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ABSTRACT

Distribution of Ammonium Nitrate as Nitrogen Containing Nutrient for In-situ
Biodegradation by Means of Electrokinetics

Valentina Boeva

In-situ bioremediation is a technology, which has recently gained the attention of
specialists for the clean-up of hydrocarbons. Organic chemicals are persistent and hard to
deal with, because they are usually present in three forms: dissolved into groundwater, as
free product over the groundwater surface, and adsorbed onto soil particles. The
requirements for the bioremediation process to occur are the availability of
microorganisms, a biodegradable pollutant, an electron acceptor, and nutrients. The
shortage of nutrients in an available form for the microorganisms is very often a limiting
factor for successful bioremediation in-situ. The main difficulties for the supply of
nutrients usually come from the low permeability of soils. The feasibility of the application
of electrokinetic processes, and, more specifically, the induced electroosmotic flow, for
achievement of uniform distribution of nutrients for in-situ bioremediation in a natural
clayey silt was investigated. Three different concentrations of ammonium nitrate solution
were used. The experiment showed the efficiency of the electrokinetic method for
supplying nutrients in a low permeability soil, especially for distribution of solutions with
intermediate (1 000 mg/L) concentrations. An advantage of the method is the prevention

of the leaching of nitrates through the controlled electroosmotic flow.
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CHAPTER 1

INTRODUCTION

1.1 Statement of the problem

Contamination of soils is a problem of growing concern all over the world. A wide
variety of natural and synthetic chemicals are being introduced into the soil each year, of
which many are toxic and persistent in the environment. In Quebec alone, the number of
contaminated sites registered with the data bank GERSOL by June 1992 was 589. Among
them, 177 are in Montreal and Lanaudiere. Up to 73% of the sites are contaminated with
organics, including petroleum products (482 sites - 82%), polyaromatic hydrocarbons -
PAH (44 sites - 7%), monoaromatic hydrocarbons - MAH (103 sites - 17%), chlorinated
hydrocarbons - CHC (89 sites - 15%), etc. (Ministere de I’Environnement, 1993).

These statistics indicate that organics, and petroleum products in particular, pose
the most risk to the environment. Pollution with oils and fuels generally occurs as result of
leaking storage tanks and associated pipelines (above- and underground), or of accidental
spills. The leaks are caused not so often by the corrosion and aging of tanks and pipes, as
by the shifting of pipes and installations due to changes in the surrounding soil as a result
of freezing and rain. In addition, a large number of leaking tanks and pipes remain

unreported or undetected (Riser-Roberts,1992).



Complexity of the subsurface contamination makes it difficult to treat. Migration
of contaminants via groundwater leads to spreading and intensification of the problem, as
well as to inaccessibility for treatment in some cases. The tendency of pollutants to bond

and sorb to the soil particles greatly complicates sites remediation.

Organic chemicals are extremely persistent and difficult to deal with, since they are
usually present in three forms: dissolved in groundwater, as free product over the
groundwater surface, and adsorbed onto the soil particles. In order to reduce the damages
from contamination, measures for containment and treatment should be applied to all
three. Otherwise, the free mobile product will continue to contaminate through sorption
and to dissolve into the groundwater. The saturated soil will be a continuing source of
contamination for the groundwater, which will transport the chemicals, thus increasing the

negative impact on the environment.

1.2 Solution alternatives

The best solution to the problem is obviously protection of soils and aquifers from
contamination. Unfortunately there are a great number of sites already contaminated, and
with accidental spills anticipated, the development of new remediation technologies is

essential.

Traditional techniques currently in use include control of the flow or physical
containment of the pollutants in the groundwater, removal and transportation of the
contaminated soil to an approved facility, pumping and treatment of the groundwater,
physical, chemical, or biological treatment of the soil in-situ, or excavation and treatment

on-site.



Of these, the process most often used involves excavation of the contaminated soil
and its removal to a secure place, then pumping and a follow-up treatment of the
groundwater by physical, chemical, or biological processes. These methods, though, have
limited effectiveness and often are very costly without offering permanent solutions for
containment or remediation, but they are practical in certain cases. Excavation is the only
possible technique when leaking underground tanks or pipe lines have to be repaired or
replaced. It can also be effective for immediate action in cases of accidental spills, to deal
with high concentrations posing health or environmental hazards, as well as to prevent
contamination of the groundwater when only the surface of the soil is affected. However,
excavation does not solve the problem, since it transfers the contamination from one site
to another. In most cases not all of the contaminated soil is removed, and soil disturbance

can lead to accelerated groundwater contamination.

A definition given by the US Environmental Protection Agency describes
bioremediation as “...a process that uses microorganisms to transform harmful substances
into nontoxic compounds...one of the most promising technologies for treating chemical

spills and hazardous waste problems” (EPA, p. I, 1991).

In-situ bioremediation is an attractive and propitious technology with numerous
advantages for a permanent clean-up of hydrocarbons (e. g- the pollutant can be destroyed
in all its forms - sorbed by the soil matrix, dissolved in the groundwater, or free gaseous
or liquid phase; the excavation and introduction of other, possibly hazardous chemicals is
avoided; disruption of traffic or infrastructure, or demolition of buildings is not necessary.
Perhaps most importantly, in-situ bioremediation can be less expensive and more effective

than other methods.



In general, the essential requirements for bioremediation are the availability of
microorganisms, a biodegradable pollutant, and a bioreactor " (location where
biodegradation takes place). Microorganisms used to accomplish biodegradation are either
the indigenous, selected and cultured site-specific (pre-packaged), or genetically
engineered so-called “super bugs”. The activity of soil microorganisms depends on certain
environmental conditions including water potential, soil composition, a proton donor (for
aerobic microorganisms) or acceptor (for anaercbic ones), nutrients (carbon, nitrogen, and
phosphorus mainly, as well as potassium, sodium, sulfur, magnesium, and others -

micronutrients), along with a favourable ambient temperature and pH.

Among the elements involved in the process of biodegradation nitrogen is ranked
fourth after carbon, hydrogen, and oxygen. At a site contaminated with hydrocarbons
carbon and hydrogen are abundant, but nitrogen and oxygen are not always in sufficient
amounts. Nitrogen is a mineral nutrient required in large quantities because it constitutes
approximately 10% of the dry weight of bacteria ( Gottschalk, 1985). Therefore it should
be supplemented to ensure that it does not limit bacterial activity. It is important that
nitrogen is available to microorganisms in a usable form and in an appropriate

concentration, as well as in a proper ratio to the degradable pollutant.

1.3 Need of new techniques.

The delivery of the nutrients and the electron acceptor to every point of the
contaminated site constitutes a major problem in the case of fine grained soils. Their low
permeability does not allow fast and uniform distribution and this is often the reason for

failure or avoiding in-situ bioremediation as a solution.



This problem creates the necessity of the development of new techniques for

delivering of the nutrients uniformly and in suitable form to the microorganisms.

1.4 Objectives.
The main objective of the present study is to examine feasibility of application of
electrokinetic phenomena for uniform distribution of nutrients for in-situ bioremediation in

fine soils and to improve the effectiveness of their delivery to the microorganisms.

Investigation of the behavior of the nutrient solution such as ammonium nitrate,
due to electrokinetics and the influence of the nitrogen concentration on the process rate,

are secondary objectives of this work.



CHAPTER 2

LITERATURE REVIEW

2.1 Remediation strategies

Solving the worrisome contamination problems requires development of new,
more efficient remediating strategies. Their choice is determined by many factors,
including the behavior of contaminants, climatological, geological, and hydrogeological
conditions at the site. As discussed in Soils and Environmental Quality (Pierzinski, Sims,
and Vance, 1994), a remediation program usually consists of three stages: identification,
assessment, and action. During the first stage, the past activities that potentially caused the
contamination of the site are investigated or analyses of water and soil are conducted. The
assessment stage evaluates the exact location and determines the extent of the
contamination. A remediation action plan is then developed depending on the specific
problems of the site. It can include treatment of soils, surface-, and groundwater alone, or

in conjunction (Fig 2.1, a and b).

The problems of contaminated groundwaters are solved mainly through three
general strategies: containment, in-situ treatment, or pump-and-treat method. Various

techniques are available for implementation of each strategy, such as use of different type



of barriers, grouting, biotreatment, chemical oxidation, reduction, or precipitation, ion-

exchange, etc. (Smith, 1985; EPA, 1984, 1985, 1992).

Figure 2.1

Principal scheme of a remediation program. (Adapted from Pierzinski et

al., 1994)
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{

exact location extent of
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Solution alternatives for contaminated soils are also containment or treatment. The
latter can take place either in-situ, or ex-situ (when the soil is excavated). Two options are
available for the latter: treatment in a prepared bed on the site or in treatment facilities

after transportation (off-site).

