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ABSTRACT

1

The construction, equipage and operation of a large field lysimeter
facility are described in detail. The effects of digested-sludge
application on the chemical composition of soil, plant, and water
samples from this lysimeter facility and another lysimeter facility
established in 1939 are discussed. Specific hygienic aspects of
digested sludge were also investigated and, it was found that viruses
are not likely to survive the heated anaerobic digester environment
and, although digested sludge contains large populations of fecal
coliform bacteria, these organisms die away rather rapidly during
storage and after spreading on the soil as a surficial application of
sludge. Results from greenhouse and field studies indicate that
several crop plants show favorable growth responses when fertilized
with digested sludge. With increasingly greater sludge applications,
concentration levels of several chemical elements in soils are
correspornidingly increased above native amounts and their levels are
also increased in plant tissues. A phytotoxic condition with soy-
beans traceable to high salt concentrations was encountered in

a greenhouse study; the condition was ameliorated by leaching.

The first limiting factor in determining digested sludge application
rates on crop lands is its N content. As long as digested sludge
application rates do not exceed those which will result in unaccept-
able concentration levels of NO3~-N in drainage or ground waters,
sludge of the quality employed in this study can be safely used to
increase the production of good quality crops. If digested sludge is
continuously applied on land at rates which supply N in amounts which
greatly exceed the plants' capacity to utilize it, soluble P and some
of the more soluble heavy metal constituents of sludge may eventually
adversely affect the {rowth of crops or result in the accumulation of
some chemical element in crop tissues at concentration levels that might
pose a threat to animal or human health. Studies are in progress to
determine the fate of several selected chemical elements added to cropped
soils as constituents of the digested sludge which has been applied
annually at various rates since 1968. The results from these several
studies show that P, Cu, Ni, Zn, and Cd should be given special con-
sideration with regard to monitoring their accumulation in soils,
absorption by crops, and transport in percolating water when digested
sludge is used as a soil amendment.
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SECTION I

CONCLUSIONS

The conclusions presented here are stated in general terms. Practically
all of these have been previously presented in publications such as
monthly and annual progress reports, scientific journal articles, con-
ference proceedings, graduate student theses, etc. MNo attempt was made
to compile conclusive statements from the reports for each individual
study. Rather, it is left to the reader to inspect the summary pre-
sented for each study reported herein and to accept or reject the conclu-
sive statements arrived at by an individual principal investigator.

1. A lysimeter facility consisting of 44 prisms of soil having pro-
visions for collection of runoff and drainage water was constructed.
In addition to the automatic collection capability, design permits
measuring the hydrograph and identifying individual water samples
with the hydrograph and with real time. Thus, water quality of
discrete samples are associated with the characteristics of the
hydrograph.

2. Frequent digested sludge applications by spray irrigation caused
a reduction in corn and soybean yields as compared to fertilization
with inorganic fertilizers and well water. The crops did not
appear to be affected by sludge spray irrigations in any other
way than a reduction in leaf size. The reduction in the size of
leaves, and thus leaf area, was probably caused by frequent coating
with sludge and was associated with a reduction in photosynthetic
rate as the absorption of light by the leaf was decreased by solid
particles of sludge adhering to their surfaces. It is doubtful
that two or three applications of digested sludge by spray irriga-
tion during a growing season would cause a significant decrease in
crop yields. 1In the research described here sludge was spray
irrigated as often as possible, which sometimes was as often as
two or three times per week. Where digested sludge has been
applied by ridge and furrow irrigation, crop yields have been com-
parable or greater than those obtained with inorganic fertilizers
applied at rates estimated to be adequate for maximum yields.

3. Nitrogen contained in digested sludge is the first limiting factor



on rates of application for field crops. Our data indicate that
about five to eight centimeters o{ sludge applied on the surface
immediately after withdrawal from the digester would satisfy the
annual nitrogen needs of non-leguminous crops without producing
excessive nitrate nitrogen in percolated water. 1In the interest
of higher loading rates to obtain the ameliorating effects of
organic matter in the reclamation of surface-mined land, reduction
of the nitrogen content of sludge would be desirable. However,
where maximum utilization of nitrogen is the objective, digested
sludge should be injected or immediately incorporated into the
soll to reduce the losses of nitrogen by ammonia evaporation.

Digested sludge is an effective source of phosphorus for fertili-
zation of crops. The phosphorus contained in digested sludge is
readily available for crop plant uptake, as evident by the immediate
and consistent increases in available phosphorus (as measured by

Bray P1 test) in soils after sludge has been applied and incorporated.

Relative to its nitrogen and phosphorus supplying capacity, digested
sludge is not a good source of potassium for growing crops. Thus
where digested sludge is utilized as a nitrogen and phosphorus
fertilizer on soils having a demonstrated need for supplemental
potassium fertilizer, the practice of supplying potassium from
inorganic fertilizer sources should be continued.

Heavy metals are ubiquitous constituents of digested sludge and they
occur to the greatest extent in the solid phase. After application
to soil, the heavy metals for the most part remain in the layer of
incorporation or plow layer. Thus, many agronomists are of the
opinion that long time, continuous use or disposal of sludge on
crdpland will eventually lead to an accumulation of the more soluble
or plant available trace elements in soils to a level where toxicity
may occur to either the plants or to consumers in the subsequent
food chain., 1In much the same way that macronutrients are increased
in plant tissues following sludge applications, the absorption of
all trace elements by plants are enhanced to some degree. The trace
elements which have been increased in plant tissues by sludge
application to the greatest extent are Zn, Cd, and Fe. However,
phytotoxicity traceable to trace element or heavy metal toxic
conditions has not been ohserved and neither have concentration
levels of trace element in plant tissues reached proportions that
constitute a health hazard to animals consumiag all or any part of
the plants fertilized with sludge. MNevertheless, since Cd is one

of the elements which shows the greatest relative increase in plant
tissues with sludge applications and is one which is considered

to be a source of adverse physiological and pathological effects in
animals, its circulation in food chains will continue to be closely
scrutinized during the continuation of studies.

The rate of infiltration of digested-sliudge liquid is low regardless
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10.

11.

12.

13.

14,

15.

16.

of whether the surface soil is of silt loam or sandy texture.
Thus, on sloping land special precautions should be taken to
control the distribution of sludge applied to the soil surface.
After drying, digested sludge does not affect the infiltration
of water into the soil surface. Shallow ponding of sludge in
the furrow for even a few days does no apparent harm to plants.
Where adequate drainage exists or 1s induced, salt accumulation
in humid region soils is not expected to be a problem but may
limit application rates in arid §nd semiarid repgions.

Sludge organic residue decreases the bulk density of the soil.
Grease contained in sludge has not proven to be a problem and

is rapdily decomposed after application on or in soils. Organic
carbon has accumulated in amended soils, but has presented no
observable problem. On the contrary, applications of digested
sludge has apparently improved the tilth in soils having naturally
low organic matter contents.

Seed germination is inhibited if freshly digested sludge is
incorporated in soil and the seed planted immediately. But if
seeding is delayed for two to three days after an application of
digested sludge, no inhibition is observed.

Properly digested sludge will produce no offensive odors or fly
breeding problems after application to soil.

Applications of more than five to eight centimeters of freshly
digested sludge per year to soil markedly increases the nitrate
nitrogen content of leachate waters. °

Nitrate nitrogen losses in leachate waters are positively correlated
with sludge rates and discharge intensity of the leachate.

Ammonium nitrogen and phosphorus losses through leaching are not
statistically related to sludge arplication rates or water discharge
intensity.

Ammonium nitrogen losses in runoff water are negatively correlated
with runoff intensity and sludge accumulation,

Phosphorus losses in runoff waters are positively correlated with
sludge accumulations.

It is easy to advance arguments either to minimize or maximize the
dangers of sludge irrigation of soils in respect to public health
considerations. Known cases of digested sludge application over
agricultural fields have been recorded for many years in several
countries. Thousands of individuals in these waste treatment
plants and sludge spreading fields have handled the material with-
out succumbing to disease as a result of such operations. On the



other hand, tne very iact that digested sludge harbors a large
pcouiacion of fecal zoliforms renders it guspect as a potential
vector of bacreriail pathogens. Our studies have shown that the
sludge fecal coliform population decreases markedly following
application to the soil or upon aging after removal from the
digester. Lagooning of digested sludge prior to application
would serve the purpose of reducing the fecal coliform and,
presumably, the pathogenic bacterial population. Pathogenic
organisms will rapidly die away after application on the sgoil
surface. They will move from the point of application for the
most part only in aa absorbed phase on eroded sediments. There~
fore, the establishment of recommended erosion control, structurecs
and practices on the land utilization site provides an additiomal
public health procection factor.

Porcine eanterovirus did not survive beyond the fourth day in

a heated anazerobic digester. Thisg suggests viral agents probably
do not survive the l4-day anaerobilc digestion cycle used in sewage
sludge treatment. Further die away of viral agents would occuz
during the lagooning period and at the point of application on
soil surfaces.

Storage of digested sludge in deep lagoons for the 2 to 3 mouth
period, recommended as a safety factor to permit die away of path-
ogenic organisms, will not result in a significant change in the
total nitrogen content of the material. Because over one~third

of the total nitrogen ¢ontained in digested sludge is lost by
ammonia evaporation following application on land surfaces, informa-
tion regarding similar nitrogen losses during open storage of
digested sludge was required for estimating nitrogen loading rates
on land. It was determined that the surface area to sludge volume
ratic is the most important factor controlling ammonia nitrogen
volatilization. Thus, the removal of ammonium nitrogen as a
constituent of the decanted effluent during lagooning operations
is the major reason why lagooned sludges often contain lower total
nitrogen contents as compared to sludges drawn directly from
anaerobic digesters.

o



SECTION II

RECOMMENDATIONS

Based on the results of the several studies reported herein, recommend-
ations are presented from the standpoint of utilizing the information
for (1) implementing spreading operations of digested sludge on land
(2) the need for further research relevant to environmental changes,
including effects on plant composition, with long-term continuous use
of digested sludge as a fertilizer or soil amendment.

Implementing Land Spreading Operations

The use of digested sludge as a source of nutrients for growing crops
and as a soil amendment for reclaiming severely disturbed land is the
most environmentally safe and economically sound solution to a grow-
ing solids waste handling problem. All other methods of sludge dis-
posal pose a direct or potential air and/or water pollution hazard
which may go undetected and when detected would be difficult to abate.
When sludges from municipal wastewater treatment plants are burned,
buried in land fills or dumped into oceans, control over the dispersion
of chemical constituents into the enviromment is relinquished to a very
marked degree. On the other hand, when digested sludge is used as a
fertilizer and soil amendment on properly selected and prepared sites,
environmental changes are observable in the nature of response of the
vegetation, runoff and drainage water quality determinations, and the
results from soil sample. analyses. The cost and effort required for
monitoring a digested ‘sludge utilization, or land spreading operation
to insure that adverse environmented impacts do not go undetected is
rather small in comparisqn with the total benefits derived. If the
environment is adversely altered, various practical soil, water and crop
management practices can be applied to promptly remedy or abate the
situation. Control over potential pollutants is retained where emphasis
is on sludge utilization rather than its disposal.

Digested sludge can be utilized as a supplemental N fertilizer. How-
ever, when digested sludge 1s utilized to furnish all of the supplemental
N needed to provide optimum fertility for nonleguminous crop plants, a
large part of the P that would be concomitantly applied is wasted.



inorganic ¥ fervilizer materials are already in short supply. Regard-
less of whether or not the dire predictions for a chronic shortage of
P fertilizer, as based cn known reserves of high grade ore, proves

to be correct, certainly P fertllizers will become increasingly more
oxpensive as regulations to reduce environmental degradation effects
associated with mining are enforced. Therefore, it will be in the
interest of society as a whole if digested sludge is utilized at

rates just sufficient to satisfy P fertilizer needs. 1f digested
sludge is applied at rates just adequate to satisfy either supplemen-
tal N or P requirements of crop plants, the findings presented in this
report do not provide grounds for objecting to its use.

Ou the contrary, whepr digested sludge is spread on lands at rates
which supply N in quantities that greatly exceed the capacity of the
vegetation to utilize it, precautionary measures are required to
protect water supplies against the introduction of objectionable con-
centration levels of NO3-N. In some land reclamation schemes it may
be desirable to utilize sludge for its unusual buffering capacity and
high organic matter content to ameliorate existing chemical and/or
physical characteristics of soil or geological material that inhibit
vegetative growth. Where digested sludge is used as a soil amendment
to obtain these rapid ameliorating changes, annual loading rates will
generally be considerably greater than those required just to satisfy
requirements for N and P fertility. It is at the high loading rates
required to improve the productivity of lands, as contrasted to fertility
enhancement or maintenance rates, that many questions arise regarding
the advisability of utilizing digested sludge.

Many questions center on the quality of waters from land areas amended
with sludge. With regard to runoff water it is neither feasible nor
desirable to hold all the water on the application area. It is however
an essential requirement that soil erosion control structures and
practices be established to insure that sediment yields from the area
are maintained within tolerable lim{its. In this way acceptable runoff
water quality is assured simply by keeping soil losses due to erosion
within acceptable limits. With regard to drainage water it has already
been mentioned that the foremost concern with high sludge application
rates is the increcse in concentration levels of NO3-N to be expected.
Where large annual applications of digested sludge are applied in land
reclamation projects, stratagems should be instituted to limit NO3-N
content in drainage water. Stratagems may range from reducing the N
content of the sludge to recovering drainage water for recycling or
removal of the N by denitrification processes. The simplest and most
economical wethod of reducing the amount of NO3~N in drainage water is
by adopting surface application methods, thereby allowing sludge to dry
before it is incorporated into soil or geological material. Thus N
losses are maximized by way of NHj3 evaporation. Systems for injecting

f)



or incorporating wet sludges in soil materials should be avoided or
some fail-safe N management scheme instituted where the main objec-
tive is to apply large amounts of sludge to rejuvenate soil or to
reclaim snverely disturbed lands.

Some of the most vocal resistance to land spreading of digested
sludges arises with regard to its trace element content, because

of the potential threat to human health that may be posed by its
utilization. From the results of the several studies reported here,
it appears that 1if digested sludge is used at rates just sufficient

to provide suppliemental N and P fertility the likelihood of increas-
ing concentratious of one or more trace elements to levels in food-
stuffs that could cause untoward effects in man or livestock is a
fairly remote possibility. When digested sludge 1s used as a soil
amendment and applied at rates which greatly exceed that needed to
optimize soil fertility, the possibility does exist that trace
elements may be absorbed and transported into plant tissues in amounts
which may be harmful to animals. Thus, where large annual applications
of digested sludges are applied on land, concentration levels of Zn,
Cu, Cd, and Ni in plant tissues should be monitored. These, especially
Cu, Cd and Ni, are the trace elements which are harmful in animal feed
stuffs at low concentration levels and/or accumulated at relatively
high concentrations in the tissues of plants fertilized with sludge.
The concentration levels of one or more of these four elements in
plant tissues will signal the need for remedial action. However,
critical concentration levels in plant tissue for any of the four
metals has not yet been established and only scant attention has been
given to interactions among these and other elements.

Research Needs

Further research should be directed toward assessing environmental
changes resulting from digested sludge application rates comparable to
those anticipated for use in land reclamation projects. Special
emphasis should be placed on N management practices and toward determin-
ing the fate of trace elements where digested sludge is applied at rates
required to rapidly amend soils and geological materials for increased
crop production. The use of digested sludge to correct naturally
occurring phytotoxic conditions in severely disturbed lands and to
reduce the leaching of water polluting substances from mined and indus-~
trial waste disposal areas should receive further study.

The coarse of changes in the organic fraction of sludge deserves study
as does the nature of secular change in availability of the macroelements
and microelements of physiological importance.



SECTION IlI

INTRODUCTION

Factors Contributing to Sludge Handling Problems

Sludge quantities increasing - The disposal of wastewater treatment
plant residues is the most difficult and increasingly costly problem
confronting major sanitary district staffs. For cities of over 50,000
population the average per capita suspended solids load at wastewater
treatment plants was reported by Loehr (92) to be 0.114 kg per day on
a dry-weight basis. Plants receiving large quantities of industrial
waste may have average per capita loadings apprecaching twice the aver-
age value. TFor example, the Metropolitan Sanitary District of Greater
Chicago has an average per capita loading of about 0.182 kg per day.
It is expected that the average per capita loadings will increase be-
cause the installation of garbage grinders in homes will augment sus-—
pended solids by an average of 60 percent, (Am. Soc. of Civil Eng.
Manual, 1959). In these regards it is pertinent to note that at the
time Loehr (92) collected his data, only about 12 percent of the homes
were equipped with garbage grinders.

At present the activated sludge treatment process is most frequently
used for secondary treatment of wastewater. From the standpoint of
suspended solids removal, the process when preceded and followed by
sedimentation, is about 85 to 90 percent efficient. Eventually, as
wastewater treatment facilities are upgraded to include tertiary treat-
ment processes, the efficiency for suspended solids removal should be
at least 98 percent. Therefore, it is likely that in the near future
somewhere between 95 to 98 percent of the per capita loading reaching
the wastewater treatment plant will be retained as fresh sludges.

Along with the increase in quantities of wastewater given tertiary
treatment for improved removal of solids, higher priorities are also
likely to be given to reducing phytoplankton nutrients to lower concen-
trations in effluent. The removal of nutrients will require the addi-
tion of chemicals such as the dosing of effluent with lime or alum to
precipitate soluble phosphates. Added chemicals which cannet be econ-
omically regenerated for recycling will add materially to the solids
handling problems. Assuming an average wastewater flow of 511 liters
per capita per day (92), a chemical dosage of only 50 ppm will increase
the per capita per day suspended solids in fresh sludge by 0.023 kg.



Considering the irera roward greater usage of garvage grinders, terfiary
tieatment process=s, and chewicals for reducing nutrient concentrations

in effluent, an average value of 0.159 kg per capita per day of solids

as fresh sludge woulid appsary to be a conservative estimate of produciion,
at least for the larger advanced wastewater treatment plants. Fou each
million population seived by sewers, about 153 metric tons of fresh solids
will be removed from about 511 million liters of wastewater requiring
treatment each day. Therefure, municipal sludge handling problems will
increase, even if our sewered population should remain static.

Kinds of sludges generaged - The solids separafted from wastewater during
sewage treatment save a complex array cof organic and inorganic residues.
Upon reaching the waestewater cveatment plant, about 60 percenit of the
suspended~solids Joad is removed by sedimentatioun. The solids portion
removed by this sedimentation is called primary sludge. The solids not
removed by the primary treatment sedimentation process are transferred
to another tank as a constituent of the effluent where they are mixed
with large quantities of aerobic microorganisms and large volumes of air.
The microorganisms use the O in the air to convert part of the organic
waste into carbon dioxide and water to obtain energy, while converting
another large poriicn of the waste into new cells. Waste converted into
new microbial cells and collected by sedimentation after removal from
the aeration tank is called activated sludge. To maintain a microbe
pupulation in the growth phase a portion of the activated sludge is re-
cycled to the aeration tank, but for the most part it is wasted and thus
often referred to as waste-activated sludge. The primary sludge and the
waste-activated sludge generated during secondary treatment when taken
together, make up the fresh sludge discussed above.

In the United States many attempts to spread primary or raw sewage
sludge on land have ended in failure. Waste-activated sludge has been
successfully used as a fertilizer material only after heat drying and
then at only light applications which could be thoroughly incorporated
with soil. Such biclogically unstable materials as primary and waste-
activated sludge cannot be spread on land or lagooned because of odor
and fly problems. In‘the older literature, waste—activated sludge is
sometimes referrcd Lo as aerobically digested sludge. Waste-activated
sludge is highly unstable with regard to further biological degradation
and should not be refzrrea tc as a digested sludge. To stabilize waste-
activated sludge sufficiently for land surface application by an aerobic
process would requirc a detention time of about 20 days (72). Studies
at the University of Wisconsin have demonstrated the adaptability of an
aerobic digestion process to the stabilization of mixtures of raw and
waste activated sludge (114). Aerobic digestion of primary sludge has
been evaluated by Viraraghanan (161) for average climatic conditions in
the vicinity of Madras, India.



In che older literature, discussions regarding sludges from Imhoff tanks
are often confused with those concerned with sludges from heated anaero-
bic digesters; both simply referred to as anaerobic digested sludge by
some authors. While some degree of anaerobic sludge stabilization is
accomplished in Imhoff tanks, it may or may not be comparable to that
accomplished in a heated anaerobic digester where environmental condi~
tions are maintained near optimum for rapid biclogical degradation of
organic sludge constituents. Lohmeyer (93) reviewed the literature per-
taining to heated anaerobic digestion and presented recommendations for
managing digesters to obtain the best overall results with the least
difficulty. In a later literature review, Pohland (120) discussed ana-
erobic decomposition in terms of two phases. The first he designated as
liquefaction and hydrolysis, the second, fermentation and gasification.
A rather heterogeneous group of bacteria convert the proteins, carbohy-
drates, and lipids contained in the waste largely to fatty acids, carbon
dioxide and ammonia nitrogen during the first stage. During the second
stage strict obligate anaerobic bacteria convert the fatty acids pro-
duced during the first stage to methane and carbon dioxide. Toerien and
Hattingh (153) reviewed the literature toward presenting the current
state of knowledge about the microbiology and biochemistry of the ana-
erobic digestion process and to identify areas needing further research.
They state that it seems probable that fungi and protozoa do not play
significant roles in the degradation of organic matter during anaerobic
digestion. Andrews (6) presented a dynamic model for the anaerobic di-
gestion process, which has usefulness in predicting the results of changes
made in the operation of digesters.

The above reports regarding aerobic and anaerobilc digestion processes for
raw (primary) and waste-activated sludges are sufficient to emphasize the
attention that has been given to organic waste stabilizaticn. Some of
the reasons given for stabilization of sludges are that it promotes rapid
dewatering, reduces the initial bulk of solids for more economical hand-
ling, destroys pathogenic organisms for health protection, and noxious
odors are eliminated. Another most important reason for stabilization

is the elimination of housefly infestations of stored waste. Apparently
the housefly will readily breed in raw, waste activated or partially di-
gested sludge, but not in a well digested sludge (57)(162)(170).

To overcome some of the objectiocunable characteristics ¢f primary and
waste activated sludge, the use of heated anaerobic digesters has proven
to be both satisfactory and economical (98)., lleated anaerobic digestion
of sewage solids is used to acconplish two orimary objectives. First,
about 50 to 70 percent of the organic fraction of sludge solids is bio-
logically converted to methane and carbon diexide, reducing the amount of
total solids that must be handled by about 40 percent. After digestion,
the organic frartion of rthe remaioing solids is sufficiently stabilized
against further blological! degradation so the material can be lagooned,
dewatered on open drying beds, or ppiied on the surface of soils without
causing noxious odors or providing a substrate for fly breeding. By
anaerobic digestion the proiected sludge handling problem may be reduced
from 153 to 96 metric tons per dav per million population.
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Cost of sludge disposal - Cost for the incineration of sludge (includes
wet-air oxidation, multiple-heat¥rth, and fluidized-bed) ranges froum 30
to 42 dollars per dry ton as reported by Burd (26) and from 50 to 57
dollars as reported by Bacon and Dalton (8). Because these estimates
were made from data collected several years ago they are probably con-
servative. If the greater cost for minimizing air pollution and in-
creased cost resulting from inflation are considered, the cost for in-
cineration of sludge solids today is probably greater than 60 dollars
per dry ton. Furthermore, incineration does not provide for a perman-
ent solution to the solids handling problem. The ash accumulating from
the oxidation of fresh sludges amounts to 30 to 35 percent of the ori-
ginal dry weight and presents some ot the same disposal problems as
those encountered with the original material.

Waste-activated sludge has sometimes been heat dried and sold as a low-
grade organic fertilizer. Dry, waste-activated sludge contains about &

to 6 percent N, 3 to 7 percent P205 equivalent and 0.25 to 0.6 percent
K20 equivalent. Thus, from the standpoint of a fertilizer, the incon~
venience and cost of supplying sufficient quantities of dried sludge to
satisfy the nutrient requirement of most crops is too great to expect an
increase in its marketability. Even before it was necessary to consider
the installation of equipment to reduce air pollution Bacon and Dalton (8)
reported that the net cost for disposing of 228 to 273 metric tons of
sludge as a fertilizer material was 45 dollars per dry ton.

Burd (26) reported a cost of 50 dollars per dry ton for drying and apply-
ing sludge on land and 25 dollars per dry ton for the application of de-
watered sludge on land. He also concluded that the cost for disposal of
dewatered sludge in land fills was about 25 dollars per dry ton. Cost
estimates for permanent lagooning of digested sludge range from 12 (26)
to 49 (8) dollars per dry ton. A number of variables determine the actual
cost of land disposal schemes, but the major variables are the initial
cost of land and distances sludge must be transported from the wastewater
treatment facility to the disposal site. Whether sludges are applied om
or near the soil surface, dumped in landfills or held in lagoons, all are
aesthetically unacceptable because, if for no other reason, the land is
condemned to a singularly low degree of usage.

In the last few years a great deal of attention has been given to the old
idea of utilizing digested sludges as a source of nutrients to grow crops
and as a soil amendment to ameliorate physical conditions in severely
disturbed lands that are inimical to the establishment and growth of
plants. It is not envisioned that disposal by utilization can be carried
out without cost to the sanitary district. On the other hand, contrary
to strict land disposal schemes, it is envisioned that the solids will be
utilized in such a manner that land usage is either not changed or in the
case of land reclamation the number of alternative land uses 1s increased.
In 1968, members of Harza Engineering Company estimated the cost for
pumping digested sludge containing 3 to 5 percent soclids a distance of
about 80 km and distribution it on land in amounts just sufficient to
supply the nitrogen needs of nonleguminous plants. On the bases of a 6
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percent. interest rare and amortization of all construction costs over
50 years, and inciuding maintenance and operation of the sludge dis-
tribution equipment, they estimated the cost for sludge disposal by
agricultural utilization to be 22.30 dollars per dry ton. Wirts (169)
estimated ihe cost for pumping digested sludge to be 15 to 22 cents
per metric ton km. He pointed out that cost depends on tonnage pumped
and suggested that a connected population of 2 million people is an
economical starting point for considering pumping distances of 80 to
160 km. At the present time, sludge is being transported from the
Metropolitan Sanitary District of Chicago wastewater treatment plants

to an agricultural utilization site 160 miles downstate by a unit train.
The unit train contains 30 tank cars, each having a 76,000 liters ca-
pacity. By another contract, sludge is being barged 290 km from Chicago
to a land reclamation site. While transportation costs vary with the
solids content of the digested sludge they have generally ranged from
30 to 35 dollars per dry ton during these short-period (3-year) rail-
and barge-haul contracts. With a continuous or sustained operation,
transportation cost by rail and barge could be considerably reduced.

On a sustained operational basis it does not appear unreasonable to con-
sider transportation distances of 320 km from large municipal waste
treatment facilities when contrasted to cost for alternative methods cf
sludge disposal.

Land requirements - If all municipal waste waters generated in the con-
tinental United States were given secondary treatment and the resulting
solids stabilized for utilization as a fertilizer and soil amendment,
about 9.1 to 10.9 metric tons of solids would be available each year.

The utilization of the solids in amounts just sufficient to meet the
needs of nonleguminous crops for supplemental N would require an annual
application of about 22.5 to 33.7 t/ha. Thus, not more than 0.4 million
hectares of land would be required at any one time to utilize the total
continental United States production of sludge solids. Only enocugh sludge
solids would be available to treat slightly more than 0.2 percent of the
188 million hectares of cropland or slightly less than 0.06 percent of
the total 771 million hectares contained in the continental United States.
However, because of its potential as a source of sorely needed stable
organic matter, municipal sludge exhibits its greatest value as a re-
source when used as an amendment for the reclamation of surface-mined
lands. Since over 0.2 million hectares of land strip-mined for coal
prior to 1964 already exist in wvarious states of devastation, while
another 0.2 million hectares have been or will be stripped during the
20-year period from 1964 to 1984, there is no scarcity of land which
needs the nutrients and organic matter supplied in sludge. About 30 per-
cent of the country's population is within economical sludge pumping dis-
tances to land that has been strip-mined for coal in Illinois, Indiana,
Kentucky, Ohio, West Virginia, and FPennsylvania.
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.
Those who express concern about the contamination of soils with consti-~
tuents of municipal sludges probably are not aware of the relatively
small amount of land needed. Confusion often exists between land re-
quirements for sewage effluent disposal or renovation and that needed

for solids utilization.

Criteria for selection of sludge utilization sites - In utilizing diges-
ted sludge as a soil amendment and fertilizer, the following criteria

for site selection are recommended. (a) The site should be located
where utilization of the sludge offers maximum benefits to the local
agricultural economy, consistent with reasonable costs to the particular
sanitary district. The local populace must be able to weigh the benefits
to be realized from the sludge utilization program against the assumed or
real stigma attached to an area that becomes the receptor of waste from

a large municipality. People 1living in areas devastated by surface min-
ing activities readily recognize the benefits to be realized by utiliza-
tion of digested sludge to reclaim land. (b) To ensure that sludge ap-
plications are made under uniformly controlled conditions, the land must
be susceptible to purchase or long-term lease by the sanitary district.
(c) To minimize sludge distribution cost, all lands in the site should
be contiguous, at least to the extent that the disturbance to existing
residents is minimal. Surface-mined lands offer the best possibilities
for obtaining large, contiguous acreage. There is little or no distur-
bance of existing residents, because this occurred during the stripping
process. It is envisioned that much of the land will be repopulated

with farm operators as the land is reclaimed to a high state of produc-
tivity. (d) Soil depths should not be less than 1.83 meters to permeable
bedrock. Water tables should be capable of being maintained to average
depths of at least 1.83 meters from the soil surface. Such minimum soil
depths, with good management practices, will provide protection from
ground water pollution. (e) Land slopes should not be so steep as to
prohibit the establishment of water management and erosion-control struc-
tures at a reasonable cost. Slopes up to 18 percent may be acceptable
where 'push-up' terraces with permanently vegetated or sodded back slopes
can be established. Unconsolidated geological materials must be suffi-
ciently deep to bedrock in the borrow area so that after terrace construc-
tion a minimum 1.83-meter depth to bedrock is maintained.

Environmental Benefits and Public Health Protection

Chemical and physical - In Table 1l some average concentration values are
presented for several chemical elements found in digested sludge from
the Calumet and Stickney wastewater treatment plants of the Metropolitan
Sanitary District of Greater Chicago. Sludges from both of these treat-
ment plants have been used in the research conducted (since 1967) by
members of the Agronomy Department, University of Illinois.
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Table 1. Composition of anaerobically digested sewage sludges from
MSD of Chicago, Calumet and Stickney treatment plants.
Samples obtained during 1971 (Calumet late in year).

Means (Wet Weight)

Element Calumet Stickney
Cd ppm ' 3.0 14.0
Mn " 8.0 i8.0
Ni 3.0 15.0
Zn " 83.0 223.0
Cu " 16.0 67.0
Cr " 26.0 194.0
Fe " 726.0 2100.0
Pb " 16.0 75.0
Hg " 0.063 0.275
Na " 98.0 131.0
P " 757.0 1141.0
Ca " 963.0 1289.0
Mg " 180.0 484.0
K " 195.0 390.0
N % 0.09 0.156
% Solid 2.05 4.36
% Volatile 58.0 48.0

Anaerobically digested sludge, as it comes from digesters, contains 3

to 5 percent solids as finely divided and dispersed particles. It looks
like crude o0il and has an odor which many people describe as earthy or
tarry. It can be easily transferred by pipes using ordinary pumping
techniques and equipment. When applied tv cropland at the rate of

5 cm/ha, it will supply all of the major essential nutrients, including:
224 to 392 kg/ha of NH4-N; about the same amount of organic N, some of
which will be slowly released in a form available to crops; 280 to 504
kg of P, of which about 80 percent is in organic matter; and 45 to 90
kg of K. Sulfur will also be supplied in amounts adequate for crops.
The amounts of Ca and Mg supplied will exceed the average annual losses
of these elements by leaching in humid regions.

High application rates of digested sludge on cropland can cause obvious
NO3 problems. To determine maximum sludge-loading rates on soils, total
and soluble nitrogen contents must be known. The soluble N in anaero-
bically digested sludge is in the NH4-N form, but under proper soil
aerobic and temperature conditions it is rapidly converted to mobile NO3-N.
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Thus, the loadiuy rate of sludge on cropland is limite:d by the amount
of soluble N plus an annual mineralization of the organic N supplied

by sludge applications. 1If loading rates are based on the amount of

N furnished to meet crop needs and losses by volatilization, soluble

P applications will also be at low enough levels that P will not pre-
sent a eutrophication threat to water supplies. When sludge-loading
rates are based on safe N application rates, the capacity of most soils
other than sands to inactivate P by adsorption and conversion to spar-
ingly soluble precipitates or compounds is great enough to maintain P
levels in drainage water to less than one ppm.

When the main objective is land reclamation, sludge-loading rates may -
be considerably greater because disturbed lands generally have small

or nonexistent organic N reservoirs. The amelioratory effect of or-
ganic- matter on the physical properties of soil materials may make it
desirable to increase sludge-loading rates on marginal or severely dis—-
turbed lands above those recommended for productive agricultural lands.
However, as the highly stabilized sludge organic matter accumulates in
soils with succeeding applications, the slow mineralization of organic
N must be taken into account to prevent losses of NO3-N to water sup~
plies, within or adjacent to the treated areas.

Many toxic and nontoxic organic waste materials occurring as constituents
of sludge arise as discharges from industrial processes, such as the
chemical production of textiles, plastics, pharmaceuticals, detergents,
and pesticides. After a period of microbial acclimation, some organic
toxic substances, such as phenols and formaldehyde, can be almost com-
pletely removed from wastewater by biological treatment, even though

at sufficiently high concentrations they are bactericidal (74). Others,
which are nonbiodegradable under aerobic conditions, may be removed from
effluent with or by absorption on sludge sediments and later biologically
degraded during anaerobic digestion of the solids. Of all the organic
materials, polychlorinated biphenyls (PCB's) have been of greatest con-
cern to those involved with municipal waste utilization. Many sludges
contain 1 to 4 ppm or more and, like other chlorinated hydrocarbons,
PCB's are only very slowly degraded by microorganisms. Where we have
applied 105 metric tons of digested sludge a small increased concentra-
tion of PCB's was found in the soil, but they were not taken-up in de-
tectable concentrations in soybean and corn plant tissues. Since bacteria
are the first group of soil microorganisms to be decreased by abnormally
high concentratious of chlorinated hydrocarbons, we have made total counts
from soil samples collected from plots which have been treated with up

to 124 metric tons of sludge over a period of 4 years. Total bacteria
populations were found to be higher in soils treated with sludge. The
positive correlation between total bacteria and amounts of applied sludge
was highly significant. It appears that sludge applications have modi-
fied the soil environment in a manner that favors the maintenance of a
highly active population of bacteria resulting in a greater rate of pes-
ticide degradation than might be expected in soils not treated with
sludge.
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Heated anaerobically ‘ligested sliudge is outstanding in its ability tc
increase the humus content of soils. For example, in 1941 a study was
initiated at the Rothamsted Experiment Station in England to compare

the effects of four types of organic manures with inorganic N ferti-
lizers on market-garden crops (100). The organic manures were farmyard
manure, digested sewage sludge, a compost of straw and sewage sludge.
Each of the organic manures was applied at the rate of 33.8 to 67.5 t/ha
per year. After nine years, N in the top 22.9 cm of soil was 0.088
percent where inorganic N, the familiar fertilizer source, had been
applied as compared to a value of 0.089 for control plots. At appli-
cation rates of 33.8 to 67.5 t/ha per year of digested sludge, the N
content in the soil surface was 0.176 percent and 0.247 percent, re-
spectively. These data indicate that the amounts of N in the sewage-
sludge plots increased about three times as mucn as in the corresponding
plots: treated with farmyard manure and compost made from straw and farm-
yard manure. The surface soil in sewage-sludge treated plots contained-
about 50 percent more N than plots treated with equivalent amounts of
compost made from straw and sewage sludge. Following the first nine
years, treatments between 1951 and 1960 with digested sewage sludge pro-
duced only a slight increase in soil N percentages. However, N contents
remained at a considerably higher level in sewage-sludge-treated plots
than were obtained with either farmyard manure or compost.

In 1960, Jansson (75) investigated some specific properties of the humus
fraction of fresh cow dung, well-rotted farmyard manure, and digested
sewage sludge. He found that the size of the lignin-like complex in
farmyard manure and digested sludge was somewhere between that from
fresh plant residues and that developed from soil humus, but fresh cow
dung was similar to fresh plant residues. Jansson stated that ''the
oxidation rate of the farmyard manure and the sludge is similar to that
of the humus of an acid podzol" (acid forest soil).

More recently we have found that 306 t/ha of anaerobically digested
sludge incrementally applied during four years on Blount silt loam soil
increased its organic carbon content from 1.2 to 2.4 percent in the sur-
face 15.2 cm. :

Lunt (96) reported that digested sludge had a very favorable effect on
several soil properties. He reported a moderate increase of 3 to 23
percent in moisture holding capacity, non-capillary porosity, and cation
exchange capacity following the incorporation of digested sludge into
soils. Furthermore, he fourd an increase in soil aggregation ranging
from 25 to 600 percent which could be attributed to digested-sludge ad-
ditions.

The results of the studies described above indicate that a sizable pro-
portion of the organic matevial produced in a 15~day anaerobic digestion
process has properties very close to that of natural soil organic matter
or humus. Digested sludge is cne »f the few materials that can be used
to effact a rapid increase in the humus content of soil. It is the only
substance with these properties that is available in quantity.
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To reestablish soil organic matter cortents in severely disturbed or
eroded lands to levels equivalent to those characteristic of produc-
tive soils will take many years under normal cultural practices. For
example, in nature the time necessary to build up soil organic matter
profiles to a point of equilibrium with their environment has been
estimated to be not less than 200 nor more than 1,000 years from studies
conducted on soil profiles in Columbia and California (78). Considering
the importance of soil organic matter as a storehouse of slowly avail-
able plant nutrients, a source of cation exchange capacity, and a pro-
moter of stable soil structure, two centuries is too long to wait for
natural processes to build up the soil organic matter levels in unpro-
ductive lands while we seek ways to dispose of a material which can be
used to effect a beneficial, immediate change.

Some waste treatment plant sludges contain higher concentrations of

Cr, Zn, Cu, Pb, Ni, Hg, and Cd than are found in typical agricultural
soils. Berrow and Webber (17) reported the results from analyses of 42
sewage sludges collected from rural and industrialized city wastewater
treatment plants in England and Wales. On 2 dry matter basis they
found the sludges contained consistently greater concentrations of Ag,
Bi, Cu, Pb, Sn, and Zn than are present in typical agricultural soils.
In a small number of sludges, B, Co, Mo, Cr, and Ni were present in
sludges at greater concentrations than found in typical soils. They
correctly point out that the amount of trace elements present in solu-
ble or available form is more important in relation to uptake by plants
than is the total content. Thus, they assessed the solubility of sev-
eral trace elements by extracting with 2.5 percent acetic acid. In
Table 2 their extractability data and some of ours are presented by
decreasing solubilities of several elements in soils. These data and
others from our field studies confirm our earlier opinions that we
must be mainly concerned with first six elements presented in Table 2
when municipal waste are utilized as a fertilizer.

On the basis of total and extractable concentrations of trace elements
in sludges, Berrow and Webber speculate that where sludges are used

over a period of several years to fertilize crops some of the accumula-
ting trace elements may give rise to toxicity problems in plants. From
the results of chemical analyses of samples collected from soils con~
taminated with trace elements by air pollution and the use of municipal
compost and sludges, Purves (123) speculates that a "general enhancement
of the level of potentially toxic trace elements in plants grown in
urban areas could lead to deleterious effects both on the plants and on
the health of those eating them." During five years of research using
digested sludge we have not yet created trace element toxicities in
various feed grain and forage crops nor have levels of any element in-
creased in nlant tissues to the extent that they would present a hazard
to animals consuming the produce. Furthermore, LeRiche (87) analyzed
soils and crops from a market garden experiment at Woburn, England where
1278 t/ha of sludge had been applied between 1942 and 1961. While there
was an increase in the uptake of some elements by vegetable crops grown
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on the sludge-treated plots, as can be seen in Table 3 from thelaverage
values of his reported results, he reported that there was no evidence
that crop ylelds were affected.

Table 2. Average concentrations of trace elements extracted by 2.5
percent acetic acid from 42 sludges collected in England
and Wales (17) aand percent of total amount present that was

extractable.
Mean extractable Mean 7 soluble
Element as ppm d.w. of total content
*Cd ‘144 65
Mn 300 56
Ni 190 46
Zn 1540 44
Co 8.8 32
*%B 10 25
Cu 96 6.9
v 3 4.8
Cr 22 3.1
Fe 650 2.8
Pb 20 2.8
Mo 0.12 1.9
Sn 0.58 0.5

* Unpublished 0.1 N HC1 data

** Hot water extractable

The behavior of such trace elements in soils and their uptake by crop
plants are influenced ‘by several factors. One of these is soil pH.
Most heavy metal toxicities in terrestrial plants have been associated
with pH values of less than five. Liming soils can, to a large extent,
control the uptake of many trace elements.

Practices which promote better soil aeration, such as drainage and
structure development may lead to decreased solubilities of some trace
elements. According to Jenne (77) oxides of iron and manganese act as
"sinks" for heavy metals and the extractability or leachability of the
metals is determined by the Eh (reduction-oxidation potential) and pH
of the system. Keeping the Fe and Mn hydrous oxides in soils and sedi-
ments in the form of thin coatings on silicate minerals instead of dis-
crete crystalline minerals permits a chemical activity in far greater
proportion than would be expected on the basis of their concentrations
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alone. As the solubilities of iron and manganese compounds are in~
creased by reduciang conditions, the heavy metals originally adsorbed
on the surfaces of their oxides are displaced by hydrogen and the
metals become more mobile in soils.

Some heavy metals may form inert and insoluble compounds with clays

and organic compounds. Thus, many trace elements are less available

to growing plants than the total concentrations of these elements would
indicate.

When grown on the same soils, tissues from different crop species, and
even different varieties of the same species, differ markedly in con-
centrations of nutrient and pollutant elements. The selection of crops
or even varieties of a particular crop species thus affords a control
over ‘the entrance of undesirable amounts of trace elements into food
chains. With regard to selection, Gabelman (50) says, ''The ease of
discovery of these genetic differences within species has been surpri-
sing. We have been too conservative in assessing this potential."

Perhaps we have not observed trace element toxicities in plants by the
use of stabilized sludge because it may contribute toward establishing
a better balance of nutrient availabllity and uptake by crop plants.
We have learned from greenhouse and other studies that there are many
synergistic and antagonistic interactions between various ionic metal
species in sludge and soils affecting the absorption of chemical ele-
ments by plant roots and their translocation within plants. As we
learn more about interaction effects, we may be able to decrease ab-
normal uptake of one trace element from soils by supplying another to
the soil or crop.

Clearly if or when a trace element problem does occur as a result of
utilizing municipal sludges as a fertilizer and/or soil amendment,

there are management practices available which can be introduced to
alleviate the situation. Except perhaps in coarse sandy textured soils,
the heavy metals will move very little with percolating water. Thus,
most of the trace elements will remain at the point of application un-
less they are transported away in an adsorbed phase on eroded sediments.
By establishing erosion control structures and practices, complete con-
trol can be maintained over all elements applied on land as a consti-
tuent of sludge except some anion and anion forming species such as
nitrate, sulfate, chloride, borate, etc. At any rate, those chemical
elements which present the greatest potential hazard to animals will

be retained in place and can be managed if the need develops. To a
large extent the opportunity to manage trace elements is lost once they
are disposed of in water environments like the ocean or in air by in-
cineration, or by storing ash residues in landfills where they can be
leached by percolating water.
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Biological - Althongh no incidence of disease is known to have been
traced to the vse of digested sludge as a fertilizer or soil amend-
ment, it is still one of the greatest sources of concern for many.
From a rather extensive literature survey it appears that most of the
intestinal pathogenic bacteria are either destroyed or their popula-
tions are reduced to very low levels by heated anaerobic digestion of
sewage solids. Results from several studies indicate that the path-
ogenic organisms of tubercle bacillus, Taenia saginata, Ascaris lum-
bricoides, and hcokworm are not destroyed as rapidly in a heated ana-
erobic digester as are the commonly used pathogenic indicator organisms,
Escherichia coli or fecal coliforms.

One of the most crucial gquestions which could not be answered from a
search of the literature was that of the fate of viruses during the
anaerobic digestion of sewage.solids. Even if viruses were not re-
covered from digested sludge, one could not be sure that they were not
present in an adsorbed phase on the solids. To answer the question
regarding the survival of viruses in the heated anaerobic digester en-
vironment we initiated some laboratory studies using a swine entero-
virus (ECPO-1) which has bio-physical properties similar to human en-
teric viruses. After gas production had stabilized in six laboratory
scale digesters fed with a mixture of primary and waste-—activated
sludge, they were inoculated with 105 plaque forming units of the

swine virus. After inoculation, 20 ml of fluid were periodically with-
drawn from the digesters and mixed with milk and fed to germ free pig-
lets. The feces from the piglets were then collected and assayed for
the viable virus. The viruses were not found in the feces of piglets
fed sludge material which had been inoculated and digested for a period
of time of five days or longer (108). It thus appears that a l4-or
15-day heated anaerobic digestion period would provide a considerable
margin of safetv with regard to the destruction of viruses.

As Berg (16) suggesterd, perhaps the simplest method for reducing viruses
and other pathogen organisms in sewage is by long storage of the material.
From laboratory studies, Berg (16), determined the time in days required
for a 99.9 percent reduction in the number of viruses and bacteria by
storage at different rtemperatures. The die-away data presented in his
Table 5 are exhibitad here as Table 4, On the basis of these and other
data, it appears that an additional margin of safety against pathogenic
contamination of the enviromment could be achieved by holding digested
sludge in reservoirs for a minimum period of two months before it is
applied on land.

After sludge is applied on the soil surface, die-away of many pathogenic
organisms will occur rapidly as seern from the data in Table 5. The
rapidity with which fecal colifcrm die-away ocenrs after digested sludge
is applied on scil sucfaces can be discerned in Table 5. TFurthermore,

it has generally been concluded that wastewaters percolating through un-
saturated soil materials are purged «f pathogenic organisms within the
1.5 m depth (30, 1f *rhie is true for wastewater applications, one would
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Table 4. Effects of storage: Laboratory study demonstrating déys
required for 99.9%Z reduction of viruses and bacteria in
sewage (16).

No. of Days ’
Temperature © C
Organism 40 200 280
Poliovirus 1 110 23 17
Echovirus 7 ‘ - 130 41 28
Echovirus 12 60 32 20
Coxsackievirus A9 12 - 6
Aerobacter aerogenes ' 56 21 10
Escherichia coli 48 20 12
Streptococcus faecalis 48 26 14

Table 5. Disappearance of fecal coliforms in a sludge cake
covering a soil surface (unpublished data, Agron.
Dept., Univ. of Illinois).

Days after sludge No. of fecal coliforms per gm

application sludge cake (dry weight)
1 3,680,000
2 655,000
3 : 590,000
5 45,000
7 30,000
12 700
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expect it to be applicable in ihe case of sludge utilization. Since
sludge solids are rapidly filtered and clog the surface of soils, the
rate of water infiltration during sludge applications is exceedingly
low in compariseon to that from wastewater applications. Therefore,
frequent applications of sludge can be made only when the evapotrans-
piration potential is relatively high. That is to say, sludge is most
likely to be applied om agricultural lands during the late spring, sum-
mer, and early fall seasons when evapotranspirational potentials gen-
erally exceed actual soil moisture losses. For the most part, sludge
will be applied when ambient temperatures favor a rapid-die~away of
bacterial and viral pathogenic organisms.

Like many of the potential chemical water pollutants, lateral movement
of pathogenic organisms which might survive the digestion and storage
period, can occur only if excessive soil erosion processes are per-
mitted to operate on the sludge utilization site. Thus, pathogenic
pollution of surface waters can be avoided by the same structural and
management practices recommended for the conservation of soil and

water,.

