n = I). Also, the effect 
of unsteady-state transfer on enhancement of mass transfer 
by chemical reactions can be ignored (15). By combining 
Equations (17) to (20) inclusive, the equations of continuity 
for the steady-state diffusion and parallel reactions can be 
rewritten as, 

d2CA 
DA dz2 - klCA - k2CACB 0 (21) 

d2CB 
DB(£! - bk2CACB a (22) 

Approximate Approach 

The above mathematical system is nonlinear and an exact 
solution has not been possible. In the present work, there
fore, an approximate approach will be employed to study 
the enhancement of mass transfer by the chemical reac
tions. As the liquid constituent B diffuses from the bulk liq
uid into the interface, it reacts with the dissolved ozone and 
the concentration CB declines along the path of diffusion. 
At the interface, the chemical species B is maintained at a 
low concentration C B' or is completely depleted if the 
ozonation reaction is fairly fast. Similar to the approach 
used by Van Krevelen and Hoftijer [33) for a simpler sys
tem, therefore, an approximate profile for the concentra
tion of B is employed by assuming a constant concentration, 
CB" for B within the liquid film. The concentration changes 
stepwise to CBI. at the outer edge of the liquid film and is 
maintained at CBI. in the main liquid, which is well mixed. 
By this linearization, an analytical solution to Equation 
(21) can be derived, and an expression for the mass flux of A 
can be obtained from Equation (7). A relationship between 
the mass flux iliA, and the. interfacial concentration, CB" 
also can be derived from Equations (21) and (22). 

For a system of diffusion accompanied by chemical reac
tions, the chemical mass-transfer coefficient, kl., can be de
fined in terms of the concentration driving force, (CA , -

CAl'), 
(23) 

The concentration of A at the outer edge of the film, CAl., 
may be taken as zero by considering complete depletion of 
the dissolved ozone in the film if the liquid constituent, B, is 
relatively reactive with A. 

The influence of chemical reactions on the absorption 
rate can be investigated in terms of the enhancement factor, 
E, which is defined by 

E = k,.lki. (24) 

Enhancement Factor 

The expression for the enhancement factor is derived for 
the system described above as, 

E = M'j'/tanh M'I' (25) 

where 

M = Ml + M2 [I-(E-I)/QJ (26) 

Q = (DBIDA) (CBI./CAi) Ib (27) 

Ml = kiDAlkL2 (28) 

and 
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(29) 

As can be seen from the above equations, the enhancement 
factor, E, is a function of the three dimensionless parame
ters, Q, M

" 
and M2 • The enhancement factor can be calcu

lated by iteration for a given set of the parameters, and is 
presented graphically in Figures 3, 4, 5, and 6. 

The analytical approximate equation is applicable to 
ozone absorption processes involving a first-order decompo
sition reaction and a second-order ozonation reaction. Al
though various orders of decomposition of ozone in aqueous 

W 100 
~j 
ti 50 
f1. 
.... 
c 
III 

~ 10 
u 
§ 

.s::; 
c 
W 

5 

Q'1OO 

50 

20 

10 

5 

2 

b.l.:5""-'----'5~1.L0~-..."50"=-..,,100b.--~5CX),,.,b-d1OOO 
Dimensionless parameter, .IlYS 

Figure 3. Enhancement factor for ozone absorption processes 
(M/~())' 

tvll'1 

W100 
0,100 

50 <--

~ 
& 
.... 
~ 
E 

~ 
.s::; 
c 
W 

50 

10 

5 
2 

b.~~--~~1~-~5~0~100~-~5~00~1000 
Dimensionless Parameter, 1M;. 

Figure 4. Enhancement factor for ozone absorption proce"e. 
(M,~l). 

500r-~--~~--~~--~~ 

co 
tvl1'10 

W 100 

<- 50 0 

0,100 

50 

~ 20 

~ 10 
~ 
c 5 
" .s::; 

tTI 

10 

5 

2 

1 
05 5 10 50 100 500 1000 

Dimensionless Porometer,/M2 

Figure 5. Enhancement 'actor for ozone absorption proce"e. 
(M/~ 10). 

Environmental Progress (Vol. 1, No.3) 



500 

M,=100 

w 100 0=0) 

L 50 ,3 50 

& 20 
c: a. 10 E 
II> '0 
u 
c: 5 0 
.r: 2 c: 
w 

~~5~~----~5~~1~0----~5~0~1~OO~---=5~OO~~1000 
Dimensionless ~meter. .[Nf2 

Figure 6. Enhancement factor for o:&on. absorption procelle, 
(M,: 1001. 

solutions have been reported [2,9,17), the decomposition 
reaction often can be approximated by first-order kinetics 
(31) . Kinetic data for ozonation reactions between ozone 
and organic compounds have been correlated frequently by 
second-order kinetics [13,14,19,21) . For ozone absorption 
accompanied by parallel reactions of different orders, nu
merical methods can be employed to predict the enhance
ment factor [16 ,20 ,22 ,25). Comparisons of results 
predicted by both the analytical approximations and nu
merical techniques were made by Mehta (22) . He showed 
that the analytical approximate equation developed in this 
work yields a maximum error of 15 % in the prediction of 
the enhancement factor. For simpler systems of mass trans
fer with a single-step reaction, Peaceman (26) reported that 
the analytical approximation is correct within 10 % in the 
theoretical predictions of the enhancement factor. 

CHEMICAL MASS TRANSFER COEFFICIENTS 

The chemical mass-transfer coefficient, k,., for a system 
of molecular diffusion accompanied by decomposition and 
ozonation reactions can be evaluated from a knowledge of 
the physical mass-transfer coefficient and the effects of the 
chemical reactions on mass transfer. By utilizing the rela
tionship given in Equation (24) , one can write 

k,. = ki. E (30) 

In the above equation, ki. represents the liquid side, physi
cal mass-transfer coefficient for a corresponding ozone
absorption process without considering the effects of the 
chemical reactions . The enhancement factor, E, can be pre
dicted from the theoretical approach discussed in the pre
vious section. 

Expressions for the physical mass-transfer coefficient 
have been derived on the basis of various theories, as dis
cussed in an earlier section. Because of unknown parame
ters in these expressions, however, determination of the 
physical mass- transfer coefficient from the theoretical 
equations, in general, is not permissible. For practical ap
plications, therefore, semi-empirical approaches are em
ployed to obtain the physical mass-transfer coefficients. 

Dimensional analyses indicate that the liquid-side mass
transfer coefficient can be correlated in terms of the Sher
wood (Sh), Schmidt (Sc), and Reynolds (Re) numbers. For 
the rise of swarms of gas bubbles in bubble columns, 
Hughmark [11 ,12) showed that the following correlation is 
applicable with an average deviation of 15 %: 

ki.d _ Sh _ 
DA - -

2 + 0.0187 [Rel) .4K4 SCI)·339 (dg'1.333/DA -066,)".072JI.61 (31) 

Environmental Progress (Vol. 1, No.3) 

Correlations of the product of mass-transfer coefficient and 
specific interfacial area per unit volume of solution, ki. a, 
have been made by Akita and Yoshida [1), Nakanoh and 
Yoshida (23) and others [27,30) . 

Methods for measurement and correlation of mass-
transfer coefficients for the dispersion of gas in agitated ves-
sels were reviewed by Van't Reit (34) . He reported that the 
ki.a value can be correlated in terms of power per unit vol-
ume and superficial gas velocity for separate systems with 
and without ions in solutions. For swarms of small bubbles 
with diameters less than 0.2 cm in mechanically stirred ves-
sels, Calderbank [4,5) showed that the mass-transfer coeffi-
cient is independent of the Reynolds number. 

ki. = 20.89 DA'I."' (32) 

For large bubbles in agitated vessels, Calderbank (5) found 
that the mass-transfer coefficient can be correlated by 

ki. = 724.7 DA'I. K6 (33) 

Since the molecular diffusivity of ozone in dilute solutions, 
DA , is about 2 x 10.5 cm'ls at room temperature, the above 
equations indicate that the physical mass-transfer coeffi
cient increases from 0.015 cmls for small bubbles to 0.066 
cmls for large bubbles in an agitated vessel. Correlations of 
mass-transfer coefficients for other gas-liquid contactors 
also are available in the literature [27,30,37) . Variables in
volved in design of liquid reactors have been reviewed by 
Barona and Prengle (3), and others. 

The enhancement factor can be obtained from Equation 
(25) or Figures 3 to 6, as discussed in the previous section. In 
addition to the physical mass-transfer coefficient and mo
lecular diffusivities, kinetic information is required to pre
dict the enhancement factor. 

The dispersion of small bubbles of an ozone-air mixture 
in wastewater containing cyclohexene in an agitated tank is 
used here as an example to illustrate the calculation proce
dures. The kinetics of ozonation of cyclohexene was studied 
recently by Keady and Kuo [13,14). The reaction is second 
order and the reaction-rate constant, k" is about 3 x 10" 
liter/mole-s at room temperature. Furthermore, the rate 
constant was found to change very little with the pH value 
of the solution, and the stoichiometric ratio was determined 
to be unity. The rate of decomposition of ozone in aqueous 
solutions has been investigated by many researchers 
[2,9,17). Assuming that the wastewater is neutral and con
tains cyclohexene at 100 ppm by weight, then, the first
order rate constant for the decomposition reaction can be 
estimated (31) to be about 0 .001 S· I at room temperature. 
The initial concentration of cyclohexene in the solution, 
Cm., is calculated to be 1.217 x 10-3M, and the solubility of 
ozone in the solution (28), CAl, is about 2.12 x 1O·'M. The 
diffusivity ratio, D./DA , is assumed unity in this estimation. 
By utilizing Equations (27), (28) , and (29), the following 
parameters are computed: 

Q = (D./DA)(C.,/ CA;)1b = 

(1)(1.217 x 10.3/2.12 x 10" )/(1) = 5.74 

M, = k,DAlki.' = (0.001)(2 x 10-5)/(0.015)' = 8.89 x 10.5 

and 

M, = k, Cm. DAlki.' = 

(3 x 10")(1.217 x 10.3)(2 x 10.5)/(0.015)' = 324.5 

Using the above values, the enhancement factor can be esti
mated from Equation (25) or Figure 3 to be about 6.5. 
From Equation (30), the chemical mass-transfer coefficient 
is 

k,. = ki. E = (0.015)(6.5) = 0.0975 cm/sec . 

As illustrated in the above example and noted earlier, the 
enhancement factor approaches (I + Q) for a very rapid 
ozonation reaction with a large M2 value. Under this cir
cumstance, the procedures for calculation of the enhance
ment factor can be greatly simplified. 
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Once the chemical mass-transfer coefficient is available, 
the rate of absorption of ozone In the solution can be com
puted. The absorption rate is proportional to the chemical 
mass-transfer coefficient, k,., the concentration driving 
force, C.;, as well as the specific interfacial area per unit 
volume of solution, a. Therefore, it is advantageous in 
choosing a gas-liquid contractor such as an agitated vessel 
to provide a large interfacial area to the transport of ab
sorbed ozone [16,30). Also, it should be noted that the 
chemical mass-transfer rate and coefficients have been 
measured experimentally for several ozone-absorption sys
tems as reported in the literature [16,21,38). 

CONCLUSIONS 

A mathematical model has been formulated for the ab
sorption of ozone accompanied by a first-order decomposi
tion of ozone and the second-order, ozonation reaction 
between ozone and a liquid reactant in gas-liquid contac
tors. On the basis of the film model , an analytical approxi
mate equation has been derived to predict-the enhancement 
of mass transfer by the decomposition and ozonation reac
tions. Methods for estimation of chemical mass-transfer co
efficients for ozone-absorption processes have been 
suggested . By combining a knowledge of physical mass
transfer coefficients from empirical correlations and en
hancem ent factors from theoretical predictions, the 
chemical mass-transfer coefficient for an ozone-absorption 
process can be estimated as illustrated in this paper. 
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NOTATION 

a Specific interfacial area, cm2/cm' solution 
b Stoichiometric ratio of ozonation reaction 
CA Concentration of component A(ozone), mole/cm' 
C., Concentration of component A in gas phase, mole/ 

em" 
C.; Concentration of component A at the interface, 

mole/cm' 
CAl. Concentration of component A in the bulk liquid, 

mole/cm' 
CB = Concentration of component B(liquid reactant), 

mole/cm' 
Cn; Concentration of component B at the interface, 

mole/cm' 
CRt Concentration of component B in the bulk liquid, 

mole/cm3 

d Bubble diameter, cm 
D. Molecular diffusivity of A, cm 2/sec 
DR Molecular diffusivity of B, cm2/sec 
E Enhancement factor, E = k,.Ik;. 
g Gravitational acceleration, cm/sec2 

H Henry's law constant, atm 
k, First-order rate constant for ozone decomposition, 

sec-' 
k2 Second-order rate constant for ozonation reaction , 

liter/mole-sec 
kG Gas-side mass transfer coefficient for physical ab

sorption, mole/cm' sec atm 
KG Overall gas-phase mass-transfer coefficient , mole/ 

cm' sec atm 
k,. Liquid-side mass-transfer coefficient for chemical 

absorption, cm/sec 
ki. Liquid-side mass-transfer coefficient for physical 

absorption, cm/sec 
Ki. Overall liquid-phase mass-transfer coefficient, cm/ 

sec 
Order of decomposition reaction of ozone 
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L Thickness of a film or surface element, cm 
m Order of ozonation reaction with respect to ozone 
M Dimensionless parameter defined by Equation (26) 
M, Dimensionless parameter defined by Equation (28) 
M, Dimensionless parameter defined by Equation (29) 
n Order of ozonation reaction with respect to the liq

uid reactant 
NA Point rate of mass transfer of A per unit interfacial 

area, mole/cm' sec 
N A Average rate of mass transfer of A per unit interfa-

cial area , mole/cm' sec 
PA Partial pressure of component A, atm 
PA, Partial pressure of component A in gas phase, atm 
PA; Partial pressure of component A at the interface, 

atm 
PM. Partial pressure of component A which is in equilib

rium with the bulk liquid, atm 
Q Dimensionless parameter defined by Equation (27) 
RA Rate of depletion of ozone by decomposition and 

ozonation reactions, mole/cm' sec 
RR Rate of depletion of liquid reactant by ozonation re-

action, mole/cm' sec 
Re Reynolds number, Re = dup/p. 
s Fractional rate of surface renewal, sec" 
Sc Schmidt numbers, Sc = P./(pDA) 
Sh Sherwood number, Sh = ki.d/DA 
t Time of diffusion , sec 
t" Contact time at the interface, sec 
u Slip velocity of gas bubbles, cm/sec 
XA Mole fraction of A 
XR Mole fraction of B 
z Distance of diffusion, cm 

Greek Letters 

p 
p. 

Density, g/cm' 
Viscosity, g/cm sec 

<p(t) = Surface age-distribution function 
Exponent power 
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The Overland-Flow Process 

A viable alternative for the removal of organic material from wastewaters? A 
predictive model. 

Robert C. Smith, University of California, Davis, Calif. 95616 

DEVELOPMENT OF A PREDICTIVE MODEL TO DESCRIBE THE 
REMOVAL OF ORGANIC MATERIAL WITH THE OVERLAND FLOW 
PROCESS 

BACKGROUND 

The overland-flow wastewater treatment process involves 
the application of wastewater to the top portion of carefully
graded, grass-covered slopes where various physical, biolog
ical, and chemical processes renovate the wastewater as it 
flows down the slope. Treated effluent from the process is col
lected in channels at the bottom of the slope. A schematic of 
the overland-flow process is shown in Figure 1. The overland
flow process has been demonstrated to be a viable method for 
the treatment of a wide variety of wastewaters ranging from 
high-strength food processing and agricultural wastewater to 
secondary treated municipal wastewater. When used for the 
treatment of raw or primary treated municipal wastewater, 

Figure 1. Overland-flow proceilichematic. 
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overland flow has been shown to be capable of producing ef
fluents equal or superior in quality to those produced by con
ventional secondary treatment processes at a substantially 
lower cost [1] [2] . The Environmental Protection Agency 
(EPA) has recognized and encouraged the use of the overland
flow process as a viable alternative for municipal wastewater 
treatment when site conditions are suitable for its use [3]. Yet, 
implementation of the overland-flow process for municipal 
wastewater treatment has been very limited. 

What is needed to advance overland-flow technology is a 
clear definition of the design and operating parameters and 
environmental factors that govern overland-flow process per
formance and an understanding of the relationship between 
these parameters and process performance. Such knowledge 
is necessary to develop functional relationships in the form of 
predictive models that can be used to predict reliably the ef
fects of the governing design and operating parameters on 
process performance. Such predictive models would serve as a 
rational basis for the design and operation of overland-flow 
systems and would allow system design to be optimized to 
produce an effluent of specified quality at a minimum cost. 

In an effort to meet these needs, the Department of Civil 
Engineering at the University of California, Davis, has under
taken an overland-flow research and demonstration project 
under the sponsorship of the California State Water Resources 
Control Board. The project is being conducted in two phases. 
Phase I involves pilot studies conducted indoors under semi
controlled environmental conditions. Phase II is a full-scale, 
4.5-hectare (ll-acre) field demonstration of the overland
flow process for the treatment of raw and primary treated 
municipal wastewater. The purpose of this paper is to present 
and discuss the results of the pilot studies and to present the 
formulation of a predictive model that can be used to describe 
the removal of wastewater constituents as a function of 
process design and operating parameters. 
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Oblectlve. 

The overall objectives of the project are to formulate and 
verify a predictive model that can be used as a rational basis 
for the design and operation of overland flow systems and to 
demonstrate the capabilities of overland flow as a treatment 
process for raw and primary treated municipal wastewaters. 

The specific objectives of this study include: 

1) Establishment and definition of overland-flow design 
and operating parameters and units for their expression. 

2) Construction of experimental facilities for the conduct 
of overland-flow pilot studies. 

3) Development of pilot study procedures and conduct of 
studies to determine the effect of defined parameters on 
overland-flow treatment performance. 

4) Formulation of predictive models describing treatment 
performance as functions of governing process design 
and operating parameters. 

Scope 

The results presented and discussed in this paper are limited 
to studies on the removal of degradable organic material by 
the overland-flow process. The parameters used in this study 
to measure degradable organic material include five-day bio
chemical oxygen demand (BOD5) and total organic carbon 
(TOC) . Thus, in the predictive models formulated as part of 
this report, treatment performance is described in terms of the 
reduction in the levels of BOD" and TOC. 

The limitations of BOD5 as a model parameter are recog
nized. However, the objective of this initial modelling effort is 
to develop a model that can be used directly by engineers as a 
design aid. Because BODs is the standard parameter specified 
in discharge requirements and is generally used by consulting 
engineers as the basis for design of biological systems, this pa
rameter was selected as the basis for the predictive model. 

OVERLAND FLOW DESIGN AND OPERATING PARAMETERS 

The first step in the development of a rational basis for the 
design of overland-flow systems is to define the design and op
erating parameters that may affect process performance and 
establish units for their expression. A list of the basic design 
and operating parameters associated with the overland-flow 
process is presented in Table 1 along with suggested units for 
their expression and the range of parameter values used in ex
isting systems. A definition of each of these parameters is pre
sented below along with a discussion of current practice. 

Slope Length 

As defined in this report, the overland-flow slope is the 
physical surface to which wastewater is applied. It often has 
been referred to in the literature as a terrace. The overland
flow slope is the reactor where treatment of the wastewater 
takes place. Prediction of the minimum slope length necessary 
to achieve a given level of treatment is one of the principal 

TABLE 1. OVERLAND FLOW DESIGN AND 

OPERATING PARAMETERS 

Typical 
Parameter Unit Range 

Slope length, z meter 30 - 55 
Slope grade % 12 - 8 
Application period, P hrs/day 4 - 24 
Application 

frequency days/wk 3 - 7 

Range 
Studied 

0-18.3 
2-6 
4 - 24 

5 - 7 
Application rate, q m3/(hr · m) 0.08 - 0.24 0.06 - 0.24 
Hydraulic loading 

rate cm/day 1 - 7 2 - 11.7' 

, Computed on the basis of 30-m slope length. 
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objectives of this study. Slope lengths that have been used suc
cessfully for treatment of food processing wastewaters range 
from 60 to 90 meters, while slope lengths that have been used 
for municipal wastewater treatment generally range from 30 
to 45 meters. 

Slope Grade 

Slope grade is defined as the incline of the slope surface and 
it is expressed as the percent of vertical rise to horizontal run. 
Based on experience to date, process performance does not ap
pear to be sensitive to changes in slope grade in the range of 2 
to 8 percent [4] [5). A slope grade in the range of 2 to 6 percent 
has been recommended by some workers to avoid problems 
associated with erosion and channeling on steep slopes and 
ponding on shallow slopes [5]. 

Slope grades as shallow as V. percent are used at the Werri
bee Farm in Melbourne, Australia [6]. However, that system 
is not comparable to overland-flow systems developed in the 
United States. Thus, an accurate assessment of the effect of 
low-slope grades on performance can not be made on the basis 
of the Werribee experience. Nevertheless, at this time there is 
no strong evidence indicating that slope grades in the range of 
V2 to 1 percent would not be suitable for overland flow. 

Application Period 

Application period refers to the length of time during a day 
that wastewater is applied to the slope (e.g. 6 hr/day) . Most 
existing systems are operated in the range of 6 to 12 hr/day. 
Continuous 24 hr/day application periods have been used suc
cessfully at a few sites [5] [7], but additional research is neces
sary to assess long-term effects on performance and the 
overland-flow slope. 

Application Frequency 

Application frequency refers to the sequence of application 
days and non-application days (e.g. 5 day on-2 day off). This 
is often reported in terms of application days/week (e.g. 5 
days/week). Most experimental overland-flow systems are 
operated on a frequency of 5 or 6 days/week, primarily for 
reasons of convenience rather than any demonstrated 
performance effect. Most full-scale systems would be oper
ated on a frequency of 7 days/week except during harvest pe
riods. Extended periods of non-application result in drying of 
the biological-slime layer which can reduce process efficiency. 

