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ABSTRACT

KINETICS OF HEAVY METAL TRANSFER
FROM SLUDGE TO SOIL

By

Bahram Setoodeh

Performance of an adsorption and a desorption system under
field and flooding hydraulic regimes was investigated. The adsor-
bents were glucose, tryptophane, cellulose, clay and a combination
of the clay and one of the organics. The clay was a kaolinite. The
adsorbents were leached with one of two solutions of 40 mg/1 of zinc
and cadmium. The desorbents were raw and anaerobically treated sludges
obtained from an activated sludge wastewater treatment plant. The
sludges were leached with a simulated rain solution.

The leachates were collected and analyzed for their zinc and
cadmium content, pH, and total carbon. It was found that the data
closely fit the empirical adsorption equation proposed by Freundlich.
The data, also, fit well into a logarithmic equation of type
Y=a+b 1In X. The correlation coefficients of the fit of the data
to the above logarithmic model, for different clay and clay-organic
adsorbents, were found to be 0.99, in the field condition, and greater

than 0.87.
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It was found that the modified desorption data fit the Freund-
lich equation very closely. These data also were fit to a logarithmic
model of the type described before. The correlation coefficients of
the fit of the data to the models was 99% for both of the sludges.

The rate constants of adsorption and desorption of the cations
to or from the active media were found and compared. It was found
that under both, field and flooding hydraulic condition the rate of
adsorption of the cations to the adsorbents always exceeded the rate
of release of them from the raw and anaerobically treated sludges.

It was shown that the models can be used for prediction pur-
poses. This can be done after a short experimental period to
determine the sludge and the soil properties and the constants of

the model.
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CHAPTER 1

INTRODUCTION

1.1 Sludge Generation and Disposal

Wastewater sludge results from primary and secondary treatment
of raw wastewater. The term "sludge" does not usually include grit,
scum, and screenings. However, of all of this together sludge forms
the most important by-product of the plant.! Primary sludge is formed
as the result of gravitational settling of raw wastewater and is usually
coarse and fibrous. Secondary sludge results from biological treatment
of the wastewater. It is, indeed, settled flocs of organisms.

Treatment of sludge is performed in order to stabilize the
organic matter and reduce its water content. Unit processes for sludge
treatment and disposal are thickening, stabilization, conditioning,

dewatering, heat drying, reduction volume, and final disposal.?

1.2 Heavy Metals in Sludge

Heavy metals are found in different concentrations in
wastewater. Sources of heavy metals in wastewater may be industry,
precipitation runoff, and excretion from man. Upon treatment in a
conventional activated sludge or trickling filter treatment plant most
of the heavy metals go into the sludge.®~!! Retention of a high per-

centage of the influent heavy metals by acclimated sludge was reported



by Neufeld and Hermann.® They indicated that such a system will
continue to operate while removing heavy metals. These authors
reported that the activated sludge flocs that were exposed to shock
loads of mercury (Hg), cadmium (Cd), and zinc (Zn) picked up (adsorbed)
these elements from the aqueous carrier. Reid!’ reported that the
completely mixed aerobic treatment of wastewater is capable of removing

heavy metals from the system.

1.3 Sludge Application Practices

No matter what the form of sludge dewatering or treatment may
be, the final residues are normally deposited in or on soil. Land
application of wastewater is the oldest method used for treatment and
disposal of wastes with use by cities recorded for more than 400 years.!?
Raw sludge in the form of night soil has been used on farm land, as a
fertilizer, since ancient times.!® Land spreading of sludge as far as
180 miles from its source has been proven to be cheaper than any other
alternative method of sludge disposal.!* Reed!® described techniques
for applying sludge to soil. These include ridge-and-furrow, plough-
furrow, cover and sub-sod injection methods.

Traditionally, sludges have been treated before being deposited
on soil, however, application of raw sludge has been practiced.®—1®

For example, 15 communities in northern Ohio, representing a total of

600,000 people, use direct land application of wastewater sludge.®®



1.4 Problems with Land Disposal

Heavy metals are necessary, in minute quantities, for the
growth of many organisms and/or plants. However, excess amounts of
these elements may have a considerable toxic effect on living matter.
The threshold levels of these contaminants for each species of organism
is different. It also varies with regard to other environmental
factors. Heavy metals in soil can eventually enter into the human
food chain. Soils that have been subjected to sludge application
are subjected to heavy metals, and thus, are questionable soils for
crop growth. Furthermore, the heavy metals may leach down to the
ground water table and contaminate it.

Upon application of sludge to soil the liquid and some small
solid particles may penetrate into or become incorporated with the
soil. Adsorption from a liquid phase to a solid phase will take place
more rapidly than the diffusion from a solid phase to another. The
solid fraction of the sludge, also, releases its metal content into
soil.

Lindsay?® indicated that sewage sludge would decompose in
the soil and release Zn, Cd, and other heavy metals with intermediate
solubility. He added that under many soil conditions these products
are soluble. Furthermore, he indicated the need for the quantitative
studies to predict the long term fate of the heavy metals due to
addition of the sewage sludge in soil.