In 1966, after an extensive study of various alternative methods for
handling the daily production of 819 metric tons of sludge, staff mem—
bers of the Metropolitan Sanitary District of Greater Chicago concluded,
on the basis of the information available, that the most economical and
environmentally satisfactory method of sludge disposal was to utilize

it as a fertilizer and soil amendment. Toward obtaining further infor-
mation with regard to the utilization of sewage sludges,members of the
Agronomy Department, University of Illinois, were requested to submit

a research proposal to MSD of Chicago. The proposed research was to be
broad enough to include all aspects of sludge utilization in which there
were insufficient information to predict environmental changes resulting
from a large scale operation. With the paucity of pertinent information
available in the Jiteratur2 when the propocal was submitted to MSD of
Chicago in early 1967, many questions needed to be answered before a
large scale operaticn could be initiated. Foremost among the sevecal
aspects needing further study was that of excessive trace element accum-
ulations in soils with continuous applications of digested sludge. At
least up to the time our project was initiated, agronomists had been
largely concernad with difficiencies of trace elements in soils, Very
little attention had been given to determining the effect on plants of
unusually high rates of application of essential trace elements on soils,
and even less with regard to nonessential trace elements.

Very little information was available in the literature to assess the
relationship between sludge utilization and the potential for increasing
incidents of diseases czused by pathogenic organisms.

Changes in the physical, chemical and biological properties of soils and

their runoff and dreinage effiuents with continuous annual applications
of sludges could not be predicted from results reported in the literature.

24



To determine environmental changes resulting from the use of sludge

as a fertilizer and to obtain predictive information with regard to
the capacity of soil and crop systems to assimilate various consti-
tuents of sludge, the proposed studies were centered on the establish-
ment of a large field lysimeter facility. From the lysimeter facility
plant, soil and water samples would be collected from three different
soil types planted to different crops fertilized with annual applica-
tions of sludge at various loading rates.

After the cooperative project between the University of Illinois, the
Metropolitan Sanitary District of Greater Chicago, and U.S.H.E.W. Of-
fice of Solid Waste Management was funded in April 1967, one of the
first major tasks was to plan and design the field lysimeter facility
and attendant equipment. Plans and specifications for the field re-
search facility, which included a series of lysimeters and an associ-
ated instrument house, were prepared and submitted with the requisition
to the University Purchasing Division on June 6, 1967. Construction of
the instrument house was completed on September 15, 1967, and the ly-
simeters were completed on June 18, 1968. Thus, it was not possible

to harvest a crop from the lysimeter facility until the 1969 growing
season.
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SECTION 1V

FIELD LYSIMETER STUDIES

Northeast Agronomy Research Center Lysimeter Facility

General description - The field lycimeter facility was constructed on

a small isolated watershed on the Northeast Agronomy Research Center
where the original soil type was Blount silt loam. The soil is under-
lain by glacial till of very low permeability from about 76.2 cm below
the soil surface to a depth of about 12.2 m. An overall plan view of
the field research facility is presented in Figure 1, The facility
consists of 44 lysimeter plots, each 15.2 m long and 3.1 m wide. The 44
plots are equally divided into 2 blocks, one each on the north and

south side of the instrument house. Each block contains 12 plots of

the original Blount silt loam; five plots of simulated Elliott silt
loam, and five plots of simulated Plainfield sand. Since the Elliott
silt loam soil is a prairie equivalent of the forested Blount silt loam,
the simulation of a prairie soil was made by removing the Blount silt
loam surface to a depth of 30 em and replacing it with the surface of
Elliott silt loam. Plainfield sand was simulated by excavating all of
the original material within the boundarijes of a plot to a depth of

1.5 m and then filling the pit with Plainfield sand.

A trenching machine was used to excavate a trench around the perimeter
of each plot to a depth of 1.8 m. A continuous curtain of nylon rein-
forced 0.02 cm black plastic film was usspended from 20.3 cm below the
soil surface to a depth of 1.8 m in the trench with the ends overlapped
a minimum of 1.2 m, This moisture barrier was secured by spikes to the
inside wall and the trench was backfilled with soill removed during ex-—
cavation. A single line of 10.2 cm diameter clay tile was installed at
a bottom depth of 86.4 cm through the longitudinal center of each of
the Blount and Elljoti silt-loam pleots. Construction of the sand plots
was somewhat djfferent in that the line of clay tile was installed at a
depth of 15 m and the walls iined with the plastic moisture barrier be-~-
fore the pit was filled to ground level with Plainfield sand,

To convey drainage water from the plor end neavest the instrument house,
a 10.2 cm diameter rigid plasvic {(PVC) draia tube extends from each plot
to within 61 cm ¢f the basement and 756.2 cm above the baseument floor of
the instrument houce. The plrstic tube is attached to the clay tile by
an adapter just inside of rhe plactic molisture barrier. A mastic mater-
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ial was used to achieve a waterproof seal where the plastic tube passed
through the moisture barrier.

A second 10.2-cm PVC tube to convey runoff water extends from 61 cm in-
slde and 168 cm above the basement floor to within 15.2 cm of the mois-
ture barrier at each of the plot center ends nearest the instrument
house. The end of the PVC tube at the end of a plot is located 45.7 cm
below the soil surface and connected to a 90 degree elbow positioned in
an upward direction to receive the thimble of the runoff water collec-
tion trough.

Each of the 88 plastic tubes for drainage and surface runoff water con-
veyance is placed on the maximum uniform grade obtainable from a plot

to the basement of the instrument house. Grade is not less than 0.5 per-
cent for tubes serving any plat.

The runoff water collection troughs are of a design similar to those used
in so0il erosion studies, except they are fabricated from fiber glass.
Fiber glass was chosen as the construction material to avoid the intro-
duction of heavy metals in the runoff water and soils. For the same
reason, fiber glass strips 25.4-cm wide are used to completely enclose
the plots along and above the moisture barrier discussed above. With

the fiber glass strips installed in the soil to a depth of 15.2 cm the
collection at the down slope end of all the runoff water from a plot is
insured while excluding all water from outside the plot.

On all of the lysimeter plots, the lowest point is the end toward the
instrument house. Thus, runoff water flows toward the instrument house
from both the north and south blocks of lysimeter plots.

The instrument house was constructed in a natural depression of the
slightly greater than 0.8 ha watershed. The 16.7 x 3.65 x 2.44 m eave-
height frame building was constructed on a concrete first floor over a
poured steel reinforced 20.3-cm thick walled basement, which stands

2.9 m high above the footings. Ten 10.2 cm diameter bell and spigot
floor drains were installed in the basement floor to conduct unwanted
water discharged from the plot drainage tubes to a 20.3 cm diameter
tile installed below the center of the basement floor.

Heating is provided by 2 wall-mounted thermostatically controlled

220 volt electric heaters at each end of the first floor of the imnstru-
ment house. One end of the first floor of the building was later par-
titioned, to provide a totally air-conditioned room to protect instru-
mentation circuitry from wide variations of temperature and humidity.

The 20.3-cm diameter clay tile line used to drain excess water from
inside the basement of the instrument house and the basement footing
tiles is connected to a surface inlet located in the natural drainage
way of the small water shed 46.5 m west of the instrument house. Be-
hind the surface inlet, a small earthern dam was constructed to insure
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the captu.z of all runcff water from areas outside of the lysﬁméter
plois. Thus, all water from the research area is disposed of through
the 20.3-cm diameter tile line that conducts water through a 5680 liter
geptic tank and finally to a sand and gravel filter field. All water
from the research area is filtered through 76.2 cm of sand and gravel
before it is discharged to a small stream that flows intermittently.

To provide water for the instrument house and for irrigation of lysi-~
meter check or contrel plots, a well was drilled to a depth of 61 m.
However, since a sustained flow of only 22.7 liter of water per minute
was obtained from the well, two used 37,900 liter capacity railroad
tank car containers were buried near the well to store water for irri-
gation. Two other used plastic~lined 30,320 liter capacity railroad
tank car containers were buried end to end with the water tanks to
provide storage for digested sludge. The two water tanks were connec-
ted with 7.6 cm diameter metal pipe and a 227 liter per minute capacity
pump was mounted on the end of one water tank. One two-stage vertical
turbine pump with a capacity of 1,500 liter per minute was mounted on
the ends of each of the separate sludge tanks. Both the water and
sludge pumps develop heads of about 54.9 m, All pumps, motors, and
exposed plumbing were enclosed in an insulated, propane-heated pump
house. Metal pipe of 7.6-cm diameter was used for all plumbing inside
the pump house. By use of check and gate valves, the plumbing from

the pumps was installed in such a manner that the main irrigation line
can be used to supply plots with either water or sludge. Also, sludge
can be circulated in the same storage tank or be pumped from one sludge
storage tank to the other for mixing.

PVC pipe (7.6-cm diameter) was used for the main irrigation line which
was installed at a minimum depth of 45.7 cm below the soil surface. As
may be seen from Figure 1, the main irrigation line was extended from
the pump house through the east-west center border of the north block
of plots, to the west side of the instrument house and then returned to
the pump house through the center east-west border of the south block
of plots. The irvigation system was so designed that a large return
flow of sludge could be maintained to keep solids in suspension in the
storage tank and alsc prevent settling of solids in the irrigation pipe.
It may also be noted from Figure 1 that a "T" joint was installed in
the main irrigation line west of the instrument house by which means
the line was extended to the surface inlet discussed above. The main
irrigation pipeline was laid on a uniform grade of approximateéely 0.5 per-
cent from 6.1 m west of the pump house to the surface inlet so that the
line could drain when the gate valve at the surface inlet was' opened.
Plumbing inside the pump house is sco arranged that, after irrigation of
plots receiving sludge treatments, the gate valve at the surface inlet
may be opened and the porth and south portions of the lrrigation line
may be alternately flusbed and clesned with water. The irrigation line
must be flushed with water each time before irrigating check plots with
water.
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Risers were installed in the wain irrigation line through the north and
south block of plots so that one riser, by means of a valve and key,
could supply either water or sludge to irrigate any one of four plots.

Although irrigation equipment is commercially available for field ap-
plications of digested sludge, equipment for making uniform applica-~
tions on small research plots could not be obtained. Thus, a self-pro-
pelled irrigation machine for uniformly applying digested sludge on the
3.1 x 15.2 m plots was designed and constructed specifically for the
research project. Flexible tubing (5-cm diameter) is used to convey
sludge or water from the risers to the irrigation machine. However,
during the first year of operation when plots were irrigated 2 to 3
times each week during the growing season, it was observed that plants
being continuously coated with sludge by spray irrigation were stunted.
Sludge particulates coated leaf surfaces and blocked light absorption
to such an extent that photosynthesis rates were reduced to very low
levels. To avoid coating leaf surfaces, the method of sludge applica-
tion was later changed to the ridge and furrow system.

Description of instrumentation for volumetrically measuring and sampling
runoff and drainage water from field lysimeter plots - To collect des-
crete samples of runoff and drainage water from lysimeters of field-plot
size, an electrically controlled sampling system was designed, construc-
ted, and put into operation. The system is used to measure rate and
total flow of both runoff and drainage water from each of the 44 lysi-
meters and to collect 400 ml samples after selected volumes of flow have
occurred. The sampling instrumentation can be controlled to collect a
sample from as little as 2.4 up to 50 percent of the total flow.

The collection and monitoring system consists of five major components:
(1) tipping bucket, (2) sample collector mechanism, (3) electrical cir-
cuits for counting and control, (4) event recorders, and (5) automatic
turn-on and turn-off system. Except for some common circuit elements
schematically shown in Figure 2, each major component was duplicated
eighty-eight times to provide complete instrumentation for the forty-
four lysimeters. All.of the instrumentation is located on the ground
floor of the instrument house, except for tipping buckets and sample
collectors which are positioned below the end of 10.2-cm diameter plas-
tic pipes used to convey runoff and drainage water from the lysimeters
to the basement of the instrument house. The arrangement of the tip-
ping buckets and sample collectors may be seen in the cross-sectional
view presented as Figure 3. :

A tipping bucket consists of two end pileces, a divider, two studs, and
two counterweight brackets all made from stainless steel and fabricated
by welding. The studs welded on the sides below the center line of the
buckets serve as axles. When a tipping bucket is mounted in its frame,
as shown in Figure 4, the axles are inserted in holes in teflon pads
that serve as bearings. The holes in the teflon pads were drilled just
slightly larger than the diameter of the axle stud®. The portions of
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Figure 3. Top and side views of tipping bucket and sample
collector assembly.
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the threaded studs in contact with the teflon bearings were sheathed
with shrinking electrical spaghetti (a heat sensitive plastic tubing),
therefore, frictional forces between the plastic covered axle studs
and the teflon bearings are small. Also, since the teflon pads are
mounted on the inside of the framework which supports the tipping
bucket with at least 0.32-cm clearance in the direction of the axles,
the tipping buckets are never in contact with the metal frame. The
tipping buckets are restrained in their framework only by occasional
bumping against the teflon pad. Although mercury switches are mounted
on one end of the axle studs, they contribute very little frictional
forces. The mercury switches do not come in contact with the metal
frames and the electrical leads are coiled in such a manner between
their points of attachment to the frame and the switch terminals that
they present a minimal restraint to the pivoting of the buckets. How-
ever, because the mercury switches deteriorate under the corrosive
conditions of the instrument house basement and result in malfunctions
of the sampling equipment, they are gradually being replaced with a
light source and photocell switch. Except for modification of the
light to be reflected onto the photocell during the pivotal motion of
the tipping bucket, the photocell switch is similar to that to be de-
scribed later in connection with the water sampling equipment.

During calibration of the tipping buckets for volume versus flow rate
or tipping rate, it was observed that when all buckets were adjusted

to yield the same volume of water when tipped at a dropwise flow rate,
one calibration curve for a uniform given size of buckets could be

used for data interpretation. During the filling of a bucket, the
moment due to the fluid increases until it exceeds the balancing mom-
ent of the counterweight causing the bucket to tip. Thus, by adjusting
the moment of the counterweights, the volume of water that the buckets
will collect can be varied. The counterweights are lengths of brass
bar stock which have a 3-cm vertical slit cut through the center of omne
end. When the counterweights are mounted on the tipping buckets by
means of the slits and the brackets welded on each side of the top cen-
ter of the tipping buckets, their moments are adjusted by raising or
lowering on the brackets. The counte r weights are then held in position
by tightening two set-screws. The counterweights are also held in a
stable perpendicular position with respect to the top edge of the tip-
ping buckets by the fact that the one-half diameter portion of each
counterweight installed between the bracket and bucket walls, as shown
in Figure 4, is a press-fit.

When a bucket tips, its bottom strikes and comes to rest against a pad
(J in Figure 4) made of rubberized belting material bolted to the tip~
ping bucket frame. The pad cushions shock to the tipping buc..et axle

and reduces noise level. Shock to the tipping bucket axles can be re-~
duced to a minimum by placing the cusghioning pad at the center of per-
cussion, after it is located by trial and error for a normal flow rate,
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Figures 5 and 6 are the calibration curves for the large and cuzli vip-
ping buckets. The Jarge znd small tipping buckets ara used foui measur-
ing volume and flow rates of runoff and drainage waver, respeciively.
The large buckets are adjucted to hold 1725 g and the swmall buckels

585 g before tipping at a minimal flow rate. At high flow ratec (rips
per second) the volume, or weight per tip, increaces. The dashe! lines
in Figures 5 and 6 are the upper and lower ranges of values from the
average values represented by the heavy line. It appears that the vol-
ume delivered by a tip at a given flow rate varies more betweeir small
buckets than for the larger buckets, although, excepr for sizc, fabri-
cation was similar.

Volume is unpredictable for flow rates that produce more than one tip
per ten seconds of small buckets. However, it is not expected that
drainage flows from the lysimeters will ever be great ¢nough to pro-
duce small bucket tipping rates greater than one tip per 10 seconds.

The automatic sample collecting mechanism shown in Figure 7 will take
ten samples before full sample bottles are replaced with clean, steri-
lized empty bottles. The sample collector mechanism (Figure 7) con-
sists of the following:

1. A motor driven turntable (E) that holds ten 450 ml
widemouthed bottles.

2. A pair of enclosed microswitches (V), one of which stops
the rotation of the turntable so the sample bottle is correctly
positioned to take a sample, while the other is used as a means
to control the volume of sample collected in the bottle.

3. A solenoid (X) operated flow control mechanism (M) which
diverts the water collected in a reservoir »r trough (A), during
a tip of a tipping bucket either to a sample bcttle or the base-
ment floor drains.

The turntable is moved by a modified antenna rotator motor (Aliance
Model T-45) that rotates about one RPM. All motors were modified by re-
moval of the mechanical stops and circular wire wound resistors and as-
sociated sliding contacts. One further modification was the installation
of the phase shift capacitor inside each motor housing; a component
which is normally located in the control box.

The motor (W) is mounted (with clamps provided) on a length of pipe with
a diameter of 3.16 cm which serves as a shaft (P) for the turntable.

The shaft is mounted through the hub at the center of the turntable
wheel. The turntable is secured to the shaft by two set screws in the
hub. The shaft and motor assembly is held in place by stainless steel
bearings (Q) which fit inside the shaft ends and are attached near the
center of cthe top and bottom of the cabinet or frame. The turntable
consists of the wheel, bakelite cylinders, and brass plate springs.
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The wheel 1s a disc, 35.6~-cm diameter, cut from aluminum plate 0.624-cm
thick. Figure 8 shows an aluminum hub welded in the center of the
wheel and ten equally spaced circular grooves near the outer edge of
the upper surface. The civcular grooves, 7.62-cm diameter and 0.32-cm
deep, accept bakelite cylinders, 35.6-cm long, that are epoxy cemented
into the grooves for the purpose of holding sample bottles.

In the original design, when a sample bottle was in position to be

" filled it rested on a spring plate directly over a sensitive micro-
switch (V in Figure 7) which was enclosed in a moisture-tight casement.
When the weight of the bottle and its contents were sufficient to over-
come the resistant force of the spring thc microswitch, through an arm
and roller positioned below the spriug plate, was tripped. The acti-
vated microswitch de-energized the solenocid that operates the flow
control mechanism, causing the flow of water to be diverted from the
sample bottle to the basement floor drains. Because of the corrosive
basement environment, a great deal of time had to be expended in ad-
Justing the tension of the spring plate. Therefore, the mechanically
operated microswitch and its associated spring lever plates were re-
placed by a light bulb and photocell in conjunction with a semi-con-
ductor contreolled rectifier. The light bulb and photocell are placed
on opposite sides of the sample bottle when it is properly positioned
to take a sample. The light source and photocell are arranged by means
of a mounting bracket (not shown in Figure 7) so that light striking
the photocell passes through only one side of the sample bottle. That
is to say, it does not pass through the center of the sample bottle.
When the sample bottle is empty, the sensitivity of the electrical
circuit is adjusted so that the amount of light striking the photocell
is just sufficient to perform as a closed switch to keep the solenoid
that operates the water inlet valve in an energized state. When the
solenoid is energized it opens the water valve (flow control mechanism,
M) under the reservoir (A) allowing water to flow into the properly
positioned sample bottle. As the water level rises, it intercepts the
light passing through one side of the sample bottle. The light is first
intercepted at a point where the sample bottle contains about 400 ml of
water. The moment that the water level intercepts the light passing
through the bottle, the optical properties of water are sufficient to
deflect enough of the light from the photocell to cause its electrical
circuit to perform as an open switch, which de-energizes the solenoid
causing the water valve to shut off flow from the reservoir to the sam-
ple bottle.

The electrical circuit controlling water level in the sample bottles
consists of three major components - a light bulb, a photocell and a
semiconductor controlled rectifier. The light bulb and a 100 ohm ad-
justable resistor reduces the voltage in the circuit to not more than
3 volts AC. To gain greater sensitivity in controlling the semi-con-
ductor controlled rectifier, the voltage is converted to DC voltage by
a diode (IN55) and filtered with a 200 Mfd electrolyte capacitor. The
photocell and a 1.1 K resistor perform as a voltage divider, determin-
ing the amount of voltage acting on the gate of the semi~conductor con-
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trolled rectifier. When the gate potential is 0.5 volts more poésitive
or higher than the cathode, current can flow from anode to cathode.
When the gate potential is less than 0.5 volts higher than that on the
cathode, the effect is that of an open circuit. Since the photocell
resistance changes in an inversely proportional manner to the light
energy striking its surface, when water in the sample bottle attains
sufficient height to intercept and deflect the light from the photocell
surface the potential on the gate is reduced to less than the 0.5 volt
threshold value. Thus, the open circuit effect produced by deflecting
the light cuts off power to the solenoid which, in an energized state,
Lolds the water valve open.

When the turntable motor is energized by the control circuits (to be
discussed later) an empty sample bottle is properly positioned to take
a sample as it is carried by the turntable contact rod (U) with suf-
ficient force to actuate the microswitch(SPDT), which is mounted on

the back wall of the cabinet. This microswitch (V) transfers the 24 VAC
power from the rotor motor to the solenoid which operates the flow con-
trol mechanism (M). Rotation of the turntable stops and the energized
solenoid aligns a series of 3 holes in the flow control mechanism to
permit water from the reservoir (A) to pour into the properly positioned
sample bottle. When a volume of about 400 ml of liquid has been collec-
ted, the photocell switch de-energizes the flow control solenoid, as
discussed above.

Power flow from the source to the event recorders and sampling cabinets
is sketched diagrammatically in Figure 2, The counting and control cir-
cuits for each of 88 sensing and recording units have the same design.
Forty~four units are housed in a given rack. The 44 control units in
each of two racks are contained in 11 chassis of 4 control units per
chassis. The control units in one rack are employed in the measurement
and sampling of runoff water, while those contained in the other rack
serve the same purpose for drainage effluent.

Three views of an individual chassis containing four control units may
be seen in Figure 9. In the front view, each of the four sets of double
circles represents a twenty-one position rotary switch and associated
dial. Both of the 115 and 24 volt circuits are protected by means of
accessible fuses in holders mounted on the front of the chassis. 1In the
top view, the approximate position of four 115 volt magnetic digital
counters, one for each of the control units, are shown. Also shown in
top view are four 24 VAC indicator lights used for a quick check of pow-
er to the sample collection equipment, On the side of the casssis, the
input from the automatic start-stop circuit is connected by means of a
banana jack. One five connector socket for each of the four control
units is located on the back panel along with a six connector socket
which serves the four control units as a connection to the event recor-
ders. Jacks for 24 and 115 VAC inputs are alsoc located on the back
panel.
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Figure 10 shows the underside or inside view of a control chassis and
the correspondence between the control circuits and cable connections
for the event recorders.

In Figure 11, a schematic view of a circuit for a control and counting
unit is presented. Everything above the dashed line in Figure 11 is
common to four identical control units. The 24 VDC power from the
automatic start-stop system is supplied to the control unit circuits
by means of a banana jack. One banana jack serves as a puower link up
for four K2 relays contained in a chassis. The current through a
given 24 VDC relay (K2) continues to the mercury switch, mounted on
the axle of the tipping bucket, with which the particular control unit
is associated. The current goes to ground when momentary contact clo-
sure of the mercury switch occurs as a result of the tipping of the
bucket. Closure of the mercury switch results in a momentary actuation
of the K2 relay contacts. The main reason for using 24 VDC power was
to give a more positive operation of the primary K2 control relay.
When contacts of the K2 relay close, a 115 VAC signal is presented to
the digital counter and to the proper channel of one of the event re-
corders. At the same time, the K3 latching relay is energized. Each
time the K3 relay is energized, it reverses contact position so that
the stepping relay K4 coil is energized only once for each two times
the latching relay K3 is actuated. The alternating action of the
latching relay K3 prevents the stepping relay K4 from being energized,
except when the tipping bucket tips tcward the sample collector reser-
voir. Thus, the usefulness of the stepping relay K3 contacts are
doubled.

To prevent the coil of relay K3 from over~heating when it is energized,
a special circuit arrangement using a 10 MFD capacitor is charged
through a rectifier diode during the time when relay K2 is energized.
Then, when relay K2 is in a relaxed position, the charge on the capa-
citor is dissipated through the latching relay K3 coil producing a
brief but positive actuation.

When the closed contact of the stepping relay K4 is in one-half corre-
spondence with the dial setting of the 21 position rotary selector
switch mounted on the front of the chassis, power is supplied to a high
resistance DC relay K5. Also, current is supplied through a rectifier
diode from the stepping relay K4 to a 100 MFD capacitor in parallel
with the coil of the relay K5. The capacitor was added to increase the
contact closure time of relay K5 to about 3 seconds.

With the closure of the contacts of relay K5, three different functions

are performed. First, the reset coil of the stepping relay K4 is ener-

gized. Secondly, another longer signal is presented to the same channel
of the event recorder which received the initial signal when the bucket

tipped. The additional signal to the event recorder passes through a
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biockin, divde omd amounts %0 a dual information system. The addizicn
of the loog durction sigual to the particular channel of the event xa-
zorder results in a distinctive event mark on the chart, indicating
that a sample was collected. The third function performed by the clo-
surg of one set of the relay K5 contacts is to energize the rotor motoxr
iu the sample collector for a three second peried of time. During th=z
three second period, the turntable rotates or advances a distance suf-
ficient to release the rod U in Figure 7, permitting the sample bottle
positioning microswitch to relax to its normally closed state. Power
is supplied to the —otor motor through the part of the circuit contain~
ing the positioning microswitch after the contacts of relay K5 are open
and until the next sample bottle is properly positioned. Holding the
contacts of the relay X5 closed for a three second time interval hy
means of a capacitor and resistor combination is merely a means of in-
itially ovver-riding the open positioning microswitch. The light, used
as an indicator that 24 VAC power is present at the sample collectors,
%13 shorted by rhe relay K5 contacts when the rotor motor is energized.

The 113 VAC and 24 VAL electrical power inputs shown in Figure 11 or-
iginate from a distribution panel that contains, among other things, a
step~down transformer. Except for lighting, all of the electrical
~ircuits in the instrument house basement are powered with either

24 VDC or 24 VAC.

The corrclation between the stepping relay contacts and the front panel
selector switch for a few of the 21 connections are shown in Figure 12.
Also, the connections between a latching relay and stepping relay are
shown, along with the dual information circuitry from a relay to an
event recorder iluput.

Figure 13 displays the part of the counting and control circuitry that
is specific for a sample collector and tipping bucket. The small num-
bers used to identify the cables in Figure 13 are the same numbers shown
on the five-contact connector in Figure 11. On the terminal strip shown
in Figure 13, terminal number one is used as a common ground.

The closed circuit jack (Figure 13) is used as a means of manually con~
trolling power tou the turntable motor. By inserting a portable push-
button switch, the control circuit is disabled and power to the motor

is supplied only when the portable switch is closed. With the portable
switch, the turntable can be votated to a convenient position for chang-
ing sample bottles.

The slide switch was included in the circuit (Figure 13) as a means of
removing the 24 VAC power from the sample collector when a malfunction
occurs or during cleaning and repair operations.

The rurntable motor shown in Figure 13 is the modified antenna rotary

motor previously described. The 10 ohm resistor between points 1 and
4 on the motor terminal board is used as a means of limiting the current
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Figure 13.

tipping bucket circuits.
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tc preveat the motor from overheating. Also shown in Figure 13, as
previously described, is the solenoid that operates the flow control
mechanism; the photocell switch circuit which replaced the microswitch
that formerly controlled volume in the sample bottle; and the modified
microswitch that controls the positioning of the sample bottle.

Five 20~channel Estexvline Angus event recorders provide a continuous,
accurate record of bLucket tips with time. The recorders employ heated
styluses to produce records on non-wax, heat-sensitive paper. The
heating circuit is rated for operation on 120 VAC. The electromagnet-
actuated writing elements are fully deflected by the application or
2bsence of a voltage lasting only 15 milliseconds. Writing elements
will record signals up to 20 "on-off" cycles per second, a capabili:ty
which far exceeds that needed for the tipping buckets.

The chart is 24.7-m long and 15.24-cm wide. Each channel is approxi-
saarely 0,63-cm wide. Although chart speed can be varied, the most
appropriate speed for recording bucket tips under a variety of condi-
rions appears to be about 58 cm/hr. Thus, about 42 hours of continuous
operation of an event recorder is possible before the chart must be
veplaced.

Figure 14 is a block diagram of the circuitry for the automatic turn-cu
and turn-off system. Electrical power is supplied to the counting aad
control civcuits and recorders by the system only when the tipping buc-
kets are receiving runoff or drainage water. When a bucket collecting
runoff or drainage water tips, the signal to the 24 VDC sensing relay
results in the activation of the reset timer in its respectively asso-
ciated circuit, labeled upper or lower drains in Figure 14. Each time
any one of the 44 buckets associated with a given circuit tips the timer
is reset for the powzsr to remain on after the last tip for some desig-
nated period of time that determined by setting the timer to a prescribed
time which may be varied from 0 to 3 hours.

To prevent sticking of the recorder styluses to the chart paper, the
stylus heater must be turned off 2 minutes before the recorder motor
stops. Thus, the early-off circuit within the reset timer is utilized
to provide a cooling period for the styluses before electrical power
is removed from the control units and recorder motors.

The isolatiou relays shown in Figure 14 are necessary because one of thn
five multi~channel recorders is used with both of upper and lower drain -
circuits. Four channels of the fifth 20-channel recorder E are used to
record the tips of buckets receiving runoff water while another four
channels of the same recorder are used to record the flow of drainage
water.

On the left side of the schematic diagram, presented as Figure 15, 115 VAC
is supplied to the circuits and the motor of a recorder which is used as
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a clock. 7The rocowdey usad as a clock is a 4~channel Rustruk cﬁart
recorder. Channels 1 and 2 of the Rustrak recorder receive 24 VDC
power from one set of contacts through receptacles R5 or R10 from its
associated isolation relay in each of the upper or lower turn-off and
turn-on circuits whea the control and counting circuits are energized.
Another channel of the Rustrak recorder is used to indicate 'when power
is being supplied to all circuifs from an auxiliary gas operated motor
and generator power supply.

The step-down transformers shown in Figure 15 are rated at 25.2 volts
at one ampere. The voltage is rectified by the diodes and charges

the 500 MFD capacitors. The sense relays have an operating voltage

of 6 VDC with an internal impedance of 40 ohms. The contacts of the
sense relay are shown in the non-energized position. When a bucket
tips, the contacts open and allow the reset timer to operate, thus
turning on the power to the associated equipwent. The power remains

on until the reset timer removes it. That is, in the absence of fur-
ther tipping during a prescribed time by any bucket associated with the
circuit, the power is removed.

The upper set of contacts of the reset timer in the upper tipping buc-
ket circuit is connected to the reset timer motor and, through recap-
tacle R3, to the motors of the event recorders designated as B and D.
The same kind of circuit arrangement is used to supply power through
receptacle R8 to the motors of event recorders A and C which are esso-
ciated with the lower tipping bucket collecting drainage water. The
upper set of contacts of the upper reset timer are also used to supply
power to the 115 VAC high side of the power relay. From the power re-
lay, current is supplied through receptacle R4 to the step-down trans-~
former that is the 24 VAC source of power for the upper drain sample
collectors. Again in a similar manner, power is supplied to the lower
drain sample collectors through receptacle R9, shown in the lower part
of the circuit presented in Figure 15,

The lower contacts of the reset timers supply 115 VAC power to the
stylus heaters of event records A, B, C, and D through receptacles R1
and R3 in the upper and lower drain circuit elements, respectively
(Figure 15). Power is supplied from the isolation relays to the stylus '
heater of event recorder E through the receptacle R2 and to the motor

of the same event recorder E through the receptacle R7.

After the water measuring and sampling equipment had been in operation
for several months, it seemed expedient to take water samples’at the
beginning of a period of runcff. To insure that a sample would be taken
from the water causing the second tip of a tipping bucket, the 21 point
stepping-relay had to be adjusted to step 20. To accomplish the proper
positioning of the contact arm of the stepping-relay and latching relay,
a small modification in the control circuit was required. With the
modification, the synchrornization cperation can now be conveniently per-
formed with a special toggle switch. The toggle switch is a single pole
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double throw with center off and double spring return, made portable

by mounting on a small metal box with a one meter length of cable from
the switch to an attached four-contact connector. The four~contact'
connector mates with the four-contact connector installed in each chas-
sis, serving four-control circuits. Thus, the switch mechanism causgaes
the four identical circuits contained in a particular chassis to func-
tion simultaneously during the synchronizing process. To modify the
circuits for easy synchronization of the tipping buckets for sample
collection, it was necessary to install two diodes for the purpose of
isolating the circuits so that erroneous bucket tips would not be re~-
corded on the event recorders and a 330 ohm, 2 watr resistor to prevent
the step coil of the stepping-relay from being aciuated during the pro-
cess. The location and functions performed by the added circuit =23e-
ments can best be understood by tracing the power flow through Figure 11,

In Figure 11 it can be seen that, if the portable switch contacts are
closed to the right -hand side, current is carried from terminal #1
through the switch to terminal 4 of the 4 contact connzctor. The cur-
rent goes to relay K5 where terminals 4 and 1 convey current to the
reset coil of the stepping relay K4. The energized reset coil causes
the rotating contact arm of relay K4 to come to rest at the starting
position or zero contact. Immediately upon closure of the zero comntact,
current passes through diode D4, the resistor (330 ohm, 2 watt) and the
rotating contact arm to the center contact terminal of relay K3 which

is an impulse latching relay. If the center terminal is in countact
with the lower terminal nothing happens, but if it is in contact with
the upper terminal, current then passes through diode D1 to contacts

8 and 5 of relay K2 and eventually energizes the coil of relay K3.
Energizing the relay K3 causes the contact to flip to the lower contact
terminal and then nothing more happens. All of the reactions described
happen in less than a second and the portable switch which initiated
the action is released, allowing it to return to its center-off position.

To complete the rephasing or synchtronization procedure for any four cir-
cuits contained in a particular chassis, it is only necessary to momen-
tarily press the portable control switch in the opposite direction. This
is done to impulse the step coil of stepping relay K4. The switch is
pressed as many times as necessary to position the rotating contact arm
to the desired position. Since we want to collect a sample from the
second tip of a bucket at the beginning of the runoff period, the switch
must be sequentially pressed 20 times.

To insure against the loss of water samples and data during a storm in
which an electric service failure might occur, a 120 volt, 2500 watt
auxiliary power plant was installed in the instrument house. This self~
starting power plant is auytomatically activated by a transfer panel if

a failure occurs and is automatically turned off when line power is re-
stored. The auxiliary power plant provides power for only the sample
and data collection equipment in the instrument house.
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To summarize, the special features of the equipment designed to collect
water samples and record flow data, it should first be pointed out thaf,
to our knowledge, this is the only lysimeter installation with the ca-
pabilities for collecting water samples from known volumes of flow.
Automatic sampling equipment, in the past, was designed to collect sam-
ples on a time hasis, regardless of flow rate. An outstanding featurz
of the counting and control circuits is the dual information system
that provides a distinctive rectangular mark on the proper channel of
an event recorder chart when a sample is collected. The counting and
control circuits ‘also include electrical digital counters which accu-
mulate the total number of tips for each bucket., The digital counters
provide a "back-up" system for collecting total flow data if an eveat
recorder does not function properly. A four-channel event recorder is
used as a clock from which the time of day that runoff and/or drainage
water was first received and its duration can be determined. Thus,
knowing the time of day when flow first occurred, the time when a par-
ticular sample was collected can be precisely calculated from the se-
quential record on the associated channel contained in one of the 20
channel recorders. By means of the turn-on and turn-off circuit, power
is supplied to the counting and control circuits only when runoff and/
or drainage water is being received by the tipping buckets, thus con-~
serving expensive chart paper. Since runoff and drainage water is not
always received at the same time, the control and counting circuits for
each group of 44 tipping buckets and associated sample collectors for

a particular source of water are powered separately. After some modi-
fications were made to overcome problems caused by the humid basement
conditions, the equipment has been very reliable and requires only a
nominal amount of time for maintenance.

Disposition of water flow data - As mentioned above, the four-channel
Rustrak recorder is used as a real time clock. At the beginning of each
month the field technician replaces the Rustrak recorder chart and en-
ters the appropriate date and time on the old chart and on the beginning
of the new chart. A particular channel of the Rustrak recorder indi-
cates the on and off operational periods for an event recorder. For
example, channel one of the Rustrak recorder is used to identify oper- -
ating time periods for the 20-channel event recorder labeled C. Each

61 cm length of Rustrak recorder chart represents a 24-hour period.
Thus, after each 24-hour segment of the real time chart has been labeled
with the proper date, days in which runoff and/or drainage water flows
occurred can be readily identified. Each 18.3-m Rustrak recorder chart
contains a continuous "on-off' operating record of the 20-channel event
recorders for a 30-day period. When operating, a 20~channel event re-
corder chart travels at a rate of 58 cm per hour, and the 24.7 m long
chart will record a runoff or drainage period of about 42-hours duration.
Thus, one event recorder chart may contain tunoff or drainage water flow
data from several storms of short duration or several event recorder
charts may be required during a storm lasting several days. Each time
the expended recorder charts are changed the ending date and time 1is
recorded on the end of the chart. By matching the dates and time of
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data recordiug periods as indlcated on the event recorder charts with
the "on-off" or operational periods shown on the appropriate channel
of the Rustrak recorder, the exact time at which runoff or drainage
water flows began and ended are determined. After the correspondence
of date and time:.of runoff and/or drainage water flows have beéen es~
tablished betweeil the two types of recorder charts, the date and time
are transcribed ontec the 20-channel event recorders. Then, each flow
period recorded frem a particular lysimeter plot is divided into
15-minute time iutervals. For each 15-minute time interval, the total
number of bucket tips recorded is determined and transferred onto
standard FORTRAN coding forms. Finally, the flow data is punched on
data cards and the number of bucket tips per 15 minute intervals is
converted to volume per unit cime by making use of the calibration
curves (Figures 4 and 5). Flow rate and total flow are then correlated
with total rainfall, rainfall intensity, evaporation rates, total ra-
diation intensities, and the several chemical and biological water
quality parameters determined in the laboratories.

As mentionzad earlier, each control unit has associated with it an elec-
trical counter for recording total tips of a particular tipping bucket.
The electrical counters are, for the most part, a backup for the 20-
channel event recorders. However, at the end of a given recording per-
iod following a rainstorm the total counts accumulated on the electrical
counters are transcribed onto the event recorder chart paper. Total
counts are written in the skip space that occurs on the recorder paper
as a result of the automatic turnoff of the heat to recorder pens before
the recorder is switched off by the delay timers. Thus, during an in-
tensive portion of a storm causing such rapid tipping of the buckets

as to result in marks on the recorder chart which are not easily distin-
guishable as separate events, the total counts are readily available for
obtaining an estimate of counts by difference. To date we have not ex-
perienced such a difficulty in reading the charts, but this was one of
the reasons for installing electrical counters.

Cropping systems and water, sludge and inorpganic fertilizer applicatioms -
Originally, when the spray irrigation system was used, it was found that
infiltration of sludge water was so highly dependent on the initial soil
moisture and sludge solids concentrations that a given application rate
could not be specified. Thus, the most feasible method of determining
treatments was to start each time with the maximum treatment rate for
each soil type, which was determined by the amount of sludge that could
be applied within a period of about 20 minutes without producing runoff.
After this application to the maximum-treated plots, the sludge was ap-
plied to the other three treatments in the ratio of one-half maximum,
one~quarter maximum, and zero for each soil type. The zero sludge treat-
ments, or check plots, are fertilized annually for high yields and irri-
gated with well water each time sludge treatments are made. Check plots
are irrigated with well water at a rate equivalent to the amount of

water supplied with the sludge at the maximum rate. During 1971, the
method of irrigation was changed to a ridge and furrow system to facili-

55



tate greater loading rates. The crop and treacrments are outlined on
the plan presented as Figure 16 and are as follows:

The 22 plots located on the north side of the installation are
planted to soybeans on or about May 15.

Blount silt loam

3 check plots - anunally treated with inorganic fertilizer
and irrigated with water.

3 plots irrigated with the maximum amount of sludge permitted
by weather conditions and infiltration capacity.

3 plots irrigated with sludge on the same day as above, but
with only one-balf as much as the maximum rate.

3 plots ivrigated with sludgs on the same day as above, but
with only one-fourth as much as the maximum rate.

12 plots

Plainfield sand

2 check plots - annually treated with inorganic fertilizer
and irrigated with water.

1 plot irrigated with the maximum amount of sludge possible.
1 plot irrigated with one-half maximum rate.

1 plot irrigated with one-fourth maximum rate.
5 plots

Simulated Elliott silt loam

Number of plots and treatments are the same as for Plainfield
sand.

The 22 plots located on the south side of the installation are planted

to corn on or about May 1. Distribution of soil types and treatments

are the same as for the north side. All lysimeter plots receive a broad-
cast application of 269 kg/ha of K before spring plowing.

All check plots planted to corn receive broadcast applications of
336--269-0 kg/ha before spring plowing, except for the sand check plots.
The sand check plots receive the same total application, but N is equal-
ly divided between three applications. Before plowing, a broadcast ap-
plication of 112-269-0 kg/ha is made on all sand check plots and about
June 20 and again on or about July 15, breoadcast applications of 112-0-
0 kg/ha are applied.
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Figure 16. Schematic plan view of lysimeter faeility showing soil
type and treatment for each lysimeter.



A1l check plocs planted to soybeans receive a breadcast applicaticu uf
0 -269-0 kg/ha before plewing. Also, all plots receive a broadcasi: ayp -
plicatior of pre~emergence herbicide 2t the time or immediately after

the nlanting operation.

Operating procedures and collection of the several kinds of samples -

It has been found that sufficient water samples are collected by setting
the selector switch, on the front of the control chassis, on position
number 21. At this setting, a sample of water will be obtained every
forty~second tip of a particular tipping bucket. Depending.on flow rate,
this is approximately equivalent to taking one water sample for each \
0.16 cm of water that runs off the plot surface and 0.1l cm of water

lost through the drains.

In the diagrams labeled upper and lower drain systems and presented as
Figures 17 and 18, respectively, upper refers to runoff and lower to the
drainage water collection and volumetric recording systems, As discus-
sed previously, each chassis contains four individual control units for
collecting water samples and recording effluent volumes from runoff or
drainage water pipes. Thus, 11 chassis in one rack contain the control
units for the runoif water collection and recording equipment provided
for each of the 44 lysimeter plots. Another rack houses the 11 chassis
serving the drainage water collection and recording equipment. The in-
dividual chassis are numbered from 1 through 11 from top to bottom in
both of the racks. In a given chassis, each of the four control units
are numbered from left to right. Thus, the control unit for sampling
and measuring the runoff water from a particular lysimeter plot is iden-
tified in the "Upper Drain System'" rack by a chassis and position number.
The control unit that is sampling and measuring drainage water from a
particular lysimeter plot has the same relative position in the rack
labeled '"Lower Drain System"”. For example, referring to Figures 17 and
18, there is one control unit in each of the two racks associated with
water collection and recording equipment for plot 20 on the north side

of the instrument house and coded as plot N-20. Its position or loca-
tion in each rack is control unit number 3 in chassis number 8. Bucket
tips resulting from runoff water from plot N-20 are recorded on channel
11 of the event recorder identified by the letter D, as shown in Figure 17,
In a like manner, bucket tips resulting from tile drainage water from
plot N-20 are recorded on channel 11 of the event recorder C, as shown in
Figure 18.

Water sample bottles are washed and rinsed in a 20 percent anitric acid
solution, further rinsed several times with distilled water, and finally
with double-distilled water. Clean bottles and screw-on type lids are
dryed in a heated cabinet maintained at a temperature of 45 to 500C.
Originally, some of the bottles were autoclaved and used to collect sam-
ples of water from which fecal ccliform counts were determined. However,
after making several comparisons of fecal coliform counts in sterilized
versus those in routinely cleaned and dryed bottles, the differences in
counts were found to be insignificant.
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Figure 17. Diagram for determining location of a control circuit and

event recorder channel associated with sampling and re-
cording runoff water flows from a lysimeter plot.
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Figure 18, Diagram for determining location of a control circuit
and event recorder channel associated with sampling and
recording drainage water flow from a lysimeter plot,
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The fieldmen are cautioned to take care aot to contaminate bottles
during the operation of removiug the lids and placing them in the bake-
lite cylinders mounted on the water sampling cabinet turntable. All
sampling cabinet turntables are enclosed with polyethelene plastic cux -
tains to minimize contamination by dust. Before placing sample bottles
in the turntable holders, each bottle is identified by the lysimeter
plot number and the number of the bottle in the sequence. For example,
UN-5-4 identifies the sample as being the fourth runoff water sample
from plot 5 on the north side of the house. For drainage water from
the same plot, the letter L will replace the letter U. When the bot--
tle containing a water sample is removed from the sampling equipment

a sterilized 1lid is immediately screwed firmly into place. The data
the sample is remouved is recorded on the bottle below the identifica-
tion number. The date is recorded as a four digit military number.

For example, April 14, 1969 is written 9104 where the first digit
identifies the year the the next three digits are the number of days
starting from January 1.

Water samples are removed from the sampling equipment within 12 hours
and transferred to the laboratory at Urbana no later than 30 hours
after collection. During storage and transit, samples are kept in the
original sampling bottles in a cool dark place. Upon arrival at the
laboratory, the samples are recorded in the "water samples received"
data book.

Soil samples are collected annually during the latter part of April
after spring plowing. Samples are collected with a 2.5-cm diameter
stainless steel soil probe. Six 76.2 cm deep probes are made per plot.
The so0il extruded from the probes is divided into 0 to 15, 30 to 46,
and 61 to 76 cm depth sections. The six samples, representative of ‘a
given soil depth, are composited in a sample box appropriately labeled
with the plot number, soil depth and date of collection. The soil sam-
ples are transported immediately to the laboratory where they are air-
dried and pulverized in a soil grinder, and stored in sealed sample
bottles.

When corn plants are 30- to 46-cm tall, 10 plants are cut at 5 cm above
the soil surface from each plot in the same random fashion used in col-
lecting soil samples. Immediately after harvest, the plants are dipped
in a plastic bucket filled with distilled water. The plants are gently
rubbed to loosen soil, especially in leaf axils and whorls, while sub-
merged in the bucket. After the plants have been rinsed in distilled
water, they are shaken to remove as much free water as possibie before
they are placed in a paper bag and labeled with the appropriate plot
number and data of sampling.

Later in the growing season when about 10 percent of the corn plants

have tasseled, the leaf opposite the ear node from each of 10 plants
is collected. The leaf is cut about 7.6 cm away from the stalk to avoid
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the leaf axil whe.e dirt collects. The leaf samples are washed in the
same manner as described above for whole plant sauwples, folded into a -
tight bundle, placed in a properly labeled sack, and transported imme-
diately to the labo: atory.

Whole plant samples of soybeans are collected when the plants are

15- to 25-cm tall. For this first tissue sample, 20 plants, selected
at random, are cut 2.5 cm above the soil surface and composited as a
sample from each plot. Later in the season, a second soybean tissue
is collected from each plot as the plants reach the full-growth stage.
The leaf and petiole from the 3rd and 4th leaf positions from the top
of the plant are havvested from 20 plants randomly selected in a plot.
All soybean tissur samples are washed and placed in a labeled bag for
immediate shipment toc the laboratory in the same manner as corn tissue
samples are handlerd.

A randomly selected subsample of about 250 g of alfalfa or grass plant

materials is collected from each plot at the time of clipping. Alfalfa
and grass samples are cleaned, placed in properly labeled bags and im-

mediately transported to the laboratory in the same way corn and soy-

bean tissue samples are processed. TFrom the corn grain or soybean seed
harvest from each plot, a 200 g subsample is randomly collected, placed
in a properly labeled bag and transported to the laboratory. Upon re-

ceipt at the lavoratory, all tissue and grain samples are dried at 60°C
to a constant weight in a forced draft oven, ground in a Wiley Mill and
stored in acid-cleaned and sealed sample bottles.

From 350 to 400 ml of sludge is collected at the beginning and near the
end of an irrigation from a single batch (one storage tank) of sludge.
The samples are collected in acid-cleaned glass water sample bottles

and handled in the same manner as water samples. The sample bottles are
labeled with the date (day batch was used for irrigation), north or south
plots, and identified with a B for beginning and an E for ending irriga-
tion sample. Like water samples, sludge samples are transported to the
laboratory within 30 hours after collection. Special care is taken to
keep the samples cool during transport and they are refrigerated immedi-
ately upon their arrival at the laboratory.

Sample analyses - The several kinds and methods of analyses routinely
performed on water, plants, sludge, and soil samples received from the
lysimeter facility are presented in a summarized form in Table 6. The
analytical work is carried out in laboratories on the University of Il-
linois campus at Urbana-Champaign.
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Crop and water qualiity responses to digested sludge applicatious ova the
field lysimeter plots (Northeast Agronomy Research Center — The first
sludge applications to the Elwond lysimeter plots started in May 1969,
and have been covtinued tc be made as often as possible. The maximen
sludge rate is deiterwinoed by rainfall, the crop to be grown and its
t1llage requirement, and the dewatering rate of sludge following ap- -
plication onto soils. In seasons of high rainfall and for crops like
corn and soybeans wheie the soil has to be relatively dry for plowing,
seeding, and cultivation the amount of sludge that can be applied is
severely restricted. Similarly, from the latter part of November until
the middle of Marck, low evaporative lozses of sludge water, frozen soil,-
and snow essentially stop all sludge applicacious. As of November 1970,
a maximum of approximately 25.4 cm of digested sludge has been applied

to the lysimeter plots. The dates and amounts of sludge applied to the
lysimeters in 1969 and 1970 are listed in Tables 7 and 8. This listing
will facilitate interpretatiocn of the datz from crop and watér analyses
presented in this 1eport.

