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For detailed marketing data and information, the reader is
referred to one of the SRI programs specializing in marketing
research. The CHEMICAL ECONOMICS HANDBOOK Program covers
most major chemicals and chemical products produced in the
United States and the WORLD PETROCHEMICALS Program covers
major hydrocarbons and their derivatives on a worldwide basis,
In addition, the SRI DIRECTORY OF CHEMICAL PRODUCERS services
provide detailed lists of chemical producers by company, prod-

uct, and plant for the United States and Western Europe.
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1 INTRODUCTION

For Process IZconomics Program reports, in the past, we have usully
added a standard fixed percentage to the capital investment for control
of water, air, and land pollution. In this study we have developed a
convenient method to approximate the capital and operating costs for
pollution control in specific chenical plants or complexes. We believe
that this method will inmprove the accuracy of pollution control
estimates Iin future PEP reports and at the same time provide a better
understanding of the nature of these costs and how they might be
ninimized. Sufficient information is provided to enable PEP users to
independently estimate or compare the pollution control costs of other

plants or processes.

Sections 4A, 4B, and 4C briefly describe operations with present
or potential application to the abatement of water, air, and land
(solids) pollution. Their areas of utility are indicated and informa-
tion is provided to enable one to roughly relate equipment size to
pollutant stream flow rate. Previously published capital costs for

these operations, where available, are also reported.

Section 5 details the procedures used in this study to derive
module capital costs and operating requirements for the above pollution
abatement operations. Module capital cost curves and tables of opera-
ting requirements, so obtained, are included. These cost data apply to

a PEP Cost Index of 290 and a time base of January 1, 1979.

Section & illustrates the use of the above module cost curves and
operation data to estimate the capital investment and operating costs
of pollution control for a methanol plant, an ethylene plant, a wet
process phosphoric acid plant, and a multiplant complex for making
acrylonitrile, ethylene, propylene, hexamethylenedi{amine, and methanol.

These estimates are compared with similar estimates derived

independently elsewhere.
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Section 3 first outlines the major pollution abatement legislation

enacted in the United States and Japan over the past decade. It then

sunmarizes the overall financial impact of the legislation on chemical

and allied industries. With many pollution abatenent deadlines now set

for the mid-1980s, little or no near-term easing of this burden appears

likely for the chemical industry in the United States.

Only fragmentary information on Eurcpean pollution control legisla-
tion and on the costs of implementation was found in recently published

literature. Thus, no European information is included ‘in this report.

MCD 000012497



2 SUTIIARY

Pollution Abatement Legislation

Much of the motivation for pollution abatement in the United
States stems from legislation enacted by Congress over ‘'the past decade.

The Clean Air Act Amendzents of 1970 and 1977 define three area

classifications:

Class I - Virtually no increase in air pollution is allowed

(national parks and wilderness areas)

Class II - Linited increases in air pollution are allowed (city,

urban, and rural areas)

Class III - Higher air pollution in Class II areas is allowed on

special request by the governor of the state.

The materials controlled are S05, NO;, CO, ozone, hydrocarbons, lead,
and particulates. A criticism of the Clean Air Act is that it allows
pollution to increase in populated areas, where the most people are

exposed to possible long-term effects.

The Occupational Safety and Health Act of 1970 regulates the con-

centration of hazardous vapors and gases in working environments.

The Federal Water Pollution Control Act Amendments of 1972 and the
Clean Water Act of 1977 empower the Environmental Protection Agency
(EPA)--which has the responsibility for administering most of the
pollution control legislation——to establish purity standards for waste-
water discharges from publicly owned treatment works (POTW) and
industrial plants. These standards, to be established by mid-1980 and
implemented by 1985, should prevent adverse effects on humans, fish, or
wildlife.

MCD 000012498



EPA 1s developing a program requiring industrial plants to
pretreat their wastes before discharging them to a POTW. Technical and
financial assistance is available through EPA for implementacion of the

above legislation,

The volume of solid industrial waste generated in the United
States is estizmated at 236 million metric tons/yr, with about 97 of
this being potentially hazardous waste. The Resource Conservaticn and
Recovery Act of 1976 recognizes that, in the past, waste disposal
precaucions have been inadequate and provides for the identification
and aonitoring of hazardcus wastes through generation, traasportation,
storage, and final disposal. A companion piece of legislation, the
Toxic Substances Control Act of the 1976, requires extensive testing
and record keeping before a new chemical material can be produced

commercially.

The Marine Protection, Research, and Sanctuaries Act of 1972 has
largely eliminated the ocean dumping of industrial wastes from the
United States. Ocean dunping of sewage sludge (still several million
tons annually) is to be eliminated by the end of 198l. Incinerator
ships=-currently in use in Europe--are being considered for the burning

of U.S. industrial wastes at sea.

Legislation in Japan to control air and water pollution is similar
to that in the United States but generally more restrictive. The Basic
Law for Environmental Pollution Control was enacted in 1967 and was Aug-
nmnented by the Air Pollution Control Law in June, 1968 and the Water and
tlarine Pollution Control Law of 1970. These laws set national stand-
ards for air and water pollutant concentrations, and the Environmental
Agency has responsibility for their implementation. However, local
governments have the authority to set and enforce standards which are

nore severe than the national ones.

MCD 0000124899
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Pollution Abatement Expenditures

Capital Costs

The capital investment in facilities for pollution abatement by
the U.S. chemical and allied products industries has risen steeply from
less than $150 gillion in 1972 to alumost oue billion in 1977. Most of
this cost pertains to water (60%) and air (35%Z). By 1985, capital
expenditures for pollution control are expected to reach §l.3
billion/yr, with most of this increase going for water pollution

abatenente

Capital expenditures for pollution abatement since 1973 have been
in the range of 10 to 13.5% of total new capital spending by the U.S.
chemical industry. This is projected to continue until 1985. These
are average figures and they differ appreciably for different segments
of the chemical industry. For example, pollution abatement expendi-
tures in 1976, as a percentage of new capital investments, was 22% for
inorganic chemicals, 15% for organic chemicals, and 4% for drugs and
pharmaceuticals. tloreover, expenditures within these segnents vary
widely.

Annual expenditures by the Japanese chemical industry reached a
peak‘of 17% of new capital investment in 1975. They have since
declined to about 4X%X. Water pollution represents about 50% of the 4.5
x 109 yen pollution abatement expenditure in 1979. Air pollution
accounts for 307, with solid waste disposal and noise pollution taking
the balance. Incineration is the principal means for disposal of solid

and hazardous wastes in Japan.

Ogefating Costs

Operating costs for air, water, and land pollution abatement have
also been rising steadily in the United States since 1973, at an
average annual rate of 24%. They currently amount to $l.7 billion/yr,
or about 2.2% of the value added by the chemical and allied industries.
By 1985, annual operating costs may reach $l.7 billion, or 2.7% of the

value added.
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The operating costs vary appreciably among industry segments. In
1976, pollution abatement operating costs as a percentage of the value
added averaged 3.37 for industrial organic chemicals, 2.7% for
inorganic chemicals, and 0.4% for drugs and pharmaceuticals. Within a
given segment, however, the costs may vary widely. A sulfate process

titanium dioxide pigment plant, for example, may have a pollution
P

abatement cost equal to 107% of value added.

Waste Treatment Technoloev

The technology for pollution abatement consists mainly of the same
physical and chemical separations and reaction technologies used in

chemical manufacture.

For wastewater, pretreatzent by screening, settling, or steam
stripping, may be used to reuncove suspended solids or immiscible lig-
uids. This can be followed by a primary treatment consisting of
physical operations such as centrifuging, floﬁation, reverse osmosis,
and evaporation, or chemical reactions such as neutralization, precipi-
tation, and ion exchange to separate dissolved or finely suspended
impurities. Secondary treatment consists of biological oxidation (this
is the only technology pertaining primarily to wastewater treatuent).
The oxidation can be performed in tanks, deep shafts, lagoons, or
trickle filters, with air or oxygen being used to convert nontoxic
organic impurities to an insoluble sludge. This sludge can then be
separated by thickening, filtration, or centrifuging and sent to solids

disposal.

When the wastewater is to be recycled or used by animals or
humans, tertiary treatment tiay be necessary. This consists of ozona-
tion, distillation, or absorption by activated carbon to remove traces
of organic colors, tastes, and odors, or of ion exchange, electrodialy-
sis, and precipitation to eliminate residual dissolved solids.

Finally, the water is chlorinated or ozonated to destroy bacteria and

other microorganisms.
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The choice of operations for treating a given aqueous waste is

determined by:

® Quantity and composition of waste stream
® FExisting or impending pollution abatement laws and regulations

® Nature of surrounding facilities and enviromment.

In some cases, it may be more economic te eliminate a waste stream by

modifying the process or raw cmaterials from which it is generacted.

Gaseous wastes may need to be precooled or compressed to facili-
tate subsequent treatment. Suspended solids are separated by cyclone,
bag filter, or electrostatic precipitator. Harmful gaseous impurities
are removed by adsorption on active charcoal or by scrubbing with
water, solvent, or aqueocus acid or alkaline solution. Combustible
impurities in the waste gases can be burned or flared. Residual inert,

or largely inert, gases are released to the atmosphere.

The treatments and disposal alternatives available for solid
wastes are few. Moisture or adsorbed liquids‘can be separated in a
dewatering centrifuge or a drier. Incineration can be used to convert
toxic wastes to gaseous and solid wastes more easily disposed of. A

combustible solid waste can be used as a fuel in the plant.

The disposal of waste solids, as previously indicated, is couing
under increasing regulations and record keeping. Ocean dumping is no
longer permitted from the United States. Deep-welling of slurried
solids is feasible only for some areas and with extensive precautions,
monitoring, and record keeping. The same {s true for hazardous-waste
landfill. Nonhazardous waste solids can be stored in sanitary land-
fills, stacked or, in the case of biologically decomposable solids,
destroyed by land faz:=ing. These methods can require sizable land

arease.
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Modular Waste Treatment Costs

Fixed Capital Investment

The several wmethods normally used for estimating the capital cost
of waste treatment facilities are cumbersome, expensive, and/or
requiring of detail zore akin to a final engineering design than to a
Prelimirnary cost estimate. In this study, we developed a quick and
simple procedure to estimate both capital investments and operating

COSLS,

Typical installed costs for chemical equipment ranges from about
1.8 to 5.0 times the equipment f.o.b. price, depending on the extent of
foundations, supports, field labor, piping, insulation, electrical
wiring, instrumentation, and building enclosure that is required.
Thus, by placing each of these installation requirements at '"little,”

"some," or “extensive,” as shown below, we obtain installation factors

varying between 1.8 and 5.0:

lLittle Some Extensive

Ease factor 1.0 1.0 1.0
(A) Foundations, steel supports,

field labor 0.2 0.6 1.0
{(B) Connecting piping 0.2 0.6 1.0

(C) Insulation, electrical connections,

instrunmentation 2 .6 1.0
(D) Building or enclosure 0.2 . 1.0
Totals (module factor = fy) 1.8 3.4 5.0

A centrifuge with "some" foundations and supports; "some' connect-
ing piping; "little" electrical, insulation, or instrumentation; and
complete enclosure in a building would have a module factor (fy) =
1.0 + 0.6 + 0.6 + 0.2 + 1.0 = 3.4. The module cost is then the equip-
ment price of §25,000 x 3.4, or $85,000. A comparison of equipment
module costs so obtained with those by Icarus Corporation and Guthrie
showed individual variations of +307% but, when nine modules were

totalled, the differences were less than 5%.

8
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The total fixed capital investment 1s the sum of the modular costs
plus 30% to allow for indirect costs--construction, overhead, engineer-
ing, freight, equipment rental, etc.-—and general facilities such as

stores, maintenance shops, change rooms, roads, and fencing.

Operazing Costs

The operating costs for each equipment module are functions of
capital cost, feed rate, and process complexity. Capital-related
costs--i.e., taxes, and insurance, depreciation, return on investment,
and maintenance--are, with the exception of maintenance, defined in PEP
estimates as given percentages of the capital investment. Factors
influencing maintenance costs are:

® Corrosivity and special construction materials

® Operating temperatures above ambient
Power usage and numerous uwoving parts

Connecting equipment

Abrasive solids handling.

If each of these five factors is given a value of zero, one, or
two--depending on whether it has no influence, some influence, or
appreciable influence--the annual maintenance cost can readily be

estimated as a percentage of the process module cost.

Process materials and utilities usages are normally specific to a
particular waste treatment operation and feed flow rate, and labor is
related to the type of processing, with only minor sensitivity to feed
rate. Tuese relactionships are given in tables on the graphs of module
costs. Thus, using the table and the graph, one can derive the

approximate capital and operating costs for each equipwent module.

Examples of Module Cost Estimates

Modular capital and operating cost curves and data were employed

to estimate waste treatment costs for the following chemical plants or

complexes:
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® A 660 million 1b/yr methanol plant
® 4 1.0 billion 1b/yr ethylene plant

® A nmultiplant complex of adiponitrile, ethylene/propylene,
hexametnylenediamine, and methanol with capacities of 210,
900, 200, and 750 million lb/yr respectively.

® 4 S0 =illion lb Py0s5/yr wet process phosphoric acid plant. (ﬁ

These costs, together with comparative figures obtained from independ-
ent sources, are shown in Table 2.1, MModularly estimated fixed capirtal
investments for each of the three single-process plaats and for the

multiplant complex are well within X20% of the comparison estimates.

b

Similarly, annual operating costs--except those for the methanol
plant--are generally within the same range. 1In all cases, the invest-
ment in waste treatment is less than 5% of the plant investment, and

operating costs represent 0.4¢/lb or less of the product value.

Minimizing the waste treatment cost of any new chemical plant
necessitates judicious selection of process, location, and raw

materials.

MCD 000012505
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Table 2.1

A COMPARISCN OF MODULAR VASTEZ TREATMENT ESTIMATES WITH INDEZPENDENTLY ESTIMATED VALUES®

Pep Coset Indax: 190

Wante Treacment Moduy.e :sti=ates Tndependent Waste treatzent Estisaras
T.xed Capiral lseracing -ost Tixed Capical Tperatlitg LoscC
Chemical piaats S of Plant /1b of A Seviactan % Saviac.on
‘zagacity, +,°00 elye) 31,000 {nvestoenc $1,7%C0/ve  Praduct 51,000 froo Hodula §1,200/yr  from Hc:-ulw
vertanol! (11 858 1.7 162 T.lé Ti2 -17.0 ile =23
Erilene? ¢ 1,170 3.7 738 C.27 1,00 «2.2 620 = b
Multipiane zzmplex
aaiponicrile (1C5) -36.8
T:nylena:propylene (450) 9,100 I {1,690
. : 12,00 3.2 3210 0.15 or -6, 5% or ~16.8""
Zexagerhvieneatamine (100) s j 14,100 3,100
HYethanol (375) .
“et procass phaspharic actd (503"t 430 4.3 394 D.40 168 -l4,4 Wt +.5

————— e
Japendent valuss have baen id justdd whare neceasary to a ?EP Cost ledex of 190, correspoading ¢o a Cise basis of January,
1979,

"These figures {nclude saty the blologlcal air oxtdation of zathanol aquecus wesces. Nacural gas raw sacterial (s assumed 20 ve
deilvered with a low suifur conrant. Cther waetes ara neglijidle or ars recurned ta supplier for recovery 3f netals.

$wasze CreatDent costs nave baeen adjusted to a4 ssall plent capactily for cha {ndepandent sstimatsa Co :0CTespond Co waste sirea=
juantizies used for the aodula eetizsces.

‘P e independent wvaste ¢Ceal3anc sscimacte inciudes tva systems——one asccording to the beat svailable demanecTatad technology
(3ADT) ana alsc sccording to the bast available technalogy (3AT). The average of rLhesa i3 ueed :I)r comparison.

”’:i?l:ll ind operaticg cost to pump slurcy vastes to the disposal area are tat t(ncluded in elther seac of (tgures,
13
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3 POLLLTION ABATEMENT LEGISLATION AND EXPENDITURES

Legislation in the United States

Air Pollution

The first legislation in the United States directed to the control
of air pollution was the Air Quality Act of 1963. This act provided
for research, technical assistance, matching grants to state and local
agencies, and enforcement authority for the abatement of air pollution
(B-13932). This was followed by the Air Quality Act of 1967, which
initiated a two year study of air pollution, the issuance of air
quality criteria, and the development of methods for their control.
Primary enforcement was placed at the state level with federal fallback

authority when needed.

The Clean Air Act Amendments of 1970 was next, with the following
praovisions:
o Inclusion of all areas of the United States in air quality
control regions.
e Promulgation of performance standards for new sources.
e Development of national standards for deleterious pollutants.
e Monitoring and record keeping of emission sources.

e Imposition of fines and criminal penalties for violation of air
quality standards.

Administrative responsibility for overseeing the implementation of

these provisions was given to the Environmental Protection Agency.

The most recent and comprehensive legislation is the Clean Air Act
Amendments of 1977 (447094). This legislation set up three area clas-
sifications: Class I, which permits virtually no pollution increase;
Class II, which allows for a moderate increase; and Class III, which

provides for a more extensive increase. Class I includes national

13
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parks and wilderness preserves. All other areas are Class I[I, except
where a Class I[II designation has been requested by the state governor.
The act also sets national air quality standards (see Table 3.1), with
a January 1979 deadline for meeting these standards--now extended to
Decemnber 1982 (B-139138).

The major sources of pollurtion (each capable of emitting more than
100 tons of pollutant per year) have been identified in the United
States (3-13938). Ouc of approximately 23,000 major sources, 87%
were in compliance as of October 1977. However, prior ‘enforcement
actions initiated by EPA and the states exceeded 16,00C. Pollution
increments——intended for the prevention of significant detericration
{PSD)--have been established for new sources, and a complicated pro-
cedure is required to obtain a pernit for a new source. The tinme
interval for completion of this procedure ranges from 18 to 43 months
(447002).

Local concentrations of toxic gases resulting from various manu=-
facturing and chemical processing operations are covered by the
Cccupational Safety and Health Act of 1970 (OSHA) (447095). This act,
administered by the U.S. Dept. of Labor, provides for a network of
inspectors to investigate working areas. OSHA can issue citatioms when
the concentration of a hazardous material--such as vinyl chloride
vapor--is above a specified safe concentration. Fines and/or imprison-
ment can be imposed for noncompliance with OSHA safety standards. Some
of the problems arising from OSHA inspections of a working envirooment
have been discussed by lloran (447096).

The above act also sets up a National Institute for Occupational
Safety and Health (NIOSH), which operates within the Dept. of Health,
and Human Services to measure and report the safe exposure limits for
hazardous materials. Over 16,000 toxic substances have been identified
and threshold concentrations for their toxicity to marine and animal
life have been established (B-13937). Safe concentration limits for
over 300 gases have also been published (447006).

14 o0Y#
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Table 3.1

U.S. NATIONAL AMBIENT AIR QUALITY STANDARDS

Primary* Secondary!

Pollutant Time Period rnits Standard Standard

Sulfur dioxide 3 hr wg/m3 - 1,300

24 hrl wg/ad 365 —

Annual ug/m3 80 -

Nitrogen dioxide Annual wg/nd 100 1CC

Total suspended particulates 24 hed ug/m3 260 150

. Annual ug/m3 75 60

Carbon nonoxide 1 hrd mg/m3 40 40

8 hrd ng/m3 10 10

Lead 3 month avg. ug/m3 1.5 1.5
Hydrocarbons (other than

methane)” 3 hrld wg/m3 160 160

Ozone ! hrd ppm 0.12 0.12

Prevention of Significant Deterioration,
aximum Allowable Increment (ug/mJ)

Pollutant Class 1 Class Il Class III
Particulate matter
Annual mean 5 19 37
24 hr maximum 10 37 75
Sulfur dioxide
Annual mean 2 20 40
24 hr maximun 5 91 182 .

3 hr maxinum - 25 512 700

*Threshold level for effects on human health.
TThreshold level fer environmental effects, foliage, visibility, etc.
SLevels not to be exceeded more than once per year.

#Suggested maxinum if ozone limits are to be realized.

Source: 447094
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water Pollution

The Federal Water Pollution Control Act Amendments of 1972, which
replaced all previous f{ederal water laws, was the most comprehensive
water control legislation to ccme ocut of the Congress of the United
Stares. It enpowered EPA to set standards for wastewater dischargzes
from existing industries to be achieved by July 1, 1977, by the 'Sesc
practicable control technology currently available'" (BPCTCA or SPT).
Vew plants were required to file for a National Pollution Discharge
Elimination System (NPDES) perzit 24 months before begihning the
discharge and to meet an effluent concentration according to the '"best
available demonstrated control technology" (BADCT or BADT). Industry
was directed to attain, by July 1, 1983, aquecus pollutant discharge
levels consistent with the '"'best available control technology economi-
cally achievable'" (BATEA or BAT) and 1985 was set as the year for
achieving zero pollutant discharze. llonitoring and reporting could be
required and fines up to $253,700 ari/or | year imprisonment could be
imposed for the first conviction of false repdrting, negligence,
carelessness, or willful violation. Discharges to publicly owned
treatment works did not require a permit provided they did not contain
pollutants which interfere with norzal operation and provided the
discharger bore a proportionate share of the POTW capital and operating

COsStsSe

EPA implementation of this law separated the chemical and related
industries into subcategories ranging from A; through Cj);. Each cate-
gory was allowed a maximum one day and a wmaximum 30 day discharge of
chemical oxygen demand (COD), “iological oxygen demand measured over 5
days at a constant temperature (BODj;), total suspended solids (TSS),
and pH, as shown in Table 3.2, for the three control levels BPT, 3DT,
and BADT.

The above law was not sufficiencly specific--small quantities of
chlorinated organics or heavy retal salts, which can be very damaging

ro the enviromment, were not covered by effluent specifications.

16 ycp 000012510
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TYPICAL EFFLUENT [ MITATIONS PROMULCATED

Table 3.2

&Y U.S.

EPA

ACSCRDING 70 THE FEDERAL WATIR POLLLTICN CONTROL ACT AMENDMENTS OF 1972

=2/1.79C i» of Produet or ka/l,2C0 xg of Product
2T 3A0T 3AT
Avelrage Average Aversge
of 30 af 20 af 30
Maxigus Consecut:ive Maxfaum Consecutive ‘xiaum Consecuc:ive
Effluent for 1 davs shail for | Says Shall for ! Qave Shgll
Subcatezsryv ?roduct 17d Processes Chacatceristicy Dav Not Zxceed lay Vot f£xceed LAY Not Zxzcees
A 3TX arcmarics Sv Svdration of cop - -— —_— — T 262 3.5.5
PYCCi 349 Tasa.:ne; ITX armat-
ics by soivent extractian of BiCg TuChS .02 2.037 N.37 J.218 .08
refermate: 2yciohexane By hedro=
genatioa of benzena: and vinyl 188 0.087 3.03 J.C3& 0.01% s.o22 e
chloride by HCl addition ta
acatylane. PH 5.0 to 9.0 6.0 to 9.0 b.ed o 2.0
By Acetoce by dehvdrogenscion of
1sepropanol; Sutsdlene ny-product
of athylane; st ylbenzens by
slkyiation of baniene; ethylene
and propylane by hydrocavhen cop _— -_— — — J.80 2.54
pyroiysis; wthylens dichloride
by chiavinacion of echylene: BGDy Q.13 0.58 Q.1 0.048 N.Cbd 74228
ethylens oxide oy cacslyfic oxi-
dation of ethylene; formaldahvde TSS .20 2.088 2.10 0.344 0.066 MV
by oxidation of sethanel; aetn-
anol Sy steas reforming af pH 6,3 to 9.0 6.0 to 9.0 6.0 ta 9.2
natural gaw; methyl asines by
addicion of zmoonia co schane;
viayl acetate Irom athylene and
acetic acid: viayl chloride Sy
cracking of ethylene dichlioride.
131 Adiponitrile br chlorinacion of [=e):} - -— - - 16.6 1.9
beantadiene; benzaic acid by
zatalycic oxidatiaon of toluane; BODg 0.94 0.42 0.78 0.313% C.15 Duib
and ceehyl chlocide by RQ .
rasction with ocethanols 88 .11 Q.69 0. 56 Q.25 0.7 .11
PH Betweas 6 and ¢ Satvean 6 and 8 Betvaen ¢ and 8

Saurce: Federal Registar, Vol. 19, No. B, pp. 1eO7E-14685, April 23, 197,
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Moreover, some of the deadlines for compliance were impractical and the
BAT, BADT, and BPT classifications of pollution control technology were

confusinge.

The Clean Water Act of 1977 was designed primarily to overcome the
deficiencies of the 1972 law. It includes the following provisions
(B-13938):

¢ EPA was permitted to issue individual extensions up to April
1979 to the 1977 deadline, if there was a genuine commitment to
compliance.

o A list of toxic pollutants which must be controlled by Julw- 1,
1984 and to which EPA could add or subtract was issued. (This
list as of Cecember 1978, is shown in Table 3.3.)

e EPA was directed to publish a list of conventional pollutants--
BOD, suspended solids, fecal coliform, and pH--which industry
must control by July 1, 1984, using best available current
pollution control technology (BACT or BCT). This new standard
of control was to be specified by EPA through effluent
limitation guidelines.

e Discharger of nonconventional pollutants--neither toxic nor con-
ventional--must install best available control technology by
July 1, 1984 or, within 3 years after EPA issues effluent limi-
tation guidelines, whichever is later, but not later than July
1, 1987. Variances from this requirement are possible if it
can be shown that this variance will not adversely effect water

supplies, shellfish, fish, wildlife, or recreational use of the
watere.

e Provisions in the 1972 law which allowed EPA to grant economic
variances from toxic pollution standards were eliminated.
A partial listing of water quality criteria proposed by EPA, is
shown in Table 3.4. Additional criteria and revised effluent standards
for the organic and inorganic chemical industries, as well as for

petroleum refining, were scheduled for publication before mid-1980.

To achieve the goals of the Clean Water Act, EPA is developing a
national program to pretreat nondomestic wastes before their discharge
to municipal plants (Federal Register, 27736, June 26, 1978). Each
publicly owned treatment works (POTW) with a design flow above 5 mil-

lion gallons per day is required to develop and enforce pretreatment
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volatile Halogenated Organics (“HC)

Table 3.

3

.S. EPA LIST OF PRIORITY TOXIC POLLLUTANTS AS OF DECEMBER (978"

43.
s,
26,
27

29.
39.

-
-

33.
L4,
5.
46.
“8.
+9.
SO
Sl.
52.
53.
85.
87.
&88.

aNe]

arbon tetrachloride
hlorobenzene
2,s=Trichlorobenzene
Z-Dichiorcethane
,1,i-Trichlorcechane
Yexachloroethane
1,1-Bichloroethane
l1,!,2=Trichloroechane
i,l,2,2-Tetrachloroethane
Chloroethane

Chloruforu
l,2-Dichlorobenzene

1, 3-Dichlorobenzene
l,s=Dichlorobenzene
l,1-Dichlorcetiiylene
1,2-t-Dichloroechylene
I,i-Ddichleoropropane
1,3-Dichloropropylene
‘Methvlene chloride
tiethyl chleride

Yethvl bromide
8romofora
Dichlorooromomethane
Trichlorofluorcmethane
Dichlorod{fluaromathane
Chlorodibromomethane
Hexachlorobutadiene
Hexachlorocyclopentadiene
Tetrachloroethylene
Trichlaroethylene

Vinyl chloride

1
1
L.
1

MCD 000012513

Arcmatic Hydrocarbons

ie
A
-

i8.
39.
55.
72.
73.
T4,
75.
76
77
78.
79.
80.
al.
32.
33,
84,
86.

Acenaphthene

Benzene

Ethylbenzene
Fluoranthene
Naphthalene
1,2-Benzanthacene
Benzo[a]pyrene
3,4-Benzofluoranthene
11,12-Benzofluoranchene
Chrysene 2
Acenaphthyvlene
Anthracene
l,12-8Benzoperylene
Fluorene

Phenanthrene
1,2:3,6=Dibenzanthracene
Indeno{l,2,3-C,D}pyrene
Pvrene

Toluene

Phthalate Esters

66. Bis(2-ethylhexyl)phthalace
67, Butyl benzyl phthalate
68, Di-n-butyl phthalate
69, Di-n-octyl phthalace
70. Diethyl phthalate

71. Dimethyl phthalate
Amines

5. Benzidine
28. 3,3'~Dichlorobenzidine
37. 1,2-Dighenylhydrazine
19



Table 3.3 (Concluded)

Zn.orinated Esters

17. Bis(chloromethvl)ether 6l
13, Bis(l~chlorsetnvi)ether 2

as

CPA LIST OF PRIORITY TOXIC POLLUTANTS AS OF DECEMBER 1978"

Nitrosamines

Y=Nitrosodizethylanire
N=Nitrosodiphenylacine

19. I=-Culsrcecnyl viavl ether (mixed) 63. N=Nitrosadi=a-propylanine (T
40. 4-Chlorzpnenyl pnenyl echer i
41l. &4-Bromophenyl phenyl ether Phenols
42. 3Bis(2-chloroisopropyl)echer
43, 8is(2-chloroethoxy)methane 2l. 2,%,6-Trichlorophencl
22. p~Chlaro~m—-cresol
Qther Aromatic Compounds 24, I=Chlorophenol .
31. 2,4-Dichlorophencl !
9. Hexachlorobenzene 34,  2,4-Dimetnyl phenol ’
20. 2-Chloronaphthalene 57. I-Nitrophenol
35. 2,4-Dinitrotoluene 58. 4=Nitrophenol
36, 2,6-Dinitrotoluene 59, 2,4-Dinitrophenol
S6. Nitrobenzene 60. &,6-Dinjicro=o-~cresol
176. PCB-1242 (Aroclor® 1242) 64. Pentachlarophenol
107. PCB-1254 (aroclor® 1254) 65. Phenol
108. PCB~1221 (Aroclor” 1221)
109.  PCB=1232 {Aroclor® 1232) Miscellaneous Compounds
110. PCB-1248 (Aroclor’ 1248) :
111. PCB-126C (aroclor® 1260) 2. Acroletn
112, PC3-1016 (Aroclor® (0l6) 3. Acrvlonitrile
129. 2,3,7,8-Tetracnlorodibenzo-p=dioxin S4. lsapharone
116. Asbestos (fibrous)
Pesticides and Metabolites 121. Cyanide (total)

Elements {(total)

89. Aldrin
90. Dieidrin
31. Chlordane (technical mixture & 114,
netabolices) Lis.
92, 4,4'=DOT 117.
93, 4,4'-DDE (p,p'-DDX) 118.
94, &,4'=DDD (p,p'=TDE) 119.
5. Alpha-Endosulfan i20.
96, 3eta-tndosulfan 122.
97. Endosulfan sulfate 123.
98. Eadrin 124,
99. Endrin aldehyde 125.
100. Heptachlor 126.
101 Heptachlor epoxide 127.
102. Alpha=-BHC 128.
103. Beta-BHC
104. GCamma=-BHC (lindane)
105 Delta-~BHC
113, Toxaphene
*The categorization of impurities has been done by
Source: B=-139138.
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Antimony
Arsenic
Beryllium
Cadnjium
Chromiunm
Copper
Lead
Nickel
Mercury
Selenfum
Silver
Thallium
Ziac

SRI.
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Table .4

U.5. E£PA-PROPOSED WATTIA (MICROGRAMS/LITER) QUALITY CRITERIA FOR SELECTED TOXIC POCLLUTANTS

freshvacer Acuatic Lile

"}

Saltwacer Aguatic Life Hussn Health
e ST svelage JeL.L0R Js NT AveTage arlieg Tffecrs
Acenapnthene 11 240 7.5 17 {Q.02 mgsi)
Acrolein 1.2 2.7 0.88 2.0 8.5
Anctaony 120 1,500 ' —_ [
Chlsrinated phenols
srcprano. 3] 180 - had 30
J.e.nmTricnloraprenci 52 150 — — 1oh
i-Chlarcpnenai - - -— —_ 50
1.5~Dichleropnenc. - —_ — -~ 3.9
2.6~=01crloropnenol -_ — ~- — 1.2
2,e,5=Trichloropnensl had - — — 13
2,3,4,8~Tetrachloraphenol -_ bt — — 2638
Coppet o{e85 la(hariness)~1.03) L(0.88 ln(hatrdness)-(.03) Q.79 8 (1 agrly
Cyagide l.s ! ) — - (0.2 mgsl)
1,}'-Diehlorcbenzidine -_ — — . -_— o*
Zixhloropropanes(enas)
1.1-Dichlocoprovana “1e 910 - - 123
l,2=dichlorapropane 9:n 1000 «0Q 930 MBS
L, 3-Dichloropropane A, 800 1,00 1% 180 223
i,1-Dichloropropane 18 250 5.5 14 0.b)
tinitrorolusae
2,3-Dinitratoluens 2 7 [ 10 2"
2,4-Dinttrotoluene 620 1,«00 - - o*
Ciahenylhydratine 17 8 - - o
fndasul fan 0.042 0.49 -— -~ (0.1 ng/l)y
Indria 1.£020 a.10 0.0047 9.031 1
-_— - _— - (1.1 ag/ily
Haloethers
4-Bfomophenylphanyl 6. 16 - -_— -—
Halomecnanes
Mathyl chioride 7,000 16,000 1,700 8,400 2
tlechyl Sromide {al 32 i70 380 2
‘'stnyiene chloride 4,000 9,000 1,900 4,400 3
3romotarm 84y 1,900 180 w20 2
Jromochloroechiane - - — - 2
2chlorodifluoromechany - g - -~ 3,000
Trichlosos luromecnans - - — -~ 200
!sopnotang 2,100 4,700 97 220 60
Saphethaliene — — -— -_ 14]
Sickal ot 1+22 la(har¢ness)}~1.02) L(0.47 la(hardness)+s.id) — - 13
Nicrobenzene 1,100 3] L20 0
Nitrophenols
2-Nicropnanol 2,700 6,200 — -— am
4-Nictropnenci 24 550 51 (20 -
I,+-Dinitraonenol Te 180 37 B4 58.6
I1,+=Dinterocresal 57 1% — — 12.8
I,%,6-Trini1trophenanl 1,500 3,400 150 340 10
Menoi 600 3,600 —_— - (3.6 ag/L)
1.0
Phzralace esters
Jizecnvi prthalace — - -_— - {160 2g/1)
Siethvl pachaiace —_ _— -_ - (60 ng/l)
Sidutyl pnthalace — b - R (5 ogs1L)
Zi=Zz-ethylhexyl phehalace — — -— Rd (LG ag/1)
?7cE 00318 6.2 0.024 .20 o*
Toiuene 2,300 3,200 100 330 (12,4 wgsl)
Taxapnens 027 0.7 0.1% 0.12 o*
lime o(C-87 ln(harcrass)+0.67) G(0.64 [a(hardnass)=l.«6) - - (5 mg/l)

'?reponq lavels nor yet established.