The treatment techniques involve three types of processes: physical (adsorption,
stripping with air or steam, washing with water or suitable solvent and surfactant,
separation, flotation, solidification, and thermal treatment), chemical (ion exchange,
chelation, and oxidation/reduction), and biological (landfarming, composting,
biostimulation, bioventing, slurry reactors) (Cookson, Jr., 1995; Baker and Herson, 1994;
EPA, 1984, 1985, 1992; Pierzinski et al., 1994; Smith, 1985). More details on the

available in-situ and ex-situ techniques are presented in Tables 1 and 2 in the Appendix.

2.2 Biodegradation - basic definitions

Degradation is the transformation of the contaminants chemically,

microbiologically, or under the influence of electric current or light (visible or UV).

The process of microbiological break down of contaminants is called
biodegradation. To be more precise, it is the transformation of chemical compounds
through a complex series of coupled oxidation-reduction reactions, termed catabolism,
These reactions are catalyzed by enzymes - products of microbial activity (Cookson, Jr.,
1995; Baker and Herson, 1994). Biodegradation includes different microbial processes,
such as mineralization, detoxification, cometabolism, or activation (Alexander in Riser-

Roberts, 1992).



Mineralization is the complete biodegradation of an organic contaminant to
inorganic compounds (CO;, H:O, and mineral ions, such as nitrogen, sulfur, and

phosphorus, or methane instead of CO; under anaerobic conditions).

When organic compounds are transformed by the action of microorganisms into
innocuous or less toxic organic substances, the process is called defoxification. However,
the products of biodegradation can be of greater environmental concern than the parent
compound, either in terms of increased toxicity, or of higher mobility and bioavailability.

This type of degradation is referred as activation.

Degradation of hazardous chemicals can be a result of cometabolism (termed
cooxidation if an oxidation reaction is involved). It is a process when transformation of a
non-growth substrate (oi‘gam'c contaminant) occurs coincidentally (fortuitous
transformation) due to enzymes generated by microorganisms to metabolize the growth

substrate (Cookson, Jr., 1995).

Biodegradation is a process that occurs naturally in soils. Since the natural process is
very slow, the efforts of scientists and engineers are directed towards enhancement of the
rate of degradation through alteration of the factors favoring it: quantity and type of

microorganisms, soil moisture, soil oxygen, pH, nutrients.
2.3 Bioremediation
2.3.1 Definition

Bioremediation is “the use of microorganisms to control and destroy contaminants™

(Macdonald, p. 1974, 1993), or, according to EPA it is “..a process that uses



microorganisms to transform harmful substances into nontoxic compounds...”(EPA, p. 1,

1991).

2.3.2 Bioremediation strategies

There are two well-known strategies for biodegradation which have beween used in
wastewater treatment for decades but are relatively new in terms of technology for
treatment of contaminated soils. These strategies are based on aerobic and anaerobic

processes.

In general, nutrients, aerobic (or anaerobic) microorganisms, and water (if
necessary) are added to the contaminated soil which is placed in a reactor (fermentor,
container, or a suitable bed), where the microbiological degradation takes place (ex-situ
method). Alternatively, all these agents are delivered into the soil at the contaminated site.

If an aerobic process is to be performed, the soil is aerated (in-situ method).

The limitations for application to biodegradation of contaminated soils stem from
the following conditions:

- the environmental factors for the microbiological process (temperature, availability
of the nutrients, moisture content) are difficult to control in the case of in-situ strategy.

- constituent losses and hazard from volatilization during excavation of the soil, and

- necessity of pre-treatment operations to enhance the microbiological conversion
rate and reduce the long residence time (the volume of the reactor, respectively) for ex-

situ strategy.

Based on the type of bacteria used for the biodegradation, two approaches are

possible (Canter and Knox, 1986): a microbial ecology and a microbiological approach.

10



1) The microbial ecol approach
The growth of the microorganisms specific to the site and suitable for the
degradation of the contaminants is stimulated through creation of favorable soil

conditions.

Stimulation of the activity of the natural microorganisms can be achieved by

alteration of moisture, oxygen, pH, and nutrients.

Soil water potential influences decomposition process by altering microbial activity
in the soil. It has been determined that the degradation rates of certain contaminants are
highest at a soil water potential between O and -1 bar (Riser-Roberts, 1992).
Mineralization has been slower in dry soils. This fact can be used for acceleration of the
degradation of some easily degradable contaminants by soil moisture optimization, but in

general it is suitable only in combination with some other techniques.

Soil oxygen content may require alteration in two directions - an increase for aerobic

degradation or a decrease for the anaerobic process.

Most organic contaminants are decomposed under aerobic conditions. Such an
environment can be provided by tilling, bioventing (developed in Holland), injection of
oxygen through tubes with fine screened holes (Oxygen Microbubble In Situ
Bioremediation developed by OHM Remediation Services Corporation, Findlay, OH),
extraction of air, or drainage of the soil to let the air from the atmosphere penetrate in

depth.

Methanotrophic bacteria can be used for detoxification of soils contaminated with

halogenated aliphatic hydrocarbons, including trichloroethylene, dichloroethylene isomers,

11



vinyl chloride, dichloroethane isomers, chloroform, and others (Oleszkiewicz &
Elektorowicz, 1993; Hinchee & Olfenbuttel, 1991). Methanotrophs use methane as a
source of energy and oxidize chlorinated hydrocarbons through cometabolism. Based on
this process, Bio Trol, Inc. has developed the Methanotrophic Bioreactor System
(presently applied in a field scale only to contaminated wastewater and gaseous streams

from air stripping or in-situ vacuum extraction) (EPA, 1992).

Anaerobic conditions for dehalogenation or complete degradation of some
halogenated hydrocarbons can be provided by diking and flooding the contaminated soil.
This technique, however, requires a complex combination of soil manipulations (moisture
control, organic amendment, and compaction) and subsequent aerobic treatment.
Therefore, the use of anaerobic degradation is still at the conceptual stage. Laboratory

studies using this process are scant.

Alteration of soil pH may be necessary depending upon the nature of contaminants
to be degraded. Some microorganisms require certain pH for their activity. In general, the
optimum range of pH tolerated by most bacteria involved in biodegradation of wastes is
between 6.5 and 8.5. High values of pH can be obtained through liming, and acidic pH -

with acid-producing materials or sulfur. Liming is commonly used in agriculture.

2) The microbiological approach

This involves the addition of exogeniously grown microorganisms (selected and
cultured site-specific, pre-packaged, or genetically engineered). In this case
biodegradation depends upon microorganisms added to the soil system to degrade the
pollutants. These microorganisms can be selected by enrichment culturing or genetic

manipulation (EPA, 1984).

12



Enrichment culturing refers to the selection of microorganisms by repeated
exposure to a certain pollutant. The type of microorganisms which are isolated depends on
the source of the inoculum, the conditions used for the enrichment, and the substrate. A
wide range of microbial inoculants is available commercially. They can be applied in liquid
suspension or with a solid carrier. Pre-packed bacteria are used in most of the
technologies developed in recent years (e.g. Augmented In Situ Subsurface
Bioremediation Process by Bio-Rem, Inc., In Situ Biological Treatment by Ecova
Corporation, Deep In Situ Bioremediation Process by In-Situ Fixation Company, etc.)

(EPA, 1992).

A new technique of using genetically engineered microbes (super bugs) has
recently been developed. Genetic alterations increase the growth rate and provide multiple
degradative capabilities of the microorganisms. Genetic engineering should ensure,
however, that newly created mutant microbes are safe both for the environment and

human health.

The goal of bioremediation is degradation that results in detoxification of a parent
compound to a product or products that are no longer hazardous to human health and/or
the environment (Sims et al., 1990). In order to achieve this, a number of requirements

have to be met.

2.3.3 Bioprocess requirements
Successful bioremediation, regardless of the treatment technology, depends in
general “..on having the right microorganisms in the right place with the right

environmental conditions...” (Baker & Herson, p. 3, 1994).

These requirements can be summarized as follows:

13



- biodegradable contaminants

- an available form and non-toxic concentrations of the contaminants to the
microorganisms

- microorganisms capable of degrading the contaminants of concern

- a readily available source of energy and carbon

- an adequate electron acceptor/donor system

- nutrients in a usable form, appropriate concentrations, and proper ratios

- appropriate environmental conditions, including favorable temperature, pH, and

moisture (Cookson, Jr., 1995).

2.3.3.1 Contaminants
One of the basic components of a biodegradation process is the contaminant which

has to be degraded.