The check plots annually fertilized wirb inorganic M, P and K fertili-
zers at rates previously specified provide plant nutrients in quantities
more than adequate for maximum crop production. No heavy metal trace
elements such as Zn, Cu, Fe, Mn, are added to the check plots in the
form of fertilizers. However, as previously mentioned, all check plo%s
are irrigated with well water at the same time and in amounts equivaleni
to that applied as a constituent of sludge on the maximum treated plots.

The runoff and leaching water samples collected from the lysimeter fa-
cility are analyzed for NH4-N, NO3-N, P04, Cu, and electrical conduc-
tivity on a routine basis. During the early period of the investigatiom
before appreciable quantities of sludge could be added to the lysimeter
plots, the composition of the drainage waters was relatively unaffected
by sludge rates. However, with time and sludge accumulation the in-
fluence of sludge rates on nitrates and conductivity became apparent.
Toward the end of the growing season in 1970, the accumulation of sludge
influenced the results of water analyses more than was apparent earlier.
Runoff water was generally higher in P and lower in NUO3-N than corres-
ponding tile drainage water from check plots.

For the analysis of water samples, certain plots were assigned higher
priorities than others in terms of analytical sequence for runoff water.
Thus, when plots S-14 (Blount soil, maximum treatment) or N-2 (Plain~
field sand, maximum treatment) produced seven or wmore samples, each
sample in the series was analyzed in addition to a composite. If fewer
than seven samples were produced during a sampling period, composites
were made for analyses. In addition to these plots, water from Blount
soil plots $-1,6,7,9,11,15,21,22; Plainfield sand plots N-15,11,16; and
Elliott soil plots $-12,3,5,17 was analyzed in preference to that ob~
tained from the remainder of the lysimeters. Water samples from these
plots were usually composited over the sampling period prior to chemical
or biological analysis.
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Tahle 7. Sludge applications on the south (corn) 22 lysimeter plots
(Northeast Agronomy Research Center)

m— e ———— = - — —— — -~ - —

Sludge Sludge Accumulation
Date Application 1/4 Max. 1/2 Max. Max.
e cm cm cm cm
1969
6/17-7/2 - 0.21 0.42 0.84
8/28 0.55 0.35 0.70 1.39
9/2 0.55 0.48 0.97 1.94
9/8 0.55 0.62 1.%24 2.49
9/12 0.35 0.76 1.52 3.04
9/17 0.55 0.90 1.79 3.59
9/19 0.41 1.00 2.00 4,00
9/25 0.34 1.09 2.17 4.34
9/30 0.55 1.22 2.45 4.89
10/23 0.3a 1.31 «2.62 5.23
10/27 0. 41 1.41 2.82 5.65
10/29 0.4l 1.51 3.03 6.06
11/7 0.41 1.62 3.2 6.47
11/10 0.27 1.69 3.37 6.74
11/12 0. 34 1.77 3.34 7.09
11./28 0.41 1.87 3.75 7.50
12/1 0.41 1.98 " 3.95 7.91
12/4 0.41 2.08 4.16 8.32
12/9 0.41 2.18 4,37 8.73
12/16 0.41 2.29 4,57 9.14
12/19 0.41 2.39 4.78 9.56
12/22 0.41 2.49 4,98 9.97
1970
2/5 0.27 2.56 5.12 10.24
3/17 0.27 2.63 5.26 10.52
4/10 0.41 2.73 5.46 10.93
4724 0.55 2.87 5.74 11.48
6/9 0.55 3.01 6.01 12.02
6/11 0.55 3.14 6.29 12.57
6/19 0.55 3.28 6.56 13.12
7/1 0.55 3.42 6.84 13.67
7/2 0.55 3.56 7.11 14.22
7/6 0.55 3.69 7.38 14.77
7/8 0.55 3.83 7.66 15.32
7/10 0.55 3.97 7.93 15.86
7/13 0.55 4,10 8.21 16.41
7/16 0.55 4.24 8.48 16.96
7/17 0.55 4.38 8.76 17.51
7/21 0.55 4,52 9.03 18.06
7/22 0.55 4,65 9.30 18.61
7/24 0.55 4.79 9.58 19.16
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Table 7. {(Cont'd) Sludge apﬁlications on the south (corn) 22 lysimeter
piots (Nor:heast Agrounomy Research Center)

- ———

Sludge Sludge Accumulation .

Date Application 1/4 Max. 1/2 Max. Max.
. - S . cm cim cm
1970

8/12 0.55 4.93 9.85 18.70
8/14 0.55 5.06 10.13 20.25
8/17 Q.55 5.20 10.40 20.80
8/21 0.55 5.4 10.68 21.35
8/26 0.55 5.48 10.95 21.90
8/28 0.55 5.01 11.22 22.45
8/31 U.55 . 5.73 11.50 23.00
9/2 0.55 5.89 11.77 23.54
9/11 0,55 6,02 12,05 24.09
2/10 0.53 6.16 12.31 24.62
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Table 8. Sludge applications on the north (soybeans) 22 lysimeter
plots (Noxtheast Agronomy Research Center)

Sludge Sludge Accumulation
Date Application 1/4 Max. 1/2 Max. Max.
cm Cm cm cm
1969 -
7/4-7/14 - 0.21 0.42 0.84
8/29 0.55 0.35 6.70 1.39
9/3 0.55 0.48 0.97 1.94
9/9 0.55 0.2 1.24 2.49
9/13 0.55 0./6 1.52 3.04
9/18 0.55 0. 90 1.79 3.59
9/22 0.55 L.03 2.07 4.14
9/25 0.34 1.12 2.24 4.48
10/23 0.34 1.21 2.41 4.82
10/27 0.41 1.31 -2.62 5.23
10/29 0.55 1.45 2.89 5.78
11/10 0.55 1.58 3.16 6.33
11/12 0.41 1.69 3.37 6.74
11/26 0.41 1.79 5.53 7.16
11/28 0.41 1.89 3.76 7.57
12/1 0.41 1.99 3.99 7.98
12/4 0.41 2.10 4.20 8.39
12/9 0.41 2.20 4.40 8.80
12/16 0.41 2.30 4.61 9.21
12/17 0.41 2.40 4.81 9.62
12/22 0.41 2.51 5.02 10.03
1970
2/5 0.27 2.58 5.16 10.31
3/17 0.27 2.65 5.29 10.58
4/10 0.55 2.78 5.57 11.13
4124 0.41 2.88 5.77 11.54
6/9 0.41 2.99 5.98 11.96
6/12 0.41 3.09 6.18 12.37
6/19 0.55 3.23 6.46 12.92
7/1 0.55 3.36 6.73 13.46
7/2 0.55 3.50 7.00 14.01
7/6 0.55 3.64 7.28 14.56
7/8 0.55 3.78 7.55 15.11
7/10 0.55 3.91 7.83 15.66
7/13 0.55 4.05 8.10 16.21
7/16 0.55 4.19 8.38 16.76
7/17 0.55 4,32 8.65 17.30
7/20 0.55 4.46 8.92 17.85
7/22 0.55 4,60 9.20 18.40
7/24 0.55 4.74 9.47 18.95
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Table 8, (Cont‘d) Sludge applicacions on the north (soybeans) 22
lysimeter plots (Northeast Agronomy Research Center)

Sludge Sludge Accumulation
Date Application 1/4 Max 1/2 Max. Max.
cm cm cm cm
1970
7/27 0.55 4,87 9.75 19.50
7/28 0.55 5.01 10.02 20.05
7/29 0.55 5.15 10.30 20.60
8/3 0.55 5.28 10.57 21.14
8/5 €. 5% 5.52 10.84 21.69
8/7 0.55 5.56 11.12 22.24
8/10 0.55 5.70 11.39 22.79
8/12 0.55 5.83 11.67 23.34
8/14 0.55 5.97 11.94 23.89
8/17 0.55 6. 1L 12.22 24.44
8/21 0.55 6.24 12.49 24,98
8/26 0.55 6.38 12.77 25.53
8/28 0.55 6.52 13.04 26.08
8/31 0.55 6.66 13.31 26.63
9/2 0.55 6.93 13.86 27.73
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Lower or tile drainage water samples were usually composited over each
sampling period because it was -assumed by some that the chemical com-
position of percolated water was more uniform in comparison to runoff
water. We now know this is not a valid assumption. Beginning in 1971,
after the analytical laboratory was reorganized, samples are not longer
composited,

A statistical summary of the chemical analyses of water samples from
the lysimeters is given in Table 9. Runoff rate is indicated by the
number of bucket tips per 15 minute interval. In some storms this has
exceeded 250 tips per 15 minutes. The sampling devices collect a run-
off and tile drain water sample for analysis each time any one of tho
buckets go through a 42 tip cycle. The reader will recall from the
description of sampling design that this is equivalent to a sample for
cach 0.157 cm of runoff water and each 0.117 cm of tile drainage water.
Composite and series designations refer to water samples which were
composited over the sampling period prior to analysis, and to samples
in a series produced during a sampling period which were analyzed in-
dividually. Sample number refzrs to the order in which an individual
sample was collected during the collection period.

Statistical correlations were made of ammonium, nitrate and phosphate
with each other, with sample number, with sludge accumulation, with
electrical conductivity, and with bucket tips per 15 minute interval.
The statistical analysis was performed on data from each of the soil
types separately instead of all data across soil types. This approach
was chosen on the basis of substantial differences in runoff and drain-
age water distribution between silt loams and sand. Most of the pos-
sible correlations were determined but those which are not included did
not show significance at .05 percent probability level or above.

Interaction of ions from samples collected in series is somewhat vari-
able. Positive and negative correlations are found for ammonium vs ni-
trat, nitrate vs phosphorus and nitrate vs phosphate. Since correla-
tions are not consistent for runoff or drainage water, it is questionable
whether these correlations have any practical significance.

Correlations of ionic concentrations with sludge accumulation are more
consistent. The only negative correlations occur in Blount and Elliott
US samples. All other runoff samples show positive correlations. Ionic
amounts (ion x bucket tips) either showed no significance or are posi-
tively correlated with sludge accumulation.

Ionic concentrations do not correlate consistently with sample position
within a sequence of samples. Apparently intensity of precipitation,
the sediment load, and rate of water flow varied too much during periods
of collection to show trends of increasing or decreasing lonic concen-
tration. The ionic amounts do not correlate any better with sample
number.
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Significant corretations of ionic concentration and rate of water loss

(bucket iips/15 min.) are negative for ammonium in Blount US and Plain-
field UN, and positive in Elljott US. Elliott US shows the only signi-
ficant correlation between phosphate and water loss rate.

Tonic interactions from composited samples when significantly correla~
ited are positive. Thus, all ions tend to increase or decrease in con-
centration together. Significant correlations between ions and sludge
accumulation are also positive as would be expected. Nitrate and sludge
accunulation correlate positively with conductivity.

Nitrate and phosphate concentrations in lower drain water are unaffected
by discharge intensity, but are correlated with sludge accumulation.

The distribution of water collected as runoff and drainage from the
lysimeters is shown in Table 10. The silt loam soils generally produced
more water as runoff tban drainage in 1969. In 1970, this trend was
generally reversed in the north (soybean) plots, but not in the south
(corn) plots. The latter had a greater proportion of water lost as low-
er drainage in 1970 than in 1969, however. Sand plots showed anomalous
losses of water. Several lost more water than should be possible when
allowance for evapotranspiration is made.

Excess water lost from sand plots can be explained by the construction
of the plots. A 3 x 15 m excavation was made for the sand, but an ad-
ditional 0.75 m of soil on each side was removed to a depth of about

0.3 m. This allowed sand to continue into the border area. Since the
fiberglass plot barriers are only 15 cm deep, a gap between them and the
sub-surface plastic liner exists. Thus, the plots have 1/3 more surface
area effective in accumulation precipitation than the area of the plot
on which calculations are based.

Soybeans were grown on the north set of 22 lysimeter plots and corn on
the south 22 lysimeter plots established on the Northeast Agronomy Re-
search Center. The soybean and corn yields for 1969 and 1970 are pre-
sented in Table 11. In 1969, average corn yields were somewhat greater
on highly fertilized Eiliott silt loam and Plainfield sand plots irri-
gated with water as compared to sludge-treated plots, but yields of
soybeans were not affected by treatment. Again in 1970, average corn
yields were greater on control plots, but yields were not affected by
sludge application rates. Average soybean yields were also greatest

on control plots, but unlike corn yields, were decreased with increas-
ingly greater rates of sludge applications. Considering the frequency

at which the plots were spray irrigated, it is not surprising that yields
were decreased. While the leaves of sludge irrigated soybeans appeared
to be healthy, they were considerably smaller with regard to surface

area than those on plants irrigated with equivalent amounts of well water.
Thus, it appears that yields were reduced by lower photosynthetic rates
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Table 10. Distribution of runoff and drainage water from the lysimeter
plots (Northeast Agronomy Research Center) iun 1969 and 1970.
Measurements #{ runoff and drainage water were initiated in

June 1969
T ‘f;tal “Recovery Distribution T
Plot Water & Total :
Year No. Rajnfall Applied Runoff Drainage
cm cm —_ A - ——
Blount Check
1969 N-3 49,83 18.42 36.9 36, 0.4
1970 72.47 29.29 40,4 34.6 5.8
1969 N-6 49,83 5.33 10.7 9.8 0.9
1970 72.47 20.07 27.7 10.1 17.6
1969 N-14 49.83 10.95 22.0 21.8 0.2
1970 72.47 22.96 31.6 26.8 4.8
Blount 1/4 Maximum
1969 N-8 43.15 10.34 24,0 22.0 2.0
1970 66.85 27.41 41,0 10.1 30.9
1969 N-10 43.15 11.81 25.4 17.6 7.8
1970 ‘ 66.85 43,76 65.5 6.3 59,2
1969 N-17 43.15 14.83 34,3 33.8 0.5
1970 66.85 17.02 25.4 17.3 8.1
Blount 1/2 Maximum
1969 N-4 45.67 5.03 11.0 5.7 5.3
1970 72.49 17.93 24,7 8.4 16.3
1969 N-18 45.67 5.99 13.1 12.3 0.8
1970 72.49 19.15 26.4 10.3 16.1
1969 N-20 45.67 13.11 28.7 26.7 2.0
1970 72.49 27.64 38.1 14.5 23.6
Blount Maximum

1969 N-5 50.67 4.04 15.0 8.0 7.0
1970 83.74 32.16 38.4 4.5 33.9
1969 N-19 50.67 7.42 14.7 14,5 0.2
1970 83.74 19.15 22.9 9.3 13,6
1969 N-~-22 50.67 10.64 21.0 18.4 2.6
1970 83.74 96.27 44,6 15,0 29.6
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Tabie 10. (Coul'd) Dis:ribution of runoff and drainage water from the
lysimeter plots (Northeast Agronomy Research Center) in
1969 and 1970, Measurements of runoff and drainage water
were initiatated in June 1969
Total Recé;éry Distribution
Plot Water & Total
Year No. Rainfall Applied Runoff Drainage
cm cm %
Blount Check
1969 S-1 49.35 9. 40 19.0 4.7 4.3
i97v 72,75 27.76 38.1 19.4 18.7
1969 S-15 49.35 19.33 39.2 38.8 0.4
1970 72.75 20.62 28.3 24,6 3.7
1969 s-19 49.35 6.91 14,0 13.0 1.0
1970 72.75 16.92 23.2 6.6 16.6
Blount 1/4 Maximum
1569 S-7 43.13 17.88 41.4 40.7 0.7
1970 63.96 25,58 39.0 31.3 7.7
1969 S-16 43.13 15.93 36.9 35.7 1.2
1970 63.96 17.58 26.8 19.6 7.2
1969 §~22 43,13 8.53 19.8 19.6 0.2
1970 63.96 21.64 33.0 4.8 28.2
Blount 1/2 Maximum
1969 S-6 45,62 9.98 21.8 21.6 0.2
1970 69.09 7.52 10.9 5.9 5.0
1969 s-11 45.62 10.54 23.1 19.9 3.2
1970 69.09 21.06 30.4 12.8 17.6
1969 S-18 45,62 15.60 34.2 33.4 0.8
1970 69.09 21.59 31.2 18.5 12.7
Blount Maximum
1969 5-9 50.62 16.43 32.5 32.1 0.4
1970 75.34 16.87 22.3 13.8 8.5
1969 S-14 50.62 18.92 37.4 35.6 1.8
1970 75.34 20.42 27.1 14,1 13.0
1969 §-21 50.62 17.30 34.2 32.5 1.7
1970 75.34 24,03 31.9 16,3 15.6
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Table 10. (Cort'd) Distribution of runoff and drainage water from the
lysimeter plots (Northeast Agronomy Research Center) in
1969 and 1970, Measurements of runoff and drainage water
were initiated in June 1869
Total Recovery Distribution
Plot Water & Total
Year No. Rainfall Applied Runoff Drainage
cm cm %
Blount Check
1969 N-1 49,83 8.66 17.4 14.1 3.3
1970 72.47 34.52 47.7 18.5 29.2
1969 N-9 49.83 13.00 26.1 23.0 3.1
1970 72.47 28.35 39.1 19.3 19.8
Elliott 1/4 Maximum
1969 N-7 43.15 27.69 64.1 60.3 3.8 °
1970 66.35 13.72 20.6 2.4 18.2
Elliott 1/2 Maximum
1969 N-21 45,67 3.33 7.3 H.3 1.0
1970 72.49 32.26 44.5 17.6 25.9
Elliott Maximum
1969 N-13 50.67 4,19 8.2 7.4 0.8
1970 83.74 10.08 12.0 5.7 6.3
Elliott Check
1969 s-2 49.35 12.93 26.2 24.3 1.9
1970 72.75 16.43 22.6 18.2 4.4
1969 s-17 49,35 15.88 32.2 30.9 1.3
1970 72.75 20.87 28.7 26.4 2.3
Elliott 1/4 Maximum
1969 S-5 43.13 5.72 13.2 12.0 1.2
1970 63.96 12.45 19.0 14.3 4.7
Elliott 1/2 Maximum
1969 S-3 45.62 12.83 28.1 26.7 1.4
1970 69.09 11.33 16.4 7.4 9.0
Elliott Maximum
1969 S-12 50.62 17.15 33.9 27.1 6.8
1970 75.34 54.00 71.7 40.2 31.5
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Table 10, (Cont'd) Distribution of runoff and «rainage water from ithe
lysimoter plots (Northeast Azronowy Research Center) in
1969 aand 1870. 1ifeasurements of runoi® snd drainage water
were inltiated in June 1969

et

Total Recovery " Distribution
Plot Water & Total
Year No. Rainfall Applied Runoff Drainage
cm cm % e e e
Plainfield Check
1969 N-12 49.83 9.02 18.1 12.2 5.9
1370 78.66 70.54 89.6 16.7 72.9
1969 N-16 49,34 li.00 23.2 17.3 5.9
1970 78.66 50.77 64.1 18.4 45.7
Plainfieid 1/4 Maximum
1969 N-11 49.83 37.69 R87.4 18.1 69.3
1970 78.66 143.08 215.7 10.7 205.0
Plainfield 1/2 Maximum
1969 N-15 45.67 /.11 15.6 12,1 3.5
1970 71.42 38.20 53.5 10.3 43.2
Plainfield Maximum
1969 N-2 50.67 12,67 24.7 10.6 14.1
1970 81.64 74.57 91.3 14.4 76.9
Plainfield Check
1961 S-10 49,35 22.12 44.9 10.9 34,0
1970 76.53 95.48 124.7 11.7 113.0
1969 S-13 49,35 7.59 15.7 8.2 7.2
1970 76.53 44, 4Q 58.1 9.0 49.1
Plainfield 1/4 Maximum
1969 5-8 43.13 9.65 22.4 15.4 7.0
1970 64.74 40.94 63.2 10.6 52.6
Plainfield 1/2 Maximum
1969 5-20 45.62 4.55 .9 4.1 5.8
1970 68.728 41.78 51.2 14.7 46.5
Plainfield Maximum
1969 S~4 50.62 3.84 7.6 7.5 0.1
1970 75.34% 13.74 18.2 4.9 13.3
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Table 11. Average corn and soybean yields as tons per hectare
on NEARC lysimeter plots by sludge treatment, soil

types, and ynar,

Sludge Treatment Rate

Soil Type Yeaf Control 1/4 M 1/2 M Maximum
Corn
Blount silt loam 196y 5.83 5.82 3.86 5.23
Blount silt loam 1970 5.25 2.40 1.48 2.01
Elliott silt loam 1963 71.24 4.85 5.48 5.55
Elliott silt loam 1970 7.58 1.87 1.93 2.89
Plainfield sand 1969 1.41 0.18 0.05 0.43
Plainfield sand 1970 3.52 0.04 0.25 0.10
Soybeans
Blount silt loam 1969 1.55 2.06 1.89 1.65
Blount silt loam 1970 1.59 0.70 0.40 0.18
Elliott silt loam 1963 1.75 2.51 1.43 1.42
Elljott silt loam 1970 2.27 0.60 0.52 0.10
Plainfield sand 1969 0.25 0.15 0.13 0.26
Plainfield sand 1370 0.88 0.37 0.04 0.02
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rosultiag frem th2 yveduccion in ligat absorption. The reduction in
light absocption hy cecating leaves with sludge seemed to be greater
{or soybeans than for corn. Soybeans, having pubescent leaves, are
prone ro accumulate more sludge solids on leaf surfaces than torm or
at least the solids are not shed as rapidly after drying. Although

it was noted that gludge spraying was causing an adverse light absorp-
tion effect, frequent applications were continued in the interest of
obtaining high sludge loading rates on the soils. Following the 1970
growing season, the method of irrigating the lysimeter plots with sludge
and water was changed to a ridge and furrow system. Soybeans and corn
grown with ridge and furrow irrigation should provide a more accurate
assessment of elsmental uptake through the roots.

Chemical compositios of plants - Plant chemical compositions were in-
fluenced by sludge application as shown in Tables 12, 13 and 14, Zinec,
Fe, Al, and Cu increased in concentration in corn leaves. Zinc, Fe and
verhaps Al increased in concentration in corn grain. Sludge addition
caused no apparent depression in any element's concentration.

With increasingiy greater sludge application rates, Zn, Fe, Ca, Al, nd
Cu increased in soybean grain, and Zn, Mn, Mg, P, Na, and Al increased
in soybean leaves. No elements were depressed with sludge application.
All plant analyses indicate a high level of plant nutrients in the soil;
none indicates that crops might be detrimental to human or animal life.

South Farm Lysimeter Studies

Introduction - When the project was begun in April 1967 it was soon re-
cognized that it was improbable that the large, sophisticated, lysimeter
facility to be constructed on the Northeast Agronomy Research Center
would be operational during the first years of the project. To obtain
some preliminary information while the larger lysimeter facility was
being constructed, the decision was made to use some small lysimeters

for digested sludge utilization studies which had been established on

the University of Illinois Agronomy South Farm, at Urbana, Illinois. The
small lysimeters, on the Agronomy South Farm, were originally established
to measure amounts of runoff and percolation water resulting from natural
precipitation and to determine leaching losses of soil constituents.

In 1937 triplicate profiles of each of eight soil types were collected

in galvanized steel cylinders which are 0.91 m in diameter and 1 m long
in as nearly an undisturbed condition as possible to be used in the small
lysimeter faciiity. The encased soil profiles were set upright into the
soil around the periphery of a basement like structure so that their
surface was at the same elevation as the surrounding soil. Before the
profiles were lowered into position, gravel and solid tubing were instal-
led at the bottom of each cylinder tc convey the water percolating
through the soil profiles to outlets in the basement structure. At the
surface of each profile a metal ring, fitted with a solid piece of tubing,
was installed in such a manner as to insure the ccllection of runoff
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water and its conveyance to an outlet in the basement structure. Thuc,
both runoff and drainage water 'could be collected, but the small lysi-
meters were never equipped to provide for measurement of flow rates or
the collection of water samples representative of specific intervals of
total flow eventis.

The eight soil series represented in the South Farm lysimeters are
Brooklyn, Cisne, Cowden, Elliott, Soybrook, Herrick, Muscative, and Tama.
These soils have been described in detail by Stauffer and Smith (146).
Briefly, they may be described by saying they all are silt loams, de-
veloped under grass vegetation and, except for the Brooklyn series,
occupy extensive areas in Illinois. Under natural conditions all oc-
cupy areas having slopes that vary from 0.5 to 3.5 percent, except the
Tama series which occurs on 3.5 to 7.0 percent slopes. .The main differ-
ences between the various soil profiles are their differences in permea-
bility and internal drainage capacities.

Sludge, obtained from the Calumet Sewage Treatment Plant of the Metropo-
litan Sanitary District of Greater Chicago, was applied as received from
the digesters, i.e., as a liquid with about 3 percent solids. Sludge
treatments were chosen on an estimation of the maximum liquid volume
which could be accommodated. In 1967, rates of 2.54 cm and 1.27 cm inch
per eight days were chosen, and sludge application totals of 25.4 cm and
12.7 cm were realized. In 1968, 1969 and 1970 rates of 2.54 cm and

1.27 cm per week were adopted, and the maximum yearly totals were 25.4 om
and 18 m, respectively. Commercial fertilizer, at the rate of 224 kg/ha
N, 112 kg/ha P205, and 112 kg/ha K20 was used on the control plots im
1968, 1969, 1970. Where necessary, plots were irrigated with water to
equal the liquid volume of the maximum sludge rate.

Crop yields - Soybeans were planted in 1967. 1In 1968, grain sorghum and
Reed canary grass were grown, and in 1969 and 1970 corn and Reed canary
grass were grown. '

Whole soybean plants were harvested when the lower leaves began to yel~
low with maturity. There appeared to be a toxic condition, especially
in the control lysimeters. The toxicity probably arose from a high Zn
content in the soil (see Table 32) that apparently resulted from solu-
bilization of Zn from the galvanized metal containers used in the con-
struction of the lysimeters.

Yield data for soybeans are shown in Table 15. Sludge~treatad plots
produced significantly better grain and total plant yields than did the
controls. Sludge additions ameliorated the toxic condition that was
apparent in the controls.
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Table 15. Soybean yields from South Farm lysimeters, 1967.

Sludge

Treatment Whole plant Grain
~~~~~~~~~ gldow.) = = =~ = = =

25.4 cm 288 ,8%* 88.3

12.7 cn 253,9%*% 83.0

Control 78.2 24.4

o

Significanily differeunt from the control at the 1% level.

Reed canary grass yields are presented in Table 16. Sludge-treated
plots yielded significantly more than conirol plants from the first
cutting in each year. Second cutting yields from sludge-treated and
control plots were similar. Better physical condition of the soil
and/or availability of residual nutrients in sludge-treated plots pro-
bably accounted for the higher first cutting yields on sludge-treated
rlots.

Table 16. Reed canary grass yield means in grams dry weight; South
Farm lysimeters.

Sludge

Treatment 7/19/68 9/9/68 5/26/69 9/18/69 6/2/70 9/29/70
———————————— gldw,) = = = = = = = = = = = =

Maximum 190.3**  165.5 239.1 106.3 115 287

1/2 Maximum  132.5%%  140.1 231.6 91.4 117 296

Control 73.5 143.5 78.3 108.8 108 253

*
Significantly different from the control at 1% level.

Means for sorghum grain yields were 430.4, 284.9, and 354.8 g for the
maximum, 1/2 maximum, and control, respectively. Although the maximum
sludge application produced the highest yield, the differences were not
statistically significant at the 5 percent level (see Table 17). Sludge~
treated plants matured a few days earlier than control plants.

Average corn yields are given in Table 17. Unfortunately, leaf blight
affected the 1969 yield. Yields from sludge-treated plots were more
severely reduced because the disease affected those plants earlier than
the ones grown on control plots.
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Table 17. Sorghum (1968) and corn grain (1969, 1970) vields for plants
grown ir Sourh Farm'lysimeters.

i . em xw

Sorghum Corn
Sludge dry wt. g 5% moisture g
Treatment 1968 1969 1970
Maximum 430.4 180.61 638.5
1/2 Maximum 284.9 260.93 474.9

Control 354.8 349.18 537.0

Leaf samples for chemical analysis were collected before the fungal
disease symptoms appeared. Sourthern leaf blight affected the plants ia
1970, but did not affect the yield as much as the blight in 1968. Con-
ftrary to 1969 conditions, sludge-treated plants showed blight symptoms
later than the control plants.

Plant chemistry -~ Addition of 2.5 cm of sludgc containing 2000 ppm N
provides about 250 kg/ha of N approximately half of which is in the
NH4-N form. Therefore, during each of the first two seasons, the equi-
valent of several thousand kg/ha of N was added. Plants were analyzed
for total N to determine how sludge application rates affected N content.

Nitrogen contents for soybean leaves and grain are presented in Table 18.
Leaf values were 3.42, 3.75, and 4.45 percent for the three sludge ap-
plication rates in ascending order. Nitrogen contents of the grain were
3.94, 4.61, and 4.87 percent for increasing sludge application rates.
Thus, N in plant tissues increased as expected with increasing applica-
tions of N from the sludge.

Table 18. Nitrogen content of soybean plants grown in South Farm lysi-
meters, 1967. Data are reported on oven dry (60°C) basis.

Sludge

Treatment Leaves Grain
_________ T e - - =~ -

25.4 cm 4.45 4.87

12.7 cn 3.75 4.61

Control 3.42 3.94
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Total parcent ni+rogen conteal means for three cuttlings of Kead canaiy
grass, one from each of the three 1968, 1969, and 1970, are listed i=m
Table 19. Nitrogen values ranged from 2.13 to 4.09 percent dry weight
for a control and maximum sludge rate, respectively. The high N fer-
tilization rates had no apparent deleterious effects on the grass crops,
and total contents were not significantly changed by sludge applica-
tioms.

Table 19. Total N content of Reed canary grass and sorghum leaves
from South Farm lysimeters. Data are reported for oven-
dried (60°C) tissue.

51ludge Reed Canary Grass Sorghum
Treatment 1968 1969 1970 1968
_____________ /S U I
Maximuwa 4.09 3.11 2.75 2.49%*
1/2 Maximum 3.89 2.88 2.41 2.37%*
Control 3.47 2,13 2.65 1.48

*
Significantly different from the control at the 17 level.

Concentrations of total N in grain sorghum leaves are also listed in
Table 19. They are 1.48, 2.37, and 2.49 percent with increasing sludge
application rates, respectively. The significant increases in total N
contents of the crop with the abnormally high fertility levels resul~
ting from sludge irrigations were not very different from results de~-
termined in 2 state~wide plant nutrient survey (165).

Nitrogen concentrations in corn leaves and grain from the 1969 crop

are presented in Table 20. Each of the plant parts contains more N as
a result of sludge fertilization than was accumulated from inorganic
fertilization. The higher fertility level achieved by addition of sev-
eral tens of centimeters of sludge is reflected in unusually high con-
centration levels of N in corn grain.

Digested sludge has a rather high complement of heavy metals especially
with regard to Cu, Zn and Mn which are essential in small quantities

to plants and Cd, Pb and Cr which are nonessential. Both essential and
nonessential heavy metals are usually toxic to plants at relatively low
available soil concentrations. Because they are polyvalent, they are
held rather tightly by the scil colloids which reduces their availability
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Table 20. Nitrogen concentration of corn raised on South Farm lysi-
meters, 1969. Data are reported for oven-dried (60°C)

tissue,
Sludge -
Treatment Leaf Grain .
-___..r~:_ ______ T
68.8 cnm 1.99 2.31
34.4 cm 2.12 2.19
Control 1.84 1.75

to plants. In the case of sludge, they are present as hydroxide (76)
or other precipitated or complexed form in the solid phase. As long
as soil pH remains neutral, or above, heavy metals should not become
very available to plants from a sludge source. However, the potential
hazard of toxicity from extended application of digested sludge to
cropped land is a distinct possibility because one incident has been
reported where raw sewage was applied on the same area for several de-
cades (130).

Copper, Mn, Ni, and Zn concentrations found in soybeans are listed in
Table 21. Lead and Cr were not detected. Copper concentrations in the
grain of 8.1 to 9.0 ppm were considerably less than the 29 to 32 ppm
found in leaves. Concentrations measured in this study were rather high,
but differences in Cu, Ni and Zn contents in tissues due to sludge treat-—
ment were not significant.

Manganese concentrations in soybean leaves were significantly different
for sludge treatments while Mn levels in the grain were not. It is
easier to influence the leaf composition than it is the grain. Concen-
tration levels in leaf tissue ranged from 62 to 145 ppm for the control
and maximum rate, respectively.

Zinc concentrations in leaves and grain of sludge-treated and control
plants were unusually high. Since the control plants were also high in
Zn, it was obvious that much of the Zn found in the plant samples came
from the contaminated soils and not entirely from the sludge. Zinc
levels in all plants, including controls, were sufficiently high to be
considered in the toxic range.

Even though sludge treated plants contained higher concentrations of
Zn than the controls, the treated plants showed less toxicity. These
results support the theory that Zn and P interact and since the sludge
added the equivalent of several hundred pounds per acre P, it may have
restored a more normal ratio between the elements, thereby reducing
toxicity effects.
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Table 21. Selected microelement concentration levels in soybean
leaves and grain from South Farm lysimeters, 1967. Data
are reported for oven-dried (60°C) tissuc.

Sludge
Treatment Mn Zn Cu Ni
~~~~~~~~ Ppm — T e m e e =

Leaves

25.4 cm 145%* 1186 29 7.2
12,7 cm 129%% 1251 29 7.2
Control 62 827 32 C 5.2
Grain °

25.4 38 178 8.1 7.6
12.7 cm 58 178 a.0 7.3
Control 42 137 8.1 11.0

*
Significantly different from the control at the 17 level.

~
Nickel concentrations in leaves and grain were approximately the same,
and differences due to sludge treatment were not significant.

Micronutrient concentrations in Reed canary grass are presented in
Tables 22, 23 and 24. Cadmium and Cr were not detected. Manganese
concentrations were increased with increasing sludge application rates
in both 1968 and 1969. Manganese concentration levels in second cut-
tings for all sludge treatments were higher than the controls. Copper
concentration levels reflected the added sludge in the first cutting
but not in the second. Zinc concentration levels in the grass tissue
were exceedingly high in all cuttings but only in the second cutting
of 1968 were the levels significantly associated with sludge applica-
tions.
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Table 22. Chemical 2lement concentration levels in two cuttingé of
Reed canary grass from South Farm lysimeters, 1968. Data
are reported for oven-dried (600C) tissue.

Sludge Mg Mn Zn Cu

Treatment 7/19  9/9 7/19 9/9 7/19  9/9 7/19  9/9

S PPM =~ — = = o =
50.8 cm .226  .198 104** 154 845 823%%  33% 32
25.4 cm .223  .350 49** 96 895 976%*  25% 40
Control .292  .300 31 30 1168 635 i8 40

* Significantly different from the control at the 5% level.
*% Significantly different from the control at the 17 level.

Table 23. Selected macroelement and microelements in two cuttings
of Reed canary grass from South Farm lysimeters, 1969.
Data are reported for oven-dried (60°C) tissues.

Sludge
Treatment Ca Mg Cu Fe Ni Zn Mn
-=-%=-=- " —---===-- ppR - = - — - = - =

5/26/69

50.8 cm .259 .194** 17 156%* 5.1 595 114%*

25.4 cm .229 .196*% 12 142%% 4.3 585 62%%

Control .197 .112 9 125 4.0 550 32
9/18/69

68.8 cm .142 5.0 76 4.6 1225 193**

34.4 cm .386 5.1 71 3.0 1070 94

Control L174 7.8 63 1.4 1030 36

*% Signiticantly different from the control at the 1% level.
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Concentrations cf nutrient elements in sorghum leaves and grain are
shown in Table 25. Calcium, Mg and Cu contents did not vary signifi-
cantly with sludge treatment. Like soybeans, nutrient element contents
of the grain were much lower than that of the leaves. This phenomenon
<vuld be useful if sludge application induces higher than normal heavy
metal uptake, particularly where the edible plant part is the grain.

Zinc and Mn concentrations in leaves and grain and Fe concentrations
in grain showed highly significant increases with sludge applications.
Nickel, Cr and Pb were not detected in leaves or grain.

Table 25. Chemical element concentration levels in sorghum leaves and
grain from South Farm lysimeters, 1968. Data are reported
for oven-dried (60°C) tissue.

Sludge
Treatment Mg Ca Cuv Fe Zn Mn
2 mmmmm - ppR - -~ -~ - -~ -~
5 Leaves
50.8 cm AT 32 717%* 173%*
25.4 cm 422 : 41 589%* 76%*
Control .220 38 252 16
N Grain
50.8 cm .162 62 3.25 56%* 60%** 14%*
25.4 cm .161 75 3.44 s57%%  ggkk 11%*
Control .137 67 2.86 32 30 5.8

*% GSignificantly different from the control at the 17 level.

Chemical element concentrations found in corn leaves and grain are pre-
sented in Tables 26 and 27, and on Mn concentrations in leaves showing
a significant response to sludge treatments. Only trace amounts of Pb
were detected in a few samples, but Cr and Cd were not present in suf-
ficient amounts to be detectable.
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Table 27. Chemical element concentration levels in corn leaves'
from South ¥arm lysimeters, 1969.

— - v e e o tmma W An b M A e—— s 2>

Sludge

Treatment Ca Mg Fe Mn Zn Cu Ni
-—%-- - mmme--- e

68.8 cm 0.761  0.593 215 153** 1120 12 1.0

34,4 cm 0.797 0.869 147 45%*% 1031 13 1.1

Control 0.755 0.674 181 28 831 17 1.1

%% Significantly different from the control at the 1% level.

Boron and Cu contents decreased or remained about constant from the
first sampling to the second (at silking) in 1970 leaf tissues. The
other elements increased in concentration in samples collected at th=e
later growth stage. Most showed increases in concentration with ad-
dition of sludge, but concentration levels were not affected as much
in grain as they were in leaf tissues.

Table 28 shows the o0il concentrations in corn grain as determined on
single kernels with nuclear magnetic resonance spectroscopy. In both
years the oil concentration in sludge treated grain is higher than in
control grain. However, the differences were not determined to be
statistically significant.

Table 28. O0il concentrations in South Farm lysimeter corn grainms.

Sludge

Treatment 1969 1370
_______ /A

Maximum 4.32 3.88

1/2 Maximum 4,22 4.25

Control 4,20 3.70
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The sludge~treatecd vlants generally ewhrpited eanhanced “n, Mo and Te
uphzke., This enhanced pertly @ Funotlior oy acciclon of
the clements in sludge, buat there is good evidence thar scme of it may
be an indirect effect of sludge additior. In a0 race nz: there baen
evidence of plant toxicitiles vesulting from sludge addiiion in the four
years of this lysimeter stucy.

uptske may be

Chemistry of soils - Meaa scil test velues fow Y and concentraticn

levels of available P and X as dezevwined fov combined soil samvles
from all South Farm lysimeter plocs are shown in “able 30. The 1567
values preceded planting anc sludge applicaiiors. At the 0 to 10 m

depth, soil pH values apps: treatirents
except in 1969, when slud in goil pR
values. Available phosphoris & gl coneesurcatlzn levels waro
increased by slwige trea-aen e sals in 1970,

Table 30. Mean values far pH and concentraticn levels of available
phospherus and potassium as deterunired foeo sofl samples
collected frow the O to 10 cm depth of scils represented

in the Scuth Farwm lysimerer s.

Sludge
Tieatment

1967

Maximum 5.7 Tev 400
1/2 Maximum 5.8 709 497
Control 5.8 NI 5637
1968

; . fe < g
Max imum 3,4 B4 v 21

N - . " A o el
1/2 Maximum R 5 517¥
Control S 332
1969
Maximum .7 g8OL*Y
: oy Lot

1/2 Maximum LLoan ’ 268
Control 54 L]
1970
Maximum gL ST 437
1/2 Maximum 57 * 329
Controi L7 e (g
* . o C LT

Significantly diffevranc wn the RN io.te L4 devel.
*%

Significantiy difrevent ooLDe foor L deval.



Concentration levels of organic carbon in South Farm lysimeter plots
are given in Table 31. Organic carbon contents increased in sludge
treated plots, while the controls remained relatively constant as ex-
pected. However, even with additional sludge applications soil organic
carbon concentration levels were not increased above levels found in

1968.

Table 31. Organic carbon contents in the 0 - 10 c¢m depth of South Farm
lysimeter soils (percent dry weight).

Siudge

Treatment Pre-treated 8/21/67 10/20/67 5/12/68 5/19/70
Maximum 1.90 2.,51%* 3.41%% 5.98%* 4. 74**
1/2 Maximum 1.98 2.19%% 2,95%* 3,37%% 3.17%%
Control 1.91 1.90 1.78 1.82 2,21
oh

Significantly different from the control at the 17 level.

Chemical element concentration levels as determined by 0.1 N HC1l extrac-
tion are presented in Table 32. All chemical element concentration
levels determined increased, relative to the controls, in sludge amended
plots.

Table 32. Heavy metal concentration levels (0.1 N HC1l extractable) in
South Farm lysimeter soils, sampled 5/19/70.

Sludge

Treatment Mg Fe Zn Mn Pb Cd Ni Ca Cr Cu
e PPM — = = = = = = = = = = - -

94 cm 1005 3365 1234 354 179 21 12 4256 57 199

47 cm 624 1919 857 329 98 12 8 2784 29 121

Control 409 504 679 327 26 3 5 2641 <10 40




Two soils were sampled in the spring of 1970 at the depths of 0-10,
15.5-20 and 30-33 cm. The soil samples were extracted with 0.1 N HC1
in the usual manner and analyzed for the several chemical elements
presented In Table 33. Manganese was the only element which showed
Jauy greater concentration levels with depth than in the soil surface.
Manganese uptake by plants has generally been enhanced with sludge
addition as has its loss in leachate. Perhaps sludge has increased
tl.e lability of Mn and it has moved downwaird in the profile. The
higher concentration levels of other elements in surface samples com-
pared to levels in soil samples from lower depths reflect their addi-
tion in sludge. ‘

Chemistry of leachates - Figure 19 shows mean monthly concentrations
of nitrate-N in leachate (drainage water) collected from the South
Farm lysimeters. Analysis showed ammonium-N to be negligible. August
1967 leachates from sludge-treated plots showed somewhat elevated
nitrate~N concentrations, but it was November 1967 before the nitrate
that had accumulated near the surface from sludge applications appeared
in drainage water. After the initial flush, concentrations decreased
until June and July, when they increased slightly again. Although the
lower sewage treatment was equal to one-half of the maximum, nitrate-N
concentrations for the lower sludge treatment were nearly as great as
those for maximum sludge applications. Data for the next two seasons
showed that the nitrate concentration differences more closely reflec-
ted sludge treatments. The reasons for the small difference the first
year are not clear.

The 1968-69 and 1969-70 seasons (middle and right graphs, Figure 19)
show approximately parallel patterns of nitrate-N concentration from
sludge-~treated plots. An inivial flush of nitrate was produced in the
late fall followed by a reduction in concentration during midwinter.:
Another increase in early spring was followed by a decrease in late
spring. The lower winter and higher spring concentrations are probably
in part a reflection of orgenic nitrogen mineralization and nitrifica-
tion processes.

Nitrate~N concentrations in drainage water from sludge~treated plots
have consistently been much higher than the USPHS drinking water stan-
dard of 10 ppm. Moreover, they have been several times the levels
found in regular field tile drainage water. The amount of ammonium
nitrogen added at the maximum rate, for example in 1969, was the equi-
valent of 1,764 kg/ha of nitrogen. The total N added through 1970
exceeded an equivalent N application of 3400 kg/ha. With N added in
amounts 15 to 30 times that of the crop requirement, large leaching
losses of N would be expected. The conclusion is that the first limi-
tation to sludge loading rate is that of nitrogen content if nutrient
losses to the environment are to be minimized.
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Drainage water from check plots remained at a level generally below

10 ppm of nitrate--N, The anomalous increase in nitrate-N concentra-
tion in May 1968, (Figure 19) was due to severe and almost immediate
leaching of applied fertilizer. Almost 13 percent of the added N was.: -
leached in water collected within one week after the rain.

Toward examining the interaction of drainage water volume and nitrate-N
concentration, the two parameters are diagramed as monthly means for
the plots receiving the maximum sludge loading in Figure 20. The lower
sludge treatments showed the same pattern. Generally nitrate-N concen-
tration does not appear to be correlated with leachate volume, It
might be expected that large volumes would produce a dilution effect
and thus be inversely related to N concentration levels in leachate.
This relationship is anot evident in Figure 20 where the total drainage
effluent was collected during a drainage event. More definitive infor-
mation about interaction effects are forthcoming from the various kinds
of water samples collected by the more sophisticated sampling equipment
in use at the larger field lysimeter facility on the Northeast Agronomy
Research Center.

Concentration levels for several chemical elements in leachate samples
from two representative spring collections are presented in Table 34.
Copper, Cr and Pb were not detected in leachate collected during these
periods nor were they detected in other water samples collected from
the South Farm lysimeters. Zinc and Mg showed a several fold increase
in concentration under the influence of sludge additions, and also at-
tained relatively high absolute concentrations in the leachate. Losses
of these metals might be caused by ion exchange with soluble elements
in sludge such as ammonium nitrogen. However, the evaluation of these
data must be tempered by the fact that it is very likely that some of
the metals which occur in the soils at exceedingly high concentration
levels as a result of dissolution of the container surfaces, may have
been more readily mobilized and leached following sludge applications
than would have been the case for normal soils amended with sludge.

Table 34. Selected chemical element concentration levels in South Farm
lysimeter leachate water.

Total sludge

applications cd Mn Zn Mg Ni
“““““““ Ppm = =~ = = - - - - = =

3/20/68

25.4 em 0.08 0.26 25.2 141 0.12

12.7 cm 0.04 0.07 8.4 63 0.08

Control <0.01 0.01 2.3 10 0.03
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Table 34. {cont) Selected chemical element concentration levels in
South Farm lysimeter leachate water.

Total sludge

applications cd . Mn in Mg Ni
nnnnnnnnnnn p pm - - — - - - - e e -

4/10/69

50.8 cm 0.08 0.19 23.6 152 0.10

25.% cm 0.04 0.06 7.1 65 0.07

Control <0.01 0,02 3.0 9 0.02
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SECEION V

LABORATORY AND SMALL SCALE FIELD RTUDIES

Aeration Induced Changes in Liquid Digeoted Scwage Sludge.

Iniroduciion ~ Tk chemical composition of digested sludge varies %o
some extent depeunding on whether it. is of domestic or industrial ori~
gin. There are some seasonal variations, too. The digested sludge
can be grossly defined as a 2-5 percent solid suspension rich in N,
about half of which is present as NH4-N, P 2nd small amounts of K.

The organic C~N ratio Is low (less than 5)., The liquid phase of di-
gested sludge contains most of the WHx-N, only a few parts per million
organic C, but is saturated witbh ca.bon dioxide and meihsne. The
solid phase contains numerous metzls such as Cu, Zn, Ni, Fe, Cr, Pb,
as hydroxides and sulfides (69)(76).

Digested sludge is the product of a fermentation carried on in an
oxygen~free medium at a low oxidation-reduction potential. Disposal

of this material on soils will necessitate transportation and storage
with exposure to air. The purpose of this investigation was to ana-
lyze the chemical and physical changes which occur in the digested
sludge upon contact with the air, and to examine the effect of digested
sludge on germination of plant seeds.

Materials and Methods - Organic C analysis was performed by the proce~
dure of Mebius (103). This metho:! -bas=d on the principle of wet carbon
oxidation by a dichromate solution gives only the organic oxidizable C
but does not include the C from the carbonates or from methane. Nitro-
gcn was determined by the microKjelaahl procedure of Bremmer and Keeney
(22) and Bremneg and Edwards (22). Values for oxidation-reduction po-
tentials are given in terms of potentials between Pt and H electrodes
and were determined by using a conventionai calomel reference electrcde.
The metals (Ni, Cr, Zn, Cu, Pb) were determined with a Beckman Model 979
atomic absorption spectrophotometer.

Seed germination was accomplished by a method similar tc that developed
by Guenzi and McCalla (50) for their study of soil extract inhibitors.
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The sceds werce first immcrsed in the digested sludge for six hours.
Thev were then incubated in a petri-dish on two lavers of filter paper
(whatman No. 1) soaked with 5 to 6 ml of digested sludge.