Adjustment of the pH of acidic soils is usually done by the

use of 1ime. This is a necessary step for limiting the availability



of heavy metals to the roots, therefore, improving crop growth. The
reason for the lime treatment of the acidic soil is that the solubility
of macro and micronutrients increases with decreasing pH. Therefore,
they may easily be carried down to the deeper strata of the soil where
they are out of the reach of the crop roots. The existence of low
environmental pH's generally increases the danger of groundwater
pollution by leaching from surface sources.

The most toxic heavy metals of municipal sludges are zinc,
cooper, nickel, and cadmium.?!~23 Between these, zinc, copper, and
nickel are known for their phytotoxic effect while cadmium can
accumulate in vegetation to levels which are toxic to animals

before any sign of plant toxicity appears.?2*

1.5 Role of Kinetics in the Sludge-Soil System

Kinetics studies indicate how fast a reaction takes place
and what factors influence the rate of the reaction. Upon application
of the sludge to soil a new physical, chemical, and biological system
develops which is different from either the soil or the sludge. In

other words a reaction will take place such that
SOIL + SLUDGE —————> "NEW SOIL."

This is a dynamic system where time, temperature, and the moisture con-
tent of the system have great influences on its eventual stabilization.
In this system, decomposition of the sludge is followed by the

release of macro and micronutrients into the soil solution. This may
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be followed by the adsorption of products by the active sites within
the soil. Precipitation of these products may occur when the soil
solution becomes saturated with respect to a specific matter. When
the soil solution becomes unsaturated with respect to any solid phase
or mineral that is present, the phase can be redissolved.?® If enough
moisture exists, a downward movement of the product will be inevitable
because of the fact that the adsorption sites eventually will be
exhausted. The extent of the downward movement will vary with the
type and the number of adsorption sites (i.e., type of soil) and the
constitutents, and their respective concentration, in the sludge.

Therefore, the overall process can be summarized as:

NEW SOIL ——» DESORPTION ——a PRODUCT —1ransport

ADSORPTION + EXCESS PRODUCT

If sludge application continues, the soil active sites become exhausted
and all of the products escape the system. Lindsay?’ summarized the
above as:

The composition of the soil solution is ultimately

controlled by the solubility of various mineral phases

in soil. In many reactions the rates of precipitation

and dissolution are sufficiently slow that kinetic as

well as thermodynamic factors must be considered.

Kirkham?®> has discussed the discrepancy between investigators
over the ultimate amount of organic matter that will be degraded once
sludge is added to the soil. The reported variation is from 20 to 30%
decomposition for an infinite amount of time to 60% decomposition for

a short time period.



1.6 Hypothesis and Objectives

In chemical reaction engineering, reactions are classified as
homogeneous and heterogeneous. The first term is used when the
reaction takes place in one phase, e.g., liquid-liquid, and the second
term is used in other conditions such as solid-liquid reactions.?® In
this respect the adsorption of soluble metals on solids falls in the
second category. In heterogeneous systems, mass transfer becomes an
important factor in rate determinations. When the reaction consists
of a number of steps, the rate determining step is the slowest step
which has control over the whole reaction.

Generally speaking, the rate of a reaction may be expressed as:

R, = kf (system variables)

where Ri is the rate of the reaction with respect to a certain species,
k is the reaction constant, where its unit changes with changes in the
order of the reaction. The system variables may include the volume of
the reacting fluid, volume of the vessel, mass of solid in the fluid-
solid system, temperature, and pressure. A rate equation is a dif-
ferential equation which expresses the change in the concentration
with time, i.e., the rate as a function of concentration. Even though
there are ways to predict some theoretical rate equations in engineering
work, they are generally of limited value. This is because it is not
known before hand whether the calculated rate is close to the empirical
value or off by a factor of a million.?” Therefore, for engineering

design, the experimentally found rates are generally used in all cases.






The form of the rate equation may be found as the result of an
empirical curve-fitting procedure.?’

In natural systems the biodegradability of certain chemical
species plays a rather important role in the metal adsorption process.
This contribution may result because of the higher soil affinity of
secondary products resulting from decomposition of the primary applied
organic matter. It also could be as the result of pH changes resulting
from the decomposition activities. Both of these situations, when they
occur, greatly affect the kinetics of adsorption. The adsorption of
organic matter, especially proteins, by clay minerals, as was shown
in the early works of Esminger and Gieseking,2®"2° further complicates
the whole process.

The following hypotheses were made in the light of previous
studies, background information and preliminary investigations for
this dissertation:

1. That some organics have ability to adsorb heavy metals and
that the rate of adsorption of heavy metals is different for
different organic forms.

2. That interaction between clay and organic matter (provided to
the clay by application of a wastewater or wastewater sludge)
may occur and thus affect the rate of adsorption of the heavy
metals.

3. That upon application of a wastewater sludge to land a dynamic
state will prevail in which some microorganisms can survive in

the new environment. These microorganisms, then, decompose the



chelates responsible for holding the heavy metals in the sludge.
This decomposition will result, eventually, in the release of
the bonded heavy metals to the surrounding environment.