Despite the statement of E. F. Gale, quoted by Cookson, Jr. (1995) that probably
«_somewhere or other some organism exists which can, under suitable conditions, oxidize
any substance which is theoreticaly capable of being oxidized.” (p- 10), today’s
engineering science is still far from utilizing bioremediation for any hazardous chemical.
Heavy hydrocarbon compounds, polynuclear aromatics, and PCBs, for example, are non-
or hardly biodegradable, even under optimal conditions (persistent contaminants). Their

degradation can take several years, sometimes without significant success (Smith, 1985).

Contaminants susceptible to biodegradation under certain conditions are cyanides,

aromatics (benzene, toluene, xylene, phenol), polyalkanes, cycloalkanes, chlorinated
aliphatics with 1 or 2 C- atoms (as CoH4Cl)), certain pesticides, some heavy metals (Fe,

U) (Smith, 1985). A table with organic compounds suitable for bioremediation from a

more recent source (EPA, 1991) is enclosed in the Appendix (T able 3).

14



Important factors for the biodegradation itself and/or its rate related to the
contaminant are its physical and chemical properties and the matrix in which it is present.
The concentration of the chemical of concern can be decisive in the outcome of the
biological process: For example, phenol in concentration greater than 0.1 % is bactericidal
and, in order to be degraded, should not exceed 0.05 %. Also, bacteria can metabolize
2,4-dichlorophenol only if its concentration is less than 0.005 % (Walker, 1975).

Other parameters of importance to the feasibility of biodegradation are solubility,
partitioning, adsorption, volatility, and viscosity of hazardous chemicals. These properties
affect the establishment of a contact between the contaminants, bacteria, nutrients, and the

electron acceptor (Norris et al., 1994).

2.3.3.2 Microorganisms
Soil is the habitat of a great variety of microorganisms. They include bactera,
actinomycetes, fungi, algae, and protozoa. Among them only bacteria and fungi are of

importance for biodegradation (Cookson, Ir., 1995).

Microorganisms destroy contaminants by using them for growth and reproduction.
Organic contaminants provide a source of carbon, which is one of the basic building
blocks of the microbial cell, as well as electrons, which serve the organisms to obtain

energy.

Microbial transformation of contaminants involves enzimatically catalyzed, energy
producing chemical (oxidation-reduction) reactions. Through these reactions the chemical

bonds are broken and electrons are transferred from the contaminant-electron donor

15



(oxidation) to the electron acceptor (reduction). The energy gained from this process
along with some carbon from the contaminant is then used for cell reproduction. The
electron donor and electron acceptor are called the primary substrates for biodegradation

(Water Science and Technology Board, NRC, 1993).

The type of the redox reaction defines the metabolism mode. The metabolic
pathways are broadly classified as aerobic and anaerobic depending on the electron
acceptor. In all cases of aerobic reactions the electron acceptor is molecular oxygen. This
form of metabolism is aerobic respiration. Anaerobic reactions occur only in the absence
of molecular oxygen and are subdivided under anaerobic respiration, fermentation, and
methane fermentation. In the case of anaerobic metabolism, the role of electron acceptors
is served by various organic or inorganic compounds, other than molecular oxygen,

including nitrates, sulfates, carbon dioxide, etc. (Cookson, Jr., 1995).

Depending on the type of metabolism, the nutritional requirements are different.
Some microorganisms need only sunlight, carbon dioxide, water, and inorganic nitrogen
for biosynthesis. Others cannot grow without supplementation of amino acids and

vitamins.

2.3.3.3 Nutrients
As briefly mentioned in the previous section, an important factor for the microbial
growth are the nutrients and their availability to the microorganisms in particular. The

requirements of the microorganisms for nutrients are determined by the cell composition.
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Carbon forms the skeleton of all living cells. The other three major elements are hydrogen,
oxygen, and nitrogen. These four elements constitute about 95% of a cell’s weight - 8%
H, 20% O, and 14% N. Phosphorus and potassium represent another 4%, and the
remainder consists of the so called micronutrients - trace concentrations of sulfur, sodium,

calcium, magnesium, iron, chlorine, and others (Cookson, Jr., 1995).

It has been determined that the proportion of carbon, nitrogen, and phosphorus in
bacterial cells -- C:N:P ratio, is approximately in the range between 100:15:3 and
120:10:1 (Electorowicz, 1994, Riser-Roberts, 1992'). If the available inorganic forms of
nitrogen and phosphorus are not within these limits, they should be supplemented to
provide sufficient quantity of nutrients for the growth of the microorganisms. This
technique is conventional in agriculture and is an important part of all bioremediation
technologies depending on the specific soil conditions. An optimum supplementation
should be provided to ensure sufficient amount of nutrients without overloading the soil

with elements that may cause additional toxicity and leaching problems.

The main difficulties for the supply of nutrients for bioremediation in-situ usually
come from the low permeability of soils. This problem can be avoided by a pretreatment of
the soil (changing its density and transmissibility) and remediation on site (Elektorowicz,

1994).

2.4 Nitrogen cycle

! Sources: Zitrides, 1983

and Alexander, 1977
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Among the 106 known elements 88 occur in nature. Of these eighteen exist in the
earth’s crust, oceans and atmosphere in amounts between 50 and 0.03 mass percent,
totaling 99.51%, while the rest are present in trace amounts and constitute only 0.49%

(Zumdahl, 1992).

The distribution of these eighteen elements in order of their abundance is presented

in the following table:

Distribution of the most abundant elements in the lithosphere,
hydrosphere, and atmosphere'

Element Mass % Element Mass % Element Mass %
@) 492 K 240 Mn 0.09
Si 25.7 Mg 1.93 C 0.08
Al 7.5 H 0.87 S 0.06
Fe 4.71 Ti 0.58 Ba 0.04
Ca 3.39 Ccl 0.19 N 0.03
Na 2.63 P 0.11 F 0.03

The distribution of the elements in the biosphere is quite different. Carbon, oxygen,
nitrogen, and hydrogen form the basis of the living portion of the Earth. These elements
represent 50.0, 20.0, 14.0, and 8.0 %, respectively, of the elemental composition of the

bacterial cell (Cookson, Jr., 1995%).

! Zumdahl, 1992
2Source: Stainer, R. Y., Ingraham, J. L., Wheelis, M. L., and Painter, P.R.,
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Although not the most abundant element, nitrogen is one of the most important
constituents of the four spheres of the Earth: the lithosphere, hydrosphere, atmosphere,
and biosphere. More than 98 % of the nitrogen is found in the earth’s crust and the
remainder (less than 2 %) is distributed between the atmosphere, hydrosphere, and
biosphere. Nitrogen gas comprises 78 % of atmospheric gases. In the hydrosphere, it

appears as dissolved organic and inorganic nitrogen compounds.

The amount of nitrogen in the four spheresis presented below (Stevenson, 1986):

Inventory of N in the Four Spheres of the Earth'

Sphere N content, X10'° kg
Lithosphere 16,300

igneous rocks

of the crust 100

of the mantle 16,200
core of the earth 13
sediments (fossil N) 35-55
coal 0.007
sea-bottom organic compounds 0.054

The Microbial World, Sth Edition, Prentice- Hall, Englewood Cliffs, N.J., 1986
'Most estimates are from Burns and Hardy and Soderlund and Svensson. The values for
terrestrial soils are from Stevenson.
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terrestrial soils
organic matter
clay-fixed NH,
Atmosphere
Hydrosphere
dissolved N,
combined N

Biosphere

0.022
0.002

386

2.19

0.11

0.028 - 0.065

Nitrogen is an extremely dynamic element and is constantly transformed chemically

and biochemically from one sphere to another. The consequence of these processes is

referred to as the global nitrogen cycle (Figure 2.2).

An important subset of the overall cycle is the soil nitrogen cycle.

The three major natural inputs to the soil nitrogen cycle are the atmospheric

deposition, biological N-fixation, along with weathering and decomposition.
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Figure 2. 2 Global nitrogen cycle
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The nitrogen deposited from the atmosphere can be in organic or inorganic form in
precipitation or as a dry particulate matter. Symbiotic and nonsymbiotic organisms
biologically fix nitrogen by conversion of gaseous N from the atmosphere to ammonia
and then to organic N. The third important group of processes for the contribution to the
soil nitrogen are the weathering and decomposition reactions in which N is transformed
from stable inorganic or organic forms to more chemically or biologically active ones.
Conversely, nitrogen is lost from the soil mainly by two natural pathways: in gaseous form
through NHj; volatilization and bacterial or chemical denitrification of nitrates, or in water
and sediments through transport processes such as leaching, runoff, and erosion

(Pierzinski et al., 1993) .

