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ABSTRACT

Efficiency of Biosurfactants Applied by Means of Electrokinetics

Lin Ju, Ph.D.
Concordia University, 1999

An evaluation of the efficiency of rhamnolipids (biosurfactants) used in
electrokinetic remediation of soil contaminated with phenanthrene was presented. Bench
scale tests were conducted using four experimental series in order to determine the
feasibility and mechanisms of biosurfactant-enhanced phenanthrene removal from mica
soil.

The bench-scale study showed that bacteria (Pseudomonas aeruginosa) could
survive to a certain extent when a low voltage DC electric field was applied. In addition,
it was found that these bacteria could produce rhamnolipids in the clayey soil under the
electric field. Experimental results showed that during the 14-day experimental period,
phenanthrene was partially removed. The highest removal was achieved in the cathode
area (85% removal). These promising results are an indication that this process can be
applied as an in-sitt enhancement technique for improving the efficiency of
electrokinetic soil remediation. It was proved that bio-micelles, formed due to the
introduction of ex-situ produced biosurfactants, could be transported to the electrode
areas due to both electroosmotic and electrophoretic phenomena. It also indicated that the
electrokinetic introduction of engineering produced biosurfactants into the contaminated
clayey soil was feasible.

The mechanisms involved in the formation of bio-micelles were described in a
bench-scale test using Fourier Transform Infrared Spectrometers (FTIR) and Atomic

Force Microscopy (AFM). Results permitted to describe that the transformation of bio-

ii



micelles kinetically changed under the electric field. It was found that spherical, bilayer,
and multi-lamellar micelles were formed at different phases of the electrokinetic
experiment. The presence of clayey particles and the electric field attenuated and deferred
the formation of bio-micelles. Knowledge of the kinetics of bio-micelle formation
process are paramount to the accurate application of biosurfactants in electrokinetic
remediation of PAH contaminated clayey soil.

The effort to desorb and solubilize phenanthrene, by promoting the formation of
bilayer bio-micelles, became successful in bench-scale electrokinetic experiments. In
addition, the successful ex-situ production of biosurfactants can be used on an industrial
scale for electrokinetic soil remediation. The above-described developments can be

applied as a new in-situ remediation technology: bio-electrokinetics.
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CHAPTER 1 INTRODUCTION
1.1 Statement of the problem

With the rapid development of industry and agriculture, there are a considerable
amount of contaminated sites around the world. These sites are a result of leaking of
pipelines and underground petroleum storage tanks and spilling of manufacturing oil or
gas manufacturing production. The major contaminants at these sites are polynuclear
aromatic hydrocarbons (PAHs). PAHs are a group of solid phase organic chemicals
containing two or more fused benzene rings. Because many PAHs are known as
carcinogens and mutagens, and exposure to them may represent a significant health risk
to human populations (White, 1986), their fate in nature is of great environmental
concern. Therefore, soil contaminated by PAHs has become an important environmental
issue. The remediation of PAH contaminated sites is desirable.

PAHs are characterized by low aqueous solubility, high molecular weight and a
tendency to sorb strongly to soil, especially soil with high organic matter content
(Manilal and Alexander, 1991). After Mihelcic, et al. (1993), PAHs have shown to be
only used by bacteria in its dissolved state - in the water phase rather than the sorbed
phase and solid phase. This low aqueous solubility affects their transport and degradation
in the soil and water (Wiesel, et al. 1993). The recent studies have shown that the
addition of surfactants and biosurfactants can increase the bioavailability and
biodegradation of PAHs (Oberbremer, et al. 1990; Aronstein and Alexander, 1993;
Francy, et al. 1991; Jain, et al. 1992; Abdul et al. 1992; Zhang and Miller. 1994).
Surfactants enhance the mobilization of soil-bound PAHs by lowering the interfacial

tension. Due to its hydrophobic properties, PAHs have a high affinity with the



hydrophobic micellar core of the surfactants and therefore partition into it. Thus, their
aqueous solubility is greatly increased.

There are a lot of remediation methodologies applied for the removal of PAHs
from the soil. Ex-situ application such as excavation followed by physico-chemical
methods (e.g., thermal treatment, incineration or soil washing) are established approaches
to soil cleanup. Innovative in-situ methods have recently been gaining interest because
they alleviate the problems associated with ex-situ methods, such as the cost of
excavation, and the possibility of exposure to the workers and neighborhoods in the
proximity of the contaminated soil, especially in residential area. There are many in-situ
remediation processes, which could offer cost savings, such as pump & treat, soil vapor
extraction and bioremediation. However, in field conditions, clay represents a major
challenge due to several characteristics, such as high specific surface area (SSA), low
permeability, and high cation exchange capacity (CEC), which retard the transport of
contaminants and supplied materials through the soil. Therefore, it may influence the
efficiency of soil remediation. Consequently, standard remediation technologies can not
be applied directly to clayey soils, because in these conditions, the supply of nutrients and
electron acceptors in-situ is almost impossible. Therefore, the development of new
technologies is required to satisfy in-sitie remediation requirements in clayey soil.
Researchers have found that electrokinetic phenomena applied to in-situ soil
decontamination promises to be effective. The electrokinetic technique applies
electroosmosis, electrophoresis, and electromigration processes in order to enhance the
transport of materials (e.g., nutrients, contaminant, bacteria, etc.) into clayey soils

(Elektorowicz and Boeva, 1996; DeFlaun and Condee, 1997). Some successful results



have already been reported (Lageman, 1989; Elektorowicz, et al. 1995a, 1995b, 1996;
Pamukcu, et al. 1995; Acar, et al. 1994, 1995). With more emphasis now being placed on
in-situ technologies, the electrokinetic remediation process is emerging as one of the
most promising technologies for treating clayey soil contaminated by heavy metals and
some slightly soluble organics. In general, the major advantages of electrokinetics are: 1)
it is a unique in-situ methodology that is effective in low permeability soils (such as
clay); 2) the flow direction can be controlled; 3) it is capable of removing a wide range of
contaminants; and 4) it has a low electric power consumption.

As mentioned above, due to the low solubility of PAHs, the introduction of
biosurfactants can allow for the partitioning of PAHSs into bio-micelles (an agglomeration
of biosurfactants and PAHs). As a result of a combination of biosurfactant and
electrokinetics, it is hypothesized that the increased solubilization, desorption, and
mobilization of organic contaminants can increase the efficiency of PAH removal from
clayey soil. Due to the nature of biosurfactants produced from microorganisms, such as
non-toxic and biodegradable, removal of PAHs enhanced by the application of
biosurfactants under the electric field is envisioned to be environmentally acceptable,
feasible and cost-efficient. In this research work, phenanthrene, which belongs to the
group of PAHs, is used as a model to investigate the effect of biosurfactants on the
solubilization of PAHs under the electric field. Derived from previous work on synthetic
surfactants (Elektorowicz, 1995), research on the electrokinetic transport of surfactants
applied to phenanthrene contaminated clayey soil seems to be feasible. The efficiency of

using biosurfactants under an electric field requires a scientific investigation. The results



can be applied to a new hybrid method called bio-electrokinetics, which promises to be

successful in situ as well as ex situ.

1.2 Objectives of thesis

In order to tackle the problem, the major objective of the research is to evaluate
the efficiency of a new soil remediation method, bio-electrokinetics, based on the
enhancement of phenanthrene removal from clayey soil using biosurfactants
(rhamnolipids) under the electric field. The overall aims of the research is:

1) to investigate behavior of producing biosurfactants bacteria under the electric field;

2) to assess potential in-situ production of biosurfactants in clay materials under the
electric field;

3) to study the efficiency of enhanced electrokinetics remediation by introduction of ex-
situ produced biosurfactants as engineering approach to remove PAHs from clay
materials;

4) to describe the kinetics of bio-micelles formation in the presence of clayey materials
under the electric field, as a part of the mechanisms in electrokinetic remediation

enhanced by biosurfactants for hydrophobic organic compounds.

The scope of research to achieve the above-mentioned objectives is presented in

Figure 1.1.
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1.3 Organization of thesis

The thesis is organized into eleven chapters encompass cover the research
conducted. In this section, a general summary of these chapters is presented.

Chapter | consists of the problems which exist at present related to this research
work, the objectives of the thesis, and the scope of research. Chapter 2 covers a literature
review of this research in which a discussion related to electrokinetic remediation
process, phenanthrene and biosurfactant characteristics, and a review of past studies on
surfactants and biosurfactants enhanced remediation have been dealt with. Chapter 3
summarizes the principles of electrokinetics. Aspects of electrokinetic phenomena are
divided into three parts: electroosmosis, electrophoresis, and electromigration, which are
discussed in detail. All laboratory testing, conducted methodology and materials are
present in chapter 4. In this chapter, design of bench-scale experiments is presented. The
procedure of production, purification, and identification of biosurfactants is also
described. The characterization of materials including soil specimens and phenanthrene
was presented in Chapter 5. The schemes of these test results and discussion are
separated into four chapters. The results from experiments related to the behavior of
bacteria under the electric field are shown and discussed in Chapter 6. In Chapter 7,
results related to the potential production of biosurfactants in-siti are addressed. The
introduction of biosurfactants into the electric field to investigate the removal efficiency
of phenanthrene from clayey soil are shown in Chapter 8. The study of the removal
mechanisms of phenanthrene from clayey soil, in the presence of biosurfactants and

under the electric field are presented in Chapter 9. Finally, the conclusions derived from



this research are highlighted and recommendations for further research are addressed in

chapter 10.

1.4 Contributions

Research on the efficiency of biosurfactants for the removal of PAHSs

(phenanthrene) from clayey materials under the electric field can result in the

establishment of a new methodology in soil bioremediation: bio-electrokinetics. The

following statements represent a summary of the entire research accomplishment:

Research permitted the discovery that even under extreme pH conditions created by
the electric field in clayey soil, bacteria can proliferate to a certain degree. That
allows for the production of biosurfactants in-situ for soil bioremediation.

The lab test confirmed that potential production of biosurfactants in-situ may become
the breakthrough for the utilization of biosurfactants to enhance the solubility of
PAHs in-situ, and facilitate their transport in a clayey soil environment, via
electroosmosis and electrophoresis.

The development of a methodology for the introduction of ex-situ produced
biosurfactants into clayey soil by means of electrokinetics, in order to improve the
efficiency of phenanthrene removal. The electrokinetic transport of biosurfactants
enhances the solubility, mobility, and eventually bioavailability of PAHs in the low
permeable soils.

This is the first time description of the kinetics of bio-micelle formation in the
presence of electrokinetic phenomena. Under the electric field, the change of pH
resulted in different micelle structures. At the anode, the pH environment was

favorable to the formation of lamellar micelles. In the cathode area, the micelles are



favor to form spherical micelles. The presence of clayey particles affected the
formation stage. Supplementary force associated with electrokinetic phenomena was
an important factor that affects on the transformation of bio-micelles.

New analytical methods were developed: the application of Fourier Transform
Infrared Spectrometers (FTIR) and Atomic Force Microscopy (AFM) to follow bio-
micelle formation and the application of Supercritical Fluid Extraction (SFE) to

enhance PAHs removal from clayey materials.



CHAPTER 2 LITERATURE REVIEW

2.1 Organic contaminants: PAHs
Polynuclear aromatic hydrocarbons (PAHs) are a special group of pollutants

originating from natural or man-made sources. They are formed and released from the
incomplete combustion of organic materials, such as coai, oil and gas, or other organic
substances. Due to reduction and aromatization over extended periods of time, natural
sources including diterpenes, triterpenes, steroids, and plant quinone pigments can form
PAHs (Cookson, 1995). Human activity also increases the amount of PAHs in the
environment. The major activities that result in the contaminated sites by PAHs are
petroleum refining and coal distillation. Other industrial sources come from the
production of solvents, pesticides, plastics, paints, resins, and dyes (Yong et al., 1991).
PAHs may be found in burn pits, chemical manufacturing plants and disposal areas,
contaminated marine sediments, disposal wells and leach fields, landfills and burial pits,
leaking storage tanks, radiologic/mixed waste disposal areas, vehicle maintenance areas
and wood preserving sites. At present, there are more than 100 different PAH compounds
that have been found. Most concemed PAHs in the environment are fluorene,
phenanthrene, anthracene, fluoranthene, pyrene, benz(o)anthracene, benzo(a)pyrene,
pervlene, and coronene.

With two or more fused benzene rings in linear, angular, or cluster arrangements,
PAHs are hydrophobic organic chemicals. The molecular weight of PAHs range between
naphthalene (128.16) to coronene (300.36). It has been found that PAHs are highly

recalcitrant, persistent and tend to bioaccumulate (Cerniglia, 1984). Some of them are



known carcinogens and mutagens (Keith and Telliard, 1979). Therefore, PAHs are
classified as priority pollutants by the U. S. Environmental Protection Agency (EPA).

PAHs can be present in various phases, such as water, air, soil or sediment. In the
air, background levels of PAHs are 0.02-1.2 mg/m3 in rural areas and 0.15-19.3 mg/m3 in
urban areas. Due to the fact that exposure to PAHs can cause cancer, the Occupational
Safety and Health administration (OSHA) has established a legally enforceable limit of
0.2 mg/m’ of all PAHs in the air. Alternatively, in drinking water, it ranges from 4 to 24
ng/l (U. S. Agency, 1990). Sims and Overcash (1983) reported that the background
concentration of PAHs ranges from 0.01 to 88 ug/kg in soil and 1 to 10 pg/kg in plants.
The Canadian Council of Ministers of the Environment (CCME, 1991) had recommended
interim environmental-quality criteria for PAHs contaminated sites. These are
summarized in Table 2.1. The application of these criteria is straightforward. Three
concentration values (A, B, and C) are given for both soil and ground water. The A value
represents background contamination with respect to contaminants found naturally. The
B value represents a threshold when thorough analyses are necessary and
decontamination may be or not carried out. However, proper remedial action must be
taken at the C level, such as cleanup investigation and cleanup operation.

Humans may be exposed to PAHSs by drinking water, swallowing food, breathing
the air contaminated by PAHs, soil or dust particles that are contaminated by PAHs, and
dermal exposure. PAHSs have an affinity for fatty tissues, and tend to be stored monthly in
kidneys, liver, with smaller amounts in spleen, adrenal glands and ovaries.

The fate of PAHs is derived by chemical oxidation, photolysis, hydrolysis,

volatilization, bioaccumulation, adsorption to soil particles, leaching, and microbial
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Table 2.1 Cleanup criteria for contaminated sites by PAHs in Canada (CCME, 1991)

Threshold concentrations

Soil (mg/kg dry matter) Ground water (ug/1)
Component A B C A B C
Benzo(a)anthracene 0.1 1 10 001 0.1 1
Benzo(b)anthracene 0.1 1 10 0.01 0.1 1
Benzo(k)fluoranthene 0.1 1 10 0.01 0.1 1
Benzo(a)pyrene 0.1 1 10 0.01 0.1 1
Dibenzo(a, h)anthracene 0.1 1 10 0.01 0.1 1
Indeno(1,2,3-c,d)pyrene 0.1 1 10 0.01 0.1 I
Naphthalene 0.1 5 50 0.2 2 20
Phenanthrene 0.1 5 50 0.2 2 20
Pyrene 0.1 10 100 0.2 2 20

Note:  A: Background value

B: Indicate value for elaborate investigation

C: Value for remedial action

degradation. Among them, due to natural reactions, biodegradation of PAHs has gained

more attention. Microorganisms which can degrade PAHs include bacteria, filamentous

fungi, yeasts, cyanobacteria, diatoms, and eukaryotic algae, which have an enzymatic

capacity to oxidize PAHs that range in size from naphthalene to benzo(a)pyrene

(Cemniglia and Yang, 1984; Cerniglia, 1984). Microbial transformation of PAHs is well

documented. The five stages for transformation of PAHSs include: 1) entry of the

xenobiotic compounds into the cell; 2) manipulation of side chains and formation of

substrates for ring-cleavage; 3) ring-cleavage; 4) conversion of products of ring-cleavage

into amphibolic intermediates, and 5) utilization of amphibolic intermediates (Ashok and

Saxena, 1995). Bioremediation is effective for anthracene and phenanthrene. However,
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complete mineralization of higher molecular weight PAHs can be only achieved by a
limited number of microorganisms (Cerniglia, 1992).

The degree of biodegradation of PAHSs is a function of its solubility, number of
fused rings, number, type, and position of substitution, and nature of atoms in
heterocyclic compounds (Cookson, 1995). The rate-limiting step in the biodegradation of
PAHs is the initial ring oxidation (Cerniglia and Heitkamp, 1989). PAHs have different
half-lives in soil. In sandy soil, two-ring PAHs have half-lives of about 2 days. Three-
ring PAHs, namely, anthracene and phenanthrene have half-lives of 16 and 134 days,
respectively. In general, the four-, five- and six-ring PAHs have half-lives of over 200
days (Sims et al., 1988).

The environmental fate of PAHs depends upon many extrinsic and intrinsic
factors which determine the rate and extent of their transformation and mineralization.
These intrinsic factors include the physico-chemical properties of PAHs such as their
structure, molecular size, nutrient status, water solubility, lipophilicity, and volatility.
Various environmental extrinsic factors involve inorganic nutrients, water activity of soil,
organic matter content, redox potential, soil structure, pH, temperature, oxygen
availability, salinity, light intensity, and bioavailability. The indigenous microflora or the
microbial ecology is also an important factor which should be taken into consideration
for successful biodegradation. Among them, inorganic nutrients play an important role in
the metabolism of PAHs by soil bacteria. For instance, the concentration of nitrogen and
phosphorous may limit the microbial growth and biodegradation of PAHs. Manilal and
Alexander (1991) and El-Nawawy et al. (1992) have reported increased rates of

phenanthrene mineralization in soil amended with phosphate while it was found to



decrease with the addition of nitrate. Therefore, regarding in-siru bioremediation,
introduction of nutrients into the contaminated site is a very important factor for a
successful process. However, the introduction of nutrients in PAHs contaminated clayey
soil has still shown to be a challenge.

Under optimized metabolic conditions, the major environmental factor affecting
the degradation rates of PAHs is the sorption phenomena. Due to their hydrophobic
properties with a higher log K, (>4) (partition coefficient), PAHs have a higher affinity
with the non-aqueous phase than water, and a significant portion of PAHs are sorbed on
soil particles, especially to soil organic matter (Means et al., 1980). Meanwhile, if soil
has a significant fraction of clay, associated with organic and inorganic amorphous
materials, they can create high sorption conditions in soil (Elektorowicz et al., 1999).
More researchers indicated that degradation of organics mainly took place in pore water.
Consequently, the bioavailability of PAHs may be limited by their sorbed phase
(Mihelcic et al., 1993).

Some typical values for bioremediation of PAHs were listed below. The soil
moisture requirement for microbial activity ranges from 25 to 85% of water-holding
capacity, and 30 to 90% for optimum PAH degradation (Dibble and Bartha, 1979). pH
requirement for microorganisms ranges from 5.5 to 8.5, with a pH of 7.0 to 7.8 for
optimum PAH degradation (Weissenfels et al., 1990). Aerobes and facultative anaerobes
need a redox potential of larger than 50 mV and anaerobes smaller than 50 mV for
biodegradation to occur. The designed C: N: P ratio in soil for microbial growth is

approximately 120:10:1 (Wilson and Jones, 1993).
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Phenanthrene is present in heating oil, and is commonly found in Canadian
contaminated soil. Therefore, it was chosen in this research as a model PAH compound.
Phenanthrene is an isomer composed of three benzene rings with molecular weight of
178. Its total surface area is 198 A?, and density is 1.174x10° kg/m’. It has a very low
water solubility (1.29 mg/l at 25°C), low vapor pressure (6.8x10~ mmHg at 20°C), high

octanol/water partition coefficient (log Kow = 4.54), and high organic carbon partition
coefficient (log K - 4.46).

Some of soil Pseudomonas can utilize phenanthrene as the sole carbon source,
thereby allowing for its mineralization (Ghisalba, 1983). Keuth and Rehm (1991)
reported that Arthrobacter polychromogens could degrade almost 50% of phenanthrene
with the concentration of 150 mg/l in a solution. Due to cometabolism, doubling the
starting concentration of anthracene or phenanthrene results in higher degradation rates
(Wiesel et al., 1993).

