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B An analytical survey of 68 elements, dieldrin, and poly-
chlorinated biphenyls (PCB’s) was conducted in municipal
sewage sludges sampled during 1972-73 from 16 American
cities using several instrumental methods. Unusually elevated
concentrations of certain toxic elements were found in sludges

from specific cities. Relatively high levels of gold and mercury
in sludge from San Francisco possibly derived from geo-
chemical sources. Fluorine was high in several cities which
fluoridate their water. PCB’s were highest in sludge from
Schenectady.

Municipal sewage sludges result from the treatment of city
sewage wastes containing human excreta, residues from food,
and sometimes lumber processing, and a galaxy of industrial
chemicals. These latter chemicals may derive from the man-
ufacture of paper, textiles, rubber, plastics, leather, paints,
detergents, drugs, agricultural chemicals and electrical
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equipment, processes such as printing, engraving and petro-
leum refining, operation of blast furnaces, foundries, smelters,
plating processes and laundries, and a host of other human
activities. Upward of 100 million tons of this material are
produced annually in this country. Disposal of it has included
ocean dumping, burning, disposal in landfills, and limited use
on lawns, ornamentals, forests, and agricultural land. Since
these latter methods may cause environmental pollution,
other approaches have included studies of its possible con-
version to fuels such as methane or oil or as a soil conditioner
and fertilizer in horticulture and agriculture. In addition to
its content of industrial organics, chlorinated insecticides and
pathogens (1), toxic elements in it confound its safe use as a
soil amendment for plant growth.

Table I. Data Pertinent to Municipal Sludges Studied

Wastewater treatment Chemicals Ultimate sludge disposal
City Sewage plant scheme Sludge handling scheme added method
Atlanta, Ga. Intrenchment Trickling filter Digestion, drying beds Landfill, fertilizer-soil
Creek conditioner
Cayuga Heights, Cayuga Heights = Sedimentation Digestion Lime Land disposal
N.Y.
Chicago, I Several Activated sludge Aerobic and anerobic digestion, “Vertigreen’ fertilizer-soil
heat drying conditioner
Denver, Colo. Metropolitan Activated sludge Aerobic and anerobic digestion, Ferric Land disposal
Denver, District concentration and filtration chloride,
#1 lime
Houston, Tex.  Southwest and Activated sludge Aerobic and anaerobic digestion, “‘Hou-actinite’" fertilizer-soil
Northside dehydration conditioner
lthaca, N.Y. Ithaca Trickling filter Digestion, vacuum filtration Ferric Landfill, soil conditioner
chloride,
lime
Los Angeles, Joint Water Sedimentation Digestion, centrifugation, drying  None Fertilizer-soil conditioner
Calif. Pollution beds
Control
Miami, Fla. Virginia Key Aeration, Concentration, digestion, shallow None Fertilizer-soil conditioner
sedimentation lagoons
Milwaukee, Wis. Several Activated sludge Aerobic and anaerobic digestion, “Milorganite” fertilizer-soil
heat drying conditioner
New York, N.Y. Newtown Creek Activated sludge Thickening tanks, digestion None Ocean disposat
Philadelphia, Pa. Northeast Activated sludge Digestion lagooning None Ocean disposal
San Francisco, Richmond-Sunset Sedimentation Thickening tanks, digestion, Ferric Parks, gardens
Calif. elutriation, vacuum filtration chloride
Schenectady, Anthony Street Sedimentation Digestion, vacuum filtration, Ferric “Orgro’' fertilizer-soil
N.Y. heat drying chioride, conditioner
lime
Seattie, Wash. West Point Sedimentation Digestion, vacuum filtration or Landfili or soil conditioner
centrifuging ’
Syracuse, N.Y. Metropolitan Sedimentation, Digestion None Pumped to Solvay Process
Activated sludge waste beds
Washington, Blue Plains Sedimentation Digestion None Land disposal
D.C.
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Municipal sludges may contain virtually any element de-
pending on the spectrum of industries served, their changing
rates of production, and periodic relocation. Analytical surveys
of a few to several toxic elements in sludges have been con-
ducted in England (2), Canada (3), and the United States
(4-6). In the work reported, an analytical survey of 68 ele-
ments, dieldrin, and polychlorinated biphenyls (PCB’s) was
conducted of sewage sludges from various American cities.