*Data are lasuifictent to set cricarion, but EPA recomoends minisizing exposufss.

'Drganolopuc wffaccs.

2aurie

- .
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programs in accordance with the standards issued by EPA. By 1983, this
could affect as many as 38,000 to 53,00C dischargers in the United
States (B-13938).

Technical and financial assistance is available through EPA to
industries and to POTW's for the implementation of this program
(B-13939). User charges are designed to fairly apportion POTW capital,
and operating and maintenance costs between public and private sources
(Federal Register, 17690, April 25, 1978).

Land Pollution (Solids Disposal)

The secure disposal of solid wastes presents an enormous enviroa-
mental problem in the United States. EPA estimates the output of solid
industrial wastes at 336 million metric tons/yr (wet basis)-~enough to
fill the New Orleans Superdome, from floor to ceiling, four times every
day of the year (B-13938). The proportion of potentially hazardous
wastes is believed to be about 29 million metric tons/yr (8.67%) and
growing at the annual rate of 3 to 4%, uwostly generated by the chemical
and refining industries. Some of this has been handled by inadequate
disposal practices as evidenced by the problems at Love Canal, near
Buffalo, New York, and the '"Valley of the Drums," near West Point,
Kentucky, from wastes discarded as much as 10 years ago. Companies
generating these wastes in the Unired States do not escape legal
responsibility for their safe disposal by turning them over to an

independently operated for-fee disposal facility.

The Solid Waste Disposal Act of 1965 was the first federal legisla-
tion addressing the solid waste problem. It provided mainly for
research and development for waste treatment and resource recovery.

The first comprehensive legislation concerning solid waste was the
Resource Conservation and Recovery Act of 1976 (RCRA). This act
includes the following provisions (B-13938, 447085):
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¢ Federal financial and technical assistance for the development
of waste management pragrams.

e Identification and regulation of hazardous wastes from point of
generation through disposal.

¢ Research, demonstration, studies, and information activities
relating to solid waste problems.

e Standards of performance for those who transport, store, treat,
or dispose of such wastes, including up to $5 million in
liabilicy insurance.

s Regulatory control of hazardous wastes by EPA, where state or
local programs do not meet federal standards.

e Civil and criginal penalties (up to §25,000 fine and | year in
jail for the first conviction) for false statements or
noncompliance with enforcement orders.

An augmenting piece of legislation is the Toxic Substances Control

Act of 1976 (TSCA) (B-13938). This regulates the manufacture and use
of toxic substances. It provides for a review of materials which may
be hazardous to health or envirormment before they may be manufactured
for commercial purposes. This law alone requires a monumental amount
of testing and record keeping, since there are over 70,000 chemicals in
commerce and over 1,000 new ones are introduced each year. In three
years, the budget for EPA implementation of TSCA has grown to $58
million. Violators of this act can be subjected to civil and criminal

penalties similar to those of RCRA.

A third act of Congress with profound effects on the costs of
solid (and liquid) wastes disposal is the Marine Protection, Research,
and Sanctuaries Act of 1972, which proposes to phase out all dump-
ing of sewage sludge and indus:trizl rastes by December 31, 1991
(B-13938). During 1977, ocean dumping of industrial wastes from the
United States dropped from 2.7 to 1.8 million tons/yr and sewage sludge
dunping declined 12% to 7.4 million tons/yr. The dumping of industrial
wastes has now been largely eliminated but sewage sludge still amounts

to about 4 to 5 miliion tons annually.

The new restriction on ocean dumping has generated interest in
sludge evaporation to yield animal feed, fuel, and fertilizer (447082),
and in incineration aboard ocean vessels (447083). EPA has also
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investigated the economics of land-based waste management facilities
for hazardous waste disposal (447077) and has published a list of such

facilities operating as of January 1977 (447092).

Selected Reactions to U.S. Antipoilution Legislation

The enactaent of comprehensive legislation requiring vast expendi-
tures for reduction of air, water, and land pollution has understand-
ably given rise to protest from those concerned with meeting and
financing c0mpliahce standards. Hooker Chemicals for example, esti-
mates a 10 to 12% loss of existing vinyl chloride plant capacity in
neeting EPA standards of 10 ppm for vinyl chloride concentration in air
(447097). For vinyl chloride dispersion resins, the limitation of 400
ppm vinyl chloride weighted average on the resins, could reduce plant

capacities by as much as 20%.

The difficulties in measuring EPA toxic compound concentrations
(e.g., those for arsenic) as low as 0.0002 microgram per liter (0.2
ppb), let alone controlling them, is dismaying to some segments of the
chemical industry (447080). In many cases, it may be less expensive to
neet effluent standards by process modifications rather than by end-of-

pipe treatments.

A study of the economic impact of the Federal Water Pollution
Control Act of 1972, prepared by 10 major chemical companies (447100),
indicated that 80 to 90% of the BAT water pollution levels could be
realized with 40 to 50% of the total capital expenditure for water
cleanup, and that achieving the last 10 to 20X of the required improve-
ments (zero pollutant discharge) would take the other 50 to 60Z capital
investment. Thus, a major portion of the cost is required to meet the
last increment of improvement. In this respect, Reference 447099 cites
a General Accounting Office opinion that zero pollutant discharge is
unnecessary because there is an inherent degree of self-cleansing

capability in the nation's waterways.
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The Manufacturing Chemists Association in the United States claims
that the economic burden placed on the chemical industry by the Toxic
Substances Control Act, for extensive testing and reporting of new
products will impact on innovation. MCA has suggested an alternative
sinplified report form and a three-year status report (447081). MCA
also proposes that less hazardous materials, e.g., ignitable wastes,
should be given a different classification and standards than severely
toxic materials (447084). The hazardous classification is said by
others to be too narrow because it does not include known carcinogens,

teratogens, and neurotoxins.

The Clean Air Act Amendments of 1970, which established uniform
air quality standards across the United States, was controversial
because it permitted deterioration of air quality in pristine areas to
the same level as that in industrial regions (447098). As a conse-
quence, the Clean Air Act Amendments of 1977 were passed for the
prevention of significant deterioration (PSD) of air quality. The pure
air of park lands and wilderness reserves would be maintained while pol-
lution in urban areas would be allowed to increase to levels believed
acceptable. This legislation is also controversial, because it permits
increased air pollution in areas where the most people are expoéed.
Moréover, currently acceptable pollution levels may prove unacceptable
for continuous long term exposure. A second point of contention con-
cerns the accuracy of atmospheric dispersion models (447098). Air
quality standards are generally applied at ground level, whereas the
concentration issuing from an elevated stack is generally much higher.
Under some circumstances=-atmospheric or topographical--this dispersion

model may be inaccurate.

Information Sources

The complex and growing array of environmental regulations not
including state and local actions, which now pours out of Washington in
the form of legislation, implementing standards and requirements, con-~

sent decrees, and informational literature is staggering. There are,

25

MCD 000012514



"

however, a number of publications which are helpful in keeping abreasc

of this paper torrent.

Table 3.5 lists the major legislation dealing with air, water, and
solids pollution passed by the U.S5. Congress in the past two decades.
Actions taxen by EPA to inplement and enforce this legislation are pub-
lished dailvy in the Federal Register. However, since the Federal
Regiscer also includes the administrative actions of most other govern-—
ment agencies, it is a very voluminous publication. Fortunatelv, two
weekly reports--one on air/water pollution and one on toxic materials--
review current Washington developnents in these areas. 3Both are
published by Business Publishers Inc., P.O. Box 1067, Silver Springs,
laryland, 20910. "Environmental Quality" is an annual publication of
the Govt. Printing Office which reviews the developments in pollution

abatement. In addition, Pollution Engineering Journmal (i30l S. Grove

Ave., Barrington, Illinois, 60Cl0), in years past, has published a

December status report of EPA actions and regulations.

Some recent journal articles dealing with pollution control rules
and regulations are listed as References 447002, 447085, 447094,
447102, and 447103. Several of the books dealing with pollution con-

trol lezislation are listed as References B-13941, B-13942, and
B-13943.

Lezislation in Japan

Pollution abatement legislation in Japan is somewhat similar to
that in the United States but with generally stricter limits on the
allowable concentrations and quantities of pollutants. Basic pollution
laws are enacted by the Diet, with implementation and enforcement being
handled by the Environmental Agency (B-13940). lLocal governments--
industrial districts and cities—-have the authority to require Tore
stringent pollutant limitations and controls than those adopted
nationally. Thus, as in the tnited States, the acceptable levels of

pollutants can vary appreciably in different parts of the country.
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Table 3.5

Source: Reports of the U.S. Congress House of Represen:a:iv@s and Senate, issued by
Superintendent of Docupents, Government Princing Office, Washingtom, D.C., 20402.
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AJOR POLLUTION CONTROL LEGISLATION BY THE U.S. CONCRESS
Public Law
Congressional Act Susber Congress Statute Date
Air Qualicty Act of 1963 88-~-206 th 392 Dec. 17, 1963
Air GQualizy Act of .967 90-148 81lsc 485 Nov. 21, 1967
Qccupational Safery and Health Act aof 1970 91-3596 84ch 596 Dec. 31, 1970
Clean Air Act azendments of 1970 91-604 84th 1676 Dec. 31, 197G
Clean Alr Act Anenaneunts of 1977 95-95 9isc 685 Aug. 7, 1977
Water Pollution
Federal wacter Zollution Control Act
Azendzents of 1972 92~-500Q 86ch 816 Occ. 18, (972
tfarine Praocection, Research, and Sanctuaries
Act of 1972 92=-532 86ch 1052 Oct. 23, 1972
Clean Water act of 1977 95-217 9lszt 1566 Dec. 20, 1977
Solids Pollution
Solid Waste Disposal Act of 1965 89-272 79¢th 997 Oct., 20, 1965
Toxic Substances Control Act of (976 94-469 90ch 2003 Qet. 11, 1976
Resource Conservation and Recovery Act of
1976 94-580 90th 2795 Oct. 21, 1976



The Basic Law for Envirommental Pollution Control, enacted in
August 1967, in Japan, set the stage for regulation and abatement of

air, water, and noise pollution and, indirectly, of land pollution by
solids (B-13940).

Alr Pellution

The subsequent and comprehensive Air Pollution Control Law of June

1968, established national ambient air quality standards in Japan as
follows: '

Daily Average Hourly
Hourlv Value, iax. Value, Max.
Sulfur dioxide <(0.C4 ppm <0.! ppm
Carbon monoxide < 10 ppnm < 20 ppm for 8

consecs nhours

Suspended particulate < C.10 mg/m3 <0.20 mg/m3
matter

Nitrogen dioxide < 0.04=0.06 ppm —
Phiotochenical oxidants < 0.06 ppm -

A 1978 amendment to the sulfur dioxide emission standards made the

following revisions:

¢ The hourly volume of SQ (Nm3/hr) from a stack should not
exceed:

K x 1073 x Hel
where K = a constant

He = effective stack height, meters

e The total emissions of SO (¥m3/hr) from a plant should not
exceed:

a x Fb
where a and b = constants
F = fuel oil usage, kl/hr.

e Small plants, using less than 1 kl/hr, are exempt from the
above two rules but they are required to burn fuel oil with
less than a designated sulfur content.

2 weD 0000 12522
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The values of the constants (K, a, and b) and of the sulfur content of
fuel 0il are set by local governments. In Kawasaki, which has the most
restrictive limits of any area in Japan, the values for K, a, and b are
1.17, 1.5, and 0.865 respectively. The maximum allowable sulfur
content Iin fuel oil burned by small industries is 0.30 wt’%.

a9

A June 22, 1971 amendment to the Basic Pollution law in Japan sets
standards for soot and dust particulate emissions depending on the type
and size of an industrial operation. For example, a small boiler burn-
ing liquid or gas has a limit of 0.30 g/Nm3, whereas, for a large scale
boiler, this limit is 0.10 g/Nm3 and, for a boiler operating on lower
grade coal, it is 0.80 g/Nm3 (B-13940). Continuous incinerators have
ordinary solid emission standards of 0.20 and 0.70 g/Nm3 for large and

small scalese.

The most recent amendment for control of NOy pollutants in air

sets upper emission limits for various facilities in Japan:

Effluent Flow Upper Limit for
Facility Rate (103 Nm3/hr) NOy Conc. (ppm)
Boilers
Gas burning >500 60
40 to 500 100
10 to 40 130
<10 150
Coal burning - 400
0il burning > 500 130
10 to 500 150
Petroleum fired heaters
>40 100
10 to 40 130
5 to 10 150
<5 180
Cement kilns > 100 250
<100 350
Nitric acid plants - 200
29
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These limits apply to new operations installed later than June 1977.

Somewhat higher limits are perniitted in older facilities.

The air pollution amendment of June 1971, also specified emission

linits for five tyres of toxic substances:

Upper Licit

Substance (wyg/Tm3 )
Cadmiun and its compounds 1.0 .
Chlorine 30 <f-
Hydro;eﬁ cloride 80
Fluorine, hydrogen fluoride,
and silicon fluoride l to 20
Lead and its compounds l to 20

Hydrogen chloride emission rates as high as 700 mg/Nm3 are possible for
incinerators of waste chlorides. The fluorine and lead range between |

and 20 mg/¥m3, depending on the nature of the manufacturing operation.

Water Pollution

The Law for the Preservation of Water Quality in Public Water
Bodies was enacted in December 1958 in Japan. This was augmented in

December 1970, by the Water and Marine Pollution Control Law and by the

Revised Sewage System Law.

National limits have been set for the following conventional water

characteristics or impurities:

MCD 000012524 '
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Allowable Quantity

pH - effluent discharged to public waters 5.8 to 8.6

- effluent discharged to coastal waters 5.0 to 9.0
B0D, COD =~ maximum 160 mg/liter
- daily average 120 mg/liter
Suspended solids -~ maximum 200 mg/liter
- daily average 150 ng/liter
n-~Hexane extract-mineral oil S mg/liter
-animal and vegetable fat 30 mg/liter

Coliform groups/cc — daily average 3,000

Limits have also been established in Japan for a number of metals and

toxic materials:

Allowable Quantity

(mg/liter)
Phenols 5
Copper 3
Zine 5
Dissolved iron 10
Dissolved manganese 10
Chrome 2
Fluorine 15
Cadnium and its compounds 0.1
Cyanide compounds 1.0
Organic phosphorus compounds 1.0
lLead and 1its compounds 1.0
Sexivalent chrome compounds 0.5
Arsenic and its compounds 0.5
Total mercury 0.005
Alkyl mercury compounds Not detectable
PCB 0.003
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As in the case of air polluction, local governments have the authority
to set and enforce lower limits for these and other pollutants in water

effluents. Such areas include the Seto Inland Sea, Tokvo Bay, and Ise
3ay (B-13940).

In Japan, it is customary for chemical producers to conclude a
poliution prevention agreement with the local authorities or pubdlic
wvaste treatment facility. Over 1,250 such agreements had been signed
by October 1978, Prospective new chemical producers must have the
approval of both the Environmental Agency and the local government

before plant construction can be started.

Land Pollution

The high value and limited availability of land in Japan effec=-
tively limics the use of land for solid waste disposal. The incinera-
tion of solid and liquid wastes is common in Japan, with any ashes
going to landfill. In these instances, regulations relating to air
pollution and to ground water contamination will apply. A small number
of solid waste disposal sites are closely regulated by national and

regional government.

In some areas of Japan appreciable areas of agriculture land have
been contaminated by cadmium, copper, or arsenic resulting from air and
water pollution. The total land area affected is about 3,850 ha (9,500
acres). Remedial neasures include replacement of top soil, and

diversion of water sources.

Chemical Substances Control Law

The Chemical Substances Control Law, enacted in 1973 in Japan, is
designed to cover those areas of chemical production and use not previ-
ously subject to pollution controls. It requires a thorough screening
and testing of any new chemical before a permit for its importation or

nmanufacture is issued.
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Existing chemicals are being catalogued and checked for biodegrad~
ability and for hazards to humans or to the environment by the
Ministries of International Trade and Industry and of Health and
Welfare. If a substance is found to be environmentally harmful, such
as in the case of a polvchlorinated biphenyl (PCB), the government can

halt its importation or manufacture.

The checking and control of potentially hazardous materials in
working environments is covered by the July 1977, revision of the Labor
Safety and Sanitation Law, with implementation by the Ministry of

Labor.

Expenditures in the United States

Expenditures for pollution abatement in the United States have
been recorded since 1973 by the Bureau of the Census and the Bureau of
Economics Analysis--both divisions within the U.S. Dept. of Courmerce.
These are the sources for most of the U.S. information on pollution
expenditures and performance. The ceasus figures, which cover manufac-
turing industries, are believed to give the more detailed
classification by industry type, nature of pocllutant, and state and
urban locations. BEA figures include manufacturing pollution sources
as well as nommanufacturing pollution sources such as utilities and

transportation.

Capital Expenditures

Capital spending in the United States, since 1973, for the allevia-
tion of air, water, and land pollution is shown graphically in Figure
3.1. Also shown are the projected estimates for 1982 and 1985,
together with the pollution abatement capital expenditure (PACE) as a
percentage of total new capital spending by the chemical industry.
Capital investment for pollution abatement in 1977 was almost $1,000
million, or about !3.5% of total new capital spending. Water treatment

accounted for 60X of this cost, air cleaning for 35%, and solids
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Figure 3.1

ANNUAL CAPITAL EXPENDITURESBY THE U.S. CHEMICAL INDUSTRY
FORPOULLUTION ABATEMENT

Source: Poilution Abaternent Costs and Expenditures
Current industrial Repores, MA-200. 1973 thru 1977,
Bureay of Census, U.S. Depr. of Commaerce, Washington, D.C
and Reterence 447003.
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disposal for the remaining 5%. Most of the air and water expenditure

(88%) was for end-of-line treatment, and only 12% was for in-process

changes «

Between 1979 and 1985, PACE is expected to rise from $83C
million/yr to about $1,300 million/yr, with practically all of this
inecrease going for water treatment facilities. This represents an
average lncrease of about 8%/yr in current dollars or 16% per year, if
8.0% inflation 1s assumed. As a percent of total new capital expendi-
tures, PACE is expected to remain in the range of 10 ta 12%. Presuma~
bly, 1f the goals of the 1977 Clean Water Act are met by 1985, this
percentage will then drop to some lower figure corresponding only to

new plant pollution control requirements.

The distribution of pollution abatement expenditures among air,
water, and land for the eight sections of the chemical industry as
reported by the U.S. Census Bureau is shown in Table 3.6. The najor
abatement expenditures, in column one of this table, are made by
inorganic chemicals (16% of total expenditures), plastic materials
(15%), industrial organic chemicals (45%), and agricultural chemicals
(15%). Drugs, soaps, paints, and miscellanecus chemical products make
up the remaining 9%Z. While PACE for the overall industry is 13.2%, for
the organic and inorganic segments, the expenditures are 15.4 and 21.8%

respaectively.

The distribution of capital expenditures in 1977 for the composite
chemical industry is 35, 60, and 5% respectively between air, water,
and land pollutants. For air purification, particulate removal
represents the major portion (432) of its capital investment; NO; is
next at 32%; heavy metals, radiocacrive materials, toxics, and others
represent 19%; and sulfur oxides are last at 6%Z. 1In 1977, the esti-
mated amounts of pollutants removed from air by the U.S. chemical

industry were as follows:
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Tabla 3.6

UeS. POLLUTION ABATEMENT SXPENDITURES FOR AIR, WATER, ANU SOLIDS, BY CHENICAL INDUSTRY SEQMENT
{Millians 3f Curcent Jollars)
Pollution Abazement PAlE as I od cistrioucion of ALr Psllution Abacement xzendSture
Capital Expenditure -ofai Vew Zapltal €na of Partic=

H ie--ant R Ixcencitore® Tocal 2 Line Process alacraes 59 N0, Tther
Imoegan.c o i3,
diad o lES, 2. e,
Gases, pigzents,
Tisle Vie. 3 56.9 15.9 5.5 <3 BTN J.- 5.9 543
Slastic zarerials
res.ns, cudcer,
cellulose and
arganic iders 1S4.4 3.6 BB.6 57.4 .9 ic.? <8, 7 1.1 7.6 12.8
Srugs and
pharmaceucicals l1éos ~ 2 3.1 2.9 3.1 2.2 1.8 543 .8 o7
Scaps, leterzents,
io.ishes. zoilet
Freparatisns, €tc. 2.1 TS 3.9 40.2 B.S Qude .5 [P 1.9 3.9
Paincs and allied
srocucts lea «§ 1.1 32.4 1.0 J.1 2.8 - 5.2 Q.1
imdustrial arganic
iheascals, 1atac=
necrates, «cod
<hemi12als, guas
4nd CyCalc Organica 43708 15.% 1182 2544 3.8 7.8 2 11.0 59 (8.6
Agriculeoural
inedicale and
Tertilizars 149.3 Lavi 5.3 Je.9 5.1 7.0 26.7 2.4 9. tead
“{scelianmgus chemi<
cda products, adha=—
sives, enplosives,
carvon black, etc. k.t 1¢.8 8.6 4l.9 16.0 1.6 12.0 1.2 S.i 7.2

Indusgry tocal 982.4 13.32 360 p LY ) 296.9 4.1 1a5 20.1 109.1 B5.8
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Table 1.6 (Concluded)

- U.S. POLLUTION ABATEMENT EYPESDITIZES F2R AIR, WATER, AND SOLIDS, 3Y CMEMICAL INDUSTRY SECMENT

(Mtllions of Currect Dollars)

Sisctriduticn
of Poliycian idarement Ixpesditure

YTy Sc.ils
tnda af
v Induszty Segzent Total * Lo Prozess Tozal <
' Inarganie cnemilacs.
daikalies, cricrine,
gases, pigmencs,
aisc. 36.4 55,4 3.2 5.2 118 3.6
lasctic nateriale
realns, rupber,
cellulose and
organic fiders 62.9 40,7 55.2 1.7 2.9 1.9 .
N Crugs and
pharmaceucicals 8.9 61.8 8.7 C.2 .2 1%
Soacs, detergencs,
polishes, collet
preparations, ste. 12.6  5%6.1 i2.3 Q. c.a 1.7
Paincs aod allied
produccs 1.7 s0.0 L.5 0.2 0.7 11.6

Industrial organic

chaslicals. locer-

cediales., wood

chealcals, gums,

and cyelte afganlcs 302.3 8%9.1 2756.0 26.3 24,2 5.8

Agricultural
shemicais and
fertilizers 9.1 62.1 7.8 (5.5 L) 3.0

Mt{scallanecus chemi~=
cal products, adha-=

Ve sivas, explosives,
carban black, etc. 25.3 S56.8 17.5 7.8 c.3 1.8
Isdustey tocal 593 60. 4 530 53.0 9.6 5.0

*All figures arm for the calendar year 1977, except che pallution sbatement sxpenditures (PACE) am ¢ % of tocal nawv capital
expanditures, which are for 13768.

Saurce: Currant Industrial Reporta, "Pollucicn Abarsment Coses and Expenditures™, (376 and 1377, MA=200(76)=2 and MA~200(77)-21,

U.5. Cepe. of Commerce, Buresu of che Cansus, U.S. Covr. Priaciang Office, Washington, O.C.
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Thousands of Short Tons

Particulates 3,447

Nitrogen oxides,

hydrocarbons, and CO 1,815

Heavy metals, radicactive

materials, toxics, aothers 700

Sulfur oxides 1,033
Total 7,024

Operating Costs

The growth of operating costs for pollution abatement by the U.S.
chemical industry between 1973 and 1978 was approximately 3-fold as
shown in Figure 3.2. This corresponds to average annual growth
rates~--in current dollars--of 18%, 26%, and 297% for air, water, and
land. (Constant dollar percentages are 6, 14, and 17%). The combined
annual operating costs for pollution abatement were equal to 2.0% of
the value added by the chemical industry in 1977. By 1985, this
percentage could reach 2.7 to 3.0% of value added.

Pollution abatement operating costs by chemical industry segment
are reported in Table 3.7. Also shown is the distribution among air,
water, and land, and the nature of the costs. Pollution abatement
operating costs for drugs, soaps, and paints are 0.6% or less of their
value added. However, for inorganic chemicals, they are 2.7%, and for

industrial organic chemicals and agricultural chemicals, they are 3.5
and 3.7%.

Sizable variations in operating costs also occur within the
chemical industry sections. Within the industrial inorganic chemical
section, for example, which includes pigments and industrial gases,
pollution abatement costs for a sulfate process titanium dioxide
pigment plant can equal 10X of value added, whereas those for an air

separation plant are less than 0.20%.

Reported research and development expenditures by the U.S.
chemical industry for pollution control has grown from $55 million in

1973 to $84 milliom in 1977. However, this latter figure is exceeded

a8



ANNUAL OPERATING COST FOR POLLUTION ABATEMENT, $ miliions

Figure 3.2

ANNUAL OPERATING COSTS OF THE U.S. CHEMICAL INDUSTRY

FOR POLLUTION ABAT

EMENT
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Table 3.7

Se3. POLLLUTION ABATEMENT JPERATING J0STS FOR AR, WATER,

‘Militans of Current Jollars)

Tisesitution ST Coerati-cg rists (Y g

AND SOLIDS5, 3¢ THEICAL INDUSTRY SECIESNT

Titai. Zcerating Cosg

14 9y rorw ol Abatecest
SM1i,iins Jauue sdced” =T AdTEC  30.

Induscr fegoeat

Inorzanic creal= 23.0)
tals, aladiies,

cnlorine, gases,

silgments, zisc.

7 Tea.2  LilLT

DL -

Plascic -aterials,
resins, rudber
cellulaose ang
organic fibars

i95.2 RER 38.3 38.7 28.1

Crugs and “9 7 Fad 8.7 8.6 1.5
sharoaceuticals

pa, letergents, 6.4 o3 T.l !
raiishes, znalec

preparations,

[ 1108

Paiats and alifed R L6
;roducts

Industrial srzanic £5C.0 1.5 3.6 3311 35.%
crnemLzals, nter—

=rdiaces, wood

chemlcals, uss

and cvelic

arganics

Agrizultural 158.8 3.7 6.3 A7.1% iw.8
cheaicals and
tercilizars

iscelliansous 53.3 1.8 2.7 sl 2.9
chemical pro—
ducts, adhesivas,
explcsives,
carbon bdlack,
et

Iaduscey Tozal

"All figures ate lor ihe calendar vear (977, wxcept the total aperating costs ae

Valua added includas all nanufacturing caosCs ocher than rav materiels.

"Recovared costs are che value of salable wmsces such as scrap end fertilizer ar

so.i:s  Jepreciation

3700

7.0

96,6

1,238.3 1.9 315.5 685.3 2i7.5 219,58

af racvclable material.

Ioonona liac
tateviai
Supgiaes, Pavrents
£quis. Secvrices, (-3 lasts
ator Leas.in ‘zner Jover-=est  lecoveras
~f.3 1.5 ETREY EE | PRI
35.3 2.3 LY | -t TN
7.3 0.7 2s.2 2. T3
3.7 0.3 [P PO b
-1 J.2 3.2 .3 1.5
99.7 1.3 1la.8 .. Thes
25.3 2.2 9.1 PR ) 3.8
18.7 2.3 2).L 2.1 14.8
2)8.9 13.0 73%.4 a1.5% 206,46

s percent af valus adaded, which is for 1%76.

Sources: Currenc [ndusctrial Raportm, "Polluzion Abatemant Costs and Expanditures™, 1977, MA=200(74)-2., also Annual Survay of

Yarmufacturas, Cenersal Scaciscics tor Iladustry Croups-i973 and (976,

U.S. Covt. Printing Offica, Washingtoa, D.C.
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by the petroleum refining indusctry, with $88 million, and vastly so by

motor vehicles and equipment, with $485 nillion.

Ixpenditures in Japan

Expenditures by the Japanese chemical industry for polluticn ahate-
ment have grown from 7.5% of new capital investment in 1971 to 17.7% in
1975, as shown in Figure 3.3. However, since 1975, this percentage has
declined steadily to 3.7% in 1979. The yearly expenditure for pollu-

tion abatement in 1979, was 4.5 x 109 yen (= $18 million).

The distribution of pollution abatement expenditures in Japan, by
type of pollutant, for the years 1977 through 79 are given in Table
3.8.