The growth rates of bacteria on phenanthrene are related to the solubility of the
hydrocarbon (Wodzinski and Johnoson, 1968). In order to increase the solubilization of
phenanthrene in soil, surfactants become a viable solution to reduce the sorption of
phenanthrene in soil. Aronstein et al. (1993) reported that the nonionic surfactants Novel
I 1412-56 enhanced the rate of phenanthrene mineralization, after a surfactant
concentration of 10 pg/ml in water was pumped through the soil. Theoretically, Guha and
Jaffa (1996) indicated that only a portion of phenanthrene that partitioned into the
micellar phase of nonionic surfactants is directly bioavailable. Alternatively,
biosurfactants can also assist the degradation of phenanthrene. Due to the addition of

3500 mg/l biosurfactant excreted by P. aeruginosa PRP 652, the apparent solubility of
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phenanthrene increased from 1.2 mg/l to 34.4 mg/l (Hunt et. al, 1994). Pseudomonas
aeruginosa was reported to produce a biosurfactant when grown on phenanthrene (Deziel
et al., 1996).

In general, biosurfactants can be widely produced by a specific type of bacteria.
In order to increase the solubility of phenanthrene, environmental friendly biosurfactants

can be applied in a new remediation method.

2.2 Clay materials

As it is mentioned in Chapter 1.1, the remediation of clayey soil presents a real
challenge to soil remediation. Since the clayey materials create a habitat for
microorganisms, and retain various contaminants (mainly complex hydrocarbon
molecules), nutrients, the carbon energy sources, as well as water molecules (Yong, et al_,
1992), the efficiency of remediation highly depends on a deep understanding of soil

composition.

2.2.1 Soil components

Soils are composed of inorganic and organic solid, water, and air (Figure 2.1).
Soils are classified as primary minerals (derived from weathering of rock) and secondary
minerals (transformed as fine particles). Primary minerals comprise a major portion of
the sand and silt fraction. Common primary minerals include quartz as well as feldspar,
amphiboles, pyroxenes. Because of larger particle size and low specific surface areas,

they play less important roles in contaminant interaction and attenuation processes than
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Figure 2.1 Natural soil composition (focus on solid phase)
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phyllosilicates, which comprise the major portion of the clay-sized fraction material in
soils. Pedologists define clay particles as being less than 2 um size and specify them in
the group of colloids. The combination of high specific surface area and surface electrical
charge makes the secondary minerals an important factor in defining the contaminant fate

in the subsurface.

The properties of clay colloids are associated with their crystallographic structure.
Clay minerals are composed of basic coordination units: tetrahedral sheets in which four
oxygen atoms surround a silicon atom and octahedral sheets in which six hydroxyls form

the comers, and where a cation (such as aluminum) resides in the center (Figure 2.2).

Oxygen
Silicon <

Silica
/—\ tetrahedral unit

Oblique view Silicate sheets

Aluminium,
magnesium

Aluminium or
Hydroxyls magnesium
octahedral unit
. ) Gibbsite sheet
Oblique view Brucite sheet

Figure 2.2 Schematic diagrams of clay basic coordination units
(adapted from Yong and Warkentin, 1966)
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Tetrahedral sheets have smaller metal ions such as silicon, contrary to the octahedral
sheets which have larger metal ions such as aluminum (AI**), magnesium (Mg>*), iron
(Fe**), and manganese (Mn?*"). Stacking of layers formed by tetrahedral and octahedral
sheets determines the type of clay mineral (Appelo and Postma, 1993). The commonly
found clay materials are sub-divided into different groups of clays, e.g. montmorillonite,
kaolinite, illite, muscovite, and chlorite.

Montmorillonite minerals endure isomorphic substitutions with magnesium or
iron substituting for aluminum in the dioctahedral minerals (Figure 2.3). A layer of this
clay consists of two silica sheets and one alumina sheet (also called a gibbsite sheet)
(ratio of 2:1). Water enters easily between layers initiating the expansion of material. The
swelling index of 0.9, is the highest among all types of clay minerals. Montmorillonite
clays have a high plasticity limit over 97% and liquid limit up to 700% (Keedwell, 1984).
Due to the surface charge. montmorillonite displays the ability to exchange ions and its
CEC is 60-120 meq/100g of soil. Montmorillonite aggregates have a very large specific
surface area (SSA) (up to 600 - 1390 m?/g) (Das, 1994). These properties place
montmorillonite in the group of extremely swelling and adsorptive minerals.

Kaolinite particle consists of alternating octahedral alumina and tetrahedral silica
sheets (ratio of 1:1) (Figure 2.3). They are bound strongly by hydrogen bonding between
hydroxyls from the alumina sheet on one face, and oxygens from the silica sheet on the
opposite face of the layer. Due to these relatively strong forces, many layers are built up
by preventing hydration between layers. The SSA of kaolinite situates between 10 to 20
m?/g, and its CEC (3 to 15 meg/100g) is the lowest among the clay minerals. Kaolinite

has a low plasticity limit (26%), low liquid limit (52%) and low swelling index (0.06)
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(Keedwell, 1984). Due to limited surface activity and affinity to water, kaolinite is
recognized as a relatively poor adsorbent.

Illite minerals (also called K-mica) consist of an alumina sheet between two silica
sheets in a repeating manner. The layers are held together by potassium ions (Figure 2.3).
Due to its crystallographic structure, illite displays characteristics situated between
montmorillonite and kaolinite: illite’s structure limits the swelling index to 0.4, CEC is
about 10-40 meq/100g, and SSA from 20 to 80 m*/g. Therefore, illite exhibits a behavior
between kaolinite with low sorption activity and montmorillonite with a high sorption

activity (Wilun and Starzewski, 1972; Yong et al., 1992).

H™ bonding

/ s

<4—— Water layer

/ 2

Montmorillonite

Nt
Kaolinite e

Figure 2.3 Scheme of clay mineral structure
G: Gibbsite sheet
(adapted from Yong and Warkentin, 1966)
Muscovite, hydrous potassium aluminum silicate, consists of a layered structure
of aluminum silicate sheets weakly bonded together by layers of potassium ions (Figure

2.4). It is a member of the mica group. It is similar in the structure in illite, but containing

more potassium between the aluminum silicate sheets.
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Chlorite minerals are from such ferro-magnesium minerals as biotite, pyroxenes,

and amphiboles (Marshall, 1964). They are composed of a silica sheet, an alumina sheet

or brucite sheet (magnesium replacing the aluminum atoms in the octahedral units) in a

repeating manner (Figure 2.4). A 2:2 ratio of silica and alumina sheets makes it different

from kaolinite. The thickness of the repeating layer is 1.4 nm. In chlorite, silicon and

aluminum can be substituted by other cations. Tetravalent silicon may be substituted by

trivalent aluminum in the silica sheet, resulting in a negative charge. The CEC of chlorite

is 10-40 meq/100g and SSA is 70-150 m%/g (Yong et al., 1992). Its behavior is similar to

illite, however, the compounds are more difficult to penetrate into the repeating layer

than illite due to their tight structure.

Muscovite

/ e

Chlorite

Chilorite

Figure 2.4 Scheme of clay mineral (muscovite and chlorite) structure

G: Gibbsite sheet
B: Brucite sheet

(adapted from Yong and Warkentin, 1966)

Other crystalline groups are called carbonates, which are most commonly found

in arid and semi-arid regions. Calcium carbonate minerals are present in soil as particles

or coatings. Sulphate minerals are also dominantly found in acid and semi-arid region

20



soils. Both carbonates and sulphates are characterized by relatively high water solubility
and high sensitivity to the change of pH.

In soil, there are also non-primary and non-secondary crystalline inorganics (as
indicated in Figure 2.1) that should be considered when dealing with the fate of
contaminants. Among them, it is necessary to address the effect of organic carbon content
on the bioavailability of PAHs. Organic carbon is one of the most important factors in
determining the sorption of PAHs on soil. The soil organic carbon commonly represents a
hydrophobic fraction with a strong binding affinity with hydrophobic compounds. In
industrial area, the proportion of organic matter present in soil is as much as 0.5% to 8%
by weight (Mitchell, 1976).

The major group of organic matter is humic substances, which comprise seventy
to eighty-percent of the organic matter by weight found in most soils (Schnitzer, 1986).
They have a higher capacity to bind water and nutrients than clay, and hence, have a
larger impact on adsorption phenomena in soils. Humic substances include humic acids,
fulvic acids, and humins which are typically found in sizes as low as 0.1 um. They are
aromatic and aliphatic polymers with molecular weights ranging from a hundred to tens
of thousands. The high molecular weights of organic matter create a larger tendency for
van der Waals attraction with other soil components and contaminants. Therefore, humic
substances can easily absorb organic compounds in their molecular structure.

The most common functional groups of organic matter are hydroxyls, carboxyls,
and phenolic groups. Hydroxyls can develop positive or negative charges depending on
pH of the soil. Carboxyls and phenolic groups contribute to high cation exchange

capacity (CEC) up to 100-300 meq/100g (Yong et al., 1992), which can prevent removal
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of inorganic contamination. Subsequently, the presence of organic matter can cause
retardation of contaminants and prevent transport of contaminants in the soil. Grosser et
al. (1994) reported that fulvic acid has been shown to decrease mineralization of pyrene.
It was possible that the sorption of the compound with organic matter made it less
bioavailable. However, Mahro et al. (1994) gave the opposite result of organic matter on
the biodegradation of PAHs. Their research has shown that by the addition of organic
matter (compost), biodegradation of PAHs increased significantly, possibly increasing
the microbial activity.

Amorphous inorganics are another group of non-crystalline inorganics, such as
allophanes, amorphous iron and alumina, and amorphous silica. SSA ranges between 300
and 700 m2/g, and their CEC are as high as 150 meq/100g. Compared to secondary
minerals, they have a very little amount in soil and have a less influence on contaminant
fate and environmental engineering.

Based on above description, an important property of clay minerals is evident. A
net negative charge is caused by elements of similar size and charge replacing the ones in
a perfect clay internal lattice during formation (isomorphous substitution), and leading to
an overall charge deficiency in the mineral. Other reasons for charge deficiency are
broken edges. The existence of natural organic species (such as humic acids) in the soil
specimen also influences the available charge. The total electrical charge per unit surface
area (surface charge density) increases as the specific surface area of the soil mineral
increases. For example, the average surface density of the negative charges increases in
the following order: kaolinite (25 A%electronic charge) < illite (50 A%felectronic

charge)<chlorite< montmorillonite (100 A*/electronic charge) (Yong and Warkentin,



1966). The surface charge of clays is also a function of pH. When pH is below isoelectric
point, it can provoke the change of soil surface charge. In the presence of a high pH soil
solution, the surface concentration of OH ions is high. Consequently, the surface charge
density will tent to be negative. If the pH is increased, the charge density will become
more negative (Yong et al., 1992). In the presence of a low pH, it will show the opposite
phenomena on the surface of soil. When water is presented in clay, ions form a diffuse

double layer around clay particles (Yong et al., 1992).

2.2.2 Effect of clay materials on the fate of contaminants

Derived from the previous description, soil components that mainly influence the
fate of contaminants and remediation process are secondary minerals and organic matter.
Therefore, the interaction of main soil components with contaminants can create an
understanding of the various processes, which control accumulation, transport, and fate of
the contaminants.

One of main factors which affect the interaction between contaminants and soil is
sorption. Sorption is defined as the process in which the solutes (ions, molecules, and
compounds) are partitioned between the liquid phase and the soil particle interface (Yong
et al., 1992). The soil mineral surface contains functional groups, which are responsible
for adsorption. These functional groups on clay minerals are -Al-OH (octahedral) with a
pKa (their respective log acidity) of approximately S, -Si-OH (tetrahedral) with a pKa of
approximately 9, and -Si-Al-OH; with an apparent pKa of approximately 6-7 (Evangelou,
1998). PAHs are nonpolar organics, with dipole moments less than 1, and dielectric

constants less than 3 (Yong et al., 1992). Even though van der Waals forces between



these compounds and clay particles are very weak, they are additive, resulting in large
total forces, and a less rapid decay with distance for large particles. It is thought that this
is most likely responsible for the difficulty of the removal of hydrocarbon molecules
from the aqueous medium. The value of K, for organic compounds can reflect the
partitioning of the organic compounds between the adsorbed phase and the soil solution.
The higher the K, the lower is the water solubility. Yong and Rao (1991) proved that
adsorption of hydrocarbons on clay surfaces occurs only when the solubility of the
hydrocarbon is exceeded and when it exists in the micellar form. They noted that the
lower the concentration of hydrocarbon in water, the greater is the tendency of the
organic compound to adsorb to the clay minerals. Type and fraction of secondary
minerals also influence sorption/desorption. A study by Elektorowicz and Ju (1997)
showed different desorption rates from various clay materials, such as kaolinite, illite,
and montmorillonite, under the same conditions. Tests of extraction of phenanthrene
using supercritical fluid extraction (SFE) performed on above-mentioned soil
demonstrated that the highest extraction rate (92%) was obtained from montmorillonite,
the lowest from kaolinite (21%), and 52% from illite soil.

Another factor that should be taken into consideration is organic matter. As stated
previously, organic material has high specific surface areas and ion exchange properties.
Due to hydrophobic properties of nonionic organic compounds, they are primarily sorbed
to the organic matter fraction of the soil. Interaction occurs on the hydrophobic surfaces
of the organic matter in the soil. Hydrophobic active sites of humic substances include
aliphatic side chains and lignin-derived moieties with high carbon content and small

number of polar groups (Senesi and Chen, 1989).



In summary, the fate of contaminants in environment is dramatically influenced
by the presence of clay colloids, associated organic matter and amorphous inorganic
materials. In field conditions, clay material represents a major challenge. Therefore,
design of a remediation operation for contaminated clayey soils must be preceded by
exhaustive analysis of the clay fraction, its petrographical structure, organic matter
content, and inorganic amorphous material -~ all associated with clay fraction
(Elektorowicz et al., 1999). An accurate remediation technology has to take advantage of

certain clay properties instead of challenging them.

2.3 Soil remediation and bioremediation

In-situ soil remediation has obtained more attention than ex-siri technology by
avoiding extraction and transportation of soil, preventing exposure of contaminated dust
to residual areas, and allowing cost savings. There are physical/chemical soil treatment
processes, such as pump-and-treat, soil washing, and electrokinetics. Biological soil
treatment includes bioremediation, such as bioventing, enhanced bioremediation, land
treatment, and phytoremediation. Some of the most common remediation technologies
applied to PAHs contaminated sites are presented below.

L Soil _vapor extraction (SVE) SVE is used for remediating subsurface soils
contaminated by volatile and semivolatile organic compound with an applied
vacuum, and thus enhancing the in-situ volatilization of contaminants. The
contaminants typical treated are volatile organic carbons (VOCs). Soil porosity,
soil structure and air permeability, are very important parameters that may

influence the performance of SVE. Due to the low soil permeability of clay
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materials, this methodology is not suitable for application in sites with high clay
content. The Veroma Well Field Surperfund site used a full-scale operation of an
SVE system, for duration of 4 years. A total of 45, 000 pounds of VOCs were
removed from the subsurface soil during the remediation (U. S. EPA, 1995a).

. Soil washing It involves the removal of organic or inorganic contaminants
through the use of water or other suitable aqueous solutions. In this technique,
fluid is used to wash contaminants from the saturated zone by injection and
recovery systems. A solvent, surfactant solution, or water with or without
additives is applied to soil to enhance contaminant release and mobility, resulting
in increased recovery and decreased soil contaminant levels (Nash, 1987; U. S.
EPA, 1994). This technology can be used to treat VOCs, PAHs, fuels, pesticides,
and heavy metals. However, if the soil is heterogeneous or has low permeability,
the contaminants are difficult to treat.

1. Electrokinetics Electrokinetic remediation is one of the most promising in-siru

techniques. Using the electrokinetic phenomena, electrodes are inserted into the
contaminated clayey soil under an applied electric field, evoking a motion of a
liquid and of the dissolved species. As a result, contaminants are transported to
the electrodes, where they can be removed by an adapted collection or separating
process (U. S. EPA, 1995b). Improved performance of electrokinetics can be
attained by the introduction of surfactants. A detailed review related to this
technology development is presented in Chapter 3.

The major group of in-situ treatment is bioremediation. Bioremediation is defined

as treatment by which microorganisms directly use contaminants as energy and carbon
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sources under optimal conditions, such as a suitable supply of oxygen and nutrients,
controlled moisture, temperature and pH. Consequently, the contaminants can be broken-
down to CO,; and H;O if the biodegradation is complete. Bioremediation has gained
interest during the last decade, as it may be applied in-situ, on-site or ex-situ for treating
chemical spills and hazardous waste problems. The above-mentioned technologies are
most advantageous when indigenous bacteria are considered for cleaning the
contaminated site. In most cases, secondary pollution and health risks are minimized. In
addition, low costs can be anticipated if biodegradation is complete. The disadvantage of
in-situ bioremediation is that it is difficult to inject the nutrient and bacteria into the field,
especially in clay material, which has very low hydraulic permeability. The fact that the
contaminants are strongly sorbed to the clay soil prevents the efficiency of
bioremediation. Bioremediation techniques have been applied for the sites contaminated
by PAHs, solvents, pesticides, wood preservation, and other organic chemicals. A few
examples of bioremediation methodologies have been discussed in detail.

L. Bioventing Typically, bioventing involves the introduction of oxygen into
contaminated unsaturated soils by extraction or injection of low airflow to
enhance the performance of biodegradation and to support an active microbial
population (U. S. EPA, 1995c¢). Process configuration is similar to those used for
soil vapor extraction but the airflow rate is limited to the amount necessary for
biodegradation. This technology has been widely used in the U.S. and Canada.
However, it is a medium to long-term technology, and its efficiency is dependent
on the specific site and its soil composition. If the soil has a high clay content, the

effective application of bioventing is limited by a lack of nutrients in the
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subsurface, low moisture content of the soil, and difficulty in achieving airflow
through the contaminated zone.

Enhanced bioremediation This technique applies the principle that indigenous or
inoculated microorganisms, such as fungi, bacteria and other microorganisms,
convert organic contaminants in soil to carbon dioxide and water under aerobic
conditions, and methane, sulfide, nitrogen gas under anaerobic conditions.
Oxygen, usually in the form of pure oxygen, or hydrogen peroxide is applied via
an infiltration gallery, spray irrigation, injection or active barriers. The specific
contaminants, site characteristics and environmental conditions will affect the rate
of biodegradation, and duration of bioremediation. If the specific site contains
high amounts of low permeability soil, such as clay materials, the injection of
oxygen and nutrient to the contaminant site will become very difficult.

Land treatment Land treatment is a full-scale bioremediation technique consisting

of tilling techniques to enhance the interaction of waste, soil, oxygen and
microorganisms to decompose organic hazardous waste. Upon enhanced
biological activity, the contaminants in soil can be degraded, transformed, and
finally mineralized. Diesel fuel, oily sludge, wood-preserving wastes (PCP,
PAHs, and creosote), coke wastes, and certain pesticides have been successfully
biodegraded by this technique (U. S. EPA, 1993). Nyer (1992) reported that
pentachlorophenol (PCP) concentrations were reduced by 95 percent while PAH
concentrations were reduced by 50 to 75 percent over a 5-month period in a land

treatment system. Limitations to the process include: 1) large land-area
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requirements, 2) dust, 3) the depth of tilling, 4) weathered contaminants which
result in long term persistence, and 5) treatment time is relatively long.

Iv. Phytoremediation Unlike enhanced bioremediation using microorganisms,

phytoremediation involves plants to absorb, transfer, and degrade organic or
inorganic contaminants in soil. Plants can supply nutrients to microorganisms
through roots, translocate/accumulate (phytoextract) contaminants into plant
roots, and mineralize the contaminants using enzymes, such as dehalogenase and
oxygenase released by these plants. The typical contaminants that can be
biodegraded by phytoremediation are metals, pesticides, solvents, explosives,
crude oil, PAHs, and landfill leachates. However, a major limitation of this
technique is the bioaccumulation of contaminants in animals through the ingestion
of these plants. In addition, the remediation process can take years to reach
regulatory levels, and therefore it requires a long-term commitment to maintain
the system.

In summary, soil remediation and bioremediation is site specific. Up to now, there
is no perfect method for the contaminated site with a large amount of clay material and
high content of organic matter. The electrokinetics applied for heavy metal and PAHs
contaminated clayey soil has been shown promising results (Acar et al., 1994; Pamukcu
et al., 1995). This method seems to have potential to be applied in our study. In
combination with biosurfactants to treat hydrophobic contaminants, enhanced
electrokinetics represents a very promising in-situ technique for the removal of PAHs

from clay materials.
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2.4 Role of surfactants in remediation

Surfactants, also called surface active agents, are amphiphilic molecules, having
one polar moiety which has an affinity with water and other polar molecules, and another
nonpolar moiety which is a hydrophobic part. Hydrophobic portions (tails) are usually
hydrocarbon chains typically containing 12 or more carbon atoms. Hydrophilic portions
(heads) are usually ionic, or polar. By concentrating at the air/water interface of the
solution, the surfactant species are able to reduce the surface tension of a liquid medium,
and then reduce the free energy of the system, thereby increasing their stability in the
solution.