All these natural transformations along with the activities of humans lead to the
redistribution of nitrogen in the global cycle and its accumulation in some sectors of the
environment, while others are depleted. Typical examples for excessive concentration of N
due to civilization are agricultural lands, as well as streams, soils, and air near cities as
result of municipal, some industrial wastes, and transportation. This is not the case,
though, with the sites contaminated with hydrocarbons where carbon occurs in excess

compared to the quantities of nitrogen.

To employ the natural process of biodegradation for destruction of the

contaminants, delivery of additional nitrogen in available form to the microorganisms may

be necessary - C:N to be approximately 10:1 (Chapter 2.3.2.3). Its supplementation
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should be carefully assessed, so neither limitation of the biomass growth, nor overloading

and additional pollution problems would be incurred.

Nitrogen and other nutrients should be applied as uniformly as possible to avoid

shock loading (EPA, 1985).

2.5 Transport processes

The distribution of nutrients for enhancement of biodegradation in-situ is an
important part of the remedial process. It is especially problematic when the contamination
is deep under the surface and the soil is of low permeability. The flow of the nutrient
solution towards the site can be induced by three energy phenomena: hydraulic, chemical,

and electrical.

Each of the three flow types can be expressed by an equation with the following
general form (Mitchell, 1976).
=L Xi
where i is the flux,
Li is the conductivity coefficient, and

Xi is the respective gradient

Written for specific flow, the equation becomes:
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Water flow:
Qn = kg in Darcy’s law

kn = hydraulic conductivity (permeability), cm/sec

hydraulic gradient (head), cm/cm

in

Chemical flow:
IJb=Di Fick’s law
D = diffusion coefficient, cm*/sec
i. = concentration gradient, moles/cm*
Electrical flow:
I=0i. Ohm’s law
o = electrical conductivity, coulomb/sec/volt
ic = electric gradient, volts/cm

In cases of environmental contamination, the flows can be coupled (ie.,
contaminants flow driven by the hydraulic gradient coupled with the contribution of
osmosis). In general, such coupled phenomenon is expressed by

Ji = LiX|
where L is the coupling coefficient, and

X is the gradient of one type causing a flow J; of another
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If an electric field is applied, the soil solution will be conducted under the
combined action of the hydraulic, concentration, and electric gradients. The equation for

this coupled flow becomes:

Gn=-kn T

AH 5 4 108Cela) 5 SR A,

where K, , K. , and ke are the hydraulic, osmotic and electric gradients, AH is the
hydraulic head, AE is the electric gradient, and Cp and Cj are the salt concentrations on

opposite ends of a clay layer with thickness L and cross section A.

The contributions of the different gradients to the total fluid flow strongly depend
on the type of soil, degree of saturation, and concentration of dissolved salts in the pore
fluid. (Mitchell, 1976). The influence of electric and concentration gradients is almost
negligible relative to that of the hydraulic head in cohesionless soils, but they can cause

considerable flows in low permeable soils.

Olsen (1972) has made measurements of the coupled osmotic and electroosmotic
flows in kaolinite. Mitchell (1976) refers to the summarized results in his discussion on the
increase of osmotic and electroosmotic flows relative to the hydraulic flow with a decrease

in the void ratio.

The diffusion coefficients for electrolytes in water at 25°C are in the range of

1x10°° to 2x10° cm?/sec (Robinson and Stokes, 1959). However, they are much smaller in



porous media because of the impact of adsorption and tortuosity. The apparent diffusion
coefficient D* for nonadsorbed ions in soil can be expressed by the equation:
D*=wD (Freeze and Cherry, 1979)
where @is a coefficient taking into account the influence of the solid matrix on the

diffusion; values of @ obtained in laboratory studies are between 0.5 and 0.01.

Mitchell (1976) reports diffusion coefficients as high as 10”° cm*/sec in saturated
soils. As for the coefficient of electroosmotic permeability, he presents more complete
data. Depending on the type of soil and its moisture content, this parameter varies

between 1.5x10° and 12x107° cm?/sec.

2.6 Electrochemical processes

An electrochemical cell is a system consisting of two electronic conductors
(metals) separated by an ionic conductor (electrolyte) in which electrochemical processes
accompanied with the passage of electric current may occur. If the cell transforms
chemical energy to electrical energy it is called a galvanic cell. If, instead, under the
consumption of electric current from an external energy source it stores chemical energy,

it is said to be an electrolytic cell.

In an electrochemical cell, by definition, the anode is that electrode through which
positive current passes into the electrolyte, i.e., in an electrolytic cell the positive electrode
is the anode and the negative electrode is the cathode, while the opposite is true of a

galvanic cell. The reaction that occurs at the anode is oxidation, while at the cathode it is
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called reduction. In this process, the metallic anode of an electrolytic cell dissolves,
liberating the respective metal ions (cations). They migrate towards the cathode, accept
electrons and are deposited over it as electroneutral metal atoms. At the same time anions
from the solution migrate towards the anode conducting the negative charge through the
electrolyte solution. The process described above is called electrolysis and, in general, can
be divided into two parts (Wranglén, 1985):

a) The processes that occur at the electrode/electrolyte interface.

b) The charge transfer through jon migration and transport of electroneutral

molecules through diffusion in the bulk solution.

As a result of the oxidation-reduction reactions, a potential difference develops on

the electrode surface. It is expressed by the Nernst equation (Tan, 1982):

RT , K,
E= = lnMn
where

E is the potential difference, R is the gas constant, n is the valence of the ion, F is
the Faraday constant, T is the absolute temperature, K is the impulse of metal to dissolve,

and M is the ion activity.

Since it is not possible to measure the potential of a single electrode, but only in

relation to another, a standard hydrogen reference electrode is introduced. It consists of Pt

sheet, covered with a Pt sponge and immersed in a solution with the hydrogen ion activity
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equal to 1 and a hydrogen pressure 0.1 MPa. Its potential is by convention 0.000 V

(Rieger, 1994).

The potential of an electrode (potential of the half cell reaction) measured against

the standard reference electrode is (Tan, 1982):

RT in reduction

- RO _
En=E- F oxidation

E° is the standard electrode potential (the standard potential of the cell in which
the reactants and products have unit activity). It characterizes the oxidizing or reducing

ability of the component of the oxidation-reduction system.

Standard electrode potentials of various oxidation-reduction reactions at 25°C are

included in tables in different sources (e. g., Bard et al., 1985).

These data give a quantitative indication of the preferential oxidation-reduction
reactions having a tendency to occur. Those with the lowest energy requirements are
dominant. For example, the reaction at the cathode is the production of hydrogen gas from
water, with E°=-0.83 V

2H,0 + 2e' - H; (g) + 20H"

At the iron anode the half cell reaction is oxidation and dissolution:

Fe — Fe'? +2¢, E’=-123V (Segall and Bruell, 1992)
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Secondary electrolytic reactions may also occur depending upon the concentration
and type of the species in the cell (Acar and Alshawabkeh, 1993):

H +e — (1/2)Hz (g)

Me™ +ne — Me

Me(OH),+ne” — Me +n OH

Soil with electrodes inserted in it and connected to a source of direct current can
be considered as an electrolytic cell in which the ions in soil solution are the current
carrier. However, since the medium is not pure electrolyte, the proo.::csses in such cell are
more complex. In addition to electrolysis (which includes diffusion and electromigration),
two other transport phenomena due to the application of an electric field are involved -

electroosmosis and electrophoresis.

2.7 Electrokinetic phenomena
Electrokinetic phenomena include four processes: electroosmosis, streaming

potential, electrophoresis, and migration of sedimentation potential (Mitchell, 1976).

Electroosmosis is the phenomenon when water flow is caused by the migration of
ions towards the respective electrodes. Since there is an excess of cations in the system to
neutralize the net negative charge on the surface of the soil particles, they drag the water

in the direction of the cathode.
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The streaming potential (occurrence of electric potential difference) results from
displacement of the double layer charges due to a flow caused by a hydraulic head
difference. It is proportional to the hydraulic flow rate and could be in the range of several

tens of milivolts.

Electrophoretic phenomenon is observed when a direct current is applied across a
soil suspension. Negatively charged colloid particles are attracted by the anode and

repelled by the cathode.

Gravity settling can induce electric potential due to the viscous drag of the water

which retards the movement of the diffuse layer relative to that of the clay particles.