Table 3.8

JAPANESE POLLUTION ABATE!ENT EXPENDITURES

1977 1978 1975

Pollution abatement expenditure 14.2 6.2 4,5
(10g yen)
Distribution of expenditure (%)
Air pollution abatement 36.6 33.9 29.3
Water pollution abatement 33.8 33.9 47.3
Noise reduction 4.9 1.6 0.9
Waste disposal (mainly
incineracion) 9.9 22.5 13.5
Other related activities 14.8 8.1 9.0
Total % 100.0 100.0 100.0

Source: Ministry of International Trade and Industry.
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PERCENT

Frgure 3.3

ANNUAL CAPITAL EXPENDITURES BY THE JAPANESE CHEMICAL INDUSTRY
FORPOLLUTION ABATEMENT AS APERCENTAGE OF TOTAL
NEW CAPITAL INVESTMENT
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4A WASTEWATER TREATMENT TECHNOLOGY

The various levels of wastewater treatment may be defined as
follows (447041):

(1) Pretreatment: To equalize flows and separate immiscible oils
or quick settling solids.

(2) Primary Treatment: To eliminate dissolved or finely sus-
pended solids and liquids by chewical or physical means.

(3) Secondary Treatment: To make a biomass sludge from organic
materials by biological oxidation.

(4) Tertiary Treatment: To remove residual impurities or make
the water sufficiently pure for human use.

Each of these stages may consist of one or several operations,
depending on the impurities in the wastewater and on the degree of
purification desired. Figure 4.1 illustrates most of the operations
which are currently available commercially for the treatment of aqueous
wastes (B-1393, B~1394). Wastewater streams such as process water,
boiler blow-down, and runoff water may be treated separately or col~
lectively through the appropriate operations in one or more of the
treatment stages shown. Streams requiring different methods are kept
separate and then combined at that point where subsequent treatment
tecc=2s sizilar. For example, runoff waters might be sattled in a
thickener; process water might be neutralized and filtered; and the
sanitary sewer flow might be treated by secondary activated sludge and
vacuum filtration. All three streams might then be combined for a
water quality check, flow equalization, and discharge to a municipal
sewer or an adjacent water body. Where an additional liquid waste
stream is generated, such as by thickening or ion exchange, a treatment
flow path is developed for it in the same manner as for the original

waste stream.
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Pretreatment

The equalization of flow to a waste treatment plant serves several
purposes:
e Easier control of subsequent operations and a more uniform
(f composition.

e Saving in capital investzent since the plant can be designed
for smaller flaws.

e Surge capacity (in the equalization reservoir) for short
downstream stoppages or for an orderly shutdown of industrial
xacy waste flows. '

Appendix B gives an example of a typical equalization calculation to
cinimize the BOD variation in a waste treatrnent plant. BOD values
range from 200 to 1,100 mg/liter over a 12 hour cycle i{n a waste flow
of 1 mgd (million gallons per day). To control the BOD in the feed at
680 mg/liter (+13 mg/licer) would require an equalization reservoir of

1.3 million gallons.

The flow equalization function can be combined with that of a
thickener so that settleable solids are sigultaneously rewmoved. Table
4.1 gives typical settling areas for a variety of solids in aqueous
suspension. These vary from 0.4 sq ft/ton solids/day for -325 mesh
iron ore to 600 sq ft/ton solids/day for a manganese sulfide precipi-
tate. Thickener design requires laboratory data on the settling rate
of the suspended solids at various concentrations, and on the thickness
of clear water, feed, settling and solids contact zones. From this,
the thickener area, depth and underflow solids concentration are
calculated (B~1, B-1395).

Floating solids or oils can be removed by a skimmer on top of the
thickener (447043). Emulsf{fied volatile liquids can be separated after
equalization by stripping with steam or flue gas.
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Table 4.1

TYPICAL THICKENER AND CLARIFIER DESIGN CRITERIA

Settling Area® Equivalent
Percent Solids (sq ft/ton Solids Flux
Suspended Solids feed Underflow solids/dav) (1b/sq ft/dav)
Asbestos 9-12 20-27 . 7-15 133-285
Cement kiln dust 9-10 45-55 3-18 111-666
Cyanide slimes = 16-33 40-55 5-~13 154-400
Iron ore, —-325 20-35 6C-70 0.4-0.8 2,500~-5,000
nesh
Lime slurry 12-15 30-40 15-33 60-133
(acetylene)
Manganese sulfide
precipitate Ce5 5-8 400-600 3.3-5
Power plant flue !-5 50-50 - 2-10 200-1,000

dust

*Depths normally range from 8 to 15 feet for diameters from 10 to 150
feect.

Source: B-l, page 19-55.

Primary Treatment-—Chemical

Objective

The purpose of primary treatment is to prepare the waste stream
for biological oxidation by removing those materials which are not
amenable to, or which interfere with, bacterial oxidation. It also
removes those suspended liquids or solids which are not removed in the
pretreatment reaction by simple sedimentation or skimming methods. The
chemical and physical methods employed here are well established indus-
trial practices. This report will deal with these technologies only as

they relate to waste treatment.

Pre- or primary treatment is generally necessary when the

pollutant levels in Table 4.2 are exceeded.
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Table 4.2

WATER POLLUTANT TREATYENT !ETHODS

Limiting
Pollutant Concentration Treatment

Suspended solids 125 mg/liter Lagooning, sedimentation,
filtration, centrifuging,
flotation.

0il or grease 50 mg/liter Skimming, centrifuging,
separation. '

Heavy metals See Table 4.3 Precipitation, ion exchange,
active carbon adsorption,
reverse osmosis.

Alkalinity 0.5 mg as CaCOjy Neutralization.

per mg BOD

Acidity Free mineral acid Neutralization.

Toxic organics See Table 4.3 Active carbon adsorption, ion
exchange, evaporation.

Sulfides 100 mg/liter Precipitation, stripping.

Phenols 70~160 ng/liter Active carbon adsorption,

, solvent extraction.

Ammonia 1,600 mg/liter Dilution, neutralization,
stripping

Dissolved salts 16,000 mg/liter Dilution, ion exchange.

Sources: B-1394 and 2%-13913,

Table 4.3 lists certain inorganic and organic chemical pollutants
which are toxic to humans and animals and which, at sufficient concen-
trations, inhibit biological oxidation systems. It includes 129
elements and compounds—--a large portion of which comnsists of halogen-
ated organics--selected by the U.S. Enviromnmental Protection Agency
(EPA) as priority pollutants (i.e., those waste materials in need of
immediate attentiomn). Suggested maximum concentrations in aquatic
freshwater for many of the insecticides and herbicides included above

are in the range of 0.001 to 0.1 mg/liter (1 to 100 ppb). Control
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Table 4.3

TGXIC INORCANIC AAD ORCANIC POLLUTANTS AND METHODS FOR THEIR CCONTRCL

hresnoid Lanc. lakibitary to Bloiagtcal
Proceses ag/iiter)

lonic Taxictty or Mazard (Humans) Actyvated Andercoic
?5llutaat Stata L. 30.a%.00 Sdits Siudge Sigestion Nitriflcacian
inoTzaniz
smooenla NH, 25 ppu Skin durna Some explosive 80 1,500 - (
Aarizony’ ) 0.5 :zin3 Skin trritation Paiscnous

{e0l. salcs)

arsenic! AstS 0.5 u/n3 Skin {rrizacion Paisconous Q.1 1.6 -
Ashestoy (fidrous)' -~ 2 fivers/eald - - aene aone acre
(carcinogentc}
Zoron (hallides) 303'3 {1 ppm) Skin durns Yery toxic -— -~ — o~~~
(halides) Ry
Setylltua’ 8~ 0.002 l;/u’ — Poisonous —_ _— —
Zadatua’! el 0.0 ag/md - Toxic (some 10=-100 IS —
axplosive)
Calctum ca~? - Skin irritant - 2,500 - -
(alaali)
hromiug-dexavalene! [of ] Q.! :g/nl Swin Leritanc Toxle 1=10 5=50 2.35
(CrQy) (chromacen)
Trivalene' cr*d - - - 50 $0-500 -
coppac’ Cu*? Toxic (dust) Toxic Toxic 1.0 1.9 2,365=3. 3
Cyanide! o "l 10 ppm (HCN) Paisonous Poisonous D.1-5.2 4 bR A
Irom zev3 - Decomp ro HCL Toxic, skia 1,000 ] -
buras (FeCly)
Luad! P 15 u|,/lJ Toxis Poisonous C.l — 0.5
“anganese ua*? {(MnFy very creactiva) 10 - - ~
“agnesium ug*2 - - — - 1,000 30
Mercury! ’ Hg*2 0.01 mg/ul Toxic Toxtie 0.1 1,365 -
(mecal)
Ntekalt N{*Z, 0.1 ag/ud Iericating Toxie 1.0-2.5 2.0 Q.53
N“PH
Seleniua’ Se0,*2 0.2 ag/ald Toxic Potisanous —_— — -
Silvar® ag”! 0.01 wg/wd Toxig Toxis 3 - -
Sediug Na*t 2 ag/wd (NaOH)  Skin burns - 3,500 - -
{NaQH)
Suliata 50,*2 1 mg/wd (H3S0¢) Burns (H3304) - - - 500
Sulfide s=2 15 mg/ud (Hy8) — Toxic (H35) - 50 -
Thaliiual n+3 0.1 ag/ed Poisonous foisonous
Tine' 2a*2 - - - 0.3 - 0.08-~0.3

MCD 000012542
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Tabla 4.3 (Conc{nued)

. TAXIC INORCANIC AND ORCANIC POLLUTANTS AND METHODS FOR THEIR CONTROL

Concrol Yechods
Zrecipltaction

Catbon with lan Raverse
oliutant Adeorpe:ion Ca(OH)y  da5  Excnanga O_O.n_nu_‘_
. inorzan:
'\ Azman LA X X
" Ancizony’ X X
Arsenia’ X X
Asbeszon (fihrous)!
Boron {halidas) . X x
e
~ Servllium' < X
Cadarual X X X
Calcium X
Thromiug~Hexavalent ' X X
Trivaleag’ X X X
Coppac! X x X
Cyuuda' X X
Iron X X X
Lead’ X x
langanese X b X
P
Magnesium X 4
chury' b §
Nickal! X X 2
Selentun'
Silvar! ) 4
Sod (um b
Sulfate 4
Sulfide
~alitua! I
z1ae! X b 4 .
“Thresnoid Limit valuss for repestad B hour day exposures without adverse effect.
el Lo Deeial, seaamalilii ., toe CEVAZITRenSAL T taliiid Agenc .
fhaverse cemosia tives & 94 to 99X rejectioa of moet mecal lons from feed sclutioms of up to {2 vt concentratica.
Electrodialysis comcancratns wost Jquacus isorgasic saics from 1,000 ¢o 3,000 ppm to sbout (0,000 ppm but wicth .00 to %00
Ppw laft in the purified stream.
Sourcas: §-13%4, B-1397, B=1398, &A7028,
~
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Tabkin =.} (Canticued)

TOXIC INORGANIC AND CRCANIC POLLUTANTS AND METHODS FOR THEIR CONTROL

Theoretical
ixvgen Toxicity te Coldftan,
Normal Stata 3o01ling Point Jemand, {oncentraciea and
Zr.l4tant Ldcuid, 50iL2, s C 30D¢ Th0D Tine faor % Facality
crTEan
acenapninane” S 7 -— — _—
Acralern’ . 5209 2.0 1,72 (CCT) 3038 3gsl, Ia v
AcrvloricrLle’ L TTea 0.72 .17 (1.8 2g/1l, 96 nr (3luegil’)
Allyl aicahal L 36.9 0.2 2.2 1.0 ag/l, 24 he
Allyl chlaride L «5.5 ¢.2] 1. 84 10.9 zg/l, 96 nr
lenzene’ L 30.1 .18 3. 10 66 mgs/l, 24 hr
Senzidene’ -1 -C2 -— - -~
Zardon tetrachior:ie’ L T6.7 0.9 0.2¢ -
Chloroiom’ L 62 0.c2 1,346 -
“resol L 194 (9% ] 2.52 9 mg/l, 96 hour
Jrecanyl alcanel L 121 —_ - -
Chryvsena’ 5 “sd — -~ —
I,e=digechviphenal’ 5 LS - - I8 ag/l, 96 heur
2.<-ax=;:rc:olunn¢' S e0 - — 10 ag/l
Di~(2-ethylhexyl)zncnatace! L 1as -— - -
Ji~nehutyl ;hchalate’ L 340 0.4) .24 -_—
Ethyldenzene’ L 136.2 - -— 94,4, 96 hr
n-deptyl alecohal L 178 102 of ThoD - -
n~HexylL aleohol L L58 8% of THOD - -
Zlaphoron.’ L 15 -_— et bt
Methylene chloride’ L “2 - - -
Naphchalaens® H 212 0 .99 -
Nitrobenzena' L 21l o] 1.9% -
:-Nt:rephoaul! 3 214~217 -_— - -
p-Nicropassol' s 9 _— — _
n-Occanok L 193 383 ThOD. 2.93 -
enal? L 182 Lea 2.4 S7 ng/l, 96 hr
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Table 4.} (Continued)
YOXIC INORCANLIC AND QRCANIC POLLUTANTS AND MEZTHODS FOR THEIR CONTROL
reshold Zeme. lahilditary o

9:ip.ogical Process "33 iltec)
AcTivalea Anaerasic

Pollucanc 51 adge” 2tgestion Nitrificarion Centrol Methads
lrgan:is

.\ce.upnl‘unc. - - —_ —

Acti.era’ -2 - —_ iS5 vt retentiosn or acctive cacdon, water scrubding, MaC,

Acrvlaattrile’ 53 - —_ Biodegradacion by auLant zicroocganzsas

ailysl alconoi .- 10¢ 19.5 Actlvatad carban (retention = 0.C34 g/ i)

Allvl zhloride - - i80 Evaporation @ 259C (90Z of 1 ppm after 89 ain}

Beazene! ' 92 —_ —_— Accive carbon (0.08 g/g), ate seripping, anaeroble lagoon
(i3 1b/day/ 1,000 sq €x: L0 =g/l in, 3 3g/l cue)

Benzidena® — — - -

Cazlan tecrachloride’ 0 [ o) - Evapotation @ 259C (902 of | ppa after 97 aua)

Chlorafora’ 125 19=186 -— tvaporation  259C (902 of 1 ppm arftaer 33 aia)

Cresol 1 -_— =18 lon exchangs (l00% recention on Ambarlite® YAD-2)

Crotanvl alezsrnol - 30¢ - had

Cheyssnal - - - -

2,4=Dimethylphenoll 500 - —_ . loo exchange (1005 recentlon on Ambetipte® AXD-2)

(E. Coli)

2,w=Dintcrotoiuena’ 57 — — —

Dl-(2—ctny1hqyl)pmhuau" b - - Biodegradation in freshwater hydrosall

Di=N+butyl phthalace’ _— - -_— Active carbon (85I retention at 00 g/1)

Ethylbenzana® 12 -_— — Activated sludge (272 oxidation at 500 gpm alcar 2 he}

n-deptyl aleohol 87 500 -— Activated sludge {292 of ThOD after 24 hr)

a=Hexyl alcohol - 1,000 - Active carbon (adeorbability = C.19 g/g); reversa osmosis
(477 rajection from 0.CG1 M soiution); lon axchange an
Ambeciize® XAD-Z (8S% recencion ac 200 ppe}. Anaaroblc
iagoon (48 1b COD/day @ 140 mg/l in and 30 mg/l ouc)

Isophorone’ —_— - and Active carbon (0.191 g/g, 971 ratantion from 1,000 ag/l
{aflow)

Mectviene chiortde’ 1 100-500 Evaporation Erom wacter at 2597 (90T 5f . ;pa afcer 80 sta.

Naphthalsne' - - -— [on axchange, 002 absorption on Amberlice® tAD-2

Nitrabeczens’ . 7 -— el Activa carbon @ 196 g/gC (96X adsorvanca 1,021 =g/}

e-&tuapncuolf q.9 - —-— Stodegradacion by soil microflora

p=Nicrophesel' ‘ - - Lon aschauge (100X catention on Amberlite! XAD-2 ac 0.2
ppa)

a=0czanal 50 200 - Reverss oemoels (63X rejection from Q.01 M 3ala)

Phanoi! 200 — =10 1) Mj:;. carbon J.16lg/g C (312 adsarpeion frem |,000

ng

(2) adsorpeion ou Amberlite® XAD-7 (36% effac at 0.4 ppm)
{3) Salvent extraction wilh light otl (953}
(&) Trickling tiltar (100X removal ac 20 ppm)
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Table +.! (lorcintuesd)

TOXIC INQRCANIC AND IRCANIC PILLUIANTS AND "ETHCCS FIR THEEIIR JINTROL
Toxiciiv o Seidfisn,
Norzal 3tate Jalling Tointg Concentracian ana
PriLatant Liquid, Sol:id, as et S2D¢ 20 Tize for 27T Fatalatv
Prizarezyl 4.z.-cl L L3 2T ThID - -_
Tetricn L 2l ] T 9 -—
Tricniorsettv.ece’ L 36,7 - — -—
Tsluena’ L Lio-4 1.8 3.3 58 ag/1, ¥ nr
vinyl chloridae’ [ -3 - - -—
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Tavle .3 {loncluded)

TITIS INCRGANIC AND JRCANIC SCLLUTANTS AND METHCDS FCR& THEIR CONTROL

Torestold Conc. D bizoey I3
3% 21l Processy -2 Litecr)
ATAerSTLl
3s.tutant Cizesti:t Njeriiizacion Control “ethods
Prapargs. aicohal —_ 20 - —
,
Tetraca.orcetnviene’ — bels] —_ Evaporation frow water at I39C (30T of . opm aiter 30 min:
Teiznlarsetnviene’ 37 =g/ 1 - Evapocrate (730 water 48 :59C (30T 3¢ . ;po aiter B0 2in)
Toluene’ -9 — - Active zarson 2.3%%/gC (792 adsorprion itom L7 3g/il.
Active s.ucge digastion ! <kl mgsl.
Yinyl csnloride’ - — e Evaporacion from vater ac 259C (90X of ! ppm after 36 mia)
£l ; ) . .
- Threshoid innihitory conceatrazions “erce -wre determined wrth Sacteria "Pseudcmcnas putlda’ and Ddiological decomposttion 15
. pogsilie 17 SOGR Cases aL Nlgtef ConZenITITIONS.

.. B T ot
Listed as priocity pallutanis oy tie Invifarrmental Pratectisn Agencw.  Ither prioctty pellucants noc lisced apove are a3

elades;

dslogen Contaialng Comnourds

mexschlcrobenzene, [, —dilzhloroechane, @,.,l-trichlocachsne, 1,l-dichnicrsethane,

cac Larsetnan 2hioreactane, S1s(calorasechyl) echer, dis(chlorcechyl) ethar, I-chlercetnyt
. cher ~i-.es!, l-cnl l.= e=trichlorccoenol, Darastisrocecacressl, l-chloctopnencl, i.o-flin.orabpanzere,
{,i=g1cnloraoenzane, i=e=¢ orccenzene, 1, l=dicnlovobenzisiine, l.l-iicnlotoetnylene, (,I-trans-dichlorcetnviane,
1,l=dichlorophenci, .,J=i:i-loracropaze, .,J<dichloropropyidce, fluaranchene, --ctatrophanyl phanyl achev, <~orsmophmnvl sheny.
ether, bislii-chlarcethoexv) chare, 227avl chleride. zechyl drozude, praceform, dichlorobromomethane, trichrlarsilucromecnane.
dichiorodifluotomatrane. < hexachlzrobutadiene xactlorocrclopuntadiens, pentachloropnenc,,
J.<=henzofluocantene, IlvoTene ad a, ¢nlogscane, IDT. IDE, 20D, neptacaler, Tmptachlar-eponide, a.;na=3HC,
bacta-3AC, gaama~3HC, delta~ o 1232, 1Iel, 1148, 1154, and :I60, and camaphena

P

orosenzene, 1,I,.=tc:

on
1 -irichloroechane,

Jthers

Z,4=D1nicraroluane, L, 0-di
N-nitresadipnenylacine, -
phthalata, i, -benzanthrac
1ada(l,2,)=cd) pyrene, ;vr

avlhvdrazire, I,s-dinitcophenal, 4, b-dinmitrfocrescl, Nenitrosodimathylaaine,

rapylamine, bSutvyl denzyl phela.ate, di=z=octal phthaliste, diethyl phcnalace, dimaethyl
1,-=Bat:opyrena, anthracenda, i,l2~-%enzoparviena, phenanchrina, dibenze (a. h) ancthracene,
dizna=eigosuiian, beca-eandasulfur, apa endosulfaa sulface.

Sources: B-13%6&, 3~-i397.
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methods include adsorption on resins or active carbon, reverse osmosis,
and ozone oxidation. Dissolved wmetal salts such as copper sulfate and

lead chloride can be precipitated with calcium hydroxide or hydrogen

sulfide, or adsorbed on ion exchange resins (B-1394).

The above control methods, in most cases, serve to concentrate the
pollutants. It is still necessary to dispose of or destroy the concen-
trated wastes by containment, incineration, or chemical degradation

(see Section 4C on solid wastes).

Lon Exchange

Ion exchange can be used to remove or concentrate the following
substances (B-~1394):
e Metallic elements present in solution as either cationic or
anionic species.

e Inorganic anions such as halides, sulfate, nitrate, and
cyanide.

e Organic acids such as carboxylics, sulfonics, and some phenols,
at a pH sufficiently alkaline to give the ionms.

e Anines, when the solution acidity is sufficient to form the
©  corresponding acid salts.

e Anionic and cationic surfactants such as quaternary amines or
alkvlsulfates.,
Generally, the upper concentration of exchangeable ions for economic
operation is about 2,500 mg/liter (0.05 equivalents/liter expressed as
CaC03)}. At higher concentrations, the resin inventory and the regener-
ant consumption are sufficiently large, that other separation methods,

such as solvent extraction or precipitation, are more attractive.
Ion exchange resins are divided into three classes (B-1399):

(1) Sodium cation--where the sodium ion is exchanged for a
calcium or magnesium ion such as in water softening. Sodium
chloride is the regenerant.

(2) Hydrogen cation~-where the hydrogen ion is exchanged for all
cations, and regeneration is usually with sulfuric acid.

5 MCD 000012548



(3) Anion exchangers-—may use two resin types-~highly basic or
weakly basic. Both types remove strong acids such as
sulfuric, hvdrochloric, or nitric but only the highly basic
exchange resin will remove weakly ionized acids such as
silicic and carbonic.

Highly basic exchangers are regenerated with caustic soda,
and weakly basic exchangers, with caustic soda, soda ash, or
ammonium hydroxide. Capacities for anion exchangers average
about 5 milli-equivalents per gram and 3 m.e./y for cation
exchangers (B-13910C).
Ylost ion exchange operations are fixed bed, requiring only cylindrical
ion exchange beds, tanks for regenerant storage, and pdmps. Continuous

ion exchangers are umuch more ccmplex and have limited applications
(B-1394).

The capital investment to treat 80,000 gal/day of metal finishing
wastes (Zn:Cu:CN:Cr: = 15:5:19:22 mg/liter) at pH = 10, estimated by
A. Ds Little (B-1394) and extrapolated to January 1979 is $430,000.
Operating costs, consisting principally of labor (367%) and regenerant
(38%), are $73,000/year. Modular capital costs for ion exchange
systems, estimated by Icarus Corporation (B-13919) and adjusted to a

1979 PEP Cost Index by SRI, are as follows, in thousands of dollars for

various resin volumes:

40 £t3 100 £t3 400 fr3

Sodium cation 40 64 154
Hydrogen cation 71 [iz 278
Anilon 91 144 353

The use of a stratified bed of weak- and strong-acid cation exchange
resin is said to reduce regenerant costs since the resin is regenerated
by a lower acid concentration without sacrificing recovery. A natural
zeolite (clinoptilolite) has been employed for the selective separation
of anmonium ions from sodium, magnesium, and calcium (B-13911). The
regenerant is recycled so that no liquid wastes are produced; activated
alunina is suggested as a selective exchange material for removal of

phosphate ions (B-1391l).
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Electrodialysis

An electrodialysis cell consists of multiple compartments sepa-
rated by alternate cation- and anion-permeable membranes, as
illustrated in Figure 4.2. Cations diffuse toward the cathode end of
the cell until thevy are contained by an anion-permeable membrane.
Similarly, anions diffuse toward the anode and are halted by a carion-
perineable membrane. In this manner, water is depleted in ions in some
chambers and concentrated in adjacent chaabers. The ion-permeable
membranes can be made of plastic film with the ion exchange resin
imbedded in the film, or the ion exchange group may be part of the
chemical structure of the meubranes. Liquid flow through the cells is
continuous and the ions reacting at the end electrodes are a small

fraction of the total ions.

Electrodialysis performs most efficiently with salt feed concentra-
tions in the range of 200 to 5,000 ppm. At higher concentrations, oper-
ating costs become unattractive, and at lower values, reduced electro-
lytic conductivity reduces cell efficiency (B-13%4). 1In some instances
electrodialysis may be followed by reverse osmosis to obtain low salt

concentrations in the treated water.

Typical applications of electrodialysis to date include the desali-
nation of brackish water, the demineralization of water from cheese pro-
duction, the treatment of metal plating and rinse solutions, and wood
pulp wash water (B-13912).

Estimated capital investment for an electrodialysis plant to treat
1.0 mgd and reduce the dissolved salts from 2,000-5,000 mg/liter to 500
ng/liter is $1 million and 90¢/k gal. At 10 mgd, this figure becomes
$8.0 million and 78¢/k gal (443053, adjusted to January 1979). Energy
requirements are 0.5 and 7 kwh per 1,000 gallons of salt water, with
1,000 ppm removal of dissolved solids. Annual maintenance costs are &

to 6% of investment.
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Figure 4.2
MULTIPLE-CHAMBER ALTERNATE-MEMBRANE ELECTRODIALYSIS CELL;

A, THE ANION-SELECTIVE MEMBRANE;
C, THE CATION-SELECTIVE MEMBRANE
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Reverse Osmosis

Reverse osmosis depends on the ability of some membranes and
{ivers to allow passage of small nolecules but not larze ones. Thus,
for a solution of sodium chloride, water molecules can pass through the
menbdrane but the sodium chloride cannot. Unlike electrodialysis, che (’
solvent and not the solute, is the diffusing component and it is inde-
pencent of ionic charges. Diffusion is facilitated by applyins & pres-—
sure <rop (usually 400 to 600 psi) across the fiber or supported
membrane. The membrane can become blocked by film-forming organics or e
by insoluble salts. Cellulose acetate;, polysulfones, polyurethane,
polyamide, and nylon are suitable riembrane or fiber materials. Reverse
osmosis equipment developed by Du Pont uses hollow fibers 50 go.d. and
25 wi.d. packed in bundles of 4 to 8 foot lengths (Permasepa). Solu-
tion under pressure is introduced around the outside of the fibers, and
purified water i{s removed from the ends of the fibers cemented into
plastic headers. One permeator, 4 inch i.d. by 4 feet long with [,90C
sq ft of fiber surface can treat 2,000 gpd at a pressure difference of
400 psi. (Chemical Engineer, Feb. 8, 1971 and Nov. 29, 1971). Vater !

recovery averages about 75% for feed solids concentrations of 800 ppm

{(B-13912). Table 4.4 shows the rejections of dissolved salts and

organic solids by a cellulose acetate nenbrane.

Capital and operating costs for a reverse osmosis plant to purify
1.0 mgd of brackish water are estimated at $850,000 and 108¢/1,000 gal
respectively. At 10 mgd these figures are $5.3 million and 84¢/1,000
gal (443053, adjusted to January 1979).

.ceutralization \

Bacteria and aquatic life are sensitive to rapid pH variations and
to pH levels outside the range of 6.5 to 8.5. Consequently, exces-
sivel:r acid or basic wastewater must te neutralized before discharge.

The neutralization system consists essentially of:
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Table 4.4

MATERIALS REJECTED BY REVERSE OSMOSIS

Percent Max. Feed
Re jection Concentration (%)

Cations

Calt, ug2+, pelt, Mnlt 96-98 *

Nal+, kl+ 94~98 3-4

a13+ 99 5-10

NH, ¥ 88-95 3-4

Cul®, Ni2+, c4al+ 95-99 §-12

aglt 9.-96 *
Anjons

cil=, Nosl*, fFl-, Brl- 93-96 3-4

50327, 8042~ 98-96 8-12

HCO41~ 95-96 5-8

PO43~, S,032~, Fe(CN)g3- 99 8-12

cNi- 90-95 4-12
Organics

Sucrose, lactose 100 25

Protein (+10,000 mol wt) 100 10-20

Dyes (400 ta 900 mol wt) 100 -_

BOD 90-99 -

Bacteria and virus
(5,000 to 100,000 mol wt) 100%

* Precipitation possible, depending on presence of other ions.

Source: B-1394.
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{1) Storage and handling of neutralizing liquid or solid
2) Mixing of waste sCream with the neutralizing agent
(3) Provision for residence time sufficient to attain the desirted
uniform pH.
Suitable zetering and pH controls are usually requirad and wnen precip-
itation occurs-—-such as alkaline precipitation of heavy metals or
sulfuric acid precipitation of calcium salts-~-subsequent separation of

solids by filtration, centrifuging, or other means is required.

A typical neutralizer for basic wastes is sulfuric or hydrochloric
acid, and that for acid wastes is quicklime or calcium hydrate. The

relative costs of acid and base neutralizing agents are as follows:

Price (S/ton $/ton Acidity Relative
Agent f.o.be works) pH Factor or Basicity Cost
H2S04 (100%) 58.00 (tanks) 1.00 58.00 1.0
HC1 (28%) 45.00 (tanks) 0.14 322.00 5.6
CaQ 32.00 (bulk) 0.941 34.00 1.0
Ca(OH) 2 33.50 (bulk) 0.710 47.20 1.4
wimestone 32.00 (bulk) C.489 65.20 1.9
Soda ash 61.00 (bulk) 0. 507 12040 3.5
NaQH (50%) 157.50 {(rtanks) 0.450 350.00 10.3

The design of neutralization systems 1s discussed bybAdams
(B-1395). The estimated investment for a lime slurry neutralization of
a ! mgd waste stream (1% H9S04 by vol) is $1.15 million (B-1394,
adjusted to January 1979). Operating costs are $2.72/1,000 gal, with

material, operating, and fixed charges accounting for 58%, 20%, and 22%
respectively.

Oxidation and Reduction

Oxidation and reduction reactions are used to convert toxic or
difficult-to-treat wastes into materials which are nonobjectionable or
which are more easily treated or removed. A disadvantage is the addi-

tion of other, possibly undesirable, chemicals into the waste stream.
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A typical oxidation reaction is the destruction of sodium cyanide

by reaction wich chlorine and sodium hydroxide (B-1394):

2NaCN + 5C1, + 12NaOH Ny + 2Na,COq + 10NaCl + 6H,0

Oxidation with hydrogen peroxide converts the cyanide to the less toxic

cyanate:

NaCN + H209

NaCNO + H»0

The reduction of :hromic acid (Cr6+) by sulfur dioxide gives chromic

(Cr3*) sulfate, which precipitates readily in alkaline solution:
2H,Cr04™" 3803 + 3Hp0 ——=Cr(S04)3 + SHpO

Commercially available oxidizing and reducing agents together with
their January 1979 list price and potential applications to waste
treatment are shown in Table 4.5. In most cases, the waste component
is merely'converted to a different form and it still must be removed by

precipitation, filtration, adsorption, or biological treatment.