The mechanisms govemning surface activity involve two processes in agueous oil-
surfactants-water solution: change of the structure of water, and the freedom of motion of
the hydrophobic groups of surfactants. The hydrogen-bonding of water molecules
tetrahedral arrangement may be disrupted by the presence of an amphiphilic molecule.
The amphiphilic molecules are surrounded by water with the hydrophilic head group
remaining in water and the hydrophobic portion extending into the gaseous or oil phase.
The restriction of internal torsional vibration of the hydrocarbon chains results in the
decrease of free energy upon the dissolution of the hydrocarbons. Therefore, the removal
of the hydrophobic part from the aqueous solution will decrease the entropy. This is the
reason that the amphiphilic molecules tend to accumulate at the air-water or oil-water
interface. Because the forces of intermolecular attraction between water molecules and
non-polar groups are weaker than those between two water molecules, the surface tension
is reduced. Increasing the concentration of surfactant to reach a certain point with the

lowest surface tension, called the critical micelle concentration (CMC), the monomers of
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surfactants begin to aggregate into spherical, cylindrical or lamellar micelles. In other
words, the CMC can be defined as the surfactant concentration at which the concentration
of a free monomer ceases to increase and any further monomers added will form micelle
structures (Myers, 1992). A micelle is usually an ordered, colloidal aggregate of 40 to
400 surfactant molecules in the liquid solution (Rosen, 1978). In the process of micelle
formation, the surfactant molecules that aggregate to forn micelles have the ability to
surround insoluble molecules, thereby effectively dispersing or emulsifying them into the
aqueous phase.

Surfactants are classified according to the nature of hydrophiles and hydrophobes.
This results in the existence of anionic, cationic, zwitterionic (or amphoteric) and
nonionic surfactants. The different types of surfactants are summarized in Table 2.2.
Anionic surfactants, with the hydrophilic group carrying a negative charge, are the largest
class of surfactants in use (70-75% of total consumption). Cationic surfactants, with the
hydrophile bearing a positive charge, are very important roles as antiseptic agents, which
can kill or inhibit the growth of many microorganisms (Myers, 1992). Zwitterionic
(amphoteric) surfactants contain hydrophobic groups consisting of both negative and
positive charges. Nonionic surfactants contain hydrophilic groups without charge (e.g.
polyoxyethylenes).

Surfactants can be employed in detergency, emulsification, dispersion, coating,
wetting, flotation, petroleum discovery, lubrication and adhesion. Recently, surfactants
are used in technologies for the remediation of soil contaminated with hydrophobic
organics, such as soil-washing, soil-flushing, pump-and-treat for increasing the

solubilization of sorbed hydrophobic contaminants (Abdul et al., 1992; Fountain et al.,
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1991; West and Harwell,

Volkering et al.,

1992; Shieu et al.,

1994; Robertson and Wilson, 1995;

1995). The removal of petroleum hydrocarbons can be a few times

higher where surfactants are added to the washing system (Ellis et al., 1985). Edwards et

al. (1991) utilized four commercial nonionic surfactants to enhance the solubilities of

naphthalene, phenanthrene, and pyrene. They found that the solubility of PAHs increased

linearly with surfactant concentration above the CMC. Surfactant addition to PAH-

contaminated soil have been demonstrated to be effective in the dissolution and

desorption of PAHs from soil systems, resulting in higher mass transfer rates (Miller,

1995). Therefore, addition of surfactants into the soil can enhance the solubility and

bioavailability of oil contaminants.

Table 2.2 Classification of synthetic surfactants

tertoctylphenyl ether

Type Example Molecular formula Configuration
Anionic Potassium laurate CH3(CH3),0,COO" K* Hydrophilic head
Sodium dodecyl CH;(CH,);;SO; Na* é—-—
SUIphate 4\Hydrophobic tail
Cationic Dodecylamine CH;(CH,);;NH;" CI’ Hydrophilic head
hydrochloride é!'_)
4\Hydropl':ol:m: tail
Ampholytic | N-dodecyl-N,N- C2H2sN*(CH;),CH,COO’ Hydrophilic head
dimethyl betaine é
¢Hydropholm: tail
Non-ionic Polyoxyethylene p- CgH,CsHsO(CH,>CH-0),cH Hydrophilic head

S

Hydrophobic tail
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2.5 Biosurfactants

As stated previously, in order to solve the remediation problem caused by PAHs
properties, surfactants were presented as a feasible solution. However, Hunt et al. (1994)
pointed out that the surfactants present some level of toxicity to the microorganisms due
to their adsorption at interfaces and binding through hydrophobic interactions with
proteins. They solubilize components of the membrane and this allows them to interact
with cell membranes (which has very high protein/lipid ratio) and proteins-especially
enzymes. Thus, surfactants disrupt normal cell functions and decrease enzymatic activity.
Alternatively, rapid advances in biotechnology over the past decade have led to
considerable interest in manufacturing surfactants by biological methods (so-called
biosurfactants) on the industrial scale. Biosurfactants are a variable group of surface-
active agents naturally produced by certain types of hydrocarbon-uptaking
microorganisms. They exhibit both hydrophilic and hydrophobic structural moieties
similar to a synthetic surfactant. A comparison of the surface-active properties of several
microbial and synthetic surfactants are shown in Table 2.3 (Banat, 1995a).

Biosurfactants have special advantages over chemically synthetic surfactants,
because of their small size (molecular weight less than 1500), their lower toxicity,
structural diversity, biodegradable nature, effectiveness at extreme temperatures, pH, and
salinity, and ease of synthesis, or perhaps even stimulation of in-situ production (Kosaric,
1993). Therefore, in recent years, significant interest in biosurfactants has been earned as
a result of a wide application in environmental protection, crude oil drilling,
pharmaceuticals, and food-processing industries (Fiechter, 1992; Klekner and Kosaric,

1993; Muller-Hurtig et al., 1003; Velikonja and Kosaric, 1993).
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Table 2.3 The properties of biosurfactants and synthetic surfactants (Banat, 1995a)

Agent Surface tension  Interfacial tension  Critical micelle
(mN/m) (mN/m) concentration
(mg/l)
Synthetic surfactants
Span-20 32.0 5.0 10.0
Sodium dodecyl sulphate 30.0 0.01 2,500.0
Petroleum sulfonates 30.0 0.001 ND
Biosurfactants
Cellobiose lipids 30.0 >1.0 20.0
Rhamnolipid 40.0 1.5 50.0
Sophorolipid 37.0 1.5 82.0
Trehalose dimycolate 30.0 18.0 0.7
Trehalose 6-mycolate 30.0 15.0 165.0
Hydroxy fatty acid 30.0 15.0 200.0
Surfactin 27.0 1.8 25.0
Corynomycolic acid 30.0 2.0 150.0
Protein-lipid-carbohydrate 35.0 15.0 1,900.0
PE-1006 product 30.0 5.6 70.0
ST-5 product 270 1.8 30.0
AB-2 product 28.0 1.5 35.0

e  ND= Not detected

2.5.1 Characteristics of biosurfactants

Certain bacteria produce biosurfactants, and secrete these emulsifying
hydrophobic compounds into the water phase, thereby increasing the hydrocarbon surface
area in contact with the biodegrading microorganisms. Microbial surfactants include low-
molecular-weight glycolipids, lipopeptides, and high-molecular-weight lipid-containing
polymers such as lipoproteins, phospholipids, lipopolysaccharide-protein complexes, and
polysaccharide-protein-fatty acid complexes (Koch et. al, 1991). Generally, the typical
amphiphilic structure of biosurfactants has a hydrophobic moiety, which is either a long-

chain fatty acid, alkyl or hydroxyl fatty acid. In addition, it has a hydrophilic moiety,
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which can be a carbohydrate in glycolipids, an amino acid in lipoproteins, a phosphate in
phospholipids, a carboxylic acid, an alcohol, etc. (Sreekala, 1994).

Biosurfactant molecules are cell wall associated and are also secreted into the
surrounding media. Such molecules have the potential to promote cellular attraction to
hydrophobic surfaces, to affect the distribution of cells between oil and water phases, to
emulsify water-insoluble substances, and to mediate transport of hydrophobic substrate
into the cell. Most biosurfactants are either neutral or negatively charged. The anionic
character is due to the presence of carboxylic groups. A small number of cationic
biosurfactants contain an amine functional group.

Recently, a considerable number of studies have been performed on
biosurfactants produced by a wide variety of microorganisms such as bacteria, yeast and
filamentous fungi. Different types of microorganisms produce a variety of biosurfactants
(Table 2.4). The most commonly isolated and widely studied group of surfactants
produced by microorganisms is glycolipids, which contain one or more monosaccharide
residues linked by a glycosyl linkage to a lipid part and include trehalose lipids,
rhamnolipid, and sophorolipids. Among them, rhamnolipids were the most widely
researched.

Rhamnolipids, which was secreted into growth medium during the stationary
phase of growth, contain two rhamnose units connected to f-hydroxydecanoic acid, or
one rhamnose attached to the identical fatty acid (Figure 2.5). The monorhamnolipid has
an average molecular weight of 504 (Zhang and Miller, 1992). Jarvis and Johnson (1949)

first described the rhamnolipids, which were produced by Pseudomonas aeruginosa. The
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Table 2.4 Various biosurfactants produced by microorganisms
(adapted from Banat, 1995b)

Group Microorganisms Type of biosurfactants

Glycolipids Pseudomonas sp. Rhamnolipids (anionic)
Torulopsis sp. Sophorose lipids
Candida bogoriensis
Arthrobacter sp. Trechalose lipids
Mycobacterium tuberculosis
Lactobacillus fermenti Diglycosyl diglycerides
Ustilago zeae, U. maydis Cellobiose lipids

Lipopetides Bacillus subtilis Surfactin, subtilisin, subsporin
Bacillus spp Lipopeptide antibioties
Bacillus licheniformis various cyclic lipopeptides
Corynebacterium lepus Lipopeptide
Candida petrophilum Lipopeptide, protein emulsifier

Lipoproteins
Pseudomonas rubescens Ornithine-containing lipid
Pseudomonas fluorescens Viscosin

Phospholipids .
C. alkanolyticum Lecithin, phospholipids
Thiobacillus thiooxidans Phospholipids
Polysaccharide | candida tropicalis

lipid complexes

Acinetobacter calcoaceticus

Pseudomonas fluorescens

Polysaccharide-fatty acid complex

Emulsan
Protein-carbohydrate complex
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Figure 2.5 Structure of rhamnolipids (adapted from Zhang and Miller,1992)
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genus of Pseudomonas is one of the most commonly found soil microorganisms. The
complete enzymatic synthesis of rhamnolipid from the extracts of Pseudomonas
aeruginosa ATCC 7700 was described by Burger et al. (1963). The structural and
regulatory genes encoding the rhamnolipid synthesis pathway have been also isolated and
characterized (Ochsner et al., 1995).

Rhamnolipid aggregates are predominantly small vesicles (50 nm in diameter),
and micelles of 5 nm in diameter at pH> 6.0. The average surface tension of rhamnolipids
is 40 mN/m. Rhamnolipid can lower the air/water surface tension for distilled water from
approximately 72 mN/m to roughly 30 mN/m (Zhang and Miller, 1992). Previous work
has shown that rhamnolipids can enhance soil flushing efficiency as well as the rate of
biodegradation of non-aqueous phase liquid (NAPL) (Zhang and Miller, 1995; Miller,
1995; Bai et al., 1997), and desorption of heavy metals from soil (Herman et al., 1995;
Mulligan et al.,, 1999). Therefore, they are of particular interest for use in in-situ
remediation, since rhamnolipids are naturally biodegradable products that may be
acceptable for being supplied to contaminated sites. Any new technology, which includes
biosurfactants for the solubilization of PAHs instead of synthetic surfactants, needs to be

further investigated.

2.5.2 Biosurfactant production

In order to introduce biosurfactants into contaminated soil, the ex-situ production
of biosurfactants is a necessary first stage of technology. Effective production and
behavior of biosurfactants play an important role in achieving an efficient treatment

technology. In this section, attention is paid to reviewing production of rhamnolipid
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biosurfactants, which are used in this research. Production methods of rhamnolipids from

Pseudomonas spp. are concluded in the below list:

L

Growth-associated biosurfactant production There exists a parallel relationship

between growth, substrate utilization, and biosurfactant production. Different
carbon sources such as glycerol, glucose, and ethanol could be used for
rhamnolipid production by Pseudomonas spp. (Robert et al., 1989). Reena and
Desai (1997) dealt with the rhamnolipids produced from Pseudomonas
aeruginosa GS3. When glucose was the substrate, maximum production (0.44 g/1)
was observed during the stationary phase of growth. In addition, Pseudomonas
aeruginosa GS3 can produce rhamnolipid biosurfactants during growth on
carbohydrates, higher chain length n-alkanes and Il-alkenes, petroleum crude oil
and vegetable oils. Pilot-plant studies have shown that the production of
rhamnolipids with a concentration of approximately 2.25 g/l was achieved
(Reiling et al, 1986).

Growing cells under growth-limitation conditions Due to the limitation of
nitrogen, iron, and low phosphate concentration, the culture at the stationary
phase of growth may increase the production of biosurfactants. Numerous
investigators have demonstrated an overproduction of biosurfactants by
Pseudomonas spp. when the culture reaches the stationary phase of growth due to
the limitation of nitrogen and iron (Guerra-Santos et al., 1986; Mulligan and
Gibbs, 1989; Ramana and Karanth, 1989). When bacterial cells were shifted from
medium containing 36 uM iron to a medium containing 18 uM iron, rhamnolipid

production dramatically increased three-fold (Guerra-Santos et al., 1986).
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1. Production by resting cells In this method, although the bacterial cells continue to
utilize the carbon source for the synthesis of biosurfactants, there is no cell
multiplication. Pseudomonas spp. can produce the biosurfactants by resting cells.
Syldatk et al. (1985) reported that the highest yield of rhamnolipids from n-
alkanes produced by the resting free cells of Pseudomonas spp. DSM 2874
occurred at pH 6.6 and a temperature 37 °C. However, the biosurfactant
production rate with resting cells was much lower than with growing cells. One of
the advantages of using resting cells to produce biosurfactant is that it reduces the
cost of product recovery (Reiling et al., 1986).

There are several nutritional and environmental factors, which affect biosurfactant
production and should be considered in the development of the technology, including
carbon, nitrogen, phosphate substrate., pH, temperature, oxygen concentration and
salinity. Water-soluble carbon sources such as glycerol, glucose, mannitol, and vegetable
oils were all used for rhamnolipid production by Pseudomonas spp. Ammonium salts and
urea were selected as nitrogen sources for biosurfactant production. However,
biosurfactant production in certain Pseudomonas species can be enhanced when cells are
grown under low nitrogen conditions (Guerra-Santos et al., 1986). The research on
rhamnolipid synthesis has shown that there are non-limiting concentrations of phosphate
for the synthesis of rhamnolipids (Mulligan and Gibbs, 1989).

pH, temperature, and oxygen availability affect biosurfactant production through
their effects on cellular growth or activity. Maximum rhamnolipid production in
Pseudomonas spp. was in a pH range from 6 to 6.5 and decreased sharply above pH 7 in

a continuous culture (Guerra-Santos et al., 1986). In addition, surface tension and CMC
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of a biosurfactant product remained stable over a wide range of pH values, whereas
emulsification had a narrower pH range (Abu-Ruwaida et al., 1991). The optimal
temperature of synthesis for rhamnolipids is 31-34 °C. Below 30 °C or above 37 °C, the
rhamnolipid yields were significantly reduced in continuous culture (Guerra-Santos et al.,
1986).

2.5.3 Biosurfactants application in soil remediation

Because biosurfactants are a naturally biodegradable product that may be
acceptable into contaminated sites, they are of particular interest for use in in-situ
remediation. Numerous researchers showed that the addition of biosurfactant could
enhance the solubilization and bioavailability of hydrocarbons in batch scale studies. Jain
et al. (1992) demonstrated that the addition of Pseudomonas aeruginosa UG?2
biosurfactant to soil contaminated with a hydrocarbon mixture of tetradecane,
hexadecane, pristane and 2-methylnaphthadene, followed by a 2-month incubation
period, showed enhanced degradation of all hydrocarbons except 2-methyinaphthalene.
Zhang and Miller (1992) showed that octadecane mineralization increased from 5 to 20%
when the medium was supplemented with 0.3 g rhamnolipid/l. Van Dyke et al. (1993)
reported that rhamnolipids from Pseudomonas aeruginosa increased 40 to 80% and 30 to
70% recovery of hydrocarbons from contaminated sandy-loam and silt-loam soil,
respectively. The removal of hydrocarbons was approximately 10% more from a sandy
loam soil (78% sand, 10% silt, and 12% clay) than from silt loam soil (54% silt, 30%
sand, and 16% clay). Scheibenbogen et al. (1994) demonstrated that 56% of the aliphatic
and 73% of the aromatic hydrocarbons were recovered from hydrocarbon-contaminated

sandy-loam soil by treatment with rhamnolipids. A stimulatory effect of different types of
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rhamnolipids on the degradation of hexadecane and octadecane by seven Pseudomonas
strains has recently been presented (Zhang and Miller, 1995). Providenti et al. (1995)
found that the addition of Pseudomonas aeruginosa UG14 rhamnolipid biosurfactants
could enhance phenanthrene mineralization by 12% in a sandy loam (75% sand, 18% silt,
7% clay, 3.3% organic matter) and 19% in a silt loam (30% sand, 54% silt, 16% clay,
6.7% organic matter), respectively. Some researchers also reported that biosurfactants
could form complexes with heavy metals. Miller (1995) and Herman et al. (1995) noted
that in a soil experiment, the monorhamnolipid biosurfactant produced by Pseudomonas
aeruginosa ATCC 9027 could remove 16%, 43% and 48% of the sorbed Cd**, Pb** and
Zn>* from sandy soil (68% sand, 4.7% silt, 8.8% clay).

There are also a lot of promising uses of biosurfactant from in-situ remediation
investigations. The removal of oil-contaminated gravel from the Exxon Valdez Alaskan
oil spill was enhanced by biosurfactants that are produced by Pseudomonas aeruginosa
SB30 (Harvey et al.,, 1990). Addition of 1% biosurfactant solution was found to
consistently yield approximately twice the oil removal efficiency at temperatures from 10
to 80 °C. In Kuwait, oil-contaminated desert sand was treated by in siti and on site
bioremediation. Through the introduction of specific nutrients and oxygen, indigenous
microbial populations were encouraged to utilize hydrocarbons by the production of
biosurfactants (Al-Awadhi et al., 1994).

To summarize, biosurfactants have similar properties to synthetic surfactant with
added advantage of being biodegradable. Biosurfactant-producing bacteria can enhance
the removal efficiency of PAHs from contaminated soil. Because this application is

environmentally acceptable, biosurfactants are going to be applied in this research.
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CHAPTER 3 PRINCIPLE OF ELECTROKINETICS
3.1 Introduction

Electrokinetics represents the viable methodology for the removal of inorganic
contaminants from clay materials. Electrokinetic remediation (including bench-scale and
pilot-scale tests) has demonstrated promising results in removing contaminants
(Lageman, 1989; Acar et al., 1992; Pamukcu and Wittle, 1993; Probstein and Hicks,
1993: Runnels and Wahli, 1993: Acar and Alshawabkeh, 1996: Elektorowicz et al.,
1995a, 1995b, 1996). Electrokinetics phenomena consist of electroosmosis,
electrophoresis, and electrolytic migration in soils under an electric field in order to
extract species from soils and to inject others into soils. This technique applies low
voltage DC between anodes and cathodes. Due to oxidation-reduction processes, the pH
decreases below 4 at the anode area, and increases above 10 at the cathode area
(Elektorowicz et al., 1995a). Some research has been done to prevent the generation of
extreme pH values by conditioning the anode and washing the cathode area with water
(Reed et al., 1995; Elektorowicz and Hatim, 1999).

Lageman (1989) has used this technique successfully to remove more than 90% of
heavy metals (arsenic, cadmium, cobalt, chromium, copper, mercury, nickel, manganese,
molybdenum, lead, antimony and zinc) from clay, peat and argillaceous sand. Hamed et
al. (1991) and Acar et al. (1994) presented the details of bench-scale laboratory test in
order to demonstrate the feasibility of removing Pb, Cr, Cd, Ni, Cu, Zn, As, from fine-
grained soils. The enhanced electrokinetic remediation done by Puppala et al. (1997) used
acetic acid to neutralize the cathode electrolysis reaction and an ion selective membrane

to prevent back-transport of the OH generated at the cathode to remove the lead from
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synthetic soil (40% illite, 8% kaolinite, 5% Na-montmorillonite and 47% fine sand).
Wittle and Pamukcu (1993) and Chaudhury and Elektorowicz (1997) reported that the
use of EDTA coupled electrokinetics could improve the solubility of lead and nickel in
the natural soil.