Experimental

In 1972 and 1973 a description of our proposed study was
sent to 35 cities with a request that they participate and return
a representative sample of their sludge to us for analysis. The
cities which responded and the data they provided pertaining
to their sludge treatment are listed in Table I. Cayuga Heights
is a small village just north of Ithaca. Its sludge is almost en-
tirely composed of domestic waste. The cow manure sample
was obtained as a dehydrated bagged commercial product of
Agway, Inc. It was considered pertinent to compare the ele-
ment composition of cow manure as an accepted soil amend-
ment with that of municipal sludges. The sludge samples were
air-dried, mixed in a Lucite twin shell blender, and sub-
sampled for analysis.

The determination of dieldrin and PCB’s was performed
by Soxhlet extraction, isolation using acetonitrile partitioning
and column chromatography on Florisil (7). Final determi-
nation was made by electron affinity gas chromatography
using a column 6 ft long containing 10% OV-17 on 80-100
mesh Gas Chrom Q operated at 220 °C.

Analysis for elements by nondestructive neutron activation
was carried out. Weighed samples were placed in 0.4-dram
polyethylene vials (1.5 cm i.d. X 2 ¢cm high). The samples were
irradiated three times, once for a short period in a pure ther-
mal flux to eliminate induced Si activity leading to 28Al (which
varied depending on Na and Cl content but on the order of 1
min) and again in a mixed fast and thermal flux for a compa-
rably brief period, and finally for a period of approximately
8 h. The neutron fluxes to which the samples were exposed
were respectively 4 X 1019 n/m2-s, 1.2 X 10'2 n/cm2-s, and 1.3
X 1012 n/em?-s for the long irradiation. After the short irra-
diations, the samples were counted within a few minutes on
a Ge(Li) counting system for a period of 8 min. Data were
acquired using a Nuclear Data Model 4420 multichannel an-
alyzer and stored on magnetic tape for later processing. For
the long irradiations, the samples were first counted as soon
as practical, considering the level of the activity due to sodium.
This period of time varied from 2 to 5 days after the end of the
irradiation. The samples were counted again after a period of
15-20 days. Each sample, therefore, was irradiated three times
and counted four times.

The counts stored were in the form of gamma spectra con-
taining peaks which could be attributed to the gamma emis-
sions from the radioactive constituents in the samples. For
some elements, only a single peak represents the element,
whereas in other cases two or more isotopes with possibly
several gammas could be employed for quantitative mea-
surements. Repeated tests have demonstrated the capability
of the computer program to accurately fit the peaks with a
gaussian curve, or in some cases overlapping gaussian curves,
situated on a background usually represented by a quadratic
polynomial, although for very narrow peaks the background
can be represented by a linear function. For quantitative
measurements, peak areas are compared to results obtained
with known standards, usually well-known chemical com-
pounds or pure elements, but on other occasions to docu-
mented samples.

Recently, for example, well-known geologic materials and
coal samples obtained from the Bureau of Standards have
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been processed with agreement well within the accepted range
of variability being found for nearly every element detected.
To ascertain that continued quality be maintained, groups of
three compounds of selected elements are periodically pro-
cessed with the identity of the elements being changed each
time. In the group of test elements processed, nearest to the
experiments reported here (Na, Mg, AL, Ti, Cr, Mn, Cu, Mo,
Cd, Sn, Ta, W, U, Zn, Se, and Sb), no net variance exceeding
5% compared to the previous standard values was found, and
most were within 1-2%. However, in a few cases, individual
compounds or specimens were unsuitable for use as standards.

Since the comparison library has been run under exactly
comparable conditions, for all the elements, using the same
reactor operated at the same power or flux levels and counted
under the same geometric conditions at closely similar levels
of activities, the gquality of the data should be essentially
limited only by the statistical variance introduced by the
relative size of the peaks employed and the background on
which the peaks are superimposed. However, in a few cases
not enough data on possible interference peaks can be derived
from the sample data and in such cases (e.g., for Ni), the in-
terference potential is considered so great that no reliable
values can be quoted.

Other methods of analysis which were employed required
preliminary ashing of the samples. Up to 1 g of sample was dry
ashed at 475 °C by the method of Gajan and Larry (8).

Spark source mass spectrometric analysis was performed
using a subsample of the ash. The ash was thoroughly mixed
with an equal weight of high-purity graphite (Ultra Carbon
Corp., IM-VSP outgassed ultra superior purity) by the usual
method (9). The electrodes were sparked against each other
under the following conditions: repetition rate: 100 pulses/s;
pulse length: 100 us; source pressure: 1 X 107 torr while
sparking with cryosorption pumping; ion accelerating voltage:
22 kV. Ilford Q-2 photoplates were used as an ion detector.
Results were calculated and corrected by the method of Owens
and Giardino (10). The lead content of the sludges (as deter-
mined by anodic stripping voltammetry) was used as an in-
ternal standard for the method.