4, That if enough moisture exists the released heavy metals may
leach down to lower strata of the soil and contaminate it.
The contamination may occur if the rate of release of the
heavy metal from sludge is greater than the rate of adsorption
of them by the active media of the environment (i.e., mainly
the clay and the organic fraction of the soil), or, if the
adsorption capacity of the intermediate adsorption sites has
been depleted.

5. That a dynamic system will exist until no further decomposition

of the organics can occur.

The objective of this research is to find out the role of
different organic forms commonly found in wastewater or wastewater
sludge on the kinetics of heavy metal transfer from sludge to soil;
and to investigate the rate of release of zinc and cadmium from sludge

to the underlying environment.



CHAPTER 2

SYSTEM CHARACTERIZATION

2.1 Properties of Sludge
2.1.1 Physical Properties of Sludge

Sludge is a semiliquid. Its liquid fraction may be water, oil,
or chemical solvents. Wastewater sludge contains water and solids.

The typical water content of sludges are shown in Table 2.1.

Table 2.1 Typical Water Content of Sludges®

Wastewater Percent Moisture Lb water/Lb
Treatment Process of Sludge Generated Sludge Solids
Primary sedimentation 95 19
Trickling filter

Humus-low rate 93 13.3
Humus-high rate 97 32.3
Activated sludge 99 99

Gould and Genetelli® studied the solid content of an
anaerobically treated sludge and reported that over 90% of the solids
were in particulate form (diameter > 100 micron), whereas the colloidal,
superacolloidal, and the dissolved fraction accounting for 0.1-0.3%,

5-8%, and 1-3% of the solids, respectively.
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2.1.2 Chemical Composition of Sludge

Sludge contains a variety of chemical and biological substances.
The chemical composition of wastewater sludge varies from one plant to
another. This variation is due to the contributions received from the
local industries, type of the treatment of the wastewater, and

climatological factors.

2.1.3 Organic Matter in Sludge

Some authors32:3® have reported that cellulose and hemicellulose
form a considerable portion of the organic matter of a wastewater. They
may account for as much as 50% of the organic fraction. Most of the
cellulose fibers are removed in primary settling tanks in the form of
sludge. Degradation of cellulose, under aerobic or anaerobic condi-
tions, has been shown to be a very slow process. In anaerobic
digesters, where the temperature varies from 30-32° C, it was shown
that about 90% of the cellulose was degraded after 50 days while only
50% was degraded after 20 days. **

Edberg and Hofsten3® also reported that dried raw sludge
contained about 23% carbohydrates, the large fraction of which was
glucose. For activated sludge and digested sludge, the carbohydrate
content was found to be much lower, i.e., 3 and 7%, respectively. It
was reported that only one-third of the sludge going into the digesters
was activated sludge.

Other authors®s 6 3* have reported that the settleable activated

sludge organisms exist as individual cells covered by a web of rather



1

insoluble organics. This extracellular film consists of
polysaccharides, polymer fibrils, high molecular weight proteins,
ribonuclic acid and deoxyribonuclic acid.

Other varieties of organic matter which might be expected
to be found in wastewater and sludge are, proteins, a number of
sugars, urea, aminoacids, fats, and waxes.*3% Vaseen3 indicated
that the conventional activated sludge from a domestic wastewater
contains 43.1% protein. Table 2.2 shows the composition of typical

raw and digested sludge.

2.1.4 Inorganic Matter and Heavy Metals in Sludge
2.1.4.1 Concentration of Metals in Sludge

Klein et al." reported the concentration of heavy metals in
the wastewater from the residential areas of New York City as shown
in Table 2.3.

The typical chemical composition of treated wastewater as
reported by Sank et al.% is given in Table 2.4. The average con-
centration of metals in wastewater effluents and in digested sludge
were reported by E11is% and by Salotto et al.,3 and are shown in
Table 2.5.

The levels of concentration of zinc, copper, nickel, and
cadmium in the sludge have also been reported by others.®s37s"0
Most of these investigators, however, neglected to report the
sludge moisture content. Therefore, it is extremely difficult
to assume a narrow range of heavy metal concentrations for a

municipal wastewater sludge.
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Table 2.2 Typical Chemical Composition of Raw and Digested Sludge'®

Raw Primary Sludge Digested Sludge
Item Range Typical Range Typical
Total dry solids (TS), % 2-7 4.0 6-12 10.0
Volatile solids (% of TS) 60-80 65.0 30-60 40.0
Grease and fats (ether
soluble, % of TS) 6-30 NA 5-20 NA
Protein (% of TS) 20-30 25.0 15-20 18.0
Nitrogen (N, % of TS) 1.5-4.0 2.5 1.6-6.0 3.0
Phosphorus (P205, % of TS) 0.8-2.8 1.6 1.5-4.0 2.5
Potash (KZO’ % of TS) 0.0-1.5 0.4 0.0-3.0 1.0
Cellulose (% of TS) 8-15 10.0 8-15 10.0
Iron (not as sulfide) 2-4 2.5 3-8 4.0
Silica (5102, % of TS) 15-20 NA 10-20 NA
pH 5-8 6.0 6.5-7.5 7.0
Alkalinity (mg/1 as CaC03) 500-1,500 600.0 2,500-3,500 3,000.0
Organic acids (mg/1 as HAC) 200-2,000 500.0 100-600 200.0
Thermal content (Btu/1b) 6,800-10,000 7,600.0a 2,700-6,800 4,000.0

aBased on 65% volatile matter.