Application Rate 

Application rate is the volume of wastewater applied to 
the slope divided by the application time period in hours. 
To standardize this parameter it is necessary that it be ex
pressed on a per-unit slope-width basis (e.g. in m3/(hr' m) of 
slope width). Although this parameter is not often reported 
in this form, it appears that it is the parameter that has the 
greatest influence on treatment performance. Application 
rates used in existing systems range from about 0.06 to 0.24 
m3/hr · m. 

Hydraulic Loading Rate 

Hydraulic loading rate is the volume of wastewater applied 
per day or per week divided by the area of the overland-flow 
slope (e.g. cm/day or cm/wk). Rates generally have been re
ported on a weekly basis . However, expressing the rate on a 
weekly basis provides no information on how much water is 
applied each day, which is more important from the stand
point of process performance. Therefore, expression of the 
hydraulic-loading rate on a daily basis is more meaningful. 
Historically, this parameter is the one most often reported and 
has been the design parameter used to determine the land area 
required for a given system. However, there is evidence (as 
discussed later) that this parameter, within the range of values 
commonly used, has much less effect on treatment perfor
mance than other parameters. Unfortunately, it has become 
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entrenched in the minds of many as the principal overland
flow design and operating parameter. The probable reason 
for this is that hydraulic-loading rate is the principal design 
parameter for conventional irrigation or slow-rate systems, 
and because the overland-flow process developed as a depar
ture from conventional spray irrigation, it is not unexpected 
that the design procedures used for the slow-rate process 
would carryover to the overland-flow process. It should be 
noted that the hydraulic loading rate can be computed as a 
secondary, dependent operating variable determined by the 
independent parameters-application rate, application pe
riod, and slope length using the following relationship 

HLR = (q)(~l;1Q2) 

where 
HLR = hydraulic loading rate, cm/d 
q = application rate, m3/(hr · m) 
P = application period, hr/d 
z = slope length, m 

The hydraulic loading rates used in existing systems vary 
with the nature of the wastewater applied. The rates used for 
food-processing wastewaters ranged from about 1 to 2 cm/ 
day. Rates used for municipal wastewaters range from about I 
to 2 cm/day for raw wastewater, I.S to 3 cm/day for primary 
effluent, and I.S to 6 em/day for secondary effluent. 

INITIAL MODEL DEVELOPMENT 

To provide a focus for the experimental work, a prelimi
nary model describing the removal of organic material with 
the overland-flow process was developed on the basis of theo
retical considerations. 

In terms of the removal of organic material from wastewa
ter, the overland-flow slope can be considered as a biological 
film-flow reactor similar in many respects to a trickling filter. 
The mechanisms responsible for the removal of organic mate
rial are the same in both processes. Suspended and colloidal 
organic matter are separated from the liquid fraction by con
tact with and subsequent adsorbtion onto the biological-slime 
layer or film on the surface of the media in the case of trickling 
filters and on the surface of the soil and vegetation in the case 
of the overland-flow slope. Contact of the solid particles with 
the slime layer is brought about by a combination of physical 
mechanisms including sedimentation and interception. Ad
sorbed solids are ultimately solubilized by microbial action 
and the soluble material diffuses into the film where it is con
verted to end products and new cell material. Soluble organic 
matter initially present in the wastewater diffuses directly 
into the biological film. 

Because the removal mechanisms in the overland-flow and 
trickling-filter processes are similar, it is expected that de
scriptions of organic-removal kinetics also would be similar. 
On the basis of this expectation, a preliminary model de
scribing the removal of degradable organic material by the 
overland-flow process is derived below using an approach 
similar to that presented by Schroeder [Blfor the development 
of the trickling-filter design equation. 

Performing a mass balance over an idealized section of the 
overland-flow slope as shown in Figure 2, and assuming 
steady-state conditions, the following equation is obtained 

(Q C), - Nywliz = (Q C), , ., (1) 

where 
Q = flow rate, Llmin 
C = organic concentration in liquid film, mg/L 
Ny = flux of organic material into slime layer, mg/m2. hr 
z = distance down slope, m 
w = wetted perimeter, m 

If liz is allowed to approach zero, then: 

- d(~zC) - Nyw = 0 (2) 
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Figure 2. Idealized •• ction through overland-flow .Iope. 

If the flux rate into the slime layer is equal to the reaction rate 
within the slime layer, the reaction rate follows Monod ki
netics, and there is no organic concentration gradient within 
the liquid film, then the following equation can be written for 
the flux at the slime surface 

where 

EkC 
Ny. = Km + C 

E = an efficiency factor 
k = is a rate constant 
Km = is a saturation coefficient 

(3) 

As suggested by Schroeder [11], E is approximately propor
tional to the organic concentration C under normal operating 
conditions for trickling filters. Thus, we can write 

K,O 
Ny = Km + C (4) 

Because in most cases, C> > Km, Equation (4) reduces to 

Ny = K,C (S) 

Substitution of Equation (S) into Equation (2) yields 

iliQ.9 = -K,C w (6) 
dz 

.!!Q. dC 
C dz + Q dz = -K,C w (7) 

The term dQ/dz is equal to the loss of water from the system 
due to peroclation and evapotranspiration. It is assumed that 
this lost water does not contain organic material. Thus, 

where 
q. = evapotranspiration rate, m/hr 
q" = percolation rate, m/hr 

Substituting Equation (8) into (7) we obtain 

Q dC _ C (q. + qr)w = -K,C w 
dz 

Letting q. + q" = K2 

dC 
dz 

Integration yields 

Cz [(K, - K2) z w ] 
Co=exp- Q 

where 

(B) 

(9) 

(10) 

C, = organic concentration at a distance z down the 
slope, mg/L 

Co = organic concentration at the top of the slope mg/L 

Water loss from the slope due to evaporation and percola
tion, as measured by the value of K2, would increase the con
centration of organic matter in the wastewater. According to 
Equation (10), increasing the value of K2 would have the ef-
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fect of reducing the organic-removal efficiency on a concen
tration basis. It should be noted, however, that increasing the 
concentration of organic matter would tend to i.ncrease the 
concentration gradient across the film and thus increase the 
effective rate of removal of organic material. The net effect 
would be to increase the observed value of K, and compensate 
for the effects of increased K,. Thus, determination of indi
vidual values for K, and K, would be a very difficult under
taking. In addition, the determination of the wetted 
perimeter (w) on an overland-flow slope having films on vege
tation as well as the soil surface would be impossible. The log
ical procedure to follow, as suggested by Atkinson [9] in a 
discussion of trickling filters, is to determine experimentally 
an overall rate coefficient K that incorporates the individual 
parameters. Using this empirical approach, Eckenfelder [10] 
proposes a design equation of the following form for trickling 
filters . 

C (K A~. + m D) Co = exp - Q" 

The exponents nand m are constants related to the geometry 
of the medium . 

The analogous design equation for the overland-flow 
process would be of the following form, using units in meters 
and hours. 

where 
K = overall rate constant, m/hr 
z = distance down slope, m 

(II) 

q = application rate per unit width of slope, m'/(hr· m) 
n = empirical constant 

Thus, organic-removal efficiency is expressed as a function 
of distance down the slope and application rate only. 

It is interesting to note that similar equations can be de
rived using a different approach. If it is assumed that organic 
removal is related to the contact time of the wastewater with 
the slime layer, and that the organic removal follows first
order reaction kinetics the following relationship can be 
written 

~ = exp (-K'T) Cn 
(12) 

where 
K ' = reaction-rate constant 
T = contact or detention time 

The next step in this approach is to determine a relationship 
between the detention time and other governing operating 
parameters. Several relationships have been developed to de
termine the detention time of water flowing on a grass
covered slope. Martel et al. [11] propose the following 
equation 

where 
T = detention time 

T = 0.078 z 
a' l3q 

z = distance down slope 
= slope grade 

q = average flow rate per unit width 

(13) 

Substituting Equation (13) into (12) yields the following 
organic-removal model 

~ = ex (_ 0.078 K 'z ) 
Cn P S'l3q 

(14) 

Nakano et al. [12] propose the following equation for the de
tention time 
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T _ __ z_ 
- (sc'q)113 
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(15) 

where 
c = roughness coefficient 

Substituting (15) into (12) yields 

C l K'z 1 C
n 

= exp - (SC'q)'13 (16) 

The Soil Conservation Service [13] uses the following equa
tion to describe the movement of irrigation water on a vege
tated slope. 

(17) 

where 
n = roughness coefficient 

Substituting (17) into (12) yields 

C (K'zn".6) - - ex ---C
n 

- p - q"" S,,·3 (18) 

Equations (14) , (16), and (18) are all of the form 

C (C'K'Z ) C
n 

= exp - q"sm (19) 

where 
c' = constant related to surface roughness 

If the constants c' and K' are combined into a single con
stant K, then the organic removal described by Equation (19) 
and the model described by Equation (II) are essentially the 
same except for the slope-grade term (sm). This raises the ques
tion of whether the slope grade should be a parameter in the 
model. As indicated previously, it has been shown by several 
studies that slope grade has had no significant effect on treat
ment performance. However, these findings cannot be con
sidered cOl)clusive. 

Both theoretical and practical questions exist regarding the 
use of wastewater detention time as the key parameter in a 
predictive model for organic removal on an overland-flow 
slope. Detention-time models assume that the overland-flow 
slope is analogous to a biological plug-flow reactor for which 
the liquid detention time is the governing operating parame
ter. However, a plug-flow reactor is a suspended-culture 
process in which the biological reactions occur in the bulk liq
uid. As discussed earlier in this section, the overland-flow 
slope is considered more appropriately as a film-flow reactor 
in which reactions occur primarily on the soil and vegetative 
surfaces rather than in the bulk liquid. The important factors 
affecting the utilization of organic substrate in a film-flow re
actor are the contact time of the substrate with the film , the 
transport rate of substrate to the film surface, and the diffu
sion rate of substrate and oxygen into the film layer. Bulk
liquid detention time on the slope is important only as it 
affects these factors. At a given substrate mass-loading or ap
plication rate, flow velocity increases and the detention time 
of the bulk liquid decreases with increasing slope grade 
according to the hydraulic relationships presented previously. 
However, at a constant flow rate, the depth of flow also de
creases with increasing slope grade and velocity. Shallower 
liquid depth will tend to enhance the transport of suspended 
material to the film surface because the solids will have a 
shorter distance to settle to the surface. Higher flow velocities 
will tend to reduce the depth of the stagnant liquid layer be
tween the bulk liquid and the film surface, thereby reducing 
the substrate concentration gradient between the bulk liquid 
and the film surface and maintaining a higher substrate con
centration at the film surface. The diffusion rate of substrate 
into the film would be expected to depend on the substrate 
concentration at the film surface and this assumption is sup
ported by the work of Williamson and McCarty [14] . Based 
on these consideration~, it would appear that, although liquid 
detention time and, therefore, contact time decrease with in
creasing slope grade, the corresponding reduction in flow 
depth may enhance the rate of substrate utilization and off-set 
the effect of reduced contact time. Thus, the effect of slope 
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grade on organic-removal efficiency may be nil or much less 
than predicted by its effect on detention time alone. 

From a practical standpoint, the use of a predictive model 
based on detention time is somewhat cumbersome. First of all 
a correlation must be developed between detention time and 
organic-removal efficiency. Detention time must be estimated 
by means of tracer studies, and the value will change with ap
plication rate, slope length, temperature, and possibly other 
variables. The detention time thus determined is not an exact 
value, but depends on the type of tracer, the procedures used 
in the study, and the method used to determine the detention 
time from the tracer response data . To verify the model at 
other overland-flow sites, a standard procedure for conduct
ing tracer studies would have to be established. For the model 
to be of practical benefit, a correlation also must be developed 
between detention time and measurable design and operating 
parameters, such as application rate and slope length. Since 
the net result of the detention-time model is an empirical cor
relation between organic-removal efficiency and the design 
and operating parameters, it would seem that a simpler and 
more direct approach to model development would be to 
eliminate consideration of detention time and develop direct 
correlations between organic-removal efficiency and the 
measurable design and operating parameters. The net rela
tionship would be the same and model verification at other 
overland-flow systems would be less involved. 

It is important to note that the hydraulic loading rate does 
not appear as a parameter in either form of the removal model 
derived above. The application rate is the only operating vari
able that appears in the model. As discussed previously, 
hydraulic-loading rate historically has been used as the prin
cipal design parameter for the overland-flow process and re
lationships between hydraulic-loading rate and treatment 
performance have been suggested [15]. Thus, the question is 
raised as to whether the hydraulic-loading rate should be in
cluded as a model parameter. 

The preliminary models derived above and the questions 
raised about the parameters to be included in the model pro
vide a focus for the pilot studies. Questions to be answered by 
the pilot studies include the following: 

1. Can removal of organic material by the overland-flow 
process be described as an exponential decay function of 
distance down the slope? 

2. What is the effect of application rate on organic
removal efficiency? 

3. What effect , if any, does slope grade have on organic
removal efficiency? 

4. What effect, if any, does hydraulic-loading rate have on 
organic-removal efficiency? 

The answers to these questions will provide a basis for the 
development of a predictive model describing removal of or
ganic material by the overland-flow process. 

PILOT STUDY FACILITIES 

The experimental overland-flow slopes and associated 
equipment were housed indoors in the Civil Engineering lab
oratory at the University of California, Davis. The major 
components of the pilot facilities include three overland-flow 
slopes, artificial light banks, and a wastewater feed system. A 
schematic flow-diagram of the pilot study facilities indicating 
the arrangement of system components is shown in Figure 3. 
Details of the facilities appear in other publications [16] . 

PILOT STUDY PROCEDURES AND RESULTS 

Pilot studies were conducted in two phases. The first 
phase involved treatment studies with synthetic soluble 
wastewater and the second phase involved studies with pri
mary treated municipal wastewaters. The same basic ex
perimental approach was used in both phases of the study. 
The objectives of the study, as outlined previously, were to 
identify the design and operating parameters that affect 
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Figure 3. Overland-flow pilot faciliti •• flow diagram. 

overland-flow process performance and to develop func
tional relationships between these governing parameters 
and process performance. On the basis of previous experi
ences and the initial models developed previously, the pa
rameters slope length, slope grade, application rate, and 
hydraulic-loading rate were identified as probable or po
tential governing parameters. Therefore, the basic study 
approach was to devise and conduct treatment tests that 
would reveal the nature of the effect of each parameter on 
process performance. The treatment test procedure used to 
achieve this consisted of operating the three beds so as to 
vary one operating parameter while holding all others con
stant. The parameters slope grade, application rate, and 
hydraulic-loading rate were tested in this manner. The ef
fect of slope length was studied as part of all experiments by 
taking samples of the surface flow at intervals down the 
slope and analyzing for organic material. The beds also 
were operated in series to determine the effect of longer 
slope lengths on process performance. Each experiment was 
conducted for a period of 4 to 8 weeks or until no trends in 
treatment performance were observed. The details of each 
treatment study are described below. 

Synthetic Wastewater Studies 

Synthetic wastewater was used to study the effects of slope 
grade, application rate, and hydraulic-loading rate on 
organic-removal efficiency by overland flow. Only the slope 
grade study is reported here. Results from the other synthetic 
wastewater studies are reported in another publication [16]. 

Prior to starting any treatment studies, wastewater was ap
plied to the beds under the same operating conditions, to 
allow a slime layer to build up on the slopes. This slope 
acclimation was continued for about 2 months until the efflu
ent quality from all three beds was consistent and equal. 

Wastewater Characteristics 

The synthetic wastewater used in this study was prepared 
according to the following recipe: 
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sucrose - 174.4 mg/L 
bactopeptone - 49.7 mg/L 
NH.Cl - 69.4 mg/L 
KHzPO. - 21.8 mg/L 
KzHPO,'3HzO- 31.9 mg/L 

Synthetic wastewater characteristics, as measured by analyti
cal tests, are listed in Table 2. Because the wastewater was 
pumped through several feet of tubing prior to application, 
the characteristics of the wastewater discharged from the dis
tribution manifold varied slightly from day to day. 

Slope-Grade Study 

A study to determine the effect of slope grade on removal of 
organics involved operating the beds at three different slope 
grades (2, 4, and 6 percent) while holding all other operating 
parameters constant. The other operating conditions used 
during the slope-grade studies are indicated in Figure 4. It 
should be noted that the application rate used in these studies 
is in the range used in full -length overland-flow systems. 
Thus, the 6.1-m experimental beds used in these pilot studies 
were intended to simulate the first 6.1-m of a longer overland
flow slope. The resulting hydraulic loading rates computed 
on the basis of the 6.1-m slope length were much higher than 
the rates normally associated with full-length systems. To al
low the hydraulic loading rates used in this study to be more 
easily compared with rates used in existing full-length sys
tems, the hydraulic loading rates used in this study were com
puted on the basis of a 30-m slope length and are expressed in 
units of cm/day/30 m. The hydraulic-loading rates based on 
the actual slope length of 6.1 m would be roughly 5 times the 
rate computed on the basis of a 30-m slope length. 

Samples were taken at several points along the length of the 
slope and were analyzed for BODs and TOC . The slope-grade 
study was conducted for a period of 8 weeks. 

The fraction of organic material remaining in terms of 
TOC is plotted on a semi-log scale as a function of down-slope 
travel distance in Figure 4 for the three slope grades studied 
(2, 4, and 6 percent). The data points shown are mean values 
of the fraction remaining and the lines shown are statistically 
determined lines of regression forced to pass through the point 
(0,1) . A summary of the resulting regression equations and 
correlation coefficients is presented in Table 3. Similar results 
were obtained for' BODs and are reported in Reference [16]. 

The regression coefficients are the slopes of the regression 
lines and represent the rates o.f change with distance of the 
fraction of organic material remaining. The regression coeffi
cients were tested for homogeneity, and no significant differ
ences among regression coefficients were found at the 
5-percent level for the TOC case. On the basis of the results 
presented above and similar findings reported from studies at 
Pauls Valley, OK [17] and Utica, MS [4], it was concluded that 
slope grade in the range of 2 to 6 percent should not be in
cluded as a parameter in an overland-flow organic-removal 
model. Consequently, a slope-grade study was not conducted 
with primary effluent. 

TABLE 2. CHARACTERISTICS OF ApPLIED WASTEWATERS, MG/L 

Primary 
Constituent Synthetic Wastewater Effluent 

BODs 135-145 65-100 
TOC 90-100 40-60 
TOO 200-250 
Suspended solids 0 80-90 
Total N 23-25 28-32 
NH3-N 12-14 20-24 
N03-N 0 <0.1 
Total-P 10 
pH 7.5-8.0 7.5-8.0 
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Primary EHluent Studle. 

Studies to determine the effects of application rate , 
hydraulic-loading rate, and slope length were conducted us
ing primary effluent from the City of Davis wastewater-treat
ment plant. Prior to starting treatment studies with primary 
effluent, primary effluent was applied to the beds under the 
same operating conditions to acclimate the slopes to the 
change in wastewaters . Approximately one month of accli
mation was required to produce a consistent effluent from all 
three beds. A considerable amount of unloading of the slime 
layer that was built up during the synthetic wastewater 
studies occurred during the initial stages of acclimation. This 
would indicate a 9ignificant change in the nature of the bacte
rial population on the slopes. 

Wastewater Characterl.tlcs 

Primary effluent from the City of Davis wastewater
treatment plant was used for all studies reported here . Pri
mary effluent was pumped from the effluent channel of the 
primary tanks into a 2,8oo-liter tank truck and transported 
daily to the pilot study facilities. At the laboratory, specified 
volumes of wastewater were metered into the feed tanks. Ex
cess wastewater was drained to waste. All wastewater was ap
plied on the same day it was transported. The characteristics 
of the primary effluent from the City of Davis Plant are indi
cated in Table 2. 

Application Rate Study 

A study to determine the effect of application rate on re
moval of organics was conducted by operating the beds at 
three different application rates (0.08, 0.16 and 0.24 m3/ 
(hr· m) ) while holding the other parameters constant the ex
cept application period. To maintain a constant hydraulic 
loading rate while varying the application rate, it is necessary 
to vary the application period as well. The resulting applica
tion periods associated with the different application rates 
were approximately 12, 6, and 4 hours/day, respectively. The 
other operating conditions used in this study are indicated in 
Figure 5. 
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TABLE 3. SUMMARY OF REGRESSION PARAMETERS FOR SYNTHETIC WASTEWATER SLOPE GRADE STUDY 

Slope 
Measured Grade, Regression 
Parameter % Coefficient 

2 -0.259 
TOC 4 -0.264 

6 -0.258 

. z in meters. 

Samples were taken at several points down the length of the 
slope and analyzed for BODs and TOC. The application rate 
study was conducted over a period of 8 weeks. 

The results are presented in the form of a semi-log plot of 
BODs fraction remaining versus travel distance down the 
slope and are shown in Figure 5. The data points shown repre
sent mean values of the fraction remaining and the lines are 
regression lines forced to pass through the point (0,1). A sum
mary of regression coefficients and equations and correlation 
coefficients are presented in Table 4. The average concentra
tion of suspended solids in the effluent from each bed is pre
sented in Table 5. 

On the basis of the initial organic-removal models devel
oped previously, the expected relationship between applica
tion rate (q) and organic-removal efficiency is that given by 
Equation 11. 