From the above described processes, electroosmosis is the one of particular
interest in geotechnics and, lately, in geoenvironmental engineering. Electroosmotic flow
is a coupled flow (fluid flow caused by electric gradient) and, when there is no hydraulic

or chemical gradient, can be characterized by the equation:

Jh = L Xe, where

Ju electroosmotic flow
Lse coupling conductivity coefficient
Xe electrical gradient

Usually the equation is given in the form:
q=VA = kA, where

q flow rate
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v flow velocity

A cross section normal to the direction of the flow

ke coefficient of electroosmotic permeability (a soil property
representing the hydraulic flow velocity under a unit electrical gradient)

ie electrical potential gradient

The coefficient of electroosmotic permeability is not as dependent on the type of
soil as on the pore solution concentration. It can be determined experimentally. Typical

values for k. and ks, (coefficient of hydraulic permeability) are shown below:

Coefficients of Electroosmotic and Hydraulic Permeability (Mitchell, 1976)

Type of soil Water content k. kn
(%) (cm?/sec.V) (cm/sec.)
kaolin 67.7 5.7x10° 10”7
clayey silt 31.7 5x10° 10°
Na-montmorillonite 170 5x107 10°
mica powder 49.7 6.9x10° 10°
fine sand 26 4.1x10° 10*
quartz powder 23.5 4.3x10° 10°
silty clay 32 @3 - 6)x10° (1.2 - 6.5)10°®

Electrokinetic processes, and, more specifically, the induced electroosmotic flow,
have been used in geotechnics and construction since the 1930s. Its application for

removal of contaminants from soils with low permeability was studied by a number of
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scientists recently (Putnam 1988; Bruell et al. 1992; Hamed et al,, 1991; Shapiro and

Probstein, 1993; Hicks and Tondorf, 1994; etc.).

Segall and Bruell (1992) have evaluated the feasibility of nutrient-transport due to
an electrical field. In their experiments, transport of nitrates through an electroosmotic
column packed with simulated soil (pure kaolinite clay) was examined. The average
concentration of ammonia-nitrogen in the effluents was between 10 and 25 mg/L, and of
nitrate-nitrogen was about 1.5 mg/L. The results for the concentration of nitrogen in the

soil were not reported in the publication.
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CHAPTER 3

METHODOLOGY

This study is investigating the feasibility of nutrient supply for in-situ
bioremediation in low permeability soils using electrokinetics. It is an attempt to achieve
relatjvely uniform distribution of an ammonium nitrate solution in natural clayey silt
through application of direct current. Conditions close to natural ones were simulated as

much as possible in this experiment.

3.1 Characterization of the medium

3.1.1 Physical parameters of the soil

The soil material for the experiment was provided from the region of Montreal. It
was natural clayey-silt soil with an initial mean water content of 57%, average bulk unit
weight 1.76 g/cm®, dry unit weight 1.07 g/em’, plastic limit 26.7%, liquid limit 60%, and
plasticity index 33.3%. After air drying and dispersing the soil, the fraction passing
through a # 40 (0.425 mm) sieve was used for the experiment. Its mineralogical
composition determined by X-ray diffraction was as follows: non-clay minerals - quartz -
31%, feldspar - 28%, calcite - 4%, dolomite - 3%, clay minerals - illite - 15%, chlorite -
5%, kaolinite - 4%, and 5% mica, attapulgite and amphibole.
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3.1.2 Chemical characteristics of the soil

Chemical analyses were carried out to determine some important chemical
parameters of the soil: pH = 7.55, CEC = 21 meq /100 g, carbonate content = 6 % as
CaCOs, Kjeldahl nitrogen content = 0.84 mg N/ g dry soil, ammonium-N - not detected,

nitrate-N - not detected.

3.2 Choice and description of the nitrogen containing nutrient

The choice of ammonium nitrate as a source of nitrogen for in-situ bioremediation
was determined by several factors:
1) The form of nitrogen most readily appropriated by all microorganisms is
ammonia, although nitrate is also used by many microorganisims ( Gottschalk, 1985).
2) Using this source, introduction of ions unnecessary for the growth of

bacteria is avoided.

3) Nitrate introduced in the electrical field is reduced at the cathode to

ammonia according to the following formulas:

NO; + 2H" + 2¢” & NO, + H;0, E’=+0.84 volts
NO, + 8H* + 6¢" ¢ NH, + 2H,0, E°=+0.89 volts
2NO; + 12H* + 10e” < Ny(g) + 6H,0, E° = +1.24 volts (Segall and Bruell,

1991).
So, as a result of electroosmosis, ammonia is the prevailing form of nitrogen.

4) The yield of microorganisms is favorable to the presence of nitrogen in the

ammonia form ( Droste, 1991).
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5) The diffusion coefficient is relatively high in comparison with the other
nitrogen compounds - in the range from 1.75x10° cm’sec” to 1.9x10”° cm’sec’ for
concentrations between 0 and 0.2M, while the values for ammonium sulfate are from
0.87x10° cmZsec™! to 1.53x10”° cm®sec™! ( Robinson and Stokes, 1959).

6) Among the nitrogen containing compounds which are available on the
market, ammonium nitrate has a considerably high nitrogen content - 33%.

7) Ammonium nitrate has a comparatively low price.

The choice of experimental concentrations for the nitrogen containing nutrients is
based upon data reported in literature for the C:N:P ratio. In soil bacteria it is 31:5:1,
while in soil it is up to 120:10:1 (Paul and Clark, 1989). Soil contaminated with oils (90%
C) at a concentration of 50 000 mg/kg dry soil contains approximately 45 000 mg C. For
its degradation at least 4 S00 mg N are necessary, or in the case of NH,NO; (33% N), 13
000 mg (an average ratio of 100:10:1 is assumed). Aggarwal et al. (Hinchee, 1991) give
concentrations from 11 to 19 564 mg/L NH;* as a component of nutrient solutions for

bioreclamation. On this base 100, 1000, and 13 000 mg/L are assumed for the experiment.

3.3 Experimental installation
The installation design is a result of a long process of theoretical and experimental
consideration and optimization of the systems features (materials, dimensions, hydraulic,

chemical, and electrical parameters).

Four cells, each with the dimensions 17/5.0/4.5 cm were packed with soil wetted in
advance (31% moisture content). Two plate electrodes made of stainless steel mesh at
both ends of three of the cells were connected in parallel to a power supply. The applied

potential between the electrodes was 8.5 V at a distance of 17 cm (0.5 V/cm). Partial
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potentials between the cathode and anode, as well as between the cathode and 16 silver
probe electrodes inserted in the soil of cells 1, 2, and 3 were measured twice a day (once
during the second half of the experiment when the current of the processes slowed down).
The current in the system was recorded at the same time. The fourth cell was not
connected to the power supply and served for control, with fluid transport due only to the
hydraulic gradient. Each cell was supplied with a nutrient solution of ammonium nitrate
with the following concentrations: 13 000 mg/L - cell 1, 100 mg/L - cell 2, 1 000 mg/L -
cells 3, and 1 000 mg/L - cells 4. The solutions were delivered at a constant level from
reservoirs separated by sand filter from the mesh of the anode. The purpose of the filter
was to prevent undesirable clogging of the mesh and soil pores next to it, due to eventual
precipitation. The solution level in each cell was five mm below the soil surface in order to
avoid overflow of the liquid instead of conduction through the soil. The flow due to the
electrokinetic transport phenomena was discharged through drains at the bottom of the
cells next to the cathode and collected into vials for analyses. (Fig.3. 1). The experiment

duration was 741 hours.

3.4 Measurement of the parameters involved in the processes

3.4.1 Electrical parameters
The potential differences between the anode and cathode, as well as between the
cathode and every probe were measured in parallel by a voltmeter. An ammeter was

constantly connected to measure the electric current in the system.
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Measurement of the current in each cell would have been more precise but would
have complicated the electric scheme unnecessarily, since the relative values and not the

absolute ones are important for differentiation between the cells (Fig.3. 2).

Figure 3.2

Electrical scheme

P.S.
- + I
11
LA
cell 1 g P1.11
C[ Al A
C cell 2 P29 Az.

P31

Each [J represents a one cm long section of the soil sample in the respective cell

with a probe in the middle.

Based on these data and applying Ohm’s law, the overall and partial resistivities of the

soil samples were calculated.

The change of resistivity with time for each cell was plotted in graphs, shown in

Chapter 4. The tabulated data are enclosed in the Appendix.

38



Ucrar= UC2,A2= Ucas= 85V
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U - potential
p- resistivify

A - cross-sectional area
I - current

1 - lenght

3.4.2 Physical parameters (water content)

The water content of the soil samples was measured using the standard procedure of
ASTM. The water content of a sample is the difference between the weights of the wet and
dried sample in an oven at 105°C, divided by its dry weight and expressed in %. The average
water content of a representative sample was determined before the beginning of the
experiment. After the disconnection of the experimental set-up, the changes in the water
content regarding distance and depth were examined by destructive sampling. The results

were processed and the tables are included in the Appendix.