Vigorous aeration of the digested sludge was carried out by passing
compressed air through the slurry contained in a 1> liter bottle for
11 davs. At different time intervals, aliquot samples were taken and
analyzed for their (C, N and metal content, pi, oxidation-veduction po-
teutial (Lh), sedimentation properties, and odors.

Changes in thé chemical and physical properties of the digested sludge
upon contact with the air - The results show that the digested sludge
properties can be grouped into two categories, namely those that changed
rapidly and those that remained unchanged by the aeration. Great and
rapid changes were observed in pH, Eh, Ni}4-N content (Figure 21), set-
tleability, and odor. On the other hand, organic C, organic N, and
nitrite plus nitrate nitrogen contents of the digesied sludge were not
significantly affected by the aeration process.

After forced aeration of the digested sludge for one day, its pH rose

by about one unit, the distinctive smell disappeared, and a light col-
loidal solution developed that remained cloudy even following centrifu-
gation of the material at 20,000 G for 30 minutes. After the second day
of aeration, a sudden jump in the oxidation~reduction potential was ob-
served. The NH,-N content of the digested sludge regularly decreased to
one-half of its original value after six days of aeration. In the course
of 11 days of aeration, no decided decrease or increase in total organic
C or organic N content was observed. Values fluctuated between the fol-
lowing extremes: 6.48-8.22 gm of organic C per liter and 732-822 mg of
organic N per liter. During the course of those experiments, no signi-
ficant amounts of nitrites or nitrates were detected.

Aeration by bubbling air is too drastic a treatment to simulate the
conditions prevailing when digested sludge is transported in tanks and
impounded. Therefore, another experiment was carried on with 400 ml of
digested sludge placed in a 500 ml beaker which was clamped in a rotary
shaker and gently swirled for two weeks. The results obtained were
qualitatively similar to those found when compressed air had been pas-
sed through the digested sludge - no change in organic C or organic N
content, an increase in pH, and a decrease in the NH4-N content (Table 35).
At the end of six days, it was verified that most of the organic C as
well as the organic N was still localized in the solid phase of the
sludge while the liquid phase contained the NH,-N, and only small amounts
of organic C (0.15 to 1.50 mg C per liter). After two weeks of incuba-
tion, the NIl4-N content had been reduced to 174 mg N per liter and no
significant amounts of nitrite and nitrate could be detected. These
values were for a digested sludge including industrial waste collected

at the Calumet treatment plant, Chicage. Similar results were observed
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with domestic~type digested sludge obtained at the Urbana-Champaign
treatment plant. Whateve:r the conditions of aeration no solublliza--
tion of the metals was observed during a two-week period.

Sced germination in digested sludge - The inhibitory action of digested
sludge on seed germination (corn, Illinois maize hybrid: WrfgIMS x C€103D,
Wayne soybean) is indicated by the data in Table 36. The toxic proper-
cies were localized in the digested sludge supernatant liquid which was
obtained as follows: centrifugation first at 6000 G for 15 minutes
followed by centrifugation at 20,000 G for 20 minutes. Sulfide toxi-
city is unlikely in as much as less than 0.05 ppm S2- were detected in
the sludge supernatant liquid while 0.3 ppm are required to affect
plants (47). The ash from the sludge supernatant liquor was not toxic.
The partial inhibition by total sludge ash indicated the possibility

of some salt or toxic metal interference.

Table 36. Inhibitory effect of digested sludges on seed germination.

Percentage Germination

rorn soybean
“ontrol¥® ’ 10d 100
Digested sludge ' 19 0
Digested sludge svpernatant n 0
Ashes®™* from digested sludge 50 66
Ashes** from digested sludge supernatant 100 100
® Seed germination in 10-% M CaCly aqueous solution.

**%  Ashes obtained by combustion of the dried material at 5000C for
12 hours.

Seced germination was still inhibited when the assay was performed asep~
tically with autoclaved digested sludge or with the digested sludge
supernatant liquor sterilized by filtration, thus preventing the micro-
bial proliferation observed around the seeds inside the petri-dish,

It was observed that upon storage in a cold room the digested sludge
gradually lost its toxicity. An experiment was set up to investigate
the persistance of the inhibitory property. For this purpose, three
200-ml aliquots of fresh digested sludge samples were aged for 5 days
at room temperature, in the following ways: the first two samples were
left undisturbed in a 500 ml beaker, one uuder vacuum, the other one in
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contact with the ai.; the third 200-ml aliquot sample was placed in a
500 ml Erlenmeyer flask and shaken by rotary action to provide for a
more vigorous aeration. Table 37 shows that 5 days of aeration improved
the digested sludge's capacity to support sead germination. Similar
results were noted with the sludge samples obtained from the experiment
reported in Fig. 21. The toxieity could not be solely attributed to the
low redox potential of the sludge since some samples showing high redox
potentials (samples at 2,3,4 and 6 days of aeration) were still toxic.
Figure 21 indicates that the toxicity towaids soybean seed germination
was reduced with decreasing concentration of ammonium in the digested
sivdge. Ammonia toxicity towards plant development and seed germination
have been reported for concentrations as low as 0.20 mH NH; (ag).

Lavels of ammonia in excess to this limit will be found in equilibrium
with 700 ppm NH4+t-N for any pH values above 6.8, assuming that the
transformation NH3 (ag) -+ NH3 (g) does not occur. Considering the high
pH of the digested sludge it is possible that ammonia was at the origin
of this toxicity. To confirm this hypothesis, ammonium chloride as an
aqueous neturalized solution was added to aliquot sludge samples which
had been collected after 6 days of aeration with properties as shown

in Fig. 21. The results indicated that, in order to reach toxic levels,
ammonium had to be asdded in concentrations much higher than those usu-
ally encountered in fresh digested sludge. This indicated that ammonia
was not the main tnxic factor possibly because some was lost by vola-
tilization (Tabliec 328).

Tablec 37. Improvement of seed germination upon aging for 5 days of the
digested sludge.

Percentage Germination

Corn soybean
Control* 100 100
Aged under anaerobic conditions 29 0
Aged in contact with the air 47 47
Aged and swirled in contact with
the air 76 76

* Seed germination in 10-%4 M CaClg aqueous solution.
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Table 38. Soybean germination in digested sludge supplemented with
ammonium chloride.

Ammonium-nitrogen added to the

digested sludge (mg/l) Percent Germination
o* 60
300 60
600 70
1500 30
15,000 0

* The digested sludge contained 527 mg/l NH47-N. It was the
sample collected after 6 days of aeration with properties as
shown in Figure 21.

Fresh sludge toxicity toward seed germination was confirmed in a green-
house experiment., Corn seeds were planted 2.5 cm deep in sand which was
supplemented with N, P, K {200 mg (NH4)2S04, 200 mg Ca (HpP04)2, and
200 mg KC1 per kg of sand}. A mixture of watcr and digested sludge was
added on the sand surface to bring the moisture content to a level op-
timum for seed germination. The equivalent addition of 2.5 cm (1 inch)
" per week of fresh digested sludge totally prevented seed germination,
while the application of 2.5 cm of digested sludge aerated for one week
did not interfere with the germination. Addition of 1.2 cm of fresh
digested sludge reduced plant growth. The toxicity was not limited to
seed germination since the addition of fresh digested sludge supernatant
to the rooting system of a l-week-0ld corn secdling induced degeneracy
of the plant within 12 hours.

Discussion - Reduction in ammonium-nitrogen content of the digested
sludge is brought about within a few days by acration or by aging in
contact with the air. Ammonium-nitrogen is volatilized since this oc-
curs at the observed high pH and is further evidenced by the odor of \
ammonia. The ammonium-nitrogen is not oxidized (at least over a 2-week
period) and the possibilities of nitrogen assimilation are slight in
view of the low carbon-nitrogen ratio of the digested sludge (C/N = 4.3).

The mechanism by which the pH of the digested sludge increases .on expo-
sure to air is not fully understood. It is possible that, upon aeration,
the concentration of the carbon dioxide dissolved in the digested sludge
decreases. An aqueous solution of ammonium carbonate has a pH of 9.8

as opposed to the ammonium bicarbonate solution which shows a pH of 7.8.
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No mineralization was obscrved. The organic C and organic N of the di-
gested sludge are not in a form reoadily available to biochemical degra-
dation under these laborostory conditions. A similar observation has
been made by Premi and Cornfield who reported that no mineralization

of the sludge organic N fraction occurred after an incubation period

in soil of eight weeks at 300C (121). Digested sludge is a stabilized
material which is not amenable to immediate biodegradation, at least
under laboratory study conditions.

One of the main rate limiting factors to the use of digested sludge on
agricultural land will arise as a conscquence of its high N content.
¥ven though it is assumed that digested sludge organic N is mineralized
very slowly, therc is enough ammonium-nitrogen in a 3-4 cm application
to satisfy the neceds of a corn crop. Use of an excessive amount of
digested sludge for irrigation wmay dangerously increase the nitrate
content of the ground water. Yet, the possibility of removing N as
ammonia by aging of the sludge (in a lagoon for example prior to irri-
gation) may perwit application of up to 15 cm per year for irrigation.
In this respect, Premi and Cornfield have noticed that a 4 to 13 per-
cent N loss as ammonia could be expected following land application of
liquid digested sludge (121).

Vigorous aeration of digested sludge for two weceks was insufficient to
generate any biological exidation of the ammonium presumably because
of the absence of nitrificrs. Sceding the digested sludge with acti-
vated sludge and aerating the mixturc initiates a rapid oxidation of
the ammonium (83). 1In soils, the ammonium added with digested sludge
is oxidized to nitrate (121). 1f a soil harbors a low population of
‘'nitrifiers at the time of digested sludge addition, one may expect

an accumulation of nitrite since the acmmonium cation stimulates the
development of MNitrosomonas spp., but ammonia inhibits the develop-
ment of nitrite oxidizing organiems (1) (111). Premi and Cornfield
noticed a lag phasce for the appearance of nitrate in soils heavily
amended with digested sludge, which they attributed to the presence

of organic matter (121). However, the lag phase may have corresponded
to an accumulation of nitrite which persisted until the ammonia con-
centration was reduced and Nitrobacter spp., were able to multiply.

Aging of the digested sludge in the laboratory for one week was suf-
ficient to transform a material otherwise toxic into a medium suitable
for seed germination. This would explain why erratic results have
been reported about secd germination in scils amended with heavy loads
of digested sludge (97)(106)(150). 1t is likely that high rates of
fresh digested sludge on soils which have just been sceded may retard
or prevent germination. However, if sceds are planted one week after
the first fresh sludge application, or ii the sludge has been aged in
contact with air, germination may proceed normally. Digested sludge
toxicity could be avoided also by planting on ridges with furrow irri-
gation. It is also possible that fresh digested sludges differ in
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toxicity - there was a marked difference in the level of toxicity be-
tween the Calumet and the Champaign-Urbana fresh digested sludges.
The latter gave a maximum of 40 perceut inhibition even though it had
the same ammonium content as the Calumet sludge. Improvement of seed
germination in scils amended with lagooned digested sludge, as opposed
to fresh digested sludge, has already been observed by Lunt (97).

Effect of Sludge Application on Soil Atmosphere

Introduction ~ The fate of nitrogen in sludge which is added to soil is
highly dependent on the level of dissolved oxygen in the soil-water,
With normal soil conditions, ammonia is oxidized to the mobile nitrate
form which may be lost by leaching. 1If anaerobic conditions are created
in soil containing nitrates, denitrification occurs with the usual evo-
lution of nitrogen gas to the atmosphere.

A preliminary laboratory study was conducted to evaluate the effect of
sludge application on oxygen concentrations in soil. Rates of denitri-
fication of nitrates added to sludge-soil mixtures were also evaluated.
The work reported here is a part of a master's thesis prepared by
Sze~Ern Kuo, Dept. of Civil Engineering, University of Illinois.

Description of experiment - Ixperiments were conducted with 19 cm
diameter laboratory columng containing 1.65 m of Plainfield sand. A
free water surface was maintained at the bottom of the columns. The
columns were equipped with provisions for obtaining samples of the gas
in the soil at various depths. Also, provision was made for obtaining
liquid samples at various depths by applying a vacuum to sampling tubes.
*Liquid digested sludge from the Champaign-Urbana waste treatment plant
was added each week to the top of the columns without mixing. Four
columns were used and rates of application were 0.64, 1.3, 1.9, and 2.5
em/wk., In addition, 1.3 cm of water was added to each of the columns
weekly to simulate rainfall.

Discussion of Results -- Samples collected at a depth of 5 cm below the
surface of the soil following 0.64, 1.3, and 1.9 cm sludge applications
indicated that total anaerobic conditions were not created during the
first several hours following sludge application. No gas analysis for
the column receiving 2.5 cm/wk of sludge could be obtained because soil
pores at the 5 cm level were filled with moisture. Hence anaerobic con-
ditions would bhe expected near the surface of that column. '

Figures 22 and 23 show the variation of the carbon dioxide content in the
gas in soil pores at the 15.2 cm and 45.7 cm depths as a function of time
during the first four days following application of sludge. Note that

the elevation in €0y concentration was most pronounced at the 15.2 cm
depth soon after the application of sludge and that the concentration con-
tinued to decrcase with time. During the first day following sludge ap-
plication the carbon dioxide level was highest in the columns receiving
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Figure 22. Carbon dioxide concentrations in soil atmosphere at
15.2-cm depth after various sludge applications were
made on the soil's surface.
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\
Carbon dioxide concentrations in soil atmosphere
at 45,7-cm depth after various sludge applications
were made on the soil's surface.
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the largest amount of sludge indicating that the amount of microbial
degradation of organic materials was-.greatest in those columns, How-
ever, then the carbon dioxide level decreased in the heavily dosed
columns to levels below those in the columns receiving less sludge.

A possible explanation for this observation is that soil structure was
imporved by increasing sludge applications to the extent that gas in
soil pores in the columns receiving heavy sludge doses was afforded
greater opportunity for interchange with the atmosphere and concentra-
tion differences were equalized. lowever, such a pronounced change in
soil structure, especially as it relates to an increase in porosity,
was not expected in such a brief period of time.

Figure 24 shows the results of gas analyses at various depths in the
columns one week after the first application of liquid digested sludge.
In all of the columns, O concentrations in the air within the soil de-
creased with depth and the abundance of carbon dioxide increased with
depth. ©Note that after a week the depletion of O in the soil was
greatest in the lysimeter receiving 0.64 cm/wk of sludge and the least
in the lysimeter receiving 2.5 cm/wk of sludge. This confirms the
trend noted in Figures 22 and 23.

The extent of oxygen depletion and the amount of carbon dioxide in the
air within the soil at the 0.75 and 1.35 m levels are shown in Figures
25 and 26 for a period of five weeks. Sludge additions were made weekly
and the values shown were obtained one week after the latest sludge ap-
plication {(just prior to addition of new sludge).

In the colunns which received 0.64 to 2.5 cm/wk of sludge along with
-1.3 em/wk of water, nitrates were first detected in the column leachate
after three weeks of operation. Nitrate profiles in the soil column at
the end of the third, fourth and fifth weeks are shown in Figure 27.
Note that differences in thenitrate concentration of the soil moisture
in the four columns were not proportional to the differences in the
amount of sludge which the columns received. Note also that at the end
of five weeks soil moisture nitrate concentrations had reached maximum
levels of from 300 to 800 mg/l although high levels had not yet been
detected in the leachate.

It is of interest to know whether nitrate formed in the soil 1llustrated
in Figure 27 could be evolved as a gas through creation of controlled
anaerobic conditions. 1In separate laboratory studies, nitrates were
added to digested sludge to assess the probable maximum rate at which
denitrification might be expected to occur. The rate of denitrification
of nitrates in sludge was found to be independent of the nitrate con-~
centratiocn until the nitrate level reached 1 or 2 mg/l. The maximum
rate of the zerc order reaction observed was about 10 mg/l of nitrate
per hour at room temperature. The rate depends on the characteristics
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of the digested sludge as illustrated by Figure 28. The figure shows
the zevo order denitrification curves obtained at various times from
the digested sludge maintained at 35°C in a laboratory digester for

five days. As seen, the rate of denitrification decreased with stor-
age, l.e., continued digestion. The pll ¢f the sludge was constant at
about 7 during the five day period, although the Eh (oxidation-reduc~
tion potential) increased from -110 mv to -60 mv during the period.

Figure 29 shows the rate of denitrification of nitrate added to a
mixture of 50 gm sludge and 30 gm soil as compared to denitrification
in sludge alone. 1In the sludge-soil mixture the rate of denitrifica-
tion continued to be iundependent of nitrate concentration, but deni-
trification procecded at a slower rote than in sludge alone.

Summary ~ Depression of the O content and elevation of the carbon di-
oxide content of gas in soil pores cccurs as a result of sludge appli-
cation. The deviation from normal atmospheric conditions initially is
greatest for soils receiving the greatest amount of sludge, but after
a few days, the trend reverses.

Extensive anaerobic conditions, as a result of biological utilization

of O,were not created as a result of any of the sludge application

rates studied (2.5 cm/wk maximum). High application rates may produce
only brief anaerobic conditions by filling the soil pores with moisture.’

Loss of W through denitcilication of nitrate as a result of anaerobic
conditions in soil would be expected to follow zero order kenetics.
The rate of denitrification in soil is less than in sludge alone.

Ammonia Volatilization From Digested Sewape Sludge as Related to Land
Applications

Introduction -~ When the economic aspects of a land application system
are considered, the possible shortage of available land or the desire
to minimize the initial cost of sludge spreading equipment may make
desirable thc application of more than just enough sludge to provide
for the supplemental nitrogen needs of the crop. In view of the pro-
bable limitations imposed by water pollutional characteristics of N
in sludge, studies of possible inoffensive losses of N are pertineni.
A loss which has been poorly quantified is the ascape of ammonia from
liquid sludge by gas transfer. Such losses could occur in digested
sludge storage facilities, during applicatior and following applica-
tion.

When applied to land, N in digested sludge can have various fates de-
pending on the environmental conditions. 1Tt may be lost in runoff from
the soil, leached to the groundwater, adsorbed on soil particles, taken
up by plants, used in the synthesis of microorganisms, volatilized and
lost to the atmosphere, or retained in an unavailable organic form. Its
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125



Sludge - Soil
Mixture

30

NO, 5]
(PPM) 4
3 //////2
2 Sludge
11
0 ™ T ™ ~ T
0 0.5 1.0 1.5 2.0 2.5
Time (hrs)
Figure 29. Denitrification of NOy added to sludge and a mixture of

50 g of soil.

126



fate, however, depends greatly on the form in which it exists. For in-
stance, loss by leaching can occur only if a water soluble form, such
as ammonia or nitrate nitrogen, is present. Nitrate is very soluble in
water in the presence of all common cations (Handbook of Chemistry and
Physics, 1955). Ammonia nitrogen is also water soluble, but its solu-
bility is restricted by pH (42). From the equilibrium equation for
ammonia in water:

NH3 + Hp0 —=————=> NH4*+ + OH- (1)

and from the ion~product of water:
Ho0 = ¥t + oW~ (2)

it can be seen that if the concentration of Ht is decreased, i.e., the
pH dis increased, the concentration of OH™ must increase to maintain the
equilibrium shown in equation (2), which, in turn, forces a shift in the
equilibrium of cquation (1) to the left. Sinch NHj is a gas, it may be
volatilized, thus, resulting in a net decrease in the ammonia concentra-
tion in the watcr.

Nitrogen contained in anaerobically digested sludge is primarily in two
forms, ammonia and organic N. This is clearly understandable since any
nitrate or nitrite which exists in the digester feed is reduced under

the anoxic conditions which exist in the digester. The relative amounts
of ammonia and organic N depend among other variables on the sludge age
and digester detention time since decomposition of soluble nitrogenous
compounds occurs during the acid regression stage of digestion, resulting
in the formation of ammonia and other compounds (43).

Considering, then, that sludge contains both ammonia and organic N, it
is well to recopgnize the N transformations which can take place when
sludge is applied to soil:

1. Proteolysis is the enzymatic hydrolysis of proteins into pep-
tides and the further hydrolysis of peptides resulting in the release
of individual amino acids.

2. The amino acid groups are further decomposed by microbial action
into various nitrogen-free organic compounds and ammonia (NH3). This
process is known as ammonification or deamination.

3. The combination of proteolysis and ammonification is commonly
known as mineralization - the conversion of organic to inorganic N.
The ammonia thus formed can either be utilized by plants and microorgan-
isms or, under favorable conditions, oxidized to nitrates.

4. The oxidation of ammonia to nitrate, which is accomplished in
two distinct steps by distinctly different microorganisms, is called
nitrification. Nitrosomonas is capable of oxidizing ammonia to nitrite
(NO2~) and Nitrobacter carries on the oxidation from nitrite to nitrate
(N037). Although a very few other genera of bacteria are capable of
performing these oxidations, these two are thought to be of most impor-
tance in the process (118).




5. Several microorganisms are able to cause the reverse of nitri-
fication by reducint nitrate to nitrite and further to ammonia. This
phenomenon occurs under anoxic conditions (163).

6. Other organisms are capable vnder anaerobic conditions to
transform nitrates to Ji gas or nitrous oxides. Known as denitrifica-
tion, this process occurs to a very small extent in well-aerated soils,
but can become pronounced in soils saturated with water and containing
an abundance of organic matter,

7. Inorganic N can be converted to organic N by plants or by
microbial synthesis. This process is collectively known as immobili-~
zation.

For more detailed discussions of the above N transformations which can
occur in soils and of the relative significaunce of each, the reader is
directed to Alexander (2), Bear (12), Burges (27), and Waksman (163).

From the above information it can be seen that N contained in liquid
digested sewage sludge not only can be converted into several different
forms, but also has many possible fates when the sludge is applied to
soil., Therefore, any attempt to determine how much N will be made
available to the crop must be accompanied by an investigation of each
of the pathways N can take once the sludge is applied to the soil. It
is believed that two of the most important pathways which reduce the
amount of N available to the crop are the leaching of nitrate and am-
monia to the ground water and the volatilization and subsequent loss

of ammonia to fthe atmosphere.

"Scope of the investigation ~ The purpose of this investigation was to
determine the rate of ammonia volatilization from liquid digested seswage
sludge in a holding lagoon, and to derive a mathematical model to de-
scribe such volatilization as it varies with pH, depth of sludge and
mixing. The reasons for conducting the study of ammonia volatilization
in this manner were twofold.

Primarily the study was initiated to determine a method of estimating
one of the pathways nitrogen in sludge can follow when applied to soil.
It was reasoned, however, that almost any facility designed to spread
liquid sludge on cropland must, bY necessity, include a holding lagoon
to accommodate sludge produced between applications or when physical
conditions prohibit application. Thercfore, a laboratory study using
sludge columns of various depths was conducted to simulate conditions
existing in sludge lagoons.

Secondly, a mathematical model was developed, which was then programmed
in Fortran 1V, in order to study the interrelationship of the factors

of pH, depth of sludge and mixing as measured by the diffusivity coef-
ficient. Such a study using only laboratory procedures, would have been
impossible considering the time available for the investigation.
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The laboratory investigation consistced of two main parts: (1) deter-
mination of ammonia profiles in sludge and (2) measurement of the am-
monia evolved from the surface of sludge. A single 1.5 m column was
used to determine ammonia profiles, but five columns with depths ran-
ging from 2.5 cm to 1.5 m were used to demonstrate the effect of sludge
depth on ammonia evolution.

Experimental equipment and procedures - Liquid digested sludge from the
Champaign-Urbana Sanitary District Treatment Plant in Urbana, Illinois
was collected in carboys so that 25 liters was transported to the lab-
oratory for use in the investigation. The treatment at the Urbana
Plant consists of split flow to both conventional activated sludge
units and trickling filters, followed by anaerobic digestion of the
solids, the majority of which come from the activated sludge process.
The sludge was taken directly from a sampling valve at the base of one
of the secondary digesters.

The average suspended solids content of the sludge was 2.80 percent,
and the initial pH and temperature values were 7.5 and 33.350C. The
solids content was determined by the "Residue on Evaporation' method
and the pH by the "Glass Electrode Mcthod' as described in Standard
Methods for the Examination of Water and Wastewater (1965). The ini-
tial ammonia N and organic N concentrations, also determined according
to Standard Methods (1965), were 363 mg/l and 1030 mg/l, respectively.
All initial determinations were made on a composite sample from all
liquid sampling ports of the 1.5 m sludge column (as described below)
taken shortly after the column was filled with sludge. Solids content
and pH were determined in triplicate, while ammonia and organic N deter-
‘minations were made in quadruplicate. Ammonia N determinations were
made by distillation into standard boric acid accordaing to Standard
Methods (1965), except that the endpoint of the back titration with
standard sulfuric acid was determined by drawing a titration curve in-
stead of using an indicator. This titration curve method is believed
to give slightly better accuracy. A statistical analysis of the method
revealed a coefficient of variation of 2.0 percent (CV = 100 x standard
deviation/mean).

Because temperature plays a major role in the evolution of a gas from
solution, in the diffusion process and in the biological reactions oc-
curring in sludge, both the temperature of the sludge and the room tem~
perature were monitored. The room temperature remained at 26.4 + 0.20C
throughout the course of the experiment. Since the temperature of the
sludge attained equilibrium (room tempcrature) after omly 30 hours, its
effect on the overall experiment was assumed to be negligible.

The column used to contain the sludge and simulate a lagooned situation
was fabricated from an 20.3 cm diameter (19 cm inside diamecter) plexi-
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glass tube, 1.65 m long with flanges on both ends as shown in Figure 30,
A solid bottom cover was bolted to the bottom flanges and a top cover
with two access holes was bolted to the top flange. Both top and bet-
tom were sealed with rubber O~rings, and the bottom was reinforced with
bathtub caulk to prevent leakage., Sampling ports, consisting of 0.95 cm
diameter glass tubing installed through No. 10 rubber stoppers, were
positioned as shown in Figure 30. The glass tubes extended about 5 cm
into the column to facilitate collection of representative samples.

When not in use the sampling ports were closed by clamping the rubber
tubing fixed to the outside end of the glass tubing.

Samples were taken periodically from all sampling ports according to
the following schedule:

0 hr (composite) 309 hr
118 hr 452 hr
165 hr 527 hr

All samples were analyzed for pll and ammonia nitrogen as described above.

The laboratory studies of ammonia profiles and ammonia evolved were con-
current, therefore, the sludge used was identical to that used for the
determination of ammonia profiles as previously described.

Five columns of various lengths, including the 1.5 m column described
above were used to simulate sludge lagoons of various depths. The col=-
unns were constructed to accommodate sludge depths of 2.5 cm, 15.2 cm,
0.3m, 0.9 mand 1.5 m with a 15.2 cm free space for air circulation
.at the top of each. All columns were constructed of 20.3 cm diameter
plexiglass with flauges and covers as described abova. Each column was
equipped with an air flow meter and inlet and outlet tubes positioned
in the top access holes as shown in Figure 30. Each of the outlet tubes
led to an ammonia absorption unit as illustrated in Figure 31. Vacuum
flasks were used for the liquid traps, and standard 125 ml sintered
glass air bubblers were used for the ammonia absorbing solution

(0.124 N H9S04). Vacuum was applied through a common manifold system
connected to the laboratory vacuum line through a pressure regulator.

After each column was filled with fresh sludge and the tops were closed
and scaled, 100.0 wl of ammonia absorbing solution (0.124 N Hp50,) was
added to each of the air bubblers and the air flow regulated to about one
1/min. This flow rate was sufficient to renew the air in the free
space about every five minutes and still permit over 99 percent absorp-
tion efficiency in the gas bubblers.

Measurements of the ammonia concentration were then made at irregular

intervals by titrating the absorbing sulfuric acid sclution with sodium
hydroxide of the appropriate normality (0.100 N or 0,050 N). After each
titration fresh sulfuric acid was placed in each of the air bubblers and
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the air flow restarted. Sampling times were irregular since all unics
could not be sampled simultaneously, however, it was attempted to make
titrations according to the following schedule:

1 hr 120 hr
3 hr 144 hr
6 hr 168 hr
24 hr 216 hr
48 hr 264 hr
96 hr 312 hr

Before the experiment using sludge was begun, a determination of the
ammonia content of the laboratory air was made by setting up an ammonia
absorption unit without a sludge column. No appreciable ammonia was
collected during a run of 96 hr duration at a flow rate of one 1/min;
therefore, no ammonia absorbing unit was used to scrub the air going
into each column. ‘

The method was further refined by running a statistical analysis on

12 replicate samples of a solution containing a known amount of ammonia.
This analysis revealed a very small coefficient of variation (CV) of
0.43 percent.

Results of laboratory investigation -~ The results of the 22-day study

of the ammonia profiles in liquid digested sludge are shown in Figure 32.
The experimental points are encircled and curves have been approximated
to fit the profiles. Note that the abscissa is only a segment of the
whole scale and that the ordinate is inverted and shown as depth.

Since the experiment was run under the most natural conditions possible,
it was recognized that some difficulty would be encountered with solids
separation. Indeed this was the case. A definite interface between

the solid and liquid portion of the sludge was observed through the

clear plexiglass column. A record of the interface height during part

of the laboratory run is shown in Figure 33. It can be seen that a
definite equilibrium was attained with the interface height at about

the middle of the 1.5 m column., This equilibrium was maintained through-
out the investigation. The effect of this solid~liquid separation can

be clearly seen in the profiles of Figure 32 as indicated by the definite
change in curvature of the profiles at the 0.75 m level.

Note that, instead of decreasing, the concentration of ammonia N in the
sludge actually increased over the period of the experiment. This im-
plies that the rate of ammonia volatilization was exceeded by the rate
of deamination under the conditions present in the laboratory run. Note
also that the rate of deamination in the lower part of the column ap-
pears to have been greater than the rate of deamination in the upper
part. This indicates that the sludge solids had a significant effect
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ov the deamivation process, a fact which 1g understandable since morz
arimenta can be forued where a greater organic N sonree (s present,
Thus, the deowminot fon process, like all biolopical processes, depends
on the quantity and avoailability of suitable substrate.

Ammonia volatilization cuvves for the five colurns used in the study

are shown in Figure 34. The depth of sludge is indicated by each

curve. Note that the initial rate of ammonia cvolution was linear

with time ia all cases investigated. Tt in obvious, however, that the
three shorter colummg were depleted ol free, readily volatilized ammonia
during the coarse of the experiment. In fact, the 2.5 cm became deple-
ted first, then the 15.2 cw column, then the 0.2 m colunn as expected.
Note, alse, that the rute of evolution for the two Jonger columns (ap-
proximately 0,8 ra/hi) anpe.rs to have been siﬁnff*cpntly 1& cs than the
average rate for the three shovter ones (approxsimarcly 1.0 mg/hr).

This is swimised to be the resalt of floating ccum which Lnrmcd on the
surfaces o th the 0.9 m and 1.5 m sludge columns.

1mis
f bo
Development of a mathematical model - In the development of the mathe-
ratical model it was necessary to make several simplifying assumptions.
Because the loss of ammonia from sludge involves not only deamjnation,

a biological process, but also diffusion of ammonia, a physical proccss,
many assumptions were requirvred to simplify the problem. VYor a descrip-
tion of the assumptions, derivation of the mathewatical model, and the
Fortran IV program used to achieve rapid analysis of the quhcmatlpal
model the reader should see the thesis prepared by R. B. Gossett, Dept.
of Civil Ingineering, University of Illinois.

Factors affecting ammonia volatiiization - The effect of mixing on the

rate of mass cransport and subs sequent evolution of ammonia from liquid
sludge was investigated by varying the cffective diffusivity coefficient,
D, as empiricalily detevmined for use in the mathematical model from the
experimentsi data. Values of D used in the investigation varied from

9 x 1074 m?/hr, that value which best fit the laboratory data, to

6.15 x 10-3 mz/hr, 1000 tiwes the coefficient of molecular diffusivity
of ammonio in water at 2000 (128). All of thie valurcs studied are with-
in the realn of slow mixing and wore assumed not to cause rcsuspension
of the sludge solids.

Upon first consideration, wixing way be thought to be a mator factor

in the rate of ammenis cevolution; however, the results of the computer
run using different values of D ave evidence to the contrary. Table 39
is a summary of the results showing percent total N evolved from the
1.5 m column as it varies with time and diffusivity coefficlient, D.

As determined experimencally the initial concentration of ammonia N,
soluble orvanic N, and insoluble organic N were 365, 260 and 770, res-
pectively, all expressed as mg/l of N. These values were used in com—
paring the results of the model with the laboratory results. The pH
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value of 7.62 and other rate constant values used in the mathematical
model where those determined from a best {it of laboratory data.

Table 39. Percent total N evolved as NH3~-N (rom a 1.5 m sludge column
by varying the effective diffusivity coefficient, D, to
demonstrate the affect of mixing on ammonia evolution.

Values of D (10"3 m2/hr)

Time (hr) 0.9 1.8 3.6 5.4 6.15
168 0.42 0.42 0.42 0.43 0.43
336 0.85 0.36 0.87 0.87 0.87
672 1.76 1.79 1.81 1.82 1.82

1344 3.73 3.81 3.86 3.88 3.88
2016 5.81 5.95 6.02 6.05 6.05
2688 7.94 8.13 8.23 8.26 8.27
3360 10.07 10.30 10.43 10.47 10.48
4032 12.16 12.44 12.59 12.64 12.65
8064 23.43 23.92 24.18 24,27 . 24 .28

Notice that the percent total N evolved as ammonia varies only slightly
with any change in D, even when a holding time of nearly a year is con-
sidered. It is recognized that sludge probably would not be stored in
a lagoon for this period of time, however, a one year detention time is
used to emphasize the ineffectiveness of slow mixing on ammonia loss by
volatilization. It must be noted that the mathematical model developed
is not meant to be applied to the study of viclent or rapid mixing,
therefore, modification of the model would have to be made before the
effects of such phenomena could be investigated.

The effect of sludge depth on ammonia loss was studied by varying total.
depth in the model. Values of depth used varied from 2.5 cm to 2.4 m.
The latter depth is a practical limit for sludge lagoon depth, and the
former value simulated sludge applied to land with the assumption that
no evaporation or percolation of liquid occurs. Although this assump-
tion is unrcalistic over long periods or time, the use of a 2.5 cm
depth helps to illustrate the great effect of depth, or more appropri-
ately surface area to sludge volume ratio, on the loss of ammonia by
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volatilization. Table 40 shows the efiect of sludge depth on total N
loss by ammonia volatilization. Tt caun be seen that the loss of am-
monia is relatively unaffected by depth from 0.15 to 2.4 m in the first
1344 hr (about 2 mo). The 2.5 cm and 7.5 cm depths differ from the
rest only becausc of the small amounts of ammonia originally present

in the sludge.

Table 40. Grams of NH3-N evolved /m2 as a function of sludge column

depth.
Depth of Sludge (m)

Time (hr) 0.025 0.075 0.15 0.3 0.6 1.2 2.4
168 4.97 6.11 6.37 6.59 6.63 6.63 6.61
336 7.76 11.36 12.46 13.22 13.48 13.51 13.49
672 10.52 19.76  23.73 26,49 27.68 27.99 27.98

1344 12.78 30.88  42.77 52.09 57.13 59.10 59.34
2016 13.99 37.49  57.50 75.49 86.62 91.72 92.79
2688 14.79 41.58  68.60 96.14 115.11 124,78  127.33
3360 15.31 44,18 76.83 113.89 141.89  157.44 162.33
4032 15.67 45,87  82.83 129.00  166.78 189.22  197.22
8064 16.31 48,87 95.86 177.89 275.78 354,67  395.78

Although total N loss (gm NH3-N/m2) increases with depth, it is very in-
teresting to note the effect of cxpressing the results as a percent of
total N originally present in the columa of sludge. Table 41 demonstra-
tes this point. ©Notice that the greatcest percent loss, as expected,
occurs early in the lower depths, showing that mass transport of ammonia
through the bulk liquid is the predominant factor in controlling the
rate of ammonia loss under the given conditions.

The hydrogen ion concentration (expressed as pH, the negative logarithm
of the hydrogen ion concentration) effects the equilibrium between am-
monia, NH3, and ammonium ion, NH4t, in solution. 1f the theoretical
equation for ammonia equilibrium in water I35 considered:

NH3 + HF = nHgt+

it can be seen that an increase in the hydrogen ion concentration (a de-
crease in pH) will force the equilibrium to the right, leaving less NHj
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Table 41. Percent total nitrogen evolved as NHB»N as a function of
sludge column depth.

Depth of Sludge (m)

Time (hr)  0.025  0.075  0.15 0.3 0.6 1.2 2.4
168 18.8 7.7 4.0 2.1 1.0 0.5 0.3
336 29.3 14.3 7.8 4.2 2.1 1.1 0.5
672 39,7 24.9 14.9 8.3 4.4 2.2 1.1

1344 48.3 38.9 26.9 16.4 9.0 4.7 2.3
2016 52.9 47.2 36,2 23.8 13.6 7.2 3.7
2688 55.9 52.3 43.2 30.3 18.1 9.8 5.0
3360 57.8 55.6 48.4 35.9 22.3 12.4 6.4
4032 59.2 57.7 52.1 40.6 26.3 14.9 7.8
8064 61.6 61.5 60.3 56.0 43.4 27.9 15.6

and forming nore NH4+. On the other hand, a decrease in the hydrogen ion
concentration (increase in pH) will have the opposite effect, resulting
in an increase in Nli3. Decause the rate of volatilization of NH3 depends

- on the wmagnitude of Nil; concentration in the surface film, an increase

in pH will tend to increase the rate of ammonia volatilization by making
more NHy available at the surface film.

In developing the mathematical model it was assumed that NH3 and NH
diffuse to the surface [ilm at the same rate. 1If, however, NHg diffuses
more rapidly or a gross increase in pH causes ammonia gas formation in
the bulk liquid, the rate of ammonia volatilization would be further in-
creased by an increase in pH.

In this study pH wasg varied from 6.0 to 11.0, values which were assumed
to be practical and cconomically feasible limite for lagooned sludges
with pH contrelled. Some sludges may naturally have a pH below 7.0 but
probably not below 6.0. On thc other extreme, a pH of 11.0 can practi-
cally be achieved by lime addition. Table 42 shows the computer results
of the pl study.

It can be seen from Table 42 that an increase in pH to at least 9.0 can
be very beneficial in increasing the ammonia-volatilization rate. In-
creasing the pH to higher values yields diminishing returns, therefore,
the economics of base adaition must be examined more closely if raising
the pH to higher values is considered.
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Table 42. Percent total nitrogen evolved from a 1.5 m column of

studee at different pH values.

pH
Time (hr) é:ég 7.00 8.00 9.00 10.00 11.00
168 0.01 0.10 0.93 4.29 6.83 7.23
336 0.02 0.21 1.86 7.70 11.35 11.86
672 0.05 0.45 3.78 13.71 18.79 19.44
1344 0.]0 0.97 7.77 24,12 30.64 31.41
2016 0.16 1.54 11.81 32.67 39.50 40,24
2688 0.22 2.14 15.76 39.51 46.00 46.65
3360 0.29 2.76 19.54 44,86 50.70 51.24
4032 0.35 3.38 23.11 48.97 54.05 54.49
8064 0.76 7.10 39.55 59.16 60.98 61.09

Since the cencentrations of ammonia and organic N in the digested sludge
obtained from the Urbana Treatment Plant may be somewhat lower than those
from scwage treatment plants receiving more industrial waste, the effect
of higher N content (NH4T-N = 800 mg/l, soluble org~N = 350 mg/l and
_insoluble org-N = 1050 mg/l) was investigated. This eliminated the pos-
sibility of biased results based on only one set of N concentrations.
Table 43 shows a comparison using the constants which fit the laboratory
data. Tt is apparent from Table 43 that a higher initial N content in
the liquid sludge promotes the loss of ammonia by volatilization. This
effect is surmised to be the result of a larger driving force in the
deamination process, resulting in increased NH4+—N concentration gra-
dients and, thus, in a higher rate of NH4+—N diffusion rate within the
liquid sludge. The data in Table 43 indicates, however, that the rela-
tive effect of higher initial N concentrations on the total N evolved

by ammonia volatilizacion is minimal over a long period of time.
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Table 43. Percent total nitrogen evelved irom a 1.% m column of
sludge at two different initial nitrogen concentrations.

e

Initial Nitrogen Concentrations

Time (hr) Low Nitrogen® High Nitrogen®*

168 0.42 0.54

336 0.85 1.10

672 1.76 2.23

1344 3.73 4.58

2016 5.81 6.99

2688 7.94 9.41
3360 10.07 11.79
4032 12.16 14.12
8064 23.43 26,53

Y
[

% NH4+—N 365 mg/l, soluble org.- 260 mg/1, and insoluble

org.-N = 770 mg/1.
%% NH4+~N = 800 mg/l, soluble org.-N = 350 mg/l, and insoluble
org.—~N = 1050 mg/1.
Conclusions - The following conclusions can be made based on the results

of this study:

1. Under the laboratory conditions encountered in this investi-
gation (pH 7.6, room temperature of 26.49C, depth of 1.5 m, and without
artificial mixing), the rate of deamination in liquid digested sludge
exceeded the rate of ammnnia volatilization resulting in an ammonia N
accumulation in the sludge even though the total N content decreased
slightly.

2, The rate of ammonia volatilization from liquid digested sewage
sludge was detcernined under laboratory conditions and a mathematical
model was derived to describe N loss by ammonia volatilization as it
varies with mixing, depth of sludge, pH, and initial concentrations of
ammonia and organic N. Using the mathematical model developed in this
investigation, along with its inherent assumptions, it was determined
that:

a. Mixing of the sludge, within the narrow range of effec-
tive diffusivity coefficients studied, had little effect
on the rate of ammonia less by volatilization. This
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a. (cont) conclusion cannut be generalized to include violent
mixing, i.e. surface renewal and surface area increase,
since it was decided that the mathematical model developed
could not be used to apply to these specialized and ex-
treme cases. The purpose of this study was not to inves-
tigate ammonia stripping, but to determine incidental am-
monia volatilization prior to and during liquid digested
sludge application on land.

b. The N lost by ammonia volatilization per unit surface area
varied less than expected as the depth of sludge was
varied from 2.5 zm to 2.4 m, however, the effect of sludge
depth on the percent of the total N initially present in
the sludge which was volatilized as ammonia over a given
period of time is quite pronounced. As expected, the
greatest percent N loss occurred when the surface area
to volume ratio was greatest, i.e. at the smallest sludge
depth.

c. The onc paramcter that most affects the rate of ammonia
volatilization from liquid digested sewage sludge is pH.
Increasing the pH of the sludge from 7.0 to 9.0 increased
the amount of ammonia lost (as percent of total N initially
present) by a factor of 40 for a 1¢8 hr (7 da) holding time,
and by a factor of 8 for an 80064 hr (336 da) holding time.
Increasing the pH incrementally above 9.0 resulted in di-
minishing increases in the amount of ammonia evolved.

d. Under all conditions studled, except when the pH was in-
creased to 9.0 and abeve, an ammonia accumulation took
place in the sludge.

e. The effcct of initial concentrations of ammonia and or-
ganic N (within reasonable limits that might be found in
Jiguid digested sewage sludges) on the percentage of N
lost by ammonia volatilization was negligible.

Stability Constants of Metal-Polyelectrolyte Complexes Occurring
Naturally in Soils and Sewage Sludge

Introduction - Many investigators bave shown that weak acid polyelec-
trolytes occurring naturally in soils, sediments, organic wastes, and
river and drainage waters form complexes with metal ions of the tran-
sition series. Thesc natural polyelectrolytes, often referred to as
humic substances, are involved in the weathering of rocks and minerals,
and they ave believed to be responsible for the migration and enrich-
ment of mineral substances in scdimentary rocks and certain mineral
deposits. The trace elements found in municipal wastes and soils may
occur largely in association with complex organic polyanions. Further-
more, the availability of micronutrients to plants and microorganisms
is greatly atfected by complexation reactions.
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The solid component of digested scwage sludge consists of a mixture of
organic matter and mineral material in about equal proportions. The
heavy metals in liquid digested sewage sludge appear to be strongly
bound to the organic matter. This interaction between heavy metals
and humic-like polymeric substances may have a profound effect on the
mobility and toxicity of metal ions when sewage sludge is applied to
agricultural soils.

Complex formation between a chelating agent and a metal ion alters the
properties of the metal ion, including solubility, oxidation state, and
free-energy level of the half reaction. 1In biological systems, nutrient
uptake and energy transformations are controlled by the electron free-
energy, E, of the oxidation-reduction reaction, which is given by the
Nernst equation:
- kT [R]
E-—LO-T lnm (l)

where EC is the standard free-energy and [R] and [0] are concentrations
of the reduced and the oxidized forms of the element. In the presence
of a complexing agent, the electron free-energy level of the reaction
is changed; thus, nutrient uptake of microbial processes are modified.

The main thermodynamic characteristic of a metal-organic matter complex
is its stability constant, K, which is related to the change in free-
energy, AF, accompanying complex formation.

AF = -RT 1n K (2)

" Stability constants would be most useful in predicting solubility and
movement of metal ions in sludge-treated soils and their availability to
plants and microorganisms.

Several attempts have been made to determine stability constants of soil
organic matter-metal complexes, but the accuracy of these measurements
in soils is suspect. No work seems to have been done with gewage sludge.

The naturally occurring polyanions used in this study were from a number
of sources, including soils, a Worth Dakota lignite, and digested sewage
sludge. Because the soil humic acids were available in significant
quantities the work involving methodology was done with the soil mater-
ials rather than with sewage sludge. Along this line, it should be em-
phasized that the main objective of the present study was to develop
methods for determining stability constants which might ultimately be
applied to sludge-treated soils.

Special attention was given to the ion exchange equilibrium and poten-—

tiometric titration methods. A modified mathematical model based on
Schubert's ion exchange technique was developed which was free of certain
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errors and assumptions made by previous workers. The method was tested
and applied for measuring stability constants of complexes between
znt2, Cut2 and Mn*2 and soil humic and fulvic acids, as well as similar
type substances from sewage sludge.

Materials and methods - The sludge, obtained from the Calumet treatment
plant of the Metropolitan Sanitary District of Greater Chicago, is a
black slurry usually having a solid content of 2 to 4 percent by weight.
About half of the solids are organic materials, the remainder consis-
ting of mineral elements including heavy metals which are strongly com-
bined with the organic components.

Two approaches were used to extract humic-like substances from the
sludge: (1) elimination of metal ions from the solids with buffered
citric acid to leave organic constituents behind, and (2) extraction
of humic~like substances with alkaline solutions.,

The procedure of Jenkins and Cooper (76) with slight modification was
applied to extract strongly bound metal ions from the sludge. In a
typical experiment, one g sample of untreated, freeze-dried sludge, or
sludge pretreated with 0.3 N HF:0.] N HC1l, was suspended in 75 ml of

2 percent citric acid-ammonium citrate buffer at pH values of 2.0, 3.0
and 4.0 and the mixtures shaken for two hours. Each sample was then
centrifuged and the supernatant analyzed for NitZ, Pb*2, Mn*+2, and Crt2.

Results given in Figures 35, 36, 37, and 38 show that, except for pbt2,
from 2 to 5 successive treatments reduced the concentrations of metal
_ioms in the extracts to near zero ppm. With the exception of Pb*+2, pH
had little effect on the amount released. Extracts from the HF;HCl1-
treated sludge were considerable lower in metal ions.

The concentration of Nit2 in the extracts of pH 2.0 was slightly higher
than at pH 3.0 and 4.0, as can be seen by inspection of Figures 35 and
39, With pbt2, however, a slight increase was observed at pH 4.0, with
little difference between buffers of pH 2.0 and 3.0 (Figures 36 and 39).
Removal of Mnt? followed a trend similar to Nit2 and Pb+2 (Figure 37).
Comparison of the concentration of Mnt2 in the first extract shows that
amount removed decreased with an increase in pH. The extraction of
Crt2 (Figure 38) was practically complete with a single treatment, with
pH having little effect on removal.

Comparison of the results with those of Jenkins and Cooper (76) revealed
that shaking the sludge with acid solution was more effective in extrac-
ting metal lons than successive percolation. Fewer than five extractions
removed most of the soluble metal ions while 16 treatments were required
with the percolation method. Jenkins and Cooper (76) reported that no
more than 57% of Cu*2, 73% of Ni*t2 and 75% of Zn*2 could be removed by
buffered acids.
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Figure 35. Concentration of Ni*t? in successive buffered citric acid
extracts of sludge solids. A one-gram sample of freeze-

dried sludge solids was extracted with 75 ml of the acid
solutions.
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Concentration of Pb+2 in successive buffered citric acid
extracts of sludge solids. A one-—gram sample of freeze-
dried sludge solids was extracted with 75 ml of the acid
solutions.
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Figure 37. Councentration of Mn+2 in svccessive buffered citric acid
extracts of sludge solids. A one-gram sample of freeze-
dried sludge solids was extracted with 75 ml of the acid
solutions.
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Figure 38. Concentration of Cr+2 in successive buffered citric acid
‘ extracts of sludge solids. A one-gram sample of freeze-
dried sludge solids was extracted with 75 ml of the acid

solutions.
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sive 75-ml treatments.
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Butler (29) found that successive treatment of crude soil humic acids
with 0.3 N HF:0.1 N HCl was effective in removing mineral matter. It
seemed reasonable to subject sludge solids to such treatment for eli-
minating metal ions. Table 44 shows that the ash content of a sludge
sample was reduced from 50 percent to 11 percent by 30 successive ex-
tractions with the HF:HC1 solution. No further reduction was obtained
by 10 successive treatments with 6 N HCl. Therefore, it was concluded
that complete removal of inorganic components from the sludge solids
was impractical by treatment with mineral acids.