bBased on 40% volatile matter.
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Table 2.3 Heavy Metal Concentrations in Influent Wastewater®

Concentrations
ppm Cu Cr Ni In Cd

Influent
wastewater 0.11-0.33 0.008-0.15 0.01-0.15 0.13-0.37 0.001-0.007

STudge 0.46 0.16 0.15 1.6 0.025

2.1.4.2 Forms of Heavy Metal Complexes in Sludge

Generally speaking, heavy metals in sludge can be divided into:
(a) soluble metals in the sludge liquid, and (b) metals that are bound
to the solid particles. Chemical properties of heavy metal complexes in
sludge have been the subject of many studies.®* %% These studies have
revealed that the existence of numerous functional groups in the extra-
cellular film of microorganisms provides potential binding sites for
heavy metals. However, it has been argued, theoretically, that under
anaerobic conditions hydrolysis of the complexes may occur. This
results in desorption or release of the heavy metals to the bulk of
solution.® Cheng et al.® reported that the metal in wastewater are
complexes composed of free metal ions and ligands of an organic or
inorganic nature. Under aerobic conditions metalorganic complexes
will form as the result of metal take-up by the biofloc. In addition,
these authors indicated that metal ion precipitation may occur at the

higher original concentrations of metals in the influent wastewater.
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Table 2.4 Typical Chemical Composition of Treated Municipal Sewage

Effluent?
Average Concentration Total Amount Apph’eda
Constituents mg/1 kg/ha
pH 8.1 NA
MBASP 0.37 6
Nitrate-N 8.6 143
Organic-N 2.4 40
NH4-N 0.9 14
P 2.65 44
Ca 25.2 420
C1 41.3 792
Mg 12.9 215
Na 28.1 469
Fe 0.4 9
B 0.169 3.26
Mn 0.061 1.15
Cu 0.109 1.96
In 0.211 4.15
Cr 0.023 0.41
Pb 0.104 2.12
Cd 0.009 0.19
Co 0.062 1.24
Ni 0.093 1.82

3Total amount applied on areas that received 5 cm of effluent per
week.

bMeth_ylene blue active substance (detergent residue).



Table 2.5 Average Concentration of Metals in Digested Sludge (A1l
Figures Are mg/kg® Dry Sludge Basis)?®

Arithmetic Geometric

Median
Std. Dev. Std. Dev. 50%

Metal Mean (+ and -) Mean (+ and -) Value
Ag 250 230 190 1.99 100
B 430 310 380 1.58 350
Ccd 75 104 43 2.47 31
Ca 36,500 23,800 31,100 1.77 30,000
Cr 1,860 1,920 1,050 3.22 1,100
Co 350 220 290 1.88 100
Cu 1,590 1,670 1,270 1.95 1,230

Hg 10 18 6.5 2.34 6.6
Mn 1,300 2,290 475 3.67 380
Ni 680 620 530 1.88 410
Pb 2,750 2,350 2,210 1.82 830
Sr 520 670 290 2.70 175
In 4,210 3,800 2,900 2.40 2,780

amg/kg = ppm.
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2.2 Properties of Soil

Soil is a mixture of solids and water. Soil solids may be
either organic or inorganic. The primary soil minerals are the parent
materials such as feldspar, biotite, and apptite. Secondary minerals
are formed as the result of weathering and decomposition of the primary
minerals. They also are known as clay minerals. Clay minerals are
that fraction of soil smaller than 2 micron in diameter. They are

made up of sheets of silicon tetrahydra and aluminum octahydra.

2.2.1 Physical Properties of Soil

Bulk density, particle size distribution, porosity,
permeability, temperature, moisture content, soil water potential,
hysteresis, and other similar properties are known as the physical
properties of soil. The physical properties of a soil are dependent
upon the age, geographical location, position with respect to the

ground surface, and the history man's activities on it.

2.2.2 Chemical Properties of Soil

The organic fraction of soil is composed of plant and animal
residues in various stages of decomposition as well as living organisms.
The organic portion of the soil has a significant effect on certain
physical properties of the soil. Among the properties affected are
the structure, permeability, and retention of moisture. Compounds
obtained as the result of the decomposition of the organic matter cause
soil particles to aggregate. Uronic compounds, along with gums and

resins are believed to be effective soil binders. The organic fraction
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in soil is usually small averaging from 2 to 10%.% Obviously, the
degree of decomposition of various organic fractions is different.
Cellulose, proteins, and carbohydrates are found in soil. Their
source being the plant tissues and dead micro and macroorganisms.
Under normal conditions cellulose, fats, and waxes decompose slowly
in soil. However, the rate of this decomposition under various
physical, chemical, and biological conditions is not known for certain.
Resistant materials are known to have little or no nitrogen and protein.
This accounts, at least in part, for their resistance.® When the
resistant substances finally decompose, they combine with the newly
synthesized proteins (synthesized by soil microorganisms) and form
humus.