C, (KZ) 
C,: = exp - Qn (11) 

The form of this relationship is strongly supported by the re
sults of the primary effluent application rate study. Using 
graphical techniques described in another publication [16], 
values were determined for the exponent n and the rate con
stant K that appear in Equation 11. For the BOD case the 
values of nand K are 0.48 and 5.82 x 1- -2 m/hr. Substitut
ing these values into the model (Equation 11) yields the 
following predictive relationship for the removal of BODs 
from primary effluent 
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Figure 5. BODs fraction remaining VI. down-slop. distance-primary 
eHluent application-rate study. 
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Correlation 
Coefficient, 

Regression Equation' 

C7./Cf) = e-O.2.,)9 (7.) 0.973 
e,len = e-O,264 (1.) 0.973 
C,/C" = e-fl.~'" I') 0.987 

BOD Removol Model 1 
c,. l 5.82 X 10- 2 (z) (20) Co = exp - q".4R 

These equations are valid for q in the range of 0.08 to 0.24 
m'/(hr' m) and for z in the range of 0 to 6 m. 

Hydraulic Loading Rate Study 

A study to determine the effect of hydraulic loading rate on 
removal of organics was conducted by operating the beds at 
three different hydraulic-loading rates (2, 3, and 6 cm/day/30 
m) while holding the other parameters constant except appli
cation period. To maintain a constant application rate while 
varying the hydraulic-loading rate, it is necessary to vary the 
application period as well. The resulting application periods 
associated with the different hydraulic-loading rates were ap
proximately 4, 6, and 12 hours/day. The other operating pa
rameters used in this study are indicated in Figure 6. Samples 
were taken at several points along the length of the slope and 
were analyzed for BODs and TOC. The hydraulic-loading 
rate study was conducted for a period of 5 weeks. 

A semi-log plot of BODs fraction remaining versus travel 
distance down the slope is shown in Figure 6. The data points 
shown are mean values and the lines are regression lines 
forced to pass through the point (0,1). A summary of regres
sion coefficients and equations and correlation coefficients is 
presented in Table 4. Effluent suspended solids data are 
shown in Table 5. 

Changes in hydraulic-loading rate of the primary effluent 
had little or no effect on process performance in terms of 
BOD removal. No significant differences at the 5-percent 
level were found between the regression coefficients asso
ciated with the 6 and 3 cm/day/30 m loading rates. The re
gression coefficients for the 2 cm/day/30 m loading rate were 
found to be significantly different statistically at the I-percent 
level from the coefficients for the other rates, but the differ
ences are small and would be considered insignificant from 
the standpoint of practical process control. These results con
firm the form of the initial model (Equation 11) which states 
that process performance is independent of hydraulic-loading 
rate. 

Extended Length Study 

To determine the effect of longer down-slope travel dis
tance on organic removal, a study was conducted by operat
ing the three beds in series. Primary effluent was applied in 
the usual manner to Bed A. Effluent from Bed A was dis
charged into a collection sump and pumped back to Feed 
Tank B. The water in Feed Tank B was then applied to Bed B 
in the usual manner and at the same rate used for application 
to Bed A. Effluent from Bed B was transferred to Feed Tank C 
and applied to Bed C in the manner just described. Effluent 
from Bed C was drained to waste in the usual manner. Byop
erating the beds in series in the above manner, a total slope 
length of 18.3 m was achieved. The operating conditions used 
in this study are indicated in Figure 7. 

Samples were taken in the usual manner from Bed A, but 
only from the effluent trays of Beds Band C. Samples were 
analyzed for BODs, TOC, TOO, and suspended solids. The 
study was conducted for a period of 6 weeks. 
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TABLE 4. SUMMARY OF REGRESSION STATISTICS FOR BOD REMOVAL PRIMARY EFFLUENT STUDIES 

Parameter Correlation 
Studied Parameter Regression Coefficient, 
(units) Value Coefficient Regression Equation' 

0.08 
Application 
rate 0.16 
(m3/(hr· m» 

0.24 

2 
Hydraulic 
loading 3 
rate 
(em/day/30 m) 6 

• z in meters. 

TABLE 5. SUMMARY OF AVERAGE EFFLUENT SUSPENDED 
SOLIDS CONCENTRATIONS MEASURED DURING 

PRIMARY EFFLUENT STUDIES 

Effluent 
Parameter Parameter Parameter Suspended Solids, 
Studied Units Value mg/L 

0.08 14.2 
Application 
rate m3/(hr'm) 0.16 24.7 

0 .24 25.9 

2.0 27.0 
Hydraulic 
loading cm/day/30 m 3.0 25.0 
rate 

6.0 30.0 

6.1 26.8 
Extended 
length- meters 12.2 25.0 
distance 

18.3 17.0 

A semi-log plot of BODs remaining versus travel distance 
down the slope is shown in Figure 7. The data points shown 
are mean values. It can be seen from the data points shown in 
Figure 7 that the rate of organic removal observed over the 
first few meters of travel is significantly greater than the re
moval rate observed over the remaining length of slope. Con
sidering this observed difference in removal rates over 
different portions of the slope, a more appropriate description 
of the removal of organic material from primary effluent by 
overland flow would be a two-stage or composite model. The 
first stage of the model would apply over the first few meters 
of the slope and the second stage would apply over the re
mainder of the slope. The first stage of the model is of the 
same general form as the models described previously (Equa
tion 11). 

C, = exp (- K;) 
C" q 

Values for the coefficients, K and n, for the BOD-removal 
model were determined as part of the primary effluent appli
cation rate study and are indicated in Equation 20. 

The second stage of the composite model is of the form 

C ( K'Z) --:!. = A exp - -.-. 
Co q 

(21) 
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-0.197 C1./C
u 

= e -U. l!J7 (1.) 0.971 

-0.142 C
7
/C" = e -II .142 (1.) 0.968 

-0.116 C,/C" = e-O. lJfi (1.) 0 .983 

-0.158 C1.1CU = e-f1 · 15K (1.) 0.987 

-0.142 Cz/Co = e -II ,142 (7.) 0.982 

-0.147 C'l.1C
u 

= e -IJ.H7 (1.) 0.984 

The coefficient A is the value of C,/C" where the second-stage 
regression line intersects the vertical axis as indicated in Fig
ure 7. Because the extended-length study was conducted at a 
single application rate, values for the coefficients K and n 
could not be determined from the available data. To generate 
the data necessary to determine values for these coefficients, 
full-length overland-flow slopes must be operated in parallel 
at several different application rates. Such studies are 
planned a~ part of the Phase II field studies. Regression equa
tions for the Stage 2 curves shown in Figure 7 can be written. 
However, the equations are applicable only under the operat
ing conditions indicated on the figure. The Stage 2 regression 
equation for BOD removal is 

C, 
Co =0.72exp[-8.1 x 1O-2(z)] (22) 

where 
Z = slope length, m 
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To confirm the validity of the two-stage model concept, a 
test was conducted on a full-length slope at the overland-flow 
research facility operated by the V .S. Army Corps of Engi
neers Cold Regions Research and Engineering Laboratory 
(CRREL) in Hanover, N.H. The test consisted of operating 
two parallel slopes at an application rate of 0.12 m3/(hr' m) 
and taking grab samples of surface flow at several locations 
down the length of each slope. The samples were collected 
and analyzed by CRREL personnel and reported to V.C . 
Davis. The regression equation determined from the CRREL 
data is 

C, 2 
C" = 0.72 exp [-5.6 x 10- (z)] (23) 

where 
z = slope length, m 

This equation is of the same general form as Equation (22) 
from the extended-length study. 

DISCUSSION 

The discussion presented below is focused on the develop
ment of a predictive model to describe the removal of organic 
material in wastewater with the overland-flow process and 
the use of the model as a rational basis for the design and oper
ation of overland-flow systems. 

Elements of 0 Predictive Model 

Several overland-flow designs and operating variables 
were identified as potential parameters to be included in a 
predictive model describing the removal of organics with the 
overland-flow process. A list of these parameters and the units 
for their expression are presented in Table 1. The effect of 
these parameters on organic removal was studied by observ
ing changes in organic-removal efficiency in response to 
changes in the value of each parameter. The range of values 
studied for each parameter is indicated in Table 1. 

From the studies reported herein, it was found that re
moval of organic material from primary municipal effluent 
by overland-flow is independent of slope grade, application 
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period, application frequency, hydraulic-loading rate and 
organic-loading rate, and is dependent only on the parameter 
slope length and application rate. Of course, these findings 
apply only over the range of parameter values studied, as in
dicated in Table 1. In addition, it was found that removal of 
organic material from primary effluent can be described by a 
two-stage model that is a function only of slope length (z) and 
application rate (q) . The model is expressed in the following 
form . 

where 
Cn 

C, 
K,K' 
Z 

q 
n,n' 
A 

C, (KZ) 
Co = exp -q;;- (Stage 1) 

C (K' ) ....L=Aexp -----;;c 
C" q 

(Stage 2) 

= influent organic concentration 
= organic concentration at a distance z down-slope 
= empirically determined rate constant, m/hr 
= distance down-slope, m 
= application rate, m3/(hr · m) 
= empirically determined coefficient 
= empirically determined coefficient 

The two-stage model for BOD. removal is illustrated in 
graphical form in Figure 7. The first stage of the model ap
plies to the first 3 to 6 m of slope length, where the rate of 
organic removal is most rapid. Stage 2 of the model applies 
over the remainder of the slope. From a practical design and 
operation standpoint, the first stage of the model would be of 
little importance, and the second stage of the model would 
serve as the basis for design and operation. 

The probable reason for the observation of two distinct 
rates of organic removal over the length of the overland-flow 
slope is that larger suspended matter is removed readily in the 
first few meters, leaving colloidal and soluble organic mate
rial to be removed at a slower rate over the remaining length 
of the slope. This hypothesis is supported by results from the 
effluent characteristics study and the CRREL field test, in 
which it was shown that most of the organics removed in the 
first 4 to 6m of travel were filterable. In addition, it was found 
from the CRREL test that most of the suspended solids were 
removed in the first few meters of travel. 

Values for the empirical coefficients (K and n) in Stage 1 of 
the model were determined on the basis of 6m of down-slope 
travel (see Equation 20) . Values for K' and n' in the Stage 2 
equation could not be determined because extended-length 
studies were only conducted at a single application rate. An 
application-rate study needs to be conducted on parallel, full
length slopes to determine values for K' and n' . Because n is 
related to the hydraulic characteristics of the slope, the values 
of nand n' are expected to be similar. The value of the rate 
constant for the first stage (K) should be greater than the rate 
constant for the second stage (K '), because the observed rate 
of removal is mor~ rapid over the first few meters. 

An important feature of the proposed model is that applica
tion rate, not hydraulic-loading rate, is the principal variable 
in the model. This feature is important because the hydraulic
loading rate, historically, has been the principal parameter 
used in the design of overland-flow systems, and it generally 
has been thought that process performance was related to 
hydraulic-loading rate. Thus, a predictive model based on ap
plication rate rather than hydraulic-loading rate is a major 
departure from current thinking regarding overland-flow de
sign and operation. 

Exclusion of hydraulic-loading rate as a model parameter 
is supported by the recent work of Martel et al. [11] at the 
CRREL facility in Hanover, New Hampshire. This research 
group also has proposed a model for organic removal byover
land flow that does not contain hydraulic-loading rate as a 
model parameter. Details of the CRREL model were de
scribed previously in the section on initial model develop
ment. However, there are important differences between the 
CRREL model and the one developed in this report (the VCD 
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model). The CRREL model is based on combined relation
ships among wastewater detention time on the slope, treat
ment efficiency, and the parameters; application rate, slope 
length, and slope grade. In contrast, the UCD model is not 
based on detention time, rather on a direct relationship be
tween treatment efficiency and the parameters application 
rate and slope length. Slope grade is not a parameter in the 
UCD model. Arguments for eliminating detention time from 
the model are presented in the section on initial model devel
opment. Elimination of slope grade as a model parameter is 
based on arguments presented in the section on initial model 
development and confirming experimental results from this 
and other studies (4), (5), and (16) . 

Although the model developed here is empirical, it has a 
theoretical basis. Considering the complexity of the soil
microbe environment and the current limited knowledge of 
the interactive process that occur in that environment, the 
only possible approach to overland-flow model development 
that can be taken at this time is empirical. The model devel
oped here is straightforward and, after field verification, 
should be useful as a general design tool. 

ENGINEERING SIGNIFICANCE 

The findings presented here and the models developed on 
the basis of these findings have several important implications 
with respect to the design and operation of overland-flow sys
tems used for removal of degradable organic material and sus
pended solids from municipal wastewaters. A rational 
overland-flow design and procedure based on the proposed 
organic-removal model is presented and illustrated by a nu
merical example. In addition, general design and operating 
guidelines derived from the pilot studies are set forth. 

Rational Design Approach 

Under current overland-flow design procedures, the 
hydraulic-loading rate is the principal design and operating 
parameter. It has been shown through studies reported here 
that organic-removal efficiency is independent of the 
hydraulic-loading rate within a range of values that include 
those typically used in existing systems. It was further shown 
that organic-removal efficiency depends only on the slope 
length and the application rate. The model developed to de
scribe organic removal is a fun~tion only of these two vari
ables. Such a rational approach to overland-flow design based 
on these findings is described below. 

General Design Procedure 

The general form of the Stage 2 equation of the proposed 
organic-removal model is 

g: = A exp ( - ~~ ) (24) 

as described previously. The model contains two variables, 
application rate (q) and slope length (z), either of which may 
be used as the initially selected or independent design vari
able. When designing a system, the required or desired level 
of treatment is known. Thus, a value for (C,/Co) can be estab
lished. If slope length is used as the independent variable, 
then a design value for slope length (z) is selected and substi
tuted into Equation (24) along with the known value of C,/Co • 

The required value of application rate (q) is then computed 
using Equation (24). Alternatively, if application rate is the 
independent design variable, then a value of q is selected and 
substituted into Equation (24), and the required value of 
slope length (z) is computed using the equation. Which pa
rameter to use as the independent design parameter depends 
on the individual case. Site conditions may dictate the allow
able slope length, in which case slope length would be the in
dependent parameter and application rate would be the 
computed parameter. If slope length is not restricted, then ap
plication rate should be used as the independent parameter. 
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To complete the design of a system, the total area required 
for slopes must be determined. Total area required may be 
computed using the following equation, assuming an applica
tion frequency of 7 days/week. 

Area = ~~) l:l (25) 

where 
Q = average daily flow, m3 day 
k = slope length, m 
q = application rate, m3/(hr· m) 
P = daily application period, hr/day 

For a given removal efficiency the required area may be writ
ten as a function only of slope length or only of application 
rate by combining Equations (24) and (25). Performing this 
combination yields the following relationships: 

Q 
Area = 

[-en (it.)] (q"-') 

(P) (K) 
(26) 

and 

Area = (27) 

The value of n in the Stage 1 equation was shown to be less 
than 1 (approximately 0.5 for BOD removal). It is expected 
that the value of n in the Stage 2 equation will be similar. As
suming that the value of n is less than 1, the value for the area 
given by either Equation (26) or (27) will be minimized when 
either q or z are maximized. Therefore, the recommended de
sign approach is to select the maximum application rate 
within the valid region of the model (see Table 1) and com
pute the required slope length using Equation (24) . If the 
computed slope length is greater than that allowed by the site 
conditions, then the maximum allowable slope length should 
be selected and the required application rate computed. 

The parameter, application period (P), is an independent 
parameter to be selected by the designer and does not affect 
treatment efficiency according to the model. According to 
Equation (25), the area will be minimized when P is a maxi
mum. The maximum application period, of course, is 24 hrs/ 
day (continuous application). As indicated earlier, the use of 
continuous application may result in crop damage when the 
application rate is above a certain, but as yet unknown, 
value. Thus, selection of P must be based on previous success
ful experience. Application periods up to 12 hrs/day were 
used in the primary effluent studies without any apparent ad
verse affects on the cover crop. Additional field testing will be 
necessary to define more clearly suitable or safe values of P at 
given application rates. The effect of the application period 
on nitrogen removal is not considered in this dicussion. If ni
trogen or ammonia removal is a design consideration, then 
the application period may be dictated by nitrogen-removal 
requirements because nitrogen transformations are known to 
be sensitive to changes in application period. 

Design Example 

The following numerical example is presented to illustrate 
the design procedure just described. 

Assume the following information is known: 

1. Average flow (Q) = 3,000 m3/day 
2. Influent BOD., (Cn) = 200 mg/L 
3. Required effluent BOD, (C,) = 20 mg/L 
4. Stage 2 model coefficients 

A = 0.72 
n = 0.50 
K = 1.90 X 10-2m/hr 

The necessary design calculations are: 
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1. Compute the required removal ratio C .. /C". 

g~ = : = 0.10 

2. Select maximum value of the application rate (q) in the 
valid range of the model. 

Select q = 0.24 m'/(hr · m) 

3. Compute the required value of slope length (z) using 
Equation (26) . 

C, (KZ) C,: = exp -q.;-

( f C,/Cn)(<I') 
Z = - n A K 

( 
0.1 )(°.240

., ) 
- fn 0.72 0.019 

=50m 

4. Select application period (P). 

P = 12 hrs/day 

5. Compute required total area. Assume 7 day/week appli
cations frequency. 

Area ~ ruM 
(q) (P) 

Area _ (3,000 m'/day) (50m) 
- (0.24 m'/(hr·m» (12h) 

Area = 52,083 m2 = 5.2 ha 

The required area of 5.2 ha is considerably less than would 
be calculated using existing design criteria. Using 3 em/day as 
the typical hydraulic-loading rate currently used for design, 
an area of 10 ha would be calculated. The implication is that 
current design criteria may be quite conservative. However, 
judgment on the question of the conservatism of current de
sign criteria must be withheld until the proposed organic
removal model can be tested and verified in the field. 

The design procedure outlined above meets the objective of 
providing a rational approach to the design of overland-flow 
systems. Once fully verified by field testing, this procedure 
will provide a basis for optimizing overland-flow design. 

De.lgn and Operating Guidelines 

The following general guidelines for overland-flow design 
and operation are based on the findings from the Phase I pilot 
studies. The guidelines are based on treatment of munici
pal primary effluent, but are also expected to be valid for 
screened raw municipal wastewater. 

1. Removal of organic material is independent of slope 
grade in the range of 2 to 6 percent. Thus, slope grade is 
not a critical design parameter in this range. 

2. Removal of organics from primary effluent by overland 
flow is independent of hydraulic-loading rate and appli
cation period, and is dependent only on application rate 
and slope length. Therefore, the following effects can be 
expected. 

a. The hydraulic-loading rate can be increased on a 
given slope without affecting the organic-removal 
efficiency. This can be accomplished by increasing 
the period of application while maintaining a con
stant application rate. 

b . Decreasing the application rate will improve the 
organic-removal efficiency over a given length of 
slope. 

c. Improved organic-removal efficiency can be 
achieved on a given slope without reducing the 
hydraulic-loading rate by decreasing the applica
tion rate and increasing the application period. 
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3. Removal of organics from primary effluent is indepen
dent of temperature in the range of 18 to 28°C. 

4. Design of overland flow systems should be based on the 
parameters application rate, slope length, and applica
tion period, rather than on the hydraulic-loading rate. 
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Pollutant Transport • Wetlands In 

Marshes, bogs, or other types of wetland prove to be excellent receivers for the 
disposition of treated wastewaters containing small amounts of dissolved 
nitrogen and phosphorus. 

Robert H. Kadlec and David E. Hammer, University of Michigan, Ann Arbor, Mich. 48109 

Treated wastewater contains small amounts of dissolved 
nitrogen and phosphorus, in the form of nitrate, ammo
nium, and phosphate ions, as well as dissolved non-ionic 
forms. These fertilizers cause eutrophication of any eco
system receiving them. A marsh, bog, or other wetland 
type is a feasible recipient because of low human use and 
acceptability of additional plant and algal growth in such 
an environment. 

Water flow in wetland ecosystems frequently occurs in 
thin-sheet flows (5-20 cm deep), at slow rates (ca . 100 me
ters per day). This permits intimate contact between the 
water and the soil-litter horizon. The mechanisms for nutri
ent removal include mass transfer to the soil and sorption 
thereon. Subsequently, plants and algae utilize these com
pounds, incorporating them in tissues which later become 
litter in the case of plants, and sediments in the case of al
gae. These in turn slowly decompose, releasing some of the 
nutrients, but also retaining a portion in the litter or newly 
formed soil. 

Another major function performed by these ecosystems is 
the removal of suspended sediments from water as it moves 
through the wetland. The suspended material reaching the 
wetland joins large amounts of naturally-generated suspen
dable materials, and both are transported by surface wa
ters. Sedimentation and physical filtration occur enroute, 
as does "generation" of suspended material by biological 
activities both above and below the water surface. For ex
ample, algal debris may form at one location and be depos
ited somewhere downgradient in the peatland. 

These mechanisms represent a simplification of a more 
complex system, which involves interconversions due to 
bacteria, and consumption by aquatic invertebrates. How
ever, processes involving these lower trophic levels take 
place at rates which are measured in hours, and cannot be 
interpreted easily in a complex ecosystem. 

Figure 1 shows the processes under discussion in sche
matic form. It can be seen that the formation of litter or soil 
requires intermediate steps of the uptake of the material by 
living plants, their subsequent senescence, and the accom
panying litter fall. The time delays occasioned by these in
termediate steps are not long if one is considering 
year-to-year variations. On the other hand, they do create a 
"sink" at the soil water interface. These processes, when 
coupled with the adsorption of nutrients upon the soil itself, 
give rise to a very low concentration of a dissolved species at 
the soil-water interface. Thus, the short-term process of the 
transport of a dissolved species to the surface may be consid
ered to be limited by mass transport from the bulk flowing 
water to the soil surface. 

The focus of this paper is on the transport mechanisms. 
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TRANSPORT/CONSUMPTION PROCESSES 

The removal of a wastewater component, such as phos
phorus, from the surface-water sheet can be envisioned as a 
two-step process. First, phosphorus must be transported to 
some consuming entity or compartment .within the station
ary ecosystem . For solutes, this is accomplished by bulk wa
ter flow, by diffusion, and by convective mass transfer. For 
suspended material, the nature of the water flow and the 
settling behavior will determine the delivery rate. Once de
livered, phosphorus must then be consumed and incorpo
rated into the stationary ecosystem, this step also proceeds 
at a finite rate. The major consumption mechanisms for 
nutrients and heavy metals are plant uptake, sorption, 
soil building, and microbial reactions. In this case, con
sumption is defined as the net removal of wastewater com
ponents from surface waters, after accounting for seasonal 
cycles. If the transport and consumption rates differ 
greatly, the slower step will dictate the overall removal 
rate. 