Table 44. Elimination of mineral matter from sludge solids using
mineral acid solutions.

No. of successive

treatments Reagent ' % Ash
0 - 59.0

0.3 N HF:0.1 N HC1 19.09

17 0.3 N HF:0.1 N HC1 17.2

30 0.3 N HF:0.1 N lC1 11.0

40 6 N HCl2 11.0

First 30 times by 0.3 N HF:0.1 N HCl followed by 10 treatments
with 6 N HCI

Humic and fulvic acids are normally recovered from soil by extraction
with caustic alkali solutions or Na4P207 (52)(88)(135) and it seemed
reasonable to assume that these reagents could also be used to dis-
solve the complex polyanions associated with sludge solids. Accord-
ingly, one-gram portions of freeze-dried, powdered sludge were sus-
pended in 75 ml of 0.05, 0.10, 0.25, 0.5 N NaOH solution and in

0.15 N NagPp07 solution. The mixtures were shaken for one hour after
which the insoluble residues were removed by centrifugation and a
portion of the supernatant liquids were analyzed for carbon by Mebius'
modification of Tinsley procedure (103). A second portion was used
for the determination of ash content. In this case, 0.1 N HCl was
added to precipitate the humic acids whose ash content was determined
by combustion at 5500C for 18 hours.

The results, given in Table 45, show that the percent organic matter
extracted increased with concentration of NaOH (from 27.3 percent to
38.0 percent). A slightly lesser amount was extracted with NagP,0y
(22.7 percent).
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Table 45. Ixtraction of organic materials from sludge solids with
alkaline solution.

Concentration Organic matter '
Base N extracted Ash
_______ v Z - - = = <
Na4P,07 0.15 22.7 9.52
NaOH 0.05 27.3 7.09
NaOH 0.10 29.5 6.67
NaOH 0.25 31.7 6.51
NaOH 0.50 38.0 6.59

Inspection of Table 45 shows that sludge humic acids obtained by extrac-
tion had rather high ash contents (6.5 to 9.5 percent). Accordingly,

a combination of acid and base treatment was applied. In addition, or-
ganic solvents were employed for removal of rats, waxes, and resins.

The fractionation scheme adopted for recovery of humic acids from the
original sewage sludge suspension is given (n the flow diagram shown

in Figure 40.

In a typical experiment, 200 ml digested sewage sludge was allowed to
settle. The solids (about 6 g) were recovered by centrifugation and

- shaken three times with 250 m1 0.3 N HF:0.1 N TC1l and centrifuged. The
residue was suspended in 250 ml of 0.15 N Na4Pp0y7, zfter which the sol-
uble portion was recovered by centrifugation and acidified with 0.1 N HC1.
The humic acid precipitate was recovered by centrifugation and freeze-
dried. Then fats, waxes, and resins were removed by successive extrac-
tion with ether, benzene, and chloroform (24 hours for each solvent).
The residual material was thlien shaken with 75 ml of 0.1 N HC1 and in-
soluble residue was recovered by centrifugation and was called "crude
humic acid". Only 15 percent of the "crude humic acid" was soluble in
0.15 N NayPp07, the rest being soluble in increasing concentrations of
NaOH (0.1, 0.25, 0.5, 1.0, and 2.0 N). Each solution was acidified,
centrifuged, and the precipitate washed with the HF:HC1 solution as
discussed before. The humic acid soluble in 0.15 N Na4Py07 contained
1.4 percent mineral matter.

Removal of mineral matter from 'crude humic acid" was also accomplished
using EDTA.

Sludge humic acids varied in color from brownish and greenish black to
black. Except for the NasPj07-extracted preparation, they were only
slightly soluble in solutions of pH below 10, the EDTA-extracted frac-
tion being the least soluble. Their potentiometric titration curves
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(Figures 41, 42 and 43), like those¢ of humic acids from other source
materials, showed a single inflection point. Acid dissociation con-
stants calculated from these curves varied from 3.75 to 5.25, somewhat
in the same range as values fcr other humic acids (Table 46). These
values are typical of thosg shpwn for carboxyl groups, which normally
lie between 4 and 5 (152). Titratable acidity of the sludge humic sub-
stances, as reported in Tableé 46, were somewhat lower than those of
humic and fulvic acids. However, the NagP,0,~fraction had a total
acidity close to that of the soil humic acids of 330 meq/100 g. This
may explain the higher solubility of the Na,sP)07-soluble humic acid of
sludge as compared with the alkali-soluble fractions.

Table 46. The titratable acidity and pKaz in 0.1 N KC1l of some
naturally occurring polyelectrolytes in soils and di-
gested sewage sludge.

Humic acid Titratable acidity PKy
- - meq/100 g - -
Brunizem 378 4.10
Peat 375 4.25
Leonardite 392 4.20
Synthetic*® 410 3.55
"Sludge (0.15 N NagPy0;) 330 4.10
Sludge (0.10 N NaOH) 119 5.25
Sludge (EDTA) 191 3.75

* a glucose-glycine condepnsation product.

The sludge humic acids were freeze-dried, ground and their infrared (IR)
spectra prepared by KBr pellets following the procedure described by
Goh (55). The IR spectra of the various humic acids given in Figure 44
showed only slight variations ard were characterized by main absorption
bands at 3300, 2910, 1650, and 1530 and a minor one at 1220 cm~l. A
sharp absorption band at 2110 cm™! was displayed by Na4Py07-extracted
preparation which was removed by hydrolysis with 6 N HC1 (Figure 45,
Trace A). This band was attributed to C:=N stretching of cyanide. The
fraction treated with EDTA showed a sharp absorption band at 2910 and

a strong one at 1030 em™! which suggests that this fractionm may contain
carbohydrates.
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Figure 41, Titration curve in 0.1 N KC1l of 25 mg of humic acid
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The IR spectra of sludge preparations and soil humic acids were similar
in that both displayed absorption bands at 2900 and 3400 cm~l due to
aliphatic C-H stretching and H-bonded OH groups, but differed in that
the former absorbed at 1650 and 1530, while the latter absorbed at
1720 and 1600 cm~l. The spectra of sludge preparation closely resem-
bled that reported by Stevenson and Goh (148) for lake humic acid
where the absorption bands at 1650, 1530, and 1220 cm~l were related
to the protein content of the material. Accordingly, they were as-
signed to the amide I, II, and III bands of peptides. Thus, the

1650 cm~! may be attributed to C-0 and C-N stretching (Amide I); the
1540 em~l band to mixed vibration of N-H in-plane bending and C-N
stretching (Amide II); and the 1240 cm~l absorption to mixed vibration
of OCN and NH modes (Amide III). The lake humic acid was extracted
from a sediment believed to consist entirely of algal materials and
may be rich in peptides or proteins (21). Similarly, the siudge humic
materials are derived from bacterial remains.

Hydrolysis of the Na,Py07-preparation with 6 N HC1 resulted in loss of
the stretching at 1660 and 1550 cm~l due to removal of protein. The
spectrum of the hydrolyzed sample closely resembled those of the soil
humic acids. However, C-H stretching at 2900 cm~l was stronger in the
acid hydrolyzed sludge humic acid.

Mathematical model - A mathematical model based on Schubert's ion ex-
change equilibrium technique was developed for measuring stability con-
stants of metal-polyelectrolyte complexes naturally occurring in soils
and digested sewage sludge. The model was free of certain assumptions

and errors inherent in the ion exchange technique as applied previously
" to natural polymer complexes,

The procedure was alsc suitable for determining values for a, the num-
ber of metal ions per mole of complex or complexing sites, and b, the
number of ligands or complexing sites per mole where a # 1 or is un-
known.

The equation relation MaChp (complex molecule), Mg (free metal iom),
and Chy (free ligand) is obtained from the definition of the stability
constant, K,

(MyChy) = RMp)2 (chp)2

The concentration of complexed metal ion, Mg, can be expressed as:
(MC) = E_(MaChb)
which by substituting into the first equation yields

Me) = akMp)R (cnp) .
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The logarithm of both sides yields
log (11.) = log a + log K + a log (Mg) + b log (Chg)

A graphical approach was used to solve the latter equation. Essentilal
steps are as follows:

1. Estimates were made fcr total metal ions in the solution
phase, (Mf) or (Mg + M;), and on the resin, My, for various
levels of applied metal, M, in the absence and presence of
chelating agent, Ch.

2. Plots were obtained of MR vs. (Mg + M.) from which (Mf) and
(M.) were obtained at a constant value of (Ch).

3. Value of a was obtained from the slope of the line obtained
by plotting log (M.) vs. log (Mg).

4, Steps 1 and 2 were repeated at several concentrations of
(Ch), and (M) was obtained as a function of (Ch), at a
constant (Mf). A plot of log (Mc) vs. log (Ch) gave b as
the slope.

5. Values for log K were obtained from the equation of the in-
tercept obtained in 3 [Iz = log K + log a + b log (Chg)] or
4 [Ip = log K + log a + a log (Mg)].

For more detailed information regarding the derivation of the mathema-
tical model and its utilization in determining the stability constants
. for various metal-polyelectrolyte complexes, the reader should see the
thesis prepared by M. Sobhan-Ardakani, Dept. of Agronomy, University
of Illinois.

The procedure was applied for determining stability constants with Znt2
for humic acids from two different soils, lignite, peat, and digested
sewage sludge. In accordance with step 1 of the procedure, variable
amounts of ZnCl2 were added to 25 ml volumetric flask containing 0.1 to
0.5 g K-saturated Amerlite IR-120 cation exchange resin and specific
volumes of humic acid stock solution previously prepared in 0.1 N KC1l
at pH 6.5. Before adjusting the volume to 25 ml, 2 ml of 65Zn solution
having an activity of 17,500 counts/minute per ml was added to the flask.
Then a 1-ml aliquot of supernatant solution was used to measure the Zn
concentration (Zng + Za.) in the solution phase. The amount of Zn ad-
sorbed on the resin, Znp, was determined by difference. From the plots
of Zr vs. (Zf + Zn.), as directed by step 2 of the procedure, concen-
tration levels of Zf and Znc were obtained at a constant concentration
level of humic acid (Ch). The concentration levels of humic acids are
expressed as ''mormality' or total quantity of potential acidic hydrogen
(COOH plus acidic OH groups) or more specifically on the basis of po-
tential complexing sites.
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The data for the distribution of different species of Zn*2 in the ion
exchange equilibrium system with the five humic acids are presented in
Table 47. These data were used to make plots of log (Znc) vs. log (Zng)
as directed by step 3 to obtain values of a (slope). Values for a from
the slope of the plots presented in Figure 46 for the different samples
range from 0.898 to 0.964. Furthermore, plots of log (Z¢) vs. log (Chf)
made from the data obtained from three levels of humic acids yielded
values of b (slope) ranging from 0.96 to 1.06. Within experimental
error the value of b can be assumed to be unity meaning that the Zn-
humic acid complex contained one molecule of humie acid.

Table 47. Distribution of Znt2 species in the ion exchange equilibrium
system in the presence of different humic acids and 0.1 N KC1,

pH 6.5.
Concentration Zng Ing Zng
Humic acid mg/l N x 103 umoles pmoles/1 umoles/1
Peat 200 1.15 0.252 9.14 17.14
0.759 15.30 27.69
2.431 30.60 55.53
5.580 61.20 82.31
Harpster 200 0.93 0.209 6.89 21.42
0.576 12.24 38.09
2.137 27.54 70.38
4.809 53.55 120.89
Brunizem 200 1.06 0.424 10.71 9.18
1.000 16.83 15.37
2.794 36.72 35.16
6.137 68.08 53,55
Leonardite 200 1.20 0.252 9.18 17.44
(hydrolyzed) 0.645 15.30 32.13
2.362 30.60 58.29
5.385 58.14 93.17
Sludge 200 0.99 0.382 9.95 11.48:
(Na4P,07) , 0.954 16.83 18.36
2.862 33.66 35.16
5.882 64.26 67.32

With the values of a and b determined, all the information as required
in step 5 for calculating the stability constants for the five Zn-humic
acid was available. Using the derived values, the stability constants
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Graphical solution of the equation log
(Me) = log a + log K+ a log (Mg) + b log (Chy)
for five Zn(II)-humic acids from the data given

in Table 47.
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for the five different Zn-humic acid complexes are given in Table 48.
Values of log K for the humic acid preparations varied from 2.98 for
znt2-Brunizem humic acid to 3.85 for Znt2-Leonardite humic acid. Con-
sidering the heterogeneous nature of humic acids, i.e. differences in
molecular weights, functional group contents, and probably arrangements
of complexing sites, differences in formation constants would be ex-
pected.

Table 48. Stability constants of Znt2-humic acid complexes at
pH 6.5 and u = 0.1 N KC1 measured by ion exchange

equilibrium.
Source of humic acid Log K
Leonardite 3.85(3.22)%
Harpster soil 3.51
Sludge (0.15 N NagP907) 3.48
Rifle peat 3.31
Brunizem soil 2.98

value in parentheses refers to a hydrolyzed sample

" Potentiometric titration - The method of potentiometric titration was
also adapted for determining stability constants of complexes of cut?
with naturally occurring polyelectrolytes. A modification of Bjerrum's
approach was used in which an iterative procedure (Secant Method) was
used to solve an exponential equation relating acid dissociation con-
stant to hydrogen ion concentration and dissociated Ch, permitting cal-
culation of stability constant. The University of Illinois' IBM 360/75
computer was employed for this purpose, using the Fortran IV language.
Values for log K varied from 3.82 to 4.28.

Conclusion - The methods presented here for characterizing the complex
reactions between metal ions and humic substances may be useful in pre-~
dicting the fate of heavy metals applied as constituents of "stabilized"
municipal sludges. ‘

Digested Sludge Dewatering on §oils

Introduction -~ The rate at which digested sludge dewaters after appli-
cation on crop land is one parameter which is needed to determine pos—
sible application frequencies and loading rates.
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The rate of digested sludge drying as a function of convective and
radiative heat transfer has been reported by Quon and Ward (124) and
Quon and Tamblyn (125). By varying temperature, relative humidity and
flow rates of air over a broad range of values, they found that when
sludge temperatures were low and the air humidity was high, the rate

at which digested sludge dried by convective heat transfe.. was only
about one-half of evaporation from a free water surface., However, when
sludge temperatures were high and air humidity was low, the rate of
convective drying of digested sludge approached the rate of evaporation
from a free-water surface. When evaporation was produced as a result
of only radiant energy incident on the surface, the rates of evapora-
tion from a digested sludge surface and a free-water surface were found
to be essentially equal. At an intensity of 1.0 cal. per sq cm per min
the evaporation rate was 0.9 x 10~3 gm per sq cm per min. One-half of
the incident energy on the sludge surface was expended as latent heat
of vaporization. When drainage or infiltration of digested sludge
water into sand contributed to the sludge dewatering process, the eva-
poration rate from the sludge surface as a result of radiative heat
transfer was depressed by 22 percent.

They found that digested sludge dried at a constant rate until its
moisture content approached 70 to 90 percent of total weight. Where-
ever the rate of evaporation decreases in the range from 70 to 90 per-
cent moisture, it has been referred to as a critical moisture content
for sludge dewatering.

The present study was undertaken to determine how digested sludge de-
waters on soils. Special attention was given to determining what ef-
" fect the antecedent moisture content of soils and solids content of
sludges has on the dewatering rate of digested sludge applied on crop
land. At the same time, a rather cursory examination of the chemical
properties of soil water samples collected by means of an evacuated
porous ceramic cup apparatus was made.

Experimental apparatus and procedure -~ The digested sludge used in the
study was obtained from the Metropolitan Sanitary District of Greater
Chicago's Calumet sewage treatment plant. Characteristics of the di-
gested sludge are given in Table 49. More complete information with
regard to chemical and physical properties of digested sludge from the
Calumet treatment plant has been presented by Hinesly and Sosewitz (69).

Plexiglass cylinders, 14.4 cm in diameter and 48 cm long, were used to
determine the rate of infiltration of distilled, tap and sludge water
into Blount silt loam and Plainfield sand soils, both low in organic
matter content. In the bottom of the cylinders, washed gravel was
placed to occupy a depth of 2 cm. Level with the bottom of the gravel,
small plastic tubes were installed through the walls of the cylinders.
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Table 49, Digested sludge characteristics,

Sample Conductivity . NH4-N Total Solids

Number pH munhos/cm ppm %
1 7.35 3.87 626.9 2.41
2 7.54 . 3.58 535.5 2.52
3 7.71 3.30 574.7 2.44
4 7.40 3.78 604.6 1.74
5 7.10 4.83 862.8 5.53
6 7.20 4.60 715.6 4,40
7 7.12 4,77 595.6 4.99
8 7.61 4,15 491.5° 3.10
9 7.43 3.62 522.9 2.72

The small tubes were used to convey effluent to sample collection con-
tainers. Soil was compacted to its original density for a depth of 36 cm
over the gravel in the cylinders. All soil columns employed for constant
head infiltration rates were saturated with tap water and allowed to
drain three days before the studies were initiated. ¥For the determina-
tions of infiltration rates, water or sludge was maintained at a constant
depth of 5 cm above the soil surface.

After the infiltration studies were concluded, three of the plexiglass

. cylinders were reused to investigate changes of soil pH and Eh (redox
potential) when sludge loading rates were varied. Six equally spaced
holes were drilled through the cylinder wails at depths of 8, 18 and

28 cm below the surface of the Blount silt loam soil column. The holes,
fitted with rubber stoppers, provided an access for removing small core
or plug samples from the soil columns at the above respective depths
each week for six weeks after the beginning of sludge applications.
Sludge loading rates for the three columns were 1.25 cm per week, 2.5 cm
at two week intervals, and a constant sludge depth of 5 cm above the
soil surface. The pH and Eh determinations were made from suspensions
of 5 g of soil sample and 15 g of boiled, distilled water immediately
after each sample was extracted from a soil column.

Plexiglass cylinders of the same dimensions and construction were used

to study sludge dewatering by drainage and evaporgtion on the surface of
Blount silt loam and Plainfield sand. After digested sludge containing
3.1 percent total solids was applied on the surface of the soil columns,
the depth of the sludge surface was measured as a function of time. As
dewatering proceeded the sludge surface eventually decreased to a level
where its height above the soil changed very little. At the point where
decreases in sludge depths were small with time, small plug samples of

166



the sludge were taken for moisture determinations. At the beginning

of a study, the moisture content of the sludge was calculated from de-
creasing surface level values, but after the solids became concentrated
encugh to present a somewhat stable surface level moisture contents
were determined gravimetrically. The rate of sludge dewatering was then
calculated as cm/min from the various moisture content determinations so
that the units of measurement would be consistent with the earlier re-
corded liquid sludge depths.

Small glass pans, 6.0 cm in diameter and 4.0 cm high, were used for de-
termining the convective evaporation rate of water and sludge. Eva-
porative losses were determined by weighing the pans three times each
day. The depth of sludge or water in the pans ranged from 0.5 cm to
3.5 cm.

All of the above studies were conducted in an air-conditioned laboratory
where changes in air temperatures and relative humidity were small.
Temperatures ranged from 23 to 259C and relative humidities from 30 to
37 percent.

During the latter part of the summer of 1968, 32 infiltration and sludge
dewatering studies were conducted on a Blount silt loam soil located on
the NE Agronomy Research Center, near Elwood, Illinois. The field stu-
dies were made by applying sludge or water in metal cylinders which were
51 cm in diameter, 60 cm long and pressed into the soil to a depth of

28 cm, Sludge was applied to depths of 1.25, 2.5, 5, 7.5 and 10 cm in
the metal cylinders. When water was applied, its depth was always 5 cm
per application.

The infiltration rates of sludge or water were calculated from measure-
ments of sludge or water surface levels with time and the soil surface
area enclosed by the metal cylinders.

Tensiometers were installed at depths of 7.5 and 33.5 cm below the soil
surface inside some of the infiltration cylinders. Also, porous ceramic
cups were installed usually at two depths below the soil surface inside
some of the infiltration cylinders. To obtain soil solution samples,
the porous ceramic cups were evacuated by means of a 50 to 60 cm hanging
mercury column. Nitrate concentrations, pH, conductivity, and redox
potential values were determined from the soil solution samples.

Results and analysis - The change in infiltration rates or hydraulic con-
ductivity with time, when laboratory prepared columns of soil had a con-
stant 5 cm depth of digested sludge containing 2.7 percent solids main-
tained on the surface, is shown in Figure 47. The change in infiltration
rate for tap and distilled water on Blount silt loam is shown in the

same figure. At first the infiltration rate of digested sludge on sand
was much greater than on the silt loam soil, but after about three days
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the difference between rates for the two so0ils was sasll. Il appeszrs
that after about three days the iafiltratioa rate nf Llg-sgied sludgn
is determined by the solids accumulating on the soil su.l:ces. Whon
digested sludge was carefully replaced on the 27th day ~1ilh either tep
or distilled water on either surface of the two diff~rcit s0il typer
the infiltration rate was temporarily increased. The t~mporsry im-
crease was probably due to the unavoidable disturbance af the solids
that had accumulated on the so0il surfaces.,

When distilled water was used to determine the hydraulic conductivity
of Blount silt loam, the more or less constant value found after about
10 days was considerahly less than that found with tap water. The
hydraulic conductivity of Plainfield sand was about 10 iimes greater ~
than for Blount silt loam and varied very little with regard to whether
tap or distilled water was used.

Infiltration of water from digested sludge into Blount silt loam and
Plainfield sand was only 1/15 and 1/400 of that in equal periods of
time with applications of tap water.

Figure 48 shows the electrical condyctivities and nitrate concentra-
tions of effluent collected from the soil columns during the period in
which the hydraulic conductivity studies were conducted. After one to
two weeks the electrical conductivities of effluent from sand columms
approached that of the applied sludge of about 3 mmhos/cm. On the
other hand, electrical conductivities of effluent from Blount siit loam
soil columns slowly increased during the duration of the study to only
about 1 mmhos/cm. :

Alt¥ough the applied digested sludge did not contain NO3-N, the nitrate
concentration in effluent samples from columns of Plainfield sand ap-
proached values of 9 to 10 ppm (Figure 48) in about two weeks after the
Bydraulic conductivity study was initiated. Nitrate concentrations in
‘the effluent of Blount silt loam at first decreased but later increased
with time. However, nitrate concentrations in the effluent from the
silt loam soil were only about one-half of that found in effluent sam-
ples from columns of sand.

. Electrical conductivity and nitrate concentration values for effluent

samples from Blount silt loam soil columns subjected to constant levels
of surface water are presented in Figure 49. Nitrate concentrations de-
creased to less than 0.5 ppm during the first 10 days, regardless of
whether tap or distilled water was used. On the other hand, conductiv-
ity values of effluent varied according to the kind of water used and
approached that of the applied water.

When digested sludge is applied on the surface of soils, dewatering
proceeds as a result of evaporation of water from the sludge surface
and infiltration of water through the soil surface. Therefore, it was
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expected that antecedent soil moisturc conditions would influence the
rate of sludge dewatering by its effect on the infiltration rate.

The decrease in sludge surface levels with time after applications of
1.25, 2.5, and 5.8 cm of digested sludge on the surface of columns of®
Plainfield sand having different initial moisture contents is shown

in Figure 50. From the results shown in Figure 50, it may be con-
cluded that antecedent moisture does not affect the dewatering (eva-
poration and infiltration) of sludge on sands. When dewatering rates
are calculated and plotted against time, as displayed in Figure 51,

it may be seen that the initial dewatering rate is about the same

(3 x 102 cm/min) for all loading rates. Initially the dewatering
rate of sludge on sand is about 200 times greater than dewatering by
evaporation alone. With the lowest loading rate of 1.25 cm, the de~
watering rate of digested sludge on sand decreased to that of eva-
poration alone in about 800 minutes. When the loading rate was 5.8 cm
about 9500 minutes were required for the dewatering rate on sand to be
reduced to that expected by evaporation alone.

The change in sludge surface level with time after an application of
2.5 cm on columns of Blount silt loam soil at four different initial
moisture contents is exhibited in Figure 52. From Figure 52 it is
evident that the rate at which sludge dewaters on fine textured soil
decreases as the initial soil moisture content is increased. The de-
creasing levels of water (E-5) and sludge (E-1,2) with time of evapo-
ration from pans were plotted as a part of Figure 52 for the sake of
easy comparison with the sludge dewatering data cobtained from soil
columns. By comparing evaporation plus infiltration, the significant
- contribution of infiltration to the dewatering of sludge at the sev-
eral initial soil moisture contents is seen more clearly.

At so0il moisture content of 34.5 percent, the sludge dewatering rate
as a function of time on Blount silt loam is shown in Figure 53 to be
only slightly greater than would be expected by evaporation alone.

The lower the initial soil moisture content at the time of sludge ap-
plication on fine textured scils the larger the contribution infiltra-
tion makes to the dewatering process. When the initial soil moisture
content is low, the dewatering rate of sludge drops to an exceedingly
low level in a short time as a result of the more rapid removal of
water by capillary absorption into the soil.

When the dewatering rate of sludge on a silt loam soil with a high in-
itial moisture content is plotted against the moisture content of the
sludge, as in Figure 54, it appears that the dewatering rate is greater
than the evaporation rate (2 x 10-%4 cm/min) as long as the moisture
content of sludge is greater than about 80 percent. Thus, infiltration
contributes to sludge dewatering on initially moist soils as long as
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the sludge moisture content is greater than 80 percent. Once the
moisture content of sludge has decreased to a value lower than 80 per-
cent, for the most part further dewatering appears to be by evaporation
alone. With smaller initial soil moisture contents it appears that a
greater quantity of sludge water is absorbed by the soil and the point
at which further moisture losses are due tc evaporation alone occur at
lower sludge moisture contents. It may be seen from Figure 54 that
after the point has been reached where further sludge dewatering ap-
pears to be due to evaporation alone, the decrease in evaporation is
proportional to the decrease in initial soil moisture content.

The sludge and water surface levels in pans as a function of time under
the convective evaporational conditions previously discussed, is shown
in Figure 55. The decreasing sludge surface level by evaporation with
time is a rectilinear relationship until the moisture content of sludge
has been reduced to 80 to 85 percent. As shown by experiments E-1,2
and E-4,5 (Figure 55) where evaporative losses of sludge and water,
respectively, were determined over a period of 10 days, the evaporation
of water from sludge was only slightly less than that from a free water
surface during the constant rate period. The constant rate period was
independent of sludge depth as determined under the stated laboratory
conditions of temperature, relative humidity, air movement, etc. But,
at sludge moisture contents of 80 to 85 percent, the decreasing rate

of evaporation was definitely ordered with respect to sludge depths.
The decrease in sludge drying rate at the critical moisture content

was more pronounced for the greater initial sludge depths. As shown

in Figure 56, the evaporation rate for both water and sludge approaches
2 x 104 cm/min during the constant rate period, However, at the cri-
* tical moisture content, the evaporation rate falls rather rapidly to
about 1 x 10~%4 cm/min at a sludge moisture content of about 10 percent.
After the sludge moisture content was reduced to about 10 percent by
weight, a further decrease in water content with time was small.

Much of the data obtained from the 32 field observations, whichincluded
a wide range of sequential sludge and water applications to obtain a
variety of antecedent soil moisture and surface conditions, is summar-
ized in Figures 57 and 58.

The relationship between the initial soil moisture content and the time
required for a definite volume of sludge liquid to infiltrate Blount
silt loam soil is shown in Figure 57. The points plotted in Figure 57
were derived as an average of values from several observations of sludge
water infiltration rates where maximum values at the beginning of in-
filtration were excluded. The time needed for the infiltration of 0.5,
1.25, 2.50 and 5.0 cm cf digested sludge water into the soil with vari-
ous initial moisture contents is based on data obtained from observa-
tions made with digested sludge containing from 2.4 to 2.5 percent sol-
ids. As expected, the higher the antecedent soil moisture the more ex-
tended was the period of time required for a given infiltration volume.
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The values plotted in Figure 58 are also average values and were ob-
tained from the data of several infiltration studies where water and
sludge containing various percentages of total solids were used.
Specifically, the relationship between the initial soil moisture con-
tent and the time needed for the infiltration of 1.25 cm of water or
sludge liquid is shown in Figure 58. $Sludge solid contents ranged
from 1.7 to 5.5 percent and were found to have a definite influence
on the infiltration rate of sludge water. Although the decrease in
the infiltration rate of sludge water as its solids content increased
was not as great on soils at low as contrasted to‘high moisture con-
tents, the solids exert a considerable influence ¢n the infiltration
of sludge liquid into fine textured soils at all initial moisture con-
tents. The greater the sludge solids content, the smaller was the
contribution of infiltration to the sludge dewatering process,

As stated above, the compilation of data to produce Figures 57 and 58
was obtained by extracting information from individual studies, a few
of which will be briefly discussed here.

The results obtained after two consecutive sludge applications of

7.5 em and 5 cm are presented in Figure 59. The change in sludge sur-
face level was measured three times daily during the more rapid infil-
tration period and at least once a day thereafter. Sludge evaporation
was measured in a nearby metal cylinder of the same size and installa-
tion as that used for the sludge dewatering study except that the bot-
tom was sealed watertight with a sheet of polyethylene. The cumulative
volume was obtained by correcting the measured sludge surface level for
roisture losses by evaporation and gains by rainfall, During the first
part of the dewatering study, the humidity was especially high and eva-
peration was small but during the last 15 days the evaporation rate was
much higher as a rvesult of lower humidity. The greatest infiltration
rate occurred immediately after sludge application and continued at a
rather high rate only during the first day, after which it gradually
declined. The tensiometer data bear out that fact that the rapid period
of infiltration lasts for only a short period of time. Soil water suc-
tion became fairly stable about two days after a sludge applicatiom.
Except for a longer lag period, the response of the deeper tensiometer
to changing moisture conditions at the surface did not differ much from
the shallow tensiometer. After 4 to 7 days following rather high ap-
plication rates of sludge, the beginning of soil moisture decrease was
reflected by increasing higher suction values, although water was still
being supplied to the soil from the sludge. The tensiometers at both
the shallow and deeper depths responded rapidly to incteases in infil-
tration of watcr as a result of rainfall. Even though the sludge cake
was removed before the second sludge application was made (Figure 59)
this was not necessary for the reestablishment of the infiltration ca-
pacity, as shown by other studies.

183 )



exp 9

0

| l |
- 0\\ SLUDGE APPLICATION 7.5cr. l\ SLUDGE APPLICATION Scm.
T ‘ \q«oum of SOLIDS — 5.5 % | WOUNT ofsouosl—a%
(X Ly 3 \
: 2'0' \ \‘
wd 2 \ \
: e \\\ AN \
o :E, 30 T Y \
1Y) s \\ ] \‘ N
) N~ AN
-t > 4,0 M ~
ke ‘\ RN //\'
S 5
? E ™ —--SLUDGE SURFACE LEVEL | S
w < ——CUMULATIVE  VOLUME S
23 60
=25
23 3
80 ---—-DEPTH 75 cm.
708 —DEPTH335 cm.
A l‘ REMOVE SLUDGE QAKE\ i
5 6o} 2
: \i
5 50\ !
\ A
E !
2 430 P i 4
- A
s \ AN 7&
o 30 1| v \ ”” h /’\\ ,—— """
g ! o~ / hg ! 7 M !
(77} ! 2 ~~~‘-,’, /N ! ’/ Vo \ S
20 i/l t 7 Y ,’
:‘ ,/// N l/\
1 yas \ 'I
10 72 \;?]
Dt ’/ v
0 et
20 r~
E i
i‘! 1.0 ;
g B il
0 5 10 15 20 25 ‘31
TIME  (days)
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In Figures 60, 61, 62, and 63 infiltration data are presented from a
few of the 32 field observations in which initial soil moisture (W)
determinations were made and where sludge application rates (A), and
the solids content (S5) of the sludge were varied. From Figures 60 and
61, it may be seen that the infiltration rate of sludge decreases with
time in the same way with each succeeding sludge application. If
enough time elapsed between sludge applications to permit drying, the
infiltration capacity was restored almost to its original value. Also,
successive sludge applications do not affect the infiltration rate for
water if sludge is permitted to dry between applications. If water is
applied before the sludge cake has dried, the infiltration rate is
somewhat lower but still greater than when new sludge is added.

The changes of infiltration rates when large amounts of sludge are ap-
plied are shown in Figures 62 and 63. When successive 5 cm sludge ap-
plications were made, each time before the preceding sludge had com-
pletely dewatered, the infiltration rate increased for a short period
after an application and then quickly decreased to a more or less con-
stantly declining rate (Figure 62). When one of the cylinders was sup-—
plied only once with a 20 cm sludge application (Figure 63), the in-
filtration rate was observed to decrease continuously, except when
rainfall caused short time incrcases,

Some changes in electrical conductivity values and nitrate concentra-
tion levels in soil solution, as successive application of sludge and
water were made during the field infiltration rate studies, are pre-
sented in Figure 64, The samples were collected from several depths

hy means of porous ceramic cups buried below the soil surface which

"was enclosed by the infiltration cylinders. Toward the end of a 70-day
period of observations and when total sludge applications exceeded 30 cm,
the electrical conductivities of the soil solution were generally in the
range of 2 to 3 mmhos/cm. Also, for the higher sludge applications,
nitrate contents of the so0il solution were in the range of 100 to 300 ppm.
The increase in nitrate concentrations indicates that even at the high-
est sludge loading rates the soil remained aerobic. The fact that soil
solution redox potentials did not change with sludge applications adds
substantiative evidence '‘that anaerobic conditions in the soil were not
produced as a result of sludge loading rates. The loading rates included
one where a total of 50 cm was applied within a 70~day period. For
comparison with the data presented in Figure 64, electrical conductivity
values and nitrate concentrations for soil solution samples collected
from various depths where only water was applied on the surface are

shown in Figure 65. Where only water was applied, electrical conductiv-
ity values were usually less than 1.0 mmhos/cm and nitrate concentrations
seldom exceeded 5 ppm.
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Changes of infiltration rates with time after
applying digested sludge on Blount silt loam soil
where the sludge residues of a previous treatment

were not permitted to dry.
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Summary and conclusions ~ Factors determining the dewatering rate of
digested sludge on soils were investigated under laboratory and field
conditions. Soil columns of Blount silt loam and Plainfield sand were
used in laboratory sludge dewatering studies. Metal infiltration rings
were used for field studies.

Nitrate concentrations, electrical conductivity, and pH and Eh values
of effluent and soil water samples were determined. Effluent from soil
columns and soil solution samples were collected throughout the period
in which the factors influencing the dewatering of sludge on soils were
investigated.

When sludge was first applied on soils, dewatering of the sludge was
fairly constant and the rate depended on infiltration of water into
soils and water losses by evaporation. When the water conteunt of sludge
was reduced to about 80 percent by weight, by dewatering on initially
moist soils, further drying of the sludge was to a large extent by eva-
poration alone. Where antecedent soil moisture was low, infiltration
contributed to the sludge dewatering process when sludge moisture con-
tents were considerably less than 80 percent by weight. Also on soils
where antecedent moisture contents were low and at sludge moisture
contents where further dewatering on soils was by evaporation only, the
evaporation rate was smaller than from pans.

The rate of infiltration of sludge liquid depended not only on the in-
itial soil moisture content, but alsc on the solids content of the sludge.
The higher the soil moisture and sludge solids contents, the lower was
the rate of infiltration. However, antecedent moisture conditions af-
fected the rate of sludge infiltration less on sandy than on fine tex-
tured soils.

Initially the infiltration rate of sludge liquid into sand was greater
than into silt loam soils. After a few days of successive applications
of sludge in the absence of complete drying, the rate was about the
same regardless of soil type. It appears that after a period of time
the infiltration rate is determined by the sludge cake and not by the
soil surface. The soils were unsaturated with respect to moisture and
their capacity to transmit moisture was always greater than the infil-
tration rate determined or controlled by the sludge cake.

When successive sludge applications were made at time intervals such

that the sludge cake was not allowed to dry, infiltration rates decreased
to very low levels. But if the sludge cake was allowed to dry, the in-
itial infiltration capacity was more or less completely recovered.

Under laboratory conditions, evaporative losses of water from digested

sludge in pans were not detected when the moisture content of sludge
was reduced to about 8 to 10 percent of the dry weight.
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The changes in soil pH and redox potentials were small following
various rates and frequencies of sludge appliications.

Nitrate nitrogen concentrations continued to increase in the soil with
successive sludge applications both in laboratory and field studies.
Soil solution nitrate concentrations ranged between 100 and 300 ppm
where a total of 50 cm of sludge was applied in 70 days during field
studies.

From nitrate concentrations and redox potential measurements, it ap-
peared that anaerobic conditions were seldom, if ever, produced in the
soil by exceedingly high sludge loading rates.

Soil conductivity values were increased from an average value of about

1 mmhos/cm where only water applications were made to about 2.5 mmhos/cm
where a total of 50 cm of sludge was applied in 70 days. From limited
data, it appears that soluble salts will be leached to deeper soil depths
in a humic region. During exceptionally dry summers, the salt buildup

in the surface of a soil like Blount silt loam, with continuous periodic
sludge applications, will exceed that which was found with the total

50 cm application and may cause a plant moisture stress severe enough

to reduce crop yields.
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SECTION VI

MICROBIOLOGICAL STUDIES

Influence of Soil Moisture on Fecal Coliform Survival

Introduction - A laboratory study of the possible bacterial contamina-
tion of the environment resulting from land application of liquid sludge
is the subject of a master's thesis prepared by James Schwing, Depart-
ment of Civil Engineering, University of Illinois. Speecifically, the
purpose of the study was to evaluate the effect of the moisture content
of Plainfield sand on survival of fecal coliforms.

The study was preceded by a review of literature on survival of patho-
genic organisms in waste treatment processes including anaerobic diges-
tion and on their survival and movement in soils. Conventional treatment
processes achieve significant reductions in the number of intestinal
bacteria and appreciable numbers of the organisms are transported to

the anaerobic digestion process in sludge. The environment of the di-
gester is unfavorable to pathogenic organisms; however, complete removal
cannot be anticipated and land disposal systems must be operated with
consideration to the effect of the organisms in the enviromment. Bacteria
can be effectively removed from water leaching through soil - particularly
after a build-up of solids occurs in the interstices of the soil. In
addition, intestinal bacteria may die off with time in the unfavorable
s0oil environment. Some of the factors which influence the rate of die

off include temperature, the level of organic material in the soil, pH,
and the moisture content of the soil.

Based on the review of literature, the most critical period for passage
of pathogens through the Plainfield sand would be immediately after ini-
tiation of a land disposal project. After sludge solids have accumulated
in the soil voids and microbiological activity has increased in the soil,
removal of pathogens by straining would become more effective and the
extent of the bacterial front would retreat to a position closer to the
surface of the soil. Long-term changes in the scil structure due to
sludge applications would be expected to change the response of patho-
gens to the soil environment. The increase of organic material in the
soil might make the environment more favorable for competitory and pre-
datory soil microorganisms because of the greater retention of moisture
and availability of food.
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Materials and method - The soil used in these experiments was condi-
tioned by adding a total of 7.6 cm of digested sludge to a 0.6 m deep
Plainfield sand column over a period of nine days. The sludge was
added 2.54 cm at a time every three days, and following drainage the
sludge was worked into the upper 15 to 23 cm depth of soil. Following
this conditioning phase the upper 23 cm depth of soil in the column
was removed and mixed with an additional 1.3 cm depih of digested
sludge and sufficient rain water to adjust the final moisture content
to 5 percent. Additional rain water was added to other samples to
give moisture levels of 10, 15, and 20 percent. These samples at the
four moisture conditions, along with a sample of sludge not mixed into
soil, were then monitored for a period of time to observe the rate of
disappearance of the fecal coliforms originating in the sludge. Mois-
ture contents were maintained at the initial levels by sealing the
samples in containers with "'Saran Wrap' covers and by adjusting the
moisture content periodically as needed. Samples from the atmosphere
overlying the sludge were collected with a syringe and analyzed with a
gas chromatograph to assure that the oxygen content remained near nor-
mal.

Discussion of results - Results of the study of survival of fecal coli-
forms in sludge-soil mixture at 5 percent maoisture content are shown in
Figure 66. The points shown as squares represent the actual values ob-
tained while the circles represent the 95 percent confidence interval.
An initial sharp 100-fold increase in the fecal coliform population will
be noted. This might be explained by the fact that metabolic interme-
diates formed in the anaerobic digestion process become available to the
fecal coliforms as a food source under aerobic conditions.

Figure 67 shows the survival of fecal coliforms in sludge conditioned
soil at 10 percent moisture. Again an initial period of growth is evi-
dent. The fecal coliform density was increased by almost 10 fold. The
fecal coliform survival in sludge conditioned soil at 15 percent mois-
ture is shown in Figure 68. At this moisture concentration, a 10 fold
increase in fecal coliform density is again realized.

Fecal coliform survival at 20 percent moisture in sludge conditioned

soil is shown in Figure 69. No initial growth is exhibited by the data
for this curve. This is probably due to the fact that at this high
moisture concentration the saturation capacity of the soll was exceeded.
Essentially anaerobic conditions were maintained as evidenced by the
appearance of hlack sulfide precipitates typically evident with anaerobic
conditions. For this reason the organic intermediates of anaerobic
digestion were not readily available to the fecal coliforms as a food
source,

Data for fecal coliform survival in sludge are presented in Figure 70.

Again, as in sludge conditioned soil at 20 percent moisture, no initial
phase of growth was realized. The reason for this was again probably
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Figure 66. Fecal coliform survival in sludge-conditioned soil adjus-

ted to 5 percent moisture content. Circles represent
95 percent confidence limits.
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Fecal coliform survival in sludge-conditioned soil adjusted
to 10 percent moisture content. Circles represent 95 per-
cent confidence limits.
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Figure 68. TFecal coliform survival in sludge-conditioned soil adjus-
ted to 15 percent moisture content. Circles represent
95 percent confidence limits.
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Figure 69. Fecal coliform survival in sludge-conditioned soil adjusted
to 20 percent moisture content. Circles represent 95 per-
cent confidence limits.
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Figure 70. Fecal coliform survival in sludge. Circles represent
95 percent confidence limits.
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the maintenance of anaerobic ronditions, with the resulting inavaila-
bility of the intermediates of anaerobic digestion to the fecal coli-
forms as a food source.

Table 50 shows the average percentage die off of fecal coliforms after
30 days. The data indicate that at 5 percent moisture condition the
fecal coliforms were best able to survive. This is surprising as it
might be expected that a higher rate of die off would occur at lower
moisture concentrations due to the inavailability of moisture. Perhaps
the "aeration porosity limit" as suggested by Bhaumik and Clark (18)
for the condition when a favorable balance between moisture concentra-
tion and aeration exists is near 5 percent moisture for the conditions
of this study.

Table 50. Survival of fecal coliforms in soil and sludge.

Die Off of Average

Moisture Content Fecal Coliforms in 30 Days
(Percent) (Percent)
5 72.5
10 99.9
15 99.6
20 96.6
Sludge 99.9

Summary - Following the initial period of growth, die off of fecal coli-
forms in sludge and in soil containing sludge followed first order kine-
tics. That is, a constant fraction of remaining organisms died during
each time interval. The only exception to this was for the 5 percent
moisture condition where the die off rate decreased with time.

Studies of the survival of fecal colifiorms in Plainfield sand which had
received sludge indicated that the organisms were able to survive for ex-
tended periods of time at moisture concentrations from 5 to 20 percent.
The rate of die off may be significant from the standpoint of pollution
of  surface water when precipitation causes runoff soon after the sludge
is applied and especially if it causes soil erosion from sludge-treated
land. Travel of the fecal coliforms through the soil with leachate was
not investigated as a part of this work but, based on reports in the
literature, would not be expected to be as severe a problem. Many of
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the questions regarding the transport of fecal coliform off of the
soil surface and through soil will be answered from the results ob-
tained from the NFARC lysimeter studies.

At 5 percent moisture a sizeable increase in fecal coliform numbers
occurred after sludge addition and the subsequent rate of die off was
slowest. This is of particular interest as 5 percent is probably more
representative of the average moisture concentration of the surface
layers of the Plainfield sand in the field than the other moisture
levels studied. However, in the field rapid changes in soil surface
temperatures and exposure to sunlight may exert an over-riding influence
on fecal coliform longevity.,

Porcine Fnterovirus Survival and Anaerobic Sludge Digestion

Introduction - Although, to our knowledge, a disease outbreak has never
been known to have resulted from the application of anaerobically di-
gested sludge to land, we really know very little about the virologic
aspects of municipal sludges. In light of recent proposals and programs
for sludge utilization as a fertilizer on crop lands, additional infor-
mation is needed on possible virus content and their survival during

the anaerobic digestion period.

The following study was undertaken in an attempt to gain some insight
into the fate of viruses which cause disease in man when they are sub-
jected to the environmental conditions normally maintained in a heated
anaerobic digester. However, to overcome a number of technical problems,
an animal enterovirus was used in the study which possesses many char-
acteristics common to human enteroviruses.

Materials and methods - The virus employed in this study was a charac-—
terized swine enterovirus designated ECPO-1 (20)(143). The agent was
propagated in primary porcine kidney cell cultures prepared in 114 gram
prescription bottles employing a medium of 0.5 percent lactalbumin
hydrolysate and 10 percent fetal calf serum in Hank's Balanced Salt
Solution (HESS),

When viral induced cellular degeneration was nearly complete and in-
volved approximately 90 percent of the cells, the culture fluid was
collected and pooled. A representative sample of the harvest was
taken at that time and the titer of the virus determined. The remain-
der was frozen in 85 ml quantities at -65°C, Just prior to use, suf-
ficient virus stock for the seeding of laboratory scale digesters was
thawed and adjusted to yield 100 ml volumes containing 106 plaque
forming units (PFU) per ml.

\

The laboratory digesters consisted of six tightly sealed, one liter
stainless steel vessels similar in design and operation to those de-
scribed by Vatthauer et al. (159). The initial charge of sludge and
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inoculum consisted of 900 ml of digester draw-off from the Champaign-
Urbana wastewater treatment plant., When in operation each unit was
maintained in a 34.59C water bath and continuously agitated by means
of a magnetically driven glass stirring rod. All digesters were moni-
tored daily using gas production and composition, digestion of dry
matter, and pH of draw-off. Gas collections were made in metalized
plastic bags on each digester and volumes measured by water displace-
ment. Gas composition was determined on an F & M Model 720 gas chro-
matograph (F & M Scientific Corp., Avondale, Penn.) equipped with a
gas sampling valve and thermal conductivity detector. CH4 and COp
were separated using a three-meter long column of 80-100 mesh porapak Q
(Waters Associates, Inc., Farmingham, Mass.). Dry matter and organic
matter determinations were by standard drying and ashing techniques.
The hydrogen ion determinations were made with a Corning model 8 pH
meter with a standard combination electrode.

Once in operation, 60 ml of digested sludge were removed from each
digester daily through a small stoppered port in the top of each unit
and replaced with 60 ml of fresh sewage. On appropriate days the draw-
off from each unit was used for viral and other monitoring purposes.

When stabilization of the digesters occurred as determined by gas pro-
duction, two units were sceded with 100 ml of the virus suspension.
Two additional units for comparison remained uninoculated with virus.

All piglets were obtained by hysterectomy and maintained in isolators

of stainless steel and flexible plastic design. Equipment, methods of
procurement and rearing were as previously described by Meyer et al. (107).
All piglets were free of detectable microbes, and at least 10 days old
when first exposed to sludge.

Fecal samples were collected from each pig twice a day (AM and PM) on
the 3rd and 4th days post-challenge and pooled. Twenty percent fecal
suspensions were prepared for inoculation using complete tissue culture
medium with antibiotics as diluent and filtered through a microsyringe
filter holder containing a millipore HA filter. All cultures once in-
oculated were examined daily for viral cytopathic effect and held for’
one week before discarded as negative. In those cases where viruses
were recovered from infected piglets, the agents were identified as
ECPO~1 by necutralization with specific antiserum.