Equipment for oxidation and reduction reactions is relatively
simple. It consists of an agitated vessel to provide contact of agent
and wastes and sufficient residence time for the reaction teo occur.
Reagent storage and metering is also required along with instrumenta-
tion to monitor the reaction completion. The estimated investment
(adjusted to 1979 dollars) required to treat 1,000 gpd of cyanide
plating solution containing 7,000 ppm Cu(CN); and 1,000 ppm NaCN is
$110,000. Production costs are 25¢/gallon, with labor and maintenance
accounting for 50%Z of this; chemicals, 14%; utilities, lZ; and taxes,
insurance, and 10Z/yr amortization, the remaining 35%.

The investment needed to treat 2,000 gpd of chrome plating wastes
(e.g., 100,000 ppm CrO3 in 20% HyS504) is estimated at $110,000. The
production cost is 24¢/gallon of wastes treated (B-1394, adjusted to
January 1979).
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Table 4.5

COMMERCIAL OXIDIZING AND REDUCING AGEXNTS
AND THEIR POSSIBLE APPLICATIONS TO WASTE TREATMENT

Y

List Price® Possible Waste Materials
Agent (¢/1lb) for Treatment
Oxidizing
Chlorine gas 7.5 Sulfides, mercaptans, cyanide
Calcium hypochlorite 47 Cyanide
Chromie acid 71 Organic compounds
Hydrogen peroxide 15.5 Phenol, sulfur compounds, lead,

(35% soln)

Potassium permanganate 68

cyanide

Trace amounts onl¥ of phenol,
diquatf, paraquat', organic
sulfur compounds, rotenone,
formaldehyde, manganese,

cyanide

Sodium hypochlorite 68 (est) Lead, cyanide

Air - Sulfites, sulfides, ferrous iron
Reducing

Ferrous sulfate 2.6 Chromium®t

Sodium bisulfate 16 Chrowmiumb+

Suflur dioxide 10 Chromiumb+

Sodiun borohvdride 15 Mercury, tetraalkyl lead, silver

Scrap irom - Ferric irom
*January 1979.
Tlnsecticides.
Source: B-1394,
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Chemical Addition

A variety of chemicals can be used to precipitate dissolved salts.
Typical precipitants are ionizable compounds which form an insoluble
product with one ion of the dissolved salt. An example is the addition

of sodium sulfide to mercury chloride solution at a pH of 6.5 (447028):
Hgt" + 201~ + 2Nat + S®*——=HgSt + 2vat + 2C1°

This addition is relatively straightforward, requiring only a mixing
vessel and means for handling and controlling the reagent addition.
The flocculation of the precipitate or other finely suspended solids
may, however, require additional reagents and considerably longer
residence time. This flocculation can be encouraged by one of two
neans (B=13914):

® Physical enmeshing of the particles in a gelatinous inorganic

precipitate such as alum, lime, or ferric salts in alkaline
solution (coagulation). :

® Destabilization of the repulsive charges on particle surfaces
by the addition of surfactants or polyelectrolytes, thus allow-
ing the particles to adhere to each other (flocculation).
In some instances, a flocculant may also act as a coagulant but not

vice versa (B-139135). A few typical flocculants and coagulants are
listed in Table 4.6.

‘ixing during flocculation or coagulation should be slow and
zentle so as to maintain the agglomerates. Also sufficient residence
time is required for the agglomerates to settle. Some suggested

loadings for clarifiers up to 125 ft in diameter are as follows:
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TYPICAL FLOCCULANTS

Table 4.6

AND CCACULANTS AND

THEZR APPLICATICNS

Floczuiant
or Typical Effecrive Range Approx. Price®
Coagu.ant Coxoosition Tvre Aosclication oH Concentraticn EEa-M
Alum A 038, 1.xH20 Coagulant ~ate 5=10 15 ppm g.0 (j
: traaizent
Farric Fe~(5C4)3.xH20  Coagulant fhosghate laxioua  Above | ag/l 3.7
sulfate prec.pitacica  at <=5
Sodiua C{C Sodiun carboxy Flocculant "ineral 3-8 0.03 0 0,05 76
sectnylcellulose & coagulant separation lb/zoa - R
Separan® Acrylanide Flocculant Chen:cal Z-10 0.2 ta 1O ppm 60
powder processing i
Fibrefloc® Animal glue Flocculant Wasce -9 5 to 10 ppm 35
Treatzent
3ilica sol Activaced Ceagulant Waste ) 1 to 20 ppm 0 (as sodiua
silica sol treatzent silicace)
Sodiua NaAl0a Coagulant water 3=12 2 to 10 ppm 27
aluninate treaczent
Guar gum - flocculant ‘ineral 2=12 0.02 to 0.C3 55
processing lb/con
*Chemical larketing Rejorter, April 16, 1979, Schnell Publishing Co., 100 Church Street, YNew «

York,

W L0007,.

Source: 8-13915, except for the prices.
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Settling Application Loading (gph/ft?)

Lime coagulation 50
Alum/iron coagulation 40
Flue dust 30-50

Secondary biodegradable solids
MLSS® = 2,000-5,000 mg/liter

svit = 50-100 30-40
SVI = 200-300 20-30
SVI = 350-400 20

*MLS S-—mixed liquor suspended solids.

fSVI-~sludge-volume index.

For clarifiers larger than 125 ft diameter, the suggested loading rates
are 15 to 25% lower and, for LSS values above 10,000 mg/liter, further
reductions are applicable (B-13914). In most wastewater treatnent
applications, the overflow rate varies within the range of 100 gpd/sq
£t to 1,500 gpd/sq ft. Where agglomeration takes place as part of
primary treatment, the clarifier may serve the additional functions of

a pretreatment clarifier and/or a flow equalizer.

The capital cost to precipitate and cocagulate 410,000 gal of auto-
motive plating wastes containing 113 mg/liter of zinc is estimated at
$360,000 (B-1394, ad justed to January 1979). Operating costs,
including 10 vear depreciation, are $1.10/1,000 gal. Lime and a poly-
electrolvte coagulant (2 mg/liter) are added to the wastewater stream
and a sludge (4% solids by wt) is drawn off the bottom of the clari-

fier. If the scale of operation is reduced by a factor of 5, the
capital investment becomes $106,000 and the operating cost is

$2.43/1,000 gal. If the scale is raised fivefold, these figures become
$1,000,000 and $0.54/1,000 gal.

Hydrolysis

Hydrolysis is the reaction of a salt or an ester with water,

alkali, or acid to decompose the salt or ester., Typical examples are
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the hydrolysis of titanyl sulfate to yield titanyl hydroxide and

sulfuric acid:

Ti0SO, + 2H70 ——=TiO(OH) 2 + 2H7SO,

and the nydrolysis of ethyl acetate to ethvl alcohol and acetic acid:

CH4CO0C2Hs + H20

CH3COOH + C H50H

If sodium hydroxide is the hydrolyzing agent, sodium acetate replaces

acetic acid.

While hydrolysis is a frequently used reaction in commercial
chemical production (B~13910), its application to waste disposal
systems is still very limited. Hydrolysis can, in some instances,
convert a waste material to more easily-recoverable or usable com-
ponents. The hydrolysis of waste cellulose to glucose, which can be
fermented to ethanol, has been investigated by Fagan (447038). The
cellulose is ground, heated to 4009 to 4509F in dilute acid solution to
yield 30 1b of glucose per 100 1b of cellulose. Fagan predicts an
optimum yield of 52% glucose sugar at 4459F with 1.0% sulfuric acid
catalyste.

The hydrolysis of waste polyurethane foam tv recover toluene
diamines (intermediates In toluene dissocyanate production) has been
proposed by tlahoney (449593). The reaction is carried out in water at
400°F for 30 to 60 minutes to give 65 to 80% theoretical recovery of 2,

4{— and 2,6-toluenediamine.

Hydrolysis reactions can be performed batchwise in agitated,
jacketed reactors, or continuously in heat columns. However, residence
times and construction materials differ sufficiently so that each

design is usually specific to a particular application (B-13916).
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Primary Treatoent--Physical

Sedirentation

Settleable solids are defined as those larger than 0.45 and which
are separable by a 2 hour quiescent settling period (B-13914). The
rate of settling is affected by particle size, shape, and specific
gravity as well as by rthe water temperature. The settling velocity for
a given solids-liquid slurry can be determined by timing the subsidence

of a slurry-liquid interface in a graduated cylinder for various sus-

. pended solids concentrations (Figure 4.3). The initial:slope of each

curve is the zone settling velocity (2Z5V) for that percentage of
suspended solids. From this can be calculated the settliang velocity
(ft/min) and hence the solids flux (lb/sq ft/day) for the various
suspended solids concentrations (B-1395). This flux is plotted against
suspended solids concentrations, as shown in Figure 4.4. A line is
drawn through the desired 2.5% underflow suspended solids concentra-
tion, tangential to the curve and the intersection of this line with
the "y" axis is the required solids flux (lé6.5 1lb/sq ft/day). The
thickener area is the solids inflow (lb/day) divided by the flux. If
the loading is increased to 26.1 lb/sq ft/day, the effluent suspended
solids concentration will drop to 2.0%. Because settling velocity
decreases with increased suspended solids loadings, as inﬁicated in

Figure 4.3, the effluent solids concentration is also reduced.

Some typical settling rates for a number of aqueous slurries are

shown in Table 4.1. Purchas (B~-1395) describes a method for calcu-

lating settling veloclties on the basis of physical properties of the
solid and liquid. The accuracy is sald to vary by a factor of 2 to 5

for diameters between 20 and 100 feert.

Hydrocycloning

Hydrocyclones employ stronger centrifugal forces, rather than
gravity, to separate liquids and solids of differing densities and thus
are able to achieve higher separation efficiencies and rates with

smaller equipment sizes.
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. Figure 4 4

BATCH SUSPENDED SOLIDS FLUX CURVE FOR DESIGN
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Hydrocyclone efficiency is sometimes expressed as the particle
diameter which has a 50% separation. 7This is related to physical

properties of the systems by the following equatiom (8-13915):

Dc3 ﬂ 0.5
dso = 56.3 —_—
Q(eg = e1)
where: dsq = particle diameter with 50% separation efficiency, p
Do = hydrocyelone diameter, inches
M = liquid viscosity, centipeises

Q
e; and eg = density of liquid and solid, 1b/fe3

liquid feed rate, U.S. zal/zin

Separation efficiency varies from about 07 at 0.23 dsg to 100% ac

2 dyp. Cyclone size also affects separations efficiency. A 24 inch cy-

clone may handle !,500 gpm but might not separate particles smaller
than 50u. A 10 mm cyclone would separate particles down to 5u but
would handle only ! gpm. Adequate capacity is obtained for the smaller
sizes by connecting numerous cyclones in parallel. Pressure drop

" through a hydrocyclone is typically 40 to S50 psig. Hydrocyclones
occupy much less space than gravity settlers and have a lower capital
investment (<50%). Disadvantages are higher abrasion, higher puoping

costs, and the inability to separate concentrated slurries.

Filtration and Centrifuging

The choice of a means to separate solids from liquid is often
determined by particle size and concentration, as shown in Figure 4.5.
Filters generally are used for solids consisting of particles in the
range of 0.00l to S mm at concentrations up to 20 wtZ. The centrifuge
is applicable to sizes from 0.00l to 0.0l mm, at lower concentrations.
The factors affecting the selection of particular types of filter or

centrifuge are covered in Perry (B-1), Ballew (447036), and Cleasby
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(447035). Typicil application and performance characteristics for
several types of ‘ilters and centrifuges are summarized In Tables 4.7

and 4a8e

The capital investment to separate 6 tpd of zinc hydroxide sludge
(4 we?%) {rom 36,000 gr1 of metal plating wastewater by vacuum filtra-
tion on a rotary drum i35 estimated at $240,000 (B-1394, adjusted to
January 1979). Operating costs, priancipally labor and capital-related
charges, including straigh:~line depreciation over 10 vears, are
$43.00/cton of dry -solids. The corresponding costs for centrifuging are
placed at $168,000 and $38.5. ‘ton.

Flotation

Flotation technology (which :is widely used in the mineral indus-
try) is used in waste treatment principally to separate solids from
biological oxidation. It relies on the tendency of some solids to
attach themselves to air bubbles rather than to water molecules. This
hydrophobic tendency is enhanced by the addition of chemical agents or
collectors, which usually have an anionic or cationic group attached to
a hydrophobic hydrocarbon group. The ionic group is attracted to the
surface of the solid, whereas the hydrocarbcn portion repells water
moleculess Thus, the particles are carried to the surface of the
flotation vessel by rising air bubbles and are skimmed off. Typical
collectors are sodium lauryl sulfate (30%) at 27¢/1lb, tertiary-butyl

anine at 86%/lb, and 2-mercaptobenzothiazole at 94¢/1b.

Other reagents may be used to control pH, to promote frothing, or
to suppress the flotation of other types of solids. Air is introduced
into the suspension through a sparge tube, diffusion plate, or rotating
agitator. Alternatively, air may be dissolved in the suspension under
pressure and then the pressure is released to generate air bubbles in
situ. Figure 4.6 {llustrates a dissolved air flotation s stem for the

concentration of a biological sludge. The advantage of the dissolved
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Tioical ‘laterial

Table 4.7

SGIEE TYPICAL FILTER APPLICATIONS

Material Characrter

Apprex. Filter Capacity
flb.sq fo/day)

Filter Type

Cranide slize,
flotarion concentratces
Ceument slurry

Pulp and paper

Crystals, salt, etc.

Pigments

Sewage sludge

Varnish

Mineral oil

Sources: B-1, 447034,

Finely ground minerals

Tinely ground limestone,
shale and clay

Free filtering fibers

"Granular, cryscalline

Smeary, sticky, finely
divided

Coiloidal, slimy

Cloudy, viscous liquid
filtered hot wicth filcer
aid

Removal of 1 to 20%
bleaching clay from oil

73

300-2,7200

%00-20¢

200=-1,20C

(14 to 20 gpm/icl)
3,000-12,C00

200-500

25250

(5 gal/sq ft/hre)

(3-30 gal/sq fc/hr}

Continuous vacuum

Continuous vacuum

Continuous vacuun

Continuous vacuua

Plate and franme
or pressure tank

Continuous vacuuam

Plate and frame

Pressure tank
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Table 4.8

TYPICAL CENTRIFUGE PERFCRMANCE CHARACTERISTICS

Motor
Bowl Dia. Horse- Throughput
Certcrifuge Tvgpe {(inches) nower Licuid Qgpm) Solids {tons/hr)
Tubular 1-3/4% 0.05-0.25
4=-1/8 2 0.1-10
5 3 0.2-20
Disc 7 /3 0.1-10
13 6 5-50
24 7-1/2 20=2C0C
Helical convevor 6 5 to 29 0.03-0.25
18 15 to 50 0.5=:.3
32 60 to 230 3-10
54 156 to 750 20-6C
Sources: B-1, 447033, 447036.
74
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Figure 4.6

SCHEMATIC DIAGRAM OF DISSOLVELD-AIR FLCTATION TANK WITH RECYCLE
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air flotation here is that it removes the small, light sludge particles
nore completely and in a shorter time than would be possible by

sedimentation.

The typical air-to-solids weight ratio encountered in the thicken-
ing of wastewater biological sludges varies from 0.003 to 0.060 at
pressures of 40 to 65 psig (B-1393). The cost of flotation cells
ranges from $35 to $65/cu fr for cell sizes from 400 to 60 cu fr (B-1,
ad justed to January 1979).

Solvent Extraction

Solvent extraction is not competitive with biological oxidation
and thus it should be considered only for nonbiodegradable chemicals
(B~1394). If these are dilute, active carbon is probably more eco-
nomic. If they are concentrated, the choice may be between extraction

and steam stripping.

Solvent extraction generally refers to the extraction of an
organic chemical by an organic solvent. However, if a chelating agent
is added to the extracting liquid, inorganic anions and cations can be
separated from aqueous solutions. A chelating agent forms an fonic
complex with the ifous in solution. By changing the pH, the ions are
released. Typical chelating agents are sodium tripolyphosphate and
ethylenediaminetetraacetic acid contained in a solvent such as kero-
sene, chlorobenzene, or tridecyl alcohol. Their area of application is
similar to that of the ion exchange resins. However, they lend them-
selves better to continuous flow systems and possibly to somewhat

higher ion concentrations than does fixed bed ion exchange.

A system to recover zinc, copper, cyanide, and chromium fons by
chelate extraction from 80,000 gal/day of dilute metal plating wastes
is estimated to require a capital investment of $325,000 (B-1394).
Operating costs, principally labor, caustic, and capital charges
(including 10%/yr depreciation) total $4.32/1,000 gallons adjusted to
January 1979.
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Crystallization

Crystallization today has only limited application to the treat-
ment of industrial wastewater. One example of 1its current use is the
reaction of aqueous sulfuric acid wastes from the caprolactam industry
with ammonia to form ammonium sulfate, which is recovered by crystal-
lization. As the controls on plant waste discharges become more
strict, crystallization may find additional applications. Freeze
crystallization has been suggested as a possible method for liquid
waste streams containing concentrations of 1 to 10 wt% of hazardous

materials (B-1394).

The design of crystallization operations and the equipment avail-
able for same have been covered in detail by Bamforth (B-13917) and
Perry (B-1).

Adsorvtion on Activated Carbon

Adsorption on activated carbon is a practical, well established
method for eliminating organic impurities in wastewater. It is most
applicable to organic solutes with large molecules, low water
solubility, low polarity, and a low degree of ionization (e.g., phenol,
higher alcohols, and chlorinated hydrocarbons). Organics with low
molecular weight (methanol), two or more hydrophylic groups (glycols),
or high polarity (sugars) are usually poorly adsorbed. Very large
molecules relative to the carbon pores, such as some dyes, may also be

poorly adsorbed.

A number of inorganic elements and compounds, such as iodine, chlo-
rine, sodium cyanide, copper, and ammonia are also adsorbed by active
carbon. The degree of adsorption varies from one material to another;
it is likely to be highly pH-dependent, and regeneration may require
acid or alkali washes. Strong electrolytes—--sodium chloride, hydrogen

chloride, sulfurie acid--are not adsorbed on active carbon (B-1394).

In general, active carbon is most useful for the removal of non-
biodegradable (refractory) organics or the residual organics remaining

after biological treatment (B-1395).
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Active carbon adsorption of impurities in aqueous streams may be

carried out by various nethods:

e Down-flow alternating fixed beds
o Up-flow expanded beds
e Countercurrent continuous moving beds

e Continuous circulating suspensions.
The first is the most comuwon.

When the carbon beds are in a fluidized or circulating slurry, the

equilibrium concentration of the adsorbate can be expressed by the

Freundlich isotnemm:
XM = KC L/n

where: X = weight of adsorbed impurities, g
M = weight of activated carbon, g

Ce = equilibrium concentration of impurity in solution,
mg/liter

K, n = experimentally determined constants.

Typical liquid flow rates are about 7 to 10 gpm/sq ft, and when
backwashing is required to disengage solids, a flow rate of 15 to 20
gpu/sq ft is normal for 8 x 3C or 12 x 40 mesh granular carbon
(B-13918). Typical contact times are 20 to 60 minutes for COD loadings
of 0.2 to Q.5 1b/1lb carbon (B-13914).

Activated carbon can be removed (or returned) from the column as a
slurry. The solids are collected and regenerated by heating to 15000
to 1700°F in a multiple hearth furnace. Carbon losses due to attrition
and burning are usually from 5 to 10%. If the adsorbate is suffi-
ciently volatile, the carbon can be regenerated with steam (about 1 1b
stean/lb carbon). Inorganics are removed by washiny the activiated

carbon with a suitable solvent, acid or base.
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The costs of activated carbon treatment vary widely with the type
and concentration of impurity to be removed. The removal of 1,000 ppm
of phenol from 100,000 gpd of wastewater is estimated to require a capi-
tal investment of $1.3 million. The cost of removal to 1 ppm, includ-
ing 10%/yr, depreciation and carbon makeup at 50¢/lb, is $18/1,000
zallons (B-1394, adjusted to January 1979). For tertiary treatment of
water in publicly owned sewage treatment plants, the cost can be as low

as 12¢/1,000 gallons at a 10 million gal/day rate.

Recent research as been directed toward the combining of carbon
adsorption with biologically activated sludge treatment (447044,
357789). The addition of powdered activated carbon to biologically
activated sludge systems has, in addition to lowering capital invest-

ments, the following advantages:

e Improved removal of organics

® Reduced carryover of effluent solids

® Reduced foaming in the aeration systeno

e Improved sludge settling characteristics

® Reduced shock from toxic impurities.

The addition of powdered activated carbon (0.076 to 0.20 1b/1,000
gal) to 600 gpm of a refinery wastewater is reported to reduce solids
effluent by 50%, BOD by 75%, and suspended solids carryover by 40%
(447044), Du Pont (357789) reported similar benefits for its Powdered
Activated Carbon Treatment (PACT) process. Here the carbon is
regenerated by burning-off the less dense surface sludge layer on the
treatment solids. Capital investment for the combined operation was
estimated to be 25% lower than the total for separate operations.
Operating costs were 102 less. Gitchel (357785) proposes to regenerate
the carbon in an aquecus carbon slurry by direct oxidation of the
slurry at temperatures of 2120 to 600CF (1009 to 3209C) and pressures
up to 3000 psig.
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The Rohm and Haas Company (447039) has developed a number of
porous polymeric adsorbents with capabilities similar to those of
active carbon. These adsorbents are cross-linked structures of poly-
~ethacrylate or polystyrene. They are easily regenerated by washing
with a solvent such as acetone or methanol. The regenerant and the
adsorbate are then recovered by distillation. There is little or no
attrition or breakdown of cross-linked polymer in several years of
operation. An estimated capital cost to treat 115,000 gpd waste stream
containing 1.0% phenol is $1.7 million as of January 1979 (447039).
Operating costs are $15.60 per 1,000 gallons treated, without the
recovered phenol value, and minus $5.30 if phenol is included at
25¢/1b.

Secondary Treatment

Air-Activated Sludgg

Certain bacteria or microorganisms, in the presence of oxyzen and
nutrients, feed upon organic liquids and solids In aqueous suspension

or solution (aerobic digestion):

organic matter + bacteria + 02-1——-more bacteria + COp + H70 + energy

This is a widely used method for the destruction of organic wastes

(B-13913). The conditions necessary for aerobic digestion include:

e Oxygen availability.
¢ pH level near neutral.
e Availability of nitrogen and phosphorus.

¢ Absence of bactericidal materials (e.g., halogenated compounds
and heavy metals).

e Adequate mixing.

Figure 4.7 illustrates the basic operation of an activated sludge
system. The wastewater influent is mixed with recycle sludge and air.
The mixture is then settled to separate sludge solids. A portion of

the solids is recycled and the balance is filtered and discarded. A
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number of variations are possible in equipment design and in the method
and sequence of aeration and separation steps (B-1393, B-13920). The
use of a deep shaft (5 ft dia by 5C0 ft deep) for aeration reduces
ground area and capital requirements and is said to increase systen

efficiency or capacity (B-=13921, 447340).

The design of activated sludge treatment systenms requires data on
the BOD reaction rate, the oxygen raquirement, and the sludge vield
(B~1395). TIf this information is not available from an existing treat-
ment plant, it can be determined experimentally in the laboratory
(B-13922). The aerator size, air requirement, mixing horsepower, and
amount of sludge residue are then calculated (B-1395, B=-13922, 447053).
Typical design and operating characteristics for three types of acti-

vated sludge aeration systems are listed in Table 4.9.

The approximate investment, adjusted to January 1979, in conven-
tional aerobic digestion, sludge thickening, and filtration are 351.8,
$4.8, and S7.5 for waste feed rates of 1.0, 5.0, and 10 mgd and a BOD
reduction from 500 to 25 ppm (349186}, The capltal investment to treat
1 mgd of wastewater containing 10,000 ppm COD, and 4,000 ppm BOD was
estimated at $2.1 million (1979 dollars) (B-1394). This included
primary clarification, equalization, aeration, and sludge separation.
Operating costs, including depreciation (10%) and taxes and insurance
were $2.20/1,C00 gal.

Oxvgen-Activated Sludge

The use of oxygen in place of air for activated sludge biological

treatment is said to have a number of advantages (357787):

e Higher BOD removal rates

e Faster sludge settling rates

e Reduced total oxygen consumption
e Lower sludge output

e Reduced aeration horsepower.
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Characteristic

Table 4.9

ACTIVATED SLUDCE PROCESS CHARACTERISTICS

Process Type

Complete Mix

Step Aeration

Flow type
Aaration

Agitation

BODg removal efficiency (%)

BODg removal (lb/day) per 1d

aicroorganisms

Volumetric loading (1b lODé/l.ODO fed)

MLSS (@g liter)

Aeration valume/hourly feed race

Application

Nutrients (total)
N

4

Alr required wvhen B30Ds removal (8
1b/day per lb of alcroorganisms is

Greater than 0.3
Less than 0.3

Agltation horsepower

Sources: B-1393, B-119%, B-13922.

Conventiond.
Plu‘ flow
Diffused air
Mecnanical
B5-95

0.2-0.4

20=40
1,500-3,000
4=8

Low strength,
domastic wastes

L ib per 50 1lb 300y
0.2 1b per 50 lb BODg

Coapletely mixed
DMiffused air
Mechanical

85-95

0:2-0.6

S0-120

3,000-4,000

1-5

Ceneral applicatioca,

resiscant to shock
loads

500-900 frl of air per lb 3ODs removed
1,200-1,800 fr3 of air per 1> BODs removed

1 hp for 45 1b 300y removal/day

or
100 hp/106 gal aeracor volume

83

Plug flow
Diffused afr
None

85-95

0.2-0.4

40-60
2,000-13,500
-5

Ganeral application
to cany wastas
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There are also a number disadvantages (357784):

e Higher capital costs to enclose treatment tanks to contain
oxygen—-rich gases.

e pH lowering due to CO; buildup in solution may require caustic
addition.

e idded cost of-oxygen-rich gases. (:

A performance summary for air and oxygen systems is shown below
(357786). Oxygen has the advantages of higher throughput and lower
sludge production. A

Air Oxygen

MLVSS (mg/liter) 3,440 4,270
Dissolved oxygen (mg/liter) 0.5-2.0 15

Biomass loading (amg
BODg per mg MNLVSS/day) 0.35 0.32

Clarifier overflow rate
(m3/day-m2) 0.5 . 2.0

Sludge production
(ng TSS/mg BODg removed) 0.91 0.52 s

Eckenfelder (357784) has compared air and oxygen systems treating
60,000 1b/day of BOD. He réports that the added capital investment in
closed oxyvgenation equipment was more than balanced by the savings in

agitation power costs.

The dispersion of oxygen in open tanks through rotating microdif-
fusers, studied by FMC Corporation (357788), has the advantage of
requiring uinimal amodification of existing equipment while still
realizing higher capacity, reduced sludge production, and lower power (h
consumption of the oxygen system. The capacity of an existing 10 mgd
open tank biological oxidation system was doubled by converting to
oxygen diffusion at a capital cost of $5400,000, adjusted to January )
1979, average BOD removal and oxygen were both in excess of 90%, and (g

power consumption was only 2S5 bhp/mgd.
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Facultative Lagoons

Bacteria and microorganisms which use dissolved oxygen for the
conversion of BOD to insoluble sludge are characterized as aerobic.
Anaerobic organisms function without dissolved oxygen. Simple organic
wastes, primarily carbohydrates, l{pids, proteins, alcohols, and or-
ganic acids, are converted anaerobically to volatile acids by acid-
forming bacteria and then to methane and carbon dioxide by methane
bacteria (B-13923). Facultative lagoons, which operate without agita-
tion or air oxygén injection, are anaerobic except for a surface zone a

few inches deep, which is aerobic by air diffusion.

Facultative lagoons vary in depth from 3 to 20 feet. Periodi-
cally, it 1is necessary to remove accumulated sludge from the lagoon
bottom or increase the height of the containing walls. Advantages are
simplicity, low operating costs, and since a portion of the wastes are

converted to methane and CO;, reduced sludge volume.

Disadvantages are the reduced capacity (20 to 50 1b BODs/acre/
day) and the large land area used. Methane-forming bacteria require a
relatively narrow pH range (6.8 to 7.5). Llong chain or cyclic hydro-
carbons are not degradable, and microbial activity is inhibited by oil,
fat, or grease. Under cetain conditions algae growth can cause

toxicity, odors, and a buildup in BODs5 above that of the i{nfluent
(B-139213).

Design of facultative lagoons has been reviewed by Middlebrooks
(B-13923) and Clark (B-1393).

Trickle Filters

Trickle filters are porous b>eds of crushed stone or of plastic
packing over which the wastewater flows. Sufficlent void space allows
the passage of air for the growth of aerobic bacteria which biodegrade
organic i{mpurities in the water. Beds may be up to 30 feet deep and
200 feet in diameter. Wastewater is distributed over the bed by a

spray nozzle or rotating arm. High sidewalls are desirable so that the

835

MCD 000012579



~

media can be flooded with wastewater occasionally to eliminate stagnant
volunes and to control fly larvae. Recirculation of the effluent
wastes allows a higher loading (1,0C0 to 5,000 1b BODg/acre-Z:-day)
than a one-pass noncirculating operation (300 to 1,000 lb

BODg/acre-ft-day. These are referred to as high and low rate filrers.

Advantages of the trickle filrer biological treatment are
(B=-13913):

® Sizple comstruction and operation

® low operating costs
® Resistance to organic or toxic shock

® Ability to handle high temperature wastewater,

Disadvantages are (8-13214):

® Reduced BOD capacity per unit volume [5 to 25 lb BOD5/1,000

cu ft (low rate) and 25 to 300 1b BODs5/1,000 cu ft (high
rate)].

® BOD removal efficiencies usually in the range of 50-857.

Presence of odors and flies.

Filtaers are usually followed by a clarifier, and the recycle stream to
a high rate filter can be taken before or after the clarifier (B-1393).
Using two filters in series with separate recirculation to each filter

improves removal efficiency.

Removal efficiency can be estimated from the following empirical
equation (B=-1393):

Ey =

1
1+ 0.0CSS*JW?VF
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where

E)] = Fractional efficiency of BOD removal for process, including
recirculation and sedimentation.

W = BOD loading to filter, 1lb/day.

V = Volume of filter media, acre-ft.

F = Recirculation factor = __L1 +R
(1 + R/10)2

R = Recirculation ratio, i.e., slurry recirculated
slurry drawn off

Thus, for 2 mgd of industrial wastewater having a BODg of 600 mg/liter,

the filter area necessary for 71% removal at a 6 ft depth and a recircu=-

lation ratio = 4 is as follows:

Recirculation factor = 1 + 4/(1.4)2 = 2,55
BODs loading = 600 X 8.34 X 2 = 10,000 1b BOD/day.

Then, from the formula above,

0.71 = !
1 + 0.0085 /10,000/2.55V

Solving for V = 1.75 acre-ft,

thus, at a 6 ft depth, the area = 0.292 acre.

Capital and operating costs to treat 2 mgd of wastewater containing
1,250 ppm BOD5 with 502 removal hive been estimated by Oliver
(B-13920). The capital cost adjusted to January 1979 is $384,000 and
direct operating cost is 6¢/1,000 gal.

Nitrification-Denitrification

Nitrogen is present in sewage in the form of urea, proteinaceous
matter, and aomonium or nitrate compounds. The first two are readily

decomposed by bacteria to ammonia. This ammonia is converted further

to nitrites and nitrates in an aerobic environment (B-1393):
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NH,T + 3/2 0p Nitrosomonas

NO;~ + 2HY + Hy0
bacteria

Nitrobacter
NO»™ + 1/2 O3 NO3™

Nitrification, given sufficient residence time, will occur in most
aerobic biological treatment processes. While the nitrates are oxygen-
resistant, they do support algae growth and other plant life with a
consequent conversion back to ammonia. Thus, it 1s desirable to carry

the nitrification one step further.