Transport depends largely upon the characteristics of 
the surface-water sheet, such as depth, flow rate, and com
ponent concentrations. Thus, given similar hydrological 
conditions, the transport rate of material to the stationary 
ecosystem should not vary seasonally. The consumption 
mechanisms however, such as adsorption and the pro
duction of new biomass, can exhibit saturation phenom
ena. Therefore, the rate at which the consumption steps prog
ress may slow with time for wetland areas exposed to 
wastewater. 

WETLAND WATER FLOW 

The rate at which water can flow across a wetland is con
trolled by the ground slope, water depths, type of vegetation, 
and by the degree and type of channelization. The flow is not 

MOBILE SURFACE WATER STATIONARY WETLAND ECOSYSTEM 

Figure 1. Transport and consumption of pollutants in a wetland. 
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only related to water depth by the water-balance equation, 
but also by an appropriate expression which relates the water 
velocity to driving forces (hydraulic gradient) and resis
tances. 

Typical water depths in a wetland may range from a few 
centimeters to about one meter. Spatial variations in depth 
within a wetland are largely due to changes in the elevation 
of the underlying soil. The water pool is relatively flat with 
very small surface gradients. Wastewater, introduced to the 
wetland, will spread from the discharge points and, if the ir
rigation rate is sufficiently high, a shallow mound of water 
will form. This mound will not generally exceed about 10 
centimeters, but the height will be determined by the dis
charge rate and the piping configuration. 

The water will move away from the discharge through the 
wetland vegetation, which presents an obstruction to flow. 
This vegetative mat comprises a doubly porous medium, 
with plant stems and litter forming fine-scale porosity, while 
hummocks, islands, and channels cause a coarse-scale poros
ity. 

The movement of surface waters through wetlands is 
characterized by very low velocities, which result in develop
ing streamline flow. When considering a momentum bal
ance, under these conditions the inertial and acceleration 
terms are negligible with respect to frictional and gravita
~ional effects. Flow therefore proceeds at the rate at which 
gravitational forces are just counterbalanced by frictional 
drag forces. 

Although a great deal of work has been done on overland 
flow (e.g., Woolhiser and Liggett [1)), most have not ad
dressed the problem of point or line water discharges. These 
geometries are the common approach to wastewater irriga
tion in wetlands. The functional dependence of water ve
locity upon depth and gradient in wetlands has been 
studied by Kadlec, et al. [2]. For a point discharge, the ma
terial balance for radial flow can be represented by 

[iJ</>,h] 1 iJ 
---at + ~ fu,[rh</> v] = p - e - i (1) 

It should be noted that there can be a difference between the 
porosity for water storage and the pore space available for 
water flow. This is illustrated in Figure 2. Water may soak 
into hummocks, for example, but they still provide an obsta
cle to overland flow. The apparent porosities can be expected 
to vary with water depth, but little quantitative information 
is available. Various forms can be assumed for the friction 
law, to replace </>v in Equation 1 in terms of hand iJh/iJr and 
thus allow solution. If the hydraulic radius is assumed to be 

Ffgur. 2 . Detail. of local wat.r movement in a wetland. 
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the channel depth rather than the typical size of an obstruc
tion, a power-law flow expression results: 

h2 iJh 
</>v=-c ar (2) 

Kadlec, et al. [2] determined solutions to Equations 1 and 
2, and showed that field data could be reasonably repre
sented. 

TRANSPORT OF DISSOLVED SOLIDS 

In wetland areas where no saturation with nutrients or 
heavy metals has occurred, removal rates for wastewater 
components appear to be controlled by the mass-transfer 
rate through the surface waters [3]. This transport, or deliv
ery phenomenon can be described by the following expres
sion: 

(3) 

If CAS is assumed to be negligible with respect to CA, the 
transport rate of A through water is given by: 

NA = k CA (4) 

This general rate law can represent not only mass transfer, 
but also any irreversible first-order process, such as a chem
ical reaction. The assumption of negligible CAS is generally 
valid when the surface-water concentrations of the compo
nent of interest are much higher than the natural back
ground levels in the wetland. 

Combining Equation 4 with a material balance for A on 
the mobile subsystem gives the time-concentration or 
distance-concentration relationships. For simplicity, water 
is assumed to be conserved throughout (Le., no evaporation 
or rain). For a linear system the downgradient concentra
tion of component A can be given by Equation 5. The same 
expression also describes the radial variation in concentra
tion for a point discharge system. 

CA kz 
In CAO = - Vii (5) 

The flow is considered to be 'Steady and continuous, and the 
depth has been assumed constant. In the linear system, the 
water velocity can then also be considered constant. 

Figure 3 shows the phosphorus profiles obtained from a 
large-scale experiment over a three-year period. Wastewa
ter was added at a rate of 10,000 m3/day over a l000-m line 
to a 7 _km2 wetland. It can be seen that a zone of saturation 
expands with time, and that it is followed by a zone of 
sharply decreasing nutrient concentration. The phosphorus 
level is seen to approach background values at a decreasing 
rate. Nitrogen-removal curves exhibit similar behavior [4]. 
This zone of decreasing concentration follows the first
order model proposed in Equation 5, since a plot of field 
data for In (CA/CAO) versus z produces a straight line with a 
slope -k/vh. Figure 4 shows such plots for phosphorus and 
nitrogen. The linearity of these plots support the hypothesis 
that nutrient removal is mass transfer-controlled. Similar 
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results have been reported for point discharge systems as 
shown in Figure 5, and also from laboratory studies [3]. 

Batch operations can be described in an analogous man
ner, combining Equation 4 with a material balance to ob
tain the result: 

(6) 

Flow systems can also be represented by this equation, 
identifying 9 as the residence time. Batch data [5] for phos
phorus removal have been plotted in Figure 6, and they ex-
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hibit the same first-order rate dependence observed in flow 
systems. 

W.tland Ma.s-Tran.f.r Co.fflcl.nt. 

Well-established mass-transfer correlations are available 
for fully developed flow in simple geometries. Such predic
tive tools might be expected to describe the behavior of nu
trient removal in wetland treatment systems, presuming 
that mass transfer is indeed the controlling rate step. For 
both laminar and turbulent flow, with developed velOCity 
profiles, the mass-transfer coefficient depends upon the ve
locity and characteristic dimension of the system (Reynolds 
number), for short channels, the development of a concen
tration boundary layer makes the channel length a signifi
cant factor. 

Bennett and Myers [6] give the following correlation for 
mass transport, for laminar flow of a fluid over a flat sur
face: 

Shm = 0.66 (Red"2 Sc'13 (7) 

It is convenient to express the mass-transfer coefficient in 
terms of a depth Reynolds number, Reh = pvh/p., where h is 
the surface-water depth . Using a typical solute diffusivity 
of 1.0 x 10-' cm'ls and the physical properties of water, 
Equation 7 can be recast in dimensional form, 

for laminar flow: 

(Reh)112 
k = 6.6 x 10-" (hL)'12 

k = 6.6 x 10-' (tt 
(8) 

(9) 

At higher Reynolds numbers, Reh greater than about 
2000 on a smooth plate, turbulent flow will occur. Mass 
transport in the turbulent regime for a flat surface has also 
been described [6]: 

for turbulent flow: 

Shm = 0.0365 (Re,fSO Sc°··3 (10) 

Making the same simplifying substitutions as before the di
mensional equation is obtained, 

(Reh)o.so 
k E 7.12 x 10-6 (L02 hOB) (ll) 

yO .• 
k = 2.83 x 10-' LO.2 (12) 

Figure 7 shows a plot of Equations 9 and 12 for typical con
ditions encountered in a wetland with primarily sedge and 
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willow vegetation. Natural channelization has been as
sumed to occur, with open water runs varying from approx
imately one to ten meters long. Water depth has been 
assumed to be on the order of 15 em. The values predicted 
by these correlations fall within the bands indicated. 

Experimental results are also shown on Figure 7. The 
mass-transfer coefficients are higher than predicted by the 
generalized correlations. This feature can be explained by 
consideration of "entrance effects". Most often, the nature 
of channelization and the flow rates of surface water in the 
wetland do not result in fully developed velocity profiles. 
Average transport rates are therefore higher, due to the re
duced resistance resulting from the absence of a complete 
momentum boundary layer. 

The experimental data for the mass-transfer coefficient 
at the Houghton Lake site might be represented by 

k = a Reh (13) 

If a hydrological model of overland flow at this site is as
sumed to be of the form (constant gradient): 

v = b h2 (14) 

then the velocity dependence of the mass-transfer coeffi
cient can be determined: 

k = Cv"12 (15) 

A plot of the experimental mass-transfer data versus water 
velocity is shown in Figure 8. A line with slope 3/2, corres
ponding to Equation 15, has been drawn through these 
data . Other hydrology models will result in other slopes on 
this plot . 

TRANSPORT AND REMOVAL OF SUSPENDED SOLIDS 

The suspended-solids content of wastewater or of surface 
water is in itself an important water-quality parameter. 
The movement of suspended solids in a wetland system also 
constitutes a mechanism for transport of phosphorus, nitro
gen, and other substances. The importance and nature of 
such solids in wetland wastewater-treatment systems has 
been largely unidentified . 
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Suspended solids found in wetland surface waters may 
come from varied sources: incoming wastewater, stream
borne silt and inorganics, detritus from algae and vascular 
plants, and, in the literal sense, as mobile organisms, par
ticularly invertebrates. Slow surface-water velocities and 
long residence times promote the retention of solids. Vegeta
tion causes surface waters to follow a tortuous path, around 
and through innumerable obstacles which provide sites 
where suspended particles may impact, lose momentum, 
and settle. 

The suspended material in a wetland may be but a small 
fraction of the accumulated "suspendable" pool. Prelimi
nary measurements at the Houghton Lake treatment site in
dicate that this potential pool represents on the order of 
several grams of solids per liter of surface water, and these 
solids possess a relatively high nitrogen and phosphorus 
content [7]. Some of these solids are of nearly neutral buoy
ancy, exhibiting re-suspension in a still-water column due 
to temperature induced density changes. It is not known 
how mobile these suspendable sediments are under varied 
hydrological conditions, and seasonal effects have not been 
elucidated. 

The re-suspension of sediments has received considerable 
attention in the literature [8], [9], [10], but studies are gen
erally confined to beds of non-cohesive granular solids. 
Shields [11] defined a dimensionless stress, by forming a ra
tio between the shear stress applied to the sediment bed, T, 

and the weight of the top layer of submerged solid grains 
per unit area, 

S _ T 

- (p, - Pw)gD (16) 

The critical value of the dimensionless shear stress is the 
point of incipient re-suspension. Shields further argued that 
this critical value could be correlated as a function of the 
boundary Reynolds number alone, based on dimensional 
considerations. The boundary Reynolds number is defined 
as 

(
T)112 D 

ReB = - -
p.,.. IIw 

(17) 

Settling times for solids in freshwater wetlands are mea
sured in minutes or h9urs, based on our data. Re-suspension 
is roughly proportional to velocity, as shown in Figure 9. 

SORPYION: THE FIRST UPYAKE PROCESS 

Mass transfer will be limiting if the uptake processes are 
faster, and have a reasonable capacity. We shall therefore 
examine some typical information. 
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Phosphorus 

The rapid immobilization of phosphorus from wastewa
ter by organic soils has been reported by many investigators 
[12], [13], [14], [15]. The process has been shown to reach 
saturation very rapidly, as shown in Figure 10, and the up
take is at least partially reversible [12]. The phenomena is 
well-described by a Freundlich-type isotherm for equilib
rium adsorption, 

log Cs = a log C. + b (18) 

Equilibrium data for typical wetland soils are presented in 
Figure II. The inorganic phosphorus capacity of a particu
lar soil will be determined by many factors. Adsorption is 
considered to be limited in part by iron, aluminum, and 
other inorganic components to provide the means for phos
phorus fixation [16], [17], [18] , [19] . The sorption capacity 
of organic soils can also be reduced by the presence of inac
tive inorganic diluents such as sand [20]. 

Phosphorus profiles in surface water at the Houghton 
Lake treatment site (Figure 3) show the progression of a sat
uration front; this behavior is consistent with the concept of 
equilibrium adsorption. 

Nitrogen 

The tendency of other wastewater components to adsorb 
on wetland soils has not been so clearly quantified. Nitro
gen compounds undergo a complex set of transformations 
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via biological and chemical reactions. These pr~ can 
occur at rates which are rapid enough to hamper experi
mental attempts to obtain reliable equilibrium adsorption 
data. 

Studies have been undertaken in the laboratory, to assess 
the adsorption capacity of some peat soils for inorganic ni
trogen compounds [21]. Microbial processes, in particular; 
make experimental results more difficult to interpret, and 
sterilization techniques have been shown to modify the 
soil's adsorption characteristics. Figure II shows equilib
rium data for the adsorption of ammonium ion . Although 
data are sparse, and do not fit the model proposed in Equa
tion 18 as well as phosphate, the behavior may still be ap
proximated by a Freundlich-type model. Uptake of 
ammonium ion was rapid in these experiments, with sorp
tion largely complete in less than one day (for dilute solu
tions). Alternatively, in the case of nitrate ion, no 
appreciative sorption on peat was observed. Chloride is 
likewise not adsorbed by organic soils. 

Heavy Metals 

Many investigators have reported that heavy metals are 
often closely associated with sediments and upper-soil hori
zons [22], [23], [24], [25]. Actual measurements of equilib
rium uptakes in wetlands are difficult to obtain. Literature 
data consists almost entirely of specific compartmental as
says at a single point in time and offer very little informa
tion on potential removal rates or sorption equilibria . Metal 
concentrations in applied wastewater are usually quite low, 
typically below the detection limits of routine analytical 
work. A strong affinity for heavy-metal sorption would im
ply that soils could rapidly remove them from overlying wa
ters. Sorption of cupric ion on peat-muck soils has been 
studied by Sapek [26]. Typical uptake data are shown in 
Figure 10. 

Equilibrium sorption data as available from several 
sources are shown in Figure 11. These high soil capacities 
suggest that wetlands can remove heavy metals from waste
water very effectively. Removal rates are likely to be limited 
only by mass transfer from surface waters to the soil. Soil 
capacity for heavy metals has been observed to increase 
with organic content [22], [27] and pH and redox potential 
have also been shown to playa role [28], [29], [30], [31]. 

CONCLUSIONS 

In summary, the factors which control the rate and extent 
of ion sorption on peat and other wetland soils have not 
been fully elucidated. Rates are fast in comparison to typi
cal biological processes, thus suggesting a rapid capture 
mechanism such as adsorption, which can make nutrients 
more readily available to the organisms present . The pres
ence of these fast sorption mechanisms results in the ob
served first-order removal rates in wetland systems. 
Information is lacking on the temperature dependence of 
adsorption rates, and it is conceivable that during winter 
operation the sorption step may provide a significant resis
tance to nutrient removal. Operating experience with 
wetland treatment systems has revealed an apparent nutri
ent saturation phenomenon in the vicinity of wastewater 
introduction; this behavior is consistent with an approach 
to an adsorption equilibrium . The rate of nutrient removal 
in unsaturated zones may be limited only by mass transfer. 
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Treatment of Heavy Metals 
Wastewaters 

• 

What wastewater-treatment method is most cost-effective for electroplating 
and finishing operations? Here are the alternatives. 

Carl E. Janson, Robert E. Kenson, and Lawrence H. Tucker, Met-Pro Corp., Harleysville, Pa. 19438 

The Federal Government has allowed the General Pre
treatment Regulations to take effect as of January 31, 1982 
(46 Federal Register 4518). In addition, regulations for the 
electroplating industry have been reissued in the January 
13, 1982 Federal Register with a compliance date of Janu
ary 28, 1984. These regulations include maximum dis
charge criteria for heavy metals. These limitations closely 
parallel the present criteria promulgated for the plating! 
surface-finishing industry. The heavy-metals limitations 
can be broken down into two basic classifications - dis
charges less than 10,000 gallons per day, and those dis
charges greater than 10,000 gallons per day to Publicly 
Owned Treatment Works (POTW). There are complicated 
formulas for removal credits, but most platers will probably 
opt to comply with one of the two discharge schedules be
low (Table 1 and Table 2). 

This paper will present a discussion of alternative 
methods used to treat the typical heavy-metal wastewaters 
most often generated by electro-plating and surface
finishing operations. Before considering any form of waste
water treatment, it is essential that the manufacturer 
review and reduce his water usage wherever feasible. This 
can be done with rinse-tank controllers (conductivity), 
counterflow rinsing, flow restrictors, and foot pedals. 
Water-usage reductions will permit the manufacturer to re
duce the volume of wastewater generated and thus reduce 
the capital cost of the wastewater-treatment system. 

TABLE 1 

LIMITATIONS FOR DISCHARGES MORE THAN 
10,000 GALLONS PER DAY TO POTW 

Maximum Maximum for 4 
Per Day Consecutive Days 

Pollutant (mg!l) (mg/l) 

Cadmium 1.2 0.7 
ChromiumT 7.0 4.0 
Copper 4.5 2.7 
CyanideT 1.9 1.0 
Gold 1.2 0.7 
Lead 0.6 0.4 
Nickel 4.1 2.6 
Zinc 4.2 2.6 
Total Metals 10.5 6.8 

ISSN 0278·4491·82·6276·0212·$2.00. O'fhe American Institute or Chemical Engineers. 
1982. 
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After water-saving steps have been taken, flow studies 
and analyses of the waste streams must be conducted. With 
this basic information, wastewater treatment equipment 
can be selected and sized. Batch treatment can be used 
where flows are small, irregular, or where the strength of 
the waste may be quite high or extremely variable [1). A 
typical batch-treatment system is shown in Figure 1. Batch 
systems are available in various modes, ranging from com
pletely manual to fully automatic with a programmable 
controller. With a batch-treatment system, all treatment 
operations can be performed in one vessel, depending upon 
the presence of cyanide/chrome-bearing wastes. Contin
uous systems require the use of separate integral reaction 
units for each treatment reaction. 

Any wastewaters which contain high amounts of oils 
must first pass through some type of oil-separation equip
ment. Floating oils can be skimmed mechanically, while 
emulsified oils can be forced to separate either with chemi
cal aids, a coalescer, or with ultrafiltration. If BOD/COD is 
present in excess of the discharge criteria, either aeration or 
carbon adsorption must be used to reduce the BOD/COD to 
dischargeable levels [2) . 

ORIGIN OF WASTES 

Cyanide-bearing wastes generally originate from 
cyanide-bearing cleaners, cyanide dips, and plating solu
tions for the following metals: copper, zinc, cadmium, 
brass, bronze, silver, and gold. Both concentrated and di
lute wastes are possible. Concentrated wastes are the result 
of discarding spent solutions. Dilute wastewaters are the re
sult of dragout or carry-over from a process solution which 
is rinsed off the part. The two should be treated together 
with the concentrated cyanide wastes bled into the dilute 
stream. Cyanide waste streams should be segregated from 
other wastes for treatment. 

TABLE 2 

LIMITATIONS FOR DISCHARGES LESS THAN 
10,000 GALLONS PER DAY TO POTW 

Pollutant 

CN, Amenable 
Cd 
Pb 

Maximum per 
Day (mg/l) 

5.0 
1.2 
0.6 

Average of Daily Values 
For Four Consecutive 

Monitoring Days Not to 
Exceed (mg/l) 

2.7 
0.7 
0.4 
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Figure 1. Typical batch-treatment system. 

Chromate-hearing wastes originate from plating, bright 
dip, conversion coating, and anodizing. Again, wastes may 
he dilute or concentrated. Dilute wastes result from drag
out or carry-over from the process solution, which is re
moved from the work-piece, while concentrated streams 
result from the periodic dumping of spent baths or solu
tions. The two streams should he treated together with the 
concentrated chromate stream being bled into the dilute 
stream. Chromate streams must be segregated from other 
wastes for treatment. 

Acid/alkali wastes make up the balance of the wastewa
ter stream from most platers/finishers. The acids are 
generated from acid cleaners or pickling solutions, bright 
dips, acid dips, and their subsequent rinses. Alkalies result 
from alkaline degreasing and cleaning solutions and their 
subsequent rinses. The acid/alkali wastes, the cyanide
bearing wastes, the chromate-bearing wastes, nickel, cop
per, and zinc acid plating baths/rinses all contain heavy 
metals . 

CONVENTIONAL TREATMENT 

The most common method of treatment of cyanide 
wastes is alkaline chlorination. The chlorine may be added 
directly as chlorine gas, or in the form of sodium hypo
chlorite solution. The complete destruction of cyanide, i.e., 
conversion to carbon dioxide and nitrogen is a two-step oxi
dation process. The chemical reactions for the process with 
sodium hypochlorite appear in Figure 2. 

When chlorine gas is used, sodium hydroxide must be 
added in the initial reaction to form sodium hypochlorite. 
Oxidation of the cyanides then proceeds by the same mech
anism. Both stages of the reaction are pH-dependent. With 
the first stage, the reaction rate decreases as the pH de
creases. In the second stage, the reaction rate increases as 
the pH decreases. It is, however, very important to note 
that, in the second stage, pH's below 7 must be avoided 
since at these low pH's cyanate will convert to ammonia. 

The use of ozone as an oxidizing agent for cyanides is 
growing in popularity. The oxidation process occurs at am
bient temperatures and can easily be automated. The major 
disadvantage is that ozone must be generated on-site and is 
relatively expensive. In addition, oxidation beyond the cya
nate level is limited. 