A study by Bruell et al. (1992) has shown the possibility of removing benzene and
toluene from clay by electrokinetics. They conclude that it appears to be a viable
remediation technology for the removal of gasoline range hydrocarbons and chlorinated
solvents from fine particle soils. Acar et al. (1992) and Elektorowicz et al. (1996) have
reported 85-95% phenol removal from kaolinite. Probstein and Hicks (1993) also report
high removal rates of phenol and acetic acid from kaolinite, up to 95%. Pamukcu et al.
(1995) investigated the feasibility of transporting PAHs by electrokinetics from a
manufactured gas plant site soil. Due to the formation of micelles by adding synthetic
anionic surfactants (sodium dodecylbenzene sulfonate), the non-polar PAHs were
transported. Lab scale tests have also demonstrated the removal of diesel fuel using PVC-
carbon electrodes (Elektorowicz, 1995). All the studies have suggested or shown that

electrokinetic remediation is an effective method of aiding the removal of contaminants

from clay matenals.

3.2 Fundamental theory of electrokinetics

Electroosmosis, electrophoresis and electrolytic migration are the three major
phenomena occurring in soil during the removal of contaminants under an electric field.
Electroosmosis is caused by the migration of water towards cathode (i.e. by the

movement of soil moisture from the anode to the cathode). Electrophoretic phenomenon



is observed when negatively charged colloid particles (such as soil particles, organic
particles, droplets, microorganisms etc.) are attracted by the anode. Electromigration is
the process by which transport of ionic species and ionic complexes in the pore fluid
transport across the soil medium (Lageman, 1989). The following three sections describe

the detailed principle of these phenomena.

3.2.1 Effect of electroosmosis on electrokinetic remediation

Electroosmosis is a significant process in electrokinetic soil processing.
Electroosmotic phenomenon in a porous medium was first analytically treated by Reussa
in 1807 (Wilun and Starzewski, 1967). Later the Helmholtz-Smoluchowski (H-S) theory
was established. It describes electroosmotic velocity of a fluid with certain viscosity and
di-electric constant, through a surface charged porous medium due to electrical gradient.
This widely known theory has been applied for the description of water transport from
the anode to the cathode through soil.

The driving force caused by electroosmotic flow is indicated by the coefficient of
electroosmotic permeability (k.), which is defined as the volume rate of water flowing
through a unit cross-sectional area due to a unit electric gradient under constant
conditions and for a short duration of testing. The electroosmotic flow rate (qe) can be
applied to evaluate the efficiency of the driving force. Assuming constant electrical
potential gradient across the electrodes and neglecting the hydraulic gradients, the

electroosmotic flow rate estimated in the laboratory (Casagrande, 1949), is expressed by

k,
qe=kiA=;‘-I 3.1

e e

where:
gc = electroosmotic flow rate (cm®/s)
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ke = coefficient of electroosmotic permeability (cm?’N -s)
i = electrical potential gradient (V/cm)

A = cross-sectional area (cmz) ,

ki = coefficient of water transport efficiency (cm/A-s)

o = electrical conductivity (S/cm)

I =current (A)

The electroosmotic driving force is relatively insensitive to pore size (Shapiro and
Probstein, 1993). Therefore, it allows for a more uniform flow distribution and a high
degree of control in the direction of flow. The value of k. has been found to be a function
of zeta potential, viscosity of the pore fluid, porosity, and electrical permittivity of the
soil medium.

Hunter (1981) displays that the zeta potential decreases linearly with a decrease in
the logarithm of ionic concentration and /or the pH of the soil medium. It is hypothesized
that the drop in pH of the soil due to electrokinetic processing will cause a decrease in the
coefficient of electroosmotic permeability associated with the drop in zeta potential. In
summary, the k. value determined in one-dimensional tests is time-dependent, and is
controlled by the electro-chemical process incited by electrical current. From Lageman’s
(1989) pilot-scale study, the average electroosmotic mobility has been calculated to be in
the order of 5x10° m*/V s.

Accordingly, soluble species in the pore water may also be carried to the cathode
following electroosmotic flow. Since clay can attract a cluster of excess cations close to
the surface, under an electric field, the excess cations close to the surface move towards
the cathode along with the movement of water molecules, thereby following

electroosmotic flow in the same direction (Acar et al, 1993). They also indicated that this

coupling effect may result in a high-conductivity region at the anode and a low-
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conductivity region at the cathode, when applying a constant current (or variable
voltage). A negative pore water pressure (suction) is expected to develop to compensate
for the electroosmotic flux. For a constant current, the suction values will depend upon
the ratio of electroosmotic permeability to the hydraulic conductivity (ke/kp). The higher
this ratio, the higher the suction. Therefore, the developed negative pore pressure will
balance the electro-osmotic flow and hence decrease the net water flow, resulting in
decreasing and eventually stopping at later stage of the process. Elektorowicz et al.
(1995a) had solved the above-mentioned problem by the introduction of a water supply
system near the electrode and barriers. Thus, in fine-grained soil, where the hydraulic
conductivity is low, the major driving force for the water flow from the anode region
towards the cathode was electroosmotic flow, which can be continuous during the test.
The fact that the theory does not always agree well with experimental results
should be taken into consideration. The constant electrokinetic potential term in the H-S
theory varies with soil pH and ionic concentration of the pore fluid, which does not
remain constant during electrokinetic treatment of soils. When an electric field is applied
to wet soil, the soil pH undergoes transient and spatial variation due to dissociation of
water, which in turn affect soil surface properties such as cation exchange capacity, ion
(cation and anion) adsorption capacity, and magnitude and sign of the electrokinetic
potential. Even though phenanthrene is a non-polar insoluble organic compound, it is not
totally insoluble. There is still soluble phenantkrene moving to the cathode following the

electroosmotic flow.
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3.2.2 Effect of electrophoresis on electrokinetic remediation

Electrophoresis involves the movement of charged particles under the influence of
an electric field (Mitchell, 1976). This definition includes all electrically charged
particles like colloids, clay particles in pore solution, organic particles, droplets,
microorganisms, etc. Within the pore solution, these particles transfer the electrical
charges and affect the electrical conductivity and the electroosmotic movement. The
electric force on the charged particle, is equal to the hydrodynamic fractional force on the
particle by the liquid.

Clay minerals have two electrical polarity possibilities. One consists of the
structure-based dipole moment, which depends on the atomic masses and has an
orientation parallel to the longest axis of the clay particle. The second polarity exists at
right angles to the first and is caused by the external electric field. It depends on the mode
of polarization of the electrical double layer. The mobility of clay particles is a function
of two moments and is less than the electroosmotic mobility. It varies between 1x10™"°
and 3x10° m*V.s (Lageman, 1989).

From the above-mentioned concept, electrophoresis is a very important
mechanism in electrokinetic soil and slurry remediation when surfactants are introduced
into the fluid to form micelles (charged particles) (Pamukcu and Wittle, 1992; Acar and
Alshawabkeh, 1996). In addition, electrophoresis of clay colloids may play an important
role in decontamination if the migrating colloids have the chemical species adsorbed on
them. Electrophoretic movement can contribute to the transport of contaminants in the
form of colloidal electrolytes or ionic micelles. Micelle formation is promoted as the

concentration of the aggregating groups increase. Ionic micelles often carry a high charge
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and exhibit high conductance in dilution. As the concentration of surfactant increases, a
build-up of charge occurs due to further aggregation, and the conductance consequently
increases. However, with many systems there is a sudden and sharp decrease of
conductance at a critical concentration which is attributed to: 1) increasing association of
the ionic colloids which results in increased fraction of neutral colloids; 2) retarding
interionic forces which could be especially powerful with the large charges that these
ionic micelles carry (Pamukcu et al., 1995).

In this research, contaminant of concern is phenanthrene, which is a nonpolar
insoluble organic compound. It is strongly sorbed to the clay particles or/and soil organic
matter. Consequently, it cannot be effectively transported with electroosmotic flow.
Therefore, introduction of surfactants to form ionic micelles, which are moved by
electrophoretic forces and can enhance the removal of phenanthrene. Generally, the

process may involve the micelle migration and electroosmotic flow in the action.

3.2.3 Effect of electromigration on electrokinetic remediation

Electrolytic migration (also called electromigration) is the movement of ions and
ion complexes within the soil moisture or groundwater, other than the movement of water
or particle transport. The cations move toward the cathode, and the anions toward the
anode. The average mobility of ions lies around 5x10® m*/V.s, which is ten times greater
than that of the electroosmotic mobility (Lageman, 1989).

Electrolysis reactions at the electrodes need to be considered together with the
mass flux of species that occurs in the electric field. Due to the application of direct

electric current, oxidation occurs at anode, generating an acid front, while reduction at the
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cathode, producing a base front. The reactions are shown below at the anode and the
cathode, respectively.

2H,0 = Ox(g) +4¢ + 4H'(aq) (oxidation in anode)

4H,0 + 4¢’ > 2Hx(g) + 40H (aq) (reduction in cathode)

The hydrogen (protons) and hydroxyl ions generated at the electrodes by the
electrolysis reactions may transport to the opposite electrode. In the unenhanced
electrokinetic remediation, the protons with hydroxyl group can be transported across the
soil mass, and generate water (Acar and Alshawabkeh, 1993).

Meanwhile, clay particles in suspension are strongly influenced by pH. Clay
particles may have hydroxyl (OH) exposed on their surfaces and edges. The tendency for
the silica hydroxyl (SiOH) to dissociate SiO” and H" is strongly influenced by pH. The
higher the pH, the greater the tendency for the H" to go into solution, and the greater the
effective negative charge of the particle. As a consequence, a low pH promotes a positive
edge to negative surface interaction, often leading to flocculation from suspension. Stable
suspensions or dispersions of clay particles often require high pH conditions.

Other possible transport mechanisms during electrokinetic remediation are
hydraulic convection and ionic diffusion. Hydraulic convection can be neglected in the
case of low permeability soils (Acar and Alshawabkeh, 1996). Diffusion transport of ions
can occur when concentration gradients exist or are produced by reactions between the
various species present, by electrode reaction or any solid/liquid interface phenomena
(sorption, precipitation, dissolution, and complexation).

In general, the electrokinetic remediation technique is a controlled use of

electroosmosis, electrolytic migration, and electrolysis reactions for the extraction of
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species from soils. Electrolytic migration dominates transport in most soils once the
species are released into the pore fluid by the prevailing dissolution reactions. In high
water content and low activity clays, mass transport by electroosmosis may be on the
same order of magnitude as mass transport by electromigration. Electrophoresis becomes
a more important phenomena when surfactants are involved in the electrokinetic process.
In summary, due to surface charge of the clay material, electrokinetics offers the
possibility of inducing a greater flow through clayey soil, and driving contaminant
movement. Therefore, electrokinetically controlled processes on contaminant transport in
heterogeneous soil have significant implications regarding the potential efficiency of in-

situ remediation technologies.
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CHAPTER 4 METHODOLOGY AND MATERIALS

The experiments were divided into four test series, which allowed for the
determination of several unreported phenomena, which affected bio-electrokinetic
technology. For this reason, four different types of experiments were dealt with. These

tests allowed for the investigation of:

L Bacterial behavior in contaminated clayey soil under the electric field;

I Potential in-situ production of biosurfactants under the electric field;

1. Introduction of biosurfactants produced ex-situ into clayey soil by means of
electrokinetics:

V. Bio-micelles formation process, kinetics of bio-micelles’ mobility, and

effectiveness in phenanthrene removal within the microcosm of soil environment.
The detailed experimental procedures are highlighted in Figure 4.1. These
experiments encompassed the preparation of soil, production of biosurfactants in a lab
scale, characterization of materials, protocol of analytical methodology and setup of

electrokinetic cells.

4.1 Preparation of soil specimens

Phenanthrene was used as a model for PAH contamination in soil. Phenanthrene
(98% purity), an isomer composed of three benzene rings, was purchased from Fisher
Scientific, Rochester, NY. Phenanthrene was dissolved in hexane to obtain the required
concentration.

Soil used in all experiments are clay materials, purchased from Canada Brick

Limited (Laval, QC), under the manufacture name “Sealbond”. In order to characterize



the soil properly, all soil specimens were passed through the No. 200 sieve. Total organic
carbon content, moisture content, pH, carbonates, sulphates, chloride, total Kjeldahl
Nitrogen (TKN), and cation exchange capacity (CEC) of soil were measured before the
experimentation. Mineralogical analyses for soil specimens were performed by X-ray
diffraction.

Prior to all experiments, the soil specimens were dried in the oven at 105 °C for
24 hrs to allow for the removal of pore water. Moisture content was adjusted to 40-45%
using distilled water. In all tests related to bacteria, the soil specimens were dried in an
oven at 105 °C for 24 hours and autoclaved for 30 min at 103 kPa and 121 °C to ensure
sterility. The autoclaved soil was confirmed to be sterile by plating autoclaved soil on
Pesudomonas agar P plates (content of culture presented in Chapter 4.2). The soil was
then dried at 105 °C for 24 hours and adjusted to a desired moisture content by sterilized
water. The soil was placed into the electrokinetic cells by layers in order to prevent gap
and air pockets within the soil specimen.

In order to investigate the efficiency of biosurfactants on the removal of the
phenanthrene from clay soil, the soil was spiked with a solution containing phenanthrene
and hexane. The concentration of phenanthrene applied in this experiment was 250
mg/kg soil. This value belongs to level C, which indicates that the soil is contaminated
and cannot be used for the residential and industrial purposes. Therefore, remedial action

is necessary.
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e mineralogical analysis

e organic carbon content

e moisture content

e pH

e carbonates

e sulphates

e chloride

e TKN

e cation exchange capacity

v

Bio-tests

e production of rhamnolipids from
P. aeruginosa ATCC 27853

e isolation of rhamnolipids

e identification of rhamnolipids

!

v

Analysis of electrokinetic
parameters

e clectrical potential
® resistance
e current

Analysis of soil after testing

e bacterial counting

e soil moisture content

e concentration of rhamnolipids
e concentration of phenanthrene

v
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e  Fourier Transform Infrared
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Electrokinetic test series 1
Behavior of bacteria under the electric field

Cell 1 (T1CI) (soil free of phenanthrene)
Cell 2 (T1C2) (soil contaminated by
phenanthrene)

Electrokinetic test series 2

Potential production of rhamnolipids in-situ
under the electric field

Celll (T2C1) (soil free of phenanthrene)
Cell 2 (T2C2) (soil contaminated by
phenanthrene)

Electrokinetic test series 3

Introduction of ex-situ produced biosurfactants
into soil under the electric field

e Cell 1 (T3C1) (soil free of phenanthrene.
concentration of biosurfactants is 20 mg/1)

e  Cell 2 (T3C2) (soil contaminated by
phenanthrene. concentration of
biosurfactants is 20 mg/1 )

e  Cell 3 (T3C3) (soil free of phenanthrene.
conc. of biosurfactants is 166 mg/1)

e  Cell 4 (T3C4) (soil contaminated by
phenanthrene, concentration of
biosurfactants is 166 mg/1 )

Electrokinetic test series 4
Formation of bio-micelles under the electric field

e  Cell I(T4C1) (phenanthrenc-water-
biosurfactant system under the electric field)

e  Cell 2 (T4C2) (soil-phenanthrene-water-
biosurfactant system under the electric field)

e  Cell 3 (T4C3) (soil-phenanthrene-water
system without electric field)

Research on mechanism of formation of
bio - micelles under the electric field

Figure 4.1 Scope of experiments
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4.2 Preparation of microorganisms

Due to its biosurfactants production capacity, Pseudomonas aeruginosa was
chosen as the target bacteria in this research. Pseudomonas aeruginosa ATCC 27853 was
obtained from the American Type Culture Collection (Rockville, MD) and stored at 4°C
on Pseudomonas agar P plates and transferred to a fresh agar plate each month. The
culture contents of Pseudomonas agar P consist of 20 g/l proteose peptone, 15.0 g/l agar,
10.0 g/t glycerol, 10.0 g/l dipotassium hydrogen phosphate (K,HPO,), and 1.4 g/l
magnesium chloride hexahydrate (MgCl, e 6H>0). They are gram-negative bacteria,
which are chemoheterotrophs using organic compounds containing more than one carbon
atom as energy and carbon sources. They depend on oxygen as a terminal electron
acceptor. These bacteria do not require additional growth factors. A blue phenazine
pigment, pyocyanin, is characterized as the species P. aeruginosa.

The procedure of counting the viable number of bacteria in soil dilutions followed
the traditional methodology, namely dilution plate counts for bacteria in soil. A 1 g soil
sample from the experiment was weighed into a dilution tube containing 10 ml of
sterilized distilled water. The tube was capped, placed on a mechanical shaker, for 3

hours at 200 rpm at room temperature (23 °C). The tube was centrifuged at 5000 x g for
20 min, and a 10'l dilution was obtained. A 1 ml from the supernatant was transferred to

-8
a 9 ml dilution in a capped tube, and shaken well. This procedure was repeated until 10
was reached. A 0.1 ml suspension from the dilution was spread on the Pseudomonas agar
P surface with a sterile glass spreader for each plate. Triplicate plates per dilution were

prepared. The culture plates were incubated in a dark, aerobic environment of 28 °C for
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24 hrs. Plates containing 30 to 300 colonies were considered (presented as Colony-

Forming Units (CFU)/g soil).

4.3 Production from bacteria, extraction
and identification of biosurfactants

In this research, isolated rhamnolipid (biosurfactant) was used to perform the
enhanced electrokinetic experiment. P. aeruginosa ATCC 27853 was reported to have
the ability to produce rhamnolipids during growth on a medium of protease peptone-
glucose-ammonium salts (Cheng et al, 1970).

The procedure for the production of biosurfactant from Pseudomonas aeruginosa
ATCC 27853 is described below. P. aeruginosa was inoculated into 25 ml of Kay’s
minimal medium (Warren et al., 1960) in a 125-ml flask. This medium included 1.5 g/1 of
monobasic ammonium phosphate (NH H>POy), 1.0 g/1 dipotassium hydrogen phosphate
(K:HPOy), 1.0 g/l glucose, 0.5 mg/l iron (IT) sulfate (FeSO,), and 0.5 g/l magnesium
sulfate heptahydrate (MgSO,; e 7 H>O). The culture was incubated with shaking at 200
rpm for 24 hours at 37°C, and then 2 ml was transferred into 200 ml of proteose peptone-
glucose-ammonium salts medium (PPGAS) in a 1,000 ml flask. The contents of PPGAS
consist of 1.1 g/l ammonium chloride (NH;Cl), 1.5 g/l potassium chloride (KCl), 0.12 M
Tris (hydroxymethyl) hydrochloride (Tris-HCI), S g/l glucose, 10g/l proteose peptone,
and 0.2 g/l magnesium sulfate (MgSO;). This flask was incubated at 37°C with shaking
at 200 rpm for 60 hours, at which rhamnolipids were harvested at the maximum level
(Zhang and Miller, 1992). In addition, the culture suspension was used for extraction,

purification and identification of rhamnolipids.
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For isolation and purification of rhamnolipid from bacterial culture, the culture
suspension was centrifuged at 5,000 x g for 20 min to remove cells (Canlab Medifuge
5415, CA). The supernatant was removed from the centrifuged tube, then added to
concentrated HCI to achieve a final pH of 2.0 in order to promote the precipitation of
rhamnolipid, and centrifuged at 14,000 x g for 20 min (IECB-20A centrifuge, U.S.A).
The precipitate was dissolved in 0.05 M sodium bicarbonate, reacidified, and
recentrifuged at 14,000 x g for another 20 min. The precipitate was extracted with
chloroform-ethanol (2:1) three times in a separator funnel. The equivalent volume of
distilled water was also introduced into the funnel to separate the chloroform layer
(containing the lipids) from the water-soluble phase. The organic solvent was removed
with the aid of a rotary evaporator (Buchi 001, Switzerland), and the residue was
dissolved in 0.05 M sodium bicarbonate (pH 8.6).

Identification of the glycolipid fraction was performed by Fourier Transform
Infrared Spectrometers (FTIR) with Bomem-Grams/386 spectrometer operating Win-
Bomen Easy software packages (Bomem, Inc. QC). This equipment has one accessory,
called Gemini, which combines two sampling technologies in one device: horizontal
attenuated total reflectance (with Zinc Selenide crystal as a sampling plate) and diffuse
reflectance (with six macro diffuse sampling cups mounted on a diffuse reflectance
cartridge). The former provides a horizontal sampling surface to allow for the analysis of
the liquid samples. The latter is used to analyze the solid samples and rough surfaces. In
this study, the liquid sample of biosurfactants was directly placed in the ZnSe plate, dried
in the air-flow hood for 6 hours, and placed back into the spectroscopy. Fifty scans were

applied with a resolution of 4 cm™'. The spectral data were interpreted by examining the
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literature values of infrared absorption (Little et al., 1966).