Under anaerobic conditions, and with the presence of methanol as a
carbon source, nitrates are biologically converted to nitrogen and

carbon monoxide:

NO3~ + 1.08 CH30H + H¥ ——=0.065 C5H70,N

The methanol requirement, mg/liter, is equal to:

Cqp = 2.47 Ng + 1.53 N + 0.37 Dg

where

Ngs Nj, and Dg = initial concentrations of nitrate-nitrogen,
nitrite-nitrogen, and dissolved oxygen, in mg/liter.

Nitrification requires from 10 to 20 days at 20°C and, while it
can take place in activated sludge systems, the additional time is
often provided in a separate system following bioclogical sludge removal
to reduce sludge volume in the nitrification reactor. Nitrification
has been applied to NHj concentrations as high as 500 mg/liter with 90%
removal in a single stage and 977% in two stages. It 1s most efficient
at temperatures of 28 to 32°C and a pH range of 7.8 to 8.3 (B~1395).
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Denitrification has been applied to nitrate levels as high as
10,000 wg/liter at pH of 6.5 to 7.0. Holding times are in the range of
! to 5 days at 20°C. Design calculations and various possible arrange-

ments for activated sludge, nitrification, and denitrification opera-
tions are described by Adams (B-1395).

Capital cost of a nitrification-denitrification system to treat
2.5 mgd of nylon plant nitrogen wastes was estimated at $4 million
(B-13914, adjusted to January 1979). Feed composition and percent

removal were as follows:

Feed Composition % Removal
Total organic carbon (TOC) 80~-90
BOD 90-95
NO3-N

NO,-N ) 60-80
NH3-N s

Organic N

The system consisted of an anaerobic reactor with 36 hr retention and
an oxygen concentration less than 0.2 mg/liter. This was followed by
an aerobic basin with a 5 day retention. Sludge was separated by dis-
solved air flotation and a portion of it was recycled to the anaerobic

reactor. Effluent from the flotation was filtered for complete removal
of solids.

Sand Filters

Gravity sand filters are widely used for water purification. They
consist basically qf a layer of sand through which water is passed.
Suspended solids are retained by the sand bed. They are removed by
scraping the top surface of the sand bed or by backwashing to expand
the bed and wash out the filtered solids.

Sand filters have been classified as slow and fast (B-13915). The
slow sand filter uses a fine sand (3.35 to 0.50 mm dia) with flow rates
of 50 to 100 gpd/sq ft. The buildup of a bacterial layer on top of the
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sand aids in the separation of particles as small as 0.5 u. A disad-
vantage of the slow filter is that it uses only the top inch or two of
the bed; therefore, it has to be cleaned frequently. The fast sand
fileer {2,000 to 3,000 gpd/ftz) uses a larger sand particle (0.50 to
0.60 om). The addition of polyelectrolytes to promote aggloweration

enables even larger sand particle sizes and faster filtration rates.

The use of several bed materials--sand, anthracite, and garnet--of
progessively smaller size and greater density permits fuller use of the
bed depth. Thus, when the bed {s fluidized by backwashing, the coarse,
light particles are reclassified on top of the bed, and the fine, heavy

particles on the bottom (B-1l, B-1393).

A continuous sand filter has been developed in which the flow is
from bottom to top and a diaphragm continually moves the bed upward in
plug-fashion as fresh sand flows in underneath (B-139il). Sand over-
flow from the top is washed to remove entrapped solids, then recycled.

Thus, the entire filter bed depth is in continuous use.

A disadvantage of the sand filter is the fact that the solid-
liquid feed is concentrated (by backwashing) rather than separated. In
"some instances, using air together with the backwash to expand the
filter bed, reduces the volume of the collected slurry (B-13914).
Typically backwash volumes are 5 to 10% of the feed volume, and solids

separation efficiency 1s 65 to 95X of the feed solids.

The capital cost, for a 7.5 mgd sand filtration system=--including
automatic controls, auxiliary equipment, and building--is $1.56 million
(B~13911, adjusted to January 1979).

Tertiary Treatment

Foam Fractionation

Foam fractionation is the concentration of dissolved nonvolatile
surface active agents (i.e., molecules with both hydrophobic and

hydrophilic groups) which tend to concentrate at water-gas interfaces
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(447046). Heavy metal ions may also be concentrated in the presence of

surface active chelating or complexing agents (447045).

Foam fractionation columns operate with countercurrent flows of
liquid and foam phases in a manner analogous to that of distillation
columns. Similarly, they can be employed in stripping or enriching
modes or in a coabination of both. The design of foam fracticnation
columns is derived from the experimentally determined equilibrium curve
for impurity concentrations in liquid and foam phases and from the
height of a transfer unic (HTU) (B-1, 447047, 447048).. In some cases,

the separation can be made in a conventional bubble plate column.

Possible methods for the coalescence of the foam overflow or
reflux include rotating paddles, nylon mesh contactors, or ultrasonic

vibration.

Foam fractionation is most likely to be economic for the concentra-
tion of trace amounts of surfactants, dyes, phenolics, and heavy metals
(447048). A tenfold concentration of toxic ions 1is said to be readily
obtained by a simple mode fractionation (e.g., no reflux and feed to

foam pool) (B-1i).

The estimated capital investment (adjusted to January 1979) for
70% removal of a few ppm of alkyl benzene sulfonate in 1 mgd of
municipal wastes is §72,000. At 10 mgd, the investment is $485,000
(447049).

Chlorination

Water that is to be recycled for human or animal use must be dis-
infected. The most common disinfectant is chlorine gas, which is drawn
into the aquecus stream as it passes through an ejector. Instruments
maintain a constant proportion of chlorine to water to give a residual
Cly content of about 0.5 mg/liter (B-1393). Following mixing, a

contact time of 15 to 30 minutes is usually required for disinfection.
Typical chlorine dosages for disinfection of wastewater at various

stages of treatment are as follows:
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Dosage Range

Source of Effluent {(mg/liter)
Untreated water 6=2
Primary sedimentation 5-20
Activated sludge 2-8
Chemical precipitation 2-6

Multimedia filter following activated
sludge ' 1-5

The capital investment required to chlorinate 1 mgd at a dosage of
10 mg/liter 1is estimated at $90,000; at 10 mgd and the same dosage,
this figure is $130,000 (B-13924, adjusted to January 1979) Operating

costs are the cost of chlorine plus capital-related charges.

Chlorine can also be used to eliminate ammonia from wastewater
{(B-1393):

2NH3 + 3Clp——=Nj + 6HCl

Best results are obtained with a reaction time of 2 hours, a tempera-
ture- of 45 to 489F (7 to 99C), and a pH between 7 and 9. Chlorine
requirements are about 10 mg of Cly per mg of NHj.

Chlorination is effective for the removal of small quantities of
amomonia (1 mg/liter or less). For higher gquantities, the cost of
chlorine becomes significant (B-13911). A disadvantage is the

generation of by-product hydrogen chloride.

Qzonation

Ozone is a powerful oxidizing agent capable of destroying various
toxic, or otherwise undesirable, organic and inorganic compounds.
Table 4.10 lists some of these compounds. Ozone is generated as re-
quired and, since it is expensive to produce, it is most likely to be

econanic only for impurity concentrations of 100 ppm or less.

.
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Table 4,10

TYPICAL COMPOUNDS SUSCEPTIBLE TO OZONATION™

Organic
Aromatic hydrocarbons Microorganisms
Biphenyl Bacteria
3,4-Benzpyrene Viruses
1,2-Benzanthracene Algae
3,4-Benzfluoranthene Protozoa
Detergents Qther
Alkyl benzene sulfonate Color
Anienic detergent Odor
Nonionic detergent Disinfection
Pesticides Qzone Oxidation Combined with
UV Radiation?
Aldrin
DDT Acetic acid
-BHC Ethanol
Dieldrin Glycerol
Malachion

Methyl parathion

Phenols

Phenol

o-, m—, and p-Cresols
Catechol

Xylenol

Inorganic

Potassium cyanide
Potassium ferricyanide
Sodium thiocyanate
Sodium thiosulfate

*Numerous other compounds are more economically handled by biological
oxidation.

TLittle or no oxidation without UV radiation.

Sources: B-1394, 447053, 447054,
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Ozone is produced by passing air or oxygen through an electrical
discharge. When air i{s used, the maximum ozone concentration attained
is about 2% or less with an electrical expenditure of 7 to 9 kwh/1lb
ozcne. When oxygen (50-73%) is used, ozone concentrations of 5 to 6%
are possible with a power usage of 3.5 to 5 kwh/lb ozone (B-1394).
with air, a once-through process is used and the air, following destruc-
tion of residual ozone by catalytic or thermal means, is discharged to
the atnosphere. When oxygen is used, the value of the oxygen necessi-
tates its being recycled. Union Carbide (447054) suggests that this
latter system can be advantageously combined with an ongen*activated
sludge operation. Thus, there is only a single pass of oxygen through
the ozone treatment process with the exiting unconverted oxygen strean
going to a biological oxidation operation. This eliminates the oxygen

treating and recycling.

Typically, ozone usage is in the range of 1.5 to 3.0 1lb/lb of
iopurity with liquid residence tizes of 10 to 15 minutes. However,
some hazardous materials may require retention times up to one hour
with stagewise application of the ozone (B-1394). The optimum combina-
tion of ozone dose and contact time must be determined experimentally

for each applicatione.

Currently, ozone is most frequently used in tertiary treatments
for disinfection, odor or color removal, and oxidation of residual
trace contaminants (B-13912, 447052, 447050). Czone is effective as a
water disinfectant at dosages of 5 mg/liter or less (447050). Its
advantage is the absence of any residual impurity. The principal
disadvantage is the cost of equipment and operation. Recent evidence
of the formation of carcinogenic compounds during chlorination of
drinking water could, if verified, greatly expand the use of ozone for
disinfection (447101). Increased generator efficiencies (lb ozone/
kwh), lower investment cost, and/or stricter effluent regulation could
incraase the use of ozone for reduction of cyanides, phenols, metal

plating wastes, etc. (B-13912).
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Large volume (6,000 1lb ozone/day) ozone generation systems require

capital Investments of about $350 to $450/1b ozone/day (B-13912). The

capital investment for a small volume ozonation process to lower the
pnenol concentration in 800,000 gpd of refinery effluent water from
0.38 ppm to 0.012 ppm has been estimated at $380,000. Ozone output was
190 1b/day and operating cost was about 53¢/1,000 gal (B-1394, adjusted
to January 1979).

Toxie Liquids Disposal

Pumping into the ground at depths of several thousand feet has
been used for the disposal of corrosive and toxic liquid wastes.
Principal costs are those of well drilling, pumps, and power for pump
operation. The capital investment for disposal of 500 gpm at a depth
of 3,000 feet is estimated at $2.4 million, including pumps with 900
psi discharge pressure (101272, adjusted.co January 1979). However,
the areas available for "deep-welling'" are being increasingly
restricted and, by the early or mid-1980s, this disposal method will

probably not be acceptable for toxic wastes in most industrial nations.

Incineration is a generally acceptable method of disposal far
toxic liquid wastes. For example, a fluidized silica bed operating at
1400 to 1S00°F (760 to 8159C) has been used for the destruction of 4%
of mixed organic compounds in 750 gph of aqueous solution (447008).
Destruction of the organics was 99.9% efficient and the No. 2 fuel oil
consumption was 0.33 to 0.43 gal/gal. Capital investment was $6.0
million and operating costs—-principally fuel and capital related
items--was $530 per 1,000 gallons of liquid wastes.

The Zimpro system of wet alr oxidation, at elevated temperatures
and pressures, of liquid chemical wastes has the lowest operating costs
(447008). However, at 5369F (280°C), the destruction efficiency of
some organics is less than 85%. A more recent paper on the Zimpro
process (447074) shows that pentachlorophenol is 82% consumed at 527°F
(2759C) and almost completely (99.88%) eliminated at 608°F (320°C).
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4B CGASEOUS WASTE TREATMENT AND DISPOSAL TECHNOLOGY

A variety of well estabiished {ndustrial techniques are suitable
for the elimination of environmentally objectionable solids and vapors
from inert gases. The most used methods are indicated by the block
flow diagram of Figure 4.8. For example, hot combustion gases from a
coal fired boiler might pass through the sequence of--spray cooler,
cyclone separator, bag filter, S0O2 scrubber, and stack--before being

released to the atmosphere.

Pretreatment

Waste gases may need to be compressed before treatment. If the
gases are free of suspended solids and are at temperatures below about
2009°F (100°C) they can be compressed directly--otherwise after cooling
and separation of the solids from the gases. The required pressure is
generally less than 25 psia. Figure 4.9 shows the brake horsepower
required by a centrifugal compressor to increase the pressure of air,
at various flow rates, to 17, 20 and 25 psig. Compressof cOSts are

available from the literature (B-13927) or from the PEPCOST relation:
Cost $ = 3,894 x 290 x (bhp/4,500)0.76

Feed gases can be precooled by either indirect or direct heat
exchange to water. Typical values of U for heat transfer from gases to
watar are in the range of 10 to 50 (B-1).

For a counter current spray cooler, empirical equations for maxi-
mum allowable gas velocity and unit heat transfer rate are as follows
(447060):
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Figured 8

WASTE GAS TREATMENT ALTERNATIVES
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BRAKE HORSEPOWER FOR COMPARESSION

Figure 4 9

COMPRESSOR HORSEPOWER FOR VARIOUS AIR FLOW RATES
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Source: B-13944.
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P, - © 1/2
VmaxgcJ_ﬂg_a

hga = 0001A6 G0082 LO'47
ZTO.38

where V.. = max gas velocity, ft/sec
C = a constant = 20
0,2 Pg = liquid and gas densities, 1lb/cu ft
g2 = volumetric heat transfer coefficient, Btu/hr/cu fc/°F
gas and liquid mass velocities, Lb/hr/fe?

Q
—
'}

Z1 = height of contacting zone, ft.

Knowing Vpa¢ and hga, one can readily calculate the cross—section and
the height of the column. The cost can then bhe estimated convention—

ally.

Dry Systens

Gas—Solid Separation

The principal types of equipment for gas-solid separations are:

® (Cyclones

® Bag filters

® Electrostatic precipitators.
The choice among these depends primarily on the particle size of the
solid, the concentration of the solid in the gas, and the degree of
separation desired, as indicated in Table 4.ll. Electrostatic precipi-

tators are the most efficient at particle sizes smaller than 2 microns.

3
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Table 4.11

APPLICATIONS QOF CAS=SOLID SEPARATION EQUIPMENT

Bag Electrostatic
Characteristic Cvclone Filter Precipitator
Mininum size particle (microns) 10 0.2 2 (max)
Minimum solid particle loading
(grains/cu ft) 10 0.1 a.1
Maxinmum collection efficiency
{wt?) 85 99 . 99
Typical gas velocity (fpm) 2,000 to 1 to 20 100 to 600
4,000
Approx. pressure drop
(inches H,0) 1/2 to 3 2 to 6 0.2 to 1}
ApPprox. upper size limit
(1,000 cfm) 50 200 10 to 2,000
Installed cost ($1,000)* 125 420 600
Power cost ($/yr)' 9, 040 7,480 4,000
Maintenance (%/yr of installed
COSC) 1.0 6.0 0.6

*January 1979 cost for typical systems handling 60,000 cfm of gas at

68°F with a loading of 5 grains per cubic foot, 30% smaller than 10
micronse.

' Electricity at 20 mills/kwh.

Sources: B-1, B-13928, 447059.

They also have the lowest operating costs——largely for maintenance
and power. However, the installed cost for an electrostatic precipita-
tor treating 60,000 cfm of gas is $600,000, compared with $125,000 feor
a similar capacity cyclone and $420,000 for a bag filter.

Adsornticn on Activated Carbon

The removal of objectionable or valuable vapors from inert gases
such as air is a well developed and widely used technology (447C69,

447063). Vapors are attracted to the surface of the carbon by forces
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believed to be similar to those of chemical combination. The amount of

a particular vapor adsorbed by a specific sample of active carbon at a

ziven temperature can be represented by a Langmuir isotherm (B-13929):

/M = _k°K*'p
L + Kp
where X/11 = wt of vapor per unit wt of carbon

x and K = constants

p = partial pressure of vapor over carbon.

The constants "k'" and "K" must be determined experimentally for each
adsorption system. Table 4.12 shows the approximate amounts of various
chemicals adsorbed by active carbon from air saturated at 20°9C and 760
mm Hg. Generally, adsorbability varies directly with vaporization tem-—
peracture., Typically, solvent recovery systemns are designed for solvent

capacities of 10 to 20 1b solvent/100 1lb active carbon (B-12930).

Adsorption heat for various solvents ranges from about 12,000 to
15,000 cal/g-mol (21,500 to 27,000 Btu/lb-mol). Where this results in
more than a 5 or 10°C rise in the temperature of gas stream, cooling of
the bed may be necessary. The bed is regenerated by blowing with steam
to vaporize the adsorbed solvent. Typical steam usage is 3 to 5 1lb/lb
of solvent (447058).

Typical pressure drops for air flowing through active carbon beds

at 709F and 760 mm Hg pressure are shown in Figure 4.10.

The installed cost of an active carbon adsorber to treat 1.2
million cfh of air containing 200 ppm of solvent is $530,000 (447064,
adjusted to January 1979). Steam requirements for this low solvent

concentration can be as high as 30 1b/lb of recovered solvent.

wcp 00001259
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Table 4.12

VAPORS ADSORBED BY ACTIVATED CARBON®

ledium
(10 to 25 wth)

Low
(Less than 10%)

Very Low

(Not suitable at
specified conditions)

Alcohols

Anyl acetate
Benzene
Brermine
Butvyric acid
Caprylic acid
Carton tetrachloride
Chloroform
Crescol
Disinfectants
Ethyl acetate
Casolirne
llercaptans
Ozone

Phenol
Pyridine
Toluene

Turzentine

Acetone

Acrolein

Acrylic acid
Butylether
Butyraldenyde
Carbon disulphide
Chlzrine

Ethyl chloride
Ethyl ether
Hexane

Hydrogen sulfide
lethyl acetate
lethyl alcohol
Nitrogen dioxide
Pentane
Pentylene

Sulfur dioxide

Sulfur trioxide

Acetaldehyde
Acetvlene
Anines

Butane

Butylene
Ethylene
Formaldehyde
Formic acid
lethyl chloride
Propane

Propylene

*Adsorption from saturated air at 209C and 760 mm Hg.

Sources:

B-13929, B-13930.
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PRESSURE DROP, wnches H0 /M bed

100

Figure 4 10

PRESSURE DROP FOR AIR FLOW THROUGH ACTIVE CARBON

AT 70°F AND 760 mmHg

SUPERFICIAL VELOCITY, ft/mun

Source: Pittsburgh Activated Carban
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Liquid Systems

Water and Solvent Scrubbing

wWater—soluble gases such as hydrogen chloride, methanol, and
formaldehyde are readily removed from insoluble gases by scrubbing with
water in a packed or tray column. Similarly, organic vapors (such as
benzene, ethane, and styrene) that are insoluble in water are easily

renoved by scrubbing with a low volatility hydrocarbon liquid.

The optimum design of scrubbers depends on the king and composi-
tion of the gases teing treated as well as on the type of solvent and
its capacity for the gaseous components. However, for the average
operation a scrubbing tower with 20 actual plates is usualily adequate.
Also the tower diameter is such that the vapor velocity up through the

column is below flooding. Maximum solute concentration in water or

solvent is 5 wt¥.

Knowing the coluon size and circulation, one can readily estimate
the capital and operating costs by the PEPCOST computer program or from
published data (B-13927, B~13928).

Acid or Ammonia Neutralization

Gases contalning acid or ammonia vapors are commonly neutralized
by scrubbing with an aqueous slurry or solution of lime or sulfuric
acid. Column sizing is similar to that of water and solvent scrubbers.
However, the materials of construction must be acid- or alkali-
resistant and additional facilities are needed for storage and mixing
of neutralizing agents. Storage capacity is usually equivalent to 5
days' supply of acid or alkali.

Linestone Desulfurization

National ambient air quality standards require sulfur oxides
concentrations of less than 0.5 ppm (447061). As more power plants

convert from hydrocarbons to coal, the capacity requiring flue gas
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desulfurization is expected to skyrocket from 4,000 MW in 1975 to over
130,000 MW by 1985 in the Cnited States (447062).

while numerous flue gas desulfurization processes have been pat-
ented, less than ten are in large scale operation or construction. Of
these, the lizestone slurry process accounts for more than 50% of the
total capacity. Licestone slurry (5 to 15 wt?%) is sprayed into towers, (j

where it reacts with sulfur dioxide to form hydrated calcium sulfate

and carbon dioxide:

CaCO3 + SOz + 1/2H20 CaS03* 1/2H0 + CO»

In practice, some SO» is oxidized to S0O5 and thils combines to give
mixed calcium gypsum crystals [Ca(803)4(S04)yzha0] (447061). Sulfur
dioxide removal is about 80 to 95%. The most used method of sludge

disposal is on-site ponding and landfill.

Investment and operating costs for the limestone desulfurization
of flue gas were evaluated in PEP Report No. 63B. The fixed capital
investment to desulfurize 13 x 108 scfh of flue gas from 2,500 vppm to d
SCO vppm is $17.4 million. Limestone (93% CaCO3) usage is 8,600 lb/hr
and the resultant gypsum sludge output is 28,800 1lb/hr. Operating
requirements are principally labor (7 operators/shift), steam (21,000
lb/htr), and electricity (1,300 kw). Maintenance labor and materials is

taken at 3%X/yr of capital investment.

Waste Gas Disposal

Steanm Generation and Incineration

When the waste gases contain combustible gases in concentrations
greater than 100 Btu/scf, it may be preferable to burn them for steam
generation. Thus, 100,000 scfh of low Btu gas (125 Btu/scf) could
generate, at 60% efficiency, 8,000 lb/hr of steam, with a modular
investment in burners and steam boiler of about $155,000. At 500
Btu/scf, the comparable figures are 75% efficiency, 40,000 lb/hr steam,
and an investment of $450,000, as of January 1979.
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when the waste gases contain a small quantity of an enviroamen-
tally objectionable gas which is not readily eliminated by preceding
methods but which is combustible (e.g., acetylenes), incineration may
be desirable. In this case, auxiliary fuel would be added to produce
combustion temperatures up to 2000°F (1100°9C). Sensible heat in the

combustion gases would be used for steam generation as before.

Energency Flaring

In industrial nations, the gas flare serves mainly as a means of
disposal for flammable gases during a process equipment failure or
emergency plant shutdown. The exit velocity of hydrocarbon gases from
a flare should not exceed 1/5 of the sonic velocity if a stable flame
is to be maintained (447067):

v = 1/5 /g<RT/A

where V = gas exit velocity, ft/sec

gravity constant = 32.2
Cp/Cv = 1.2

= pas constant, 1,546

S W X .
[]

= vapor temperature, R

<<
]

molecular weight of vapor. ~

Knowing the gas escape velocity and the maximum volume of gas
flow, one can calculate the stack diameter. The stack height is

obtained from the following relatiom:

q = 960 w M
41 (x2 + h(h + 120 D))

where q = heat intensity on the ground at X ft from base of stack.

gas flow rate, 1lb/hr.

height of stack, ft.

stack diameter, ft.

=z o 5 €
[]

molecular weight of vapor.
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Using a heat intensity '"q" at the base of the stack (X = 0) of
1,500 Btu/hr/sq ft (approx maximum for 20 second human exposure), the
stack height can be determined.

If steam is injected (0.3 1lb/lb HC), carbon particles are con-
verted to carbon oxides and smoke is eliminated (B-13931). Esso
Research (447065) have proposed a smokeless amultijet flare which does
not require steam addition and which does not have to he elevated.
Inside diameter of this stack in feet is equal to 0.825 cimes the

square root of the heat release in million Btu/hr.

The erected capital cost to flare hydrocarbons (mol wt = 40} at a
rate of 0,5 million scfh is estimated at $190,000 for the elevated
flare and, if steam is emploved, an additional §$650,000 is required for

steam generation. For the Esso multijet flare, the comparable cost is
$400,000.

Dispersion by a Stack

When environmentally objectionable impurities in the waste gases
have been treduced to acceptable limits, the gases are discharged to the
atmosphere. A study made many years ago by Moyer Thomas et al.
(447068) determined the impurity concentrations downstream from

dispersion stacks. The maximum concentration was found at a distance

Xpax = h/2 C,

and the concentration at this distance was expressed by:

Cmax-—l‘i-—tk

) V2T e2yh2 Cy
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where h = stack height, cm.
Cz & Cy = vertical and horizontal diffusion coef., 0.05 to 0.07.
M = gaseous impurity emission, g/sec.
e = natural logarithm base = 2.718.

u = mean wind velocity, cm/sec.

Some additional guides to dispersion stack design are suggested by
Ross (B-13913):
e Stack height should be 2.1/2 times that of surrounding
buildings to minimize turbulence.

e Gas ejection velocity should be greater than 60 ft./sec so as
to escape the turbulent wake of the stack.

e Cround concentration varies inversely as the square of the
effective stack height.

The estimated installed cost of 100 foot steel stacks of 24 and 48
inches diameter is $23,000 and $70,000 (447057, adjusted to January
1979).
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4C SOLID WASTE TREATMENT AND DISPOSAL TECHNOLOGY

Solids generated in liquid and gaseous waste treatment are treated
and/or disposed of as described in this section. Solid wastes such as
catalyst residues and spent adsorbents are also handled as described
here. Potential treatment and disposal means are illustrated by the
block diagram of Figure 4.11. The treatment procedures are standard,
widely used, industrial methods. This section briefly reviews their

application to waste treatment.

Waste Solids Treatment

Dewatering

Dewatering centrifuges are applicable to relatively coarse (+100
mesh) granular, nonsticking materials. The capacity of these centri-
fuges is very dependent on the particle size of the feed solids, as
shown in Figure 4.12. For example, for a KCl feed with a moisture
conﬁent of 35 wtXZ and a top size of 1/8 inch, a 36 inch bowl centrifuge
has a capacity of 44 tph of solids with an exit moisture content of
less than 6 wt%. This exit moisture content increases with solids feed
rate and decreases with increasing solids particle size, as illustrated
by Figure 4.13.

The approximate purchase prices of helical-convevor centrifuges

are as follows (B-l, adjusted to January 1979):

Bowl Diameter Purchase Price, (§)
{Inches) Steel Stainless 316
26 58,000 100,000
36 85,000 140,000
111
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WASTE SOLID TREATMENT ALTERNATIVES
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Figure 4.13

EFFECT QF FEED RATE AND SIZE ON DRYING CENTRIFUGE
PRODUCT MCOISTURE

40% MINUS 23 MESH

30% MINUS 28 MESH

PRODUCT MOISTURE, w1 %
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FEED SCLIDS, tpn
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In addicion to the dewatering centrifuge, the module would also

contain a 20 foot screw feed conveyor, 5 hours' solids and water surge

capacity, and a water »pump.

Drving

The equipoent applicable to the drying of waste solids includes
rotary dryers, flash dryers, multiple hearths, and fluidized beds.

Cnly the direct heat rotary dryer will be considered here.

The capacity of the dryer can be expressed by a heai transfer

equation (B-1):

Q = U,v(at)g

where Q total heat transfer, Btu/hr
V = volumerric heat transfer coefficient, Btu/hr/cu ft/OF

(bt)y = mean temperature difference between hot gases and solids.

When the solids temperature is not known, the logarithmic mean of
the wet bulb depressions of inlet and outlet air can be used. An empir-
ical relation for the volumetric heat transfer coefficient is
Uy, = 0.569:-67/D and replacing V by T1D2L/4 changes the heat transfer

equation to:
Q = 0.4LDc0-67(at )

where L and D = dryer length and diameter, feet

G = gases mass velocity, lb/fir/sq ft.

Thus, knowing the quantity of heat to be transferred and the inlet and
outlet air temperatures, one can calculate the mass of air required and

the dryer length and diameter.
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Typical performance for direct warm air cocurrent rotary dryers is
given below (B-1). Solids moisture is reduced from 25 wt% to 0.5 wtX
with inlet and outlet air temperatures of 330°F and 160°F and inlet and
outlet solids temperatures of B0CF and 150°F. Inlet air is heated by

indirect heat exchange with steam.

Dryer size (D inches x L feet) 48 x 25 72 x 35 120 x 53
Heat load, Q (Btu/hr) 342,000 780,000 2,160,000
Steam, 150 psig (1b/hr) 700 1,600 4,500
Discharge solids (1b/hr) 900 - 2,100 5,700
Exhaust gas {(cu ft/min) 2,250 5,100 14,100
Water evaporated (lb/hr) 300 700 1,900
Dryer fan and drive (hp) 8 20 80

Dryver purchase cost, Jan., 1979 $63,000 $105,000 $210,000

Incineration

Incineration of solid waste is usually costly but, for many toxic
organic materials, it may be the only safe method of disposal. Bayer
AG in November 1977 commissioned a $13 million incineration plant for
.chlorine and phosphorus organic compounds (447070). This plant can
treat 25,000 metric tons of waste per annum at an average cost (in
1978) of $190 per metric ton. For several years, two ships--Matthias
III and Vulcanus--operating from Germany and Holland, have incinerated
organic wastes such as vinyl chloride residues and herbicide orange, in

selected ocean locations {(447071).

In the United States, EPA has sponsored several demonstration
plants for the destruction of chemical wastes, solid and liquid
(447008, 447019). Five different systems have been tested: (1) sudden
expansion liquid combustion chamber, (2) rotating hearth pyrolyzer,

(3) fluidized bed combustor, (4) tandem autoclaves for decomposition of
liquids at elevated pressures and temperatures, and (5) rotary kiln
followed by an afterburner for evolved gases. Details of these tests
together with estimates for commercial scale operation are summarized
in Table 4.13.
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iacramrafar lype

lncioeracae capabilitles
feed rate
Opecrating Cempefature

Heat capactty (Btu/hr)

Wastes Creatud
(campuatioa heac)

locineracar zondicions
feed rate (lb/hr)

Teaperatura

Residence tima

Incinerator parformance
Stack particulaces (ug/al)

Trace secals, mg/m?

Destruction efflciency (X)

Catizated commercisl plant
slza (snoft tons/hr}

Esc. caplical investmaent,
adjunted to Januacy 1979
(§ ailltan)

Operacing comt,
ad justed ta January 1979
(5/shart con)
Lader, $§12.7Q sas~hr
Auztllary fual,
$2.60 ailliom Stu
Chaatcals sod utilities
Maiatenance
Capital-velatad costs
213 tavestaenc
Total apavating casc

Set coet

Table 4.13 (Concluded}

UuS. EPA-SPONSORED <ASTE INCINERATION OEMONSTRATION PLANTS

Zimpro. I[ne., Rathchild, wisc.

JM Company, Tarzage Crove, *ana.

Relilns Eavironmental Sersvize
iac,, Jrel far<, Texay

Two cofit Lnuous autoclaves Lo
saries with airf bubbled

thraugn tha liquid vastes at
elevated tempervatures and pras-
suces 1:ta !5CD pmag) in thae
srasance of a copper catalyse.

<qulds with low haating values
5=i100 gph
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The rotary kiln followed by a secondary combustion chamber ot
afterburner offers the greatest flexibility for handling boch liquid
and solid wastes with destruction efficiences of greater than 99.99%,
However, the capital investment for this system ($600 to $1,100/annual
ton capacity) is the highest of the five systems considered. For those
wastes with less than 5,000 Btu combustion heat per lb, auxiliary fuel

costs can be appreciable.