1st Stage 

NaOCI NaCN (pH 10.5) 

(Sodium Hypochlorite) + (Sodium Cyanide) 

NaCNO 

(Sodium Cyanate) 

2nd Stage 

2NaCNO 

(Sodium Cyanate) 

2CO, 

(Carhan Dioxide) 

NaCI 

+ (Sodium Chloride) 

NaOCI H20 
+ (Sodium Hypochlorite) + (Water) 

(pH 8) -
+ 

N, 3NaCI NaOH 

(Nitrogen) + (Sodium + (Sodium 
Chloride) Hydroxide) 

Figure 2. Cyanide oxidation. 
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The chromate-bearing wastes must first undergo reduc
tion from the hexavalent state to the trivalent state. This 
can be accomplished with various reducing agents, the most 
common being sodium meta bisulfite, ferrous sulfate, and 
sulfur dioxide. The reaction of sodium metabisulfite with 
chromate is shown in Figure 3. 

The oxidation-reduction potential can be used to plot the 
course of the reduction reaction for chromate and the oxi
dation reaction for cyanide. Thus, an ORP meter/controller 
is an essential component, along with a pH meter/controller 
to assure proper treatment of cyanide and hexavalent 
chrome. Once they have been treated they can be combined 
with the general acid/alkali wastes for suhsequent pH ad
justment and the precipitation of heavy metals. 

Single-stage continuous neutralizers are usually suitable 
for electro-plating wastes, using acids, sodium hydroxide, 
or lime. If the wastewater is subject to rapid pH variations 
or flow variations, a two-stage system should be used [1]. 
The retention time in each vessel is typically ten minutes. 
The term "neutralizer" is a misnomer today, because of the 
treatment to a specific pH for optimum heavy-metals re
moval. Metals precipitate at various levels of pH, depend
ing on various factors such as: the metal itself, the insoluble 
salt that has been formed (e .g., hydroxide, sulfide, etc.), 
the presence of complexing agents such as EDTA (ethylene 
diamene tetraacetic acid), ammonia, acetic acids, etc. [3]. 
Theoretical curves for the precipitation of various metals as 
hydroxides are shown in Figure 4. 

When two or more heavy metals are present in the same 
waste stream, the optimum pH for precipitation may be 
different than the optimum pH for one particular ion. In 
order to determine the optimum treatment process, a 
bench-scale laboratory testing program should be con
ducted and should include the use of various chemicals and 
various pH ranges to determine their effect in producing the 
best effluent. Various polymers should also be tested for 
their use in improving the settleability of the metal precipi
tates. Polymer is typically added immediately after pH 
adjustment in a flocculation vessel. The flocculated waste
water is then permitted to settle. 

Various types of settling vessels are availahle. They in
clude conventional center feed-peripheral discharge circu-

3NaHSO, 

(Sodium bisulfite) 

C r2(SO,j, 

(Chromic sulfate) 

2H,CrO, 
+ + 

(Chromic Acid) 

3H2SO, E (pH 2.0) 

(Sulfuric Acid) 

~I 
~ 

I 
I 

3NaHSO, SH 20 
+ 

(Water) + (Sodium bisulfate) 

Figure 3 . Chromat. reduction. 

l00~------~-----'~--------' 

10 

1.0 

2 3 4 

Figure 4. Precipitation of heavy "'.'01. 01 hydroxide •. 
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lar clarifiers, rectangular conventional clarifiers, slant-tube 
clarifiers and lamella-type clarifiers. The slant-tube and 
lamella-type clarifiers offer improved settling while occu
pying less area than conventional clarifiers. The precipi
tated sludge from the clarifier is removed at 1-2% solids for 
further thickening in a sludge thickener and/or subsequent 
dewatering. 

The clarifier overflow may contain residual suspended 
solids requiring removal with a polishing filter. This ensures 
maximum removal of metals. A dual-media gravity filter or 
pressure filter is the most prevalent choice for filtration. 
When the filter reaches terminal head loss, it must be back
washed, which takes 15-20 minutes. During this time, it is 
out of service, with the main sump (feeding the pH
adjustment unit) holding the incoming flow. One alternate 
to this is to use a duplex filtration system assuring contin
uous operation. Effluent polishing can also be provided 
continuously with the DynaSand'" Filter which is a 
continuous-backwashing, upflow, deep-bed granular
media filter. The feed is introduced into the bottom of the 
unit and flows upward through a series of riser tubes and is 
then evenly distributed through the distribution hood. The 
influent flows upward counter to the downward-moving 
sand bed; the filtered effluent then exists via an overflow 
weir. The sand bed and the accumulated solids are drawn 
downward into the suction of an airlift pipe at the center of 
the filter which transfers the slurry upward through the 
center of the unit. The scouring action frees the solids and 
they are then separated in the washer/separator which re
turns the sand to the filter and the solids to the reject 
stream. This device permits continuous backwashing utiliz
ing 2-3 % of the flow. The filtered, treated wastewater is 
then discharged to the POTW. 

After the sludge has been collected from the clarifier, it is 
pumped to a sludge-thickening device. Usually, a conical
bottom tank is used with decant connections located on the 
side of the tank. This enables the initial collected sludge to 
be concentrated from 1-2 % solids by weight to a final con
centration of 4-8 % solids by weight. Thickening improves 
the performance and efficiency of the final dewatering 
process and results in substantial volume reductions to re
duce both the disposal and handling costs. From the sludge
thickening tank the sludge can be further dewatered with 
the use of a centrifuge, vacuum filter, or a plate-and-frame 
filter press. 

A vacuum filter can work either continuously or as a 
batch operation. The common type of vaccum filter is the 
rotary-drum vacuum filter. This unit has three basic zones 
of operation: 1) slurry pick-up, 2) cake-drying area, 3) 
scraper/discharge. The system is constructed as a cylinder 
with various types of filter media. The cylinder is usually 
submerged about 40 % with the speed of rotation set to ob
tain optimum pick-up, dewatering, and cake removal with 
the filtrate returned to the main process sump for re
treatment. The dewatered cake contains from 20-30 % 
solids [4]. 

The filter press is one of the most common devices uti
lized for the dewatering of metal-hydroxide sludges. The 
system consists of a frame to support the plates. Plates can 
be either of the gasketed or non-gasketed type. Typically, 
the press is opened or closed with either a hydraulic system 
or a hand crank. The hydraulic system reduces the manual 
cranking labor. Once the press has been closed, the sludge is 
pumped to the press, where it disperses to each chamber si
multaneously. Under pressure, the solids deposit uniformly 
on the surface of the cloth with the initial build-up acting as 
a filter. In most applications, the cake will build up to com
pletely fill the chamber in about a two-hour period with the 
pump "stalling-out" when the chambers are full. The pump 
is then turned off and air is blown into one of the discharge 
ports of the press to remove any excess water and to sepa
rate the cake from the filter media. The press is then opened 

214 August, 1982 

and the dewatered cake removed from the unit. The press 
typically produces sludge containing 20-40 % solids by 
weight, while requiring only minimal manual labor. 

In applications where the volume of sludge to be dewa
tered is large, the use of a centrifuge is very economical. 
The slurry is fed to the center of the unit, where it is acce
lerated with the rotational speed of the unit and packs on 
the outside bowl of the unit with the clear liquid collected 
through a filter screen . The heavier solids are forced to
wards the sludge discharge where they are typically re
moved by a screw conveyor. The concentrate is returned to 
the main process sump for reprocessing. Centrifuges can 
produce dewatered cakes of 15-25% solids by weight. 

Bag filters are also used on occasion to dewater sludge. 
Some units utilize a series of open filter bags, while others 
utilize pumps to feed bags in a central housing. The bags 
can produce cakes ranging from 6-12% solids by weight. 
Once the sludge has been dewatered, it must be disposed of 
and this requirement is often the major factor in selecting a 
more effective dewatering process. 

SULFIDE PRECIPITATION 
Sulfide precipitation can be more practical than hydrox

ide precipitation in removing chromium because it directly 
reduces the hexavalent chrome to its trivalent state, 
eliminating the need for intermediate pH control. Sulfide 
precipitation is accomplished with either the soluble-sulfide 
or insoluble-sulfide process. With the insoluble process, an 
excess of ferrous sulfide is added. enabli~g the iron to give 
up its sulfide and to precipitate any metal with a lower sol
ubility than the ferrous sulfide. With alkaline pH, the iron 
precipitates in the hydroxide form. In the soluble-sulfide 
process, a sulfide-ion probe is utilized to measure/control 
the addition of soluble sulfides such as sodium sulfide or so
dium hydrosulfide. The soluble-sulfide system typically re
quires a higher chemical demand and produces a larger 
volume of sludge than hydroxide precipitation. Sulfide pre
cipitation is relatively insensitive to the presence of most 
chelating agents and performs well on many complexed 
heavy metals [2] . But sludge disposal can present a problem 
with no adequate data available to confirm the existence of 
sulfide sludges with long-term stability and it therefore may 
be difficult to obtain regulatory agency approval to dispose 
of the sludge in some areas [5]. 

ELECTROCHEMICAL REDUCTION 

Chromium reduction is the most common application for 
electrochemical reduction/precipitation. This process uti
lizes consumable iron electrodes and electricity to generate 
ferrous ions, which react with the hexavalent chrome to 
produce trivalent chrome. Because of the introduction of 
ferrous ions into the waste stream, some additional solids 
will be generated. Maintenance includes biweekly replace
ment of electrodes and washing of electrodes (10-15 
minutes/day). The conventional chemical reduction system 
has a combined treatment and sludge-disposal cost advan
tage over the electrochemical method when the influent 
Cr·" exceeds 5 ppm [2]. 

INTEGRATED WASTEWATER TREATMENT 

The integrated-system approach incorporates the waste
treatment step as part of the actual plating operation . In 
this type of system, the drag-out on the work-piece is 
treated in a rinse tank that contains the treatment chemi
cal. For example, immediately following the chromic-acid 
bath there would be a chromic-acid waste-treatment rinse. 
This rinse would be in a closed loop with a chromium 
waste-treatment reservoir which is continually dosed with 
the required make-up sodium bisulfite, or other reducing 
agent. Following the treatment rinse, there would be a wa
ter rinse tank which would discharge to the conventional 
waste-treatment system for pH adjustment and removal of 
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any heavy metals; however, the chrome would now be in 
the trivalent stage. A similar approach is utilized following 
the cyanide baths. 

INSOLUBLE STARCH XANTHATE 

Insoluble starch xanthate (ISX) is a recent process devel
oped by the U.S. Department of Agriculture to remove 
heavy metals from wastewater. ISX is made from commer
cial crosslinked starch by reacting the starch with sodium 
hydroxide and sodium disulfide. To give the product addi
tional stability and improve the settling rate, magnesium 
sulfate is added. ISX acts as an ion-exchange material, ex
changing the heavy-metal ions and replacing them with 
manganese and sodium ions. The process generates a signif
icant amount of sludge, although the sludge does settle rap
idly and can be dewatered to 30-90 % solids by weight. This 
sludge is very stable with no leachate problems evident. ISX 
is very effective in the treatment of complexed copper but 
can also be used with most heavy metals. 

ELECTROLYTIC TECHNIQUES 

Electrolytic techniques have recently been utilized to 
plate out dissolved metals, reduce chromium, and to oxi
dize cyanide from wastewater. The major operating cost is 
the electrical current, with no chemical trea tment re
quired. The high electrical resistance of dilute solutions has 
made only more concentrated rinses economically treatable 
until very recently. Two companies are presently actively 
marketing electrolytic-treatment systems. 

EVAPORATION 

The evaporation process has been utilized successfully on 
virtually all types of plating baths. One of the most impor
tant benefits of the evaporative recovery system is that it en
ables the return of drag-out wastes of higher concentrations 
than the original bath. In those installations, where the 
evaporation losses are minimal, and where the drag-in is 
equal to the drag-out, there is considerable merit in the use 
of evaporative recovery. There are basically three types of 
evaporators: vacuum evaporators, thin-film evaporators, 
and atmospheric evaporators. 

Vacuum evaporators utilize reduced pressure to lower the 
boiling point of the solution, therefore allowing a lower 
rate of decomposition of cyanide solutions. This also re
duces both the carbon-dioxide adsorption and the air en
trainment of the solution being boiled. 

The thin-film or rising-film evaporators are designed to 
provide a very fast rate of heat input to a thin film of solu
tion. This minimizes both crystallization and solids precipi
tation on the heat-exchanger surfaces, resulting in lower 
maintenance requirements and better efficiency in the heat 
transfer. The thin-film and rising-film evaporators can be 
combined with vacuum evaporation to take advantage of 
the benefits of both processes, inhibiting any thermal 
degradation of the solution additives and reducing energy 
consumption. 

Atmospheric evaporators are normally operated below 
the boiling temperatures. The evaporator column is de
signed similarly to an exhaust scrubber, with a vent fan 
passing a large volume of air through a packed column 
where the warm solution is sprayed from the top. The ex
haust air is saturated with water. The atmospheric evapora
tors are very cost-effective with chromic acid, when used in 
conjunction with the scrubbing of the plating-tank exhaust. 

The savings and economics for evaporation are depen
dent on the concentration of rinse water being evaporated 
and the volume of drag-out. Chromic-acid plating solutions 
do contain contaminants which, when evaporated and re
turned to the bath, can result in bath failure. The use of a 
cation exchanger before the wastes are concentrated in an 
evaporator is therefore recommended [7]. 
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REVERSE OSMOSIS 

The name "reverse osmosis" was originally derived be
cause it is the transport of water in a reverse direction of 
normal osmosis, where water flows from a less concentrated 
solution through a semi-permeable membrane to a more 
concentrated solution . The feed solution flows over the sur
face of the membrane. The membrane is typically a cellu
lose acetate film very similar to heavy cellophane. Pressure 
is utilized to force a percentage of the water in the solution 
through the membrane while a little of the initial water, en
riched in solutes, remains to be transported away. The solu
tion entering the membrane is designated as the feed, while 
the material forced through the membrane is called the per
meate. The enriched solute water is referred to as the con
centrate or reject stream. 

The major difficulty with reverse osmosis (RO) Systems is 
the problem of maintaining membrane performance. The 
pH must be maintained in a pH range of 2.5 to 11 to ensure 
reasonable membrane life. Good filtration should always 
be utilized to protect the membrane surface from fouling. 
Reverse osmosis has great potential for the recovery of raw 
metal materials in the metal-finishing rinses after plating. 
At present, systems have been utilized on chrome, nickel, 
and copper plating-line rinses, producing as the by-product 
pure water for re-use. 

ION EXCHANGE 

Ion exchange is a reversible chemical reaction, where an 
ion from the solution is exchanged for a similarly charged 
ion attached to a solid particle. Typically, synthetic organic 
resins are utilized because of their superior capabilities of 
being manufactured for specific applications. The organic 
resin is composed of polyelectrolytes with a high molecular 
weight, which can exchange their mobile ions with those of 
a similar charge in the surrounding medium. Ion exchange 
is ideally suited for dilute solutions, with the treated water 
being of very high purity. Although every known metal has 
been recovered, separated, and purified by some ion
exchange process in the laboratory, on a commercial scale 
only a few are treated with ion exchange [9]. Economics 
plays the major role in determining whether it is feasible to 
treat with ion exchange. 

There are various types of resins, but the two basic classi
fications are cationic and anionic. The cationic resins have 
positively charged mobile ions available for exchange, 
while the anionic have negatively charged mobile ions 
available for exchange. Both of these groups can be further 
classified as strong- or weak-base anion exchangers, or 
strong- or weak-acid cation exchangers, and are so named 
because of their chemical behavior. Most industrial applica
tions utilize columns with fixed beds of ion-exchange resin. 
Once the resin has become exhausted, the system must be 
regenerated . A cationic resin is regenerated with acid, 
which ellutes the 'collected positively charged ions and re
places them with H + ions followed by a slow water rinse to 
remove any residual acid. An anionic resin is regenerated 
with caustic which ell utes the collected negatively charged 
ions and replaces them with OH- ions. 

Ion exchange is used in the metals and plating industries 
to remove trace pollutants from wastewater after a conven
tional system or to recover bath-solution drag-out from 
rinse water and to return the purified water for re-use. One 
exam pie is the use of ion exchange to recover and return 
chromic acid to the bath . The rinses are first collected in a 
holding tank, where they are pumped at a constant rate 
through a sand filter and an activated-carbon filter. Four 
columns are utilized, two anion columns and two cation 
columns. The flow is first pumped to the cation column and 
then through two anion columns. The cation column is uti
lized to remove any heavy-metal contaminants while the 
anion columns remove the hexavalent chromium from the 
rinse water. When the first anion column has been ex-
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Legend: 
C=..-Jve_ne 
A = anlorHeleclMt ............ 
U' = cettona 
X- = anions 

Figure 5. Electrodialysis unit flow schematic. 

hausted, it is removed from operation and regenerated with 
caustic and returned on-line as the second column. The 
caustic regenerant stream is now sodium chromate and is 
passed to the second cationic column. The sodium ions are 
exchanged for hydrogen ions, producing chromic acid and 
water, and can be returned to the bath. When the cationic 
columns are exhausted, they must be regenerated with 
caustic, with the regenerant treated for removal of heavy 
metals and pH adjustment. 

The major disadvantage of the ion-exchange system is the 
need to be regenerated after exhaustion. This produces a 
concentrated waste stream which has to either be treated or 
hauled away for disposal. 

ELECTRO DIAL YSI5 

Electrodialysis is used to concentrate or separate ionic 
species in a water solution. A water solution is passed 
through alternately placed anionic and cationic permeable 
membranes with an electric potential applied across the 
membranes. The electric potential provides the force to en
able ion migration. Therefore, there are two hydraulic cir
cuits, one which is ion-depleted while the other is 
ion-concentrated. The electrical potential across the mem
brane determines the degree of purification/concentration 
needed to return the plating chemicals to the bath [2]. 
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Fate of Specific Pollutants 
During Wet Oxidation and 
Ozonation 

Where do the pollutants wind up in oxidational purification processes? Here is 
a well documented experimental study. 

C. Robert Baillod, Bonnie M. Faith, and Orlando Masi, Michigan Technological University, Houghton, Mich. 49931 

Wet oxidation and ozonation are similar in that both pro
cesses accomplish oxidation of organic matter in aqueous 
solution. Whereas ozonation relies on the oxidation poten
tial of dissolved ozone at ambient temperatures and pres
sures, the wet-oxidation process employs an excursion in 
temperature and pressure to establish favorable conditions 
for dissolved oxygen to react. Typical conditions for wet oxi
dation range from 200°C and 4 MPa to 315°C and 15 MPa. 
Both processes have application in the removal of specific 
organic substances from aqueous waste streams. Ozonation 
would be expected to offer economic advantages over wet 
oxidation for more dilute wastes. As the concentration of 
oxidizable organic matter increases to roughly 4 %, the wet
oxidation process becomes thermally autogenous and fur
ther increases in concentration of oxidizable organic matter 
can lead to energy recovery. 

Additional similarities between the processes are that 
each involves interphase mass transfer of oxidant from the 
gas to the liquid state and the rate of each may be limited by 
the rate of mass transfer. Furthermore, each process has 
been reported to produce a residual of low-molecular 
weight organic acids which are oxidized only slowly. Fi
nally, it has been hypothesized by various investigators that 
hydroxyl radicals play an important role in the reactions of 
each process. 

The purpose of the research reported in this paper is to 
assess the ability of wet oxidation and ozonation to destroy 
five typical priority pollutants (phenol, 2-chlorophenol, 
1,2-dichloroethane, 4-nitrophenol, and dimethylphtha
late). Particular attention has been paid to interpreting the 
batch kinetic data, exploring the influence of initial pH on 
ozonation and identifying and measuring the low
molecular weight organic acids produced. 

BACKGROUND 

Reaction. and Product. 

Rice and Browning [1,2) have compiled an extensive lit
erature review of the reactions occurring and products pro
duced during ozonation of various classes of organic 
compounds. It has been reported that ozone reacts with ar
omatic compounds to produce catechol and hydroquinone 
followed in turn by muconic, maleic, glyoxylic, glycolic, 
oxalic, and formic acids. The corresponding aldehydes have 
frequently been detected as precursors of these acids. Be-
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cause the lower-molecular weight acids generally react 
more slowly than their parent compounds, the rate of total 
organic carbon removal decreases with time. Although it 
has been reported that formic acid is readily converted to 
CO2 by ozone, Japanese workers [3) have recently observed 
formic acid to be the major organic product produced dur
ing ozonation of phenol. 

In contrast to ozonation, significantly less research has 
been reported on the reaction products produced during 
wet oxidation of specific substances. Knopp et al. [4) indi
cate the major intermediate and end products of wet oxida
tion to be primarily low-molecular weight acids (acetic, 
formic) with lesser amounts of low molecular weight alde
hydes. Acetic acid has been reported to be a major end 
product produced during wet oxidation of phenol, 2-
chlorophenol [5), and propionic acid [6). 

Various investigators have hypothesized hydroxyl radicals 
to play an important role in the reactions of wet oxidation 
[7,8) and ozonation [9). In view of this, one might expect 
similarities between the reaction products produced by 
each process. 

Ozonatlon Kinetic. 

The kinetics of the ozonation reaction have been ex
pressed as [9,10): 

ko C(03) (1) 

where 

rate of reaction of organic per unit volume, 
mol L-3 t-I 

k., reaction rate constant, L' mol-I t-I 

C aqueous concentration of organic reactant, 
mol L-3 

0 3 = aqueous concentration of ozone, mol L-3 

For phenol, the reaction-rate constant has been shown to 
increase with pH. A reasonable explanation is that, as pH 
increases above 3, ozone decomposes to form highly reac
tive hydroxyl radicals and phenol ionizes to form the more 
reactive phenolate ion (pK = 9.9). Hoigne and Bader [9) 
have proposed a reaction scheme in which ozone itself re
acts directly and selectively with specific organics at low 
pH values. At higher pH values, the reaction is less selective 
and is accomplished by the decomposition products of 
ozone such as hydroxyl radicals. The following values have 
been given for ozonation rate constants [10): 
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phenol- 400 (!(mol'sec) (20°C, low pH, 
direct reaction) 
2-chlorophenol - 200 f!(mol·sec) (20°C, low pH, 
direct reaction) 
phenolate ion - 1.3 X 107 fI(mol·sec) 

Gurol [10] recently studied the kinetics of ozone decom
position and reaction with phenol and developed a mathe
matical model to predict the profiles of phenol, m uconic 
acid, hydroquinone, and catechol during semi-batch 
ozonation experiments at pH 3. At higher pH values, the 
model failed to describe the observed profiles, presumably 
because the reaction rates were increased to the point where 
a significant amount of ozone reacted in the film and en
hanced the mass-transfer rate. 