Emission spectroscopy was performed using a Bausch and
Lomb dual grating spectrograph with a Model RC-2 Baird
atomic microphotometer. The standards consisted of high-
purity (99.999%) oxides of Si, Al, Ca, Fe, and Mg spiked with
12.7, 25.4, 63.5, and 127 ug/g of the 49 element Spex Mix
(1.27% each element). Unspiked matrix served as a blank. The
standards and the ashed samples were mixed 1:9 with UCP-2
graphite containing 0.01% GeOs. These were fired in duplicate
using a DC arc. A Stallwood Jet with 70% argon and 30%
oxygen atmosphere surrounded the crater electrode.

Cadmium and lead were determined by conventional
stripping voltammetry using a Princeton Applied Research
Corp. Model 174 polarographic analyzer (8). Chromium,
copper, and nickel were determined by furnace atomic ab-
sorption using a Perkin Elmer Model 303 spectrophotometer
equipped with an HGA-2000 furnace. Mercury was deter-
mined by flameless atomic absorption analysis following
combustion of the dry sample using an oxygen flask (11).

The determination of selenium was accomplished by a
modification of the method of Olsen (12) employing wet di-
gestion of the sample and measurement of the fluorescence
of piazselenol resulting from reaction of selenium with 2,3-
diaminonaphthalene. Boron was determined by the curcumin
spectrophotometric procedure (13). Arsenic was determined
by distillation of arsine and determination using the silver
diethyldithiocarbamate spectrophotometric procedure (14,
15). Phosphorus was determined by the molybdivanado-
phosphoric acid spectrophotometric method (13). Nitrogen
was determined by the Kjeldahl method.
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Results and Discussion

The results of analysis of the sludge samples are listed in
Table II. Except for potassium which appears elevated (above
2%) in several of the sludges, the range of concentrations of
boron, cadmium, copper, chromium, lead, mercury, nickel,
nitrogen, phosphorus, and zinc reported here agrees with those
for these elements in typical municipal sludges (16).

Some interesting observations are also apparent. The rel-
atively high level of PCB’s in sludge from Schenectady may
derive from the predominant manufacture of electrical
equipment there. Gold is especially high in the Miami and San
Francisco sludges. The San Francisco sludge was produced
at the Richmond-Sunset Treatment Plant receiving mainly
domestic wastes. The gold may in part originate from its
presence as colloidal gold in the natural waters of the cities’
watershed area. Notably, mercury is also high in these same
two sludges. Mercury and gold are often found in association
(17), and gold and mercury mining has abounded in the San
Francisco area. Of course, mercury in sludge also results from
its many industrial applications.

Several cities’ sludges are also high in fluorine. As well as
industrial contributions of the element, its presence in sludges
could also derive from municipal fluoridation of water and
elevated natural levels of the element in various geographical
areas. Cities such as Chicago, Denver, Miami, Milwaukee,
Philadelphia, and San Francisco fluoridate the water supply
(18). The natural fluoride concentrations in city water supplies
along the northeastern seaboard average from 0.02 to 0.1 ppm
(19), whereas in midwestern, western, and southern states the
average is above 0.2 ppm (20, 21).

A number of elements are notably high in sludges from
specific cities. These include antimony (Philadelphia), barium
(Ithaca and Los Angeles), cadmium and chromium (Mil-
waukee), copper and lead (Philadelphia), nickel (Denver, Los
Angeles, Miami, Milwaukee, and Philadelphia), tin (Phila-
delphia), uranium (Chicago and Denver), zinc (Los Angeles
and Philadelphia), and zirconium (Ithaca). The sources of
some of the rarer elements such as cerium, gallium, germani-
um, hafnium, lanthanum, praeseodymium, scandium, sa-
marium, and others are speculative. Industrial uses are one
source. Shacklette et al. (22) in an extensive national survey
reported soils in the United States to contain the following
concentrations of elements: gallium (<5-70), lanthanum
(<30-200), and scandium (<5-50). Relatively high concen-
trations of rare earth elements have been reported in many
plants (23-26). Complexation of rare earth ions by organic
chelates in soils has been suggested as a mechanism leading
to their availability to plants (27). A large number of rare earth
elements were recently reported at surprisingly high con-
centrations in aquatic plants (28). Germanium found at a
concentration of 19.1 ppm in the cow manure sample in this
study has been reported to be absorbed from soils by cereal
crops and to be rapidly excreted by animals (29).