The design of direct fired rotary kilms is similar to that for
direct heat dryers. Heat efficiencies usually range from 55 to 75%
with heat transfer rates of about 2,500 to 6,000 Btu/hr/cu ftr (B-1).
Heat efficiency can be improved by the use of heat exchangers or

recuperators to recover sensible heat from the exhaust gases.

Zimmerman (447076) has described the Kelly-Hoskinson batch inciner-
ator, which ranges from 2 to 12 cu yd capacity. It has a primary
combustion chamber that operates at 2200°F (1200°C) and provides second-
ary fume combustion in the base of the exhaust stack. It operates
without precipitators, scrubbers, or grates on combustible wastes and
gases which are noncorrosive and nontoxic. Purchase cost ranges from
about $12,000 to $62,000 (January 1979). Natural gas fuel consumption
is between 100,000 and 300,000 Btu/hr.

Combustion

Solid wastes containing less than 2 to 3 1b of water per 1lb of
combustible material can usually be incinerated without auxiliary fuel
and possibly with some heat recovery. For example a solid waste con-
taining 52.3 wtX carbon, 6.2% hydrogen, 40.5% oxygen, and 1.0% ash, has
a gross heat of combustion of 9,000 Btu/lb. The available net heat
from burning 1,000 lb/hr of this material, accompanied by 100 1b/hr of

moisture, is as follows:
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Btu/hr

® (Gross heat input (9,000 x 1,000) 9,000,000
Less evaporation of free water {1,060 x 100) 106,000
® [Less evaporation of formed water
(0.563 x 1,060 x 1,000) 597,000
® less losses, assume 80% heat trans. effic. (j
(9.0 x 10° x 0.2) 1,800,009
Net heat 6,497,000
This is equivalent to 5,700 1lb/hr of saturated steam at 125 psig. !

Detailed considerations of the design of nunicipal waste treat-
ment incinerators have been published by the Research and Education
Association (B-13933). Capital investment for a multiple chamber batch
incinerator 1is said to be about §15,000 to $40,000 per daily ton of

waste capacity. This is exclusive of any combustion gases treatment.

By comparison, costs by Babcock and Wilcox Company (447075,

adjusted to January 1979) for a coal fired steam generator are as
follows ($1,000):

Steam Capacity {(lb/hr)
50,000 100,000 200,000

Equipment cost

Boiler, furnace, fans, econo-

mizer and firing equipment 675 1,100 2,000
Metering and control inst. 25 30 40
Deaerator and water treatment 60 91 147
Boiler feed pump 5 9 13

Total equipment 765 1,230 2,200
Estimated module cost (f = 3.0) 2,300 3,700 6,600

Assuming a waste sludge feed of 5,000 Btu/lb net heating value (i.e.,
equivalent to 3.7 lb steam/lb sludge), the above module costs range (h
from $10,000 to $§15,000 per daily ton of sludge feed.
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Waste Solids Disposal

Land Farming

Land farming has been used in the United States for over 25 vears
as a means of disposal of refinery sludges. Over the next several
vears, the quantity of sludge disposed of by this method could double
or triple (4%47079). Land farming is applicable to biodegradable nydro-
carbon sludges which are nontoxic, nonreactive, and nonvolatile and
have flash points below L40°F (6Q0°C) (447088). These are principally
01l refinery wastes such as API separator bottoms, treaéing clays, and

tank and separator cleanings.

Larnd farming consists of spreading the hydrocarbon waste over bare
soil in layers up to several inches. The land is then cultivated at
regular intervals to provide closer contact between the waste and the
soil. Bacteria convert the waste to humus, which may actually improve
the original land's ability to sustain vegetation. Typical application
rates for oil refinery wastes range from about 200 to 600 barrels/year/
acre (30 to 90 tons/year/acre) (447017).

Regulations for the selection and operation of land farming sites
(447C88) stipulate that land farms be located on stable, level land at
least 5 feet above the historic high water table, with no possibility
of migration to livestock or public water supplies. Wastes must not be
applied when the soil is saturated with water or when its temperature
is less than freezing. The pH of the soil should be between 7 and 9 to
prevent leaching of heavy metals and to encourage bacterial or algae
growth. The use of supplemental nitrogen and phosphorus may also be
needed to assist the growth of microorganisms. The site must be

rmonitored to detect any migration of waste impurities.

A typical cost for land farming operations, exclusive of land, is

reported to be about $16.50 per ton of waste (447088, February 1979).
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Stacking

Waste stacking is applicable mainly to gypsum from wet process
phosphoric acid plants or from power plant flue gas scrubbers (447091).
To start the stack, an area is enclosed by an earthen dike, and the
aqueous slurry is pumped inside. The gypsum settles and the water
overflows and is recycled or neutralized. As the gypsum settles and
consolidates, it is used to raise the retaining wall for the gypsum

pond as shown in Figure 4.l4.

Gypsum has 5 sedimented density of about 1C0 1b/cu ft; therefore,
one acre foot has a storage capability of 2,000 tons. Thus, a 1,000
tons/day wet process phosphoric acid plant producing 4,500 tons/day of
gypsum that is stacked to a depth of 20 ft would require 40 new acres

every year.

Regulations for stacking as well as those for sanitary disposal
(discussed next) are generally similar to those for land farming
(447088).

Disposal costs are principally land costs. Added to this is the
cost of a dragline or mechanical shovel for building dikes and possibly
a rubber or plastic liner to prevent contamination of ground water

sourcese.

Sanitary Landfill

Sanitary landfill is the placing of compacted wastes into earth
cells which are later covered with soil. The wastes must be inert to
begin with or be capable of microbial conversion to harmless compounds.
The landfill should be designed to prevent leaching from the fill and
contamination of surrounding streams. This may be accomplished by
providing drainage from the fill to a collection and treatment point or

by enclosing the fill in an impervious liner (447090).
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Figure 4.14
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Disposal costs for landfill operations, where cover material is
available on site, are estimated to range from about $10/ton at 20 tons
per day, to $4.5 at 50 tons and $2.5 at 200 tons per day (383522,
adjusted to January 1979}.

Uazardous-wWaste Landfill (T

Hazardous wastes are those materials which pose substantial pre-—
sent or potential hazard to human health or living organisms because
they are lethal, nondegradable, persistent in nature, or cause detri-
nental cumulative effects (447007). These include toxic, radioactive, \

flammable, and explosive materials.

Numerous restrictions apply to the selection of a hazardous-waste
disposal site, permits are necessary for dumping wastes at these sites,
and long term monitoring is required to detect any leakage from the
containment area (447015). Finally, severe penalties are provided for

noncompliance with these regulations.

The complexity of regulations and the costs of compliance tend to
restrict ownership of hazardous-waste disposal facilities to those com-
panies with appreciable quantities of hazardous wastes or to companies

specializing in services.

A 1977 EPA publication (447092) lists over 100 hazardous-waste
nanagement facilities across the United States. These include service
operations for incineration, deep-welling, and land disposal of hazard-
ous wastes as well as for solvent reclaiming and metal reprocessing. A
resume of the background, capabilities, and service charges for many of

these operations 1is contained in another EPA publication (447078). (h

Secure landfill disposal costs are in the range of $20 to
$60/short ton. The estimated costs for a 20 year operation of a
hazardous-waste facility (4,000 tons/yr) owned and operated by Union
Carbide are as follows (447007, adjusted to January 1979): (;
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Study and design $ 114,000

Land 147,000
Equipment 367,000
Operating costs (20 vears) 4,242,000
Total $4,870,000 (s$61/ton)

An industry source estimates that pending regulations and infla-

tion will double hazardous-waste landfill disposal costs by 1985.

Other Disposal Methods

Ten years agb the oceans were the recipients of large volumes of
solid industrial wastes (447029). However, increasing regulation is
gradually reducing the quantity and kind of industrial wastes which may
be dumped in the oceans (419299). 1In the United States, EPA regula-
tions .are expected to terminate the discharge of waste to coastal
waters by the end of 1981 (447082). 1In Western Europe a 957% reduction

of ocean dumped wastes by 1985 is proposed.

Another alternative for disposing of solid waste is to slurry it
in water and inject it deep into the ground where it is isolated from
potable-water aquifers by impervious and fracture-resistant strata of
shale, limestone, or dolomite (447087). Currently, there are approxi-
nately 380 deep welling sites in the United States. By the end of
1979, all such sites in the United States are expected to come under
EPA regulations for inspection, monitoring, record keeping, and report-
ing. Thus, deep-welling is likely to continue for some time as a waste
disposal method in suitable locations but with increased control and

regulation.

The average investment for a deep well~--including casing, surface
facilities, pumps, etc.--is about $75 to $90 per foot (447087, adjusted
to January 1979). Maintenance costs for an injection rate of 6 milliom
gal/mo (140 gal/min) into a 10,000 ft well are reported to run about
$60,000/yr and energy at 2¢/gal (447087).

125

MCD 000012617






7R

S COST CALCULATIONS FOR WASTE TREATMENT MODULES

There are a anumber of wmethods for the development of preliminary
capital cost estimates for chemical or waste treatment processes. The
Hirsch and Glazier method (289) totals the purchase costs of all the
major equipment. This total is multiplied by given factors--depending
on the amount and type of equipment-—to obtain the battery limits
investment for the process. This figure represents the capital cost of
the complete, ready-to—-operate processing unit. It includes founda-
tions, piping, instruments, housing, erection costs, and contractors
fee, but excludes land, utilities, feed and product storage, and
start-up costs. This method has bdeen adépted to PEP estimating

procedures.

The Miller methed (10039) for estimating the cost of a chemical
plant totals the costs of major equipment items and then adds per-
centages for the foundation, erection, piping, insulation, electrical
work, and building requirements. These percentages are selected on the
basis of the type of process and the average value of the major equip-
ment items. They allow the estimator some leeway in deciding whether
each requirement is minimal, moderate, or extensive. This method, has

also been adapted to the PEP computer program.

A third method (used by Guthrie) estimates the installed or modu-
lar cost for individual processing operations (distillation, drying,
etc.) by multiplying the purchase cost of the equipment by factors for
installation labor and materials. The battery limits cost is the sum
of the modular values plus a percentage for indirect costs. This
method requires slightly more time and effort than the others but it

correlates installation costs with specific operations better than the

others doe.
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Waste treatment processing consists of only a few standard chemi-

cal and physical operations. Thus, the use of process modules is

possibly the simplest means for estizating the investment for treating

a given waste flow.

Guthrie (B-13926, 76<81) has applied the modular approach to the
evaluation of chemical process capital investments. In Guthrie's
wethod the costs of installation materials (M) and labor (L) are esti-
wated as fractions of the purchase cost of the equipment (E). Thus,
the direct or installed cost of an item of equipment is E + M + L.

This sum is then multiplied by an indirect factor (I) (which depends on
the size of the direct cost) to obtain the modular cost of that equip-
ment item, as illustrated schematically in Figure 5.1. Excluded from
the modular cost is the cost of land, site preparatioen, contractor's

fee, and contingencies.

Guthrie supplies M and L factors for specific items of chexmical
equipment in various sizes. Adjustment factors are supplied for alter-~
native materials of construction and for locations other than the U.S.
Gulf Coast. The effects of {nflation from the base year to the present
are handled by applying the appropriate cost indices to both materials
cost and labor cost. A disadvantage of the Guthrie method is that L
and M factors are not available for all types of process equipment—-
particularly some of the equipment used in waste treatment--and the

procedure to develop them is complex.

Icarus Corporation (447001, 447056, 447057) has applied a modular
cost estimating technique to waste treatment systems. The Icarus
method is much more detailed than the Guthrie method. Equipment costs
are obtained, together with the cost of materials for installation.
Allowance is then made for labor cost and productivity, to obtain a
direct cost. Adding construction overhead and engineering costs
results in a base module cost comparable with that for chemical equip~

ment by the Guthrie procedure. Icarus also provides location, design,
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and material factors for adjusting the module costs. It has also been
adapted to a computer program. However, this program has several

disadvantages:

® The amount of detail and effort necessary to estimate module

costs 1s more appropriate to an engineering design than to a
preliminary estimate.

There is no separation of the modular cost components to permit
user modifications or to enable users to derive their own
module costs for special equipment.

we have developed a simple and quick procedure for estimating
modular costs for wasta treatment operations which is independent of

both Guthrie and Icarus modules.

Capital Cost Methods Used in this Scudy

The modular costs developed by both Icarus and Guthrie are gener-
ally 1.8 to 5.0 times the purchase price‘of the equipment. This is
also true for the PEPCOST estimates of battery limits investment.
Equipnent items with "little" requirement for (A) foundations and
support, (B) connecting piping, (C) electrical connections, insulation,
_ and instrumentation, and (D) enclosure are close to the lower limit,
while those with "extensive" amounts of these additions tend toward the
upper limit. If, as shown in Table 5.1, we arbitrarily assign values
of 0.2, 0.6, and 1.0 to represent ''little'", "some", and "extensive"
needs for each of the four categories of installation activity, we have
a quick way of estimating modular costs. For example, a tank and pump
erected outside on the ground, with only inlet and outlet pipes, would
have a module cost factor (fy) =1 + 0.2 + 0.2 + 0.2 + 0.2 = 1.8. A
distillation cperation erected indoors on steel supports, with inter-
connecting piping to condensers and reboiler and with extensive

instrumentation and insulation, would have an fy = 1l + 1 + 1 + 1+ 1 = 5.

130

MCD 000012621

[,PS*

\-



Table 5.1

SRI MODULE INVESTMENT ESTIMATION FACTORS

Installation Regquirement
Little Some Extensive

Base facrtor 1.0 1.0 1.0
(A) Foundations, steel supports, 0.2 0.6 1.0
and field labor

(B) Connecting piping 0.2 0.6 1.0
(C) Insulation, electrical 0.2 0.6 1.0

connections, and instruments
(D) Building or enclosure 0.2 0.6 1.0
Totals 1.8 3.4 5.0

Notes: (1) Module cost factor (fy) = 1 + A+ B + C + D.
) (2) Module cost = purchased equipment cost (f.o.b.) x fye.

Table 5.2 compares Icarus and Guthrie module costs with those
estimated by SRI's simplified procedure. While considerable variation
occurs in the cost of similar equipment items by the three modular
estimating procedures! the equipment cost totals are very close. For
exacple, the estimate for a 10,000 gal vertical cylindrical stainless
steel tank is $108,000 by the SRI method and $190,000 by the Guthrie.
This is equal to a plus or minus mean deviation of (190 - 108)/(190 +
108) x 100 = 27.5%. However, the totals for the nine modules listed
show a mean deviation of only (1,872 - 1,703)/(1,872 & 1,703) x 100 =
4.7%. Thus, for a multimodule treatment system, the individual devia-
tions appear to counteract one another. Also the modules developed

above appear to offer sufficient accuracy for an approximate cost

estimation.
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Tadble 5.2

COMPARISON OF CHEMICAL EQUIPMENT MODULE COSTS ESTIMATED 8Y DIFFERENT METHODS

Bas1s: PEP Cost Index = 290
Time = january 1979

Suthrie SRI
Icarus Equipaenc Equipzent
Haauie Purchase Maodule Purcnase
Cost Cast Module Cost Cost Module  Module Cost
fguipment Jescription {s) (&) Factor (3) (s Factar ($)
Alr ccoled exchanger 45,000 16,400 2,17 35,500 14,500 2.2 32,200
500 sq ft
Steel tubes
Column, valve trays . 165,000 72,000 3.05 220,000 48,000 4.2 200,000
5 fe dia. x 30 €t high
15 trays
Carbon steel
Coapressor, centrifugal 700,0C0 320,000 2.15 690,000 340,000 2.6 890, C00
1,000 hp
Turdine drive
Furnace, cylindrical 280,000 82,000 2.19 18C, 000 75,000 3.4 255,000
Carban steel
‘C a1llien 3tulhr
Heat exchanger, fixed tube $8,500 14,300 .17 45,000 9,700 4.2 4G, 700
1,000 sq tec
100 psi
Cartheon steel
Pump and driver, centrifugal 10,900 1,9%0 3.30 6,400 2,000 3.8 7,600
1CO g3pm
70 fe head
Iron
Tank, horizontal, cylindrical 47,000 15,000 3.05 46,000 14,000 2.2 31,000
10,000 gal
Carban steel
Tank, verti{cal, cylindrical 150,000 45,700 4,16 190,000 60,000 1.8 108,000
12,C00 zal
Stainiless steel
Thickener, 100 ft dia. 390,200 - - 290,000" 140,000 2,2 307,700
7,800 sq. ft. ————————
Totals 1,816,400 1,702,900 1,872,000

*Equipmant purchase cost and module factors are not readily separable frow the Icarus Corporacisn module cost.

*This figure was derived from the Cost Engineering Quarterly in order to complete the comparative columa.
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Operating Costs

Operating costs for waste treatment--like those for chemical

processing~=-are a function of the following three variables:

Variable Dependent Operating Costs

Capital cost Maintenance, taxes, and insurance,
amortization, return on investment.

Feed or production rate Process materials, utfilities.

Process complexity Labor (operators/shift), ‘control
analysts, overhead, supplies.

G&A (administration), sales, and research costs, and working capital
interest, which are usually izcluded in chemical plant operating costs,

are believed to be small enough to be neglected for most waste treat-

ment systems.

Capital~related charges, maintenance costs excepted, are nommally
taken as a predetermined fixed percentage of the capital investment.
PEPCOST customarily uses 2% for taxes and insurance, 102 for amortiza-
tion, and 25% for return on investment. The maintenance percentage
depends upon the nature of the equipment and the stream being pro-
cessed. Table 5.3 suggests a procedure for estimating annual module
maintenance cost as a percentage of the module investment. Thus, a
mixing tank or system handling noncorrosive liquid with some agitation
and connected to inlet and outlet pumps would have a percentage main-
tenance = 0 + 0 + 1 + 1 + 0 = 2%. A filter or centrifuge processing a

sulfuric acid slurry would have a figure of 7 or 8XZ.

Other operating costs which are a function of feed rate or process
complexity are specific to each treatment operation and no generalized
correlations are possible. Thus, the applicable process materials and
utility requirements for each waste treatment operation is listed om
the same page as the module cost. Where the labor requirement {(opera-
tors/shift) is shown as a range (e.g., 0.2 to 0.5 operator/shift), the
lower figure at the low end of the waste stream flow rate and the upper

figure at the high end.
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“adule Cost Curves

We have derived module capital costs and maintenance percentages
from published or quoted equipment prices and modular cost factors (fa)
as described above. For some specialized equipment--e.g., czone
generators, and electrodlalysis or reverse osmosis cells--we used

published installed capital and operating cost data directly for the

aodular costse

These costs apply to a point in time of January 1, 1979 and a PEP
Cost Index of 290. Cost curves have, where possible, been based on
waste stream flow rates to enable direct reading of the modular cost.
Where these costs are given as a function of equipment size, descrip-
tive information in Section 4 of this study will enable a conversion

from size to waste stream flow rate.

In instances where the desired module cost curve and operation
table are not available, the procedures outlined above will enable the

interested user to construct theme.

Table 5.3

SRI MODULE MAINTENANCE COST ESTIMATION FACTORS

Annual Maintenance Cost
(% of module cost)

Conditions Contributing to the Cost of

Maintenance None Some Appreciable
(A) Corrosivity, special const. materials 0 1 2
(B) Temperature above normal 0 1 2
(C) Power usage and moving parts 0 1 2
(D) Connecting equipment 0 1 2
(E) Solids handling, abrasion 0 1 2
Totals 0 5 10

Note: Annual maintenance cost (My) = (A+ B + C + D + E) x module cost
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The module capital cost curves and operation tables we developed

are shown in Figures 5.2 through 5.53, as follows:

Figures
Waste Stream
Aqueous 5.2- 5.31
Gaseous S.32=5.44
Solid 5.45-5.53

The application of these modules to the estimation of capital and
operating costs for the treatment of chemical industry wastes is

demonstrated in Section 6.
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Figure 5.2
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MODULE COST, $ mullisns
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Figure 5.3
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MODULE COST, $ nulhuons

Figure 5.4
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l L L it 1 ll L L ) i L LLL 1 Fl i G I G ¢ l 3 L I
30.000 100,000 1.000.000 10.000.000 30.000.C00
SETTLING VOLUME, gai
138
0012629
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MODULE COST, $ milions

0.01Q

0.0011

Figure 5.5

MODWULE COST: OlL SEPARATORS

FLOATING QIL VOLUME, gph

0 Q9 300

LR LB

1

llllll

T

Materiai Factor:

Stainless steei 1.0

Operation: O] @ @

Maintenance, % of moduis cost/yr 2
Labor, operators/shitt Q.
Q.

4
0.3 0.1
Electricity, kw/ 1,000 gph . T

1
2
.0.0J gallon diesel tuel par 1,000 gph,
'3 kw per 1,000 gph of ail valume.

L b 1o gl 1 Lo sl . L1

1

Lol L L

Q00

10,000 100,000

LIQUID FLOW, gph

139

MCD 000012630
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MODULE COST, $ milhouns

Fiqure 5.6

MOOQULE COST: FILTERS

100 —[_ [

T 117717

QOperation: o @ @ @
Mantenance, % of moguie cost/yr 6 4 3 0
Labor. operators/shift 05 02 02 0

Electricity, xw/ 1,000 sq ft 225 78 30° 0

*Per 1,000 gpm flow.

0.010 lllll[l [ 1 | W T A
10 1,000 10,000

FILTER AREA,sq fr

140
MCD 000012634



Figure 5.7

MODULE COST: CENTRIFUGES

SOLIDS CONTENT, orhe

1.G00 10 000 30.c00
00
L 1 I
( : Viatarigr Facror
- Sr3 mo2ss sige 10
PN
’\\ -
—
-
7
Q
b}
)
=
3
Q
- 2
010 - _
N
" Operanion: O @ @
~ Maintenance, % of module cost/yr 5 5 5
Labor, oparatars/shift 05 05 05
- Electricity, kw/ 1,000 gon 3 1 1
.3 kw per 1. 000 in/nr salids flow.
P 0.01 1 1 Ll 1 1 LAJ_J_IEI 1 ol R W B N Y
) 1.000 10.000 100.000 1.000.000

LIQUID FLOW., gph

141
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MODULE COST, § imudlions

Figure 5.8

MODULE COST: HYDRAULIC CYCLONES

LI

T

0.01

Material Factor:

Carbon steei 1Q
Phengiic resin 12
Sraniess steel 1.8

Operation oJRolN©)
Maintenance. % of modyte cost 4 2 2
Labar, operators/shirt 0.1 0.1 0.1
Electricity, xw/ 1,000 gph Q.1 0.2 086
0 0a1 4 1 L1 aaql L 1 L1l | 1 L1 g 1.t .
1.000 10,000 100,000 1,000 _uv

LIQUID FLOW, gph

142
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MODULE COST, $ nuihons

Figure 5.9

MODULE COST: DISTILLATION SYSTEM

1000 [ T
C EASE OF ]
R Materiat Facror: SEPARATION B
» Cargon sreel 10 BOILING PT -
Stainless stael 2.0 DIFFERENTIAL
G p— —
COOLING WATER USAGE, P
30 p=— gpm;1.000 gph ” ~
LIQUID FLOW 7" o\ veoium
- ” 200 50°F
. “i50 o 7]
STEAM USAGE, ” P
b/1,000 gpn P4 P
Lauio FLow ,?  _,“%s0 7
10.0 = ” < 7 // ]
- 5 VOLATILES iN /45L/ .
- £ - ”’ -4
ACUEQUS - P P
C SCLLTION -~ ~” »7128 ~
~ v 238 l ” .W .
- N4 - ~” -
No PR P ” DIFFICULT .
S’ 7”15 7‘“:3/ 7 [ 1010 20°F
- @’ ,/ / / -
» a0 7
”’
L SIMPLE
>50 F
-
N
See curves for steam and |
CoOliNg water usage. -
-
Qoperatign. O @ @
Maintenance, % of moduie cost/yr 4 4 4 7
Labor, operators/shift 05 05 @S
Electricity, kw/ 1,000 gph 1.2 1.2 12
0.10 1 e 1 aaal i

10,000 100,000
LIQUID FLOW, gph

143

MCD 000012634

-

43

29

1.0

MODULE COST, § nudbons



MODULE COST. $ mibions

Figure 5.10

MODULE COST: EVAPORATORS

WATEAR EVAPORATED. lbo/hr

2C0 1.000 10.000

10.C T 7 I

Material Factor:

TTTT

; } Jacxketed vessel
| Stainless steel or giass-hined 1.0 % wiped film only
Stainiess steet 1.8 } Others
— Nickel-iined 2.5

QOperation:

@ Maintenance, % of module cost/ye a4 4 4 8 4
- Labar, operators/shift 0SS 03 03 03 032
Electricity, kw/ 1,000 gph ¢ 2 1 2 1
Steam, 1,000 1b/1,000 1b H20 evaprhr g4 t4 14 15 14
Cooling water, gpms1,000 tb H20 evaoine 3§ 120 120 120 120
0.0t i 1 |[1||1| L 1 lLllllI i | i 4 1 21
10.000 100,000 1.000.000 10,000.000

WATER EVAPORATED, lb/he

144
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MODULE COST, $ mullions

Figure 5.11

MODULE COST: STRIPPER, STEAM OR FLUE GAS

100 {
- Material Factar
— Caroon steel 10
Stainiess steet 20
u Giass- or Teflon ©.l'nea 30
1.0 — -
0.10 E— .
beee Operatian: O @
- Mawntenance, % of madule cast/yr 4 a
Labor, operators/shife Qs 03
o Electnicity, kwy 1,000 gph liquid flow 1.2 5.0
Stearn, 1,000 1971,00Q gph liquid flow 0.7 -
- Cooling water, gpm/ 1,000 gph hquid flow 32 -
0.0t { 1 ll_llll| L ] Llll_Lll ! | T S S I |
1,000 10,000 100.000 1,000,000

MCD 000012638

LIQUID FLOW, gph
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MUDULE COST ., $ nuilivny

Figure 5.12

MOODULE CQOST: LIME NEUTRALIZER

1200 ] [
= Material Facror:
I Carbon steet 1.0
Stainiess steel 12
- Rubber-iined 12
10Q = pu—
1.0 p=m —
= ACID CONTENT,
[ EQUIVALENT H2504 wt%
T 20
b~ Operation (ail curves):
10 Maintenance, % of moduie cost/yr 4
Labor, operatars/shift V-]
5 Electricity, kw/ 1,000 gph 2.0
- 1 Note:
CaQ (100%) usage (lb/hr) =
wi% equiv HpS04 x gph x 0.08.
0.1 1 1 llllll! H ] lllllli 1L L i bt 1 21
1.000 10.000 100,000 1,000,000

LIQWid FLOW, gph

146
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MODULE COST, $ indhions

Figure 5.13

MODULE COST: SYSTEM FOR CHEMICAL REACTION OR PRECIPITATION

10 Q I l
~ \tateriay Fac:or
i Carpon steei 1.0
- Stainless steei 16
Glass-iineg 1.8
10 p— —_
-
-
RESIDENCE
™ TIME. hr
— 5
2
1
0.10 —— ——
~ Operation {all curves}:
B Maintenance, % of maduie cost/yr 4
r~ Labor, aperatars/shift 0.5
Electricity, kw per 1,000 gph 3
~ Nate: Add quantities of any reagents required.
0.01 1 ) L 3 a3 L 1 L aaal 1 ] [ N R A |
1,000 10.000 100,000 1,000,000

LIQUID FLOW, gph

147
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MODULE COST. $ muthions

Figure 5.14

MODULE COST: 10N EXCHANGE SYSTEM

1¢ga T
E Marer at Facror:
m Anign exchanger 10
Hvdarogen cation 0.8
F Sogium cauion 0s
10 pm -
™ I1ON CONCENTRATION
— EQUIVALENT CaCO3~,
= 1b/1.000 15 How
b
80
40
0.10 : 20 Operation {ail curves): =
P Maintenance, % of module cost/yr 3
- Labor, aperators/shift Q.25
- 10 Electricity, kw/ 1,000 goh 1.0
o Note: Regenerant required (100%), ib/hr =
equev. b CaC03
0.000167 x iquid flow lgph) x 100 concentration { ———————= | x equiv. wi. Of regenerant.
— 1,000 Ib flow
Equivalent CaCOg = 100/2 1b.
0.01 1 1 y 0 raeal | Lo 1 el 1 1 Lot 1t
"1.000 10.000 100.000 1,000,000

LIQUID FLOW, gph

148
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$ aniliuny

MODULE COST,

Figure 5,15

MQOULE COST: ELECTRODIALYSIS AND REVERSE QSMQSIS CELLS

100
- [ |
-
1.0 p=— —
i
b
.10 F— Operation: o @ -
[~ Maintgnance, % of moduie cast/yr 5§ 10
o Labor, operatorssshift 025-10 0.20-0.8
[~ Electricity, kw/1,00Q gph ] ]
Nores:
@ 85% water n purified stream with 25% of woric
- Mguray.
Feedt watar sohids 15 less than 1.00Q ppm with 80%
water recovery ang 5% sait shppage.
0.01 1 1 Lngllil i A 111111‘ H S T T S
1,000 10.000 100.000 1.000 &is

LIQUID FLOW, gpn

149

MCD 000012640



MODULE COST, $ muilions

Figure 5.16

MODULE COST: DISSOLVED-AIR FLOTATION CELL

100
- 1 [
: Material Factor:
L Stainless steei 10
Rubber-tined 10
1.0 poe —
-
s
Q.10 o —
-
d
e
B Operatign:
= Maintenance, % of moduie cost/yr 2
Labor, aperators/shift 0.1-0.3
Elactricity, kw/ 1,000 gph 0.6
0.01 I 1 L 1 200l i I A EE | A L el 1 21
1.000 10,000 100.000 1,000,000

LIQUID FLLOW, gph

150



MODULE A COST, $ inibbinnes

MODULE 8 COST, $ mulhans

F‘gure 517

MODULE COST: CRYSTALLIZATION SYSTEM

o
W
Il‘ll

Moguie cost = sum ot Maduie A and Moaduie B

CRYSTAL SEPARATION,

S miltigrs

03— CRYSTAL SEPARATION —
br1 CO0 gat trow (MOCULE Al
0.2 b 80Q _
80
0.1 fm —
F
=
15 powee —
~ §VAPORATION
- (MOQOULE B!
WATER EVAPORATED,
b/ 1,000 gai flow
1.0 p=— —
[ Ogperation (Module A & B total):
Maintenance, % ot total moduyle cost/yr 4
= Labar, operators/shift 06
Electneity, kw/t 000 gal hquid ftow/hr 3
0.2 L kw/ 1,000 tb/hr solids separated ) ]
: Stearm, 1 .GOG /1,000 ib/br water evaparated 1.4
Caoiing water, ggm/ 1,000 ib/hr water evaporated 10Q
! Lo aaaxd ] L La vl I L1
1.000 10,000 100,000 1,000,000

LIQUID FLOW, gpb

151




MODULE COST, $ mulijuns

Figure 518

MOOULE COST: ACTIVE CARBON ADSORBER FOR LIQUID STREAM

100.0 ] I
-
= Materiar Factor- Carpon bulk density = 30 b ft3
I Carbon steet 1.0
Stainiess sieet 1.8
CCO DECREASE
(mgysicer)
100 — p—
~ oy
L oS
-
10 p=- e
o Qoperation:
- Maintenance, % of module costiyr 4
- Labor, operatars/shift 1.0
‘ Carbon makeup, 1b/hr 10F*
-' Steam, lb/hr 22.4F
L Naturat gas, Btu x 106/hr 0.08F
Electricity, kw 0.22F
‘F liguid flow (gph) x 3 COD (mg/lhiter)
106
01 i 1 L ag 3t 1 Lo aaaal 1 1 [ U B S|
1,000 10,000 100,000 1,000 20C