Others [11,12] have described the phenol profile during 
semi-batch ozonation by: 

dC CIt = KcFC (2) 

where 

K, combined rate constant, mol phenol 
(mol 0 3)-' 

F dosage rate, moles of ozone per minute per 
mole phenol initially present, mol mol-' t-' 

This expression combines the effects of mass transfer and 
reaction and, because of this, the combined rate constant, 
K" is system-specific. 

Wet·Oxldatlon Kinetics 

Many of the literature reports on wet oxidation do not 
lend themselves to kinetic interpretation because they are 
concerned with heterogeneous mixtures such as sludge or 
are based on nonspecific measures such as chemical oxygen 
demand. However, a few studies on pure substances have 
been reported. 

Pruden and Le [13] expressed the kinetic rate equation 
for wet oxidation of phenol as: 

r = k. C(O.) (3) 

where rand C are as defined above, 

kw = wet oxidation reaction rate constant, L3 mol-' t-' 
0. = aqueous concentration of oxygen, mol L-3 

These workers evaluated O. in terms of KLa and Henry's 
constant to develop a flow reactor model which was sup
ported by their data . Ploos van Amstel [14] studied wet oxi
dation of glucose and, based on an apparent half-order 
dependence of the reaction rate on glucose concentration, 
concluded that the reaction took place in the diffusive film 
and was mass-transfer-limited. Recently, Skaates et al. [15] 
pointed out that this half-order dependence is in accord
ance with a reaction following the kinetics of Equation 3, 
taking place with the diffusive film. 

EXPERIMENTAL 

Ozonatlon 

The ozonation reactor consisted of a glass tube 2.54 cm in 
diameter with a liquid depth of 50 cm and a total height of 
61 cm. Ozone was fed through a single 1.6-mm orifice at 
the bottom. During typical experiments, 250 ml of aqueous 
solution at 25°C and initial reactant concentration of 50 
mg!f or 1000 mg!f was contacted with 0.6 flmin of ozona
ted air produced by a Welsbach T-BI6 ozonator. The ozone 
concentration in the feed gas averaged 25 mg!f and the 
mass rate of ozone fed to the reactor averaged 15.6 mg!min. 
Ozone in the feed and exit gas was determined by passing 
these streams through 2 % KI traps followed by a wet test 
meter. During several experiments, the KI traps were al
ternated at 2-minute intervals so that ozone consumption 
could be measured as a function of time. Figure 1 shows a 
diagram of the ozonation system. 
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Figure 1. Schematic Diagram of experimental ozona'ion 'Yltem. 

Initial pH values of 10 and 6 were obtained by dissolving 
the organic reactant in the following phosphate buffer solu
tions: 

pH 10: 0.05 M Na.HPO" 1.5 X 10-' M NaOH 
pH 6 : 0.1 M KH2PO" 1.1 X 10-2 M NaOH 

The ionic strength of each solution was approximately 0.15. 
The mass-transfer characteristics of the ozone reactor were 

determined by measuring the volumetric mass-transfer coeffi
cient, Kl.a, for oxygen using the unsteady-state reaeration 
method coupled with the exponential model and non-linear 
least-square parameter estimation [16,17]. This resulted in an 
oxygen KI. a value of 1.05 min-' at an air rate of 0.6 flmin. The 
corresponding Kl.a value for ozone was estimated by assum
ing that the volumetric mass-transfer coefficient varied as the 
diffusivity to the 0.5 power. 

(Kl.a)o.1 = (K,.a)o. (00.1\ 11.5 

\002/ 

(4) 

At 25°C, the Wilkie-Chang relationship [18] gave 1.89 x 10-5 

cm'!sec for Do3. The tabulated diffusivity of oxygen [18] (2 .5 
x 10-' cm'!sec at 20°C) was adjusted to give 2.84 x 10-5 cm2! 
sec. Therefore (Kl.a)", was computed to be 0.86 min-' or 81 % 
of the corresponding value for oxygen which agreed well with 
independent measurements [10]. Gurol [10] observed a 
marked increase in Kl.a in the presence of 50 mg!f of phenol in 
a fine-bubble reactor at low pH values. However, 50 mgtr of 
phenol did not influence the Kl.a value measured in this study. 
Photographs were taken of the column gassed at 0.6 f!min to 
determine [19] the surface area to volume term, a, as 0.335 
cm-'. This allowed the film-transfer coefficient, KI., to be cal
culated as Kl.a!a = 2.56 cm!min = 0.043 cm!sec. 

Wet Oxidation 

The wet-oxidation reactor was a stirred 1.8-liter titanium 
vessel (Parr Instrument Company) equipped with automatic 
temperature control, variable-speed stirrer and tachometer. 
Figure 2 shows a diagram of the reactor along with the sam-

Figure 2. Schematic Diagram of experimental wet oxidation sYltem. 
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piing and injection system. The reactor was charged with 900 
ml of distilled water, purged with oxygen, sealed, and 
brought to a stable condition at the desired temperature. A 
5O-ml solution of reactant was loaded into injection tube I 
and a 50-ml distilled water wash was placed into injection 
tube 2. Injection was accomplished by pressurizing the injec
tion system with oxygen and using this pressure to sequen
tially force the contents of both tubes into the reactor. The 
initial concentration of organic reactant was normally 5000 
mg/fl and the initial oxygen pressure was set so that the O.S-li
ter headspace contained enough oxygen to completely oxidize 
the reactant and still maintain at least a 0.34 MPa (50 psi) oxy
gen overpressure. The initial and final total pressures, there
fore, depended on the reactant and the temperature. Typical 
values of the initial pressure were 3.9 MPa (580 psi) at 204°C, 
5.2 MPa (760 psi) at 232°C, and 7.1 MPa (1050 psi) at 260°C . 
Liquid samples were withdrawn at times of 0, 2, 5, 15, 30, 
and 60 minutes, and a gas sample was taken at the conclusion 
of the experiment. 

Analytical 
Total organic carbon was measured using a Beckman 915-B 

. Carbon Analyzer. 4-Nitrophenol was measured by liquid 
chromatography (LC) using a Hewlett-Packard 1084B liquid 
chromatograph. The LC conditions were reverse phase, wa
ter and acetonitrile for the mobile phase, using an ODS-CIS 
column with a UV detector at 254 nm. The other organic 
reactants and oxidation products were measured by gas chro
matography (CC). 

A Hewlett-Packard 5830 gas chromatograph was used to 
measure phenol, 2-chlorophenol, dichloroethane, and di
methyl phthalate. The colums and conditions were: 

Phenol: column Anakrom A 90/100, 5% NPCSB and 
1% H3PO" I.S m x 6.4 mm x 2 mm 
glass 

Conditions: direct injection, injection tempera
ture, 250°C; column temperature, 
235°C; gas rate, 43 mllmin; FID 

2-Chlorophenol: column: H,pO, treated Porapak QS, 
I.S m x 3.2 mm glass 

Conditions: direct injection; injection 
temperature, 225°C; col
umn temperature, 240°C; 
gas rate, 5 mllmin; FlO 

1,2-Dichloroethane: column: same as 2-chlorophenol 
Conditions: direct injection; in

jection temperature, 
225°C; column tem
perature, IS5°C; gas 
rate, 134 mllmin; FID 

Dimethylphthalate: column: Tenax CC, 60 x SO 
mesh I.S m x 6.4 mm 

Conditions: direct injection; in
jection temperature, 
250°C; column temper
ature, 240°C; gas rate, 
16 mllmin; FlO 

Wet-oxidation samples were analyzed for acetaldehyde, ac
etone, and acetic acid using the Hewlett Packard 5830 equip
ment with a H3PO,-treated Porapak QS column. The 
conditions were: 

direct injection; injection temperature, 250°C; column 
temperature, 185°C; gas rate, 23 mllmin; FID 

Organic acids were measured by the procedure of Salanitro 
and Muirhead [20] in which the samples were subjected to a 
butyl-esterification process. Subsequently, the butyl esters 
were identified and measured by gas chromatography using a 
Hewlett Packard 5880 gas chromatograph equipped with a 
SP-2100, 25-mm silica capillary column. The conditions 
were: 
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splitless technique with valve interrupt of the purge for 
30 seconds; temperature program, 40°C, SOC/min for 5 
minutes then 20°C/min to 250°C; gas rate, carrier gas 
(helium) at 5 mllmin, nitrogen auxilary makeup at 30 
mllmin; FlO 

The chromatograms indicated the following peak retention 
times for the butyl esters. 

Butyl Ester of Typical Peak Retention Time, min 
Formic acid 3.85 
Reagent 3.9 
Acetic acid 4.57 
Reagent 5.64 
PropioniC acid 5.84 (internal standard) 
Butyric acid 7.00 (reagent) 
Oxalic acid 10.55 
Malonic acid 11.20 (internal standard) 
Maleic acid II. 92 
Succinic acid 12.10 
Muconic acid 14.20 

RESULTS AND DISCUSSION 

Evaluation af Air Stripping During Ozanatlan 

Quantities of organic reactants removed by possible volati
lization were estimated by conducting air-Stripping experi
ments under conditions identical to those of the ozonation 
experiments. Decreases in organic reactant concentrations in
dicated removal by volatilization. 

Table I shows the results of air-stripping experiments 
conducted at a gas rate of 0.6 Ilmin on a liquid volume of 
0.25 I containing initial organic concentrations of 50 mglt. 
Relative concentration, defined as the ratio of the concen
tration to the initial concentration, did not decrease signifi
cantly for phenol, 2-chlorophenol (2CP) , 4-nitrophenol 
(4NP), and dimethlphthalate (DMP). However, 1,2-di
chloroethane (DCE) showed appreciable volatility as the 
measured relative concentration decreased by 95 % during 
the first 30 minutes of air stripping. Because of this, no 
ozonation experiments were conducted using DCE. the 
measured relative concentrations generally agreed with rel
ative concentrations predicted by assuming a completely 
mixed liquid phase with the solute in the exit gas in equilib
rium with the liquid [21]. For this case, a mass balance for 
the solute gives: 

dC 
V!. dt - -CHC (5) 

where 

TABLE I. MEASURED AND PREDICTED RELATIVE 
CONCENTRATIONS DUmNG AIR STmpPING 

C 
Measured Relative Concentration = Co 

Time 
(min) Phenol 2-CP 4-NP DMP DCE 

0 1.00 1.00 1.00 1.00 1.00 
5 1.05 1.00 1.00 0.64 

10 0.98 1.04 1.00 0.80 0.37 
20 1.01 1.00 1.00 0.91 
30 1.00 1.07 1.00 0.96 0.048 
60 1.04 0.93 1.04 0.95 0.01 

C 
Predicted Relative Concentration = Co 

Time 
(min) Phenol 2-CP 4-NP DMP DCE 

30 0.999 0.93 0.97 0.998 0.03 
60 0.998 0.87 0.93 0.997 0.0007 

August, 1982 219 



V L = volume of liquid in reactor, V 
G = volumetric gas flow rate, L3 t-1 
H = Henry's law constant, defined by H = C",C', di· 

mensionless 
C' = aqueous concentration of solute in equilibrium 

with gas phase, mol L-3 
Cg = concentration of solute in the gas phase, mol L-3 

Integrating gives: 

~ = exp [-H~ tJ 
Co VL 

(6) 

where Co = aqueous concentration of solute at time zero, 
moIL-3. 

For the conditions of the stripping experiments, 

~ = 0.6 (Imin = 2.4 min-1 
VL 0.25 f 

Equation 6 was applied with the known values of Henry's 
constant [22] listed in Table 2 to calculate the predicted rel
ative concentration values listed in Table 1 for times of 30 
and 60 minutes. The predicted and measured concentra
tions were in general agreement. The assumption that the 
exit gas is in equilibrium with the liquid caused the pre
dicted relative concentrations to reflect the maximum possi
ble volatilization. In view of this and the volatilization 
reflected by the measured relative concentrations, it is seen 
that removal of reactant by volatilization was insignificant 
for phenol, 4NP, and DMP. For 2CP, volatilization removed 
a small amount (about 10%) of the solute over 60 minutes, 
whereas nearly all of the DCE was volatilized. 

Substance Removal Panerna During Ozonatlon 

Figures 3 through 8 show the substance and total carbon 
removal patterns observed during ozonation of phenol, 2-
chlorophenol, 4-nitrophenol, and dimethylphthalate at ini
tial pH levels of 6 and 10. Even though the solutions contained 
a phosphate buffer, the buffer intensity was insufficient to 
maintain constant pH. The initial pH values of 10 and 6 de
creaset! to about 8 and 4.5, respectively duringozonation. It is 
shown that the rate of reaction between ozone and the pri
mary organic substance was limited by the rate of ozone 
transfer. Because of this it was not possible to determine ki
netic rate constants directly from the removal patterns. For 
purposes of comparison, the substance and total organic car
bon removal patterns were modelled by an empirical expo
nential equation: 

C Co = exp (-mt) (7) 

where C = aqueous concentration of solute or TOC at 
time t, mol L-3 

Co = aqueous concentration of solute or TOC 
at time zero, mol L-3 

m = removal parameter, t-1 

This empirical model was fitted to the substance and TOC 
data by nonlinear least-squares regression [17] and is shown 
by the curves on Figures 3 through 8. The solutions were pre-

TABLE 2. VALUES OF HENRY's CONSTANT USED TO CALCULATE 

PREDICTED RELATIVE CONCENTRATIONS 
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Substance 

Phenol 
2-Chlorophenol (2-CP) 
4-Nitrophenol (4-NP) 
1,2-Dimethylphthalate (DMP) 
1,2-Dichloroethane (DCE) 
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Henry's Constant 

moll! gas 
mollt liquid 

1.31 X 10-5 
10-3 

4.68 X 10-4 
2 X 10-' 
5 X 10-2 
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Figure 3. Phenol and TOC destruction during ozonation at pH 6. 
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Figure 4. Phenol and TOC destruction during ozonolion at pH 10. 
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figure 5. 2-Chlorophenol and TOC destruction durinll ozonalion 
at pH 6. 

pared so that initial concentrations, Cn, of specific substances 
were approximately 50 mg/f and the samples taken at time 
zero showed concentrations within 10 % of this value. To al
low for error in c." best-fit values of this parameter were esti
mated along with the best·fit values of m by nonlinear 
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regression. Table 3 shows the parameter estimates which re
sulted from fitting the empirical exponential equation to both 
the specific substance and total organic carbon removal pat-
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terns. Although phenol and 4-nitrophenol showed higher 
values of m for specific substances under alkaline conditions, 
2-chlorophenol yielded a greater specific substance removal 
parameter under acidic conditions. The total organic carbon 
(TOC) removal parameters for both phenol and 2-
chlorophenol significantly decreased with increasing pH. 
However, at a given pH range, the TOC removal parameters 
of various phenolic compounds were similar. This suggests 
similarities between the intermediate substances formed dur
ing ozonation of the various phenolic compounds . 

Caution should be used in attempting to make inferences 
regarding reaction kinetics from the substance rate parame
ters. In modelling similar data, Gurol [10] reported that the 
reactant-disappearance profile was relatively insensitive to 
the kinetic rate constant and depended primarily on the reac
tor KL a value. The intermediate product profiles were more 
sensitive to the kinetic rate constants. 

Ozone Consumption 

During several ozonation experiments, the potassium
iodide trap through which the reactor exhaust passed was 
changed at intervals of 2 to 10 minutes. In this way, the av
erage mass rate of ozone leaving the reactor could be calcu
lated for each time interval. The mass rate of ozone fed to 
the reactor was known from measurements made before 
and after the experiment. Therefore, the ozone-utilization 
profile during the experiment could be determined by dif
ference. During the first two minutes of reaction, approxi
mately 40 to 70 percent of the ozone supplied was utilized. 
However, this percentage decreased rapidly after 4 minutes 
so that, during the period of 10 to 30 minutes, the ozone 
utilized was on the order of 5 percent of the amount fed. 
Therefore, precise calculations of ozone utilization could be 
made only for the first few minutes of reaction. Table 4 
compares the initial rates of ozone and reactant utilization 
for various experiments in which ozone-utilization profiles 
were measured. The initial average substance-utilization 
rate, R" was calculated as, 

.<1C C 
R, = VL( .<1t) = VdM)(l - exp (-mt)) (8) 

where .<1C is evaluated as the difference between concentra
tions at t = t and t = 0 as predicted by the empirical exponen
tial model which had been fitted to the data. The initial 
utilization ratio, was calculated as: 

moles ozone used Ro M, 
mole substance used = If, M. (9) 

where Mo and M, are the molecular weights and Ro and 
R, are the mass-utilization rates of ozone and substrate, 
respectively. 

The value of the initial utilization ratio for phenolic com
pounds (3.9 to 5.9 moles/mole) is consistent with similar ratios 
observed by others. Eisenhauer [11] measured an ozone utili
zation of 3 to 4 moles of ozone per mole of phenol. Gilbert [23] 
studied the ozonolysis of mono-, di-, and tri-chlorophenols 
and reported an ozone consumption of 3.2 to 5 moles of ozone 
per mole of chlorophenol. Others [24,9] stated that phenolic 
compounds react with 3 moles of ozone per mole of compound 
to break the olefinic bonds. In this study, it appears that values 
of the utilization ratio greater than 3.0 were caused by ozone 
decomposition at the slightly acidic and alkaline pH condi
tions and by possible reaction of ozone with organic inter
mediates (e.g., formic acid) produced by the initial 
reactions of ozone and phenolic compound. 

Apparent Enhancement of Man Transfer by 
Simultaneous DIHuslon and Reaction of Ozone 

Others [10,25] have observed that, during ozonation of cer
tain organic substances under semi-batch conditions, the con
centration of dissolved ozone remains undetectable in the 
bulk liquid until the concentration of the organic substance 
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TABLE 3. PARAMF:fER ESTIMATES FOR SPECIFIC SUBSTANCE AND TOTAL ORGANIC CARBON REMOVAL PATTERNS 

2-Chlorophenol 4-Nitrophenol Dimethylphthalate 
Phenol 2-CP 4-NP DMP 

Initial pH 6 10 6 10 6 10 6 

Specific Substance 

NominalC" 
(mg/f) 50 50 50 50 50 50 50 
Estimated Co 
(mg/f) 44 46 55 43 50 56 47 
Estimated removal 
parameter, m (min-I) 0.46 0.62 0.83 0.61 0.26 0.84 0.35 

Total Organic Carbon 

NominalC" 
(mg/f) 38 38 28 28 26 26 31 
Estimated Co 
(mg/f) 38 35 25 27 21 26 
Estimated removal 
parameter, m x 10' 
(min-I) 3.7 1.2 3.0 1.4 3.7 1.3 

TABLE 4. INITIAL RATES OF OWNE AND REACTANT UTILIZATION 

Initial Utilization Rates 
(0 to 2 min.) 

Ozone, Ro Substance, R. Initial Utilization Ratio 
Apparent 

Enhancement 
Factor Substance 

Phenol 
2-Chlorophenol 
2-Chlorophenol 
4-Nitrophenol 
4-Nitrophenol 
1,2-Dimethylphthalate 

Initial pH 

6 
6 

10 
6 
6 

10 

(mg/min) 

6.6 
10.1 
8.3 
5.4 
5.3 
3.7 

decreases close to zero. Although dissolved ozone was not 
measured in this study, it is suspected that the dissolved ozone 
concentration remained close to zero until the initial organic 
reactants had disappeared. Under these conditions, it is possi
ble for the reaction in the diffusive film to increase the con
centration gradient of ozone and thereby enhance mass 
transfer. For the case of a second-order reaction between a 
diffusing dissolved gas, A, and a dissolved substance, B, such 
as that between ozone and dissolved organics, 

k, 
A(03) + zB(o,," ----"-~ products (10) 

Dankwerts (26) has shown that the amount of diffusing gas 
which reacts in the film will be negligible in comparison to 
that which reacts in the bulk liquid if: 

D, k, C. 1 Ic;. C. 
~« «Kl.a (11) 

where 

222 

D, = diffusivity of the diffusing gas, L2 t-I 

k, = second-order rate constant, mol L-3 t- I 

(k,C.03 = moles A/time) 
C. = concentration of dissolved substance in the bulk 

liquid, mol L-3 
KL = film mass-transfer coefficient for the diffusing 

gas, L t-I 

KI. a = volumetric mass-transfer coefficient for the dif
fusing gas, t-I 
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(mg/min) (mol ozone/mol substance) 

3.3 
5.6 
3.8 
2.5 
2.5 

3.9 
4.8 
5.9 
5.9 
5.8 

3.3 
5.0 
4.1 
2.7 
2.6 
1.9 

If this condition is not met, a significant fraction of the diffus
ing gas will react in the film and this simultaneous diffusion 
and reaction will cause the rate of mass transfer to be en
hanced by a factor E, the enhancement factor, given approxi
mately by (26): 

where 

lM E;-El ... , 
E;-I 

E=------

tanh l M i;;=~ 1 .. , 
M _ D,k;.C II 

- KI.' 