When considering the application of municipal sludges to
agricultural soils, availability of specific elements to edible
plants must be considered. Of the elements which have been
studied, arsenic, barium, chromium, fluorine, lead, and mer-
cury tend to be excluded by plants. Boron, cadmium, cobalt,
copper, manganese, molybdenum, nickel, selenium, zinc, and
possibly antimony tend to be absorbed (30, 31). Many factors
control ion uptake, however, such as soil type, pH, organic
matter, redox potential, and plant species. It is also important
to remember that municipal sludge from largely domestic
sources may also be unsafe for agricultural uses since a major
portion of copper, cadmium, chromium, nickel, and zinc in
wastewater can derive from domestic uses (32).

In summary, interpretation of the data presented here
would be obviated if specific municipal sludges could be



monitored periodically rather than just once. As pointed out
in the introduction, municipal sludges are highly variable in
composition with time and location of sampling for the reasons
given. If we assume a sludge sample is representative, a
broad-range multielement analysis can be quite revealing, and
the data obtained are crucial in deciding what the ultimate
means of safe and hopefully useful sludge disposal is to be.

Acknowledgment

The authors thank Corning Glass Works and Exxon Re-
search and Engineering Co. for the use of their facilities and
instrumentation.

Literature Cited

(1) “Containing the Flow of Sewage Sludge”, Environ. Sci. Technol.,
8, 702-3 (1974).

(2) Berrow, M. L., Webber, J. J., Sci. Food Agri., 23,93-100 (1972).

(3) Abbott, R. A,, “Metals in Municipal Sewerage Systems”, Rep. of
Div. of Industrial Wastes, Ontario Water Resources Commission,
Toronto, Ont., Canada, December 1971.

(4) Konrad, J. G., Kleinert, S. J., “Removal of Metals from Waste
Waters by Municipal Sewage Treatment Plants”, in Tech. Bull.
No. 74 entitled “Surveys of Toxic Metals in Wisconsin”, Dept. of
Natural Resources, Madison, Wis., 1974.

(6) Gross, M. G., “Preliminary Analyses of Urban Wastes, New York
Metropolitan Region”, Tech. Rep. No. 5, Marine Sciences Research
Center, State Univ. of New York, Stony Brook, N.Y., March
1970.

(6) Isaac,R. A, Delaney, J., “Toxic Element Survey”, Prog. Rep. No.
1, Massachusetts Water Resources Commission, Div. of Water
Pollution Control, Boston, Mass., Publication No. 6108, April 1972.

(7) Pesticide Analytical Manual, Vol 1, U.S. Dept. of HE&W, FDA,
Washington, D.C., revised, Sections 211.14a and 211.14d, 1971.

(8) Gajan, R. d., Larry, D., J. Assoc. Off. Anal. Chem., 55, 727-32
(1972).

(9) Tong, S.8.C., Gutenmann, W. H,, Lisk, D. J., Anal. Chem., 41,
1872-4 (1969).

(10) Owens, E. B, Giardino, N. A., ibid., 35, 1172 (1963).

(11) Bache, C. A., Gutenmann, W. H., St. John, L. E., Jr., Sweet, R.
D., Hatfield, H. H., Lisk, D. J., J. Agri. Food Chem., 21, 607-13
(1973).

(12) Olsen, O. E., J. Assoc. Off. Anal. Chem., 52, 627-34 (1969).

(13) Greweling, H. T., “The Chemical Analysis of Plant Tissue”,
Mimeo No. 6622, Agronomy Dept., Cornell Univ., Ithaca, N.Y.,
1966.

(14) Evans, R. J., Bandemer, S. L., Anal. Chem., 26, 595-8 (1954).

(15) Fisher Scientific Co., “Reagents of Choice for Arsenic in Parts
per Billion”, Tech. Data Bull, TD-142, November 1960.

(16) Menzies, J. D., Chaney, R. L., “Waste Characteristics”, in
“Factors Involved in Land Application of Agricultural and Mu-
nicipal Wastes, 11 pp 18-36, ARS, USDA, Beltsville, Md., July 1974.

(17) McCarthy, J. H., Jr., Vaghn, W. W, Learned, R. E., Meuschke,
J. L., U.S. Geol. Surv. Circ. 609, “Mercury in Soil, Gas and Air—A
Potential Tool in Mineral Exploration”, 1969.