In order to investigate the formation of bio-micelles by biosurfactants and
phenanthrene, NanoScope Atomic Force Microscopes (AFM) (Dimension 5000 SPM,
California) was applied. AFM measures the attractive or repulsive forces between tip and
sample, and obtains topography by mechanically moving a shape probe across the sample
to “feel” the contours of the surface. Samples are not disturbed by preparation process.

The image obtained was three-dimensional and of high resolution.

4.4 Determination of pH, moisture content, and
concentration of rhamnolipids and phenanthrene in soil

Analysis of pH values for the soil was performed using standard pH experiments.
3.0 g of air-dried soil from each soil specimen was placed in a 15 ml tube. 7.5 ml distilled
water was added to the soil. The tube was shaken for 1 hour and allowed to settle for 0.5
hours. The pH of the supernatant was obtained once the reading became stable.

In order to measure the moisture content in soil, a 1 g soil specimen was placed
into a pre-weighted porcelain dish and dried in the oven at 105 °C for 24 hours. After
that, it was put into a desiccator to cool down and then weighed. The difference between
these weights divided by the original weight of the soil was multiplied by 100% to obtain
the moisture content in soil.

For the isolation of rhamnolipids from the soil, in order to test the concentration
of biosurfactants, one gram of soil specimen was extracted with 5 ml diethyl ether in a 15
ml centrifuge tube. The tube was then centrifuged at 5000 x g for 20 min. The
rhamnolipids in the supernatant was pooled, dried, and resuspended in 1 ml of 0.05 M

sodium bicarbonate. And then the concentration of rhamnolipids was estimated using the
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modified L-rhamnose measurement technique (orcinol assay) (Chandrasekaran and

Bemiller, 1980). A 100 ul sample was treated with 900 pl of 100 mg orcinol (in 53%

H,SO,) and heated for 20 min at 80°C. After cooling at room temperature for 15 min,

A,,, was measured. Rhamnolipid concentrations were calculated from standard curves

prepared with L-rhamnose (obtained from Sigma, St. Louis, MO.) and expressed as
rhamnose equivalents (in mg/l).

In order to determine phenanthrene concentration in the soil, one gram of soil
specimen after testing was mixed with 5 ml of hexane in 15 ml centrifuge tube, and

shaken for 2 hours at 150 rpm. Then, the tube was centrifuged at 5000 x g for 20 min.

The supernatant was used for the determination of phenanthrene concentraticn by UV-
VIS spectrophotometer (PYE PUS8600, Philips). The absorbance of UV was compared

with a prepared standard curve of phenanthrene to obtain the concentration.

4.5 Electrokinetic cell configuration

Figure 4.2 shows a schematic diagram of the container used in bench-scale test
series |1 and test series 2. The container was made of rigid polyethylene for electrical
insulation and resisting the lateral compaction pressure. Inner dimensions of the container
were chosen to be 5.0 cm in width, 4.0 cm in height, and 11.4 cm in length for test series
one and two (T1 and T2) (Figure 4.2). For test series three (T3), inner dimensions of the
container were chosen to be 5.0 cm in width, 2.0 cm in height, and 11.4 cm in length
(Figure 4.3). The inner side of the container was sealed with silicon sealant paint. The

configuration of the electrokinetic cell for test series four (T4) was 8.0 cm in width, 6.0
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Figure 4.2 Schematic diagram of experimental setup
for cells TIC1, TI1C2, T2C]1, and T2C2
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Figure 4.3 Schematic diagram of experimental setup
for cells T3C1, T3C2, T3C3 and T3C4




cm in height, and 3.0 cm in length (Figure 4.4). In order to measure differential electrical
potentials along the electrokinetic cell, ten silver probe electrodes with a diameter of 0.10

mm and spacing of 1.0 cm were inserted in the soil between electrodes.

SS¢=1.0cm

Figure 4.4 Schematic diagram of experimental setup
for cells T4CI1, T4C2 and T4C3

For series T1, T2 and T3, two plates made of stainless steel mesh, which allowed
the uniform distribution of electrokinetic flow, were used at both the anode and the
cathode (Figure 4.5). They were cut into a size that matched the cross section of the cell,
which was 5 cm x4 cm for T1 and T2, and 5 cm x 2 cm for T3. The platinum wires (0.05
mm in diameter) were wrapped around the top of stainless steel mesh in order to take
advantage of their electrochemical inertness. They were connected in parallel to a power
supply using silver wires. For series T4, the perforated stainless steel electrode (with
diameter of 1.0 cm) was used as the cathode and the anode, fixed to the cell at a distance

of 8.0 cm (shown in Figure 4.4).
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Figure 4.5 Stainless steel mesh electric plate

4.5.1 Test series 1: Behavior of bacteria under the electric field

In order to improve the efficiency of bio-electrokinetic remediation, the response
of bacteria under an electric field is still under research. Through the application of
electrokinetics, pH control is very important because extreme pH values could eliminate
inoculated degradative bacteria or indigenous bacteria for bioremediation (DeFlaun and
Condee, 1997). In order to investigate the behavior of biosurfactant-producing bacteria
under the electric field, two cells were setup, and designated as T1IC1 and T1C2. Their
dimensions were identical. The cell configuration is shown in Figure 4.2.

The experiment duration for this test series was 14 days. The electrode mesh,
tubes, and containers were thoroughly rinsed before using them in the next electrokinetic
cell. DC regulated power supplies (TES 6230, CA) were used to apply a voltage
continuously across the electrodes for the experimental duration. The applied electrical
potential between the two electrodes was 5.70 V at a distance of 11.4 cm to achieve the

value of 0.5 V/cm. The design specifications for the power supply and the associated
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electrical circuit are such that they are able to perform independent experiments in
parallel electrokinetic cells.

It is important to monitor the voltage distribution across the electrokinetic cells as
a function of time, since the electrical gradient is the primary driving force for the
transport of species during the electrokinetic process. It can help to better understand the
development of the process. In order to measure differential electrical potentials along the
electrokinetic cell, ten silver probe electrodes with a diameter of 0.10 mm and spacing of
1.0 cm were inserted in the soil between electrodes. This design made it possible to
measure the actual electrical potential change using TES Scientific Multimeter (Model
155, CA), with an input impedance of 100 MQ. Potential measurements were obtained
every 24 hours, at each probe location for the entire 14 days of the experiment. The
uncertainty in each measurement was estimated to be lower than + 5 % of the reading. At
the same time, the electric current in the system was also recorded by a TES Scientific
Multimeter, with a sensitivity of 0.01 mA. These allowed for the determination of the
resistance distribution within the soil and permitted to monitor the electrokinetic
phenomena during the experiments.

Sterilized water from a reservoir was introduced through a perforated tube (a
plastic PVC tube at ¢ 0.5 cm) directly into the porous sand filter, which adjacent to the
anode plate was used in order to uniformly distribute water into the electric field. The
volume of water supplied was connected to a graduated reservoir for daily measurement.
The supplied water level in each cell was kept at 5 mm below the soil surface in order to
avoid overflow. A plastic wrap covered the clay in the cells in order to minimize

evaporation. The collection of the liquid was performed by placement of perforated tubes
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in the sand filter adjacent to cathode. Liquid samples were collected in a 20 ml vial on a
daily basis and subjected to analysis. The pH of the liquid from the cathode was
measured by directly inserting the multi-electrode pH/voltmeter (Hanna Instruments,
HI8418).

At the end of the experiment, the soil was sampled in approximately equal
thickness and at known distances from the middle row around the electric probe and
electrodes. Ten samples were obtained from each cell. This sampling protocol allowed
for the verification of different parameters and their variation with distance. Final
analysis of soil moisture content, pH in soil, and bacterial counting in soil were carried

out for the soil specimens in each cell.

4.5.2 Test series 2: Potential in-situ production of biosurfactants
under the electric field

In order to conduct the experiments related to potential production of
biosurfactants in-situ, test series 2 was setup. The configuration of two electrokinetic
cells T2C1 and T2C2 were presented in Figure 4.2. Their dimensions were identical.
Medium (PPGAS) with bacterial cells from an exponentially growing culture were
uniformly incorporated into sterilized soil for both electrokinetic cells. Approximately,
9.00 log CFU/g soil dry wt. of bacteria was applied. The applied culture was used to
promote rthamnolipids production (culture content shown in Chapter 4.3).

Electrokinetic cells connected to a power supply at 5.7 V were run for 14 days.
DC regulated power supplies applied a voltage of 5.7 V at a distance of 11.4 cm across
the electrodes to achieve a value of 0.5 V/cm. In order to measure differential electrical

potentials along the electrokinetic cells, ten silver probe electrodes at the diameter of 0.10



mm and space of 1.0 cm apart were inserted in the soil of cells, in order to measure the
electrical potential difference at each probe location every 24 hours. A plastic wrap
covered the clay in order to minimize evaporation. The electric current in the system was
also recorded at the same time. This allowed for the determination of the resistance
distribution within the soil and permitted the monitoring of the electrokinetic phenomena
during the experiments.

The water supply system followed the description in Chapter 4.5.1. The collection
of the liquid was done at the placement of perforated tubes in the sand filter adjacent to
the cathode. Liquid samples were collected into 20 ml vial on a daily basis and subjected
to analysis.

At the end of the experiment, the soil was sampled in approximately equal
thickness and at known distances from the middle row around the electric probe and
electrodes. Ten samples were obtained from each cell. Final analysis of soil moisture
content, soil pH, bacterial number in soil, and concentrations of phenanthrene and
rhamnolipids in soil were carried out for the soil specimens in each cell, which followed

the analytical procedure indicated in Chapter 4.4.

4.5.3 Test series 3: Transport of biosurfactants under the electric field

Due to the anionic properties of rhamnolipids, it was hypothesized that the
negatively charged biosurfactants would be transported in the soil via electrolytic
migration to the anode region due to the application of a DC current on the soil specimen.
The negatively charged micelle of phenanthrene and rhamnolipids would be also

transported to the anode area. In this manner, it was also hypothesized that biosurfactants
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would be able to desorb phenanthrene from the soil surface and the phenanthrene could
be transported in the aqueous solution to the cathode by electroosmosis. However, under
the complex electrokinetic conditions, the transport of biosurfactants under the electric
field is still unknown. In order to investigate the behavior of biosurfactants under the
electric field, test series 3 was performed. Four identical electrokinetic cells (referred as
T3Cl1, T3C2, T3C3, and T3C4) were used in test series 3 (Figure 4.3). This setup allowed
for the study of the fate of biosurfactants injected through a unique point in the middle
between the electrodes. For this purpose, a sandy supply zone, with a thickness of 1.0 cm
and the same cross-sectional dimensions of the electrokinetic cell, was located in the
middle of the electric cell in test series 3 in order to supply the biosurfactant solution
uniformly. After the electrokinetic cells were connected to the electrical power supply,
the biosurfactants were introduced. The biosurfactants (rhamnolipids) used were
produced on a lab scale (seen in Chapter 4.3). The solution of biosurfactants was
introduced in a volume of 4 ml into the center of sand barrier every 24 hours during 8
days of experimentation.

In order to investigate the impact of rhamnolipid concentration, two
concentrations (below and above CMC, which is 50 mg/1 after Zhang and Miller (1992))
were applied. The concentration of biosurfactants used was 20 mg/l, which represents the
value below the CMC, and was introduced into cell T3C1 (free of phenanthrene in soil)
and cell T3C2 with phenanthrene contaminated soil. The biosurfactant concentration of
166 mg/l, representing the value above the CMC, was introduced into cell T3C3 (free of
phenanthrene in soil) and cell T3C4 containing phenanthrene contaminated soil. The

concentration of phenanthrene used in the soil was 250 mg/kg soil.
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Ten monitoring electrodes were installed along the electrokinetic cell. The silver
monitoring electrodes were advanced 2 cm into the specimens prior to testing. During 8
days of experimentation, a constant voltage of 5.7 V was applied between anode and
cathode to achieve the value of 0.5 V/cm. Electric current and voltage at each of the ten
monitoring probes along the cell were recorded every 24 hours. Liquids were collected
daily at the cathode and subjected to pH analysis.

After testing, the clay specimens were extruded and sliced into 10 sections,
following the sampling methods described in Chapter 4.5.1. The value of pH, moisture
content, concentration of phenanthrene and biosurfactants of each slice were measured.

The chemical analysis of component was described in Chapter 4.4.

4.5.4 Test series 4: Investigation on bio-micelles under the electric field

In order to describe the kinetic formation of bio-micelles (micelle created by
biosurfactant and phenanthrene), test series 4 was conducted. It is important to answer the
formation of bio-micelles in soil microcosm environment since the stability of micelles
has an impact on the efficiency of PAHs removal. Consequently, special experiments
were prepared to simulate this phenomena within the contaminated soil pores. In order to
describe the dynamics of interaction among phenanthrene, biosurfactants, soil and water
under the electric field, experimental work was conducted to compare the three system:
phenanthrene-water-biosurfactants in cell T4Cl, and soil-phenanthrene-water-
biosurfactants in cell T4C2 under the influence of electric field, and soil-phenanthrene-

water in cell T4C3 without application of the electric field.
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The dimension of the polyethylene cell was 8.0 cm width, 6.0 cm height, and 13.0
cm length with the cover at the top of the cells. Two perforated stainless steel electrodes
(with a diameter of 1.0 cm) were placed into the cell with a distance of 8.0 cm (Figure
4.4). These electrodes are connected by a DC power supply at the level of 6.5 V to
achieve the value of 0.5 V/cm.

The biosurfactants (rhamnolipids) applied in this test were produced and extracted
on a lab scale, as described in Chapter 4.3. For the preparation of the phenanthrene-
water-biosurfactant system, 7.5 mg of phenanthrene and 40 ml of 1.0 g/l biosurfactants
was added to 260 mli of distilled water to achieve the concentration of approximately 160
mg/l, and gently shaken for 2 hours. For the preparation of soil-phenanthrene-water-
biosurfactant system, phenanthrene, disolved in hexane, was spiked on 30 g soil to obtain
a concentration of 250 mg/kg. The hexane in the stock was allowed to evaporate over a
period 24 hours prior to the addition of 260 ml of distilled water and 40 ml of 1.0 g/l
biosurfactants, after which the medium was gently shaken for 2 hours. For the
preparation of soil-water-phenanthrene, following the same spiking precedure, 300 ml of
distilled water was added, and gently shaken for 2 hours.

Before the test, the pH of solution, concentration of biosurfactants and
phenanthrene in the mixture were determined. During the 7 day test, the samples were
taken from the top (1.5cm from top), middle (3.5cm from top), and bottom (5.5cm from
top) in the central area of the electrokinetic cell. In order to follow the kinetics of micelle
formation, the samples were taken at time interval of O hour, | hour, 2 hours, 5 hours, 8
hours, 11 hours, 14 hours, 17 hours, 20 hours, 48 hours, 72 hours, 96 hours, and 168

hours. After the test, for T4C2 and T4C3, the sediment was dried in the fume hood for 24
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hours. In total, 150 samples were collected.

The mixture and sediment sampled from different locations were analyzed by
FTIR using a ZnSe plate for liquid sample and diffuse sampling cups for solid samples.
The samples were dried in the air-flow hood for 6 hours before mounted into the
spectroscopy. Fifty scans were applied with a resolution of 4 cm’ for each sample. The
spectral data were interpreted by examining the literature values of infrared absorption

(described in Chapter 5.3).
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CHAPTER 5§ CHARACTERIZATION OF MATERIALS

5.1 Characterization of soil

The mineralogical analytical results, performed by X-ray diffraction are presented
in Figure 5.1. It clearly showed that the main primary minerals in the soil specimen were
quartz. In addition there were small fractions of the primary minerals - amphibole and
pyroxene. The main secondary minerals found in the soil specimen were chlorite and
muscovite, which belong to mica minerals. Muscovite is similar in structure to illite (as

described in Chapter 2.2).

chiorite muscovite quartz

12.63% 11.12% S chlorite
calcite
7.62%

B muscovite
B calcite
N - B orthoclase
| g orthoclse g plagioclase
— 1.62% ankerite

quartz
46.49%

0.40% o o & microline
= ’ . N . plagioclase a oxene
amphibole .~ - 6.61% i
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Figure 5.1 Mineralogical analysis of soil specimens

Soil specimens were also subjected to the physical and chemical
characterizations. Table 5.1 contains the results of the analysis for the characterization of

soil specimens. As shown in the table, the CEC of the soil specimens was 21 meq/100g,
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which is in the region typically for illite. The high CEC value may cause the binding of
phenanthrene with soil. The carbonate content of the soil specimen was relatively high
with a value of 7.5% as CaCOs;. It contributed to the high pH level of the soil, affected
precipitation, and also increased the soil buffer capacity. The soil contained organic

carbon, which indicated that soil specimens possessed a certain level of humic content.

Table 5.1 Initial physical and chemical properties of soil specimen

Parameter tested Value
Specific gravity 2.65

Total Organic Carbon 2.7% wt
Moisture content 8.6%

pH 7.8 £0.05
Carbonates 7.5% CaCOs
Chloride 245 ppm
Sulphates 12.3 ppm as SO,
Total Kjeldahl Nitrogen (TKN) 0.005%
Cation Exchange Capacity (CEC) 21 meq/100g

In summary, characterization of soil specimens was able to show the chemical,
physical and mineralogical properties of the soil. The soil predominantly contained a
significant level of clay fraction. As described in Chapter 2.4, clay mineral and organic
matter are mainly attributed to retardation of the transport of organic compounds in the

soil.
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5.2 Characterization of materials by means of FTIR

FTIR (Bomem-Gram) combines the horizontal attenuated total reflectance and
diffuse reflectance technology into one Gemini device, which enable to obtain the spectra
from liquid and solid sample. This method is often non-destructive. Therefore, in this
research, clayey soil, phenanthrene and biosurfactants spectra were obtained through
FTIR.

The soil samples, which were stirred in hexane solution, were recovered by
placing the sample on diffuse sampling cup and evaporating the supernatant solvent in an
air-flow hood for 6 hrs. The diffuse reflectance FTIR spectra of the soil specimens were
obtained (Figure 5.2). An OH stretching vibration is presented at a narrow band of 3614

cm’ and a broad band of 3414 cm™. The former is related to hydroxyls linked to AI**,
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Figure 5.2 The FTIR spectroscopy spectrum of clay minerals
with 50 scans at a resolution of 4 cm™
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and the latter is related to hydroxyls in H>O (hydration sphere). These values were similar
to those in the spectrum of illite (Van Olphen, 1979). He discussed that it was caused by
a highly disordered illite. Skeletal Si-O and Al-O vibration were evident below 1400cm™.
The strong band at 1012 cm™ is clearly attributable to Si-O stretching vibration. It should
be noted that the typical peak for soil Si-O is at 1159 cm” (Van Olphen, 1979). Farmer
and Russel (1967) stated that the spectra of clays are mostly sensitive to the regularity of
the silicon lattice, degree of distortion, and Al-for-Si substitution. Therefore, the
stretching vibration at 1012 cm™ can shift and split into components.

Aromatic compounds give rise to a large number of very sharp, characteristic
bands, so that their identification by infrared methods is usually straightforward.
Furthermore, the changes in certain regions that result from substitution are largely
independent of the nature of the substitutes, therefore it is possible to determine the
degree and type of substitution present. Figure 5.3 shows the spectra, which was obtained
by placing pure phenanthrene with KBr (1: 9 by weight) into the diffuse sampling cup. A
typical aromatic-type structure is best recognized by the presence of the =C-H stretching
vibration-sharp absorption near 3030 — 3058 cm’. The spectra showed that the =C-H
stretching unit was at 3053.2 cm™ which is consistent to the reference number of 3053.5
cm’ (Keller, 1986). The C=C vibrations were presented between 1500-1600 cm’. In
these regions the absorption bands are slightly affected by the substitution pattern.
However, a study of the C=C region can give information related to the nature of
substitution in certain cases, and to the presence of conjugation with the double bonds of
the ring. In the spectra of aromatic materials, strong bands appear in the region 650-1000

cm’', which is caused by the out-of—plane deformation vibrations of the hydrogen atoms
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remaining on the ring. The very high intensity of these bands makes them particularly

well suited for quantitative work.
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Figure 5.3 The FTIR spectroscopy spectrum of phenanthrene
with 50 scans at a resolution of 4 cm’™

The FTIR spectra of biosurfactants (rhamnolipids) are presented in Figure 5.4.
The biosurfactants were dried on the ZnSe plate in the air-flow hood, and then put into
the spectroscopy. A broad OH stretch was presented between 3000-3700 cm™ and OH
bending vibration was at 3304 cm™. The highest peak in this figure was at 2925.76 cm’,
which was attributed to CH stretching vibration in aliphatic CH-bonds. This agreed with
the reference which indicated that CHj3 is in the range between 2872-2962 cm’
(Nakanishi, 1977). Carboxylic acids (-C=0-O") exist normally in dimeric form with very

strong hydrogen bridges between the carbony! and hydroxyl groups of the two molecules,
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which has two ranges from 1610 cm™ to 1550 cm™, and 1420 cm™ to 1300 cm™.
Therefore, in Figure 5.4, 1731 and 1577 cm™' clearly belong to C=0 vibration of acid and
ester groups. Another strong band at the range of 1319-1390 cm™ is attributed to CH

vibration in the sugar a-ring (Nakanishi, 1977). This is confirmation of the molecular

structure of rhamnolipids.