LIQUID FLOW, gph

152
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MOODULE COST. § mllions

Figure 5,19

MODULE COST: SOLVENT EXTRACTION SYSTEM

100 0 i

*arenal Facrar Basis: Concentratian of extractapie
component = 1.5%

T T TTTT

Carban steel 10
Stainless stee| 1.8

10.0

EXTRACTION WITH

Illll[

EXTRACTION WITHOUT
SEPARATION OF SOLVENT
AND EXTRACT

Operation:

Maintenance, % of module cost/yr 4
Labvor, operators/shift 1
Electricity, kw/1,000Q gph 5
Steamn, Ib/hr/1,000 gph 2,800 1.000
Cooling water, gpm/1,000 gph k!
Solvent toss, ib/1,000Q gpn ]
F Extract recovery = approx. 97%

COUNTERACURRENT SOLVENT

DISTILLATION SEPARATION
OFf SOLVENT AND EXTRACT

COUNTERCURRENT SOLVENT

0.1 L L 1 lllllL | ) I ll_llLl 1 [l ] | S ..
1,000 10,000 160,000 1,000.000

LIQUID FLOW, gph

153
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MODULE COST, $ anliions

Figure 5.20

MODULE COST: BIOLOGICAL OXIDATION SYSTEM
INCLUDING SLUDGE SEPARATION

100 l |
: Feed = 1,250 pom BOD
= 2,500 opm ThCD
r_ Fiiter deptn = 22 ft
OXYGEN-
ACTIVATED
BOD SLUDGE
10 p REMOVAL —
= 96%
[ AiR ACTIVATED
= SLUDGE
- TRICKLING
FILTER
- lrecycle}
TRICKLING
- FILTER
@ {singie pass!
-
010 = Goarauon: O 000 -
: Masntenasnce, % of module cost/yr 4 4 4 q
Labor, aperators:/shift 1 1 0.7 05
- Electricity, kw/1,000 gph 10 13 2 1
- Ammonia reguired, Ib/1,000 gph 08 08 06 03
b Matarial Factor: Phosphoric acia required, (b/1,000g3t 0.4 0.4 0.3 0.15
¢ | Lime required, ia/ 1,000 gal 4.2 5 3 2
[ Garoon stee b 10 Copperas required, 1b/1,000 gal 08 10 06 04
Concrete 6 _ _
Land ares required, acres/ 10O gpd 0.2 0.5
Aubber-linegd } 20 Filter voiume, ft3/gph - - 1.25 0.2%
= Plastic canstruction ' Sludge * separasted, cu tt/1,000 gal 02 03 02 Q.15
.Sludge monsture = 70%, wt/cu fr = 64 1b.
0.01 ) $ Lt 1 aqqt 1 1 t 1 1391 L ] [ S |
1,000 10,000 100,000 1,000,000

LIQUIT FLOW, gph

154
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MODULE COST, $ imulhons

Figure 5.21

MODULE COST- FACULTATIVE LAGOON

1000 — T {
| o
“Matera: Factor
. Sarin ang polvetnyieng 10
R Four feet deeg witn ¢ 3qitation
Cost distribution = 25 % excavation, 75% ning
Liner ife = 4 years 3
100 — p—
-
10 C
30 C
Operatian: =
Maintenance, % of module cost/yr 20%
Labor, operarors/shift A
Area, acres
. m
@107 = 0.045 x 2 « % BOD removal
1.000
gpm
@ 30" = 0.030 x x % 800 removal
1,000
Feed BOD = approx. 1,250 ppm
Llllllli 1 | S N T N O A {
100.000 1,000.000

LIQUID FLOW, gph

155
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MODULE COST, $ midlions

Figure 5.22

MODULE COST: FILTERS, OUAL MEDIA AND SAND

100

= ‘Mater-a) - ictor
-
= Carbon stex 10
Rubper-tine - 18
— Stainless stee 18
1 O po— —
sl
010 po= ——
b Operanon:
- Maintenance, % of module cost/yr 3
Labor, operators/shift 0.1-025
o Electnaity, kw/ 1,000 gph 0%
Notes:
o s Maximum studge solids sn teed = 200 mg/liter
® Sludge solids removal = 930%.
& Backwash volume = 5% of feed.
0.01 1 1 L1 waaa b 1 1 Lol L ) Lot o110
1,000 10,000 10Q.0Q0 1,000,000

LIQUID FLOW, gph

156
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MODULE COST., $ imHions

Figure .23

MOCULE COST: FOAM FRACTIONATOR

$Q.0 C T T
- Material Facror
o Carbcn steel 1Q
L Stainiess steel 18
SQubhber-tined 18
-
1.0 ju o
-
-
-
Q.10 foem -
: Operation:
B Maintenance. % of module cost'yr 4
~ Labaor, aperators/shift 0.1
X Electricity, kw/1,000 gph a5
Notes:
3 & Feed mpunity cancentration < 1,000 ppm
@ Foam quantity = approx. 5% of feed.
b e Typical foam Mpunty concentrahion =
10-foid over feed,
001 1 i LllllLL L | 1 ll.lLll 1 L 1 1 4 4 11
1,000 10.000 100.000 1,000,000

LIQUID FLOW, gph

157
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MODULE COST, $ nulhons

Figure 5.24

MQODULE COST: QZONATIQON SYSTEM

10.0

T UVTT1Y

T

flllll

T

T

0.10

Materiai Factoe:

Staimess sreel 10

Q3 USAGEe
lppmi

100

30

Operation {all curves):

Laoor, operatars/shift

Maintenance, % of module cost/yr 5.0

0.2-05

flow (gont x O3 Ippm) x 68

Electricity =

1,000,000

flow (gph} x O3 (ppm) x 2.8

= Ky

Cooling water {(gpm) =

i 1 iLlIlII J 1 lllllll 1

1,000,000

1

Il

a0
1,000

10,000 100.000

LIQUID FLOW, gph

158
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MODULE COST, $ mihons

Figure 5.2%5

MODULE COST: DENITRIFICATION SYSTEM

0.0
B “araria) Facraor
Caroon steel 10
-
Ruboer-ned 290
10 p— —_
~ N, NO ) REMOVED
B ‘b MLVSS the)
150
{  3.000
30
01— 3500 —
B Qperation (both curves):
- Masntenance, % of moduyle cost/yr 3
Labor, operators/sheft 2.2-05
B Electricity, kw/1,000 gph 012
- Methano! used, ib/hr = 1.75 x flow (gph) x Nremovcd {mg/liter)
- Sludge formed, (b/hr = 0.42 x methanoi added (Ib/hr)
001 L 1 [lllll[ i 1 |llllll i 13 | .
1,000 10,000 100,000 1,000 0CC

LIQUID FLOW, gph

159
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MODULE COST, § millions

Figure 526

MODULE COST: HYDRQOLYZER

100.0 l I
™ Material Factor:
- Aubber-lined 1.0
Staniess steet 1.0
10.0 = HYDROLYZABLE -
- WASTE, wt%
— 10
1.Q - a—
I~ Operauon (both curves):
— Maintenance, % of modulie cost/yr 3
— Labar, operators/shuft d.5-110
Steam, Ib/hr/ 1,000 gpn 17
Acid, base, ln/hr Small
ot L AR RN 1 Lo g g gl L 1 L1ttt
1.000 10,000 100,000 10,000,000

LIQUID FLOW, gph

160
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MODULE COST, $ amiliuns

Figure 5.27

MODULE COST: CHLORINATOR FOR AMMONIA REMOVAL

10.
0.0 T T
- Materiat Factor®
= Rubber-lined 1.0
Stainiess steel 1.0
10— —
-
010 == —
-
- Qperanon:
- Mainienance, % of module cost/yr 2
= Labor, operators/shift 0.1
- Electricity, kw/ 1,000 gph 13
- ) gpd x 8.34
Chiorine required, ib/day = mg NH3/liter ——
9773 1,000,000
0.01 L L + 1 aaaal 1 1 Laaaaal | L
1.000 10,000 100,000 1,000.000

LIQUID FLOW, gph

161
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MODULE COST, $ rmulhioas

\

Figure 5.28

MODULE COST: CHLORINATOR FOR DISINFECTION
AND EQUIPMENT FORWATER QUALITY CONTROL

0.0
: | | C
™ QOperavon: O @
"~ Maintenance. % of module cost yr 4 -
- Lapbar, operatars/shift 01-02 Q.2
8 34 x 10 x gat/day l"m
Tvpical chlarination (10 mg:hiter} = ————— = ih;gday .
. 1.000.000
10 pe p—
-
e
(-
Ve
Q1 P —
-
0.01 1 1 1241 1 1 RN ] 1 Ll 1111 k
1,0Q0 10,000 100,000 1.000 202
LIQUID FLOW, 9ph
~

162
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MODULE COST, $ millions

Figure 5.29

MODULE COST: PUMPING SYSTEM AND DEEP WELLING SYSTEM

1Q
- | |
1.0 —
d
e
-
P
0.10 p—
. Operatan: O @
= Maintenance, % of module cost/yr 1 1
e Labor, eperators/shift - -
| Electricity, kw/1.000 gpm 560 30
0.01 1 1 L ot 1 ot 3 gl 1 1 [ B
100 1,000 10,000 100,000

LIQUID FLOW, gph



MODULE COST, $ anthions

Figure 5.30

MOCULE COST: LIQUID INCINERATOR

100.0 I— I
~ Soeraion © 00
L~ Maintenance, % of module costryr & 4 3
Labor, operators/shift 2 06 03
. Electricity, kw/ 1,000 gph 30 25 15
L Fuel, millign Bru/t Q00 gpn® 25 30 30
Steam produced, b/gpn 21
- .Tmal fuel, (nciuding combustible material 1n hauid.
10.0 p=— —
I~ NONTOXIC AND NONCORROSIVE
LIQUIDS AND COMBUSTION
PRODUCTS
10 p ——
B
o1 4 ' G A I
100

LIQUID FLOW. gph

164
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MODULE COST, $ milhons

Figure 5.31

MODULE COST. STEAM AND COOLING WATER UTILITIES

STEAM GENERATION RATE, ib/he 1250 asig)

1.000 10 000 100.000 1,400.00Q
100 C —l' ]
-
e
10— —_
0.10 p= —
- Operation: O @
u Maintenance, % of module cost/yr 4 2.5
— Labor, operators/shift 0.2-1.Q0 Q.1-05
Electricity, kw/ 1,000 gpm water
g
or /1,000 Ib/hr steam 1.2 48
Makeup water, gpm/ 1,000 gpm water
— or /1,000 tb/he steam 6 20
0.01 L L lllllll 1 i L il L | 1.1 11t
100 1,000 10,000 100.000
COOLING WATER FLOW RATE, gpm
165
012656

MCD 000



MODULE COST, $ imillwany

Figure 5.32

MODULE COST: GAS COMBUSTOR FOR STEAM GENERATION

10.0 I
- NET HEAT OF COMBUSTION
{Bru/scf)

= 900
Operation: O @ @ @
Maintenance, % of moduls cost/yr 3 3 3 3

e Qgperating lapor/operators/shift 05 05 05 05
Elmctricity, kw/ 1,000 scfh 10 05 03 0.2

= Process water, gpm/ 1,000 scth 0.1 005 003 002
Steam generated, ib/hr/1 000 scfh 720 400 180 80

0.01 { Loy L L Lol | i 11 1
'10.000 100.000 1,000,000 10,000 Qcc

GAS FLOW, scth

MCD 000012657
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MODULE COST. § mithuny

Figure 5.33

MOQULE COST: GAS INCINERATOR

'0.0 C l I
1 —
010 p=— -
-
~ Operation:
- Maintenance, % of module cost/vr 3
- Operaung tabar, operators/shift 0.5
Electricity, kw/ 1,000 scth 0.2
- Process water_ gormn/ 1,000 scth 0.02
Steam genaration, ib/hr/ 1,000 scth 80
= Fuel requirement, Btu/ 1,000 scth 0.1 x 108
0.01 R EE| 1 ] Lo gl ] 1 1111
10,000 100.000 1,000,000 10.00Q 000

GAS FLOW, scfh

167
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MODULE COST, $ milliuns

Figure 5.34

MCDULE COST: FLUE GAS DESULFURIZATION SYSTEM

100.0 C I l
e
10.0 — —
10 p— <

e Qoeration:
B Maintenance, % of module cost/yr 3
I~ Operating labor, operatars/shift 2-3
- Limestone, Ib/hr per 1,000 scfh 0.674
- Electricaty, kw per 1,000 scth 0.10

Steam, ib/hr per 1,000 scfh 1.63
- Sohd waste, ib/hr per 1,000 scth 2.25

Note: SO9 content reduced from

2,500 pom to 250 ppm.
0.1 J;IIIIII L )] lll!lll 1 L Lt 1 3 1.4
10.000 100,000 1.000.000 10,000.000
GAS FLOW, s¢th
eo®
W2
o0
o
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MODULE COST, $ miitions

Figure 5.35

MQODULE COST: HYOROCARBON GAS FLARE

1.0
- | !
b
B Material Factor
™ Carbon steei 1.0
-
010 p— -—
-
- %,1"0
L e
P
0.0V b= -
Operatian:
I~ Maintenance, % of module cost/yr 2.0
Operating labor, operators/sheft -
| Steam, \b/hr » gas flow {cfh) x 0.045
0.001 ] o aaual 1 Lol { T
10,000 100.000 1,000,000 10,000,000

GAS FLOW, sath

169

MCD 000012680



MODULE COST, $ mulhins

Figure 536

MODULE COST: GAS DISPERSION STACK

1.0 T [
- Material Facror-
L Carpon stesl 10
0.10 — —
"' STACK HEIGHT
= tt)
-
Q.0 p— e
—
B Operation:
-t Maintenance, % of mogule cost/yr 1.0
Operating labor, operators/shift -
Pressure drop = 1.0 psi/10Q0 ft ht
0.001 llllli Ji i L gl L I p 1 11zt
10,000 100,000 1,000,000 10,000.000

GAS FLOW, scth

170
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MODULE COST, § munons

Figure 5.37

MQODULE COST: AMMONIA NEUTRALIZER

t0.0 [ I
- Materigi Factor
- Carpon steel and rubber 1ining 19
10 - AMMONIA ~
- VAPQR,
- 16/1.,00Q scf
B s
17
a 0.9
010 = -
: Operation:
L. Maintenance, % of module caost/yr 4
Ogperaung labor, operators/shift 0.6
— Electricity, kws 1,000 scth 0.3 +Q.002A"
Process water, gpm A*
B Sutfuric acid (100%), Ib/hr S4A°
L A = 3¢fh/1,000 x acid equivaient/ 1,000 scf
001 1 L AN | Y 1 g 1 L ] [N B I}
10,000 100,000 1.000,000 10,000,000

GAS FLOW, scfh
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MODULE COST, § imulbons

100

O

Figure 5.28

MCDULE COST: ACID GASNEUTRALIZER

- | 1
ACID EQUIVALENTS
o PER 1.0Q0 scth
CALCINED
LIME
196%)
Mater-at Facror
Carban steet t0
Rubber-nined 14
L Cperation: O @
- Maintenance, % of module cast/yr 6 4
Cperating Labor, operatars/shift 1.Q a.7
- Electricity, kw/ 1,000 scih 0.3 ~ 0.0024A 0.3+-0001A
Process water, gpm 2.5A 0.7A
Calcined hme or NaOH, 1b/hr B6A 196%) 88A 150%)
- scth acid equivalent
1,000 x 1,000 sct
[ g 1111111 ] i llL.l_j_.Ll 1 L 1 £ _2 1.1
000 100.000 1,000.000 10,000,000

GAS FLOW, scfh
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MODULE COST, § mibhons

Figure 8.39

MOOULE COST: SCRUBBERS, MYQROCARBON OR WATER

100
- | !
B Materias Facior
i Carbonr s:eel 10
F Staniess stea; 16
Guass-hned. ttanium 40
HYDROCARBON
- SOLUBLE VAPQR
tibs 1.Q00 scf}
-
Operation: ©O ® © © 6
Maintenance, % of modute costryr 3 4 4 4 4
- Qperaung labor, operatorssshift 0.3 05 05 0.5 0.5
Elsctricity, kw/1,000 scfh 03 03 03% 04 0OS
Fuel, 8tu/1.000 scfh - 700 1,300 3.300 6500
™ Coohing water, gpm/1.000 scth - 003 008 015 0.30
Makeup watsr {g1l} —_— Semali
0.01 L 1 lllLlll i L t 1 v el L 1 [ B I B |
10,000 100,000 1,000,000 10,0€0,000

GAS FLOW, scfh
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MODULE COST, $ nmullions

Figure 5.40

MODULE COST: ACTIVE CARSON ADSORBER FOR GASEQUS STREAM

1
cQ C ] I
o
- VAPOR
CONTENT
116,1.000 scf?
10 p— —
e
-
-
=
0.10 juem —
- Operation: @ @ @
- Maintenance, % of module cost/yr 4 4 4
Operating labor, operatorssshife a5 0S8 05
Electricity, kw/ 1,000 scth Q08 009 €10
I~ Steamn_ iB/1,000 scth S 10 20
Cooling water, gam/ 1,000 scth 0.6 12 2.4
0.01 1 e a2 aaal L g sl L 1 b}
10,000 100,000 1,000.000 10.000,000

GAS FLOW, scth
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MODULE COST, $ milisas

Figure §.41

MODOULE COST: GAS COMPRESSOR

100

TTTT

ITIIII

lllll

PRESSURE
tNCREASE
FRQOM 18 pona

Operation:

Maintenance, % of module cost/yr 4
Operating labar, aperatorsishifs -
Electricity, kwi1.000 scfh 0.
Cooling water, gpm/ 1,000 scfh o]

L 1 lllllli 1

L bl

0.01
10.000

100,000

1,000,000

GAS FLOW, scfh
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MODULE COST . $ mudlaosnsy

Figure 5.42

MODULE CCST: DUST SEPARATOR

10
C i i
b
B Material Factor (Cvcione) oo
— Carbion stael 10
Alyminym t5
- Stainiess steel 35
Tefion*-hined 40
Q1 = p—
P
oaQy — ——
- O 00
™ Maintenance, ; of module costivre 3 € 2
Labor. operatorsismft 01 03 -
~ @ Electricity, kws 1,000 scfh 001 Q2 i
0001 f p 0o g saql 1 1 Lo L 1 PR S B
10.000 100,000 1,000,000 13,000 00C

GAS FLOW. scfh
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MODULE COST, $ amnlhions

Figure 5.43

MODULE COST: GAS COOLERS

10
= i I
= TEMVP
b
[INDIRECT SHELL
AND TUBE
010 b= COQLER
- Mataria. Factor
Carbon steet 1Q
o Alurminum 14
L Stamnless %
Glass-unea 45
002 po= p—
Q.10 p— —
e
-
- OIRECT
= SPRAY
B COOLER
Operation: o @
Maintenance, % of module costivr 2 3
Qoerating labar, aperaters;shift nil il
0.02 p=— Cooling water (gpm) . = —
e - _6
ngpﬂ_I 185 x 1Q ~ x s¢fh x temperature arop
0.0% 11111 " lIlllLl I [l | W W T B
10.000 100.000 1,000.000 10.000,200

GAS FLOW, scth
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MOOULE COST. $ milhions

Figure 5.44

MQOULE COST: GAS REFRIGERATION SYSTEM

100
- | |
-
Material Factor
i Carban steel 10
REFRIGERATION Stainless stee) 14
L RANGE 100 F TO
1 Q it —
010 = —
u Operaton: o @
o Maintenance, % of module cost/yr 3 3
N Opersting labor, operators:shift 0.10 0.10
Electricity, kw/ 1,000 scth 0.08 0.01
Coaling water, gpm/ 1,000 scfh 0.15 Q.20
0.01 L 1 L3 11! L o1 el { 1 TS U B N I
10,000 100,000 1,000,000 10,000,000

GAS FLOW, icfh
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MODULE COST, $ nuthwns

100

MODULE COST:

Figure 5.49%

ROTARY DIRECT DRYER

- | i
- Basis
o ® Cocurrentdrying
- ® Nonstcking feea material
" e F2egers ropper, cycione and bag .
fdter inclugen MOISTLURE
{we3b of teeg)
-
50
—
Material Factor:
Carban steet 10
Stainiess stee! 15
A
Operation: o @ @
_ Maintengnce, % of mocute cost/yr 6 8 6
- Operaung labor, operators/shift 1.0 1.0 10
Electricity, kw/ 1,000 ib solidsihr 15 g 6
Steam, 1,000 (5/1,0Q0 b sotidsihe 1.00 0.78 0.42
00‘0 i L 1 lLLLI! I L Lllllll 3 3 4 b 11 11
100 1,000 10.000 100,000

SOLIOS FEED RATE (DAY BASIS). b/hr
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MODULE COST, § imilhisos

Figure 5.46

MODULE COST: DEWATERING CENTRIFUGE

169
- | !
L 8asis:
N ® Feed H20/sahds ratio = < Q.5
® Product #20 cantent = < 6.0 wt¥
| ® Solids are granular. nonsticxing.
-
SOLID
FEED
SIZE
1.0 — {ingnes!} -
R -1.8
b - 1.4
= Materia) Factar
Carbon steel 10
- Stainiess steel 1.5.
Q.10 p— —
: Qperation: O @
L Maintenance, % of modulie cost/yr 4 a
Operating iabor, operatars/smft 0% 0%
L Electricity, kw/1.000 Ib solids/hr 055 0.30
0.01 llllLll i 1 L el 1 L1 tal
1.000 10,000 100.000 1,000,000

SOLIDS FEED RATE, ib/hr Idry bass}
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MODULE COST, $ mushons

Figure 5.47

MODULE COST: SOLIDS INCINERATOR

1000 ]’ [
-
= Baus:
l ® Combust:on heat af feed < 1,200 Btu/Ib.
® No process neat recovery or exchange,
r ® Water scrupbing of combustion gases.
® Chiorinated ar hazardous wastes.
10.0 — —
- MQISTURE
— twt%)
-
1.0 p— —
O Operavin 00 0
~Q® Maintenance, % of module costiyr S 5 5
= @ Qperating labaor, operators/shify 2-4 2-4 2.4
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- Electricity, kw/ 1,000 Ib salids/hr Fi] 15 12
Process water, gai/ 1,000 Ib solids/hr 20 18 10
-—
0.1 11|ll|l 1 L llLlllL L L L1 3 111
100 1,000 10,000 100,000

SOLIDS FEED RATE (DRY BASIS). ib/hr
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MODULE COST, $ mulians

Figure 5.48

MQCDULE COST: SOLIDS COMBUSTOR

100 Q0 l r
=~ Basis.
= ® Continuous sahds combustian
- ® Hoppers, fasder, water treatment «nciuded.
®  Steam generated * saturated @ 125 psig.
WASTE SOLIDS
{net heating value
Btu/io)
10 0 — —
-
-
P
1 0 Jr— ——
o
- Cperation: o @ @
= Maintenance, % of moduie cost/yr 6 6 §
Operating labor, gperators/snift 2 2 2
= Electnicity, kw/1 000 1b/hr fead 7 4 3
Makeup water, gat/1.000 tb/hr feegd 40 20 12
Steam output, Ib/ib feed sohds 74 37 22
o1 I;Llllllli L 1 I RN 1 | 1 Lt
1,000 10,000 100,000 1,000,000

SOLIOS FEED RATE (ACTUAL BASIS), Ib/hr
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Figure 5.49

DISPOSAL COST. LAND FARMING

12000 [
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b
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DISPOSAL COST, $Ahon ton

Figure 5.50

OISPOSAL COST: GYPSUM STACKING

100 0 [ I
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B e Land cost not :ncluded—20 ft high stacxing
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Figure 5.51

DISPOSAL COST: SANITARY LANDFILL

1,000 0
- i |
-
-
-
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- & lLand cost net inciuded
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Figure §.52

DISPOSAL COST. HAZARDOQUS-WASTE LANDFILL
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$/shant tun

THUCKING COST,

RAILWAY COST, $/shost ton

BARGING COST, $ihort ton
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Figure 5.53
TRANSPORTATION COST

K f | ]
L Bulldozer or shovet cost = $1 0031 50/ton
BULK SOL!DS
—
-
Liguid = bulk sohd x 1.25
1 ] | |
o 5 10 15 20 25
—
Liquid = bulk solids x 1.5
1 | 1 {
250 500 1,000 1,500 2,000
| | T ]
K SOLIDS
Liquid (noncorrosive, nonpressurized) =
bulks solids x 0.8
| { ] L
100 200 300 400

DISTANCE, miles (one way)
Source: Author estimates based an aruicles in Chemical Week, Nov. 1, 1978 and Oct. 11, 1972.
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6 WASTE TREATMENT COSTS FOR SELECTED CHEMICAL INDUSTRIES

The waste treatment (and disposal) investment and operating costs

for a specific chemical plant depend on several factors:

The composition and quantity of waste streams.
The area within which the wastes are generated and disposed of.

The availability of existing public or licensed disposal
facilities.

The extent of local or national regulations pertaining to the
disposal of waste materials.

The nature of the chemical process.

® The kind and purity of the raw materials.

The purpose of this section is to demonstrate the application of
the SRI-developed modular costs (see Section 5) to the estimation of
capital and operating costs for the treatment of chemical plant wastes.

To this end, the following chemical plants or complexes will be

evaluated:

A 1,000 tpd methanocl plant.
A one billion 1lb/yr ethylene plant.

® A pultiplant complex for adiponitrile (280 tpd), ethylene

propylene (1,200 tpd), hexamethylenediamine (270 tpd), and
methanol (1,000 tpd).

® A 150 tpd phosphoric wet process phosphoric acid plant.

So far as possible, these estimates are compared with values derived
independently elsewhere.
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Methanol Plant Wastes

Treatment Methods

The volume and composition of the waste streaams from a 1,000 tpd
methanol plant (PEP Report No. 43A) are shown on the left hand side of

Figure 6.1 and the suggested cethods of treatment are indicated by the

schematic blocks to the right.

Gaseous wastes—-consisting of HyS-rich methane purge gases from
the active carbon adsorber, and the light-ends from the methanol
purification--are combined and fed to a combustion furnace to generate
export steam. Combustion gases are scrubbed to remove sulfur dioxide
as calcium sulfite/sulfate solids and are then discharged to the atmo-

sphere.

Liquid wastes, consisting of the bottoms from the methanol dis-
tillation column, are combined with miscellaneous process washing,
leaks, and site runoff for biological oxidation. The resulting sludge
is used for landfill, together with the calcium solids from the stack
gas scrubber. Spent active carbon, and zinc oxide from the natural gas

feed desulfurization are also sent to landfill disposal.

The BODg content of the 3,000 gph of liquid discharge from the
biological oxidation is 50 ppm or 30 lb/day. This compares with the
EPA standard for new methanol plants (B-~13935) of 0.12 lb/ton of
nethanol production, or 120 lb/day.

Treatment Costs

Capital investment and operating costs for the four equipment
modules shown in Figure 6.1 are listed in Table 6.l. Module costs were
read from the appropriate liquid, gas or solid treatment modules of
Section S. An additional 30% was included in the modular costs to
allow for indirect expenses (e.g., contractors fees and overhead) as
well as for general facilities (stores, maintenance shops, change
rooms, etc.). Thus, the total waste treatment fixed capital is esti-

mated at $8.2 million, with the stack gas scrubber accounting for 507
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Figure 6.1

TREATMENT OF METHANOL PLANT WASTES

“Jerranol process

'nrermediate oressure from natural gas

Ref AEP Repert Na 4340

“letnanal plant CASES TO
capacity 1.000 t1pa ATAVQSPHERE
{545 CCO scin
GASEOUS WAST
s &S STEAM LIMESTONE
1. H2S.ricn gas trom 135.000 1b. hri (G00 Ibshr)
active carcon
regeneration
mols/ihr
caz 1 COMBUSTIGN -
TR
gz”s ! 45 x 106 Beu:hn)
1 !
Hgs 8 OISPERSION
—_ 900 Btu:set STACK
128 CALCIUM
SULFITE . SULFATE
2. Light-ends fram —— SOLIDS
metnanal (24 tpa}
purificatian
mals. hr
Oimetny! ether 485 _
Metnanot 2.0 [_'_"-'-—— ____——--'—’j
6.5 i 8OD,,, = /2 ThOD |
= 25.000 ppm
| I
LIQUID WASTES I
8 ) | sioLocicac SLUDGE |
-3. Bottoms fram J'y I | OxipaTion SEPARATION |
mathanal | .
punfication l
ihr | I
I
Water 13.080 -
Matnanal 160 l {RECYCLE = 59,000 gph} '
Higner alconals 460 | |
13.7Q00 SINGLE MOOULE
11,600 gon! 1_____...__...-_..__——...._]
4. Extraneous water ' SLUDGE
washings, leaks, SOLIDS
rungtf, sanitary LIQUID TO SEWER {15 tpal
12,300 inshr (1,500 gpn) OR RIVER
5005 = 50 ppm = 30 |b/d
SOLID WASTES {3.000 gpn)
5. Spent aCUVE CHrD0N  com——— -
6.500 Ib (220 fe)
every 16 manths T
6. Spent 21nc ox:ae —
suifur adsorbent 4

18.000 !b 1300 ft3i

every 4 montng SOLIDS TO

LANDFILL
{12,600 tpv)

Reference PEP Report No. 43A
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TREATMENT COSTS

Merharol Plant Capacity:
‘techanol Plant Investzent:

Capital Iavestment (51,800)

Module costs
Indirect costs, zeneral
facilities, & concingencies, 10X

Total fixed capital
Operacing costs (5{,000/yr)

Labor {aen/shife) 1 $14.20/man~hr
Maintenance® (T oodula coat)

Macerials
Lizestone I $20/ton
Lime ! 3530/cton
Ammania J §120/ton
Phospheric acid 3 $150/ten
Copperas J 535/ton

Subtorcal, materials
Ltilicies
Electricity @ 2.6¢/kvh

Process wacer ? 650¢/1,000 gal
Steam ? $5.00/1,000 b

Subrtotal, utilities
Overhead, 50X of labor

Depreciation, 10Z/yr of fixad capital
Solids disposal, ? $6.50/ton’

TOTAL OPERATING COST

*Labor and materials.

'S wile round trip @ $2.00/tan plua $4.50/ton

Table 6.1

FOR METHANOL PLANT

?EP Cost Iladex: 290

Tice Base:

Jaauary 1979

=ASTES

1,000 tpd; 9.9 Annual Stream Factor
§50 zillion

landfill operation.
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Cogbustion Stack Gas Cispersal Blological Oxtd,

Furnace Scrubber Stack and Siudge Secn. Totals
375 3,100 17 2,800 6,292
13 230 S 340 1,898
+88 4,030 22 3,6w0 3,180
(€] 60 (2) 2a0 - (n 12¢ (3y) 20
(1) Ll 3y 9 (1) Negl. (4) 1i2 216
—_— 47 — — a7
- - .- 37 37
-— - - A 24
—_ - LS 15
— -a —_ i ?
- a7 -— a3 130
10 u - 168 189
14 - -- - 14
-1,386 - - - -1,316
-1,362 1 -— 168 -1,.83
k1] 120 - 60 10
49 403 2 164 818
-_ S0 - 32 82
~-i,212 964 2 939 693
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of this and biological oxidation for 44%. The combustion furnace and
the dispersal stack account for the remaining 6%. The above investment

in waste treatment represents about 15% of the methanol plant fixed

capital requirement.