The inorganic fraction of soil is composed of many oxides.
Silicates, carbonates, sulfates, etc. are some of the different

minerals that are abundant in soil.

2.2.3 Adsorption by Soil

Weber*? indicates that all solids are able to adsorb. The
exchange phenomenon is known to occur with a number of natural solids
including soil, humus, cellulose, wool, protein, coal, lignin, and
metal oxides.

The active portion of the soil, as far as adsorption of cations
is concerned, are the clay minerals and organic matter. Organic matter,
for instance, has typical exchange capacity of about 200 miliequivalents

per 100 grams (me/100 g) while the cation exchange capacity (CEC) of
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kaolinite, which is dominant in humid areas, ranges from 5 to
15 me/100 g. The CEC of montmorillonite, which is dominant in
arid areas, is about 100 me/100 g.?¥

Clay minerals are usually negatively charged. This charge
is the result of charges induced by the broken edges (ionization) as
well as those due to the isomorphic substitution. The attraction of
ions to clay minerals could be the result of van der Walls forces,
electrical forces, ion exchange forces, specific adsorption forces,
or the forces causing the exchange of the coordinated metal ion with
the available cation. Since adsorption is a surface phenomenon, the
total available surface area of the soil granule plays a rather sig-
nificant role on the overall adsorption process. Clays are known to
have a very large surface area to volume ratio. Even in sandy soils
more than 95% of the total surface area is associated with clay.®’

Wetink and Etzel“® noticed that the nature of the ion (i.e.,
its valence, ionic size, and polarizability) can influence the adsorp-
tion and replacement of these ions on the exchange site of a soil
particle. These workers used three soil types and passed Zn, Cu,
and Cr sulfite through them. They studied the rate of adsorption
of these ions and concluded that the removal of Zn, Cu, and Cr were
the result of an ion exchange mechanism.

Berger** found that the concentration of Zn in a normal soil
generally falls in the range of 10-300 mg/1 total Zn. He noted that
very little is known about the zinc complexes in soil except that they

are tightly held in soil. Furthermore, he added that some of the
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available zinc is held on exchange materials, namely, the clay and
the organic matter of the soil.

Clays adsorb many organic substances. They can even adsorb
enzymes and bacterial cells. The adsorption of organics by clay is
referred to as carbon mineralization.

E11is*® feels that the adsorption or bonding processes
responsible for the attachment of heavy metals to soil may be divided
into the following categories: (1) electrostatic bonding; (2) covalent
bonding; (3) hydrolysis; (4) specific adsorption; and (5) bonding to
organic matter. In this classification scheme isomorphic substitution
in the clay lattice is also included in the fourth category.

The removal of heavy metals from wastewater and wastewater
sludges by soil is the result of biological activity as well as
physico-chemical processes. The biopopulations responsible for the
biological activity are expected to be different in the sludge and
the soil and yet including some of those in both the soil and in the
sludge. The organic portion of soil may play a significant role in
the adsorption processes. Adsorption of heavy metals onto the organics
is due to the availability of sites and the net attractive forces
induced by electrical charges. Fair et al.“® indicated their expecta-
tion that proteins would adsorb heavy metals to form organometalic
complexes. Their reasoning relies on the fact that a protein molecule
carries a net negative charge. The quantity of this charge changes
with factors such as the degree of ionization and as the result of

the pH of the medium. This charge may be depicted as NH2 - R - C0O0°,
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NH; - R - COOH, or as NH; - R - C00” (zero) at high pH, low pH, and
at the isoelectric points, respectively.!

Based on Lahav and Hochberg,"” it appears that the cations
from a strongly chelated metal ion solution such as solutions of
IZn-EDTA and Fe-EDDHA are not adsorbed by soil. These authors
indicated that neither adsorption nor decomposition, aerobically
or anaerobically, of Fe-EDDHA was observed in a period of two months.
Other authors? have reported that no adsorption of cadmium was found
when a solution of Cd-EDTA was applied to a soil. These types of
solutions, therefore, when applied on a soil are potential sources
of ground water contamination. Furthermore, adsorption of cationic
species from the chelated solutions are strongly dependent upon the
pH. %7

Among the organic fractions of soil humic and fulvic acids
are probably the main active group of chemical compounds responsible
for the adsorption of metals. Riffaldi and Levi-Minzi?’ indicated
that the presence of functional groups, chiefly COOH and OH, conduct
the first stage of the adsorption or ion exchange reaction. The
authors also referred to previous work that showed that the organic
acids of the soil contain various types of OH groups and both ali-
phatic and aromatic COOH groups. It seems, therefore, that dis-
sociation of these functional groups plays a major role in the
adsorption process by providing available sites for the cations

in solution.
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2.3 Conclusions Based on the Background Information

In general, when sludge metal concentrations and characteristics

are considered with respect to soil and its parameters, the following

conclusions may be drawn.

1.
2.

Heavy metals from sludge will be released upon decomposition.
Heavy metals can be adsorbed by soil.