T T M = (Nea IRy T T T T T i 1S AM
Aped = Ceosine
e =
& é 8
! $ e !
& g L
-5 ' | T S,
b ! Tz
E @ f ;“- \ -
i N
- il ~ ! il Eo)
4 - .l [
- L ! i ! i ) ‘[ s
E\ I T R S S
N HIRER R - B
31 / N i I'] | [ I Hl 4
;’,’ : | I x' Ay N 1"‘}\ “ V’,v"
4 T~ ! v Y
2 .”/ ‘\\\ /
s e !
e \\w‘i
Absorbance SWavenumber (cm-1) . '

Figure 5.4 The FTIR spectroscopy spectrum of rhamnolipids
with 50 scans at a resolution of 4 cm™

To summarize, the spectra of clay minerals, phenanthrene and biosurfactants are
very useful tool to identify these compounds. The analysis of relative optical density of

these components can be used for quantitative evaluation in test series 4.
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CHAPTER 6 RESULTS AND DISCUSSION FOR TEST SERIES 1;
Behavior of bacteria under the electric field

The purpose of this series of experimental work was to investigate the behavior of
biosurfactant-producing bacteria when growing on the hydrocarbon (phenanthrene) as the
sole carbon source in clayey soil, under the electric field. Results from laboratory tests
conducted in this research are presented and discussed in this chapter.

This experiment is designed to investigate the behavior of biosurfactant-
producing bacteria under the influence of electric field. The objective of this test is to
eventually find a suitable situation for the survival of bacteria and the optimum condition
for the potential production of biosurfactants in-situ under the electric field.

Based on the experimental protocols, electrokinetic test series 1 (T1l) was
performed on a clay soil specimen, where cells were referred to as “T1C1” containing
soil free of phenanthrene and “T1C2” containing soil with phenanthrene. Bacterial cells
from an exponentially growing culture were uniformly incorporated into soil in cell TIC1
testing soil. In cell T1C2 soil, only bacteria in a mineral salt medium were incorporated
with soil in order to allow the bacteria to utilize phenanthrene as a sole carbon source.
Before the test setup, the preparation of culture medium and soil were described in
Chapter 4.2. Fluid flow, electrical potential, electrical current, and pH of collected liquid
were measured during 14 days’ test. After the experiment, soil pH, moisture content, and

bacterial count in soil were also obtained. The method of analysis was described in

Chapter 4.3.
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6.1 Electrical potential and resistance distribution

The electrical potential distribution in the soil specimens for both cells showed a
similar pattern during the electrokinetic process (Figure 6.1A and B). The electrical
potential dropped along the electrokinetic cell from 4.02 V to 2.05 V in TICI and from
4.41V 10 1.40 V in TIC2 at the beginning of the experiment, respectively. At the end of
the test, the lowest value obtained was 1.38 V (probe 10, at 336h) in TICl and 1.41 V
(probe 10, at 336h) in TIC2. A general linear decreasing trend was observed from the
anode to the cathode during testing. The electrical potential difference was generally
constant with time at each probe. It demonstrated a uniform distribution of electrical
potential gradient across the electrokinetic cells. Two cells showed similar distribution
patterns. Therefore, they were comparable.

The resistance for cells TIC1 and T1C2, was calculated from Ohm’s law (V=IR)
and is also showed graphically versus distance in Figure 6.2A and B. It clearly showed
that the resistance tended to decrease from the anode to the cathode. Near the anode, the
resistance increased with time from the beginning in cell TIC1 of 0.4 kOhm to 1.2 kOhm
and in cell TIC2 from 0.5 kOhm to 1.6 kOhm in TIC2. Therefore, it is visible that the
highest resistance was mainly at the anode/soil interface. Near the cathode, 0.5 kOhm in
TI1Cl1 and 0.8 kOhm in T1C2 were observed at the end of test, respectively. The overall
resistance in phenanthrene contaminated soil consistently was 0.3 kOhm higher than
comparative values in soil free of phenanthrene.

Due to electroosmotic flow, water can be transported from the anode to the
cathode through the soil specimen. Acar and Alshawabkeh (1993) stated that applying a

constant current or various electrical gradient (V/cm) and neglecting the hydraulic
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Figure 6.1 A. Electrical potential distribution in cell TICl
B. Electrical potential distribution in cell T1C2
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gradients, may result in a high conductivity region at the anode and a low-conductivity
region at the cathode. The electrical potential dropped along the soil specimen during
testing. At the cathode, the higher electrical gradient will cause higher electroosmotic
flow than at the anode region. From the experimental results, the resistance increase with
time, may be due to negative pore water pressure (suction) (Acar et al., 1995), which
balanced the electroosmotic flow and eventually led to its decrease. However, in this
research, water was supplied near the anode. The suction and its tendency to decrease the
electroosmotic flow were not major factor. k. (see Chapter 3.2.1) also changed with time,
due to movement of ions, dissociation process of water, and carbonate precipitation, etc.

-10

The average k. calculated from this test series was 8.5 x 10 m’/V.s. The main reason

for the increase of resistance is probably caused by the oxidation process, resulting in the
accumulation of oxygen in soil pores.

In summary, the applied voltage dropped uniformly across the specimens. The
uniform distribution of electrical potential gradient across the electrokinetic cells was
clearly shown. These results agreed with West et al. (1999) experiments. There is little
variation in voltage gradient at each probe during the experiment’s period. As time
progressed, decreased water flow was observed as reflected by a decrease in the volume

of collection liquid.

6.2 Moisture distribution

Moisture content was analyzed after 14 days of electrokinetic experiments for
both cells, which is shown in Figure 6.3. It is demonstrated that moisture in the range of

26% to 54% for the soil without phenanthrene (T1C1) and 37% to 46% for the soil with
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phenanthrene (T1C2) from anode to cathode, respectively. The lowest value of moisture
content (26%) occurred in the middle of cell TICl. For contaminated soil, moisture
content was more uniformly distributed than that in soil free of phenanthrene.

In general, moisture content of the soil strongly influences biological activity —
microbial growth. Therefore, under an electric field, the moisture content in the
electrokinetic cell remained around 40%. Most bacterial metabolism occurs at values of
less than 3 bar of matric potential. They are situated in the range of optimal matric
potential around 0.3 bar (Cookson, 1995). This is clay matric potential, which is different
from sandy soil. Due to the average moisture content of 38 % in T2C1 and 41% in T2C2,
the matric potential of water is around 0.1 bar. High moisture content close to the
electrodes (above 50%) in T1C1 does not seem to improve the biomass growth condition
due to extreme pH condition in these regions. In T1C2, the moisture content tended to be
more uniform than in TICl. However, this tendency did not follow the pattern of
bacterial distribution.

To summarize, from the obtained data, the soil maintained the significant level of
moisture content. A higher moisture content was encountered near the cathode region.
This was due to transport of water from anode to cathode by electroosmotic flow under
the electrical gradient. The results showed a good moisture condition for bacterial growth
in soil, as a result of controlling the moisture via electrokinetics. It could create a matric
potential which assists the bacteria to secrete extracellular substances for using

phenanthrene as a sole carbon source.
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6.3 pH distribution

At the termination of the experiment, the soil was sampled and analyzed for pH.
The distribution of pH along the electrokinetic cell is presented in Figure 6.4 for cells
TI1C1 and T1C2. The final pH of the soil near the anode dropped to 3.5 in cell TICI, due
to the oxidation process under the electric field. At the cathode, the value of pH was
raised to 10.4 for both cells due to the reductive reaction under the electric field.
However, the pH value near the anode was not extremely low with a value of 7.1 in cell
T1C2. It is speculated that the presence of contaminants directly affected the change of
pH within the anode area. It created better conditions for bacterial proliferation near the
anode than in cell TICl. No ideal conditions were obtained close to cathode.
Elektorowicz and Hatim (1999) designed a new type of electrodes, which allowed for the
decrease of pH in the cathode area. Therefore, due to application of a multifunctional
electrokinetic system, the control of bacterial growth conditions and subsequent

production of biosurfactants are possible.

6.4 Bacterial response to electric field

Correspondingly, the bacterial count showed that 2.24 log CFU/g soil dry wt. was
in TICI soil and 5.60 log CFU/g soil dry wt. in TIC2 soil near the anode (Figure 6.5A
and B). In addition, 1.48 log CFU/g soil dry wt. in cell TICI, and no bacterial detection
in cell TIC2 was observed near the cathode. A pH value of 10.7 caused the amount of
bacteria to decrease dramatically. Although the low pH value was evident at the anode,

there were still 1.5 times and 5.6 times more bacteria detected at the anode area than the
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cathode area in cell TIC1 and in cell TIC2, respectively. On the other hand, although
phenanthrene was used as a sole carbon source, 7.6 log CFU/g soil dry wt. was observed
in T1C2. This indicated that bacteria could uptake phenanthrene as a carbon source and
multiply.

The maximum value of 9.32 log CFU/g soil dry wt. in cell TICI and 7.6 log
CFU/g soil dry wt. in cell TIC2 were achieved at a distance of 5 cm from the anode
where neutral pH was measured. It appeared that the electric field did not extensively
inhibit the growth of bacteria. Sale and Hamilton (1967), who were working on electrical
disinfection, showed that the elimination of bacterial cells required high pulsed voltages
(25 kV/cm and 40-100 us pulse duration) under a direct effect of the current on the cells.
In this research, the voltage applied was 0.5 V/cm. It can be concluded that under the low
electric field and under neutral pH conditions, the bacteria could multiply normally in
clayey soil. In soil, the normal amount of existing bacteria is 7 to 9 log CFU/g dry wt.
Therefore, this amount of bacteria is suitable to participate in the biodegradation of
contaminants in soil.

Another reason for the distribution of bacterial numbers may be due to the
transport of bacteria. Jenkins and Lion (1993) demonstrated the possibility of transport of
the bacteria and PAHs in the sandy soil. However, the complexity and heterogeneity of
soil ecosystems have made it difficult to distinguish the movement or microbial adhesion.
Bacterial surfaces in most natural environments are negatively charged like most other
colloids, and bacterial density is slightly greater than that of water (Kim and Corapcioglu,
1987). However, the adhesion between bacteria and soil is evenly strong. Stenstrom

(1989) reported that the presence of negatively charged groups on the bacterial surface
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has no effect on the electrostatic repulsion forces between the bacteria and clay minerals.
The surface electrokinetic potential becomes more influential for more hydrophilic cells
and concluded that this allows the bacteria to adhere to the minerals (Van Loosdrecht et
al.,1995). Since no accurate method for the bacterial transport detection was invited, the
research performed in this thesis support the hypothesis of bacteria movement under the
electric field. And also the bacteria can form biofilm on the soil surface, which can also
enhance the adhesion in clay minerals. When bacteria are incorporated into soil, they are
captured on the surface of the soil matrix by the van der Waals force. After a bacterium
stays for some critical residence time on the soil surface, the attachment or anchoring
begins, resulting in the formation of biofilm (Characklis, 1984). This action is biological
in nature and is mainly attributed to the production of extracellular polymeric substances.
In order to uptake phenanthrene as a sole carbon in cell TIC2, extracellular substances —
biosurfactants were produced and then the micelles were formed. The solubility of
phenanthrene can be increased by the formation of micelles.

In general, the available large surface area of clay materials is certainly much
greater, and actually could be utilized as bacterial habitat, since bacteria were located
within the soil matrix and increased the protective effect. However, under the electric
field, the force driving water from anode to cathode could cause the bacteria to disperse
through the soil. In addition, the negatively charged bacteria near the cathode area may be
transported towards the anode by electrophoresis (DeFlaun and Condee, 1997).
Therefore, under the electric field, when bacterial culture is incorporated into clayey soil,

it is possible that the bacteria could be transported towards the anode area (Elektorowicz
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et al., 1999). This is probably one of the reasons that the bacterial count in the cathode
area was much lower than that in the anode area, especially in contaminated soil.

Results related to pH values suggest that the optimal condition for the survival of
bacteria are in the middle area of the electrokinetic cell, and even in the worse cases (at
anode and cathode) there are still metabolically viable bacteria. Clay presents a good
habitat for bacteria survival. It is necessary to control the pH in the electric field by
increasing the pH at the anode and decreasing the pH at the cathode in order to maintain
optimal conditions for bacterial proliferation. Therefore, the bacteria under a low electric
field can survive to a certain extent, which means that the method of introduction of
bacteria into the electrokinetic cell and production of biosurfactants in-situ is potentially
possible. It appeared that oxidation-reaction, production of a free O, electron acceptor,
can improve the growth condition for microorganisms close to the anode. The reduction
condition at the cathode does not help the survival of bacteria. However, the production
of extracellular substance —biosurfactants in contaminated soil enhanced the mobility of
bacteria and phenanthrene, which could be transported toward the anode area. The results
also showed that when a low electric current is applied into clayey soil, bacteria can

thrive, thereby provoking the process of contaminant biodegradation.
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CHAPTER 7 RESULTS AND DISCUSSION FOR TEST SERIES 2:
Potential in-situ production of biosurfactants
under the electric field
Since the previous results demonstrated bacterial growth under the electric field, it
was necessary to test the potential production of biosurfactants by indigenous
microorganisms. Electrokinetic test series 2 was performed on a clay specimen free of
phenanthrene and contaminated by phenanthrene. The test’s cells were referred to as
“T2C1” for the cell with non-contaminated clay and “T2C2"” for the cell containing clay
with phenanthrene, respectively. The electrokinetic test duration was 14 days. Before the
test setup, the preparation of culture medium and soil were described in Chapter 4.2.
Fluid flow, electrical potential, electrical current, and pH of collected liquid were
measured every 24 hours during the 14 days test. After the experiment, soil pH, moisture

content, bacterial count, and concentration of phenanthrene and biosurfactants in the soil

were also obtained. The method of analysis was described in Chapter 4.3.

7.1 Electrical potential and resistance distribution

Measurements related to electrical potential at each probe and current supplied in
each cell were performed. The electrical potential difference from the anode along the
electrokinetic cell is displayed in Figure 7.1 for cell T2Cl, and in Figure 7.2 for cell
T2C2. The range of the electrical potential was approximately from 4.0 V to 1.8 V in cell
T2Cl and from 4.1 to 1.8 V in cell T2C2 along the electrokinetic cell, respectively.
Therefore, the general pattern of the electrical potential for this test is that as time
progressed, the electrical potential decreased along the electrokinetic cells. A general

linear pattern was obtained. This pattern could initialize the electroosmotic flow from the
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anode to the cathode. For each electrical probe, the electrical potential remained
relatively constant during the test. It demonstrated the uniform distribution of electrical
potential gradient across the electrokinetic cells in both cells.

The resistance versus distance for cells T2Cl and T2C2 are also shown
graphically in Figure 7.3 and Figure 7.4. During the experiment, it was clearly showed
that the resistance tended to decrease from the anode to the cathode. For each probe, the
resistance increased with time from the beginning of 0.8 kOhm to 2.5 kOhm in T2C!1 and
from 0.6 kOhm to 2.5 kOhm in cell T2C2 near the anode. The highest resistance was
mainly at the anode/soil interface. Near the cathode, 1.0 kOhm in T2C1 and 1.1 kOhm in
T2C2 were observed at the end of the test, respectively. The overall resistance of T2C2
was similar to the value of T2Cl. As time progressed, the resistance in both cells
increased accordingly, due to the electroosmotic flow from the anode to the cathode,
thereby decreasing the conductivity of the soil in the anode region. Both cells present the
same pattern of resistance distribution that permit to include this information to all
comparative analysis of both cells.

The electrical potential difference is also significant in estimating the power and
energy expenditure. The rate of species transport under electric fields depends on the
electrical gradient profile across the soil. Alsbawabkeh and Acar (1996) showed that a
relatively linear distribution of electrical gradient was obtained due to the uniform
electric conductivity distribution across the soil, which was observed in these
experiments. The electroosmotic flow decreased at the end of the test as observed by the
decreased volume of collected liquid. It should be considered that the value of k.

(equation 3.1) is a function of zeta potential, viscosity of the pore fluid, porosity, and
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electrical permittivity of the soil medium (Acar et. al., 1993). Hunter (1981) pointed out
that the zeta potential decreased linearly with a decrease of pH within the soil medium.
Respectively, it is hypothesized that due to electrolysis, the drop of pH at the anode
region will cause a decrease in the K. associated with the drop in zeta potential. Since, in
this research, the water was continuously supplied near the anode area, therefore, the flow
would not stop at the latter stages of the experiments, it was beneficial for the transport of

the species in the cells.

7.2 Moisture distribution

Moisture distribution in the soil after 14 days of experimentation for both cells is
presented in Figure 7.5. It shows that moisture range from 37% to 56% in cell T2C1 and
from 34% to 65% in cell T2C2. The average moisture content for cell T2C1 is 46% and
51 % for cell T2C2. It appears that the level of the moisture content is suitable to create a
good environment for bacterial development (as discussed in Chapter 6.2). It also shows
that moisture content in contaminated soil was generally higher than that in soil free of
phenanthrene. The highest bacterial count of 7.59 log CFU/g soil dry wt. occurred at a
moisture content of 52%.

In summary, the soil maintained a significant level of moisture content, which
tended to be uniformly distributed. The highest levels occurred near the cathode region in
cell T2C2 where they reach values up to 63%. It was caused by the transport of water
from anode to cathode by electroosmotic flow under the electrical gradient and also due
to continuously supplying water in the anode area. The results showed optimal moisture

conditions for bacterial growth and biosurfactants production.
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Figure 7.5 Moisture content distribution in cells T2CI and T2C2

7.3 pH distribution

A significant pH gradient developed as a result of electrolysis reactions (Figure
7.6). Near the anode, due to the oxidation process, the pH value dropped to 2.8 for cell
T2Cl1 and 6.3 for cell T2C2 at the end of experiment. Near the cathode, due to the
reduction process, the pH value increased to 10.1 in cell T2Cl and 10.2 in cell T2C2.
This agrees with bench-scale and pilot-scale experiments, which demonstrated that a pH
in the cathode region reaches values as high as 10-11 (Hamed and Bhadra, 1997;
Elektorowicz, 1995a). However, it was evident that the pH value near the anode was not
extremely low with a value of 6.2 in contaminated soil. This agrees with the test series 1

(Chapter 6.3). It can be speculated that the presence of phenanthrene modified the
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oxidation process. As mentioned above in Chapter 6.3, a modified pH-controlling system
in the cathode area can improve the bacterial growth and production of biosurfactants.

In cell T2C2, the average pH value was higher than that in T2C1. It is possible
that due to the production of biosurfactants at the anode, most of the generated H' at the
anode was reacted within the transformation of phenanthrene associated with oxidative
process, resulting in a pH increase near the anode in T2C2. Subsequently, bacteria
survival up to 6.8 log CFU/g soil dry wt. near the anode area was observed.

Overall, the results of the pH experiments suggest that the optimal condition for
the survival of bacteria was in the middle of the electrokinetic cell. Even in the worse
conditions (at the anode and cathode), bacteria was still metabolically active. It seems

that the presence of clay creates a good habitat for the bacteria.