3.5 Chemical analyses

3.5.1 Measurement of pH
The soil pH was measured electrometrically in a soil paste with a ratio of dry soil to

water 1:2.5 by weight (Hesse, 1971).
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Since the measurement of the pH is quite arbitrary and the values strongly depend on
the adopted procedure, all of the samples were processed strictly adhering to the following
procedure: three grams of air-dried soil were made into a homogeneous paste with 1.5 mL of
distilled water. The paste was diluted with an additional 6 mL of water and the suspension
was shaken for 1 hour at a speed of 150 rpm on an orbital shaker, then left to settle for 1/2
hour. The bulb of the pH electrode was immersed into the soil paste and when a constant

reading was obtained (up to 5 min.), the value was then recorded.

The pH of the influents and effluents was measured directly in the solution without any

prior treatment.

The tables with the pH values are included in the Appendix. The figures (pH vs.
distance from cathode for the soil samples, or vs. time for the influent and effluent solutions)

are presented in Chapter 4. 3.

3.5.2 Ammonium concentration

The concentration of exchangeable ammonium jons was measured electrometrically
using an ion-selective electrode from Canadawide Scientific Inc. It is a gas sensing electrode
and detects dissolved ammonia. In order to measure its concentration, the ammonium ion is
first reduced to ammonia by alkalization of the solution. At pH above 11 more than 97% of

the ammonium is converted to free ammonia (Rump, H. H., 1988).

Influent and effluent solutions were analyzed directly, without preliminary treatment.

Soil samples were processed by extraction of the exchangeable ammonium ions with

10 mL/g of dry soil of 2M potassium chloride solution. The suspensions were shaken for two
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hours, then left to settle for one hour. The supernatants were used for the analysis (Hesse,

1971).

Fifteen mL samples of the analyzed supernatants were placed into scintilation vials.
Each sample was stirred thoroughly with 0.3 mL of 10M sodium hydroxide. The tip of the
ammonia electrode was immersed into the liquid and the reading in mV was recorded when it
became stable. The mV readings were converted to concentration units (mg/L) by using a
standard curve prepared in advance. The procedure was in accordance with the electrode
manufacturer’s instructions and method 4500 - NH; - F (Standard Methods for the

Examination of Water and Wastewater, 17th ed., 1989).

The ammonium concentrations for the soil samples were recalculated as mg NH;-N/g
of dry soil. The soil samples were not tested for ammonium in fixed form. Fixed ammonium is

not available for the microorganisms, so it is not a subject of the present research.

All results are presented in tabular form in the Appendix.

3.5.3 Nitrate concentration
Nitrate-N in the solutions and in soil was measured in the same samples used for the

determination of ammonium.

The samples were analyzed according to method 4500 - NO; - G (Standard Methods
for the Examination of Water and Wastewater, 17th ed., 1989). This method makes use of a
NH; gas-sensing electrode after reduction of the nitrate to ammonia with a titanous chloride
reagent. The method is applicable in a narrow range of concentrations - between 0.1 and 20

mg NOs™-N/L. When necessary, it can be extended by appropriate dilution of the samples. This
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method evaluates both ammonium- and nitrate-N, so, in order to obtain the NO;-N

concentration alone, the NH;-N determined in advance should be subtracted from the resulit.

The distribution of NOs™-N in each cell is presented in tables included in the Appendix.
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CHAPTER 4

EXPERIMENTAL RESULTS

The description of nitrogen compounds distribution and behavior in soil under an
electrical field requires information about the distribution of electrical and physico-
chemical parameters. Consequently, the following parameters were taken into
consideration in the discussion of results: resistivity of soil, water content, pH of discharge

liquids and soil. and concentration of ammonia and nitrates distribution.

4.1 Resistivity of soil

The resistivity of a one centimetre soil section of each of the three cells, was
calculated based on the measurements of the electric current in the system and the
potential gradients between ‘cathode and probe electrodes’, as well as between ‘cathode
and anode’. All three cells were connected in series to the power supply. The variation of
resistivity versus time is plotted in Fig. 4.1.1 - 4.1.5. The resistivity as a function of

distance from anode is presented in Fig. 4.1.6 - 4.1.8.

In all three cells, the changes in resistivity during the first ten days of the

experiment were insignificant but did show a slight increase. After this period, dramatic
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peaks of higher values were observed. The resistivity sharply increased especially in the

vicinity of the electrodes in all cells during the last 10 days of the experiment.

At the beginning of the experiment, the variation of soil resistivity with distance
from the anode was from 3.94 to 9.69 ohms.m for cell 1, from 3.94 to 13.94 ohms.m for
cell 2. and from 3.94 to 12.04 ohms.m for cell 3. In the end, these values were 166.7 and
146.7 ohms.m for cell 1, 166.7 and 350.0 ohms.m for cell 2, and 166.7 and 143.3 ohms.m
for cell 3. The distribution of resistivity in the anode area was the same for all cells. In
some points, the resistivity of soil in cell 2 with the lowest concentration was superior to

the other cells.
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Figure 4.1.2

Resistivity of soil - distance 5 cm to anode
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Figure 4.1.3
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Figure 4.1.4

Resistivity of soil - distance 13 cm to anode
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Figure 4.1.5
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Figure 4.1.6

Resistivity of soil - start of the experiment
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Figure 4.1.7

Resistivity of soil - at the 383" hour
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Figufe 4.1.8
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4.2 Water content
After the disconnection of the experimental set-up and destructive sampling of
each of the four cells, the changes in the water content with distance and depth were

examined.

The initial water content of the soil in all cells was 31%. The average water

content after 30 days of experiment changed to:

cell # upper layer bottom layer
cell 1 30.4% 30%

cell 2 33% 28%
cell 3 28.6% 27.7%
cell 4 26.6% 26.5%

The average value demonstrates slightly lower water content in the bottom layer
than the upper layer (from 0.4% - 5%). This difference is more significant by increasing
the electrode depth. The cell without the electrical field (cell 4) showed uniform vertical
distribution. Cell 2, with lowest concentration of nutrients, demonstrated the highest

difference between, the upper and bottom layers (5%).

The water content has a tendency to decrease from the anode to cathode. The
highest values in the anode area were found in cell 2. Both values for top and bottom

layers are higher then the plastic limit of soil. The horizontal distribution of water content
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in cell 2 demonstrated the highest value for top layer and the lowest value in the bottom
layer among all testing cells. The lowest values for the top layer belonged to cell 4 without
the presence of an electrical field. The highest value for the bottom layer was found in

cell 1, with the highest concentration of nutrients.

A detailed distribution of the water content is presented in Table 7 in the

Appendix.

The variation of the water content with distance from the anode is plotted in Fig.

4.2.1 (top layers) and Fig. 4.2.2 (bottom layers) .
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Figure 4.2.2
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4.3 pH variation

4.3.1 pH of the system’s liquids
The pH of the solution supplied through the anode, and that collected at the

cathode, were measured throughout the duration of the experiment.

The initial values of pH for the solution with a concentration of 13 000 mg/L (cell
1), 100 mg/L (cell 2), 1 000 mg/L (cell 3), and 1 000 mg/L in cell 4 (without electrical
field) were 6.1, 6.52, 6.64, 6.64, respectively. The changes of pH with time were in the

following range:

pH cell 1 cell 2 cell 3 cell 4
liquid in supply reservoirs' 5.83-24 6.52-23 6.64-2.29 | 6.64-6.63
collected liquid (effluent)’ 9.6 945-84 | 9.45-8.88 -

The variation of pH as a function of time is plotted in Fig. 4.3.1 (pH of the
influents) and in Fig. 4.3.2 (pH and volume of the collected effluents). The results of the

measurements are presented in the Appendix in Tables 8 and 9.

During the first few hours, the pH of the infiuent decreased 3 times due to
oxidation processes on the anode. The cell with the lowest concentration had the highest

discharge of effluent, while the one with the highest concentration had the lowest

! the first and second numbers are the values at the beginning and at the end of experiment, resp.
\
2 the first and second numbers are the values when the first and last outflow occurred. resp.
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discharge of effluent. The lowest concentration of nutrients caused the lowest pH value of

effluent during all periods of the experiment.

Figure 4.3.1
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Figure 4.3.2

Volumes and pH of the effluents
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4.3.2 Soil pH distribution
The initial pH value of the natural non-contaminated soil used in the experiment
was 7.55. After the destructive sampling of the soil, the pH of representative samples in

length and depth of each cell was measured.