The adsorption process of soil includes an ion exchange
process. This is due to the fixation (addition of the ion

in the coordination complex form) and chelation of cations

by the soil organic matter.

It is possible to overaccumulate some of the heavy metals

by continuous and unmanaged application of sludge to soil.

High doses of heavy metals are toxic to plants, animals,

and man.

A minimum metal content in sludge is desirable for the land
application of sludge.

Pretreatment of soil by the 1ime application, to adjust the pH,
will reduce the solubility of the metallic compounds, thus
reducing the danger of ground water contamination.

The 1ife expectancy of a soil disposal site may be significantly
increased through a good management program, i.e., using proper
crops, correct sludge application rates, etc.

Ground water and the crop contamination may be avoided by the
proper soil testing and analysis before and during the sludge

application.






CHAPTER 3

MATERIALS AND METHODS

To test the hypothesis made in this research and to fulfill
the objective of this research it was decided that a synthetic soil
should be made rather than using a naturally occurring one. This was
done by manually combining known amounts of organic, clay, and sand of
certain characteristics. The soil was placed in adsorption columns and
leached with metallic solutions. The leachates were examined for their
metal content. Another set of columns was made to study the rate of

release of the cations from the sludge.

3.1 Column Construction
Columns were made up of 30 centimeter (cm) long, 5 cm inside
diameter glass tubing. A glass funnel acted as a base for the columns

(Figure 3.1).

Overlaying media — %
Active media /’/

Support media

(

Figure 3.1 Column arrangement.

S
|
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The columns were set up on wooden frames which could hold up
to 32 columns. After cleaning of the columns they were packed with

the supporting, active, and overlayer media.

3.1.1 Support Media

The support media is the material underlying the active media.
Ideally, it is to hold, yet not interfere with the performance of the
active media.

Selection of the support media, therefore, was made with
respect to (a) hydraulic considerations, (b) economical reasons, and
(c) inertness with respect to the elements under this study. The base
of each column was filled with 6 glass raschig rings of 4 milimeter
(mm) diameter purchased from Fisher Scientific Corporation. The base
was then filled with 10 cm® (content of one 10 ml test tube) of each
of 5, 4, and 3 mm solid glass beads also purchased from Fisher Scien-
tific Corporation. Glass was used because the preliminary investi-
gations indicated that the adsorption of zinc and cadmium by glass
was negligible.

Silica sand of 99.9% purity and 4011 micron mesh was used
for the subsoil make-up. Sand was purchased from Wedron, I1linois
and labeled as being "thoroughly washed, bone dry, accurately graded."
The volume of the sand placed in each column was 250 cm®. This volume
has an average air dried weight of 398 grams. It yielded a total
depth of about 13 cm. The underlayer of glass beads was wetted with

about 10 cm® of distilled water prior to placing the sand. This was
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necessary to wet the first sand grains and thus cause the sand
particles to hold each other by the surface tension and other
interfacial forces and, as a result, prevent the dry sand from
penetrating into the glass bead phase.

The sand layer was immediately saturated with distilled water
by applying from the top. The saturation of the sand was determined
considering soil physics principles and visual observations (i.e.,
addition of each drop resulted in release of one drop). Soil has
a capability to retain water against the gravitational force of
leaching. The matric potential (suction or tension) also contributes
to the holding of the water by the soil. This is explained as wetting
front movement in classical soil physics.?

The entire bed was washed with distilled, deionized water a
few times each day, for a week. The wash water was discarded. The
bed was deaerated by virtually fluidizing it during the washings by
deep injection of distilled water. It was determined that, on the
average, 105 cm® of water was needed to saturate the dry sand (as
received) after which each drop of water that was added caused one

drop to leach out of the system.

3.1.2 Active Media

Organic matter and clay were used in construction of a
synthetic soil in the adsorption columns. The clay was a kaolinite
and the three organic compounds selected were tryptophane, dextrose

(also known as D-glucose), and cellulose.
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3.1.2.1 Selection of Clay

Selection of a kaolinitic clay over the other types was made
based on the following: (a) kaolinitic clays are 1:1 mineral (one
octahydra, one tetrahydron) as opposed to montmorilonitics and illitics
(hydrous mica) clays that are 2:1 minerals. This arrangement does not
allow the soil to swell and, thus, 1imit the drainage of the applied
solution; (b) kaolinites, in general, are coarser than the montmoril-
lonites and the illites and, thus, are more favorable for drainage;
(c) kaolinitic clays are the predominant clay form in humid areas,
therefore, the results of research using kaolinite might prove locally
applicable whereas the others would not; and (d) the CEC of the kao-
linite is usually around 5-15 me/100 g. This is much less than the
values reported for the other forms of clay. This is because the
cation exchange sites, in kaolinite, are the broken edges as opposed
to the amorphus substitution sites found in montmorillonite.“® With
a limited amount of time available, therefore, it was felt that it
would be convenient to saturate (exhaust) this soil without a need
to choose unreasonably high cationic concentrations.

The clay was obtained from Western Michigan University and
has the following properties, Table 3.1 (see Appendix A for more

information on the clay).