Three separate trials, approximately six weeks apart were carried out
employing piglets of different genetic backgrounds. In the 1lst trial,

25 ml samples of sludge were collected from each of the two virus seeded
digesters and pooled. Such samples were obtained after 30 minutes,

1 day, 4 days, 7 days, and 12 days. The pooled samples of each time
interval were mixed well, antibiotics (penicillin and dihydrostreptomycin)
added and 10 ml volumes force fed to two piglets.
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In the 2nd trial the general procedures were the same as above except

that samples were withdrawn from the digesters after 1 hour, 1 day,

2 days, 3 days, and 4 days; and that the volume fed to the piglets was
increased to 20 ml, 10 ml being fed orally and the remaining 10 ml ad-
ded to a small quantity of sterile milk.

In the 3rd trial the procedure was the same as in the 2nd trial except
the samples were collected after 1 hour, 4 days, 5 days, and 6 days.

Results ~ Generally a period of approximately four days was required
for the digesters to stabilize. Data collected during the individual
trials indicated comparable and uniform rates for CH, preduction and
the other parameters monitored for units with or without virus except
that units shortly after the addition of virus showed marked but tem-
porary increases in C0p production compared to control digesters.

Virus could not be detected or demonstrated by pig infectdion after the
4th day of exposure to the environment of the anaerobic digesters. All
pigs challenged with virus material exposed in digesters 72 hours or
less became infected and 2 to 6 became infected with material with-
drawn on the 4th day. As shown in Table 51, none of the piglets were
infected with material which had been in the digesters 5 or more days.

Table 51. Survival of swine enterovirus ECP0-1 in anaerobic sludge
digesters.

Time Virus Exposed in Digester

frial 3 2 3 4 5 6 7 12
hr® day days days days days days days days
I + + +
+ + 0
II + + + + 0
+ + + + +
I1I + 0 0
+ 0 0

Trial I 30 min
+ Infected piglet
0 DNon-infected piglet



While emphasis was on recovery of virus from piglets exposed to sludge,
it should be noted that in trial III. six of the eight piglets exposed
to sludge at that time contracted a bacterial infection and succumbed
to the bacterial pathogen Salmonella typhimurium.

\

Discussion - Raw sewage contains a wide variety of viruses and a signi-
ficant number of human origin., Little or no information, however, ex-
ists on their isolation from digested sludge and the few attempts re-
corded in the literature were unsuccessful.

Because viruses may be readily absorbed onto the surface of sludge
particles resulting in rather stable virus-sludge complexes, they are
difficult to isolate. As a result microbiologists have been reluctant
to say that the failure to isolate viruses was due to their inactiva-
tion by the digestive process per se.

The decision to use germ~free swine as an indicator animal for detec-
ting infectious levels of virus stems from a number of factors. First
a characterized swine enterovirus was available which possessed bio-
physical properties similar to agents commonly encountered in sewage.
Second, ECPO-1 had various desirable attributes such as its eas of cul-
tivation, identification and a minimal disease potential for man.
Third, early preliminary studies indicated that available sludge was
inherently toxic to our cell culture system and that direct isolation
by cell culture inoculations would be of limited value.

It should be recognized that in the operation of the digesters a dilu-
tion of the virus occurred with the daily draw-off and the addition of
60 ml of fresh sewage. With a turnover rate of approximately 1/15 of
the total volume per day, one could anticipate the removal of 1/2 of
the original virus inoculum after 7 1/2 days of operation.

To help compensate for the loss of virus, as a normal consequence of

the daily feeding of the digesters, we arbitrarily started out with
what we thought was a high concentration and one not likely to be en-
countered in a conventional sludge (105 PFU). 1In addition, we increased
the amount of sludge fed to each pig form 10 ml to 20 ml during trials
II and III. :

Considerably more work will naturally be required before the virologic
aspects of digested sludge will be completely known. In the case of
the Salmonella typhimurium infection that occurred in trial III, it
appears that all facets relative to the presence of bacterial pathogens
may also need additional consideration. %ven se, it would appear, at
least in this limited study and circumstances provided in these experi-
ments, that viruses with characteristics, similar to ECPO-1, whether
complexed with sludge or not, would not appear to constitute a serious
infectious hazard after five days in digesters of the type employed.
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Conclusions - Although additional work on a wide variety of viruses
may be required to ascertain the effectiveness of anaerobic digestion
as a means to inactivate viruses, preliminary results indicate a reduc-
tion and loss of infectivity could be expected upon a suitable five
days exposure to the environmental conditions provided by anaerobic
digestion of municipal sewage sludge. Considering that sewage solids
are held in heated anaerobic digesters for periods of time several
times greater than needed to inactivate the swine virus used in this
study, it appears that the use of digested sludge as a fertilizer pre~-
sents very little risk with regard to spreading diseases caused by
viruses.

Hygienic Aspects of Liquid Digested Sludge

Fecal coliform die off studies - For routine analyses of water, soil
and digested sludge samples, the coliform group of bacteria has been
taken as an indicator of the degree of microbial pollution. Since
non~fecal coliforms are known to be part of the normal soil flora,
only the fecal coliforms have been considered for use in the studies
discussed here. ‘

The determination of fecal coliforms is rapidly and easily performed

by the membrane filter technique with incubation at 44.50C in the

M-FC medium (54). This method (referred to as MFC) reveals the pre-
sence in the liquid digested sludge of a large population of fecal
coliforms which gradually decreases upon removal of the sludge from

the digester. A reduction from 4 x 104 to 7 x 103 and 2 x 102 fecal
coliforms per ml was observed after 19 and 32 days, as can be seen

from the data presented in Table 52. A similar die off can be obser-
ved for the fecal coliform organisms contained in sludge supernatant.
In contrast to the gradual decrease or die off of fecal coliform or-
ganisms originally present in digested sludge, when laboratory grown
populations of Escherichia coli (neotype, ATCC 11775) are added to
non-treated or autoclaved digested sludge they die off very rapidly,

as evident by the data presented in Table 53. 1In view of this dif-
ference of behavior, the question is raised as to whether the organisms
found in the digested sludge by the MFC technique are truly of the
fecal coliform group. Short of serological tagging, the IMViC test
and the elevated temperature MPN-EC (most probable number - EC medium)
method, as a confirmatory test from positive presumptive tubes, are
the only other two ways to identify fecal coliforms. Both techniques
have indicated the presence of fecal coliforms in the liquid digested
sludge. From the data presented in Table 54 it can be seen that agree-
ment in fecal coliform counts was obtained with the MFC and MPN-EC
methods. Furthermore, on the basis of the IMViC test, Fuller and
Litsky (49) have shown that digested sludge harbora a population of
fecal coliforms, which is oa the order of 105 cells per milliliter.

\
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Table 52. Number of fecal coliforms per ml of impounded liquid
digested sludge.

Sludge Days

Sample 0 19 32
Total sludge 4 x 104 7 x 103 2 x 102
Sludge supernatant 3 x 103 2 x 101 0

Table 53. Bactericidal properties of digested sludge toward labor-
atory~grown Escherichia coli as determined by the membrane
filter-high temperature method.

Fecal coliform, cells/ml

Digested sludge Autoclaved
Incuba- Digested supplemented digested sludge
tion, hr sludge with E, coli plus E. coli
0 25 x 102 25 x 100 26 x 106
24 20 x 102 41 x 102 <10

Table 54. Comparison between the membrane filter-high temperature
(MFC) and the MPN-EC medium techniques for counting fecal

coliforms.
Fecal coliform, cells/ml
Source of MPN-EC medium
digested sludge 95% confidence limit MFC
Chicago, Calumet Plant 4.9 x 103 - 4.2 x 102 1.6 x 103
Urbana~Champaign 1.5 x 10° - 1.2 x 104 1.6 x 100
Urbana-Chrampaign 3.4 x 105 - 3,7 x 102 8.0 x 103
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The bacteriolytic effect on the E. coli of stock culture may have been
a function of the bacterial strain. However, the phenomenon assumed a
higher significance when it was discovered that digested sludge-adapted
fecal coliforms could be transformed into susceptible strains. Speci-
fically, eight distinctive fecal coliform strains, isolated from diges-
ted sludge, were maintained in lactose broth. Following one transfer
in the broth, six strains survived reintroduction into autoclaved di-
gested sludge, but two were killed. After several transfers covering

a two-month period, all isolates no longer adapted to the digested
sludge environment and thus behaved like E. coli ATCC 11775. The above
results prompted further study of the bactericidal properties.

Various treatments were performed on the digested sludge to determine
the nature of its apparent toxicity toward E. coli, as determined by
the MFC technique. Results of these studies are presented in Table 55.
Although the digested sludges were always collected at the same waste-
water treatment plant (Calumet, Chicago) a few batches turned out to
be devoid of toxicity. This fact rules out many factors which other-
wise would have been considered as possible causative agents for the
toxicity: the low redox potential, the lack of oxygen, the saturation
of the sludge liquid phase with carbon dioxide, methane, and possibly
the presence of sulfides. Since toxicity was not eliminated by heat
sterilization, the bacteriolytic effect could not be attributed to a
protein, parasitic relationship, or nutritional competition with other
organisms. The bactericidal properties were localized in the liquid
phase of digested sludge (Table 55) thus eliminating several of their
possible sources. Most components of digested sludge occur in the
solid phase. The liquid phase, for example, contains less than

0.05 ppm sulfide, less than 10 ppm organic carbon exclusive of meth-
ane and carbon dioxide, and only traces of heavy metals. Because
methane and COp saturation of the liquid phase, presence of bicarbo-
nate and ammonium ions (up to 500 ppm-N) at pH values 7.0 to 8.6, low
redox potential, and lack of oxygen are properties common to both
bacteriotoxic and non-bacteriotoxic sludge samples, they could not be
considered as the principle causative factor.

Heat-sterilized sludge and its liquid phase were assayed for antibio-
tics by the diffusion technique in nutrient agar (Difco). Incubation
was carried out aerobically at 279C. Under these conditions, no anti-~
biotic activity was detectable. .
Volatile fatty acids have been held responsible for the exclusion of
E. coli and salmonellas in the rumen of bovines by Hollowell and
Wolin (72). However, their range of bacteriostatic and bacteriolytic
action is limited to pH values below 7.0 and to concentrations above
60 umoles/ml; conditions which are not prevalent in digested sludge,.
Moreover, Brounlie and Grau (24) presented evidence that the elimina-
tion of salmonellas and E. coli from bovine rumen cannot be accounted
for by volatile fatty acids alone.




Table 55. Localization of bactexlcidal properties in digested
sludge liquid phase

Escherichia coli
after 24 hr dincu-

Medium bation, cells/ml
Saline solution, 1.0% 3 x 10/
Digested sludge, autoclaved 105
Liquid phase, autoclaved 105
Liquid phase, nonautoclaved 105

Precipitate, resuspended with liquid
phase, autoclaved 102

Precipitate, resuspended with distilled
water, autoclaved 11 x 107

Liquid phase obtained by twc successive centrifugations; the first
one at 5000 g for 20 min; the second one done at 30,000 g for 60 min
on the supernatant liquor from the first centrifugation. Both pre-
cipitates were resuspended to original volume with either distilled
water of supernatant liquor.

Langley et al. (86) upheld the view that elimination of S. typhosa is
not caused by toxic compounds, but rather results from a nutritional
deficiency which can be satisfied by additions of tryptophane. We
found that with E. coli, reversal of the toxicity could be achieved by
addition of 5 g/1 tryptone (Difco) to the digested sludge. This amount
was in excess of the usual nutritional needs. At 2.5 g/l, tryptone did
not prevent die off of E. coli. The energy and growth factors brought
with tryptone could not be replaced by lactose and/or yeast extract
(Difco). Deficiencies in oxidizable organic material and an essential
nutrient do not create a toxic medium. For example, the same fecal
coliform population which rapidly died off in digested sludge liquor
remained stationary in physiological saline solution.

By way of summarizing the findings up to this point it may be said that
fecal coliforms aerobically grown in a lactose broth and transferred to
the sludge, die off more rapidly if obtained from stock cultures than
if freshly isolated from the sludge. This resistance of sludge isolates
disappears after several transfers in a lactose broth. The bactericidal
properties are localized in the liquid phase of the sludge, but no anti-
biotics are detected by the diffusion agar method. The boiling of the
sludge destroys the bactericidal properties, autoclaving does not. The
lack of oxygen and the low oxido-reduction potential of the sludge are
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not solely responsible for the killing. Reversal of the bactericidal
action is obtained by the addition to the sludge of high concentrations
(5 gm/liter) of tryptone (Difco). At the same concentrations, trypto-
phane and tyrosine reduce the death rate slightly. Llactose or yeast
extract, or both, have no effect. Digested sludge made from tryptone
as sole source of carbon is toxic; however, sludge made from butyrate
is not.

Effect of heavy metals on fecal coliform organisms - Differences in die
off rates of E. coli in digested sludge as measured by the pour plate
and MFC procedures coupled with the characteristics of the toxicity
previously discussed suggested that heavy metals should be investigated
as a source of bacteriolytic behavior. The pour plate technique gave
higher fecal coliform counts and a lower rate of die off than the MFC
method. Shipe and Fields (143) had similar results with E. coli cell
which had been suspended in zinc or copper sulfate solutions. They
assumed that either toxic metals were concentrated on the membrane
surface or that some cells weakened by the metals could no longer form
colonies on the membrane. Nearly all of the heavy metals present in
digested sludge occur in the solid phase. Analyses of centrifuged
sludge liquor showed 0.057 to 0.10 ppm Cu, nondetectable to 0.10 ppm
Ni, and 0.075 to 0.15 ppm Zn. ' These concentrations were lower than
those which were shown to cause a reduction of 5 percent or less in
digester efficiency (Public Health Service, 1965). Cadmium and Cr

were not detected in the liquid phase although they were present in

the solids. Even at low concentrations, metals can be toxic to E. coli.
For example, Malaney, et al. (99) reported that as little as 0.3 ppm Cu
or 0.5 ppm Cd affects the metabolism of E. coli. Moreover, sublethal
concentrations of several metals can accumulate to toxic levels.

An objection to assigning the observed toxicity to heavy metals could

be raised because of precipitation of metals by carbonate, hydroxide,
and phosphate anions in the liquid phase of sludge. To check the ef-
fect, 2 x 104 cells/ml of E. coli ATCC 11775, as determined by the pour
plate technique with nutrient agar, were suspended in buffered and un-
buffered Cu solution. The buffered sclution was composed of

107“M CusSO, - 5H20 and 0.1 M phosphate at pH 7.0. Based on the solu-
bility product of Copper phosphate (10-36.7), the theoretical solubil-
ity of Cu in the buffered solution was 10-11.6 M. The concentration of
Cu in the unbuffered solution was 10~2 M (0.83 ppm). As expected, with-
in 12 hours the E. coli cells were killed in unbuffered solution, but
survived in buffered solution. One mechanism for metals to enter solu-
tion in digested sludge is through chelation with naturally cccurring
organic compounds. In this form they might retain toxic properties.

To test this possibility, a model system was developed with Cu and pro-
tocatechuic acid as a complexing ggent. It can be seen from the results
presented in Table 56 that when the Cu salt and protocatechuic acid were
present in equimoler quantities, the die off rate was approximately
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proportional to the Cu concentration. Neither the buffer-Cu nor the
buffer~chelate solution was toxic. Complexation of Cu and protocate-
chuic acid apparently took place increasing the Cu toxicity. Chela-
tion of metals is possible in digested sludge. The digestion process
depends on a large population of viable microorganisms., If heavy
metals in solution caused toxicity as was observed with E. coli, di-
gestion itself would probably have becen severely inhibited unless the
microbial population in the digester had acquired a high level of
tolerance toward chelated metals. An observation of such a tolerance
was reported by Malaney et al. (99). Within six days or less after
the addition of as much as 50 ppm Zn, 20 ppm Cu, or 16 ppm Ni, a
microbial population from sewage recovered 35 to 50% of its original
activity. They described the toxicity as inhibitory, not lethal.

Table 56. Toxicity of chelated copper toward Escherichia coli

Escherichia coli, cells/ml2

Incuba-~ CuS0O4 - 5Hy0, protocatechuic acid molar ratiob
tion, hr 10-3¢/10-3 10-4c /1074 10-3/0 0/1073
0 53 % 102 54 x 102 77 x 102 62 x 102
32 x 102 42 x 102 119 x 102 56 x 102
11 0 35 x 102 79 x 102 55 x 102
48 0 20 137 x 102 31 x 102

Counts made by the pour plate technique with nutrient agar.
Solutions made in 0.1 M phosphate buffer pH 7.0, heat-sterilized.

c Protocatechuic acid added only after copper solution in phosphate
buffer had stood at room temperature for 12 hr.

Fecal coliform survival on soils and in water - The behavior of the
sludge fecal coliforms as determined by the MFC technique has been
examined under various environmental conditions. A gradual decrease
of the fecal coliform population was observed in the sludge cake which
develops on a soil surface amended with digested sludge, can be seen
from the results presented earlier in Table 5. These results are in
agreement with those already obtained from various studies done on the
behavior of fecal coliforms and E. coli in digested sludge, water and
soil samples (40)(86)(156).
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Routine analyses for fecal coliform densities have been performed on
drainage and runoff water samples originating from the Northeast Agronomy
Research Center lysimeters. From an analysis of the data collected the
sandy soils (Plainfield) have performed as expected, i.e. mo fecal coli-
forms were detected in tile drainage waters. However, drainage water
samples from many Blount and Elliott plots were sometimes higher in

fecal coliform counts than expected.

Samples collected - -in the spring were generally low in fecal coliforms.
That situation was probably a reflection of the fact that only four
sludge applications were made during the spring sampling period. As
expected, surface runoff samples were generally contaminated with fecal
coliform throughout most of the sampling period. The relatively high
contamination in tile drainage water can only be explained by contami-
nation through cracks or animal holes in the soil. It was also mnoted
that as the soil temperature decreased, fecal coliform contamination
increased. Increased longevity of fecal coliforms in cool soil and ac-
cumulating sludge residues probably accounted for the increase.

Runoff water from the check plots was almost as consistently contami-
nated as water from the plots with maximum treatment. No specific
explanation for this pehnomenon can be given. Warm-blooded animals all
excrete fecal organisms. Gophers, ground squirrels, deer, and birds
frequent the plot area and may be responsible for the phenomenon.

The reader who would like to find general considerations on the hygienic
aspects of sludge disposal on land is referred to other publications
such as those by Gordon (56) and Hanks (62).

Microbiological purification of polluted waters by percolaticn through
artificial filters or soils is known to be an effective method of water
treatment. Insofar as inferences can be made from traditions and ex-
periences, one may expect the percolated waters from a biofilter four
to five feet thick to be free of pathogens. 1In the present case, the
challenge is at the soil-atmospheve interface, where digested sludge
will cover acres and be accessible to runoff waters, insects, birds,
and animals. The danger of infection from these fields will, to a
great extent, be controlled by the persistence of pathogens at the soil
surface.
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SECTION VII

GREENHOUSE STUDIES

The Effect of Heavy Metals on Nutrient Uptake and Growth of Corn

Introduction - This study on the effect of Pb, Cu, Cr, Zn, and Ni on
nutrient uptake and growth of corn was prompted by their presence in
relatively large concentrations in digested sewage sludge.

Rohde (130) found toxic levels of Zn and Cu on soils treated with
sewage for many years near Paris, France. Lunt (96) found Zn and

Cu toxicity symptoms in a few vegetable crops following additions of
" acidic sludges. Build-up seems likely in the upper soil horizons of
most of the heavy metals added by sludge, since studies on heavy
metal retention in soils have shown that they tend to accumulate in
upper horizons rather than leaching (85). Sludge has also been known
to acidify soils. This further emnhances the possibility of available
toxic amounts of heavy metals in soils, since the heavy metals in
question become more soluble as pH decreases (51).

Although Pb, Cr and Ni have not been studied in connection with sludge
fertilization of soils, other studies have indicated a number of po-
tential problems due to excess levels in soil. Lead has not been
found to be toxic, at least, to deep-rooted crops (79)(80). 1It, along
with the other four heavy metals investigated here, does reduce Fe up-
take by plants, however. Chromium has been found to be toxic in some
serpentine soils, sand cultures, and nutrient solutions (144). Chro-
mium and Cu also interfere with P uptake. Nickel can be even more
toxic than either Cu or Zn at similar concentrations (38) (41) (60) (66)
(123)(127).

Experimental procedure - Lead, Zn, Cu, Cr, and Niwere applied to Plain-
field fine loamy sand as chemical salts at rates corresponding to quan-
tities added from 15 cm per year sludge applications for 5, 10, 15, and
20 years. That is, rates of the added metals were equivalent to the

quantities that would be applied in 75, 150, 225, and 300 cm of sludge.
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Concentration levels of heavy metals in sludge assumed here are given
in Table 57. It is realized that this technique over-emphasized the
actual situation that would occur under field conditions. However,
the intent was to simulate the highest possible concentrations of
metals that might occur from the respective sludge rates. Thus, metal
additions were made on the assumptions that all metals in the sludge
would be released from organic form, and that the metal salts would

be retained in the upper soil horizon. The authors are aware that
under actual conditions the organiec material would only partially de-
compose and that salts would tend to leach from the upper horizon.

Table 57. Heavy metal concentrations in sludge from the Calumet
sewage plant.

Element kg/ha-cm
Copper 2.42
Zinc 9.14
Lead 9.14
Chromium 5.32
Nickel 0.18

Each heavy metal was tested for its individual effect on corn growth.
No interactions between the heavy metals were studied. Each treatment
was replicated three times in a randomized complete block design.

Some treatments were tested on an Elliott silt loam soil type for Pb,
Zn, Cu, and Cr. These treatments were replicated in the same manner as
above.

The heavy metals were applied as the following chemical salts: lead
acetate, zinc sulfate, cupric sulfate, chromic acetate, and nickel
sulfate.

Each greenhouse pot contained 3000 grams of soil to which 200 mg of
nitrogen was added as ammonium sulfate, 200 mg of phosphorus as mono-
calcium phosphate, and 200 mg of potassium as potassium chloride. - The
"pots'" were number 10 cans which werg lined with polyethylene bags to
prevent rust from contaminating the soil., Ten kernels of corn were
planted in each pot, and the stand thinned tc eight plants after ger-—
mination and emergence. The corn plants were allowed to grow for four
weeks before harvesting. They were cut off just above the soil. Oven-
dry weight was used to determine stover yield.
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Zinc, Fe, Mn, P, and Cu were determined in the plant tissue by emis-
sion spectrograph. Lead, Cr and Ni were determined in the plant
tissue by atomic absorption.

Regression analysis was used to determine significant effects on corn
growth and its chemical content. When a decrease or increase in yield
or chemical content is declared significant, it will be so at the

95 percent confidence level or higher. All data given in tables and
figures are mean values.

Yield of elements was calculated by multiplying concentration levels
in corn stover by oven-dry yield of corn stover.

LResults and discussion -~ The various Pb treatments affected corn growth
in an erratic manner on the Plainfield sand (Figure 71). Regression
analysis of the yield data failed to show any significant effect on
corn yield by adding Pb at rates up to 1224 ppm (twenty years accumula-
tion) to either the sand or the silt loam. However, the trend with the
Elliott silt loam soil appears to be decreasing yield with increasing Pb
rate. Keaton's (80) data on barley growth showed no general trend as
rates of Pb were increased. His highest treatment was 2785 ppm of Pb
as lead carbonate. At most rates, yields of barley tops were slightly
higher than the control. Scharrer and Schropp (134) found very little
effect on plant growth when Pb was added to soils as lead acetate.

They also reported some growth stimulation from Pb had no toxic effect
on deep-rooted crops. Jones and Hatch (79) reported that Pb had no
toxic effect on deep-rooted crops. Yet, they found some damage when
some shallow-vooted vegetable crops were planted in Pb-treated soils.

Lead was not present in the aerial portions of the corn except in
trace amounts (Table 58). This is in fair agreement with Keaton's (80)
work, although he was able to show detectable concentrations of about
2-3 ppm in barley tops. His concentrations may be nuthing more than
an artifact due to incomplete washing, since the concentrations were
so small and constant with all rates of lead. He found very high con-
centrations in root samples though. Jones and Hatch (79) rarely found
concentrations of lead over 10 ppm in the vegetable and legume crops
they analyzed. They did not find, however, concentrations in roots of
their plants as great as Keaton had reported. Lead concentrations in
root samples were not determined in our experiment.

A significant linear decrease in Fe content in corn stover occurred as
Pb rates increased on the Plainfield fine loamy sand (Table 58)." There
was no effect on iron content in the stover grown on the Elliott silt
loam treated with Pb. A highly significant linear decrease in P con-
tent of the corn tissue occurred for both soils as lead rates increased.
None of the other elements reported in Table 58 were significantly af-
fected by Pb.
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Figure 71. Yield (oven-dry weight) of corn at four weeks in the
presence of Pb admixed with Elliott silt loam and Plain-
field sand. '
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Table 58.

Heavy metal and P content.of corn stover as influenced by

Pb, Cu, Cr, Zn, and Ni additions to soils.

Treatments Concentrations in corn stover
Zn Fe Mn P Cu Element varied
Element ppm™ ppm ppm ppm % ppn pPpm
Plainfield Pb
Pb 0 110 129 239 .62 13 trace
Pb 306 141 149 205 48 15 trace
Pb 612 139 123 186 .39 14 trace
Pb 918 91 83 144 .26 11 trace
Pb 1224 104 93 206 .26 19 trace
Cu 0 110 129 239 .62 13
Cu 81 70 58 274 .28 28
Cu 162 87 60 389 48 76
Cu 243 108 88 520 .72 122
Cu 324 132 81 600 .69 260
Cr
Cr 0 110 129 239 .62 13 A
Cr 178 93 110 436 .35 12 26
Cr 356 77 87 377 27 13 24
Cr 534 66 73 394 .28 8 40
Cr 712 80 94 538 .31 11 32
Zn 0 110 129 239 .62 13
Zn 306 4969 94 317 .50 12
Zn 612 7535 95 208 .76 13
Zn 918 9152 140 254 1.23 12
Zn 1224 11776 96 302 1.25 12
Ni
Ni 0 110 129 239 .62 13 trace
Ni 6 147 142 269 .77 16 9
Ni. 12 174 189 267 1.02 19 23
Ni 18 219 148 279 1.02 21 48
Ni 24 199 153 293 1.02 20 64
Elliott silt loam
Pb
Pb 0 59 86 79 .30 6 trace
Pb 306 59 83 74 .27 7 trace
Pb 1224 57 84 59 .18 9 trace
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Table 58 (cont). Heavy metal and P content of corn stover as influern-
ced by Pb, Cu, Cr, Zn, and-Ni additions to soils.

Treatments Concentrations in corn stover k
Zn Fe Mn P. Cu Element varied
Element ppm ppm ppm ppm % ppm ppm

Elliott silt loam (cont)

Cu 0 59 86 79 .30 6
Cu 81 66 77 66 .21 10
Cu 324 84 67 7 .16 18

cr
Cr 0 59 86 79 .30 6 2
Cr 534 46 72 39 .17 8 14
Cr 712 59 62 50 .38 9 14
Zn 0 59 86 79 .30 6
Zn 306 1000 76 64 .23 5
Zn 1224 5170 81 72 .20 8

Germination was reduced by high Pb addition to the Plainfield but not
the Elliott soil (Table 59).

Yield of elements was generally reduced as rate of Pb increased (Table 60).
Some of these reductions were usually due to both reduced yield and con-
centration levels in the corn. Yield of Cu was affected relatively less
than the other elements. Yield of P was reduced relatively more than
the other elements.

Rates of Cu corresponding to 15~ and 20-year additions of sludge

(243 and 324 ppm Cu) were extremely detrimental to germination of corn
in the sandy soil (Table 59). Germination was not affected by Cu added
to the silt loam soil. '

Copper was very detrimental to growth of corn at the rates used in this
experiment. On the Plainfield sand, both linear and quadratic regres-
sion terms for growth were highly significant (Figure 72). Much of the
growth depression occurred with €u rates no higher than 162 ppm. On
the Elliott silt loam, there was a slight increase in corn yield at

81 ppm Cu. This was not a significant increase, however. The overall
effect of Cu was to significantly decrease growth of corn on the silt
loam.
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Figure 72. Yield (oven-dry weight) of corn at four weeks in the
presence of Cu admixed with Elliott silt loam and Plain-

field sand.
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Table 59. Germination of corn 10 days after planting as influenced
by Pb, Cu, Cr, Zn, and Ni additions to soils.

Treatment Germination, %
Element pPpm Plainfield sand Flliott silt loam
Pb 0 93 93
Pb 306 93 97
Pb 612 83 --
Pb 918 90 -
Pb 1224 73 97
Cu 0 93 93
Cu 81 100 93
Cu 162 77 -
Cu 243 47 -
Cu 324 30 100
Cr 0 93 93
Cr . 178 80 -
Cr 356 60 -
Cr 534 97 100
Cr 712 53 93
Zn 0 93 93
Zn 306 100 90
Zn 612 93 -
Zn 918 90 —
Zn 1224 87 90
Ni 0 ) 93 -
Ni 6 87 -
Ni 12 93 —
Ni 18 93 -
Ni 24 - 97 -
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Table 60. Yield of Zn, Fe, Mn, P, and Cu as influenced by Pb, Cu,
Cr, Zn, and Ni.

Treatment Yield, mg

Element pPpm Zn Fe Mn P Cu

Plainfield sand

Pb 0 .822 . 964 1.78 46.3 .0972
Pb 306 1.090 1.150 1.59 37.2 .1160
Pb 612 .916 .811 1.23 25.7 .0923
Pb 918 .703 .641 1.11 20.1 . 0850
Pb 1224 : 646 .598 1.28 16.1 .1180
Cu 0 822 .964 1.78 46.3 .0972
Cu 81 T .262 .217 1.03 10.5 .1050
Cu 162 .083 .057 0.37 4,58 .0726
Cu 243 L0400 .033 0.19 2.68 L0454
Cu 324 .024 015 0.11 1.27 . 0480
Cr 0 .822 . 964 1.78 46.3 .0972
Cr 178 .652 771 3.06 24.5 .0841
Cr 356 418 473 2.05 14.7 .0706
Cr 534 437 .483 2.61 18.5 .0529
Cr 712 371 . 435 2.49 14.4 .0510
Zn 0 .822 .964 1.78 46.3 .0972
Zn 306 17.600 .322 1.09 17.1 0411
Zn 612 3.630 .046 0.10 3.67 .0063
Zn 918 2.150 .033 0.06 2.89 .0028
Zn 1224 2.660 . .027 0.07 2.82 .0027
Ni 0 .822 .964 1.78 46.3 .0972
Ni 6 .970 .937 1.77 50.8 .1050
Ni 12 .896 .673 1.38 52.5 .0979
Ni 18 .884 .597 1.13 41.1 .0847
Ni 24 .837 .644 1.23 42.9 .0842
Elliott silt loam
b 0 .488 711 653" 24.8 .0496
Pb 306 459 . 645 .575 21.0 0544
Pb 1224 .385 .567 .398 12.2 . 0608
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Table 60 (cont). Yield of Zn, Fe, Mn, P, and Cu as influenced by Pb,
Cu, Cr, Zn, and Ni.

Treatment Yield, mg

Element pPpm Zn Fe Mn P Cu

Elliott silt loam {(cont)

Cu 0 .488 711 .653 24.8 .0496
Cu 81 .612 .715 .612 19.5 .0928
Cu 324 .389 .310 .356 7.41 .0833
Cr 0 .488 711 .653 24.8 .0496
Cr 534 .111 173 .094 . 4.08 .0192
Cr 712 .058 .060 .049 3.70 .0088
Zn 0 .488 .711 .653 24.8 .0496
Zn 306 6.590 .501 422 15.2 .3330
Zn 1224 22.200 .348 .309 8.6 .0344

Concentration levels of Cu in the aerial portions of the corn were not
very high considering the concentrations added to the Elliott silt loam
(Table 58). This is in agreement with results reported by Reuther (127).
, Copper concentration levels in corn grown on the Plainfield sand in-
creased significantly as the rate of added Cu was increased.

At the 5-year rate of Cu (81 ppm), corn grown on the sand had a severe
interveinal chlorosis symptomatic of 'an iron deficiency. Iron content
of plants was significantly reduced (Table 58). On the silt loam soil
this chlorosis occurred at the 20-year rate of Cu although it took
longer to develop and was not as severe as the chlorosis which developed
at the 81-ppm treatment on the sandy soil. Iron content, however, was
not significantly affected by Cu treatment at the 95 percent confidence
level. Manganese content of corn on the sandy soil was increased as Cu
additions were increased. This may have been due to pH changes in the
soils since the soils treated with Cu sulfate were more acid (0.5 -~ 0.7
PH units less) than the control. No similar incregse in Mn content oc-
curred for corn grown on the silt loam. Zinc content of corn grown on
the sandy soil was depressed to 70 ppm at the 8l-ppm Cu treatment and
then increased steadily thereafter as plants were more adversely affec-
ted by a Cu toxicity.

Copper additions reduced corn growth so much that yield of all elements
was greatly reduced as Cu rates were increased in the sandy soil

(Table 60). Yield of elements was reduced on the silt loam soil, ex-
cept for Cr, as Cu was added. The reduction in yield of P was much
greater than the reduction in stover yield on the silt loam soil.
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Chromium was more toxic to corn grown on the silt loam soil than when
grown on the sandy soil (Figure 73). This was unexpected since the
silt loam soil is more highly buffered than the sandy soil. Growth
reduction, although less than on the silt loam soil occurred on the
sandy soil. The linear regression term was significant for the sand
even though the effect due to treatment was somewhat erratic. On the
silt loam scoil a highly significant decrease in corn growth occurred
as Cr additions were increased. Severe stunting and purpling of the
leaves occurred at the highest rate of Cr.

Cermination of corn in the sandy soil was affected by Cr, but this,
too, did not seem to follow rates of application very closely (Table 59).

Chromiuvm significantly affected Fe content. On both soils, Cr signi-
ficantly decrecased the Fe content of corn (Table 58). At 714 ppm of
Cr, P concentration of corn on the sandy soil was reduced to half that
of the control, and this reduction was highly significant. Total P
uptake by the corn was significantly reduced on both soils (Table 60).
Yield of Mn on sandy soil was the only element whose yield was not re-
duced by increasing Cr application rates.

Precipitation of phosphates by Cr in the soil is not likely since Cr
phosphate salts are soluble in dilute acid solutions and water. There-
fore, it would seem most likely that this reduction in P content in the
plant due to high Cr additions to the soil is a physiological phenomenon.
Zinc content was also significantly reduced in corn grown on the sandy
soil (Table %8). This kind of reduction did not occur on the silt loam
soil.

Manganese content of corn and yield of Mn was significantly increased
as amounts of Cr applied to the sandy soil were increased (Tables 58
and 60). This would seem to be directly related to Cr additions to the
s0il since pH of the soil did not change with treatment as it did with
the Cu treatments, On the silt loam soil, however, the reverse occur-
red. Manganese content in the corn stover decreased significantly as
the rate of Cr applied to the silt loam increased.

Concentrations of Cr in the corn grown on the two soils leads to another
paradox. Content of the above-ground portion of corn was less on the
silt loam soil where more damage to growth occurred, than on the sandy
soil (Table 58). '

It would seem that perhaps a change in the valence of chromium occurred
in the silt leoam soil which did not occur in the sandy soil. Perhaps
this change jin valence could have occurred through a biological oxida-
tion of the chromic ion to the chromate or dichromate jion. Microbial
activity has been known to oxidize the manganous ion, so the possibil-
ity of chromic ion oxidation may be quite good. A purely chemical oxi-
dation in the soil is remote since the chromic ion is only oxidized by
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Figure 73. Yield (oven~dry weight) of corn at four weeks in the
presence of Cr admixed with Elliott silt loam and Plain-
field sand.
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rather strong oxidizers. Since the silt loam had a good supply of
organic matter and the sandy soil hardly any, this would mean the mi-
crobe population should be at a minimum in the sandy soil but high in
the silt loam soil. Microbes which could possibly oxidize the chromic
ion are facultative autotrophs. Thus, the silt loam soil being more
abundant in organic matter content than the sandy soil can harbor a
larger population of these microbes.

Soane and Saunder (144) suggested that the degree of Cr toxicity could
be influenced by Ca and P levels in soil. Since our two soils differed
considerably in their Ca and P content, this, too, may explain the
differences in Cr toxicity between the two soils.

Oxidation state of Cr is very important because its toxicity is greatly
influenced by the valence. Hewitt (66) reported that chromate was more
toxic than chromic, although it is doubtful that in slightly acid soils
chromate will exist for long periods of time before it is converted to
dichromate. This conversion, however, does not lead to a further change
in valence. Soane and Saunder (144) used dichromate in their sand-

culture study. They found 50 ppm of Cr as dichromate caused the same
severe symptoms that the highest rate of Cr caused in this study on the
silt loam suvil. Comparing the effect of chromic dion concentrations on

growth of corn on the sandy soil in this experiment with the effect of
dichromate ion concentrations on growth of corn on the sand-culture
experiment of Soane and Sanuders would seem to substantiate Hewitt's
finding.

Zinc was very toxic on the sandy soil even at the 5-year rate (306 ppm)
" (Figure 74). The plants were stunted and the lower leaves were bright
red. The two highest rates of Zn caused growth to terminate shortly
after germination. All the plants turned to a brilliant red. On the
silt loam soil where only the 5~year and 20-year rates of Zn were ap-
plied, there was a slight growth depression at the first Zn rate and a
yield of only one~half that of the control at the highest rate,

Zinc dincreased to very high concentration levels in the corn for both
soils treated with Zn (Table 58). Where 306 ppm of Zn were added, con-
centration levels in corn grown on the sandy and silt loam soils were
4969 and 1000 ppm of Zn, respectively. Phosphorus deficiency does not
seem to be responsible for the red color which developed in the corn

on the Zn-treated sandy soil. Phosphorus content of the plants increa-
sed as the rates of Zn increased on the sandy soil (Table 58). The
high concentration level of P was undoubtedly due to the lack of plant
growth that prevented a dilution effect. Phosphorus concentration
levels in the corn stover were significantly reduced as Zn application
rates were increased on the silt loam soil.

Germination was not appreciably affected by the Zn treatments (Table 59).
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Nickel was applied only to the Plainfield sand. Germination was not
decreased by the Ni treatments (Table 59). Corn stover yield was sig-
nificantly decreased as the application rate of Ni was increased
(Figure 75). Added Ni caused a highly significant increase in Ni con~
centration levels in plants (Table 58). All chemical elements con-
sidered tended to increasc in plant tissue as Ni application rates were
increased. Yield of all elements, except Zn, tended to decrease as ap-
plication rates of Ni were increased (Table 60).

Nickel induced syuptoms were very similar to those symptoms associated
with a Ca deficiency. The corn growing on the Ni-treated soils started
to have very gummy, whip~like terminal leaves after two and one-half
weeks of growth. These leaves failed to part completely; the tips were
glued together. Leaf tips which appeared to be glued together died
after three or fouvr days. Tips of older separated leaves were necrotic
and eventually died. Hewitt (66) reported similar symptoms in potatoes
grown in sand culture studies with various concentration levels of ad-
ded Ni. The older leaves of potatoes withered and the growing tips
died in the lairer stages of toxicity, but this was preceded by a chlo-
rosis which Hewitt considered similar to Mn deficiency symptoms.

Soane and Saunder (144) also noted that toxic levels of Ni caused an
interveinal chlorosis. Chlorosis occurred only three days after emer-
gence when corn seedlings growing in a sand culture where 30 ppm Ni
were added. Yet the Ca content of the corn increased as the applica-
tion rate of Ni was increased. Crooke (38) observed an increase in Ca
content when 2.5 ppn Ni was present in a sand culture. Perhaps Ni can
create a greater nced for Ca in the plant. This would explain why the
_appareunt Ca deficiency symptoms became worse despite increased Ca con-
tent in the corn stover as application rates of Ni were increased.

Effects of Digested Sewage Sludge Added to Soil on Growth and Compo-
sition of Soybean: Part I

Introduction - The experiment described here was carried out to deter-
mine the effects of heated anaerobically digested sludge mixed in large
quantities with scoil which was subsequently planted to soybeans. In
addition, an attempt was made to determine how different levels of
elements occurring in sludge, added as salts to simulate a readily avail-
able form of the element, might interact with freshly-applied sludge to
affect plant growth. The experiment, carried out under greenhouse cons
ditions, was pianned in a factorial manner with three levels of salt-
simulated sludge and of digested sludge. The increments between treat-
ments increased by a factor of two, giving the highest combined treat-
ment a waight equivalent of 144 t/ha of sludge solids. The design
allosw comparison of the availability of the elements in sludge to be
compared with those added in salt form.
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Methods - Anaerobically digested sewage sludge was obtained from the
Calumet Waste Treatment Plant of the Metropolitan Sanitary District of
Greater Chicago. The sludge represents sewerage from both industrial
and domestic sources. This sludge was analyzed (Table 61) for the
elements subsequently used to prepare the salt-simulated sludge. The
salts were chosen to combine as many of the elements involved in the
simulated sludge and still maintain a highly soluble form. For several
of the metals it was necessary to add acetate salts. It was felt that
the acetate would be rapidly utilized by the soil bacteria and not af-
fect plants subsequently grown in the soil. Sludge and simulated sludge
were added incrementally to four kilograms of Elliott silt loam soils
until the total amount for each treatment had been added. The treat-
ments amounted to 36, 72 and 144 t/ha of solids or equivalent in the
case of simulated siudge. The dry soil was crushed and four kilograms
placed in a 20-cm diameter by 20-cm high plastic pot and distilled

water was added from above and below to bring moisture content to

20 percent by weight. Soybean seeds [Glycine max (L.) Merr., var Corsoy]
were germinated in sand and when 2-to 3-cm high were transplanted to the
pots.

Moisture content of the soil was maintained by daily watering, taking
care to moisten the soil throughout its depth, and the amount of water
added was recorded. After 27 days, moisture content of soil was in-
creased to 37.5 percent. Surface area of the fourth leaf from the top
on all plants was determined on the 35th day and leaf surface area of
all leaves on the largest plant in each pot was determined on the 45th
day. Height of each plant was measured on day 12 and each week there-
after. Six plants from each pot were harvested to 2.5 em above the soil
" surface after 22 days and during the rapid growth phase and three plants
were harvested after 37 days, the date of initiation of blooming. The
plants were washed with distilled water, dried at 60°C and ground in a
Wiley Mill to pass 40 mesh.

Tissue was analyzed for Ca, Mg, Fe, Mn, Zn, Cu, Cd, and Ni by atomic
absorption analysis after ashing at 5000C with care being taken to

raise the temperature gradually and dissolving the ash in hydrochloric
acid. Phosphorus was determined by the vanadomolybdate yellow method
and N by the Kjeldahl method. Sodium and K were analyzed by flame
emission spectroscopy. Also, the above elements, with the exception

of N, were determined in a 0.1 N HCl extract of an alloquot of the soil
taken before planting. A ratio of 0.5 gm soil to 10 ml of acid was used.

Incidence of weeds was determined by counting the number of plants
emerging in the pots after 13 days. Germination of soybeans in the

s0il of each treatment was assessed by placing 100 seeds in Petri dishes
containing the particular treatment and moistening the soil. The num-
ber of seeds germinating was counted from day 2 through 13. This ger-
mination experiment was not replicated.
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Table 61.

Elemental composition of salt-simulated sludge and salts
used in its formulation and composition of sludge from
Calumet Sewage Treatment Works. The Calumet sludge con- °
tained 3.13 percent solids of which 43.7 percent were
volatilized by heating to 500°C.

Simulated Sludge Calumet Sludge
Element Salt Used g salt/1 mg element/1 mg/1
N (NH4)2304 .309 800 900
NH4C1 »634
(NHA)H2P04 3.0006
NH4M07024 .0006
NHAOH 244
P KH,PO, .574 850 ) 626
NH4H2P04 3.066
K KHZPO4 .574 165 205
Ca Ca(C2H302)2 5.275 1200 1243
Mg Mg (C,H,0,), 1.610 275 366
Na 126
Fe FeC6H507'3H20 5.354 1000 1230
Mn Mn(CZH302)2 045 10 ’ 16
Zn Zn(C2H302)2 .822 170 ‘ 148
Cu Cu(CZHBOZ)Z .132 42 33
(NH,),80, .309 75 n.d.
H3BO3 .009 1.5 n.d.
Mo NH4M07024 .0006 .05 n.d.
Cr Cr(C2H302)3 171 36 23
Pb Pb(C2H302)2 .070 38 56
. 1
cd Cd(CZHBOZ)Z 033 4
Ni Ni(CZH302)2 .017 4
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Results and discussion, general statement -~ All except the highest com-
bined treatment - equal to 2838 t of solids/ha - supported plant growth

to the first harvest at 22 days. However, plants died in a number of
treatments during the period between this harvest and the second harvest
at 37 days. Plants affected were in the highest treatment of salt-sim-
ulated sludge and combinations of the second and highest levels of sim-
ulated sludge and sludge. Reference to the section of Table 65 dealing
with the second cutting indicates those treatments which would not sup-
port growth. Death of plants was preceded by a series of early symptoms
progressing from interveinal chlorosis, drying and rolling of the primary
leaves, through interveinal chlorosis and wrinkling of the second through
fourth trifoliate leaves. Higher leaves appeared normal, especially in
the lower treatments.

The experiment was abandoned after 58 days because of the loss of
treatments and poor vigor in some of the surviving lower treatments.
Although toxicity due to the high levels of metals was an obvious and
appealing answer to the cause of loss of plants, we suspected salt ef-
fects. Saturation extracts of the soils were prepared and conductivi-
ties were determined. The conductivities (Table 62) indicate that salt
accumulation would be a considerable problem for growth of soybeans in
such a sludge-amended medium where percolating water would not remove
salts. The salt-simulated sludge also created intolerable conditions
for soybean growth. Sodium content of the paste extract (Table 63)
increases through each kind of treatment probably because the Na ion

is easily displaced from exchange positions on soil colloids by the more
abundant and strongly adsorbed two and higher valent ions in the sludges.
. The nature of soybean growth after the scil in each treatment had been
leached to a conductivity of less than 1.0 mmho/cm or slightly more

than the 0.47 mmho/cm of the control soil is the subject of part two of
this report. Data for pH of the soils are gathered into Table 64. Ad-
dition of salts to the soil depressed pH by about one unit and analysis
of the data indicates main effects for both sludge and salt-simulated
sludge are present. The range in pH involved in these treatments should
not markedly influence nutrient uptake or be physiologically detrimental,
in fact, the absorbtion of metals should be reduced substantially by

the slightly alkaline conditions.

Means of elemental contents of tissue for the first and second harvests
are given in Tables 65 through 76 for N, P, K, Ca, Mg, Fe, Mn, Zn, Cu,
Na, Ni, and Cd, respectively. The data were treated by analysis of
variance to determine the presence of treatment effects. To determine
mutual relationships among concentrations of elements, the data were
analyzed by correlation analysis.
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Table 62,

Effect of digested sludge and salt-simulated sludge on
conductivity of saturation paste extract of soil. Data
in mmhos/cm.

DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 0.47 6.70 13.30 14.37 8.71
36 1.58 11.47 13.03 13.83 9.98
72 8.67 12.63 11.47 11.13 10.98
144 11.57 11.20 11.87 25.10 14.93
Average
Effect 5.57 10.50 12.42 16.11
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Table 63. Effect of digested sludge and salt-simulated sludge on Na
content of saturation paste extract of soil. Data in parts
per million of extract.

DIGESTED SALT-SIMULATED

SLUDGE SLUDGE

Average
t/ha 0 36 72 144 Effect
0 4 34 69 128 59
36 9 47 67 118 60
72 21 51 77 135 71

144 45 75 89 167 94
Average
Effect 20 52 75 137
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Table 64. Effect of digested sludge and salt-simulated sludge on pH

of soil in which soybeans were grown.

DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 6.6 6.6 6.4 5.7 6.3
36 7.0 7.0 6.8 5.8 6.7
72 7.8 7.5 7.1 6.7 7.3
144 7.9 7.5 7.2 6.4 7.2
Average
Effect 7.3 7.2 6.9 6.2

Least significant differences

Interaction 0.6 (19:1)

Average effect
salt-simulated sludge 0.4 (99:1)
Digested sludge 0.3 (99:1)
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Table 65. Fffect of digested sludge and salt-simulated sludge on N con-
tent in soybean. Data are in pexrcent of oven~dry (60°C) tissue.
Analysis of variance performed on 4 by 3 treatments for 22-day

cutting and 4 by 2 treatments for 37-day cutting.
fects for these treatments are in parentheses,

Ist Cutting, 22 days

Average ef-

DIGESTED SALT-SDIULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
] 5.74 6.67 7.19 7.59 5,76(6.48)
36 4,64 7.75 8.26 8.34 7.25(6.88)
72 8,27 8.16 8.51 8.54 8.37(8.31)
144 8.94 8.00 8.49 - (8.47)
Average )
Effect (6.86) (7.64) (8.11) 8.16
Least significant differcnce (P)
Interaction 0.74 (99:1)
Average effect
Salt-sinulated sludge 0.37 (99:1)
Digested sludge 0.28 (99:1)
2ud Cutting, 37 days
DIGESTED SALT-SIMUTATED
SLUDGE SLUDGE
. Average
t/ha 0 36 72 144 Ef fect
(¢] 3.68 3.76 4,22 - 3.89(3.72)
36 4.39 5.37 6.09 - 5.28(4.88) °
72 5.51 5.34 . - - (5.42)
144 6.40 7.08 - —_ (6.74)
Average
Effect (5.00) (5.39) 5.16 -

least significant difference (P)

Interaction 0.37 (99:1)
* Average effect
Salt-szimulated sludge 0,25(99:1)
Digested sludge 0.25 (99:1)
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Table 66. Effect of digested sludge and salt-simulated sludge on P con-
tent in soybean. Data are in percent of oven-dry (60°C) tissue.
Analysis of variance performed on 4 by 3 treatments for 22-~day
cutting and 4 by 2 treatments for 37-day cutting. Average ef-
fects for these treatments are in parentheses.

lst Cutting, 22 days

DIGESTED ) SALT-STMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 42 .62 .70 .50 .56(.58)
36 .50 .52 .48 A4 .48(.50)
72 .48 .48 .37 .59 48 (L 44)
144 A4 .48 b - (.45)
Average
Effect (.46) (.52) (.50) .51
Least significant difference (P)
Interaction .13 (19:1)
Average effect
Salt-simulated sludge mnone
Digested sludge .05 (19:1)
2nd Cutting, 37 days
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 W43 .62 .56 - .54(.52)
36 .51 .49 AT - .49(.50)
72 .58 .35 —-— - (.46)
144 .52 .34 - - (.43) .
Average
Effect (.51) (.45) .52 -~

Least significant difference (P)

Interaction .08 (99:1)

Average effect
Salt-simulated sludge .03 (19:1)
Digested sludge .04 (99:1)
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Table 67. Lffect of digested sludge and salt-simulated sludge on K con-
tent in soybecan. Data are in percent of oven-dry (60°C) tissue.
Analysis of variance performed on 4 by 3 treatments for 22-day
cutting and 4 by 2 treatments for 37-day cutting. Average ef-
fects for these treatments are in parentheses.

lst Cutting, 22 days

DIGLSTED ' SALT-STMULATED

SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 1.90 2.45 2.50 2.42 2.32(2.28)
36 2.26 2.11 2.08 2.34 2.20(2.15)
72 1.90 1.92 1.95 2.51 2.07(1.92)
144 1.85 2.07 2.26 - (2.06)
Average
Effect (1.98) (2.14) (2.20) 2.39
Least significant difference
Interaction
Average effect
Salt-simulated sludge
Digested sludge
2nd Cutting, 37 days
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 .98 .89 .80 - .89(.93)
36 .84 .72 - - (.78)
72 71 .74 - - (.72)
144 .80 .96 —— - (.88)
Average :
Effect (.83) (.83) .80

Least significant difference

Interaction

Average effect
Salt-simulated sludge
Digested sludge
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Table 68. TIffect of digested sludge and salt-simulated sludge on Ca con-
tent in soybean. Data are in percent of oven-dry (600C) tissue.
Analysis of variance performed on 4 by 3 treatments for 22-day
cutting and 4 by 2 treatments for 37-day cutting. Average ef-
fects for these treatments are in parentheses.

lst Cutting, 22 days

DIGESTED . SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 1.85 2.36 1.91 1.61 1.93(2.04)
36 2.37 2.07 1.24 1.26 1.73(1.88)
72 1.96 1.38 1.03 .59 1.24(1.45)
144 1.26 1.00 1.00 - (1.09)
Average
Effect (1.86) (1.69) (1.30) 1.15
Least significant difference (P)
Interaction 0.28 (99:1)
Average effect
Salt-simulated sludge 0.14(99:1)
Digested sludge 0.11 (99:1)
2nd Cutting, 37 days
DIGESTED SALT~-SIMULATED
SLUDGE SLUDGCE
t/ha 0 36 72 144 Average
Effect
0 1.51 2.49 4.08 - 2.69(2.00)
36 3.52 4.63 - - (4.08)
72 3.63 3.51 - - (3.57)
144 3.24 3.07 - - (3.16)
Average
Effect (2.98) (3.42) 4.08 -

Least significant difference (P)

Interaction 0.46 (99:1)

Average effect
Salt-simulated sludge 0.23 (99:1)
Digested sludge 0.23 (99:1)
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Table 69. Effect of digested sludge and salt-simulated sludge on Mg con-
tent in soybean. Data are in percent oven-dry (600C) tissue.
Analyses of variance performed on 4 by 3 treatments for 22-day
cutting and 4 by 2 treatments for 37-day cutting. Average ef-
fects for these treatments are in parentheses.

1st Cutting, 22 days

DIGESTED . SALT-STMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 .89 .73 .64 .60 .71(.75)
36 .78 71 .52 .50 .63(.67)
72 .76 .63 .48 .36 .56(.€2)
144 .69 .60 .50 - (.60)
Average
Effect (.78) (.67) (.53) .49
Least significant difference (P)
Interaction 0.05 (19:1)
Average effect
Salt-simulated sludge 0.03 (99:1)
Digested sludge 0.02 (99:1)
2nd Cutting, 37 days
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 .62 .90 .98 - .83(.76)
36 1.01 1.17 — - (1.09)
72 1.04 .99 —-— - (1.02)
144 1.00 .95 - - (.98) °
Average
Effect (.92) (1.00) .98

Least significant difference (P)

Interaction 0.15 (99:1)

Average effect
Salt-simulated sludge 0.06 (19:1)
Digested sludge 0.08 (99:1)
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Table 70. Effect of digested sludge and salt-simulated sludge on Fe cou-
tent in soybean. Data are in parts per million of oven-dry (600C)
tissue. Analysis of variance performed on 4 by 3 treatments for
22-day cutting and 4 by 2 for treatments for 37-day cutting.
Average effects for these treatments are in parentheses. )

1st Cutting, 22 day

= .
DIGESTED SALT-SIMULATED
SLYUDGE SLUDGE
Average
t/ha 0 36 72 144 Effects
0 75 72 77 64 72(74)
36 85 86 75 61 77(82)
72 90 68 51 59 67 (70)
144 79 85 58 - (74)
Average
Effects (82) (78) (65) 61
Least significant difference (P)
Interaction 16 (99:1)
Average effect
Salt-simulated sludge 11 (99:1)
Digested sludge none
2nd Cutting, 37 day
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effects
0 51 63 57 - 57(57)
36 59 29 - - (44)
72 40 32 - - (36)
144 49 54 - - (52)
Average
Effect (50) (44) 57 —_
Least significant difference
None
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Table 71, Effect of digested sludge and salt-simulated sludge on Mn con-
tent in soybean. Data are in parts per million of oven-dry {(600C)
tissue. Analysis of variance performed on 4 by 3 treatments for
22-day cutting and 4 by 2 treatments for 37-day cutting. Average
effects for these treatments are in parentheses.

1st Cutting, 22 days

DIGESTED SALT-SIMULATED

SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 40 64 63 81 62(55)
36 44 74 59 47 56(59)
72 80 78 52 27 59(70)
144 100 82 51 — (78)
Average
Effect (66) (74) (56) 52
Least significant difference (P)
Interaction 18 (99:1)
Average effect
Salt-simulated sludge 9 (99:1)
Digested sludge 7 (99:1)
2nd Cutting, 37 days
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 28 33 163 -~ 75(31)
36 89 241 —_ - (165)
72 212 158 -— - (186) \
144 364 208 G - -~ (286)
Average
Effect (173) (160) 163

Least significant difference (P)

Interaction 54 (99:1)

Average effect
Salt-simulated sludge mnone
Digested sludge 27 (99:1)
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Table 72. Effect of digested sludge and salt-simulated sludge on-Zn con-
tent in soybean. Data are in parts per million of oven-dry (60°C)
tissue. Analysis of variance performed on 4 by 3 treatments for
22~day cutting and 4 by 2 treatments for 37-day cutting. Average
effects for these treatments are in parentheses.

1st Cutting, 22 days

DIGESTED . SALT-SIMULATED
SLUDGE SLUDGE
Average
" tfha : 0o - 36 72 144 Effect
0 351 919 1079 832 795(783)
36 966 892 501 465 706(783)
72 771 633 403 353 540(602)
144 761 637 478 - (625)
Average
Effect (712) (770) (615) 550
Least significant difference (P)
Interaction 185 (99:1)
Average effect
Salt-simulated sludge 93 (99:1)
Digested sludge 70 (99:1)
2nd Cutting, 37 days
DIGESTED SALT-STMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 172 228 420 - 273(200)
36 291 352 -~ - (322)
72 367 188 - - (278)
144 353 216 - -~ (284)
Average
Effect (296) (246) " 420

Least significant difference (P)

Interaction 135 (99:1)

Average effect
Salt~-simulated sludge
Digested sludge 68 (99:1)

242



Table 73. Effect of digested sludge and salt-simulated sludge on Cu con-
tent in soybean. Data are in parts per million of oven-dry (600C)
tissue. Analysis of variance performed on 4 by 3 treatments for
22-day cutting and 4 by 2 treatments for 37-day cutting. Average
effects for these treatments are in parentheses.

1st Cutting, 22 days

DIGESTED SALT-SIMULATED
SLUDGE 4 SLUDGE
Average
t/ha 0 36 72 144 Effect
0 9.3 15 22 21 17(15)
36 14 20 20 18 18(18)
72 17 17 18 24 i19(17)
144 22 19 17 - (19)
Average
Effect (16) (18) (19) 21
Least significant difference (P)
Interaction 6 (99:1)
Average effect
Salt-simulated sludge 2 (19:1)
Digested sludge none
2nd Cutting, 37 days
DIGESTED SALT-STMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 76 27 25 - 43(51)
36 73 20 - - (46)
72 21 30 - - (26)
144 27 46 -— - (36)
Average
Effect (49) (31)

Least significant difference (P)

Interaction 39 (99:1)

Average effect
Salt-simulated sludge none
Digested sludge 14 (19:1)
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Table 74. Effect of digested sludge and salt-simulated sludge on Na con-
tent in soybean. Data are in parts per million of oven-dry (60°C)
tissue. Analysis of variance performed on 4 by 3 treatments for
22-day cutting and 4 by 2 treatments for 37-day cutting. Average

effects for these treatments are in parentheses.

lst Cutting, 22 days

\\

DIGESTED ) SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 ‘ 144 Effect
0 364 372 452 433 405(396)
36 850 519 577 848 698 (649)
72 995 680 802 870 837(826)
144 1192 1001 1209 —~— (1134)
Average
Effect (850) (643) (760) 717
Least significant difference (P)
Interaction none
Average effect
Salt-simulated sludge 139 (99:1)
Digested sludge 105 (99:1)
2ud Cutting, 37 days
DIGESTED SALT-STMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 134 146 198 - 159(140)
36 208 414 - - (311)
72 763 1554 - - (1158)
144 1215 2574 —_— - (1894)
Average
Effect (580) (1172) 198 - (1894)

Least significant difference (P)

Interaction 529 (99:1)

Average effect
Salt-simulated sludge 264 (99:1)
Digested sludge 264 (99:1)
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Table 75. Effect of digested sludge and salt-simulated sludge on Ni
content in soybean. Data are in parts per million of oven-
dry (609C) tissue. Analysis of variance performed on 4 by 2
treatments. Average effects for these treatments are in

. parentheses.
» ' :
- 2nd Cutting, 37-da¥ys
TR ; "
DIGESTED SALT~SIMULATED
SLUDGE SLUDGE
. Average
t/ha 0 36 72 144 Effect
0 5.3 8.0 4.0 - 5.8(6.7)
36 5.3 10.7 - - (8.0)
72 4.0 4.0 — — (4.0)
144 4.0 4.0 - - (4.0)
Average
Effect (4.6) (6.7) 4.0 -

-

Least significant difference

None
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Table 76. ELffect of digested sludge and salt-simulated sludge on Cd non-
tent in soybean. Data are in parts per million of oven-dry (60°C)
tissue. Analysis of variance performed on 4 by 3 treatments for
22-day cutting and 4 by 2 treatments for 37-day cutting. Average
effects for these treatments are in parentheses,

“1st Cutting, 22 days

DIGESTED ' SALT-STMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 1.0 5.3 6.7 8.6 5.4(4.3)
36 3.0 5.1 3.2 3.2 3.6(3.8)
72 3.4 2.8 2.5 1.6 2.6(2.9)
144 2.7 2.9 2.3 - (2.6)
Average
Effect (2.5) (4.0) (3.7 4.5
Least significant difference (P)
Interaction 1.1 (99:1)
Average effect
Salt-Simulated sludge 0.6 (99:1)
Digested sludge 0.4 (99:1)
2nd Cutting, 37 days
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 1.0 1.9 8.1 — 3.7(2.8)
36 1.1 4.4 - - (2.8)
72 2.0 3.2 —_— - “(2.6)
144 2.2 4.0 — — . (3.1)
Average
Effect (1.6) (3.4) 8.1

Least significant difference (P)

Interaction 1.1 (99:1)

Average effect :
Salt-simulated sludge 0.6 (99:1)
Digested sludge 0.6 (99:1)
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Treatment effects for elemental content of the first cutting (22 days)
and miscellaneous data -~ The results of analysis of variance for main
effects and interaction for treatments are gathered into Table 84, In-
spection of this table indicates that only the main effect for sludge on
Fe content and thzs interaction of the treatments for Na are not signi-
ficant among the eleven elements analyzed. Reference to Tables 68, 69,
72, and 76 indicates contents of Ca, Mg, Zn, and Cd, especially with
digested sludge treatment, decrease 1in content with increasing applica-
tion of sludge or ‘simulated sludge. Ash content (Table 77), reflecting
these decreases, also undergoes a marked decline. Na increases with
digested sludge treatment. Production of dry matter or yleld (Table 78)
and leaf surface area of all leaves at 35 days and of the fourth top
leaf at 45 days (Tables 79 and 80) are significantly related to digested
sludge treatment wherein increasing amounts of sludge applied depresses
yield. .

Growth rate (Table 81) from the 12th through 21st days shows signifi-
cant negative treatment effects for both sludge and simulated-sludge
treatments. Interasction effects also occur. Increasing treatments of
each kind depresses the incidence of weeds (Table 82) which were pri-
marily grasses occurring in the soil. Similarly, the test of germi-
nation of soybean seeds (Table 83) shows significant negative effects
of digested siudge and interaction effects. This interaction suggests
that inhibition is more closely associated with some toxicity than
with strictly osmotic effects.

Compared with values for soybean tissue reported by Walker (164) for
soybeans sampled across Illinois, N, Zn and perhaps K and Na contents

" are very high. Phosphorus contents are within the upper regions of

ranges reported. iron contents are smaller than the lower limit of

the range reported by Walker and Mn values fall within the lower region.
Magnesium, P, K, and Ca, in the lower treatments, are in the range of
compositions cited by Ohlrogge (115). Contents of both N and P are
almost two times the values given by Hanway and Weber (63) for field
grown plants in Iowa. Potassium is in the range given by Hanway and
Weber. Compared with the data reported by Harper (64), K, Cu and, par-
ticularly, Fe are lower at this growth stage and Zn is appreciately
higher.

Correlations among elements and ash in the first cutting are plotted in
Figure 76. A considerable number of significant correlations exist '
among the elements. The large number of negative correlations associa-
ted with Ca - note particularly the correlation coefficient of -.71 as-
sociated with N and Ca - and Mg (for N-Mg the r value is -.65) are
notewortuy. The positive correlations among Zn, Cd, Fe, and Mn and the
other elements are also of interest, especially the very strong inter-
action (r = .70) between Zn and Cd.
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Table 77. Effect of digested sludge and salt-simulated sludge on ash
content in soybean. Data are in percent of oven-dry (60°C)
tissue. Analysis of variance performed on 4 by 3 treatments
for 22-day cutting and 4 by 2 treatments for 37-day cutting.
Average effects for these treatments are in parentheses. \

1st Cufting, 22 days

DIGESTED ' SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 9.61 11.62 9.73 7.99 9.74(10.32)
36 11.16 9.05 6.33 6.38 8.23(8.85)
72 9.37 7.66 5.39 6.07 7.12(7.47)
144 8.16 7.50 6.36 - (7.34)
Average
Effect (9.58) (8.96) (6.95) 6.81
Least significant difference (P)
Interaction 1.21 (99:1)
Average effect
Salt-simulated sludge 0.61 (99:1)
Digested sludge 1.21 (99:1)
2nd Cutting, 37 days
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 7.00 10.93 14.66 - 10.86(8.96)
36 12.64 16.62 12.54 - 13.93(14.63)
72 14.00 13.38 - - (13.69)
144 13.09 12.67 - - (12.88)
Average
Effect (11.69) (13.40) 13.60

Least significant difference

Interaction 1.16 (99:1)

Average effect :
Salt-simulated sludge 0.58 (99:1)
Digested sludge 0.58 (99:1)
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Table 78, Effect of digested sludge and salt-simulated sludge on dry

matter production in soybean.

reported on oven-dry (60°C) basis.

Data are in grams per plant
Analysis of variance per-

formed on 4 by 3 treatments for 22-day cutting and 4 by 2

treatments for 37-day cutting.
treatments are in parentheses.
lst Cutting, 22 days

Average effects for these

DIGESTED . SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 1.26 1.09 .97 1.08 1.10(1.04)
36 .95 .96 .88 .73 .88(0.93)
72 .97 .87 .99 .55 .84(0.94)
144 .93 .89 .83 - (.88)
Average
Effect (1.03) (.95) (.92) .79
Least significant difference (P)
Interaction None
Average effect
Salt-simulated sludge None
Digested sludge .09 (19:1)
2nd Cutting, 37 days
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 1.37 3.14 1.66 - 2.06(2.25)
36 1.37 .76 .34 - .82(1.06)
72 1.06 .59 - - (.82)
144 .94 .67 - —_ (.80)
Average
Effect (1.18) (1.29) 1.00

Least significant difference (P)

Interaction 0.82 (99:1)

Average effect
Salt-simulated sludge None
Digested sludge 0.41 (99:1)
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Table 79.

Effect of digested sludge and salt-simulated sludge on leaf
surface area of all leaves of the largest plant in each pot.

Data are in square centimeters.

formed on 4 by 2 treatments.
treatments are in parentheses.

Analysis of variance per-
Average effects for these

DIGESTED SALT~-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 127 376 174 56 183(251)
36 123 95 - - (109)
72 131 56 - - (94)
144 91 75 - - (83)
Average
Effect (118) (150) 174 56

Least significant difference (P)

Interaction 72 (99:1)

Average effect
Salt-simulated sludge none

Digested sludge

36 (99:1)
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Table 80.

.

Effect of digested sludge and salt-simulated sludge on leaf
surface of fourth top leaf of the tallest plant in each pot.

Data are in square centimeters.

formed on 4 by 2 treatments.
treatments are in parentheses.,

Analysis of variance per-
Average effects for these

DIGESTED SALT~SIMULATED
SLUDGE SLUDGE
: Average
t/ha 0 36 72 144 Effect
o 18 25 21 9 18(22)
36 17 12 4 - 11(14)
72 14 8 - - (11)
144 10 7 - - (8)
Average
Effect (15) (13) 12 9

Least significant difference (P)

Interaction 7 (99:1)

Average effect
Salt-simulated sludge none
Digested sludge 4 (99:1)
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Table 81. FTEffects of digested sludge and salt-simulated sludge on growth
rate of soybean over two periods. Data are in centimeters per
day. Analysis of variance performed on 4 by 3 treatments for
12-to 21-day period and on 4 by 2 treatments for 21-to 41-day
period. Average effects for these treatments are in parentheses.

12 to 21 Days

DIGESTED . SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha o 0 36 72 . 144 Effect
0 .371 .403 .365 .184 .331(.380)
36 .319 .262 .155 — .245(.246)
72 .275 .219 .081 - (.192)
j 144 .265 .281 .109 - (.218)
Average
g Effect (.308) (.291) (.178) .184
l Least significant difference (P)
! Interaction None
; Average effect
§ Salt-simulated sludge ,060 (99:1)
Digested sludge .046 (99:1)
21 to 41 Days
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
t/ha 0 36 72 144 Average
Effect
0 .258 432 .212 - .301(.345)
36 .196 .100 - - (.148)
72 .125 .133 - - (.129)
144 .095 .070 - - (.082)
Average
Effect (.168) (.184) .212

least significant difference (P)

Interaction .100 (99:1)
Average effect
Salt-simulated sludge None
Digested sludge .050 (99:1)
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Table 82, Tffect of digested sludge and salt-simulated sludge on weed
germination. Data in number of plants germinating.

DIGESTED ' SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
e
0 142 70 18 5 58
36 40 43 18 2 26
72 45 42 22 2 28
144 33 15 8 1 14
Average
Effect 65 42 16 2
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Table 83.

Germination of soybean seed in soil used for unleached

experiment. Data are in percent of seed planted. Only
one trial per treatment was performed.
DIGESTED SALT-SIMULATED
SLUDGE SLURGE
: Average
t/ha 0 36 72 144 Effect
0 94 86 94 91 91
36 100 92 98 55 86
72 94 91 88 41 78
144 56 87 86 8 59
AVERAGE
Effect 86 86 92 49
.ot : 2 .



Figure 76.

Graphical representation of simple linear correlations
among macroelements awd microelements. in soybean aerial
plant parts harvested at 22 days, the beginning of the
rapid growth phase. Coefficients greater than 28 are
significant at .05 level and coefficients greater than
37 are significant at the .01 level. Dashed lines are
negative correlations.
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Treatment effects for elemental contents of the second cutting (37 days),
or the initiation of blooming ~ Except for the intermediate level of
salt-simulated sludge at the zero level of digested sludge, all treat-
ment blocks at the intermediate and highest treatment levels of salt-
simulated sludge were lost because of death during the time “interval
between the first and second cuttings (compare, e.g., cuttings inm -
Table 78 above). The data for 0 and 36 t/ha of simulated sludge across
the four treatment levels of digested sludge were treated by analysis .
of variance. Zinc, Mg, Ca, P, Na, N, Cd, and ash show interaction and
main effects for both sludge and salt-simulated treatments. Manganese
and K show highly significant sludge treatment ard interaction effects.
Copper levels are affected by salt-simulated treatments and interaction
effects are present. Iron is conspicuous for absence of treatments

and interaction effects of either kind. Nitrogen and Mn, particularly
with digested sludge, and Ca increase in content with treatment, where-
as P declines. Compared with the first cutting, Cu undergoes a two-
fold increase in content. Yield of the second cutting shows a highly
significant main effect with sludge treatment and there is a highly
significant interaction effect. Growth rate measured from the 21lst
through 41st day (Table 81), leaf surface area of all leaves on the
35th day and of the fourth leaf on the 45th day (Table 79), and evapo-
ration on the day of harvest (data not presented here) all show signi-
ficant main effect for digested sludge treatment and interaction with
the salt-simulated sludge. Evaporation also is influenced by simulated
sludge (Table 84).

Compared with values for soybean tissue reported by Walker (164) for
soybeans in Illinois, Ca, Mn, Zn, Cu, and Na contents are very high.
" Potassium contents fall within the lower range as reported by Walker.
Phosphorus, K, Ca, and Mg are in the range of contents summarized by
Ohlrogge (115) whereas N, as in the first cutting, remains high - al-
most two times the upper range found by Ohlrogge. HNitrogen is also
above the highest contents found by Hanway and Weber (63), and P is
two times that in field-produced plants at a similar growth stage.
With regard to N contents, it should be noted that only roots of plants
in the control and lowest simulated sludge treatment were nodulated.
Potassium is at the lowest level observed by Hanway and Weber for nod-
ulating plants without K fertility. Potassium and Fe are about four
times lower and Cu two times lower than Harper (64) found at this
growth stage, whereas, Ca, Mg and Mn are about two times higher.

Correlations among elements and ash in the second cutting are plotted
in Figure 77. As in the first cutting, a considerable number of sig-
nificant correlations exist among the elements. The fewer negative
correlations associated with Ca and Mg are noteworthy with the high
positive correlation® between Ca and Mg (r = .92) and Na and N (r = .90)
especially strong. Copper and Cd are negatively correlated in contrast
to the positive correlation of Cd and Zn. Modest but noteworthy cor-
relations of the first cutting not existing in the second cutting are

N and Zn, P and K, Fe and Mg, Fe and Mn, ana Cd and Na.
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Figure 77.

Graphical representation of simple linear correlations
among macroelements in soybean aerial plant parts harves-
ted at 37 days, appearance of first blooms. Numbers are
correlation coefficients multiplied by 100. Coefficients
greater than 33 are significant at the .05 level and coef-
ficients greater than 40 are significant at the .01 level,
Dashed lines are negative correlations.
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Effect of sodium on soybean - To assess the effect on plant growth of
the level of Na occurring in the digested sludge utilized in the ex-
periment, two treatments of salt-simulated sludge were prepared using
Elliott silt loam. One treatment was prepared at the level of 18 and
one at 36 t of solids/ha. The reader will recall that Na was not added
to the salt combination (Table 61). After the plants had grown 30 days,
Na, as NaCl, equivalent to a sludge application of 144 t of solids/ha
was added to the lower treatment and Na, as CH3C00Na, equivalent to the
same sludge application was added to the higher salt-simulated treat-
ment, After seven days the plants in both treatments developed chlo-
rosis, browning and drying symptoms indistinguishable from those ob-
served in the factorial experiment. e

Relationships among cuttings and soil extracts — Data for contents of
P, XK, Ca, Mg, Fe, Mn, Zn, Cu, Na, Ni, Cd, and Pb in the acid extracts
of the soils are given in Tables 85 through 96, respectively. These
data are set down so that the recader can observe the similar amounts
of the elements extractable with dilute acid from either salt-simulated
or digested sludge. 1Inspection of the average effects of each treat-
ment indicates that only Fe, Cd and Ni differ markedly, there being a
substantial interaction effect of unknown source for Fe. O0f course,
Na was not added in the salt mixture. These data and similar results
laid out in part two of this report can be taken as empirical substan-
tiation of the choice of salts and method of soil preparation.

Values for correlation coefficients of the elements as determined in

the two cuttings and in the acid extracts of the soils of the respective
treatments are arranged in Table 97. TFor the elements analyzed, only
*Mn and P in the first cutting are not significantly correlated with the
acid-extract contents of these elements. Among the elements that are
significantly correlated, Zn, Fe, Mn, Ca, Mg, and P are negatively cor-
related. These would usually be considered to correlate positively

with the extract values. Correlation of elements in the second cutting
with the same extract values results in notably fewer significant rela-
tionships, probably in response to the considerable physiological stress
experienced during the period between cuttings. Sodium, P and Cd are
the only elements that can be correlated with the soil extract, and among
these P is negative. Between cuttings, K, Mg, Fe, and Cu are negatively
correlated and Mn, Na and Cd are positively correlated. Extractable Na
is especially highly correlated with plant levels, a fact that lends
support to the contention that salinity has affected plant development.
The increase in Cd is important because of concern for this potentlally
toxic element to animals.

Summary and conclusions - Under the conditions of moisture content main-
tained, that is, at or slightly above field capacity, and the levels of
sludge applied in this experiment, considerably negative effects on
plant growth are to be expected. The effects of suppression of growth
and toxicity are expressed primarily through osmotic influences on soil
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Table 85.

Effect of digested sludge and salt-simulated sludge on P
in 0.1 N HCl extracts of soils in which soybeans were grown.

Data in parts per million oven-dry (110°C) soil.

DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 60 280 550 1077 494
36 210 413 727 1137 622
72 377 623 927 1220 787
144 617 * 863 1113 3013 1402
AVERAGE
EFFECT 316 545 829 1612

Least significant difference

Interaction 319 (99:1)

Average effect
Digested sludge 101 (99:1)
Salt-Simulated sludge 159 (99:1)
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Table 86.

Lffect of digested sludge and salt-simulated sludge on

K in 0.1 N HCl extracts of soils in which soybeans were

grown. Data in parts per million oven-dry (110°C) soil.
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 156 195 254 377 246
36 172 225 287 413 274
72 208 261 330 418 304
144 265 331 399 885 470
AVERAGE
EFFECT 200 253 318 523
Least significant difference
Interaction 76 (99:1)
Average effect
Salt-simulated sludge 38 (99:1)

Digested sludge 24 (99:1)
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Table 87. Effect of digested sludge and salt-simulated sludge on
Ca in 0.1 N HC1l extracts of soils in which soybeans were

grown. Data in percent of oven-dry (1100C) soil.
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 .37 .46 .48 .64 .49
36 AN .52 .59 .70 .56
72 .49 .59 .68 .72 .62
144 .62 .69 .80 .85 .74
Average
Effect .48 .56 .64 .73

Least significant difference

Interaction

.05 (19:1)

Average effect :
Salt-simulated sludge .04 (99:1)
Digested sludge .02 (99:1)
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Table 88.

Effect of digested sludge and salt-simulated sludge on
Mg in 0.1 N HCl extracts of soils in which soybeans were

grown. Data are in parts per million of oven-dry (110°C)
soil.
DIGESTED SALT-STMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 780 796 744 902 806
36 848 753 826 1006 858
72 918 852 920 937 907
144 978 996 1060 1148 1046
Average
Effect 881 849 888 998
Least significant difference
Interaction 134 (19:1)
Average effect
Digested sludge 57 (99:1)
Salt-simulated sludge 90 (99:1)
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Table 89. Effect of digested sludge and salt-simulated sludge on \
Fe in 0.1 N HC1 extracts of soils in which soybeans were

grown. Data are in parts per million of oven-dry (110°C)
soil.
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 233 340 519 1097 547
36 425 399 612 1596 758
72 557 457 633 1441 772
144 652 579 791 1751 943
Average
Effect 467 444 639 1471
Least significant difference
Interaction 207 (99:1)
Average effect
Salt-simulated sludge 103 (99:1)
Digested sludge 65 (99:1)
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Table 90Q.

Effect of digested sludge and salt-simulated sludge on
Mn in 0.1 N HC1l extracts of soils in which soybeans were

grown. Data are in parts per million of oven-dry (110°C)
soil.
v
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 145 222 231 276 218
36 194 199 228 284 226
72 265 233 220 315 258
144 200 255 288 330 268
Average
Effect 201 227 242 301
Least significant difference
Interaction 61 (99:1)
Average effect
Salt-simulated sludge 30 (99:1)
Digested sludge 19 (99:1) '

265



Table 91.

Effect of digested sludge and salt-simulated sludge on
Zn in 0.1 N HCl extracts of soils in which soybeans were

grown. Data are in parts per million of oven-dry (110°C)
soil.
DIGESTED SALT~-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 12 115 217 418 190
36 84 165 303 483 259
72 158 264 382 510 328
144 293 392 453 587 431
Average
Effect 137 234 339 500
Least significant difference
Interaction 47 (99:1)
Average effect
Salt-simulated sludge 24 (99:1)
Digested sludge 15 (99:1)
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Table 92.

Effect of digested sludge and salt-simulated sludge on
Cu in 0.1 N HCIl extracts of soils in which soybeans were

grown. Data in parts per million of oven-dry (1100C)
soil.
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 12 25 51 86 44
36 27 45 70 100 60
72 52 68 88 116 81
144 80 96 112 131 105
Average
Effect 43 58 80 108
Least significant difference
Interaction 11 (19:1)
Average effect
Digested sludge 4 (99:1)
Salt-simulated sludge 7 (99:1)
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Table 93,

Effect of digested sludge and salt-simulated sludge on

Na in 0.1 N HC1l extracts of soils in which soybeans
were grown. Data are in parts per million of oven-dry

(1x0°C) soil.

DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 79 52 64 86 70
36 11¢ 96 96 142 111
72 160 130 143 132 141
" 144 234 215 241 252 236
Average
Effect 146 123 136 153
Least significant difference
Interaction 26 (19:1)
Average effect
Digested sludge 11 (99:1)

Salt-simulated sludge 18 (99:1)
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Table 94. U[ffect of digested sludge and salt-simulated sludge on

Ni in 0.1 N HC1 extracts of soils in which soybeans were

A

grown. Data are in parts per million of oven-dry (1100C)

soil,
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 3.0 5.2 7.7 11 6.7
36 4.3 5.7 7.8 10 7.0
72 5.0 6.5 8.3 10 7.4
144 6.2 7.8 9.0 11 8.5
Average
Effect 4.6 6.3 8.2 10

Least significant difference

Interaction 1.2 (19:1)

Average effect
Salt-simulated sludge 0.8 (99:1)
Digested sludge 0.5 (99:1)
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Table 95,

Effect of digested sludge and salt-simulated sludge on
Cd in 0.1 N HC1 extracts of soils in which soybeans were
grown. Data are in parts per million of oven-dry (110°C)

soil.
DIGESTED SALT-SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 1.0 6.5 14 16 11
36 2.8 8.2 16 26 13
72 4.3 11 18 27 15
144 7.9 14 19 27 17
Average
Effect 26

4.0 9.9 17

Least significant difference

Interaction 2.2 (99:1)

Average effect
Salt-simulated sludge 1.1 (99:1)
Digested sludge 0.7 (99:1)
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Table 96. Effect of digested sludge and salt-simulated sludge on
Pb in 0.1 N HCl extracts of soil in which soybeans were
grown. Data are in parts per million of oven-dry (110°¢)

soil.
DIGESTED SALT~SIMULATED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 15 19 34 61 32
36 26 31 50 71 44
72 47 50 64 95 64
144 64 73 96 99 83
Average
Effect 38 43 61 82

Least significant difference

Interaction 18 (19:%)‘

Average effect \ ’
Salt-simulated sludge 12 (99:1)
Digested sludge 7 (99:1)
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water and subsequently on elemental absorption by the plant. The ef-
fect of Na appears strongest among the elements analyzed, although the
effects of other elements under the conditions of salt-induced physio-
logical stress are not evaluated. Nitrogen, P and Zn appear to be
easily available from sludge sources to soybeans and occurred at lev-
els in aerial plant parts up to the time of first bloom exceeding those
found in field-cultivated plants. Germination is inhibited by sludge
but this effect is somewhat counteracted by simulated sludge.
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Effects of Digested Sewage Sludge Added to Soil on Growth and Compo-
sition of Soybean: Tart II

Introduction - In part one of the experiment described here application
of relatively high amounts of liquid anaerobically digested sludge and
salt-simulated sludge to soil created salt conditions unfavorable for
growth of soybeans. Results are presented here for the growth of soy-
beans in the same. treatments after the treated soils had been leached
to a conductivity nearly equivalent to that of the untreated or control
soil, Field conditions such as those represented in this experiment
would be expected in a humid climate where soluble salts are removed

by percolating ground water.

Methods - Soils from each of the treatments used in the earlier experi-
ment were leached to a conductivity in the leachate of less than

1.0 mmhO/em, slightly higher than the conductivity level of the leach-
ate from untreated Elliott silt loam used in the trial. After leaching,
the soils were crushed, mixed and returned to their respective plastic
pots and 12 soybean [Glycine max (L.) Merr. var. Corsoy seedlings

2-3 cm in height were planted in each pot. Moisture content of the
s0il was maintained, by weighing, at 37.5 percent. The plants were
grown under greenhouse conditions during late July, August, September,
and October. Daylength after August 10 was controlled at 14 hours.

The mean high and low temperatures for the period of the experiment
were 86.3 and 63.80C, respectively. After 19 days, six plants were
harvested, washed with distilled water, dried and ground in a Wiley
Mill to less than 40 mesh for analysis. Similarly, three plants were
harvested after 30 days. The remaining three plants were left to ma-
ture - 93 days - and seed as well as the aerial plaut parts were har-
vested for analysis. Germination in the so0il of each treatment was
assessed by placing 100 seeds in Petri dishes containing the particular
treatment and moistening the soil. The number of seeds germinating was
counted from days 3 through 5.

Tissue was analyzed for Ca, Mg, Fe, Mn, Zn, Cu, Cd, Cr, and Ni by atomic
absorption analysis after ashing at 500°C and dissolving the ash in
hydrochloric acid. Phosphorus was determined by the vanadomolybdate
yellow method and N by the Kjeldahl method. Sodium and K were analyzed
by flame emission spectroscopy. Also, the above elements, with the ex-
ception of N, were determined in a 0.1 N HCl extract of the soil using

a ratio of 0.5 gm soil to 10 ml acid and two-hour equilibration time,
Al to 1 soil-water paste was prepared for pH determination.

Results and discussion, general statement - All treatments supported
plants to maturity, although one replicate in the treatment combining
maximum rates of salt-simulated sludge and digested sludge at the maxi-
mum rate of 144 t of solids/ha of each and one replicate in the treat-
ment combining salt-simulated sludge at the rate of 72 t of solids/ha
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with the maximum rate of digested sludge, did not produce pods. In
subsequent analysis and correlation of the third cutting and seed data,
values for thesc missing data were calculated as the average of the
remaining two veplicates within the treatment. Germination of soybean
seeds in the soil after leaching experienced none of the adverse treat-
ment effects occurring before leaching, with from 96 to 100 percent of
the seeds germinating in all treatment rates. Soil pH (Table 98) is
closely related to sludge treatment, with a negative simulated-sludge
interaction. For all, except perhaps the lowest salt treatments, pH

is satisfactory for soybean nutrition.

Treatment effects of sludge and simulated sludge on soil levels of
macro- and microelements - On extraction of elements from soil, the
Jlevels of all elements measured in 0.1 N HC1 extracts (Tables 99
through 110 for 7, K, Ca, Mg, Fe, Mn, Zn, Cu, Na, Ni, Cd, and Pb,

raspectively) are very significantly (P < .01 in all cases, treatment

effects collected v Table 138) affected by the treatments. Also,
compatison of the mean effects for each sludge type for the elements
considered smygests that the original levels added, the process of
teaching and the acid extraction cmployed combine to yield remarkably

similar concentrations lor each inecremental increase of sludge type
added. These similarities are empirical evidence that the attempt to
simulate the levels and availability of the elements in sludge was
successful. 0Of special interest is the fact that interaction effects
between the treatments occur for all elements except Zn, Ni and Cu.
Correlation of the leached values with unleached data indicate that
levels of Zn, Mg and Cd extracted after the leaching procedure are
nearly cquivalent to those extracted before leaching (for concentra-
tions prior to leaching compare Tables 85 through 96 in part one of
this section). Copper, Fe, Mn, Ca, P, K, and Ni are from one-half to
three~-quarters of the unleached levels. In contrast, for simulated
treatments, Na levels decline to about one-~third of those in the un-
leached series and Pb is about one-third the unleached values in both
sludge and simulated series. Coefficients of determination for Zn,
Ca, P, K, Cu, and Cd in the above comparisons were above 0.80. The
Jowest coefficients were Na at 0.29, a reflection of the rather com-
plete removal of readi'y accessible sources of this ion by the leaeh-
ing procedure, and Mn at 0.32, perhaps a reflection of transformation
of this oxidation responsive ion into forms not readily available to
hydrochloric acid. Tt should be noted that Na was the only element
among the analytes not added in the simulated sludge. 1t occurs at
concentrations of about 125 ppm in the sludge used in the experiment.

Treatmeut effects, first cutting or beginning of rapid growth phase -
Data for yield of the first cutting are presented in Table 111, Data
for tissue analyses of the elements determined in the plants at 19 days
are presented in Tables 112 through 136. The tables are arranged in
the order N, P, K, Ca, Mg, Fe, Mn, {Zn, Cu, Na, Ni, Cd, and ash weight.
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Table 98. Effects of digested sludge and salt-simulated sludge on pH
of soil in which soybeans were grown. Determinations made
on a 1:1, by weight, scil-water paste.

SIMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 6.3 6.0 6.1 6.5 6.2
36 6.4 6.4 6.4 6.5 6.4
72 6.5 6.6 6.8 6.9 6.7
144 7.3 7.3 7.4 6.6 7.1
AVERAGE
EFFECT 6.6 6.6 6.7 6.6

Least significant difference (P)
Interaction = 0.2 (99:1)
Average effect
Salt-simulated sludge = 0.1 (99:1)
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Table 99. Effects of digested sludge and salt-simulated sludge on P .
contents in 0.1 N HCl extracts of soils in which soybeans

were grown.
oven-dry (110°C) soil.

Data are reported in parts per million of

STMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 103 200 427 747 369
36 157 387 607 563 428
72 390 647 857 1177 768
144 837 947 1157 1973 1228
*AVERAGE
EFFECT 372 545 762 1135

Least significant difference (P)

Interaction = 168 (99:1)

Average effect

Digested sludge = 53 (99:1)

Salt-simulated sluilge = 84 (99:1)
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Table 100.

Effects of digested sludge and salt-simulated sludge on K
contents in 0.1 N HC1 extracts of soils in which soybeans
were grown. Data are reported in parts per million of
oven-dry (110°C) soil.

SIMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 110 117 150 197 143
36 110 173 197 230 178
72 160 213 240 267 220
144 287 333 357 480 364
'AVERAGE
EFFECT 167 209 236 293

Least significant difference (P)
Interaction = 23 (99:1)
Average effect
Digested sludge = 7 (99:1)
Salt-simulated sludge = 11 (99:1)
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Table 101. Effects of digested sludge and salt-simulated sludge on Ca
contents in 0.1 N HC1l extracts of soils in which soybeans
were grown. Data are reported in percent of oven-dry (110°C)

soils.
SIMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 .30 .29 .30 .38 .32
36 .30 .30 .35 43 .34
72 .33 .36 A2 .49 40
144 a4 .50 .52 .59 .51
"AVERAGE
EFFECT .34 .36 .40 47

Least significant difference
Interaction = .03 (99:1)
Average effect
Digested sludge = .01 (99:1)
Salt-simulated sludge = .01 (99:1)
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Table 102. Effects of digested sludge and salt-simulated sludge on Mg
contents in 0.1 N HC1l extracts of soils in which soybeans
were grown. Data are reported in parts per million of

oven—-dry (110°C) soil.

SIMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 747 660 667 783 714
36 670 643 733 880 732
72 627 693 853 990 791
144 837 930 1013 1230 1002
AVERAGE
EFFECT 720 732 817 971

Least significant difference (P)
Interaction = 76 (99:1)
Average effect
Digested sludge = 24 (99:1)
Salt-simulated sludge = 38 (99:1)
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Table 103. Effects of digested sludge and salt-simulated sludge on Fe
contents in 0.1 N lIC1l extracts of solls in which soybeans .
were grown. Data are reported in parts per million of

oven-dry (1100C) soil.

SIMULATED DIGESTLD
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 188 307 348 702 386
36 240 299 480 774 448
72 333 397 594 973 574
144 543 793 989 1363 922
AVERAGE
" EFFECT 326 449 603 953

Least significant difference (P)
Interaction = 124 (19:1)
Average effect
Digested sludge = 53 (99:1)
Salt-simulated sludge = 84 (99:1)
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Table 104, Effects of digested sludge and salt-simulated sludge on Mn
contents in 0.1 N HC1l extracts of soils in which soybeans
were grown. Data are reported in parts per million of

oven-dry (110°0C) soil.

S1IMULATED DICESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 127 169 214 271 195
36 129 224 255 256 216
72 168 216 250 256 222
144 226 226 251 348 262
'AVIRAGE
EFFECT 162 209 242 283

Least significant difference (P)
Interaction = 50 (99:1)
Average effect
Digested sludge = 16 (99:1)
Salt~simulated sludge = 25 (99:1)
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Table 105. Lffects of digested sludge and salt-simulated sludge on Zn
contents in 0.1 N HC1 extracts of soils in which soybeans
were grown. Data are reported in parts per million of oven-

dry (110°C) soil.

SIMULATED DIGESTED
SLUDGE } SLUDGE
, Average
t/ha 0 36 72 144 Effect
0 12 77 141 268 124
36 102 175 246 392 229
72 201 281 357 476 329
144 403 470 532 681 522
‘AVERAGE
EFFECTS 180 251 319 454

Least significant difference (P)
Interaction = 25 (19:1)
Average effect
Digested sludge = 11 (99:1)
Salt-simulated sludge = 17 (99:1)
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Table 106. Effects of digested sludge and salt-simulated sludge on Cu
contents in 0.1 N HC1l extracts of soils in which soybeans
were grown. Data are reported in parts per million of

oven-dry (1109C) soil,

SIMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 3.2 13 30 56 26
36 15 27 44 65 38
72 31 42 61 81 53
144 61 70 85 110 81
"AVERAGE
EFFECT 27 38 55 78

Least significant differcnce (P)
Interaction = 9 (19:1)
Average effect
Digested sludge = 4 (99:1)
Salt-simulated sludge = 6 (99:1)
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Table 107 .

Effects of digested sludge and salt-simulated sludge on Na
contents in 0.1 N HCl extracts of soils in which soybeans
were grown. Data are reported in parts per million of oven-
dry (110°C) soil.

SIMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 37 40 50 62 47
36 42 45 50 54 48
72 22 33 42 51 37
144 32 39 73 50 48
, AVERAGE
EFFECT 33 39 54 54

Least significant difference (p)
Interaction = 14 (99:1)
Average effect
Digested sludge = & (99:1)
Salt-simulated sludge = 7 (99:1)
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Table 108 . Effects of digested sludge and salt-simulated sludge on Ni
contents in 0.1 N HC1 extracts of soils in which soybeans
were grown. Data are reported in parts permillion of oven-
dry (110°C) soil.

e STMULATED DIGESTED

SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 2.9 4,1 5.3 5.9 4.6
36 4.5 5.3 6.7 7.2 5.9
72 6.3 5.2 6.5 6.7 6.2
144 8.1 8.0 8.1 8.6 8.2
"AVERAGE
EFFECT 5.5 5.7 6.7 7.1

Least significant difference (P)
Interaction = 1.8 (19:1)
Average effect
Digested sludge = 0.8 (99:1)
Salt-simulated sludge = 1.2 (99:1)
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Table 109.

Effects of digested sludge and salt—simulatgd sludge on Cd
contents in 0.1 N HCl extracts of soils in which soybeans '
were grown. Data are reported in parts per million of oven-
dry (1109C) soil. ‘

SIMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 .1 1.8 3.7 7.4 3.2
36 5.9 7.6 9.3 12 : 8.8
72 11 13 15 18 14
144 23 23 23 34 26
- AVERAGE
EFFECT 10 11 13 18

Least significant difference (P)
Interaction = 3.3 (99:1)
Average effect
Digested sludge = 1.0 (99:1)
Salt-simulated sludge = 1.7 (99:1)
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Table 110. Effects of digested sludge and salt-simulated sludge on Pb
contents in 0.1 N HC1l extracts of soils in which scybeans

were grown.

dry (110°C) soil.

Data are reported in parts per million of oven-

SIMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 1.3 9.2 16 23 12
36 8.7 15 21 23 17
72 19 24 29 31 26
144 24 27 26 11 22
- AVERAGE
EFFECT 13 19 23 22

Least significant difference
Interaction = 3.7 (99:1)

Average effect

(®)

Digested sludge = 1.2 (99:1)
Salt-simulated sludge

1.8 (99:1)
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Table 113. Effects of digested sludge and salt-simulated sludge on N

content in soybean seed. Data is percent of oven-dry (600C)

tissue.
SIMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 6.71 6.24 6.19 6.44 6.40
36 6.53 5.74 5.38 5.87 5.88
72 5.39 6.49 5.89 6.18 5.99
144 5.18 5.92 6.51 7.03 6.16
AVERAGE
EFFECT 5.95 6.10 5.99 6.38

" Least significant difference (P)
Interaction = .96 (99:1)
Average effect

Salt-simulated sludge = .36 (19:1)
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Table 115.

Effects of digested sludge and salt-simulated sludge on P

content in soybean seed.

oven—-dry (60°C) tissue.

Data are reported in percent of

SIMULATED DIGESTED
SLUDGE SLUDGE
Average~
t/ha 0 36 72 144 Effect
0 .52 .72 .79 .73 .69
36 .66 .80 .82 .78 .76
72 .80 .84 .78 .71 .78
144 .80 .75 .65 .70 .72
AVERAGE
EFFECT .70 .78 .76 .73

Least significant difference (P)
Interaction =
Average effect

Salt-simulated sludge

Digested sludge

.07 (99:1)

.03 (99:1)
.07 (99:1)
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Table 117. Effects of digested sludge and salt-simulated sludge on K
content in soybean seed. Data are reported in percent of
oven-dry (60°C) tissue.