E; = II + z~~·J 
DB = diffusivity of the dissolved reactant, L't-I 

(12) 

C. = equilibrium concentration of the diffusing gas in 
the liquid, mol L-3 

The maximal ozone-transfer rate, W, based on the KI. a value 
measured for ozone in the absence of reaction is determined 
by: 

(13) 

The ozone content of the gas stream was typically 25 mg!f. 
Based on this value, and a solubility coefficient of 0.37 mg!f in 
liquid per mgt! in gas'" at 25°C, C;)3 is calculated as 9.25 mgt 
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f, and the maximal transfer rate in the absence of reaction is: 

(0.86 1Imin)(0.25f)(9.25 mg/f) = 2.0 mg/min 

This is clearly less than the measured ozone-utilization rates 
listed in Table 4, indicating an apparent enhancement of the 
transfer rate in the presence of reaction. The apparent en
hancement factors listed in Table 4 were calculated by divid
ing the measured initial ozone-utilization rate by the maximal 
transfer rate in the absence of reaction, 2.0 mg/min. 

It has been reported (10) that the reaction-rate constants 
for ozonation of phenol and phenolate are 1.1 X 103 and 4 x 
10' tI(mol ·sec), respectively. Because the pK of phenol (cor
rected for an ionic strength of 0.15) is 9.6, the reaction rate 
would be expected to increase markedly as the pH increased 
above 6. 

At pH values of 6.6, 7.6, 8.6, and 9.6; 0.1 %, 1 %, 10 %, 
and 50 %, respectively, of the total phenolic concentration 
would be present as phenolate ion. Assuming that ozone is 
used only by direct reaction with phenol and phenolate, 
Equation 12 can be evaluated for the conditions prevailing 
during the first two minutes of the ozonation experiments, 
where the total phenolic concentration was roughly 40 mgt 
L. The results of this calculation are shown in Table 5 and, 
at pH 6, indicate an enhancement factor of only 1.06, consid
erably lower than the value of 3.3 measured for phenol at 
pH 6. Based on this, it appears that ozone decomposition or 
reaction with intermediate products may cause E to be 
greater than predicted based upon reaction with only phenol 
and phenolate. 

Wet Oxidation Results 

Figures 9 and 10 show profiles of phenol and 2-
chlorophenol, respectively, during wet oxidation at tempera
tures of 204°C, 232°C, and 260°C . The corresponding 
profiles for total organic carbon are given by Figures 11 and 
12. The data indicate a relatively rapid removal of phenol and 
a substantially slower removal of 2-chlorophenol. The total 
organic carbon data also indicate slower removal for 2-
chlorophenol. Initial pH and copper catalyst also influence 
the reaction (5). 

For purposes of comparison, substance removal during wet 
oxidation was modelled by Equation 7. Table 6 shows the re
sulting best-fit estimates for the removal parameters for the 
five compounds investigated. The removal parameters vary 
considerably between substances and increase markedly with 
increasing temperatures. Interpretation of these data in light 
of the second-order kinetics given by Equation 3 requires con
sideration of: 

1. the change in oxygen pressure during the experiment 
2. possible volatilization of reactant into the headspace 
3. dissolved oxygen concentration as influenced by the 

volumetric mass-transfer coefficient 

TABLE 5. CALCULATED VALUES OF THE ENHANCEMENT FACTOR 

ASSUMING THAT OZONE IS USED ONLY BY REACTION WITH 

PHENOL AND PHENOLATE. 

OAk.,CII 
pH ~ 

6.6 0.18 
7.6 1.75 
8.6 17.5 
9.6 87.4 

10.6 175 

KI. = 0.043 cm/sec 
0"",.", = 10-5 cm'/sec 
0",,,,,,. = 1.9 X 10-5 cm'/sec 
z = 113 
A' = 9.25 mg/f 
E, - 4.81 
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E 

1.06 
1.45 
2.9 
4.05 
4.35 
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TABLE 6. SUMMARY OF REMOVAL PARAMETERS, m min-I, 
DURING WET OXIDATION 

Temperature 

204°C 232°C 260°C 

Phenol 0.25 0.42 0.59 
2-Chlorophenol 0.035 0.12 0.45 
4-Nitrophenol 0.04 0.27 0.94 
1,2-Dimethylphthalate 0.008 0 .036 0.100 
1,2-Dichloroethane 0.45 0.85 1.02 

Initial oxygen pressures were on the order of 2 to 2.5 MPa 
(288 to 360 psi) and decreased to 1 to 1.5 MPa (144 to 216 psi) 
during the course of reaction as liquid samples were with
drawn and oxygen was utilized. This variation in pressure ap
parently had little effect on the reaction rate, because 
removal parameters estimated using only the first three data 
points were only slightly greater than those given in Table 6. 

The influence of volatilization can be significant if a large 
fraction of the reactant resides in the reactor headspace. This 
can be analyzed by a reactant material balance based on equi
librium between the liquid and vapor phases: 

dC dC, 
-rVI. = VI. dt + Vc CIt (14) 

where V G = volume of gas in the reactor headspace, V 

The measured reactant profile reflects concentration of liq
uid phase, C, as a function of time and was described by dC/ 
dt = -mC. 

Assuming that the reactant in the vapor phase is in equilib
rium with the liquid gives: 

dC, d(HC) dC 
CIt = ---at = H cit = -HmC (15) 

so that Equation 14 can be written as: 

r = m [ 1 + l ~l H ] C (16) 

Comparison with the second-order rate expression (Equa
tion 3) shows that: 

k. (0,) = m II +[ ~~]H ] (17) 

Provided that reasonable values of Henry's constant, H, can 
be estimated at elevated temperatures, Equation 17 allows 
the product kw02 to be determined from the measured value 
of r. It has been shown [27] that H can be related to the vapor 
pressure and aqueous solubility of a pure substance. Assuming 
that the solubility, C', is constant with increasing temperature 
facilitates rough estimates of H at elevated temperatures by: 

(18) 

where P,I and P" are vapor pressures of the pure substance at 
temperatures T I and T, respectively. Using this approach 
gives rough H values at 0.057 mol/mol and 5.8 mol/mol for 
phenol and dichloroethane respectively at 204 °C. Evaluation 
of Equation 17 for these substances at 204°C shows that vo
latilization is insignificant for phenol as kwO, = l.04m, but 
extremely significant for dichloroethane as kwO, = 5.67m. 

Pruden and Le [13] estimated kw = 3146 f1(hr·mol) for 
phenol at 200°C. The initial dissolved oxygen in the wet
oxidation reactor can be estimated based on this rate constant 
as: 

O 
_ 1.04m 

,- kw 
1.04(0.25 lImin)(60 min/hr) 

3146 f1(hr· mol) 

4.96 X 10-3 mol e 
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which is 13% of the saturation value [28] . This indicates that, 
under these experimental conditions, reaction in the diffusive 
film would not be significant. 

Products of Reaction 

Figures 13 and 14 show organic-acid profiles during ozona
tion of 50 mg/f phenol and 1000 mg/f 2-chlorophenol (2-CP) 
respectively. In both cases, formic and oxalic acids were ob
served to be important intermediate and end products. Total 
Organic Carbon (TOC) measurements indicated that, for 
phenol at 50 mg/f, the acids measured accounted for 60 to 80 
percent of the organic carbon present. However, for 2-CP at 
1000 mg/f, the acids measured only accounted for 26 to 42 
percent of the organic carbon measured. The remaining por
tion of the organic carbon presumably consisted of substances 
other than organic acids. Aldehydes were not measured and 
could have accounted for much of the remaining organic car· 
bon. In addition to the four acids shown in Figures 13 and 14, 
(formic, oxalic, muconic, and maleic) standards were run for 
acetic and succinic acids, but these acids were not detected in 
the ozonated samples. Various additional peaks were detected 
on the chromatograms of the esterified samples, but were not 

1.o00.-------- ---- -------, 

~ 
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Figure 13. 'Organic acid profile, during o2.onation of phenol at pH 10. 
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Figure 14. Organic acid profile, durinSi o%onation of 2-chlorophenol 
at pH 10. 
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identified. 1Wo of these at retention times of 4.63 and 10.61 
minutes were consistently present. These were not identified, 
but, based on relative retention times, the 4.63 minute peak 
could have been glycolic, glyoxylic, or pyruvic acids. Al
though catechol and hydroquinone were expected from 
phenol, they were not found, presumably because they could 
have been present very early in the reaction and been missed 
or they could have been present at concentrations below the 
detection limit. 

Comparison of Figure 13 to similar data obtained for 
phenol by Yamamoto et al. [3] indicates a substantially faster 
rate of phenol utilization and acid production in this study, 
presumably because of a higher ozone dosage rate. Similar 
concentrations of formic and oxalic acids were observed in 
each study. The decrease in oxalic acid concentration in the 
presence of formic acid indicated in Figure 13 at times greater 
than 40 minutes was not observed by Yamamoto et al. This 
might be attributable to differences in pH values, dosage 
rates, and temperatures between the two studies. 

Figures 15 and 16 show profiles of organic-carbon transfor
mation during wet oxidation of phenol and 2-chlorophenol at 
232°C. The initial concentrations in each case was 5000 mg/f, 
which is substantially higher than the initial concentration in 
the ozonation experiments. Also, the wet-oxidation experi
ments were essentially unbuffered; the initial pH was 4.5 and 
this decreased to 2.5 during the reaction period. Acetaldehyde 
and acetone were measured in addition to the organic acids. 
For phenol, essentially all (83 % to 105 %) of the TOC was 
accounted for by the individual species measured at 15 to 60 
minutes. However, for 2-chlorophenol, only 72 to 86 % of the 
TOC was accounted for by the individual species. 

Comparison of the wet-oxidation and ozonation organic
acid profiles indicates that, in both cases, acetic acid was not 
evident during ozonation, although it was a major end prod
uct of wet oxidation. Conversely, oxalic acid was a relatively 
minor product during wet oxidation, but was an important 
product of ozonation. 

SUMMARY AND CONCLUSIONS 

Semi-batch ozonation experiments showed that : 
1. All four specific pollutants studied could be removed 

completely (in 5 to 10 minutes) through ozonation. However, 
the removal rates were limited by the rate of ozone mass 
transfer. 

10,OOO~-----------------~ 

Figure 15. Organic carbon tran.formation. during wet oxidation of 
phenol at 232°C. 
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2. During the initial stages of the ozonation experiments, 
reaction in the diffusive film enhanced the mass-transfer rate. 

3. A significant amount of total organic carbon remained 
in solution after the specific pollutants had been removed and 
this carbon was slowly oxidized. Formic, oxalic, muconic, 
and maleic acids accounted for roughly one-quarter to three
quarters of the organic carbon remaining. 

4. Initial ozone utilization ratios showed that 3.9 to 5.9 
moles of ozone per mole of specific pollutant were consumed. 

5. Increasing the initial pH from 6 to 10: a) increased the 
specific pollutant removal rate for phenol and 4-nitrophenol, 
but decreased the rate for 2-chlorophenol; b) decreased the 
total organic carbon removal rates for phenol and 2-
chlorophenol. 

Batch wet-oxidation experiments showed that: 
1. All five specific pollutants studied could be oxidized un

der the conditions of temperature and oxygen pressure stud
ied. The removal rates depended on the substance and on the 
temperature. 

2. Reaction in the diffusive film probably did not enhance 
the mass transfer of oxygen in the stirred-unsparged pressure 
reactor. 

3. A significant amount of total organic carbon remained 
in solution after the specific pollutants had been removed and 
this carbon was slowly oxidized. More than three-fourths of 
this carbon was accounted for by low-molecular weight acids, 
acetaldehyde, and acetone. 

Although acetic acid was a major end product of wet oxida
tion, it was not evident during ozonation. Conversely, oxalic 
acid was a relatively minor product during wet oxidation, but 
was very significant in ozonation. 
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NOMENCLATURE 
Dimensions and Units 

°C = degrees Celsius 
cm = centimeter 

f liters 
L = length 

M = molarity 
mg = milligram 

Symbols 

ml = milliliter 
mm = millimeter 
mol gram mol 

MPa mega pascal 
nm nanometer 
psi pounds per square inch 

a interfacial area per unit volume, L-I 
C aqueous concentration of organic reactant or 

TOC at time t , mol L-3 
C" aqueous concentration of reactant at time zero, 

mol L-3 
C' aqueous concentration of substance in equilib

rium with gas phase, mol L-3 
C. concentration of substance in the gas phase, 

moles per unit volume of gas, mol L-3 
D diffusivity of substance in water, L2 t-I 
E mass-transfer enhancement factor, ratio of K)'a 

in presence of reaction to K)'a with no reaction, 
dimensionless 

E; II + ~;;~ l dimensionless 

F ozone dosage rate, moles of ozone fed per unit 
time per mole of phenol initially present, mol 
0 3 (mol phenol)-I t-I 

FID flame-ionization detector 
G volumetric gas flow rate, L't-I 

H Henry's Law constant, C./C·, dimensionless 
K,. combined rate constant, mol phenol (mol 

ozone)-I 
KI. overall mass-transfer coefficient based on the 

liquid film, L t-I 

Kl.a overall volumetric mass-transfer coefficient 
based on the liquid film , t-I 

k. second-order reaction-rate constant for ozona
tion, gives r in terms of organic reactant, L3 
mol·1 t-I 

k; second-order reaction-rate constant for ozona
tion, gives r in terms of ozone, mol L-3 t-I 

kw second-order reaction-rate constant for wet oxi-
dation, L3 mol-I t-I 

M (D.)(kO)(C.)/K),2, dimensionless 
m removal parameter, t-I 
M, molecular weight of substance, mass mol-I 
M. molecular weight of ozone, mass mol-I 
O2 aqueous concentration of oxygen, mol L-3 
0 3 aqueous concentration of ozone, mol L-3 
Pv vapor pressure 
R, rate of substance utilization, mass t-I 

R. rate of ozone utilization, mass ("I 
rate of reaction of organic per unit volume, mol 
L-3 t-I 

t time 
T temperature 
VI. reactor liquid volume, L3 
V G reactor headspace volume, L' 
W maximal ozone transfer rate, mass t-I 

Subscripts 

1,2 denote temperatures 1 and 2, respectively, used 
with P", T, H, and C' 

A,B deonote substance A and B, respectively, used with 
D,C, and C' 

02,03 denote oxygen and ozone, respectively, used 
with KI.a, C' , and D 
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. Centralized Treatment of Industrial Wastes 

An intercompany pooling operation can significantly reduce the cost of treat
ment on site in individual processing operations. 

Edward R. Saltzherg, JRB Associates, McLean, Va. 22101 

Typically, an industrial firm will meet a government 
wastewatcr discharge standard hy installing an end-ol~ 
pipe treatment system. More often than not this approach 
is expe nsive; the equipment is hard to operate efficiently 
and it generates a sludge which the n may suhject the firm 
to hazardous-waste regulations . None of these results are 
particularly appealing. Fortunately, there is a low-cost and 
ell'ective alternative to on-site treatment which can he 
used hy finns in many areas of the country. This alternative 
is central ized waste treatment. 

Under the CWTapproach, firms would send their wastes 
to a common processing plant. Figure 1 shows how the sys
tem works. In the right situations and with the proper kind 
of inexpensive retrofitting measures, CWT can drastically 
reduce the cost of treating industrial wastewater hecanse 
of economies of scale. As well as saving money, CWT has 
several environmcntal advantages, First, these lilCilities 
are operated hy professional waste handlers who .should 
he ahle to treat and manage the waste more effectively than 

Figure I. Overview of the central woste treatment system. 
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the generating firms. Second, the CWT can dramatically 
increase the pote ntial for recovery of chemicals, which not 
only reduces the firm's wastewater costs but also the hur
dens of sludge handling and disposal. Additionally, under 
some CWT concepts, firms can share other services to 
further reduce their operations. 

EPA, consultants, and local communities have been 
working on this concept lilr the last three years. During 
that time, they have been studying the feasibility of several 
CWT alternatives already in use in foreign countries for 
treating electroplating wastewater. Under one option, 
firms ship their wastes hy truck to a centralized facility for 
processing, This concept is being pursued in Providence, 
Rhode Island, and Cleveland, Ohio. It is modelled after a 
system used in Germany. 

An alternative techni<)ue is for the firms to move to acen
trallocation, either in an industrial park or a specially de
signed building. This concept is heing actively studied in 
Brooklyn, New York, again for electroplating firms, and is 
currently used in Japan. In addition to waste treatment, 
Brooklyn's "Plating City" can also provide cogeneration of 
power, common .laboratory lilcilities and, probably a bulk 
purchasing cooperative. 

APPLICATION OF CWT TO INDUSTRY 

GENERAL CONSIDERATIONS 

The central waste-treatment concept is not limited to 
any particular industry. However, certain industrial, re
gional, and regulatory characteristics favor CWT more 
than others. Six important characteristics are: 

• N umber of participants 
• Location of participants 
• Transportation and access 
• Amount of waste from each plant 
• Size of participating firms 
• Enforceahle regulations 
The first characteristic. is important because of 

economies of scale. The more firms that participate in a 
central facility, the lower is the unit cost of treatment. 
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Hauling cost is a major part of the CWT charge in the 
German central treatment concept. Accordingly, the sec
ond characteristic, the location ofCWT users, controls, to a 
large extent, the cost effectiveness and overall feasibility 
of a central treatment facility in a locality. Results from a 
recent study by the CENTEC Corporation and JRB As
sociates lilr EPA show how large and variable an impact 
transportation can have on CWT costs. Estimates of haul
ing costs in five cities studied in that project range from 
17.2 to 43.3 percent of total CWT costs lilr eleetroplating 
shops. 

Good roads and easy access to the users by tank truck is 
also an important l'ICtor which favors CWT (in the German 
model). Firms with poor waste pickup sites in cities with 
narrow, winding roads are not good candidates lor CWT. 
Also firms in the snow belt of the United States would re
quire large storage I'lcilities to proteet themselves against 
pickup delays and cancellations during bad weather. In 
some instances, this added cost may make on-site treat
ment less costly than CWT. As a result, the plating-city 
concept may have an advantage over the other CWT con
cept in these regions. 

The third characteristic lavoring CWT is small volumes 
of concentrated wastes. Generally, CWT only helps com
panies with small flows because firms with large waste 
flows will be able to benefit hom economies of scale by 
installing their own waste-treatment systems. In some 
cases, the cost savings from CWT lilr large companies are 
not enough to olI~et transportation costs to the eentral bcil
ity. Since transportation eosts in a CWT system are a lime
tion of the distance to the facility , there exists a maximum 
volume above whieh CWT is not economical. Therelilre, 
when examining the applicabi lity ofCWT, it is important 
to consider not only waste volumes currently being gener
ated but also the potentiallilr volume reduction. In some 
industries, firms use more process water than necessary. 
Recovery/recycle teehnologies and housekeeping prac
tices can reduce or concentrate waste flow to a Iraction of 
their current size making CWT more economical. Through 
waste reduetion, many large firms can become candidates 
for CWT. 

Pollution control equipment is expensive and firms 
treating on-site must have the ability to raise a great deal of 
capital in order to meet wastewater regulations. Generally, 
small firms lack this ability, which is another reason why 
CWT is most applicable to them. With CWT, firms do not 
have to buy expensive end-of~pipe treatment equipment. 
For the most part, they can retrofit their plants lor CWT 
using waste-reduction techniques and installing small 
storage hlcilities . Usually these measures are not a large 
burden lilr the firm because they are cheap enough to be 
paid for out of cash receipts. Accordingly, firm size, mea
sured by employment or gross sales, is an indicator of the 
feasibility of CWT. 

All of the characteristics discussed above are important 
to consider in assessing the application ofCWT. However, 
regardless of how positive they are, CWT is not likely to be 
implemented unless wastewater regulations are in elfect 
and enforced. Likewise, enforcement is a driving foree lilr 
on-site pollution control. Tbat is not to say that finns do not 
cut back on waste discharges for other reasons. For exam
ple, many finns have turned to waste reductions to save 
money on water and chemicals. Also, some firms treat their 
wastes as a result of public pressure or because they leel 
the social responsibility to do so. 

However, most finns reduce wastewater in order to meet 
government regulations. Accordingly, the fifth charaeteris
tic is among the most important in assessing the feasibility 
of CWT in a municipality. 

Based on these characteristics, the electroplating indus
try is a primary candidate lor centralized treatment. A re
cent study that JRB Associates completed lilr EPA showed 
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that others include: paint manufacturing, leather tanning, 
porcelain enameling, and textiles. 

STUDIES OF CWT IN THE UNITED STATES 

There are very few central treatment I'lcilities in the 
United States which process wastewater. Most existing 
waste management finns accept solid waste and concen
trated Ii'luid wastes, such '.IS sludge from manul' ICturing 
and waste-water-treatment systems, spent process so
lutions and residues from chemical holding tanks . Cen
tralized treatment of wastewater as an alternative to meet 
pretreatment and dircet discharge regulations is still in the 
study stage in the United State s. 

All of the work on CWT has lilcused on electroplaters 
and has been funded by EPA or the Department of Com
merce. These studies I,dl into two categories. 

I) Studies of the a l llication of the German a l roach 

Provi-

Treatment Options 

The results of these studies are very dramatic. They all 
conclude that the CWT option is a cheaper way to treat 
e lectroplating wastewater than is the standard method of 
end-orpipe treatment. In each of the studies, the CWT 
bcility could be used to process all or part of the firm's 
-:vaste. Small firms generally would be fully serviced by the 
lacility, while larger firms may find it more economical to 
treat some of the ir wastes themselves. The various options 
available to participating firms are depieted in Figure 2. 

In Option 1, the shop does not discharge contaminated 
process waters to the municipal sewer system. The con
eentrated rinse waters and batch dumps lilr all waste 
streams are hauled to a central waste bcil itv lilf treatment. 
The sludge from waste treatment is dewate~ed at the CWT 
lacility to approx imately 20 percent solids and is hauled to 
a landfill. 

Shops that se lect Option 2 would treat the cyanide and 
acid/alkali waste streams in-house (CN destruetion, pH 
adjustment/precipitation) and send the dilute waste
treatment sludge (approximately 4 percent solids) and raw 
chromium waste stream to a CWT I'lcility. The lacility 
would properly treat the chromium waste stream, dewater 
the sludge, and haul the solids to a landfill. 