(18) “Fluoridation”, U.S. Dept. of HE&W, GPO, Washington, D.C.,
1969.

(19) Cholak, J., “Fluorides: J. Occup. Med., 1, 501-11 (1959).

(20) Bell, M. E., Ludwig, T. G., “The Supply of Fluorine to Man:
Ingestion from Water”, in “Fluorides and Human Health”, pp
18-32, WHO Monograph Series No. 59, Geneva, Switzerland, 1970.

(21) Fleischer, M., “Fluoride Content of Ground Water in the Con-
terminous United States”, U.S. Geol. Surv., Misc. Geol. Invest.
1-387, Washington, D.C.: U.S. Geol. Surv., 1962.

(22) Shacklette, H. T., Hamilton, J. C., Boerngen, J. G., Bowles, J.
M., “Elemental Composition of Surficial Materials in the Conter-
minous United States”, ibid., Prof. Paper 574-D, GPO, Washington,
D.C.

(23) Robinson, W. O., Steinkoenig, L. A., Miller, C. F., U.S. Dep. Agri.
Bull. 600, 1-27, 1917.

(24) Robinson, W. O., Whetstone, R., Scribner, B. F., Science, 87,
470-1 (1938).

(25) Robinson, W. O, Soil Sci., 56, 1-6 (1943).

(26) Borneman-Starinkevitch, I. D., Borovick, S. A,, Borovsky, L. B,,
Dokl. Akad. Nauk SSSR, 30, 229-33 (1941).

(27) Robinson, W. O., Bastron, H., Murata, K., Geochim. Cosmochim.
Acta, 14, 55-67 (1958).

(28) Cowgill, U. M., Appl. Spectrosc., 27, 5-10 (1973).

(29) Browning, E., “Toxicity of Industrial Metals”, 2nd ed., Butter-
worths, London, England, 1969.

(30) Allaway, W. H., Adv. Agron., 20, 235-74 (1968).

(31) Allaway, W. H., “The Effect of Soils and Fertilizers on Human
and Animal Nutrition”, Agric. Info. Bull,, No. 378, GPO, Wash-
ington, D.C., 1975.

(32) Klein, L. A,, Lang, M., Nash, N., Kirschner, S. L., J. Water
Pollut. Control Fed., 46, 2653-62 (1974).

Received for review October 2, 1975. Accepted January 27, 1976.

Industrial Waste Disposal. Excess Sulfuric Acid Neutralization with Copper

Smelter Slag

Larry G. Twidwell*, Jin-Rong Hwang?, and Ralph E. Dufresne?
Metallurgy-Mineral Processing Department, Montana College of Mineral Science and Technology, Butte, Mont. 59701

B An economic process for the disposal of two industrial
waste products, sulfuric acid and copper reverberatory slag,
has been developed. Metal values are effectively extracted
from the slag, and acid is consumed in a nonpolluting way. The

process is a leach lime roast procedure that consumes 1 ton
of acid per ton of slag while permitting extraction of 85% of
the copper and zinc. Ninety percent of the sulfur is retained,
and a solid storable product is produced.

Production of sulfuric acid is the most important method
for removing sulfur oxides from copper, lead, and zinc smelter
gases. The requirement to meet emission standards, which in
some states is being established at 90% removal of input sulfur
to the smelter, has necessitated expansions of the contact acid
plants at many nonferrous sulfide smelters. It appears,
therefore, that sulfuric acid production from smelters will be
significant for some years. There are several new potential

! Present address, Metallurgy Department, Stanford University,
Stanford, Calif. 94305.

2 Present address, Research and Development Department, Bunker
Hill Co., Kellogg, Idaho 83837.

processes under development and evaluation (I-4), but the
present significant investment in acid plants under con-
struction denotes a tremendous growth in sulfuric acid pro-
duction from nonferrous smelters in the future (5).

Of the sulfur entering the smelters in 1960, 387 000 tons
(20%) were removed as sulfuric acid; in 1970, 600 000 tons
(26%) of sulfur from smelter feed were recovered as acid (5).
If growth continues as expected and the 90% sulfur recovery
criteria are met, 2 598 000 tons of sulfur as sulfuric acid, or
other forms of by-product sulfur, are anticipated by 1980 from
smelters alone. Furthermore, as more sulfur and its com-
pounds are recovered in the future from coal and petroleum
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