SIMULATED DIGESTED
SLUDGE SLUDGE o,
—_— ‘: 3 h‘ ' ;{ . -
Average
t/ha e 36 72 144 . Effect
0 1.74 1.77 1.83 1.77 1.78
36 1.72 1.89 2.03 1.99 1.91
72 2.00 2.06 1.84 1.72 1.90
144 1.91 1.88 1.76 1.70 1.81
AVERAGE
EFFLECT 1.84 1.90 1.87 1.80
Least significant difference (P)
Interaction = .15 (99:1)
Average effect g

Digested siudge = .05 (99:1)
Salt-simulated sludge = .08 (99:1)
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Table 119. I'ffects of digested sludge and salt-simulated sludge on Ca
content in soybean secd.
oven-dry (600C) tissue,

Data are reported in percent of

SIMULATED DIGESTED
SLUDGE SLUDGE -
Average
t/ha 0 36 72 144 Ef fect
0 31 29 .25 .26 .28
36 31 .24 .23 .24 .26
72 .30 .25 .25 .24 .26
144 .27 .24 .27 .24 .26
AVERAGE
EFFECT .30 .26 .25 .25

Least significant diffcrence (P)

Interaction
Average effect
Digested sludge =

.02 (99:1)
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Table 121. Effects of digested sludge and salt-simulated sludge on Mg
content in soybean seed. Data are reported in percent of
oven—-dry (60°C) tissue.

STHULATED DIGESTED

SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 .28 .30 .27 .29 .28
36 .29 .28 .28 .29 .29
72 .28 .28 31 .31 .29
144 .30 .30 .31 .32 31
AVERAGE
EFTFECT .29 .29 .29 .30

Least significant difference
Interaction = .02 (19:1)
Average effect
Salt-sinulated sludge = .01 (99:1)
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Table 123, Effects of digested sludge and salt-simulated sludge on Fe
content in soybecan seed. Data are reported in parts per
million of oven-dry (60°C) tissue.

SIMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 54 57 51 49 53
36 48 51 52 47 50
72 45 53 55 59 53
144 56 63 56 46 55
AVERAGE
EFFECT 50 56 54 50

Least significant difference (P)
Interaction = 7 (99:1)
Average effect
Digested sludge = 2 (99:1)
Salt-simulated sludge = 3 (99:1)
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Table 125. Effects of digested sludge and salt-simulated sludge on
Mn content in soybean seed.
per million of oven-dry (60°C) tissue.

\

Data are reported in parts

SIMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 41 63 93 83 70
36 28 94 103 78 76
72 29 84 71 65 62
144 64 66 53 67 63
AVERAGE
* EFFECT 41 77 80 73

Least significant difference (P)
24 (99:1)

Interaction

Average effect
Digested sludge

8 (99:1)

Salt~simulated sludge = 12 (99:1)
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Table 127. Effects of digested sludge and salt-simulated sludge on
Zn content in soybean seed. Data are reported in parts
per million of oven-dry (60°C) tissue.

SIMULATED DIGESTED
SLUDGE 4 SLUDGE
Average
t/ha 0 36 72 144 Effect
0 40 67 64 60 58
36 62 62 64 67 64
72 75 67 64 69 69
144 64 74 82 80 75
AVERAGE
EFFECT 60 67 68 69

Least significant difference (P)
Interaction = 5 (99:1)
Average effect
Digested sludge = 2 (99:1)
Salt-simulated sludge = 3 (99:1)
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Table 129. Lffects of digested sludge and salt—simulated sludge on
Data are reported in parts

Cu content in soybean seed.
per million of oven-dry (600C) tissue.

STMULATED DIGESTED
SLUDGE. SLUDGE
Average
t/ha 0 36 72 144 Effect
0 11 10 9 11 10
36 8 7 10 12 9
72 8 11 12 13 11
144 11 13 14 11 12
AVERAGL
. EFFECT 10 10 11 12

Least significant difference (P)

Interaction = 2 (99:1)
Average effect

Digested sludge = 1 (99:1)
Salt-simulated sludge

1 (99:1)

307



(T:66) 00T = uOTIOBIAIU]

(d) @oueaa3yTp IuedIITUSTS 3Ised]

(T:61) 61 = 28pnIs pajelnurs-3ITes
(1:61) 6 = @8pnTs polsadiQ
109739 232209AY
uo r3oeaazuyr
(d) ®ouaxaj3yTp 3uestIJudys 3seaq

(1:6T) 0€ = °3pnTs pPIIBTNRIS-ITES
(I:61) 61 = @23pnys paissir
3109339 93rvisay
(T1:66) Tg = wOF3IdEIAIUL
(&) 2oua133ITP IUedTITULIS 35BOT

L6¢€ TLE c£ec 79¢ 107383 LL 36 %6 96 10333z 80T €It 96 972 SR Rt
AOVYIAV IOVUIAY AOVEIAVY
65€ 0%s 6327 9¢¢g TLT VAR 68 %9 001 €6 66 Vaai 28 gL 96 66 FAS 791
Lz¢ 20¢ 87¢ 62€ 69¢€ 44 20T g9é €01 g6 STT [ 6TT 9TT jeva s 69 09T L -
=
9g(C €0t £Se 62 65Y 9¢ 8L 99 9L 68 18 9¢ A 8%l €T 811 26 g¢ ©
0% €8¢ LIS 657 Lyt 0 96 18 71T 66 16 0 GET c8 6 66 192 0
399333 %1 L 9t [ U /2 309334 vl L 9¢ 0 ®Y/3 359333 Vet <L 9t 0 eU/3
s3visay o8visay sdeaoay
aoSCans 1sanIs 200a71s Ioanis a9o2anis a0an1s
GCIISISIC” [SCRACIEN 8 [NERANCEIRAH QIIVINNIS TILSTI01Q [SORAUSISINI B

SAVJ 66 - ONIIINO QUIHIL

SAVZ 7€ = ONILIND QX003Ss

SAVQ T¢ - ONIIIND IS¥ia

*s2%e1s yImoad 291yl 3Iv SInssyg

*onssTl (Dy09) Lxp-usac jo uorTirw 1ad sized uy palzcdal 3re eaRQ

ueaqAos UT $3ul23u0T BN uo 28pnTs peajejnuls-37es pue agpnIs peisadIp o §I09)1F OCT °I9vL



Table 131.

Effects of digested sludge and salt-simulated sludge on
Na contents in scybean seed., Data are reported in parts

per million of oven-dry (60°C) tissue.

SIMULATED DIGESTED
SLUDGE SLUDGE
) Average
t/ha 0 36 72 144 Effect
0 37 33 35 32 34
36 33 36 31 39 35
72 36 27 39 32 33
144 28 20 30 32 28
AVERAGE
34 29 34 34

EFFECT

Least significant difference (P)
Interaction
Average effect
Salt-simulated sludge = 6 (99:1)

309



(1:6T) 9°¢ = 93pnls paI2TRRTS-ITCS
(T:6T) 7'z = 23pnys poissdiqQ
309339 9220y
anoN INON (1:66) 9°6 = uUOFIOBISJU]
TP IuedI3ITudIs 3IseI] JDUVIBIITP uwdTITulys 3seD] (d) @Pou=ze33TP JuedTJTudIs asesT]

)
(&)
xi
@
~
[¢F]
G
U]

T €T 9T ¢'7 Lilaad 9'6T 8'¢t 0'% 8°7 L1DZ443 99  (°0T 6°8 €76 10Udd¥
ZOVEIAY IOVIIAY AOVIIAV
[N 9'z ¢'T T'T 8°'¢ 7%1 14 %7 %1 9T 8¢t %l 9°g VAL S LY A ST B )
(AR 9'tT 1T 0T Tt U £ € 9*¢ 9% 0% T1T'CT T T £'9 8L T°9 %'¢ 66 1
€1 ¢°T o1 LT 0T 9t . 6°0¢ 9°"TL £t S°9 €7 9 S 0T S*h 8'7T ¢€'8 §°9 9¢
1°C T ¢'T §Z 87 O 9'¢ 8°T 0°9 ¢T¢'¢ T'¢ O 16 9'g 6'8 L'HT T'% O
02337 a9t L 9¢ 0 'y,3 A093 33 Laas L St 0 By/3 303333 aras L 9¢ 0 v/
sfoioay a8eaaay a8eIaAY
190018 40407S 20an71s 2oaa1s IoaYis 40Cn1s
C41s83151d TIIVIONIES @IISEDIA CIIVINIS I1S1v1d QI IVIANIS

SAVQ §6 ~ ONIIIND (QYIHL SXVd Z¢€ - ONIILIND QNOJZES SAVQ T7 - ONILINS ISVId

*onsSTI (0,09) Lzp-usao 30 wOTTTT® 3ad s3xed ul poliodax 3le eI
+sa8e3s yImoad 901yl ' SonSSTI Wesqlos U SIUIIUOD N UO 23Pnys paleINUIS-3TEBS pur a3pnis pa3sa8Yp 3O $3ITVIIY -Z2€T OT49BL

310



Table 133. Effects of digpested sludge and salt-simulated sludge on
Ni content in soybean seed.

Data are reported in parts
per miliion of oven-dry (600C) tissue.

SIMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 3.4 5.6 6.2 7.1 5.6
36 3.4 4.0 8.0 7.4 5.8
72 4.2 7.9 5.0 5.0 5.6
144 4.6 4.7 5.1 6.8 5.3
AVERAGE ‘
EFFLECT 3.9 5.7 6.1 6.6

Least significant difference (P)
Interaction = 2.5 (99:1)
Average effect

Digested sludge = 0.8 (99:1)
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Table 135. Effects of digested sludge and salt-simulated sludge on

Cd content in soybeon seed.

Data are reported in parts
per million of oven-dry (60°C) tissue.

SIMULATED DIGESTED
SLUDGE SLUDGLE
Average
t/ha 0 36 72 144 Effect
0 0.4 0.6 1.0 1.0 0.7
36 2.2 1.3 1.5 1.4 1.6
72 2.9 2.1 1.9 1.6 2.1
144 3.3 2.3 1.6 2.4 2.4
AVERAGL
EFFECT 2.2 1.6 1.5 1.6

Least significant difference (P)
Interaction = 0.5 (99:1)
Average effect
Digested sludge = 0.2 (99:1)
Salt-simulated sludge = 0.2 (99:1)
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A sumary ol the anadyses of variance for thesce data is glven in

Table 138. Interaction effects occur for all data except Fe and ash
weight. Onlv l'e and, surprisingly, ash weight are not associated with
main effects of Jdigected sludge; similarly, neither are Mg and ash
weight with salt ~simulated sludge, Examination of the data suggests
that digested sludge added alone or in combination with readily avail-
able sources, even after a schedule of leaching, will create a unique
pattern of concentration for the elements determined. Except for the
important nmacroelements Ca and Mg and Na, which were so highly concen-
trated in the plats before leaching the soil, digested sludge tends
to increase leveirs of clements in aerial plant parts. These relations
are seen in anotaer vay in the discussion of negative interactions of
Ca and Mg later.

Compared with resalts of Walker (164) for analyses of soybean leaves
from plants in the early growth period sampled in fields across 111i-
nois, the absolutve amounts of K, P, Mn, and Zn are high by up to four-
fold (in the case of Mn). Contents of Fe and Na and Cu, to a lesser
extent, are low, wherecas I, Ca and Mg compare with the values reported
by Walker. litrogen, P and Mg are high or above the optimum according
to the data of Ohlrogge (115). Nitrogen, K, Fe, and Cu are lower than
values cited by larper {(64) and Mn four times higher than levels found
in sand culiure proun outdoors.

Treatment erfects, sccond cutting or initiation of blooming - Data for
yield of dry matter are presented in Table 111 and contents of elements
and ash in Tablecs 112 through 136. The main effect for digested sludge
:s either significant or highly significant for the tissue contents of
all elcments except N, Ca, Fe, Cu, and Ni (Table 111). Only Zn, Cu,

Ni, and Cd do ner reflect the effect of salt-simulated sludge treatment.
Except for K, ilp, MNa, and Ni, dintervaction effects are mostly highly sig-
nificant. Yield at thc second cutting, like the first cutting, shows a
significant interaction effect in addition to a highly significant main
effect ot digcated sludge,

Relative to the [irst cutting, N, P, K, Mg, and Zn values are similar.
Iron contenl decrcases particularly in the low treatments. Compared
with results of Walker (164) for analvses of soybean leaves from plants
at full height sampled in fields across Illinois, the absolute amounts
of P, Mn and Zn are substantially higher. Potassium, Ca and Mg are up
to 50 perceut higher. Nitrogen compares closely, whereas, Fe is lower
by abonut ore-half and Na values are one-fifth to one-fourth those re-
ported by Waller,

Copper and Mg are within the range of contents given by Ohlrogge (115)
whereas, P is well above his optimum and N is higher than the range of
data he sitcs for this stape growth., Nitrogen and K contents are with-
in the range of data given by Hanway and Weber (63) for field experi-
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Table 137. Effects of digested sludge and salt-simulated sludge on
ash content of soybean seed.

Data are reported in per-
cent of oven-dry (60°C) tissue.

STMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 5.54 6.03 6.20 6.17 5.98
36 5.87 6.55 6.68 6.10 6.30
72 6.35 6.78 6.14 5.80 6.27
144 6.59 6.20 5.72 5.69 6.05
AVERAGE
6.39 6.18 5.94

EFFLCT 6.09

Least significant difference (P)
Interaction = .40 (99:1)

Average effect
Digested sludge =

.13 (99:1)

Salt-simulated sludge =.20 (99:1)
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ments, but P is about two times higher than their values. As in the
first cutting, K, Fe and Cu are less than values cited by Harper (64)
for soybeans grown outdoors in sand culture. Manganese values are
three to four times those reported by larper. \
Treatment effects, third cutting or mature plant at harvest - Analyses
of the third cutting are for the aerial plant parts without seeds and
pods. Leaves were collected as they dropped. Data for elemental con-
centrations and ash content are presented in Tables 112 through 136.
With the exceptions of Ca, Te, Cu, Na, Ni, and Cd, digested-sludge
treatments show main effects for the elements analyzed. The contents
of more elements are affected by salt-simulated sludge treatment with
only Ca, Mg, Na, and Ni lacking in significant treatment effects.
Interaction effects occur for all elements except Ca, Fe and Ni. The
production of dry matter at maturity is highly significant for both
main effects and interaction, the combination of sludges reducing yield
somewhat (Figure 78) at the highest treatment levels.

Nitrogen and Mg are higher than values reported by Ohlrogge (115) as

is P, which is in the range that Webb et al. (167) cited for Mg defi-
cient plants. Manganese values, except for the two lower treatments

of salt-simulated without digested sludge, are much higher than any
data cited by Ohlrogge. Compared with data of Hanway and Weber (63)
for whole plant analyses at harvest, N tends to be lower, P three-times
higher and K is lower by one-third. UMNitrogen is one~half and K is
one-quarter the levels cited by Harper (64), whereas, Ca and Mg are
three-times higher, P two-times and Mn and Zn four-to ten~times higher.
Iron is slightly higher.

Treatment effects, seed - Among the data obtained, those for seed
analyses (Tables 113 through 137 and summary in Table 138) are of most
immediate interest with regard to application of sludge on cropland
because seed is the product utilized in commerce. Therefore, it is
particularly noteworthy that more main and interaction effects are
significant for sced than in any of the three harvests of plant tissue.
Only main effects of Mg and Na for digested and Ni for salt-simulated
sludge and Ca and Na for interaction are not significant. As in yield
of stems and leaves at maturity, the weight of beans is significant
for both main effects and interaction and the interaction is similar

to that in the third cutting wherein the combination substantially re-
duces yield (Table 139 and TFigure 79). 0il content (Table 140) is
reflected in signiticant treatment effects for interaction and digested
sludge, sludge tending to diminish o0il content probably partly because
of dilution due te protein increases.

Treatment effects, summary - Application of salt-simulated or digested
sludge results in significant differences in content of all elements
analyzed for in this experiment. Only Ca, Na and, particularly, Ni
content of the aerial plant parts show decreasing tendencies for sig-
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Figure 78. Weight of aerial plant portion of soybean at maturity

without seeds and pods. Weights are for one plant. The
surface is generated by the equation Y = 1.03 + 0.75 X,
+2.19 X, + .009 X32 - 0.18 X% - .092 X1Xp, where Xj is
simulated salt and X7 is digested sludge. The standard-
partial regression coefficients are: X3, 0.63; Xy, 1.84;
X132, .064; X22,-1.29; X1X2, -0.45. The multiple corre-
lation coefficient is 0.68.
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Table 139. Lffects of digested sludge and salt-~simulated sludge on

Data are reported in grams of oven-dry
(600C) seed from 3 plants.

seed weight.

STMULATED DIGESTED
SLUDGE SLUDGE
Average
t/ha 0 36 72 144 Effect
0 5.41 10.55 12.14 11.63 9.93
36 9.72 10.10 12.57 12.30 11.17
72 10.20 8.95 13.31 14.83 11.82
144 12.78 12.60 8.59 6.56 10.13
AVERAGE
EFFECT 9.53 10.55 11.65 11.33
Least significant difference (P)
Interaction = 5.57 (99:1)
Average effect
Digested sludge 1.76 (93:1)
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Figure 79. Weight of seeds produced by digested- and simulated-
sludge applications to Blount silt loam. Weights are
for seeds collected from three plants. The surface is
generated by the equation Y = 6.35 + 1.54 X3 + 1.42 Xy
- 0.11 X12 - .068 X22 - 0.18 X1Xp2, where X1 is simulated
sludge and X2 is digested sludge. The standard partial
regression coefficients are: X1, 1.63; Xz, 1.51; X12, -.99;
X24, -.63; X1Xp, -1.11. The multiple correlation coeffi-
cient 1s 0.70.
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Table 140. Effects of digested sludge and salt-simulated sludge on

0il content of soybean seed.
cent of moisture-free seed.

Data are reported in pér-

SIMULATED DIGESTED
SLUDGE STLUDGL
Average
t/ha 0 16 72 144 Effect
0 21.0 214 2100 21.2 21.3
36 21.2 22.5 21.9 21.1 21.7
72 22.2 20.0 22.2 20.7 21.3
144 22.9 21.6 19.7 19.2 20.9
AVERAGE
, EFFECT ZL:S 21.4 21.3 20.6

Least significant difference
Interaction =
Average effect

Digested sludge = 0.6 (99:1)

2.0 (99:1)
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nificant treatmen:t effects as tne soybean plant develops, however,
these elements Go show treatment responses for elemental contents of
the seed.

Correlations of elemental contents among cuttings and with soil -
Relatjonships among elements in the tissue of the first cutting are
evident in Figure 80. The large number of significant relationships,
most of which arc negative, with Na is noteworthy. Also, the majority
of interelemental 1elationships with Ca and Mg are negative. The
highest covrelation coefficient, .89, occurs between Ca and Na. Con-
siderably fewer significant relationships occur in the second cutting
(Figure 81) and awong these the sense of the relationship hbas changed
to negative for (Od and Ca contents. At harvest the number of signi-
ficant relaticaships (Figure 82) increased substantially over that of
the second cuiting. More unegative relationships occur and Cu-Cd and
Cu~-Zn correlations have changed to negative relationships.

Fewer signiricant correlations (Figure 83) occur in the content of ele-
ments in secd !hLan among elemental contents of the aerial plant parts
at harvest., Nitrogen and Ca are noteworthy in that all correlations
associated with these elements are negative. The four correlations as-
sociated with Ni contrast with only one correlation that exists among
all of the three cuttings of aerial plant parts.

Reference to Tables 141 and 142 offers an opportunity to follow the
correlation ot olemental content through the three cuttings, seed and
with soil extract. Among the macroelements, P, K, and Mn, and Fe, to

a lesser extent, cxhibit significant correlations between the first
harvest, subsequent cuttings, seed, and soil extract. Among the micro-
elements, only “n shows a similar tendency for first cutting levels to
correlate with Jater cuttings, seed and soil. 1In the seed, levels of
N, P, Mg, Fe, ond Mn are related to contents in aerial plant parts at
maturity, and amorng the microelements Zn, Cu and Cd in seed are related
to mature plant ievels. Respective seed levels correlate positively
with Ca, Mg, Mn, Zn, Cu, and Cd contents extracted from soil with

0.1 N HC1.

Summavry - Liquid digested sludge added to soil at rates of up to

144 t/ha will increase yields of mature plant tops and seed substanti-
ally. However, in the presence of comparable amounts of available
macro-and microelements, slight depression of yields of plant tops and
particularly seed are apparent at application rates of 288 t/ha of
combinnd applications of digested and salt-simulated sludge. Digested
sludge added to soil will influence the elemental composition of soy-
bean grown in its presence, decreasing some and increasing others,
sometimes as much as fourfold when compared with field-grown soybeans.
Among the analyses made in this study, the levels of all elements in

the seed are within limits considered desirable by animal nutritionists.
Perhaps in regard to metal composition, Cd is to be considered the first
limiting factor in that its content in seed is closely related to sludge
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Figure 80,

Graphical representation of simple linear correlations
among macroelements and microelements in soybean aerial
plant parts harvested at 21 days, the beginning of the
rapid growth phase. Numbers arc correlation coefficients
multiplied by 100. Coefficients greater than 28 are sig-
nificant at the .0l level. Dasled lines are negative
correlations.
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Figure 81.

/
e e e
,r/

O~ - &

O
(@]

N
w

e ———
S——

<~
Q

O

Graphical representation of simple linear correlations
among macroelements and microelements in soybean aerial
plant parts harvested at 32 days, the initiation of
blooming. Numbers are correlation coefficients multi-
plied by 100. Coefficients greater than 28 are signi-
ficant at .05 level and coefficients greater than 37
are significant at the .01 level. Dashed lines are
negative correlations.
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Figure 82.

Graphical representation of simple linear correlations
among macroelements and microelements in soybean aerial
plant parts harvested at 95 days, the date of harvest.
Numbers are correlation coefficients multiplied by 100.
Coefficients greater than 28 are significant at .05 level
and coefficients greater than 37 are significant at the
.01 level. Dashed lines are negative correlations.
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Figure 83.

Graphical representation of simple linear correlations
among macroelements and microelements in soybean seeds.
Numbers are correlation coefficientg multiplied by 100.
Coefficients greater than 28 are significant at .05

level and coefficients greater than 37 are significant

at the .01 level. Dashed lines are negative correlations.
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loading rate and this element is the source of adverse physiological
and pathological effects. The highest levels observed in the seed

are below the 5 to 10 ppm of diet that Weber and Reid (168) found re-
duced bone citric-acid levels in mice. Assuming the concentration
effect in processing beans for meal the level of Cd remains below the
considered detrimental to livestocli especially in view of the fact

that soybeans grown in sludge amended soil will be blended or mixed
with beans of low, native Cd content originating from usual agricul~
tural production.” Of course, the important aspect of availability of
Cd in meal to absorption in the animal is not considered here. Ad-
ditionally, the ameliorative effects of increasing amounts of Zn,
creating a simllar Zn to Cd ratio, should be of benefit to any ulti~-
‘mate animal use of the bean. Except for K which occurs in small amounts,
digested sludge used in the study is a ready source for plant uptake of
all major elements and minor elements determined in this study. Also,
the lack of toxicity symptoms and the positive results for yield sug-
gest that the ratios of elements taken up by soybean under the condi-
tions of this experiment are in favorable ranges for soybean growth and
development although the data suggest that application rates in excess
of 144 t/ha, especially over short time intervals, may be associated
with yield decline.
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SECTION VIII

SUPPLEMENTAL FIELD STUDIES

Plant Responses to Applications of Digested Sludge in Field Studies

Introduction - Yields of both corn and soybeans have been significantly
increased during the last four growing seasons by furrow irrigation
with digested sludge drawn from the heated anaerobic digestor at the
Metropolitan Sanitary District of Chicago's Southwest Plant. Sludge,
soils, and plant tissue samples were analyzed to determine nutrient

and certain nonnutrient chemical element accumulations in soils and
uptake by various grain, forage, and fiber crop plants. Absorption

of some chemical elements by grain and forage crop plants has been in-
creased by sludge applications but concentrations in plant tissues are
considerably below levels considered to be harmful to animals consuming
the crops.

Experimental procedure: corn - The continuous corn experiment was con-
ducted on 6 x 12 m plots and was replicated four times. The soil was
Blount silt loam which had been cropped to alfalfa in 1965 and 1966.

The check plots were not fertilized in 1968 but 269 kg of N and 302 kg
of P (P05 equivalent) per hectare were applied annually during three
following years. All plots received a broadcast application of 224 kg
of P per hectare (K70 equivalent) during the last three years. All
inorganic fertilizer was applied in the spring before plowing and rid-
ging the soil, After the ridges and furrows were established, corn
was planted on the ridge tops 76 cm apart at a row spacing to give a
plant population at harvest of about 44,440 in 1968 and 61,700 plants
per hectare in following years. The first application of sludge after
planting was usually made when the corn plants had reached a height of
about 15 cm. The treatments were O 0.64- 1.34 and 2.5-cm applications
applied as frequently during the growing season as drying conditions
of the sludge would permit, Preemergent herbicides were used to con-
trol weeds and the plots were never cultivated during the growing sea-
son.
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Results of continuous corn study - Average corn yields for three
rates of sludge irrigation, as compared with no sludge, are given in
Table 143, Also given are the total liquid and dry solids applied
each year.

Table 143. Corn yield obtained with sludge treatments and sludge
treatment levels.

Rate of Application Greatest Application Rate
0 0.64 1.3 2.5
Year cm cm cm cm Total 1liquid Total dry solids
yield ton per hectare cm/yr t/ha
1968 4.16 6.03 7.16 7.02 17.14 51.5
1969 8.96 9.34 9.42 9.44 25.4 47.3
1970 5.53 7.48 7.62 8.63 22.86 69.0
1971 6.06 6.50 6.92 7.88 25.4% 96.5
4 yr
ave. 6.18 7.34 7.78 8.24 . 90.80 264.3

* An additional 12.7 cm were applied after the growing season con-
taining 3.38 percent solids or on a dry weight basis, 41.2 tons
per hectare.

In Table 143 it may seem that with regard to 1969 yields the plots
treated with one-fourth maximum applications were as great as those
from plots receiving higher rates. Considering the carry-over of
nutrients from sludge application made during the previous year, plus
those made during the growing season, the lack of response to higher
applications of sludge was probably due to the fact that over 33 cm
of well-distributed rainfall occurred during the months of June and
July (Table 144). It is somevwhat remarkable though, that 25.4 cm of -
additional water supplied as sludge did not cause a decrease in

yields for the highest treatment. One might well expect a decrease
during a season of such high amounts of rainfall, because Blount silt
loam is poorly drained. It appears that yields were substantially in-
creased as a result of the additional water supplied by the sludge
irrigation treatments in 1970, a vear in which 17.8 cm of rain fell

in June and July. While a favorable respornse was obtained with sludge
applications in 1971, the increase in yields was less than expected

in a year during which only 11.2 cm of rain fell in June and July.
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In some similar sludge-treated plots oun the same field in 1971 the
conductivities of saturated extracts of scoils were found to be greater
than 5 mmhos/cm. Thus, under the extremely dry conditions experienced
during the 1971 growing season, high soluble salt contents may have
adversely affected corn yields on sludge-treated plots.

Table 144. Monthly rainfall during the growing season, as cm.

Year April May June July August September Totals
1968 6.35 5.38 13.97 6.43 3.43 9.35 44,91
1969 9.12 13.00 17.93  15.67 1.78 3.22 60.73
1970  10.39 13.18 11.00 6.81 2.54 22.07 65.99
1971 1.52 6.73 4.19 6.98 4.95 5.46 29.84

Although most ob the water applied by sludge irrigation is lost by eva-
poration because the suspended solids seal the surface of the soil, this
sealing apparently serves to conserve available water stored in the root
zone., On the other hand, when rainfall is insufficient to leach soluble
salts to lower depths, the increase in osmotic pressure in soil solu~
tions with higher rates of sludge applications may off-set some of the
water conserving advantage. Nevertheless, it is noteworthy that neither
during the relatively wet growing season of 1969 nor the dry season of
1971 did yields decrease with increased sludge applications.

Digested sludge on a dry weight basis is a low grade fertilizer, but
when frequently applied as a liquid by irrigation methods large amounts
of almost all plant nutrients are suppliéd. The total amounts of plant
macronutrients added to the soil as a result of maximum irrigation of
corn with digested sludge are given in Table 145. These amounts have
been incrementally applied as constituents of the applied digested
sludge on maximum-treated plots during four years. The aggregate of
103.4 cm of digested sludge applied during four years is equivalent to
a total solids loading of 305.5 dry tons per hectare.

Table 145. Total plant macronutrients in kilograms per hectare applied
as a constituent of sludge on corn plots receiving maximum
treatments during four years.

Total N NHy-N P K Ca Mg S

14,426 6,462 8,445 1,277 9,990 2,890 1,131
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Digested sludge ncarly always contains large quantities-of plant es- .
sential micronutricnts. The amounts applied on the maximum~treated
corn plots as a constituent of sludge are presented in Table 146.

Table 146. Total plant essential micronutrients in kilograms per
hectare applied as a constituent of sludge on corn plots
receiving maximum treatments during four years.

Fe Zn Cu Mn Mo B Ccl

14,717 2,072 538 179 0.4 18 2,262

Plants are the source of certain minor elements that are essengtial to
the growth of animals but not for the plant itself. 1In addition to
most of the elements listed in Table 146, animals require small amounts
of the elements listed in Table 147. The data in Table 147 indicate
that relatively large amounts of essential elements for animals have
been added on the maximum~treated plots.

Table 147. Minor elements (kilograms per hectare) applied as a
constituent of sludge on crop plots receiving maximum
treatments during four years. These elements are con-
sidered essential for animals but not fer plants.

{

Na Cr Co « Se - - -N{ co

605 1288 1.2 1.6 130

-

Plants absorb many minor elements which are not presently considered
to be essential for either plants or animals. Like most natural pro-
ducts, digested sludge contains nonessential trace elements, The ele-
ments listed in Table 148 are those most frequently mentioned as
having potential for producing a detrimental effect on animals which
have consumed fced containing some concentration in excess of the
critical level. The total amounts of four nonessential minor elements
applied during a four ycar period as a constituent of sludge on max-
imum-treated corn plots are given in Table 148,
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Table 148. Additional total trace elements (in kilograms per hectare)
applied as a constituent of sludge on corn plots receiving
maximum treatments during four years. These elements are
not ceonsidered essential for either plants or animals.

Pb Hg Cd Sn

459 0.16 146 18.4

Some changes 1n soil chemical parameters with digested sludge applica-
tions are of interest. First, in the absence of a continuous liming
program, frequent sludge applications will result in a lowering of the
pH in the soil surface as evident from the data presented in Table 149,
After the application of 42.5 cm during a two-year period the soil was
reduced from « pH value of 5.6 to 4.9. The depression of soil pH
values probably was caused by the large amounts of nitrogen applied as

a constituent of digested sludge. The pH values were allowed to reach
much lower values than would be permitted under a normal soil management
program, because we wanted to see how soil pH would effect the absorp-
tion of trace clements by corn plants, which is discussed later on. In
the fall of 19/0, limestonc was applied on the plots at rates calculated
to raise the soil pH to a value of at least 6. As much as 11.2 tons per
hectare of limestone were applied on the maximum sludge treated plots.

. When the soils were sampled in the latter part of April, a few weeks
before planting the 1971 crop, only slight increases in soil pH values
were noted as a result of lime applications. Another item to be noted
from Table 149 is the marked increase in plant available phosphorus

(P1) with increasingly greater sludge applications. After two years

of digested sludge application the concentration levels of phosphorus
(P2) which are slowly available to plants from precipitants in soils
were greater than could be read from the standard laboratory calibra-~
tion curve, even at the lowest sludge application rate. The apparent
decrease in plant available potassium from 1969 to 1971 may be normal
variation related to soil conditions at time of sampling, sample hand-
ling, etc., but the trend is of interest. Available K appears to have
been reduced in all plots, even though 224 kg per hectare of (Kp0 equi-
valent) K fertilizer were applied annually over all plots. Soil contents
of plant avajlable K do not appear to be influenced by sludge loading
rates.

After the first three years of applying digested sludge at the annual
rates given in Table 143, it was possible to detect significant changes
in the total concentrations of some elements in the surface of the soil.
As shown in Table 150, the concentration increases in soils of total P,
Cu, Cd, and Hg with increased loading rates were significant at the
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l-percent level. Concentration increases of Cr, Pb and Zn in the soil
surface horizon were found to be significant at the 5-percent level,
Changes in concentration levels were not noted for all elements for
several veasons. Digested sludge may contain concentrations that are
about the same as thosc in soils, the chemical elements have migrated
with percolating water to lower depths, or the amount of a particular
chemical species in soils is so large that the amounts added as a
constituent of sludge cannot yet be detected above the normal varia-
tion between soil samples.

Determinations of chemical concentrations in 0.1 N HC1 soil extracts
provides an estimation of the plant availability or mobility of the
several species of elements. As shown in Table 151, digested sludge
applications have increased the mobility of P, Na, Cr, Cu, Pb, Ni, Zn,
and Cd in the zero to 15.2-cm depth of Blount silt loam. 1In the
3C.5-to 45.7-cm depth increased mobilities of Na, Cr, Cu, Zn and Cd
with sludge applications are highly significant, although actual change

- s

in concentration are very small for some species. The increased mo- )

bilities of Mn and Pb with sludge application are significant at the
S-percent level. An important observation that may be made from the
data in Table 151 is that whereas there is little doubt that available
phospliorus increases with sludge applications in the plow layer, in-
creases in concentration levels in deeper soil horizons are highly
variable.

Data are gathered into Table 152 to show the relative proportion or
percent of the several total chemical elements extractable with

9.1 N HCl. Except for K, Ca, Mg, Fe, and Mn, exXtractability increases
for all elements with increased sludge applications.

As can be seen in Table 153, sludge applications were highly correlated

with increased contents of N, P and Zn in corn leaf tissue. In the

rase of Mg, sludge applications were highly correlated with a decreased

content of the element in the plant leaves. Concentrations of the ele-

wents Ca, Mn, Cd, and B as found in corn leaf tissue correlated with

sludge applications at the 5-percent level of significance. Only Zn

and Cd concentrations in corn grain correlated at the l-percent level

with sludge application. The content of K in corn grain significantly .
correlated with sludge application at the 5-percent level. LA
To summarize, it is evident that a favorable yield response can be ex-

pected from relatively large sludge applications in a year of normal

weather conditions. However, corn yields were not decreased by sludge
applications during a very wet growing season. Trace elements added

as constituents of sludge have not presented a problem, even though the

Blount silt loam is a poorly drained soil and soil pH was permitted to

decrease to a low value with respect to crop production. Since trace

elements would be most mobile or available to plants in poorly drained,

acid soils, the concentrations of trace element in corn tissue samples
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arc higher than vould be expected where internal soil drainage 1s bet-
ter and soil pH is maintaived at a value of 6 or greater. Thus, corn
plants did not accumulate toxic levels of trace elements even under
soil conditions which should favor such a development.

Experimental procedure: soybeans - The continuous soybean experiment
was established to test, under field conditions, the availability to
crop plants of phosphorus in digested sludge. However, because of
what we now know about the rapid build-up of available phosphorus with
sludge applications, our present interest in continuing this study is
to see how the high soil contents of available phosphorus will effect
soybean nutrition. Soybeans were chosen for this study in order to
eliminate the effects that the nitrogen in the sludge might have on a
non-leguminous plant,

Three replications of 12 x 12 m plots were established on Blount silt
loam in the fall of 1968 for the following treatments: (1) zero or
control, (2) maximum, (3) one~half maximum, (4) one-fourth maximum ap-
plication rates of sludge, and (5) well water supplied at the same time
and rate as the maximum sludge application. The plots were split and
superphosphate was applied by broadcasting on one-half of each plot at
a rate to provide 269 kilograms per hectare of P70g equivalent each
year. Also, all plots received a broadcast application of potassium
chloride to provide 269 kilotrams per hectare of K90 equivalent. After
fertilizer was applied, the Blount silt loam plots were fall plowed.
During tae following years all inorganic fertilizer was applied before
spring plowing. The soybeans were planted on the ridges and furrow-
irrigated with sludge and water in the same manner as was used for the
corn study described earlier.

Results and discussion ~ Soybean yields for phosphate, sludge and water
treatments are given in Table 154, A significant fincrease in yields

in response to additional phosphorus applications had not been observed
in three years. Fwvidently the soil has sufficient available P to meet
the demands of soybesan plants, even though the Blount silt loam study
site was selected because this soil type generally is somewhat defi-
cient in available P. In all three years yields have been significantly
(P > .01) increased with increased sludge: applications. During the
first two years, water alone significantly increased yields, but not
in 1971. Except for the first year, 1969, the maximum sludge treatment
produced ar increased yield over an equivalent amount of applied well
water. However, the increased soybean yields for the maxXximum appli-
cation of sludge were better than the equivalent water treatment only
at the 5 percent level of significance in 1970. While it is probably
too soon to speculate, it can be seen in Table 154 that there is a
trend toward de~reased soybean yield by years for all treatments. The
failure to obtain a favograble yield response to the 20.3 cm of irriga-
tion water applied during the very dry season of 1971 (see Table 144)
cannot be explained.
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Table 154. Sovbean yield responses to phosphorus, sludge, and
water applications.

Po0sg Rate of sludge application Total
- — a/ sludge
Year kg/ha Ocm 0.64c¢cm 1.3 cm 2.5 cm Water— applied
- = = — - Metric ton per hectare - -~ ~ - cn
1969 0 2.28 3.02 3.24 3.36 2.92 20.3
269 2.53 3.00 3.16 3.50 3.48 20.3
1970 0 1.93 2.76 2.98 2.84 2,57 22.9
269 1.89 2.57 2.84 3.19 2,59 22.9
1971 0 1.77  1.93 2.0 2.13  1.50 33.0%/
269  1.53  1.87 2,08 2.12  1.74 33.0%/
a/ Water was appiied at the same rate and time as the maximum sludge
application.
b/ 20.3Z of the 33.02 cm of sludge were applied during the growing
season.

Several chemical elements (Table 155) were significantly increased in
the surface horizon of Blount silt loam by applications of digested
sludge. However, no significant increases in soil contents of total
K, Mg, Mn, Na, or Ni were detected. Failure to observe a significant
increase in total amounts of these elemerts is probably due to the
fact that sludge applications have not supplied amounts of the ele-
ments in sufficient quantities to exceed amounts removed in grain and
leaching to lower soil depths. Also, the amounts of these elements
added are smal! compared to levels that occur naturally. Applications
of inorganic P afiected only the accumulation of total Fe in the sur-
face of the soil. Iucreases in surface~soil Fe contents with 1increased
sludge applications were significantly greater (P>0.05) in the absence
of the additionz! inmcrganic P. Perhaps the inorganic P increased the
mobility of the iron, resulting in a greater movement of the element
to lower sui! depths, although no differences in extractable re con-
tent werc observed in the 30.5-to 45.7-cm depth (Table 156). Appli-
cations of inorganic P fertilizer did not significantly affect the
total P conteni in the soil surface, which is to be expected because
the lcvels added corvespond to about ten percent of the naturally oc-
curring amount.

Concentration levels of chemical elemenfs extractable with 0.1 N HC1

from samples of soil collected from soybean plots are presented—in
Table 156. As may be seen in Table 156, the extractability of all
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elements except Fe was significantly increased in the soil surface
horizon (0 tc 13.2 cm) by digested sludge applications. But the
application of inorganic P did not affect the extractability of any

of the elemeunrs iu the surface horizon. It did, however, have a sig-
nificant affect on the extractability of several elements from subsoil
samples (30.5 to 45.7 cm). Applications of inorganic P fertilizer
significantly decreased the levels of extractable Mn, Ni and Zn from
subsoil samples. UDigested sludge applications significantly increased
the levels of extractable K, Mg, Fe, Na, and Cr from subsoil samples.
In the abseace of inovganic P fertilizer applications, the application
of digested sludge decreased the extractability of Mn from subsoil
samples. Where inorganic P fertilizer was applied, digested sludge
applications did not affect the extractability of Mn. Thus, for sub-
soil extractable Mn, a highly significant (P>0.01) interaction effect
between P fertilizer and sludge applications was found.

Among sampies from the surface horizon some of the concentration values
(Table 156) for 0.1 N HCl extractable Cd are greater from surface soil

" samples than are found for total Cd as presented in Table 155. These
discrepancies are due in part to experimental error and to the varia-
bility among samples. Even more important though is the fact that nearly
all of the Cd added in sludge is extracted by the acid. Compariscn of
the dates given in Tables 155 and 156 for increasing sludge treatments
bears out this relationship. Cadmium supplied to soils as a constituent
of digested siudge exhibits a high degree of availability for absorption
by crop plants as indicated by the fact that extractable amounts are
comparable to amounts added.

Contents (Tahie 157) of P, Mg, Mn, Na, Zn, and B in soybean leaves col-~
lected at the early bloom stage were significantly increased by digested
sludge applications. Increased concentrations of these six elements in
soybean Jeaves with sludge treatment were significant at the one percent
level. Analyses for Hg contents in soybean leaves from selected plots
were made and the results are also shown in Table 157. Although the

Hg concentration data were not statistically analyzed, they do show a
trend toward an increased relationship between leaf contents of the
element and guantities of sludge applied. It has been observed from
other studies that the Hg content in plant tissues is decreased by di-
gested sludge applications. The additional inorganic P fertilizer
apparently increased the content of Mg in soybean leaves. The effect

of phosphorus fertilizer on Mg levels in soybean leaves was significant
at the 5-percent level.

Increased corcentrations of K, Ca, Mn, Na, Zn, and Cd were found to be
significantly (P>0.01) increased in mature soybean grain with the ap-
plication of digested sludge. Although significant at only the 5 per-
cent level, it can be seen in Table 158 that P and Mg concentrations
are also increased in soybean seeds with increased sludge applications.
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Furthermore, the increases iu conceatrations of Man, Mg and Ca in soy-
bean grain observed with applinations of inorganic P fertilizer are
significant at the 5-~percent level,

Contents of Cr, Pb and Ni in soybean leaves and grain were below de-
tectable limits for the method used. These elements are present at
the hundreds of part per billion level or less.

In view of the fact that concentrations of both plant available and
slowly-—-available forms of P are increased in soils at a rapid rate
following applications of digested sludge, the split-plot soybean

study has afforded avn excellent opportunity to make some observation
regarding the effect of heavy phosphorus fertilizations on the mobil-
ity and plant availability of other elements. It appears that the

P build-up ip soils may affect the mobility of Fe and Mn and may affect
the absorption by plants and/or translocation within the plant of Mn,
Mg and Ca.

Experimental procedure: Kenaf - Kenaf (Hibiscus  cannabinus) is grown

in several tropical countries as a source of textile and cordage fiber.
Fibers of the plant have characteristics or properties that make it com~
parable to most softwoods and superior to hardwoods as a raw material

for making paper products. Tt can also be used as a blend to improve

the pulping quality of less satisfactory materials used in the production
of paper.

Although very little was known about the fertility requirements or
adaptability of kenaf to northern Illinois climatic conditions,-it
seemed in 1968 to be an ideal crop for use in a digested sludge utili-
zation study. Thus, a field study was established to determine the
yield vespouse of several varieties of kenaf to digested sludge appli-
cation. During the first year, 1968, only one variety was planted in
102 ¢cm spaced rows in 4-row plots, 12-m long. Each of the four rates
(same as for the corn study) of sludge application on kenaf plots was
replicated four times. In 1969 and 1970, the plots used for kenaf in
1968 were split to accommodate two vavieties which were planted with

a grain drill in 61-cm row spacing by May 15 each year. 1In 1969 each
treatment for each variety vas again replicated four times but in 1970 .
the treatments were replicated only twice since the east one~half of
the area was used to establish an alfalfa study. Digested sludge was
applied between the rows of ¥enaf during the growing seasons beginning
each year when the plants had reached a height of 20 to 25 cm.

Results and discussion of the kenaf study - The kenaf yields are re-
ported in Table 159 witb respect to variety, year, and treatment. The
maximum treated pluts received a total of 36.3 to 51.5 tons per hectare
of sludge on a dry weight hasis each year and during the latter two
years the control or check plots were treated with 269 kilograms of N,
305 kilograms of P (¥905), and 134 kilograms of K (K20)per hectare.
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However, kenaf yielus weie not significantly increased by the added
fertility. FEither kenai has a very low fertility requirement or the
varieties available avs not well adapted to climatic conditions in
Illinois or both. At any rate, the yields obtained from kenaf are
insufficient for it to compete with corn or soybeans for land on an
economical return basis.

Near the end of the first growing season for kenaf (1968), but before
frost occurred, samples of leaf tissue were collected from the top most
part of the 1.8-to 2.l-meter tall plants. The kenaf leaf samples were
analyzed for total N and some metals. Average results are presented

in Table 160, but the data were not statistically analyzed. Neverthe-
less, the increase in leaf N content and decrease in leaf Mg content
with increasingly greater sludge applications may be real differences.
Both Zn and Mn concentration levels appear to be increased with increa-
singly greatev sludge applications. On the basis of the amount of Zn
applied as a constituent of digested sludge, one might expect an in-
creased Zn uptake by plants, but not of Mn., The digested sludge con-
tained Zn concentrations that ranged from about 150 to 200 parts per
million, while Mn concentration levels were most often in the range of
3-5 parts per million and seldom exceeded 10 parts per million on a wet
weight basis. The amounts of Mn supplied on the plots as a constituent
of sludge were very small compared to native amounts in the soil. None
of the concentration levels of Cr, Pb or Ni were high enough to be de-
tected by the method used.

Table 160. Total nitrogen and selected metal contents of kenaf leaf
tissues after the first growing season (1968) during which
17.8 cm of liquid digested sludge (equivalent to 51.5 tons
of solids per hectare) were applied on the maximum treated
plots.

Sludge appl.

Rate N Mg in Mn
- - Percent - - - ~ =~ - ppm -~ - -

0 1.87 0.53 44.0 62.5

1/4 Max 3.51 0.51 77.5 100.0

1/2 Max 3.60 0.50 130.0 310.0
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Experimental procedure: alfalfa - As mentioned above, one-half of the
plots formerly planted each year to kenaf were seeded to alfalfa in

the spring of 1970, The alfalfa was established in the absence of a
nurse crop by the use of a herbicide. The first cutting of alfalfa was
made on July 7, 1970. Only one additional application of sludge was
made on the alfalfa plots in 1970 prior to taking the first cutting.
From Table 159, it may be seen that a total of 20.3 cm of digested
sludge was previously applied on the maximum-treated plots when the
area was in kenaf. Alfalfa yields are given in Table 161 for the first
cutting of alfalfa.

Table 161. Alfalfa yield obtained during the first cutting after es-
tablishment in 1970. Maximum-treated plots had received
a total of 20.3 cm of digested sludge (36.3 dry tons/ha)
before the establishment of alfalfa and 2.54 cm (36.3 dry
tous/ha) after establishment.

Sludge appl Yields
Rate Tons/ha
0 3.78
1/4 Max 5.11
1/2 Max 4.93
Max 3.72

Results and discussion of alfalfa study - The first cutting yields did
not significantly differ as a result of treatment and while alfalfa was
clipped again in August and September 1970 the yields were not recorded.
After each cutting of forage additional digested sludge was applied.

The maximum~treated plots received 15.2 cm in July, 2.5 cm in August
and 2.5 cm in September of additional sludge for a total application in
1970 of 20.2 cm,

Soil samples were collected from the alfalfa plots in April 1971 after

a total of 40.5 cm of sludge had been applied on the maximum-treated
plots, during a period of three years. Total contents of selected chemi-
cal elements in surface and subsoil-samples are given in Table 162.
Digested sludge applications have resulted in greater total concentration
levels of several metals in the surface-soil samples, but levels in sub-
soil samples have been changed very little, if at all. 1In Table 163 the
concentration levels of extractable chemical elements in both surface-
and subsurface soll samples are given. The extractability of P, Fe, Cu
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and Zn was significantly increased at the 5 percent levels in the soil
surface by sludge applications. Only extractable Na concentrations in
surface-soils showed az highly significant increase as a result of
sludge treatments. Furthermore, only the extractability of Na was
significantly (P>0.05) increased in subsurface-soil samples by sludge
treatments.

The total contents of selected chemical elements in whole alfalfa plant
samples are given in Table 164. The plant samples were taken from the
first cutting in 1970. The data were not statistically analyzed, but
the trend for increased concentration levels of Zn and Mn in alfalfa
with increased sludge applications is similar to findings from analyses
of other plant leaf tissue samples.
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10.

11,

12‘

13.

(NOTE: These references have not been verified by the
Office of Solid Waste Management Programs.)
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