Option 3 is simi lar to Option 2 exeept that the ehromium 
and acid/alkali waste st reams are treated in-house and the 
eyanide waste stream and sludge are hauled to a CWT 
I'lcility. 

In Option 4, the shop ehooses to treat all waste streams 
in-house and to send only the dilute sludge to CWT for 
dewatering. 

Under Option 5, the shop is not utilizing CWT. Instead, 
all waste treatment and sludge dewatering is done in
house. 

Optioll 0, utilized in the Clevelalld regional analysis 
only, represents. the illstallation by shop of ion exchange 
for treatment 01 mixed wastewater, with the alkali and 
acidic regenerant baekwash send to the CWT facility. 

Cost Sovings through CWT 

Study results from the EPA 5-dty project illustrate the 
magnitude ofthe possible savings li'om CWT. 111 that proj
ect, CENTEC, with help from JRE, developed a computer 
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Option 1 

Option 3 

Trea.ed 

Option 5 

De.a.ered 
Sludge 

Option 2 

Option 4 

Option 0 

Figure 2. Waste treatment alternatives. 

model which uses municipal information and data from the 
participating firms to 1) determine and price the least cost 
option for each participant, 2) locate, size, and price the 
CWT facility, 3) aggregate costs ii)reach city. Estimates for 
the five cities are: 

Region Participation I 

Cleveland 102/103 
Milwaukee 23/23 

Philadelphia 22/22 
Atlanta 19/19 
Seattle 11111 

The same computer model was used to examine the 
feasibility of siting'a CWT facility in an industrial park in 
Providence. The study estimated that the cost of the treat
ment for the ten jewelry manufacturers in Huntington Park 
could be reduced by 30 percent through centralized treat-

Annual Total' Annual Total' 
Regional Costs Regional Costs % 

w/oCTF . w/CTF Savings 

$4.2 million $2.5 million 40 
1.9 million 1.4 million 26 
3.2 million 2.8 million 13 

.8 million .5 million 38 

.7 million .5 million 29 
I Particip"liUII is defillt~l .. s f(·liluwt· 011 cwr h~ " di s..,haf/.:l·r nf at It'il .. ' partial In'allin-1I1 of wastes. Tn'illlUl'u l uptimlS illlnwt"d Wt'rt': all wiI ... lt·luCWr dumllt' WilSh.'U1Klotn shulJtt·s lu 
CWT. nothing to CWr. 
1 Totlill illlllual regiollall"tlsts ('Ullsist of 1II111l1alizt:'tl plaut iUVt's!ult-ul (assUlllillg a rt.·llnin.-" ralt' uf rt'!urll of 10 plm.'l' lIl :!mllU-Yl'llr t'tlllipmt'lIllift:). ilud plallt uperaling aJl(ll'ht'lIliL"al 
l'Osb. 
a Totlill ilnllual regiOlmll'()sls (,'111I ... ist OfilllllllllJi7.ecl plllll' 'I1Vt'stllll'llt(asslll1lillg~1 Tt'lluirctl mlt't1frl'lurn ()f20pt'rt:l'lIllUltllO .. yt'ilrt'tll1ipm~lIllife), plillli openltingcultl chemic,,1 (.ousts, 
tnmsport costs, and CWT fees. 
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ment. 
As dramatic as these estimates are, they underestimate 

the cost savings which can be gained through centralized 
waste treatment. One reason for this is that sludge disposal 
costs are not included in these estimates. Also, they do not 
consider recovery of metals which, while not practicaltilr 
most electroplating firms generating small amounts of 
waste, can be economical in the large volumes handled by 
aCWT facility. In !>lct, results of the Providence Area-wide 
Study point toward a plant retrofitting technique which 
can be used to facilitate metals recovery at a central treat
ment plant. This technique is examined in the lilllowing 
section. 

DESIGNING THE CWT FACILITY FOR METALS RECOVERY 

The tilllowing low-cost method of compliance with the 
Pretreatment Regulations was a major product of the Pro
vidence Study. This method is applicable to most kinds of 
e lectroplating operations. A typical process diagram is 
shown in Figure 3. A rinse station Ii,llows each process 
element. The basic principle behind the Providence 
method is that, by controlling the plating and rinsing pro
cesses themselves more closely, the waste-treatment proh
lem can he substantially reduced. Specifically, a change in 
the method of rinsing and segregation of rinses as well as 
direct recovery of dragout material can reduce the volume 
of solution requiring treatment to less than 2 percent of the 
normal rinse-water flow. 

The Rinsing Method 

The key to the method is a basic rinsing system deSigned 
to remove the majority of contaminating dragout in a small 
volume befi,re a flOWing rinse can run at a normal rate to 
ensure good product qnality. A very simplified diagram of 
the rinsing system is illustrated helow: 

VI to holding, tr(':ot"'~nt. or 
back toplal1nl': 'ank 

F2tnpil 
"' ''lnll , '''I''" 

The system is very simple. By controlling the concen
trations in the dragout tanks and the flow rate in the single 
running rinse, the level of contamination in the rinsewater 
can be kept so low that it does not require treatment (other 
than neutralization). The dragout tank concentrations are 
maintained in several ways: 

• By returning the solution back to the process, which 
is effective for hot processes because of evaporation 
losses. 

• By bleeding or batch dumping the dragout to a hold
ing tank for treatment or recovery. 

• By a combination of the above. 
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Figure 3. A typical electroplating process. 

Most pollution control plans fi,r plating shops call for 
treatment of large volnmes of !>lirly dilute wastewater. 
This method generates small volumes of very concen
trated solutions. As a result it Significantly reduces the cost 
of treatment on sitc . A suhcontractor to the author's firm 
ORB) prepared fi,r us a case study ofa system they recently 
installed in Providence. Thev were able to reduee the 
plant's capital costs by 50 liercent using this method. 
Operating costs are not yet availahle. 

Implication for CWT 

In past studies of CWT, metals recovery has not heen 
shown to he practical. The reason fin this is that the 
fiwilities were designed to handle dilnte rinse waters and 
sludges containing several kinds of metals. Recovery of 
individual metals from these wastes in analogous to min
ing low-grade ore. It's too expensive. 

On the other hand, using the method from the Provi
dence Study, lil'll" cou ld store separately the dragout from 
each proeess which cou ld not he returned to the plating 
hath. These solutions are rich in metals which could be 
sent to a central treatment plant ti,r recovery. This is like 
mining high-grade ore. If enongh concentrated solution is 
handled hy the CWT. it may pay to recover the metals. 

Edward R. Sallzberg is it Business Area ~bnager 
for JRB Associates. He 1Il.U1ages iUl interdist'ipli· 
IUlry group COIlsistillgof cllvif(lJuncntal cl lgincers, 
policy planllers. lawyers ami Ruanda) <umlysts. 
Currently. his group is assisting EPA to implement 
the Nuticmal Pretrcatmcilt Pmgnun (liul to provide 
("mllpliance assistan<.'e to state and Incal govtml· 
lIIents .mel to industr\'. 

He holds il Biu:hcl;,r's Degree ill Chcmicul En· 
gineerillg fmlll Rensselaer Polytechnic Institute,a 
Master's ))egree in Hydrology from Bustun Uni
versitv, and it Ph.D. in Rcsnurl'C E<""lIomi(..'s from 
the U'lIivcrsity of Virginia. He spcdalizes ill en~ 
virulllUcnta l IlHUlugclIleul and water resource 
plallning. He has worked ill the petroleum indus-
try as" development engineer ami has heell af.:ol1-
sultallt fiJr tht· c1t'f..'troplating industry fi.)f several 
years. 
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Cleve land, August 27-29 
Los Angeles, November 12-14 

Hazard Control in the Chemical and Allied 
Industries 

Cleve land, August 30-31 
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Hazardous Waste Management 
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Industrial Water Conditioning 
Cleve land, August 30-31 
Los Ange les, Novemher 15-16 

Integrated Hazardous Waste Management 
Los Ange les, NOvt"mber 17-18 

Land Treatment of Hazardous and 
Non-Hazardous Industrial Wastes 

Los Ange les, November 17-18 

Water Quality Engineering for Industry 
Cleve land, August 26-27 
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ENVIRONMENTAL DIVISION AWARD·1982 

The AIChE Environmental Division Award in Chemical Engineer
ing recognizes and encourages individual outstanding chemical engi·! 
neering contributions toward the preservation andlor improvement of 
man's natural environment. The accomplishment may be in air. water, 
or land pollution control or remedy. The award consists of a certificate 
and a prize of $1 ,000, donated by Battelle Memorial Institute since the 
award's inception in 1972. 

On Monday. August 30 at the Annual Award Dinner of the Environ
mental Division, Burton B. Crocker will receive this great honor. Burl 
is a Distinguished Engineering Fellow in the Engineering Technology 
Section of Monsanto Company's Corporate Engineering Department, 
St. Louis, Missouri. He has had 28 years' experience in the air pollution 
control of chemical processes and 37 years' experience in process de
sign and development. In Engineering Technology, he is responsible 
for consulting in and developing technology in air pollution control. 
environmental control of hazardous materials, gas-solids contacting 
and separation, and solids processing. 
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Air Section Activities 

The Environmental Division program for the AIChE 
Diamond Jubilee meeting in Washington, D.C., from 
October 31 to November 4, 1983, will include four ses
siems sponsored by the Air Section. These sessions will 
support the meding theme of energy and the environ
ment and will feature pret'minent speakers and panel
ists. Sessions and St'ssion ehairmen art' as f()lIows : 

1. Global EIlVirclllmelital Effects: The CarbOIl Dioxide 
Problem From elll Ellergy Policy Perspective, Chairman: 
Robert T. Jaske, 7908 Clwlton Hoad, Betlwsda, MD 
20814. 

2. Global Ellvirollmelltal Effects: Acid Raill . Chair
man: Dr. A. H. Johannl's, Henssl' lal'r Polytl'ehnic Insti
tute, Troy, NY 12181. 

3. 198.3 CleclII Air Act Amell(lmellts: Ramijica/i(lIIs for 
Process Challge ill the Chemical/PelrochelllicalJllduslry. 
Chairman: Dr. Richard D. Sit'gd, Stonl' & Webster En
gineering Corporation, P.O. Box 232.5, Boston, MA 
02107. 

4. Gaseous ali(I Parlicu/ale Fugitive Emissiolls, Chair
man: Dr. L. Fortwy, Sehool of Chl'mieal Engilwering, 
Georgia Institutt' of Technology, Atlanta, GA 30332. 

Please ('ontad thl' respl'divc session dlairman if you 
are intl'rested in eontributing to any ofthl'se st·ssions. We 
expect that symposia will be cosponsored by both the Air 
Pollution Control Association and tl1(' Aml'Tkan Meteor
ologkal Socidy. 

Hiehard D. Siegel, PhD 
I Chairman, AirTeehnit'al Session 

Air Task Force 

On April 7, 1982, as part of its regulatory reform pro
gram, the Environmental Protection Agency (EPA) pro
posed rules and regulations for an emission trading pol
icy. Commonly known as the "bubble policy," the funda
mental concept behind the Agency's proposal is to allow a 
source to regulate its emissions from the entire plant, 
rather than from each individual emission source within 
the facility. The Air Task Force submitted comments to 
EPA on its proposed rule on July I, 1982, drawn primar
ily from material prepared by its Cochairman, Mr, Jack 
Erdmann, of Union Carbide. The comments which were 
submitted are as follows : 

Richard D. Siegel, PhD 
Cochairman, Air Task Force 

Central Doekd Seetion (A-130) 
U.S. Environmental Proteetion Ageney 
Washington, D.C. 20460 

Attt'ntion: Dockel No. G-SJ-2 
Gentlemen: 

On behalf of the Air Quality Task Foree of the Amt'ri
ean Institull' of Clwmkal Engineers, we are submitting 
the follOWing ('omm('ntary on the Emissions Trading Pol
icv Statemt·nt. 

'The Task Foree believcs tilt' Polky Statement is to be a 
signifieant fil/ward step in air pollution abatement be
cause of the expansion of opportunities to use tedlllkally 
sound, eost c,nt-ctive methods to achil'vc or even exceed 
regulatory goals in emission t~mtrol. TIlt' Policy State-
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ment and accompanying Technical Issues Document. 
open up opportunities for effective control on a technical 
level, which is where final results are to be realized. The 
more engineers can apply common sense and docu
mented facts to these problems, with a minimum of 
administrative and regulatory interference in the attain
ment of real reductions (performance oriented goals), the 
better our chances of making significant environmental 
improvements overall. 

One problem with such a policy is that it can be misin
terpreted by eritics of industry and of the present EPA 
administration as a weakening or dismantling of the reg
ulatory process, thus ostensibly allowing increased emis
sicms and poorer environmental quality. To many of 
these critics, any steps wbich reduce the costs or degree 
of control which must be appHed are considered "weak
ening" or giving "license to pollute," in spite of the facts 
showing that eC luivalent or better results could be ob
tained with the performance goal approach. However, 
application of the Po Hey Statement and publicity about 
the many examples of equal or better results for lower 
costs should point up the fallacy of these arguments. We 
suggest that EPA take steps to inform the public that this 
policy is 1101 a weakening of pollution control efforts. 

Among the major changes in the new policy is one al
lowing for broader use of emission reductions from proc
ess shutdowns. It makes good sense that if an individual 
plant can voluntarily achieve a real reduction in em is
siems of a particular kind to meet a State Implementation 
Plan requirement for a certain amount of reduetion of 
sueh emissions by shutting down a process instead of 
spending additional funds on that or other similar emis
sion sources, it should be able to take eredit for the 
benefits. After all, the final result must be equal to or 
better than the original SIP requirement, or it wouldn't 
get approved. The new policy rules still make sure that 
the final result is directed toward ultimate attainment of 
the NAAQS. Those who say the plant would have been 
shut down anyway are obviously concerned more with 
the faet that the industry avoided spending additional 
funds, than with the reduced emissions which resulted. 
Thus, it appears that EPA has taken a step to separate the 
pollution control efforts from the politics, which is the 
only way to make technically sound decisions and bring 
about real improvements to the world we live in. 

If any EPA officials would like to discuss these com
ments further with members of the Task Force, please let 
us know. 

Sincerely, 
Martin Siegel 
Staff Direc!or-Government Relations 

AAEEiENVIRONMENTAL 
DIVISION COOPERATION 

Largely through the efforts of Robert T. Jaske, who is 
an active member of both organizations, a committee is 
being formed to promote close cooperation between the 
American Academy of Environmental Engineers and 
the AIChE Environmental Division, Among the goals al
ready agreed upon are (I) co-sponsorship of speciality 
conferences on topics of mutual interest and (2) sponsor
ship of sessions by AAEE at AIChE meetings. A start has 
been made by arranging for the two organizations to re
ceive each other's publications, 
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March 27-31, 1983 
AIChE's Spring 1983 National Meeting 

And 12th Petrochemical and Refining Exposition 
Astrohall, Houston, Texas 

Group #9: Environmental Division 

Program Coordinator: Aziz A. Siddiqi, ARCO Petroleum 
Products Co., P.O. Box 2451 , Houston, TX 77001. Tel. 
(713) 475-4111. 
9a Air Section-Chairman: Aziz A. Siddiqi. 

Advances in Fugitive Hydrocarbon Emis-
sions-Chairman: James Kamas, Radian Corp., P.O. Box 
9948, Austin, TX 78766. Tel. (512) 454-4797. 

Trends in Air Pollution Monitoring---':'Chairman: Dr. 
Duane J. Johnson, Environmental Research & Technol
ogy, Inc., 6666 Harwiri Dr., Suite 600, Houston, TX. 
77036. Tel. (713) 977-6611. 

Atmospheric Impact of Direct Coal Combustion for 
Power Generation-Chairman: Fred W. McGuire, 
Houston Lighting & Power Co., Environmental Protec
tion Dept., P.O. Box 1700, Houston, TX 77001. Tel. (713) 
486-2700. 

Coal Liquefaction and Gasification-Atmospheric 
Impact-Chairwoman: Denise Y. Wolfs, P.E., Exxon 
Co., U.S.A. , Synthetic Fuels Dept., P.O. Box 2180, 
Houston, TX 77001. Tel. (713) 656-1554. 

Refining and Petrochemical Advances and Atmos
pheric Emission Control-Chairman: John W. Tenini, 
P.E., ARCO Petroleum Products Co., P.O. Box 2451 , 
Houston, TX 77001. Tel. (713) 475-4672. 

Trends in Air Pollution Regulations-Chairman: Dr. 
Louis "Pete" Roberts, Texas Air Control Board, 6330 
Highway 290 East, Austin, TX 78723. Tel. (512) 451-
5711. 

9b Water Section-Chairman: Robert L. Irvine, Univ. of 
Notre Dame, Dept. of Civil Eng., Notre Dame, IN 
46556. Tel. (219) 239-6306. 

Emerging Technologies for Heavy Metal 
Separation-Chairman: B. M. Kim, General Electric, 
Corporate Research & Development, K-l Chemical En
gineering Bldg., Schenectady, NY 12301. Tel. (518) 385-
8824. 

International Research on Liquid Phase Oxidation of 
Organic Wastewaters-Chairman: Charles Hamrin, 
Univ. of Kentucky, Dept. ofChem. Eng., Lexington, KY 
40506. Tel. (606) 258-2954. 

Wastewater Management: From Source Control to 
Effects-Chairman: Robert L. Irvine. 

Biological Waste Treatment in Chemical In
dustries-Chairman: Dr. John Andrews, Rice Univ., 
Dept. of Environmental Science & Eng., P.O. Box 1892, 
Houston, TX 77251. Tel. (713) 527-4092. 
9c Solids Section-Chairman : Dr. Michael R. Overcash, 
North Carolina State Univ., P.O. Box 5906, Raleigh, NC 
27650. Tel. (919) 737-2325. 

Hazardous Waste Management-Chairman: Dr. 
Aaron Jenni~gs, Univ. of Notre Dame, Dept. of Civil 
Eng. , Notre Dame, IN 46556. Tel. (219) 239-5846. 

Impact of RCRA on Petroleum and Petrochemical In
dustry-Chairman: James T. Adams, Jr., ARCO Petro
leum Products Co. , P.O. Box 2451, Houston, TX 77001. 
Tel. (713) 475-4507. 

Books 
From AIChE 

Symposium Series 
Pub. #5-202. Transport With Chemical Re
actions. 

AIChE Members $15; Others $30 

PUb. #5-203. A Review of AIChE's DeSign Insti
tute for Physical Property Data (DIPPR) and 
Worldwide Affiliated Activities. 

AIChE Members $10; Others $22.50 

Pub. #5-204. Tutorial Lectures in Electrochemi
cal Engineering and Technology. 

A12 

AIChE Members $17.50; Others $35 

Pub. #5-205. Recent Advances In Fluidization 
and Fluid-Particle Systems. 

AIChE Members $17; Others $34 
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Pub. #5-206. Controlled Release Systems. 
AIChE Members $10; Others $20 

Pub. #5-207. The Use and Processing of Re
newable Resources. 

AIChE Members $15; Others $30 

PUb. #5-208. Heat Transfer, Milwaukee, 1981. 
AIChE Members $17; Others $34 

PUb. #5-209. Water-1980. 
AIChE Members $18; Others $36 

Pub. #5-210. Fundamentals and Applications of 
Solar Energy, II. 

AIChE Members $15; Others $30 

Pub. #5-211. Research Trends In Air Pollution 
Control. 

AIChE Members $15; Others $30 
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Three Mile 
Island Cleanup 

Experiences, Waste 
Disposal, And 
Environmental Impact 

Lester J. King and] ames H. Opelka, 
Editors 

''The papers included in this book deal with the 
experiences and problems in cleaning up Three 
Mile Island Unit-2 (TMI -2) following the 
accident . . . and the waste disposal and 
environmental impacts of the cleanup. 

The material damages and losses resulting from 
the accident are very high. Cleanup will take 
many years and . . . costs will certainly be 
somewhere near $1 billion" (from the 
foreword). 

Semi ordeTs to: 

Puhlications Salt's, Dept. P 
Allll'riean Institllte of Chl'III it'al Engilll·(·rs 
34,'; East 47 Stred 
:\"W York, r\Y IOOl7 

Puh, #S·2I.1, THREE MILE ISLAND CLEA1'\UP, 

~1t'llIhl'rship :\'0. ___ _ 

Name 

Address 

Contents: 

• Three Mile Island Unit 2 (TMI-2) 
Reactor Building Venting Experience. 

• TMI Containment Entry Program. 
• Water Decontamination Process 

Improvement Tests and Considerations. 

• TMI-2 Technical Information and 
Examination Program. 

• Generation, Classification, Treatment 

and Disposal of Solid Waste Forms 

Resulting from Cleanup ofTMI-2. 

• Three Mile Island Waste Management: 

A DOE Perspective. 

• Radiation Effects on Ion Exchange 
Materials Used in Waste Management. 

• Three Mile Island Zeolite Vitrification 
Demonstration Program. 

Material presented was selected from 

papers presented at AI ChE' s National 
Meeting in Detroit, Michigan, 
August 16-19, 1981. 

(ISBN 0-8169-G224-0 LC 82-8817) 

Pub. #S-213 

AIChE Members $17.50; Others $35.00 

No. of copics __ 

Amount cnc10scd $, _ __ _ 

City _________________ ----"'State' ________ ----£ZIP _____ _ 

Please he SUfe to indu<il'cht'l'k or 1Il00H:'y order in U.S. dollars. U.S. postage is prepaid. Please add $2.00 per book to eoverpostage on 
t()reign orders. \1l'IlIIu.'rs llIust illl'Jude Memhership 1'\0. ill order to qualify liJr memher price, and may order only one copy of each title 
at thl' 1llt'IllI)t'r price. 
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