Labor, material, and utility requirements for each equipment mod-
ule are read from the table accompanying each module cost curve and
entered in Table 6.1 at their current value or list price. Next, over-
head costs, equal to 50% of operating labor, is added on the assumption
that the waste treatment facilities are an integral part of a larger
chemical unit or complex. Depreciation, is included at a rate of
10%/yr of fixed capital. Finally, a charge of $6.50/ton 1s made for
disposal of solids on the basis of the assumed hauling distance and
disposal method. Thus, total treatment cost, after a credit of $1.36
million/yr for the steam generated by the combustion furnace, 1is
$693,000/yr. This is equal to about 1.0% on a methanol sales price of
70¢/gal.

Discussion of Costs

The BODg content of the 3,000 gph liquid feed to the biological
oxidation is too high for a direct reading on the cost module curve.
Thus, a recycle stream of 59,000 gph is assumed in order to reduce the
BODg content in the feed to 1,250 ppm. Then the modular cost for
biological oxidation and sludge separation of $2.8 million is read from
the curve at a flow rate of 62,000 gph and a BOD content of 1,250 ppm.

A considerable reduction in these waste treatment costs is possi-
ble with planning. For example, if desulfurized natural gas 1is
available as the raw material, the first three treatment modules—
combustion furnace, stack gas scrubber, and dispersal stack--would not
be required. They could be replaced by a small flare to incinerate the
light-ends from the methanol purification. Also, if the plant location
is within a reasonable distance of a publicly owned treatment works

(POTW) it may be more economic to treat the small volume of aqueous
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organics in the public facility. A typical POTW fee of $250/million
gal/yr, 5¢/1b BOD, and 10O¢/lb suspended solids plus a proportionate
share of capital depreciation could result in an alternative annual

cost in the range of $600,000 to $700,000.

An independent estimate (B-13934) of the capital investment to
treat 4,200 gal/hr of aqueous methanol waste (BODg = 1,200 ppm) by the
best practicable technology (BPT) adjusted to a January 1979 basis, is
$712,000. OQperating charges=--exclusive of depreciation, overhead, and
sludge disposal--are 5116,000/yr. Comparative costs for the same
stream read from the biological oxidation (air-activated sludge) curve

(Figure 5.20) are $858,000 for capital investment (+17%) and $162,000
annual operating charge (+28%).

MCD 0000126884
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Ethylene Plant Wastes

Treatment Methods

The composition and quantity of gaseous and liquid ethylene plant
waste streams, together with their proposed treatment sequence, 1is
illustrated by Figure 6.2. The stream quantities and compositions are
constructed from published information on ethylene plant wastes (PEP
Report No. 29B and references 358765 and 358811). The treatment
methods are selected from the available technology described in Section

4 of the current study.

Gaseous wastes, consisting of hydrocarbons containing purge and
vent gases, are flared. Also in the event of an emergency shutdown,
feed gases can be diverted to the flare stack until their flow can be
stopped. Green o0il liquid waste from the acetylene converter, together
with oil skimmed from the process vaporizer blow~down is burned to

generate steam. The combustion gases are discharged through the flare

stacke.

Process vaporizer blow-down following the flow equalization-
settling-skimming tank is treated by anicn exchanger to remove 5, Cl,
and CN ions. The effluent from the ion exchanger is combined with the
condensate from the glycol stripper. This combined stream is then
added to neutralized spent caustic wastes and the mixture is subjected
to biological oxidation to reduce the organic contaminants. Finally,
in accordance with the best available technology (BAT), the aqueous
effluent from the biological oxidation is treated with active carbom to
eliminate residual phenol, cyanide, and BOD. Runoff water capacity
equivalent to 5S0% of the 2 year maximum one-hour rainfall (U.S. Gulf
Coast) is included but not treated.

Treatment Costs

Capital and operating costs for the eight equipment modules des-
cribed above are obtained from the modular cost curves and their
associated operating tables of Section 5. These are listed in Table
6.2 for each module. Thus, the total module cost is $1.06 million.
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Ethylene plant capacity

GASEQUS WASTES

1. Purge and vent gases
auring startup and
shutgawn as weil as
during gperation
< 1,000 scth

2. Temporary flare of
feed gases during

TREATMENT OF ETHYLENE PLANT WASTES

Figure 6.2

(ETHANE/PROPANE PYROLYSIS)

emergency shutdowns
< 120,000 scth Hdes

LIQUID WASTES

3. Green otl from

acetytene conversian

230 b/ hr

20.000 Btu/lb nat

4. Process vaporizer
blowdown

Hdcs.:oul
$” Tion

Cl” 1on

Fed* 1on
Phenot

HCN + HCNS
BOO

Warer

5. Giycol stripper conaensate

Hdes
Phenal
Water

6. Spent caustic

NaOH

NazCO3
NaSH

800
‘Water

7. Steam congensate
30.000 ib/br

8. Rainwater runoff

ACTIVE CARBON

| AocsoreTiON

Max. 1.7 x 106 gph

{50 acres)

3

WATER TO RIVER,

SEWER, ete.

Retferances: PEP Report No. 298 and Accesnion Nos. 358764, 358811, 447093
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1,100 g
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LANDFILL
(100 Ib/hr)
v
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Table 6.2

TREATMENT COSTS FOR ETHYLENE PLANT WASTES

Ethylene Plant Capacitv: 1.0 x 109 Ib/yr at 0.9 Stream Factor
Ethylene Planc Invesctaent: $190 million
Pep Cost Index: 290
Time Base: January 1979

Steam Sattler- Filter
flare Stack Generacor Skinzer 7ress

Capital investzeat (51,000)

Module costs 14 a6 120 10 30
Indirect costs, zgeneral
facilicies, & contlingencies, 30% 10 L4 16 9 9

Tocal fixed capital a4 60 156 T 39
Jperacing cost (51,000/yr}

Labor (men/shift) 2 $l4.20/man~hr - (D.5) 60 (D.1) 12 (0.2) 24 (0.3) 16
Maintenance” (I of module cosct) (2) (4) 2 () 2 (Y N &) 1

—

Materials
NaOH (50%) 2 10¢/1d
Ammonia (anhydrous) @ 5120/cton
Phosphoric acid (100%) @ S150/con
Lime (CaQ) 3 $30/ton
Copperas ® §35/ton
Sulfuric actd (lO0X) @ $60/con
Active carbon 2 §&/1b

(I I
Pt

Subtotal, materials

|
|
|
i
—
o

Vtilities
Electricity @ 2.6¢/kwh
Scean & §3.00/1,000 Lb 2 =146 _— - -

Subtotal, utilicies

—
-

»~

-145 - 1 -

Overhead, 50T of labor —_ 30 6 12 18
Oepreciacion, !0X/yr of fixed capical
Wante dispusal
Selids 2 §6.50/toal . —_ _ :
Liquid & 525/1,000 1b¥ — - - —_ 20

TOTAL OPERATING COST 7 -47 36 42 95

&
[
o
[
&~
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frhylene

TREATMENT COSTS FOR ETHYLENE PLANT WASTES

Table 5.2 (Concluded)

?lanet Capacitv:

Z¢nvliene Plant Investmenc:
PEP Cast Index:
January 1979

Caprtal investment {($1i,200)

Module costs

Indirect costs, general

facilities, & contingeacies, 30%

Total fixed capital

Operacting cost (51,300/yr}

Labor (gen/shift) 2 Sl&4.27/man hr
Maintenance” (% of module cost;

Macerials
NaOH (50%) 3 10e/lk

Ammonia (aanydreous) 2 $120/ton

Phosphoric acid (1uC%)
Line (CaQ) 2 S30/ton
Copperas 3 §35/ton
Sulfuric actd (100%) 2
Active carbon 3 63c/lb

Subtotal, materials

veilitles
Electricity @ 2.6¢/kwh
Steam ¥ $5.00/1,000 1d

Subrocal, ucilicies

Overhead, 50% of labor

3 515G/ ton

560/ ton

Depreciacion, L0X of fixed capital

waste disposal
Salids ? $6.50/ton’®
Liquid @ §25/1,000 15}

TCTAL OPERATING COST

"Labor and nmaterials.
Tz

Tine Base:

290

1.0 x 109 (b/yr at 2.9 Stream Factor
5190 mtllien

5Chargc for disposal to hazardous-waste managemant facility.

5 2ile round trip at $2.50/cton plus 54.50/ton landfill operation.

8to.. Oxiga. & Active Carbon
Slucee Seon. Neutralizacton Adsorptian Totacls

530 100 165 1,055

157 30 50 L5
687 130 2Ls 1,370

(1) il0 (C.3) 60 {C.5) 60 372
(&) 21 (4) & (&) L] (3.65) 218
- - -— 16

1 _— — 1

1 - - 1

2 - -— 2

! _ _ 1

- 71 _— 71

- - 19 19

b 71 19 i1l

8 1 § 12

—_ -_— -— ~144

8 1 L ‘132

60 30 30 186

69 i3 2l 137

3 — et 3

— — -— 20

286 179 137 738



£

When indirect costs, general facilities, and contingencies are added,

the total fixed capital reaches $1.37 million. This represents about

0.7% of the investment for an ethylene plant.

Operating costs for the eight equipnent modules, including a
$146,000 credit for steam generation, totals $735,000/yr. This is an
aloost insignificant charge of 0.07¢/lb of ethylene/propylene product.

Discussion of Costs

A study sponsored by the U.S. National Commission on Warer Quality

(B—~13934) gives three major sources of ethylene plant wastes:

(l) Water quench tower draw-off
(2) Aqueous bleed from the acid gas scrubbing system

(3) Condensate from compressor interstage coolers.

The combined quantity of these streams 1is said to be 44,800 zph it a
BOD of 1,000 ppm and a COD of 2,360 ppu.

The estimated capital investment in equalization, neutralization,
biological oxidation, and active carbon facilities to treat ihe zuove
streams according to the best available demonstrated technology (BADT)
was $2.24 million in 1973 or about $4.48 million a8 of January 1979.
Scaling this down by 85% to correspond to the m@jor fiow strteam quanti-
ties in the preceding modular estimate, gives a comparable capital

invrgmiment of 4.48 x 1/(7)0+6 u $1.40 million (l.e., a 2% difference).

Direct annual operating cost, excluding depreciation, for the
rger flows was reported as $310,000 in 197qr-equivalenc to approxi-—
mately $620,000 in 1979. This compares wingin scaled~up modular cost
of $694,000/yr (+12%). ]

/

i 4

MCD 000012889
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Multiplant Wastes

Treatment Methods

A rCreatzent sequence{or the combined wastes from acrvlonitrile,

ethylene/prepylene, hexamgghylenediamiue, and methancl plants has been

proposed by the U.S. Natiopal Commission on Water Qualiry (B-13934).

This scheme is illustrated by the block flow diagram of Figure 6.3
along with siream quantities and compositions.
containing 3aipreciable amoupt

between incimeration and d3

The adipounitrile wastes
8 of organics and cyanides are divided
-~well disposals. Hexamethylenediamine
wastes are Stewy stripped te remove ammonia, ozonated to reduce cyanide

concentration, and then tresated to separate an oil phase. The

remaining waste stream is cc;bined in an equalization and surge tank

with the wastes frog ethylefo and methanol plants. This combined

stream, amounting tpy 71,700;;ph, is next meutralized with sulfuric
acid, treated by aciivated sludge biological oxidation to reduce BOD,

filtered in a dual medja filter, and then passed through activated

carbon to remove the lasc trages of cyanides. The effluent can be dis-

3
charged to an adjacent river er ocean.
. 1 i

Treatment Costs

Capital investment for the above system was estimated in 1973 at

$4.5 million for bes& available demonstrated technology (BADT) and

§7.05 for best a\.railab_l. echnology (RAT). Conver' ed to January 1979
costs, these figures bec

$9.0 and $}4.1 million} respectively.
Operating costs, excludingWepreciation, in 1973 weke $0.82 million for
BADT and $1.55 milliom for t-gquv‘int in 1979

mately $1+6 and $3.1 milliofyr respectively.

llars, to approxi-

) 2
We have reesgimated the'@apital and operating cts for the same

nce on “f basis of Qe waste treatment

Section'5 of this sty. The total

multi\plam: waste fyeatment s
moduler cost and qugntities £

mOdUlll’ cost is §9.3million allche cotal fixed capi@l investment is
$l:.f-b .1111110!1 kTable !6-3). TO‘ operat:i.n costs are 3.2 nillion

annually—s$2.0 nillion if deyre lon 1s excluded.
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Table 4.}

TREATHMENT COSTS FOR CCMBINEL HULTIPLANT WASTES

Plant Capacifies taiilion 1b/yr az 2.9 streaa factor):
Ethylene & aropylene = 900

Adizonitriie - 2.0
Hexatechylenedianine = 200
Hethanoi - 730

Plant Invesioent: 3183 ailllen
PEP Cost ladex: %0
Tine 3ase: lJanuacy 1379

Oeep-Well ‘encnia ol Equa.tzatian
lacineration Incection Sericping Qzonation Separacion ana Surge

Capatal Investoent (51,000}

Hodule coste «,000 1,450 100 150 5* $43
Cooling water ucilicy — - 20 — -— -—
iadirect cascs, I1C% ' 1,200 215 3% a§ —- Lhu

Toral fixed capital 5,200 1,38S 155 195 5 "00

dperacing coscd (51,°00/ye)

Labor fmen:sshift) I §1+.20/aan=nr (1) 122 — (0.%) &0 (0.2) 24 {0.1) 12 —
Majncenance (1 of =odule cosr} (w) 160 ) is («) - (%) -] (%) Negl [S%] 5
“aterials'

Suifuric acid (100%) ) $60/cton e - - _ — -

Phospraric acia (.003%) % 150/ ton — — - - — —

Lime (CaQ) ! $3G/con - —_ _ _— - -_—

Copperas ¢ §3%/ten — —_ —~ — — s

Actlve cardon 0 6Ges1n —_ - - — -
Utilities .

flectricity O 2.6c/kwh 7 30 1 A - 6

Fuel 2 $2.30/'iltion Beu 1643 - e -— - —
Overhead, S0Z of lahor 60 - 0 12 [ -
Depreciation, 10%/yc of F.C./yr 520 1%0 15 20 - el
Solid wvance dugoaul”

Land spreading of dSto-volide I 2.50/con - - -— _ — —_

Landfsll of carbon 1 6.30/tan - -— -— — - —
TOTAL OPERATING COST 1,300 238 L &8 18 a1

MCD 000012692
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Tablu 6.3 (Concluded)

TREATMENT COSTS FOR COMBINED MULTIPLANT wASTES

Planc Capacities (atllion Lb/yr at 2.9 scceam facror):
Zthylene & propylene « 300

Adiponietrile = 210
Yexamecnvleneciaminae = 100
‘ethanol - 750
Planc Invescment: 5385 atlllsn
PEP lost Indax: 150

Tize 3ase: January 1979

Actlivaced Oual Media Activaced

Seutralization Siudge flltracion Carbon lotals

lapical invescmant ($L1,C00)
‘lodule zosts ] 1,000 230 i,0C0 9,545
Cooiing warer urilicy -— - - i 0
Indirect :oscs, JCT s 500 T ico 1, B6%
Toral fixes capital %0 1.600 300 300 12.430

lperating costs ($1,000/ye)
Labor (zmnsshife) @ §14.20/aan-nr (0.5) 80 (1) 120 (2.5) 60 €8] 120 (4.3 37%
‘aintenance (X of moduie cost) (&) 1 (€3] 80 (5) 2 {(4) -0 (3.3) 137

Mar

Suiiurie aeid (if ? 580/ton 12 - - - 12
masanaric actig L !C T 5i8i/zan - 3 — -_ 3
Lize 1Cad) T 510/can — b - - <l
Copparas . §35.zon —_ 5 — 5
Activa cardon Q) 63e/id - - — 68 68
vtilicles
tlecericity 1 2.écixWh @) 93 ? i 262
Fuei O £2.30/m1llion Beu -— - -— 21 183
Ovarhead, $CT of labor 30 6% 10 60 2a8
Daprectazion, lO%/yr af F.C..yr 9 260 30 i3 1yaba
Salid ~asce '.)u;:ual"
Land spreading of biowsolids J 2.530/ton - 2 - — 14
Landfill of carbon I 6.50/ten -e - -— 4 -
TOTAL OPERATING COST 137 887 139 isda 3,210

® An oll skinser atcached to the tep of the equslization tank.

! scmonia from the ammonia stripping i3 used 1a the activated sludge section. No credit La sllowed for axcess asmonis.
$ inginarable wmstes Jssusmd to have ccmbustible content squal to 31,000 Btu/lb of waste.
“*Excess steam from incineration is used for ammonta stripping. No cradit tahen for steam generation above this amounct.

yasce disposal is assuoed to be adjacent to planc; therefore Mauling changes are lasignificanc.

Comparison refaerence: B=11934, Canerslized Plant No. L8.
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Discussion of Costs

The difference between the above BADT and BAT costs is the addi-
tion of the activated carbon adsorber to the final waste treatment
sequence S0 as to eliminate residual toxic impurities. The modular
cost estizmating procedures in this report do not distinguish among
BADT, BAT, and BPT. Thus, it might be expected that the modular cost (j

estinmated here would occupy an intermediate position, as shown below:

Annual Opera- .
Estimated Capital ting Cost--

Investment Excl. Deprec.

($ nillions) ($ millions)
Modular costs $ 12.4 $ 2. 0

Couparative costs

BPT 8.6 1.58
BADT 9.1 1.63
BAT 14,1 . 3. 1

Thus, the BADT investment is 26X below the modular investment while the
" BAT figure is 14% above. The same comparative percentages for operat-

ing costs are =237 and +55% respectively.

The $12 million investment in waste treatment facilities represents
about 3% of the capital investment required for the four production
units. The waste treatment operating costs of $3.2 million/yr is equiv-
alent to a charge of 0.16¢/1b on the combined product outputs of two
billion lb/yr.

MCD 000012694
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Phosphoric Acid Plant Wastes

Treatment Methods

The wet process phosphoric acid industry, unlike the organic chemi-
cal industries above, has very sizable volumes of wastes for treatment
and disposal. Also, it is difficult to make a sharp separation between

processing operations and waste treatment functions.

Figure 6.4 illustrates a four stage system for handling the liquid
and solid wastes after their separation from the process streams of a
150 tpd dihydrate wet process phosphoric acid plant. Aqueous wastes
consist of the fluoride— and silica-rich solution from the phosphate
dissolver off-gases scrubber. In addition, an allowance is made for
15,000 gph of runoff water consisting of the average rate of rainfall
over the gypsum stack and the settling lagoon areas. An arbitrary
allowance of 1,000 gph is also included for plant washings, spills, and
leaks. Solid wastes consist of the gypsum filter cake from the phos~
phoric acid filtration plus sludge which settles out of the acid
product following concentration before shipment. The quantities and
compositions of liquid and solid wastes correspond to those in PEP
Report No. 8B on wet process phosphoric acid, except for the settled
sludge, which is derived from a paper by Kealy (432007).

The aqueous fluoride scrub solution is neutralized with lime, and
the neutral solution is combined with aqueous runoff and washings for
disposal to river or sewer by way of a settling lagoon. The gypsum
solids are entrained in a circulating aqueous slurry and carried 1/4
mile to the gypsum stacking area. Circulating liquor volume is kept
constant by bleeding the excess to the settling lagoon. Settled solids
are periodically removed from the lagoon and, together with the settled
sludge from phosphoric acid, 1is stockpiled pending future use or

recovery of contained fertilizer values.
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Figure 6.4

TREATMENT OF PROCESS PHOSPHORIC ACID PLANT WASTES

Pheospnoric acid otant Capacity:

LiQUID WASTES

(DIHYORATE WET PROCESS)

150 tpd

(M9S04 EQUIVALENT = 2,700 to/hr}

LIME (CaQ!

1 Aqueous flyoride
scrub solution

11,540 1b/hr)

{9,000 gph)
Inihe 4 Y E]
H2SIFg test) " 110 NEUTRALIZATION
HF 900
S|02 470
COo> 165
H20 75,005
76,650
2. Ranwater rynoff
415p0099hhv9
SOLID WASTES y
3. Gypsum fter cake
{1,100 ft3)
1-Vie13
CaSQ4-2H20 57,300
H3PC4 700
HF 375
AiaiSialy 360
Fen(Sigig 600
H25.03 135
$02 2.980
H20 25.200
81.650 PUMPING
(90,000 gph)
L !
-~
s \ ¥
/,ﬁa? My ] |
4. Setnled siudge ‘ //}FT SETTLING LAGOON, /
(7.5 6 "y
n/he :>747/;/47/7 B
P20s 202
Mixed axides 258
H20 22 SOI.IDS TO AQUEQUS QVERFLOW
500

LAND STOCKPiLE
(180 ft3/0ay)

TO RIVER OR SEWER
{27,000 gph)

Reference: PEP Report No. 88, B-13936.

LEGEND

Module numbers E

MCD 000012686
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Treatment Costs

Capital and operating costs for the above waste treatment scheme
are tabulated in Table 6.4. These were read from the appropriate
liquid and solid treatment module curves and tables of Section S. The
4 foor deep settling lagoon is sized for a 40 hour holding time to
corresgond to the —inimunm thickener settling rate in Figure 4.5 of C.l
ft/hr. Other costs are read directly from the appropriate graphs and

tables.

Thus, the total module costs are $510,000. When inairect costs
and service facilities are included, the fixed investment for waste
treatment reaches 5664,0C0. This is divided 507% to neutralization, 35%
to pumping, and 15X to the settling lagoon. It represents about 5% of
the investment, exclusive of land, for the dihydrate wet process
phosphoric acid plant. Land requirerent, excluding that for process

plant and utilities, is about 100 acres.

Operating costs are estimated at $430,000/yr, with neutralization
taking the lion's share (75%) of this. At a capacity phosphoric acid
output of 50,CCQ tons/yr P0g, worth $300/ton, this represents a charge
of 58.60/ton (3%) against the acid product.

Discussion of Costs

The capital investment for treatment of wastes from a 50,000
ton/yr P>05 wet process phosphoric acid plant was independently esti-
mated at $292,000 in 1975 (B-13936)=--equivalent to about $368,000 in
1979. Treatment consisted of (a) sulfuric acid plant leakage
containment, (b) gypsum pond seepage control, and (c) lime treatment

and clarification of gypsum pond overilow.

Since no punping costs were included, this cost probably compares
more closely with the modular total fixed capital for neutralization,

gypsum stacking, and settling lagoon--5430,000 (-15%).
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Comparative operating costs were estimated at $343,000/yr in 1975
(B~13936), or about $400,000 in 1979. This compares well with the modu-

lar estimates in Table 6.4, excluding punping==$394,000/yr (+1.5%).

Conclusion
xoncids 1900

The modular values developed in this report appear capable of
providing an easy first rapid approximation of chemical plant waste

treatment COSCLSe.

MCD 000012698
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Table 6.4

TREATMENYT COSTS FOR PHOSPHORIC ACID BLANT WASTES
{DIKYDRATE =TT ?ROCESS)

Phosphoric Acid ?lant Cajzacity: !50 tpd ?0¢
at 0.9 Annual Stream Factor
Phosphoric Actd Planc Investaent: 310 million
PEP Cost Index: 190
Tine Base: _aauary (379

Cypsua
Seutralizacion Stacking Pumping Sectling Lagoon Tozal

Capital investment (51,000}

- Module cost 260 - 180 L 70 510
T Indirect costs & service '
“ facilities 30X 78 = 54 22 156
Toral fixed capital 318 Pl 234 92 664
Cperating costs ($1,000/yr)
Labor (menfshift) @ §14,20/san-hr (0.5} 60 - -~ _— (0.5) 60
daintenance (7 of nadule cost) () 10 — (1) 2 (20) 1" 26
Materiais, lime J 530/ton 183 — - —_ 183
Electricity & 2.6%/kwh 4 - 10 — 14
COverhead 2 50T of labor 10 -— -— — 30
Depreciation, 10% of F.C./vr 34 —_ 24 9 67
Sluaze to stockpile 3 2.50/ton’ -— - - 5 5
Cypsum stacking @ 1&%/ton - 5 — - 45
TOTAL OPERATING COST ja1 -5 16 28 5430
*20lyechylene lagoon liner replaced every 4 years.
"Two aile haul (ane way) at 51.50/tan plus leveiing at 31.00/ton.
7

’Stackxng cost for 32 ton/hr solids. Including labor, zaterial, overhead, and depreciaition.
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Appendix A
COST 3ASIS

The module costs developed in this report are based on the equip-

ment purchase price data used by the Process Economics Program (PEP) to

estimate chemical plant investments. These apply to a U.S. Gulf Coast

location near Houston, Texas, and to a PEP Cost Index of 290 correspond-

,

ing to a time base of January l, 1979.

Specialized operations such as electrodialysis, reverse osmosis,
and biological oxidation are derived from published costs of installa-
tion within the United States. These, as well as quoted cost

information, are also adjusted to a PEP Cost Index of 290.
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Appendix B

CALCULATIONS FOR THE EQUALIZATION OF A WASTE STREAM FLOW VARIABLE
(Reference B-1395)

Samples of the wastewater stream are taken at regular intervals
over a complete cycle of the variable to be controlled--in this case
BOD content. The concentrations in each sample are plotted against the
probability for a given or lower value to occur (see Figure B.l). Yow,
the standard deviation in the feed "gf" is equal to one-half of the
difference of the values occurring at probability percentages of 15.9%

and 84.1%. That is:

of = BOD 84,17 -BOD 5.9% . 980 - 380 = 300.
2 2

The mean BOD value at 50% probability is 680 mg/liter.

If the maximum BOD leaving the equalization pond or vessel is to
be 895 mg/liter at a probability of 95%--corresponding to a cummulative
normal distribution "Y" = 1.65 (Table B.l), the standard effluent

deviation:

"ge" . 895 - 680

55 - 130 mg/liter.

The required residence time in the equalization vessel is:

= 32 hr or 1.33 days
212
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where: At = cycle time of the variable from a wean value
cf and oo = feed and effluent standard deviation, mg/liter

t = equalization residence time, hr.

For a waste flow of one million gallons per day, the equalization
capacity = 105 x 1.33 gallons or 177,000 fe3. This is equivalent to a
container 137 ft in diameter with a liquid depth of 12 ft.

Figure 8.1

PROBABILITY PLOT OF BOD VALUE

Nt ] T T T 17T T T T 1T 1 T
3
£
d —
(@}
=]
o ] lIIllLllLIl.lile i i
.00 0.1 1T 2 5 10 20 30 &0 80 80 90 95 a9 9.9 99.99

PROBABILITY OF BOD BEING LESS THAN OR EQUAL TO GIVEN VALUE, %

Source: B-1398.
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COMULATIVE NORMAL PROBABILITY DISTRIBUTION

Table B.!

Y P(X)* Y
.00 <3000 1.30Q
.05 .5199 1.35
.10 .5398 1.40
.15 .5596 1,45
.20 .5793 1.50
.25 «5987
.30 6179 1.55
.35 «5368 1.60
) «6554 1.65
.45 6736 1.70
.50 .69153 1.75
.55 .7088 1.80
«60 .7257 1.85
.65 L7422 1.90
.70 .7580 1.95
.75 «7734 2,00
.80 «7881 2,08
.85 .8023 2.10
.90 <8159 2.15
.95 .8289 2.20
1.00 .8413 2.25
1.05 .8531 2.30
1.10 «8643 2.35
1.15 «8749 2.40
1.20 .8849 2.45
1.25 8944 2.50

*P(X) = confidence level.
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P(X)* Y
«9032 2.55
9115 2.60
.9192 2.65
.9265 2.70
«9332 2.75
.9394 2.80
<9452 2.85
.9505 2.90
.9554 2.95
.9599 3.00
.9641 3.05
.9678 3.10
.9713 3.15
.9744 3.20
29772 3.25
.9798 3.35
.9821 3.45
L9842 3.55
.9861 3.75
.9878 4.00
+9893

.9906

.9918

.9929

.9938
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P(X)*

<9946
29953
+3960
29965
.9970

.9974
.9978
.9981
-9984
.9987

.9989
+9990
.9992
«9993
«9994

-9996
. 9997
«9998
«9999
1.0000






Appendix C

(j TESIGN STEPS FOR A COMPLETELY MIXED ACTIVATED SLUDGE SYSTEM
- (References B-1393 and B-1395)

l. BOD (or COD) removal rate is determined in the laboratory for

6@\ various feed rates and mixed liquor volatile suspended solids
({ILVSS) concentrations. The slope of the graph of S, (S,-S.) x ,t

versus S (Figure C.l) gives the removal rate coefficient "K".

K (Sa-7) = Sq(Sg-Se)

X, t

where: S, = influent BOD, COD, or total oxygen demand (TOD), mg/liter
Se = effluent soluble BOD, COD, or TOD, mg/liter

X, = average MLVSS concentration--mg/liter (for conventional
s biological oxidation, X, 21,500 to 3,500)

t = aeration time, day'l
K = organic removal rate coefficient, day'l

y = concentration of nonbiodegradable organics, mg/liter.

2, The variation of the removal rate coefficient with temperature is

given by the equation:

Ky = Ky 6 (T2-T1)

where: K; = coefficient at temp. Tj, oC
Ko = coefficient at temp T3, °C
© = temperature coefficient (=1.03 to 1.09)
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3. Plotting the oxygen usage per day for a known quantity of biode-
~ gradable matter (Rp/xXyt) versus the amount of BOD removal per day
(S,/xX,t), as shown in Figure C.2Z, gives the a' and b' constants

for the equation:

(f Re = a' Sp + b' x Xy
where: Ry = total oxygen usage, 1b/0j/day
. a' & b' = oxygen utilization coefficients
. Se = BOD (COD or TOC) removed, lb/day
Xy = average MLVSS concentration, mg/liter
X = biodegradable fraction of MLVSS
L = aeration time, days.
4, Constants in the equation for sludge production are determined from
a graph of sludge formation (8X,/xX,) against BOD removal per day
(Sp/xXy,t) as shown in Figure C.3.
e
8X, = a S, - bxX,
where: X, = excess biclogical sludge production, lb/day
a & b = sludge production coefficients.
5. The biodegradable fraction (x) of MLVSS is calculated from the
following equation:
C aS. + bX,~ V(aSp+bX,)2 -(4bX,) 0.77aS,
x‘
2bX,
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6. Nutrient requirements are estimated from the following two

equations:
0,123 x Xy + 0.07 (0.77—=x) X, lb/day
N = —
0.77 0.77
0.026 x X, + 0.01 (0.77-x) ¥y, lb/day
P =

0.77 0.77

7. Aerator horsepower Ls approximated from the relation:

- lb BOD removed per day

hp 45

8. Finally, the clarifier size is determined as indicated for

sedimentation separation under '"Primary Treatment" (page 67).
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Appendix D

FIXED BED ACTIVE CARBON ADSORBER CAPACITY

The design of fixed bed adsorbers requires experimental data for
the adsorbability of the component or components to be removed
(B-1395). Figure D.l shows the breakthrough curves for three 7.5 foot
columns in series. When the third column reaches 10% effluent concen-
tration, the first column is removed from the series and the fourth
colunn is added. From these curves service time can be plotted as a
function of bed depth, as}shown in Figure D.2. Thus, for three 7.5
foot beds in series and for 10% breakthrough, the service time is 14.5
days. Four beds are required, with one bed being replaced every 5
days.
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