12.0
10.0 8 5—48
o O
8.0 o
O —e—T2Cl1
%. 6.0 8 8 @ O o T2C2
4.0
)
2.0
0.0 v — v . . Y '
1 2 3 4 5 6 7 8 9 10
Distance from anode (cm)

Figure 7.6 pH distribution in cells T2C1 and T2C2
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7.4 Bacterial response to electric field
The bacterial count showed 0.3 log CFU/g soil dry wt. in cell T2C1 and 6.8 log

CFU/g soil dry wt. in cell T2C2 near the anode at the end of the test (Figure 7.7 and
Figure 7.8). Despite the low pH value present at the anode, there were still certain
numbers of bacteria at the anode in T2C1. Due to the pH value in T2C2 which was close
to neutral, the number of bacteria was raised to 6.8 log CFU/g soil dry wt., five times
higher than the cathode area. In the middle of the cells, the pH value was close to neutral
for both cells. Maximum values of 6.2 log CFU/g soil dry wt. in the T2C1 and 7.9 log
CFU/g soil dry wt. in the T2C2 were achieved, respectively. Near the cathode, the pH
value was raised to 10.1 for both cells due to the reductive reaction. The amount of
bacteria dramatically decreased to 1.7 log CFU/g soil dry wt. in T2Cl and 1.48 log

CFU/g soil dry wt. in T2C2.
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Figure 7.7 Bacteria and pH distribution in cell T2Cl
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Figure 7.8 Bacteria and pH distribution in cell T2C2

7.5 Biosurfactant production under the electric field

The profiles of biosurfactant production in soil without phenanthrene (T2C1) and
with phenanthrene (T2C2) under the electric field are shown in Figure 7.9. It seems that
the soil contaminated with phenanthrene enhanced the bacteria to produce more
biosurfactants into the aqueous phase than in the soil without contaminants. In T2C2,
bacteria could use phenanthrene as their carbon source, therefore, in order to use
insoluble phenanthrene, the excretion of more biosurfactants was provoked. The highest
production (25 mg/l) occurred in the middle of the electrokinetic cell T2C2. Bacteria in
cell T2C2 produced 2 times at the anode and 1.4 times at the cathode more biosurfactant

than T2Cl, respectively. Another reason for more biosurfactants production could be
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attributed to the pH condition in the middle of the cell. It is favorable for growth of viable

bacteria and for the production of biosurfactants under the electric field.
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Figure 7.9 Biosurfactants distribution versus distance
in cells T2C1 and T2C2 after the test

The research demonstrated that, under the electric field, the distribution of
biosurfactants tended to be uniform rather than follow the bacterial distribution profile. In
the middle of the electrokinetic cell, more biosurfactants could be produced due to the
nighest amount of bacteria (7.8 log CFU/g soil dry wt. in cell T2C2). Biosurfactants may
have been transported to the anode due to their anionic properties. However, at the same
time, due to water supply close to the anode, the electroosmotic flow was so high that

biosurfactants produced across the soil could be transported toward the cathode.
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7.6 Phenanthrene removal
due to in-situ produced biosurfactants

In order to evaluate the efficiency of phenanthrene removal” corresponding to the
production of biosurfactants, three distinctive zones along the electrokinetic cell in T2C2
could be observed (Figure 7.10). The first zone, “A” (close to the anode), was
characterized by uniform biosurfactant distribution and uniform removal of
phenanthrene. Zone “B” (at the middle part) was characterized with the higher production
of biosurfactants and the lower removal value. Probably the formation of anionic bio-
micelles transported phenanthrene that was incorporated into micelles toward the anode.

In the meanwhile, micelles could also follow the electroosmotic flow toward the cathode.
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Figure 7.10 Biosurfactants and phenanthrene removal distribution versus
distance after the test in T2C2

* [(initial conc. of phenanthrene — final conc. of phenanthrene)/ initial conc. of phenanthrene] x 100%
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Therefore, the middle of the electrokinetic cell became the location of transition for the

transport of phenanthrene. Zone “C” (close to the cathode) had a very high removal of

phenanthrene (up to 85%) and uniform production of biosurfactants. The general removal

of phenanthrene increased from 38% to 85% along the electrokinetic cell in T2C2 (Ju and

Elektorowicz, 1999).

From the above-mentioned results, it can be concluded that the electric field does

not disturb the biosurfactant production. Instead, the application of electrokinetics can

help in the uniform distribution in clayey soil due to the following evidences:

L

It was observed that the highest production of biosurfactants was in the area of the
highest bacterial activity (in the middle of electrokinetic cells);

The high amount of biosurfactants was also found in both anode and cathode
areas. It was concluded that the high value of biosurfactant in the anode area can
be caused by the ionic migration of biosurfactants micelles under the electric field
in addition to the in-situ produced biosurfactants. However, in the cathode area,
the high value of biosurfactants is associated with the electroosmotic flow.

The significant level of bio-micelles in the electrokinetic cells did not follow the
pattern of bacterial distribution;

The short period of the experiment probably did not permit transport of the
micelles from Zone B. Therefore, this area showed lower efficiency for
phenanthrene removal;

Removal of phenanthrene from the collecting areas (electrodes) was successful.
The mobility of phenanthrene was enhanced by the produced biosurfactants under

the electric field. The highest removal was achieved at the cathode area (up to
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85%). The mechanism of this phenomenon was probably caused by kinetics of

bio-micelles formation. It was necessary to proceed the further investigation in

this domain, which was undertaken in test series 4.

To summarize, this experiment has determined the possibility of production of
biosurfactants to enhance the efficiency of phenanthrene removal within in-situ clayey
soil under the electric field. Since the production of biosurfactants took place, it increased
the solubility of PAHs into the aqueous phase, which in turn it increased the mobility of
phenanthrene.

This investigation displayed the potential of increasing the solubility of PAHs in
the aqueous-phase and improving desorption from soil, thereby making them amenable to
the biodegradation by microorganisms using in-situ produced biosurfactants. This
increases the efficiency of bio-electrokinetics in the context of increased desorption and
mobility of phenanthrene as well as its bioavailability. In-situ production of
biosurfactants associated with the electrokinetic nutrients supply, could complete
previous work (Elektorowicz, 1995a) and lead to the development of new technology —

bio-electrokinetics.
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CHAPTER 8 RESULTS AND DISCUSSION FOR TEST SERIES 3:
Transport of biosurfactants under the electric field

Following the primary conclusion of test series 2, supplementary tests (test series
3) regarding transport of biosurfactants where electrokinetic phenomena are applied were
designated. The second objective of these tests was to investigate the feasibility of
introducing ex-situ produced biosurfactant to soil medium using only electrokinetic
method. Subsequently, the investigation on the electrokinetic introduction of ex-situ
produced biosurfactants was performed in cells T3C1, T3C2, T3C3, and T3C4. During
the 8 days experimentation, fluid flow, electrical potential, electrical current, and pH of
collected liquid were measured every 24 hours. At the end of the experiment, soil
samples were subjected to analysis for pH, moisture content, and concentration of

phenanthrene and biosurfactants. The method of analysis was described in Chapter 4.3.

8.1 Electrical potential and resistance distribution
in cells T3C1 and T3C2

The electrical potential was measured before and immediately after daily
introduction of biosurfactants into the supply zone situated in the middle of the cells.
Figure 8.1, Figure 8.2, Figure 8.3 and Figure 8.4 present a profile of electrical potential
across the soil specimen of cells T3C!1 and T3C2 before and after daily introduction of
biosurfactants, respectively. As shown in Figure 8.1 and 8.2, the electrical potential drop
was realized mostly after the supply zone toward the cathode region, causing higher
electroosmotic flow in that region. The electrical potential difference was 3.02 V between
probe 1 and probe 2 at the beginning of testing and 3.14 V after 8 days for both cells.

Within the 8 days of testing, the electrical potential difference showed no significant
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Figure 8.1 Electrical potential distribution in cell T3C1
before daily introduction of biosurfactants
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Figure 8.2 Electrical potential distribution in cell T3C1
after daily introduction of biosurfactants with a concentration of 20 mg/1
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Figure 8.3 Electrical potential distribution in cell T3C2
before daily introduction of biosurfactants
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Figure 8.4 Electrical potential distribution in cell T3C2
after daily introduction of biosurfactants with a concentration of 20 mg/l
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change at each measured point across the cells. Supply zone showed higher electric
gradient with time. It is visible that the introduction of a low concentration of
biosurfactants into the non-contaminated soil and contaminated soil did not cause
significant changes in the electric gradient. Both cells had a similar electric gradient
distribution. The existing electric gradient could provoke the electroosmotic flow, along
with the transport of species in the soil pores.

The resistance in cells T3C1 and T3C2 was presented in Figures 8.5 to 8.8. In
order to describe the distribution of resistance in cells, the cells were divided into three
zones. Each zone had shown different behavior during the experiments. Zone A is
designated from the anode to the supply zone. Zone B represents the supply zone, and
zone C is designated after the supply zone toward the cathode area. The summary of all
the resistance changes in the three zones was shown in Table 8.1. At each measured
probe, the resistance increased dramatically with time in zone A. The difference in
resistance was 6.7 kOhm in cell T3C1 and 4.1 kOhm in cell T3C2 at probe 1. However,
after the introduction of biosurfactants, the difference in resistance decreased for both
cells. The value in cell T3C1 was almost two times higher than that in cell T3C2. Zone B
represented the transition of the change of resistance. It showed that the difference of
resistance decreased dramatically for both cells. After the supply zone, the difference of
resistance for both cells was similar, at a much lower level of resistance when compared
to zone A. It indicated that there was more electroosmotic flow in zone C.

In summary, the introduction of biosurfactants and a supply zone had an impact
on the resistance distribution. No significant change of voltage was evident close to the

electrode during 192 hours of experiment.
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Figure 8.8 Resistance distribution in cell T3C2
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Due to the anionic properties of the rhamnolipids, the soil conductivity increased, hence
the resistance decreased after the introduction of biosurfactants in both cells. This caused
more electroosmotic flow from the supply zone to the cathode. Considering the
contaminated soil and the non-contaminated soil, it was showed that cell T3C2 had a
much lower resistance difference than cell T3Cl. It indicated that the presence of
phenanthrene on the surface of the clay, due to the introduction of biosurfactants,

dissolution, suspension and emulsification processes increased conductivity in the electric

cell.
Table 8.1 Resistance difference in cells T3C1 and T3C2
Resistance difference between the value
Electrokinetic cells at the beginning of test and at the end of test (kOhm)
of test series 3
Zone A Zone B Zone C
1cm Scm Scm 6 cm 6 cm 10cm
Before 6.7 6.5 6.5 2.8 28 1.6
T3Cl1
After 5.8 5.9 59 2.7 2.7 1.3
Before 4.1 4.0 4.0 2.1 2.1 1.5
T3C2
After 3.1 2.7 2.7 24 24 1.2
Note:

Zone A : from I cmto 5 cm away from anode;
Zone B : from 5 cm to 6 cm away from anode;

Zone C : from 6 cm to 10 cm away from anode;
Before : Before daily introduction of biosurfactants;
After : After daily introduction for biosurfactants;
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8.2 Electrical potential and resistance distribution
in cells T3C3 and T3C4

Figures 8.9 to 8.12 present a profile of electrical potential across cells T3C3 and
T3C4 before and after daily introduction of biosurfactants, respectively. These cells were
supplied in the middle zone with a high concentration of rhamnolipids (at 3.5 times
higher than the CMC). As shown in Figures 8.9 and 8.10, the clectrical potential drop
was realized primarily after the supply zone toward the cathode region, causing higher
electroosmotic flow in that region than in the anode region. The electrical potential
difference was 3.1 V between the electrodes at the beginning of testing and 3.1 V after 8
days for both cells. Within the 8 days of testing, the electrical potential difference had no
significant change at each measured point across the cells. The supply zone showed
higher electric gradient with time. It is visible that the introduction of a high
concentration of biosurfactants into the non-contaminated soil and contaminated soil had
not caused a significant change in the electric gradient. Both cells had a similar electric
gradient. Comparing to cells T3C1 and T3C2, the same pattern of electric gradient were
obtained. The existing electric gradient can provoke the electroosmotic flow, along with
the transport of species in the soil pores.

The resistance in cells T3C3 and T3C4 was presented in Figure 8.13 through to
Figure 8.16. In order to describe the distribution of resistance in these cells, they were
divided into three zones as described in Chapter 8.1. The summary of all the resistance
changes in the three zones was shown in Table 8.2. At each measured probe, the
resistance increased dramatically with time in zone A. The difference in was 5.7 kOhm
resistance in cell T3C3 and 12.1 kOhm in cell T3C4 at probe 1. However, after the

introduction of biosurfactants, the difference of resistance was similar for both cells. The

108



value in cell T3C3 was almost 1.2 times higher than that in cell T3C4. Zone B
represented the trisection of the change of resistance. It showed that the difference of
resistance decreased dramatically for both cells. After the supply zone, the difference of
resistance for both cells was similar and at a much lower level, when compared to zone
A. However, the values before the introduction of biosurfactants were 2.5 times in cell
T3C3 and 6.2 times in cell T3C4 higher than after the introduction at the cathode area. It

indicated that there was more electroosmotic flow in zone C.

Table 8.2 Resistance difference in cells T3C3 and T3C4

Resistance difference between the value
Electrokinetic cells at the beginning of test and at the end of test (kOhm)
of test series 3
Zone A Zone B Zone C
l1cm 5cm S5cm 6cm 6cm 10 cm
Before 5.7 5.8 5.8 3.6 3.6 2.2
T3C3
After 2.8 2.7 2.7 14 14 0.9
Before 12.1 6.3 6.3 4.1 4.1 2.5
T3C4
After 2.2 1.5 1.5 1.6 1.6 04
Note:

Zone A : from | cm to 5 cm away from anode;
Zone B : from 5 cm to 6 cm away from anode;

Zone C : from 6 cm to 10 cm away from anode;
Before : Before daily introduction of biosurfactants;
After : After daily introduction for biosurfactants.
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Figure 8.9 Electrical potential distribution in cell T3C3
before daily introduction of biosurfactants
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Figure 8.10 Electrical potential distribution in cell T3C3
after daily introduction of biosurfactants with a concentration of 166 mg/1
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Figure 8.12 Electrical potential distribution in cell T4C3
after daily introduction of biosurfactants with a concentration of 166 mg/I
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Figure 8.12 Electrical potential distribution in cell T3C4
after daily introduction of biosurfactants with a concentration of 166 mg/l
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Figure 8.14 Resistance distribution in cell T3C3
after daily introduction of biosurfactants with a concentration of 166 mg/l
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Figure 8.15 Resistance distribution in cell T3C4
before daily introduction of biosurfactants

hours

——0
——24
—&— 48§
6.00 =72
—%—96
-— 120
—— 144
168
192

10.00

g

Resistance (kOhm)

1 2 3 4 5 6 7 8 9 10

Distance from the anode (cm)

Figure 8.16 Resistance distribution in cell T3C4
after daily introduction of biosurfactants with a concentration of 166 mg/1
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In summary, the introduction of biosurfactants and a supply zone had an impact
on the resistance distribution. Regarding the comparison of daily introduction of
biosurfactants, the electric gradient did not have a significant change before and after
introduction. A similar pattern was obtained for both cells. It was observed that the
resistance decreased in both cells after the introduction of biosurfactants. Comparing the
response of the contaminated soil, cells T3C2 and T3C4 containing contaminated soil had
a lower resistance difference than cells T3C1 and T3C3 free of phenanthrene. It is
speculated that the presence of phenanthrene on the surface of clay, when the
introduction of high biosurfactants took place, the emulsification of phenanthrene into the
bio-micelles promoted higher conductance and correspondingly decreased the resistance

of the electrical cell.

8.3 pH distribution in the electrokinetic cells

After the termination of the experiment, soil was sampled and analyzed, in order
to display the pattern of pH across the electrokinetic cells. The final pH profiles along the
electrokinetic cell are presented in Figure 8.17 for cells T3C1 and T3C2 with a low
concentration of biosurfactants applied. Figure 8.18 shows pH distribution in cells T3C3
and T3C4 with a high concentration of biosurfactants applied. In the first case, it is
clearly shown that pH was 7.4 close to anode and increased up to 8.5 just after the supply
zone (Figure 8.17). The two cells showed a similar pattern of pH distribution along the
cell. Slight decrease of pH to 6.2 at the anode areas was observed and an increase up to
10.5 at the cathode area. It demonstrates that water electrolytic reactions were taking

place as expected. The difference at the anode area was associated with the oxidation
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Figure 8.17 Final average pH value of soil in cells T3C1 and T3C2

12
O
10 g o
8 3 - ﬂ—ﬁ
= A0 © T3C3
s 77 —{3—T3C4

0 L) L] L4 L4 L L] L4 L4

1 2 3 4 5 6 7 8 9 10

Distance from anode (cm)

Figure 8.18 Final average pH value of soil in cells T3C3 and T3C4
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process in the presence of biosurfactants having different concentrations. Near the
cathode, the reduction results were similar for both cases indicating that the concentration
of biosurfactants did not influence pH distribution in this area. The non-contaminated soil

and contaminated soil showed a similar pattern.

8.4 Moisture distribution in the electrokinetic cells

The profile of the final soil moisture content was shown in Figure 8.19 for cells
T3C1 and T3C2 and Figure 8.20 for cells T3C3 and T3C4. Moisture contents of 49% to
48% for cell T3C1 and 26% to 50 % for cell T3C2 were obtained across the specimens at
the end of testing. It was mainly caused by water transport due to electroosmosis. Higher
moisture contents were observed near the anode area due to direct contact with the water
supply system. A higher moisture content in T3C4 was observed as a result of the change
of the affinity between water and clayey soil due to the partitioning of phenanthrene into
the bio-micelles. The moisture content in cells T3C3 and T3C4 followed the same trend
as cell T3C1 and T3C2 (Figure 8.20). The average moisture content in cell T3C1 was
39%and 46% in cells T3C2. Similarly, the average moisture content was 39% in cell
T3C3 and 48% in cell T3C4, respectively. As observed, electroosmosis is a significant
process in electrokinetic soil processing. Lockhart (1983) and Gray and Mitchell (1967)
showed that increasing electrolyte concentration in the pore fluid would minimize the
electroosmotic flow. However, in this research, it was found that the introduction of

biosurfactants enhanced the electroosmosis flow.
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In summary, it is evident that the higher moisture content present in soil
corresponding to the high concentration of introduced biosurfactants, especially in
phenanthrene contaminated soil. This phenomenon is most probably associated with the
formation of bio-micelles, where the affinity of water to clay materials changed in the

presence of bio-micelles.

8.5 Rhamnolipids concentration in the electrokinetic cells

It is hypothesized that the negatively charged biosurfactant molecules will form
negatively charged micelles with phenanthrene, and migrate to the anode, resulting in an
increase of the removal efficiency. The introduction of biosurfactants at concentrations of
20 mg/l and 166 mg/l into the contaminated soil was designed to investigate the transport
of biosurfactants under the electric field and finally to achieve the objective of enhancing
electrokinetic remediation.

As shown in Figure 8.21 and Figure 8.22, the distribution of a low concentrations
of biosurfactants was approximately uniform at the end of the experiment. With regards
to a higher concentration, the biosurfactants tended to be uniformly distributed in the
non-contaminated soil (cell T3C3) and accumulate near the cathode area in the
contaminated soil (cell T3C4), contrary to the above-mentioned hypothesis. Due to the
anionic property of biosurfactants, they should be transported to the anode area by
electromigration and electrophoresis, and should not be expected to be present in the
cathode area. However, as shown in Figure 8.21 and 8.22, there was a substantial level of

biosurfactants which were transported to the cathode.
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The comparison between the non-contaminated soil and contaminated soil cells,
shows that the biosurfactants were equally transported to the anode and the cathode areas
in cells contained soil free of phenanthrene (cell T3C1 and cell T3C3). In cells containing
contaminated soil (cell T3C2 and cell T3C4), the amount of biosurfactants tended to
accumulate in the cathode area. The insignificant levels were observed in cell T3C4 close
to anode. It can be concluded that the formation of bio-micelles plays an important role in
transport, since soil with and without phenanthrene showed different patterns.

The transport of biosurfactants in the electrokinetic cell is mainly a result of
electrophoretic and electroosmotic flow. Electrophoresis played a predominate role and
seems to be related to the lower concentration of introduced biosurfactants. In case of
introducing a higher concentration of biosurfactants, it indicated that the electroosmotic
flow has a greater impact than electrophoresis. The final answer probably can be obtained
after the accurate analysis of the kinetic formation of bio-micelles under the electric field

(discussed in Chapter 10).

8.6 Phenanthrene concentration in the electrokinetic cells

This section deals with the results and discussion of the phenanthrene
concentration in the soil and its spatial distribution. The ratio of final concentration of
phenanthrene in soil after testing to the initial concentration of phenanthrene across the
soil specimens is presented in Figure 8.23 for cell T3C2 and in Figure 8.24 for cell T3C4.
In the case of the introduction of a lower concentration of biosurfactants, the highest ratio
of phenanthrene concentration in cell T3C2 was 0.91 near the anode region (Figure 8.23).

It is also shown that the average concentration ratio of phenanthrene in an entire
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specimen was 0.64. This means that the average removal of phenanthrene in the soil
specimen was 36% after 8 days of testing. The experimental results clearly demonstrated
that the addition of biosurfactants at a low concentration did not cause a significant
phenanthrene removal. It can be speculated that due to the concentration of biosurfactant
which were lower than the CMC and its partial sorption on soil particles, an insufficient
amount of biosurfactants was involved in the micelle formation. Consequently, it affected
the solubilization of phenanthrene and its mobility and removal by means of
electrokinetics.