Due to the electrochemical transformations in cells No. 1, 2, and 3, the pH
underwent corresponding changes, depending upon the position with regard to the

electrodes. The changes in pH of the soil samples in the control cell (cell 4) were
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insignificant, which leads to the conclusion that possible biochemical reactions were

negligible during this period of time. (Figures 4.3.3 and 4.3.4).

Table 10 with the pH values of the soil samples is included in the Appendix.

The pH in the cells with the lowest concentration of nutrient demonstrated the

lowest value (5.39 in top layer and 4.49 in bottom layer) near the anode area.

Figure 4.3.3
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Figure 4.3.4
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The increase of pH value was observed near the cathode area in all cells under the
electrical field. The differences of the vertical pH value distributions are evident for all
cells. The highest value (11.03) was observed in the bottom layer of the cell with the
lowest concentration of nutrient. Relatively minimal changes in pH value (from 7.55 to
9.17) were observed in the bottom layer of the cell with the highest concentration of

nutrient.
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4.4 Distribution of nitrogen
Variations in the nitrogen content were determined in the two forms readily
available for telluric microorganisms - as ammonium nitrogen and as nitrate (including any

converted to nitrite) nitrogen.

4.4.1 Ammonium ion concentration

The following methodology was provided for ammonium measurements:

a) the concentration of the ammonium nitrogen in the nutrient solution from the
supply reservoirs was monitored during the experiment.

b) five samples from each cell were tested - at the beginning and the end of the
experiment, and at the 140", 189.5", and 239" hour.

c) all the collected effluents were analyzed.

d) five samples from the top and five from the bottom soil layers of each cell were

tested after the destructive sampling of the soil at the end of the experiment.

4.4.1.1 Ammonium ion concentration in the reservoirs

The results of the analysis and calculations are presented in Table 11 in the
Appendix. The ammonium-nitrogen concentration in the supply reservoir of cell 1 dropped
from 6 500 mg/L initially to 4 531 mg/L at the end of the experiment. The temporal
variation of the ammonium - nitrogen in the reservoir of cell 2 and cell 3 had the same
character (i.e. the concentration decreased from 35 mg/L to 29 mg/L and from 397 mg/L
to 337 mg/L, respectively). These changes took place due to the oxidation state of the

nitrogen compound under the influence of the electric field. The concentration in the
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its initial value throughout the experiment. The relative concentration c/co (the ratio of the
measured concentration ¢ at time i to the initial concentration of the nutrient solution ¢o) is
plotted against the elapsed time in Fig. 4.4.1. Although the absolute value of the difference (co
- ¢ = 1,969 mg/L) of ammonium-nitrogen by the end of the experiment was the highest for cell
1, the relative decrease in the concentration was the lowest. However, the rate of
transformation was very high, and c/co reached the value of the ratio for cell 3 at the end of
the experiment. The most significant loss in comparison to the initial concentration occurred in
cell 2 (42%), while for cell 1 it was 30%. The losses for cells 3 and 4 were 33% and 2%,
respectively. The lower than 1.00 values of the relative concentrations of cells 2 and 3 at the

beginning of the experiment were due to a lag in the connection to the power supply.

Figure 4.4.1

Ammonium-nitrogen concentration in the

influents

1.20

1.00 -
£ 0.80 — | ——Cell 1
= ~— E— —=—Cell 2
-.§ 0.60 S ﬁ: —= —a—Cell 3
= ——Cell 4
“g 0.40
S
2 020
=
&

0.00

0 200 400 600 800
Elapsed time, hours

63



4.4.1.2 Ammonium ion concentration in the effluents

Nitrogen in ammonium form was found to be greatly reduced in the collected
effluents. The detected concentrations were as follows: 24 mg/L and 22 mg/L in the
two samples collected from cell 1, between 3.5 mg/L and 22 mg/L for cell 2, and from

2 mg/L to 17 mg/L for cell 3. Cell 4 did not yield any effluent.

Although the absolute concentrations of the effluent collected from cell 1 were the

highest, the recovery was insignificant - less than 4%.

Ammonium nitrogen concentration in the effluents of cell 2 had an unstable
character - it doubled between the 140™ and 239" hour of the experiment, then dropped up

to the 529" hour, and sharply increased in the end to reach a recovery of 44%.

The concentration of ammonium nitrogen in the collected samples from cell 3
compared to the concentration of the supplied solution was low, but comparatively
constant in time - c¢/co was approximately 1% with the tendency to an increase to 3%

towards the end of the experiment.

The relative concentrations as a function of the elapsed time are plotted in Fig.

4.4.2 below.
The results of the analyses and calculations are presented in Table 16 in the Appendix.



Figure 4.4.2
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4.4.1.3 Ammonium ion concentration in the soil

——Cell 1
—o0—Cell 2
—a—Cell 3

Ammonium nitrogen content of the soil was determined in both layers (top half

and bottom half) of each cell at distances of 1, 5, 9, 13, and 16 cm from the wall bordering

the supply reservoir (anode).

The results are presented graphically on Fig. 4.4.3 for the top layer and Fig. 4.4.4

for the bottom layer. The data from measurements and calculations are contained in the

Appendix (Tables 18, 19, 20, and 21).
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The maximal and minimal absolute values were as follows:

cell # layer max (mg/g dry soil) min (mg/g dry soil)
cell 1 upper 2.07 0.05
lower 2.05 0.12
cell 2 upper 0.08 0.02
lower 0.04 001
cell 3 upper 0.14 0.01
lower 0.14 0.01
cell 4 upper 0.3 0.00
lower 0.31 0.00

The distribution of nitrogen in ammonium form from the anode to the cathode had

a different character for each cell.

For the upper layers of cell 1 and cell 2, the highest concentrations were detected

in the middle cells and the lowest ones - near the cathodes. The nitrogen content

decreased from the anode to a distance of S cm (approx. 1/4 of the length of the cell), then

it reached its maximum at 9 cm from the anode, and dropped to its lowest value near the

cathode. The peaks were smoother for cell 1 than for cell 2. In spite of the high absolute

concentrations in cell 1, the relative concentrations were in the range of appr. 2%, while

for cell 2 the maximum was as high as 12%.

For cells 3 and 4 the general tendency was towards a decrease from the anode to

the cathode. Although the concentration of ammonium nitrogen in the section of cell 4 at

the anode side was almost double the one in cell 3, it decreased exponentially and in the

middle of the cell was close to zero. In cell 3 the drop was less abrupt and an average

value of 0.045 mg/g soil was maintained in the second and third quarter of the length of

the cell.
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value of 0.045 mg/g soil was maintained in the second and third quarter of the length of

the cell.
Figure 4.4.3
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The distribution of ammonium-nitrogen in the bottom layers followed the same pattern as
in the top ones with some exceptions, as can be seen in Fig. 4.4.3. The peaks were
smoother for cell 1 and cell 2, and the absolute maximum values on average were lower
than in the upper layers for all cells, except cell 4. The concentration of ammonium-
nitrogen in the bottom layer of cell 4 was spread over longer distance than in the top one.
The nitrogen content in the first five centimeters of cell 2 was constant (4.2%), then
increased reaching a maximum of 5.8% at a distance of 10 cm from the anode.

Afterwards, it decreased to a minimum of 0.8% near the cathode.
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Figure 4.4.4
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4.4.2 Nitrate ion concentration
The nitrate-nitrogen content was determined in the same way as the ammonium-

nitrogen (see Chap. 4.4.1).

4.4.2.1 Nitrate ion concentration in the reservoirs

The nitrate-nitrogen concentration exhibited a tendency to increase with time in all
cells and by the end of the experiment exceeded the initial concentration by 17% for cell
1: 50% for cell 2; 26% for cell 3; and 4% for cell 4. The last value is within the range of
precision of the analytical method used for determination of nitrate-nitrogen, so it can be
assumed that the nitrate content in the supply reservoir of cell 4 remained unchanged. The

character of the changes can be clearly seen in Fig. 4.4.5.

The values of nitrate-nitrogen for cell 1 varied from 5,961 mg/L at the beginning
of the experiment to 7,616 mg/L at the end. The respective concentrations were 70 mg/L
and 75 mg/L for cell 2, 571 mg/L and 632 mg/L for cell 3, and 509 mg/L and 521 mg/L

for ceil 4.