3.1.2.2 Selection of Organics
Three organic compounds that are commonly found in wastewater

and wastewater sludge were selected. The selections were made with
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Table 3.1 Properties of Clay Used in the
Experiment (Average Values)

Clay pH CEC

Kaolinite 5.8 4.9 me/100 g

respect to the information reported in the previous chapter. The
organics chosen were those that also are found in soil. These were
cellulose, glucose, and an amino acid, tryptophane. These organics

are known to differ by their removal points in a wastewater treatment
plant (as discussed in the introduction) and thus represent the entire
plant operation. The tryptophane and dextrose were ACS reagent grade
obtained from Eastman, and Fisher Scientific Corporation, respectively,
and were used as received.

The cellulose sheets were obtained from Western Michigan
University. The fibers were prepared by shredding the sheets to about
5 cm? sizes, soaking them in distilled water for about one hour, and
then dispersing in water in small aliquots, using a blender. The
cellulose was then freeze dried at 38° C, 65 micron mercury vacuum
pressure, and 2% moisture content for 72 hours. The freeze dried
fibers were finally dispersed in air using the blender.

Throughout this work the clay, tryptophane, D-glucose, and
cellulose are denoted as C, T, G, and Cel, respectively. Some prop-
erties of the organic compounds used in this work may be found in

Appendix A.
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3.1.2.3 Selection of Mix Ratio

The quantities of the above substances that were used in each
column are shown in Table 3.2. Selection of the mixing ratio of the
organic to clay of 1:20 was to simulate the average condition of 5%
organic matter in soil. The amount of the clay (therefore the organic
matter) was chosen by trial and error to be able to reach the total
exhaustion of the bed adsorption capacity in four months. This was
done by assuming the average reported CEC values for kaolinite and
organic matter and choosing 40 mg/1 cationic solutions to be applied
to the system. The reason that the amount of adsorbent in the cadmium
cases is half of that in the zinc case is the fact that the miliequiv-
alent weight of the cadmium (112/2 = 56 mg) is almost twice that of
zinc (65/2 = 32.5 mg).

Table 3.2 Content of the Adsorption Columns

Clay Organic

(g9) (9)
Zn columns 20.000 1.000
Cd columns 10.000 0.500

3.1.2.4 Method of Mixing

The adsorbing substances (adsorbents) were mixed in a 125 cm?
erlenmeyer prior to placing in columns. Twenty cubic centimeters of
silica sand was added to and mixed with adsorbent in each case to

facilitate drainage. The exception being the clay and clay organic
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columns which were leached with zinc, where 40 cm® of the silica sand
was added during the mixing. Since the amount of sand used for the
support media was relatively large (250 cm®) in comparison to the
amount added to facilitate drainage, the amount of the sand was

assumed to be the same in all of the columns.

3.1.3 Desorption Active Media, Sludge
Wastewater sludge was the active media for the desorption

test. Both raw and digested sludges were used for this investigation.

3.1.3.1 Selection

The objective of this study required selection of a sludge
having a high zinc and cadmium content. A preliminary survey of
accessible sewage treatment plants showed that the city of Grand
Rapids wastewater treatment plant was a suitable place for sludge
sampling.

This is a conventional activated sludge plant of 49 MGD
capacity that treats municipal and industrial wastewater conveyed
to the plant by a combined sewer. The plant manual (1975-76)
expressed high zinc and cadmium concentrations in the raw and the
anaerobically digested sludges (Table 3.3). This plant is equipped
with a complete environmental engineering laboratory. The values,
in Table 3.3, are the monthly averages or the values that are
reported for April 1976, whichever is applicable.

The high zinc and cadmium content of these sludges is due to

the contributions from the numerous metal plating shops in the city.
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Table 3.3 Average Zn and Cd Concentration in Sludge for the City of
Grand Rapids, Michigan"®

Plant Product Zinc Cadmium Unit
Raw inflow? 493 36.8 g/1
Final effluent 250 36.8 g/l
Primary sludge 3.22 NA mg/g dry
Digested sludge 5.35 NA mg/g dry

4This is not a plant product but the input.

3.1.3.2 Sampling and Characteristics

The raw and anaerobically treated sludges were obtained on
Friday, April 22, 1977. Twenty liters of each of the sludges were
placed in plastic containers and carried to East Lansing where they
were refrigerated until use. The samples were grab samples.

The properties of sludges shown in Table 3.4 were determined
in duplicate, using the procedures described in the 14th edition of

Standard Methods for the Examination of Water and Wastewater“® unless

otherwise stated.

Table 3.4 Properties of the Sludges

TS TVS Ash Content
Type of Sludge pH % % %
Raw 6.25 5.5 3.2 2.3

Digested 7.2 3.2 1.66 1.53
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The initial concentration of zinc and cadmium in sludge were
found by the digestion technique (see Appendix B) followed by measure-
ment with an atomic Adsorption Unit (see Appendix C). The metal

content of the sludges is shown in Table 3.5.