The values of the measured potentials and the corresponding concentrations are

presented in the Appendix (Tables 12, 13, 14, and 15 ).
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Figure 4.4.5

Nitrate-nitrogen concentration in the influents
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4.4.2.2 Nitrate ion concentration in effluents

The variations in the nitrate-nitrogen concentration had a very irregular character
(with two maximums and two minimums) for the collected effluents from cell 2 and cell 3,
as can be seen in Fig. 4.4.6. The highest relative concentration for cell 2 (1.60) was
measured at the 239" hour (after 10 days) of the experiment and for cell 3 at the end of it
(1.95). However, at the 239" hour cell 3 reached its second extremum (1.78).The

absolute, as well as the relative concentration for cell 3 was higher than for cell 2, except

for at the 409 * hour.

Any judgment upon the tendency of cell 1 would be inaccurate, because only two effluent
samples were collected for the whole duration of the electrokinetic test.
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Figure 4.4.6

Nitrate - nitrogen concentration in the effluents
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4.4.2.3 Nitrate ion concentration in the soil
The nitrate-nitrogen content int he soil samples is plotted versus the distance from

the anode in Fig. 4.4.7 for the top layers and in Fig. 4.4.8 for the bottom layers of the

cells.

The maximum values for the top layers of all cells are in the anode area and the
minimum values are at the cathodes. Two exceptions from the above are:

- in cell 2 the lowest concentrations are in the third quarter of the cell, from the

anode

- in cell 3 a peak of higher values occurs in the middle third of the top layer of the

cell.
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The extreme absolute concentrations are: cell 1 - from 8.2 to 0.7 mg/g soil, cell 2 -
from 0.39 to 0.03 mg/g soil, cell 3 - from 0.95 to 0.05 mg/g soil, and for cell 4 - from 2.82

to 0.15 mg/g soil.

Figure 4.4.7
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The distribution of the nitrate-nitrogen concentration in the bottom layers had the

following character:
- it had again the highest value near the anode for cell 1 and then sharply decreased
to reach a negligible relative concentration at a distance of 5 cm, which was maintained to

the cathode. The recovery of nitrate was as low as 20% at its maximum in the anode area.
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- the nitrate-nitrogen distribution had a similar distribution in cell 2, but the
maximum relative concentration was much higher than in cell 1 (67.1%) and reached a
minimum at a distance of 9 cm.

- In cell 3 and cell 4 the nitrate concentration spread uniformly lengthwise with an

average relative concentration of 4% for cell 3 and 13.5% for cell 4.

Figure 4.4.8
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CHAPTER 5

DISCUSSION

5.1 Nitrogen distribution

5.1.1 Ammonium content

The distribution of ammonium-nitrogen was relatively uniform, especially for the
two higher concentrations. The positively charged ammonium had a tendency to move
smoothly from anode to cathode. However, the sorption capability of the soil seems to

play an important role particularly for low concentrations of ammonium.

The comparison between the two cells with equal concentrations (with and
without electric field) shows that the front of the nutrient moved twice the distance under
the potential gradient. Presumably, with an increase of the distance between the

electrodes, the distribution of ammonium will have the same character.

The results show the necessity of a longer experimental period for the lowest

concentration of nutrient.
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The decrease of the ammonium-nitrogen concentration in the supply reservoirs
corresponds to the movement of the ammonium ions from the solution to the soil under
the influence of the electric field. The unchanged concentration in the cell that was not

connected to the power supply confirms this assumption.

The most significant changes occurred in the supply reservoir of the cell with the

highest initial concentration.

The variations with time in the concentration of the collected liquids from the cell

with an initial concentration of 100 mg/L had the highest relative values.

5.1.2 Nitrate content

The results demonstrated a difference in the movement of the front of the nitrate-
nutrient in the soil. The influent concentrations close to 1000 mg/L gave the optimal
nitrate distribution. In both cases of extremal concentrations (13 000 and 100 mg/L) the

anode played a role of the “attracting” electrode of negatively charged nitrates.

The increase of the nitrate concentration is dependent on the initial concentration

of the solution - it has a relative maximum in the case of the lowest initial concentration.

The interference between the oppositely charged ions (ion pairing) in the case of

very high concentrations explains the low effectiveness (low relative concentration in soil).
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More effective distribution of nitrates presumably can be reached by using other

arrangements of in-situ installation.

The nitrate-nitrogen concentration in the supply reservoirs showed a slight
tendency towards increase. This change can be explained by the electroosmotic removal of
water and ammonium ions and retention of the nitrate anions at the positive pole of the
system. The constant, close to the initial concentration of nitrate in the control cell,

supports this statement.

5.2 pH variation

The soil pH distribution in a horizontal direction has three zones in both top and
bottom layers - an acidic zone in the anode area, an alkaline zone near the cathodes, and a
neutral zone between them. The difference between the lowest and highest values
increased with the decrease in concentration of the delivered solution (e.g. the soil pH at
the anode was the lowest and at the cathode was the highest for the solution with a

concentration of 100 mg/L).

Low pH in general corresponded to high values of concentration of ammonium-

and nitrate-nitrogen. Conversely, high pH corresponded to low values of nutrient

concentration. This distribution is valid for both layers.
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The soil pH variation was insignificant for the control cell. These changes

presumably were provoked by some influence from the electric field in the cell next to it.

The relatively minimal changes in pH value (from 7.55 initially, to 9.17) that were
observed in the bottom layer of the cell with the highest concentration of nutrient are the
lowest ones ever observed in electrokinetic application. Consequently, the nutrient
application can be used to decrease the pH value in the cathode area for the purpose of

electrokinetic removal of contaminants from the soil.

5.3 Resistivity of soil

The changes in resistivity of soil in all cells as a function of time were towards
gradual increase. The areas near the electrodes were exceptions. These were especially
dramatic in the last 100 hours (appr. 4 days) of the experiment, presumably due to
carbonate precipitation and corrosion of the anode, leading to changes in the intensity of

the electric field.

At the end of the experiment, the lowest concentration of nutrient (100 mg/L -
cell 2) corresponded to the highest resistivity near the cathode and was twice the value in
the anode area. For the nutrient solutions with concentrations of 1 000 and 13 000 mg/L,
the resistivity varied within a narrower range lengthwise and had a slightly lower value in
the cathode area. Apparently, a concentration below 1 000 mg/L has a greater impact on

resistivity changes in soil.
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5.4 Soil water content

The inflow of nutrient solution in the cells connected to the power supply was
more efficient. Total effluents of 1.2, 31.5, and 23.8 mL, respectively from cell I, cell 2,
and cell 3, were collected during the experiment. The cells were correspondingly
recharged and, as a result, the water content in these cells was higher compared to the

initial value.

The horizontal distribution of the water content was relatively uniform with the

exception of the electrode areas for both top and bottom layers.

For the top layer the extremes were observed as follows: the maximums near
anodes and the minimums near cathodes. These findings reflect quite accurately the

distribution of nitrogen in the ammonium and nitrate forms.

The distribution of water content in the cathode area in the bottom layer had a
different character (increased in contrast to the water content in the top layer) and was

inversely proportional to the concentration of nutrient.

A bigger distance between the electrodes would probably provide more uniform

distribution of water content.

A higher value of the water content near the anodes than the initial one was caused

by the constant recharge from the supply reservoirs. Although the electrokinetic water

78



flow was directed from anode to cathode, the discharge immediately before the cathode
prevented a total increase of the moisture content (the upper layer was drained, while the

lower layer was partially recharged from it).

The decrease in the moisture content in the cell without the electric field (cell 4)
could have been induced by evaporation, although precautions were taken to prevent it
maximally and discharge from it never occurred. The low hydraulic permeability (107-10°

cm/sec) of the soil did not allow complete recharge of the system .
5.5 Conclusions
The experiment proves the effectiveness of the electrokinetic method for

enhancement of the transport of nitrogen-containing nutrients in fine soil.

Ammonium nitrogen can be distributed uniformly in-situ using a correct

arrangement of anodes and cathodes and a carefully selected nutrient concentration.

Intermediate concentrations (1 000 mg/L) gave the best results.

The controlled electroosmotic flow prevents any risk of nitrate contamination by

leaching that exists when the nutrient is delivered by other means (by gravity or forced

injection).
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The changes in the physico-chemical parameters during the application of the
electrokinetic method confirm the creation of favorable conditions for the development of
telluric microorganisms. Consequently, this method can be used for a nutrient supply

during site bioremediation.

5. 6 Recommendations

Investigation into the feasibility of improving the system could be achieved by

further work in the following areas:

1) Studying the influence of alternating the place of anode and cathode, and the

delivering point along with it, to improve the distribution ratio of ammonium- and nitrate-

nitrogen.

2) Testing the effect of the supply of nutrients in the area between the electrodes.

3) Verifying the effectiveness of the system with lower potential gradients.

4) Investigating the influence of the electric field on the biomass growth.
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