Table 3.5 Metal Content of the Sludges, mg/g dry

Sludge Zinc Cadmium
Raw 6.763 0.029
Digested 5.055 0.014

3.1.3.3. Preparation and Placement

The volume of the sludges that were added to the desorption*
columns were chosen to satisfy a field practice condition of 22.45 dry
tons/hectare (10 dry tons/acre). The volumes were computed to be 83 cm?
and 143 cm3 of the raw and the anaerobically digested sludges, respec-
tively (see Appendix D for detailed calculations). They were added to
the columns where they were mechanically mixed with an additional
100 cm® of sand and 5 cm® microdiameter glass beads to facilitate
drainage.

The total dry sludge, zinc and cadmium content of each column

is shown in Table 3.6 (see Appendix E for detailed calculations).

*
Desorption, as is used in this work, includes any process that
results in the release of heavy metals, i.e., decomposition,
solublization, . . .
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Table 3.6 Total Zinc and Cadmium in Sludge Columns

Sludge Used

per Column Dry Content Total Zn Total Cd
Type of Sludge m] g mg mg
Raw 83 4.565 30.873 0.132
Digested 142 4.544 22.970 0.064

3.1.4 Control Columns

Besides the columns mentioned above, sand columns with no active
media were constructed to be subjected to the same hydraulic and
chemical regime as the adsorption or desorption columns. This was
to detect and, therefore, take into account, any interferences by the

support media.

3.1.5 Overlayer Media

Fifteen cubic centimeter each of 5 and 4 mm solid glass beads
followed by 10 cm® of 3 mm beads were placed on top of the active media
to facilitate the distribution of the flow over the entire soil surface
area. They, also, were necessary to prevent local soil distrubances
during the application of the liquid from some 20 cm height. In the
same sense the existence of the glass beads did reduce the velocity
of passage of the fluid through the media, by defusing the impact
forces, thus reducing the Reynold's number. This increased the like-
1ihood of having a laminar flow through the top portion of the active

media.
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3.2 Soil Adsorption
3.2.1 Selection of Adsorbate

Zinc and cadmium are known to have similar chemical properties.
They are found in the same ore and are readily exchangeable in chemical
reactions. However, zinc is an essential micronutrient while cadmium
is one of the major environmental contaminants. Furthermore, replace-
ment of zinc by cadmium in certain enzymes could cause diseases to man.

Zinc deficiency in the plant and crops is common, therefore,

a moderate zinc application to crop land, in the form of sludge, may
sometimes be beneficial. Cadmium on the other hand is reported to be
a toxicant. Acute exposure to cadmium is known to cause erythrocyte
destruction, tescular damage, and renal degradation in man. Chronic
exposure, however, may cause respiratory disorder, anemia, osteomalcia,
and hypertensive heart disease.®°

The source of zinc in wastewater or wastewater sludge is from
human excretion and industry. Many industries, such as metal and
food industries, are known to use zinc or zinc compounds in their
operation. Cadmium, on the other hand, is only known to be used
in the metal finishing industries.

Due to the significance of these two heavy metals, they were
chosen for this study. It was decided to use a cationic concentration
of 40 mg/1. This level of concentration was necessary to be able to
detect the changes in the concentration due to the adsorption without

sample pretreatment to raise the concentration to detectable levels.
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They may appear to be high; however, under the existing time and budget

lTimitations no other reasonable alternative appeared to be available.

3.2.2 Preparation of Adsorbate

Solutions of 40 mg/1 of zinc and cadmium were made up from the
nitrate salt of these elements, using ACS reagent grade chemicals
purchased from Fisher Scientific Corporation and distilled water.
The conductivity of the distilled water was about 3+ 1 uMHO/cm. The
nitrate salts used were Zn(N03)2 . 6H20, and Cd(N03)2 . 4H20. Other
properties of these compounds, as obtained from their manufacturer,

are shown in Appendix A.

3.2.3 Method of Application and Sampling

Field and flooding conditions of the liquid application to the
land were simulated. The liquid applications to the columns were made
3 days apart in the field condition studies while the flow was

continuous in the flooding condition.

3.2.3.1 Field Condition

The field condition was defined in this work as the application
of the 1iquid to soil (adsorption columns) at a rate comparable to that
of wastewater spray irrigation.

It was intended originally to simulate a spray irrigation
practice for the field condition studies. However, any sprayer for
this purpose had to be made of an inert substance (preferably glass)

in order to eliminate any possible interferences. This was technically
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hard to manufacture and economically difficult to justify. It was then
decided to manually apply the solutions to the columns.

Approximatly 10 m1 aliquots of the solutions were poured into
a testtube which was subsequently applied over the entire surface area
of each column by a rotating motion. The existence of the overlayer of
glass beads (see Sec. 3.1.4) helped in the distribution of the flow over
the entire area of the column. The operator had to repeat the process
for a total of seven times. Having a total of 102 columns under the
field condition investigation, the time necessary to finish one round
of the 1iquid application varied between 20 and 30 minutes. The total
volume of the 1iquid added was 65 cm®. This volume was applied to the
columns over a period of 2.5 to 4 hours.

Pouring of 10 cm® liquid into the columns will, mathematically,

indicate an instant hydraulic loading of:
(10 cm3)/(2-2.54)%(n/4) cm?® = 0.49 cm.

However, it was observed that the hydraulic head varied between<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>