Regarding the introduction of a higher concentration of biosurfactants, cell T3C4
was characterized by relatively lower phenanthrene concentration in the entire soil
compared to T3C2 (Figure 8.24). The highest ratio of phenanthrene concentration in cell
T3C4 was 0.40, at 7 cm away from the anode. The average concentration ratio of
phenanthrene in an entire specimen was 0.26. This means that the average removal of
phenanthrene in the soil specimen was 74% after 8 days of testing. The experimental
results clearly demonstrate that significant phenanthrene removal was obtained in the
case of the introduction of a higher biosurfactant concentration.

Electrokinetic processes are primarily utilized for the removal of toxic ionic
contaminants. The available data indicated substantiai removal of charged contaminants
including heavy metals, radionuclides, and selected organics. Although removal of free
phase nonpolar organics is questionable, Pamukcu et al. (1995) states that this would be
possible if they were presented as small bubbles (emulsions) that could be swept along
with water movement by electroosmosis. It is hypothesized that the biosurfactants can

readily form soluble micelles with phenanthrene, reducing the quantity of phenanthrene



retained by soil particles, thereby increasing phenanthrene mobility, and easily removing

phenanthrene bound by soils.

The general occurrence of phenomena in cell T3C2 with the introduction of a low
concentration of biosurfactants and cell T3C4 with the addition of a high concentration of
biosurfactants to contaminated soil are as follows:

L The removal of phenanthrene took place in both cells. The introduced
concentration of biosurfactants at 3 times higher than the CMC obtained a twice
higher removal efficiency than that biosurfactant at a concentration of 2.5 times
lower than the CMC.

II. The adsorbed phenanthrene partitioning into the aqueous phase and advancing
across the soil specimens into the removal areas in response to the presence of
biosurfactants, resulted in an abundance of bio-micelles within the system.

HI. Electroosmosis, which was prevalent as compared to electrophoresis, was the
primary driving force in the transport of micelles in the soil pore fluid under the

electric field.

These results showed the effectiveness of biosurfactants as an agent for enhancing
solubility and mobility of phenanthrene during electrokinetic treatment. In the
experiments with low currents and short times, phenanthrene was partially removed near
the cathode section. The time factor plays a very important role in the removal of
phenanthrene. When the remediation process was operated for a relatively short period,
phenanthrene was mostly removed from the section near the cathode, but accumulated to
some extent near the anode. Therefore, when the remediation process was executed for a
longer period, phenanthrene could be eventually removed at a higher extent from the soil
specimens.
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CHAPTER 9 RESULTS AND DISCUSSION FOR TEST SERIES 4:
Investigation on bio-micelles formation under the electric field

In order to determine the mechanism of phenanthrene removal during
enhancement by biosurfactants and electrokinetics, and to investigate the transformation
phenomena of bio-micelles (micelle created by biosurfactants and phenanthrene), test
series 4 were performed. The tests, conducted in identical cells, demonstrated the
fundamental formation process of bio-micelles under an electric field as a function of
time and in the presence of clayey soil. It may identify and quantify the govemning
processes involved in coupled transport of PAHs and biosurfactants in the pores of

contaminated clayey soil, under an applied electric field.

9.1 Results from test series 4

In order to investigate the formation of micelles and aggregation processes under
the electric field, experiments were conducted, and were designated as T4C1, T4C2 and
T4C3 (described in Chapter 4.5.4). In order to verify whether the formation of bio-
micelles is a function of time, under the influence of electric field, studies of a variety of
samples, representing different systems at different time intervals, were conducted.

To obtain the required data, the analysis of relative optical density of samples
using FTIR were applied. The value of the relative optical density was calculated as the
ratio of absorbance values of two typical bands. One represents a typical band for the
component, using spectra in Chapter 5.2 as a reference, and the other represents the band
at approximately 3280 cm™'. This band is attributed to OH stretching vibration without

soil, while the band at 1150 cm™ is attributable to Si-O vibration with soil in the studying
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system. The physical structure of bio-micelles was shown on topographies produced by
Atomic Force Microscopy (AFM).

In the phenanthrene-water-biosurfactant system (cell T4Cl1), Figure 9.1 clearly
shows the three distinctive phases for the distribution of biosurfactants in the middle of
electrokinetic cell. The first phase, from O-11 hours, presents a slightly decreasing pattern
for the three layers. The comresponding regression analysis was shown in Figure 9.2. The
plot remains linear with decreases proportional to the amount of biosurfactant present.
The second phase, appearing between 14 and 48 hours, shows that the value dramatically
increased four times at the 14™ hour, reaching a maximum for the entire test (Figure 9.3).
The distribution of the second phase can be represented by the linear equation. The value
at the 48™ hour decreased to the initial value. In the third phase, the system tended to be

stable as shown in Figure 9.4.
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Figure 9.1 Biosurfactant profile in different layers
during the test in the phenanthrene-water-biosurfactant system (cell T4C1)
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Figure 9.6 Ratio of bio-micelles to phenanthrene during the test
in the phenanthrene-water-biosurfactant system (cell T4Cl1)
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Figure 9.5 shows phenanthrene present in the three layers, indicating the
incorporation of phenanthrene into the bio-micelles. In order to describe the change in
bio-micelle structure with time, the ratio between the relative optical density of
biosurfactant and phenanthrene were calculated (Figure 9.6). This analysis showed a
decrease of the ratio in the first phase. After that, the ratio increased instantaneously 5.8
times, reaching the critical point at the 14" hour of second phase. The ratio subsequently
dropped to 0.81 and tended to be asymptotically stable. It was concluded that the
prevalent density of biosurfactant over phenanthrene showed evident changes in the bio-
micelle structure, building up maybe several layers of biosurfactant micelles. Variation of
the ratio with time shows a time dependence of micelle formation under the electric field.

When comparing the soil-phenanthrene-water-biosurfactant system (cell T4C2) to
the system without soil (cell T4Cl), the different patterns were observed with respect to

the biosurfactant profile. Two distinctive phases were observed in Figure 9.7. The first
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Figure 9.7 Biosurfactant profile during the test
in the soil-phenanthrene-water-biosurfactant system (cell T4C2)
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phase (up to 17 hours) showed a decreasing pattern for the three layers. As shown in the
corresponding regression curve, in Figure 9.8, an exponential decrease was observed.
Dispersed data show an unstable stage. The second phase formed around the 20™ hour
showed the value increased four times and increased continuously, following a
logarithmic equation until the end of the test (Figure 9.9).

As compared to the soil profile in this system (Figure 9.10), it is clearly shown
that a significant level of soil was present in the top and middle layers within the first 5
hours. After 6 hours, the soil was only detected in the bottom layer. This indicates that
the interaction of bio-micelles with clay materials occurred at the beginning of the test,
and then the settling of clay particle was accelerated. Eventually most of the particles

settled at the bottom of electrokinetic cell.
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Figure 9.10 Soil profile during the test
in the soil-phenanthrene-water-biosurfactant system (cell T4C2)
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To examine whether phenanthrene can be desorbed from the soil surface into the
aqueous phase due to the presence of biosurfactants, the comparison of phenanthrene
spectra in T4C2 and T4C3 is presented in Figure 9.11. Cell T4C3 was not connected to
an electric field as a control cell. In this cell, the relative optical density of phenanthrene
in the top and middle layer was below the FTIR detection. The general pattern of
phenanthrene in the different layers of cell T4C2 followed the biosurfactant distribution.
It showed that phenanthrene in the bottom layer of cell T4C2 is much lower than those in
the bottom layer of cell T4C3. The value of phenanthrene in the top and middle layers
was much higher in cell T4C2 than in cell T4C3. It indicates that phenanthrene is
desorbed from the soil surface due to the formation of bio-micelles. Due to the
involvement of biosurfactants and the electric field, phenanthrene can be detached from
the clayey particles and transported into the aqueous phase. In order to investigate the
bio-micelles formation in the presence of clayey soil particles, the ratio of relatively
optical density of biosurfactants and phenanthrene was calculated. The Figure 9.12 shows
the average ratio was 1.24, but the lowest value in the 8™ hour was 0.92. After that, the
ratio increased approximately 4 times to reach the critical point in the 20" hour. The ratio
then dropped to 0.76 and slowly increased to the end of test. The observed changes in the

ratio indicate as follows:

L The formation of bio-micelles is a kinetic process, especially in the first 2 days of
experiment;

18 Bio-micelles do not keep the same shape under the electric field;

II1. The pattern of bio-micelle formation changed and was deferred comparing to the

system without soil;
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IV. An exponential decrease was observed in the phase 1, instead of linear changes.
Phase 2 existing in the phenanthrene-water-biosurfactant system almost
disappeared in this system. However, it was replaced with the increased pattern of
logarithmic curve.

V. The critical point of bio-micelle growth probably due to coalescence was also
observed to the same extent.

VL Generally all changes in bio-micelle formation appear to be slower than those in
the system without soil. Clay particles seem to attenuate bio-micelle formation
process.

From the above-mentioned facts, the form of bio-micelles is not only spherical.

Therefore, further research must be performed on the type of bio-micelles, and the factors

that affect the kinetics of bio-micelle formation.

9.2 Mechanism of phenanthrene removal

Based on the properties of phenanthrene such as non-polarity and low solubility in
water, it 1s difficult to promote its mobility by means of standard electrokinetic
phenomena. With the application of biosurfactants, transport can be enhanced since
solubilization of phenanthrene increases due to the micellization prccess. Since
rhamnolipids are anionic biosurfactants, ionic micelles may also be transported by
electrophoresis under the electric field, in addition to electroosmosis.

The hypothesized process of phenanthrene removal from clayey soil, enhanced by
biosurfactants under the electric field is as follows: 1) Biosurfactants form micelles after

an equilibrium process is reached, known as micellization; 2) Phenanthrene is
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incorporated into bio-micelles, so called solubilization; 3) Desorption of phenanthrene
from soil surface takes place; 4) Aggregation/de-aggregation of bio-micelles occurs.

It can be assumed that upon the influence of the electric field, the
thermodynamical stability of the muitiphase system will be disturbed and the equilibrium
in the transfer processes between the phases will be shifted. During the electrokinetic
processes, the charged particles such as fine soil particles, biosurfactants, and
phenanthrene in the core of micelles can be transported. In addition, electrokinetic
processes cause an excess of hydroxyl ions in the cathode and protons in the anode areas.
In these conditions, Rosen (1989) pointed out that the changes in the charge and in
specific density of many colloid particles occur, and the reactions of flocculation and
emulsification start or accelerate.

Results of test series 4 showed that the changes in properties of systems upon the
action of electric field were visible from above-mentioned facts. Assuming all studied
electrokinetic cells are thermodynamically stable systems before and after the acting of
the electrokinetic processes, the influence of electric field on the behaviour of the

components and their transfer between different phases of the system could be proposed.

9.2.1 Factors effecting the fate of bio-micelles

In the soil-water-phenanthrene-biosurfactant system, upon the application of an
external electric field, the electrokinetic forces are imposed on the suspended solids
carrying electric charges and transporting the particles to the opposite charged electrode.
In aqueous solutions, the phenomenon of sedimentation of fine clay particles also occurs.

The sedimentation of clay is governed by the combined action of gravitational force,
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Brownian force, inter-particle electrical forces, van der Waals force, and Stokesian
viscous force (Russel et al. 1989).

A balance between hydrocarbon chain attraction and ionic repulsion controls the
formation of biosurfactants micelles. Hence, formed micelles are aggregates composed of
a compressive core surrounded by a less compressive surface structure (Bloor et al.
1995). From a biological standpoint, biosurfactants have also been shown to form a
variety of microstructures such as spherical micelles, cylindrical micelles, vesicular and
lamellar sheets (Figure 9.13) (Vinson et al. 1989). The aggregation of sheets can be

generally called bilayers.

i

£ TR
~ TV

Spherical Cylindrical Hexagonal “ “‘“f\ﬁ‘
Lamellar

Figure 9.13 Morphology of biosurfactants (adapted from Vinson et al., 1989)

The results from test series 4 showed that under the electric field, the behaviour of
bio-micelles seems to be related to the kinetics of bio-micelles formation and
transformation. The recognition of this behaviour highlights understanding the fate of
bio-micelles during the soil bio-electrokinetic remediation. The factors that can influence

the formation of bio-micelles are discussed as follow:
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Intermolecular forces controlling micelle formation: The forces that hold

surfactants in micelles and bilayers are not strong covalent or ionic bonds due to
the same surface charged headgroups. However, it can be caused by weaker van
der Waals attraction, hydrophobic interaction, hydration forces, and electrostatic
repulsion (Marsh and Phil, 1990). The attractive pressure (P,) between the bilayer

surfaces is expressed by:

P, =(H/6zNl/d} -2/(d, +d,) +1/d, +24,) 91

where:

H: effective London-Hamaker coefficient

dw: the separation distance of the two surfaces

di: the bilayer thickness
Therefore, the bilayer thickness increases, which could cause a dramatic decrease
of attractive force. However, the van der Waals force between bilayers is fairly
weak and has an effective range of at most 15 nm. The attractive hydrophobic
interaction between hydrocarbon molecules in water is prevalent over a long
range and is much stronger than van der Waals attraction.

Repulsive hydration forces arise with the range of 1-3 nm whenever water

molecules bind strongly to hydrophilic surface groups. The hydration forces can

be given by the repulsive pressure (Pg):

PH = Po exp(— dw /é) 9.2

Here, & is correlation length, which is in the short range, approximately 0.2 to 0.3
nm. This value in soil could be even smaller. In the case of charged bilayers, the

electrostatic repulsive pressure (P.) in an ion-free medium is expressed by:
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II.

P, =[kT/(Ad,)le* /(aecc,kT)]a, 1 4 ] 93

where, A. is the area per charge, € is the dielectric constant of the medium. In
solution, these forces work together to effect the formation of the bilayers. They
are very sensitive to the distance of bilayers, and change of environmental factors,
such as electrolyte in the system, pH and surface charge density.
Energy requirement: Addition of phenanthrene into the bulk of surfactants,
hydrophobic energy can transfer it from water into micelles. For an alkane chain
of radius 0.2 nm and an interfacial energy with water of 50 mJ/mZ, the
hydrophobic energy per unit length will be 6x10™"" J/m. Since the CH>-CH,
distance along a chain is 0.126 nm, hydrophobic energy corresponds to 8x102' J
per CH, group added to the chain (Jacob, 1992). In this research, where
rhamnolipids were used, the total hydrophobic energy therefore is 1.28x10™'° J.
When there are strong repulsive forces between the initially small
spherical micelles, with increasing biosurfactant concentration, the micelles are
forced to come closer together, which is energetically unfavourable. However, if
the biosurfactants rearrange to form an ordered array of cylinders and a stack of
bilayers, their surfaces can be spread. Therefore, the formation of cylinder and
lamellar micelles are energetically favourable.
pH_value in the environment: The morphology of bio-micelles can be
significantly impacted by pH. Champion et al. (1995) stated that the morphology
of rhamnolipid was a function of pH, changing from lamellar, to vesicular, and
afterwards to micellar as pH increased from 5.5 to 8.0 monitored by cryo-

transmission electron microscopy. The data showed that large lamellar sheets
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predominated at pH 5.5. The reported pK, for rhamnolipid is 5.6 (Ishigami, 1987).
Thus, as the pH increase from 5.5 to 8.0, the negative charge of the polar head of
the rhamnolipid increases. As the headgroup becomes more charged, the repulsive
forces between adjacent polar head will effectively create a large head diameter,
causing the observed progression in morphology from bilayer sheets to vesicles
and subsequently to spherical micelles (Champion et al., 1995).

Previous work (Elektorowicz et al., 1995a), performed in electrokinetic
cells, showed that at the first 48 hours, the measured value of pH in the anode is
was between 3.0-5.0, around 7.3 in the middle, and close to 8.5 in the cathode,
where the ratio of soil to water was 1:10. After 48 hours, the values of pH
measured in the middle were practically 7.5 and stable. It could be assumed that
the formation of micelles in the middle site of cell should have the favourable
structure of bilayers at the beginning of testing. The redox reaction causes the
change of pH in the electrode areas. The negatively charged micelles would be
formed as bilayers at the anode area and transported by electroosmosis to the
middle point. On the other hand, the bilayers would be de-fused by the increase of
pH near the cathode area. Consequently, the formation of spherical micelles could
occur.

Biosurfactant concentration: The biosurfactant concentration also affects the
transformation of micelles. When the lower concentration changes to higher
concentration, the spherical micelles can form cylindrical and laminar micelles

(Mitchell and Ninham, 1981). In this research, due to the transport of the bio-
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micelles by electroosmotic flow and electrophoresis, a change occurs in the shape
via the enhanced aggregation and coalescence process.

Temperature: There are no consistent conclusions regarding temperature affecting
the formation of micelles. An increased temperature causes disruption of the
structured water environment, which disfavours micellization. On the other hand,
an increase in temperature decreases hydration of the hydrophilic head group,
increasing the ability of micellization. Rosen (1978) pointed out that the micelle
formation was found to be an exothermic process, favoured by a decrease in
temperature. In addition, CMC seemed to reach a minimum for ionic surfactants
at about 25 °C. In the described experiment, the temperature was 25 °C and

stable.

Chemical structure: Biosurfactants (rhamnolipids), which cannot form into

compact spherical micellar structures, generally could form vesicles and extended
lamellar bilayers due to their chemical structure. In order to assemble into
spherical micelles, molecular optimal surface area A; must be sufficiently large
and their hydrocarbon volume V small enough so that the radius of the micelle R
will not exceed the critical chain length L.. Suppose the biosurfactant molecule is

depicted in Figure 9.14.

Figure 9.14 Schematic representation of biosurfactant molecule
(adapted from Jacob, 1992)
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In the case of the rhamnolipids, used in this research, with two 8-carbon
chains, the number of molecules in one micelle M found experimentally is 50.
Using Jacob’s equations 9.1 to 9.4(1992), placing n=8, gives the hydrocarbon

volume V = 0.24 nm’. Therefore, the optimal micelle radius is R = 1.43 nm, and

L.= 1.12 nm, which is 0.31 nm shorter than the optimal radius.

L <L_ =(0.154+0.1265n) 9.1
V =(27.4+269n)x107 9.2
M =4nR*/a, = 47R> I3V 9.3
hence,
v > 1 94
AL "3

For rhamnolipids, used in the experiment, V/AoL. = 0.41. Mitchell and
Ninham (1981) have found that for spherical micelles V/AgL, is less than 1/3, for
cylindrical micelles 1/3<V/A¢L. <1/2, for lamella or vesicles 1/2<V/AgLc<l. It
means that rhamnolipids just cannot pack into spherical micelles, and therefore
must be in the shape of cylindrical or bilayer micelles. This is confirmed by
Champion et al. (1995), who stated that the most likely form for rhamnolipid
aggregates are cylindrical micelles or vesicles. Typically, a vesicle has a diameter
between 30-100 nm.

On the other hand, the bilayer-forming surfactant increases the lifetime of
the molecules within aggregates. Wennerstrom and Lindman (1979) had found

that typical lifetime for surfactants in micelles is 10™s, and in bilayers is 10™s,
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which is 8 orders of magnitude higher. Concemning the stability of the bilayer
structure with time, the vesicles fuse, form clusters, and finally coagulate (Ghosh
et al, 1998). In the case of no-stressed bilayers, the hydrophilic headgroups
“shadow” the hydrocarbon groups from the aqueous phase into the core of
micelles. In this experiment, when bilayers are stressed by means of electric field
across them, they expand laterally, and this increases the hydrophobic area
exposed to the aqueous phase. This may be the primary cause of bilayer fusion,
which is also confirmed by Jacob (1992). These bilayers are dynamic structures in

which the component can move around relatively freely.

In summary, all above-mentioned factors have to be considered in order to
describe the formation process of bio-micelles under the electric field. The favorable
form of rhamnolipids is bilayers (including cylindrical, lamellar, and vesicle). The change
of pH can cause the transformation of bio-micelles. When bilayers are stressed by
applying electric field across them, they tend to form bilayers and fuse together. Since
these bilayers move around freely, the electroosmitic flow and electrophosis can transport
them, resulting in the change of the concentration of rhamnolipids, which eventually
affect on the formation of bio-micelles.

Image analysis by using AFM provided the solid confirmation of the above
discovered bio-micelles formation. At pH of 7.5, the image of aggregation of bio-
micelles (phenanthrene/biosurfactants) is shown in Figure 9.15. The diameter of vesicular
type of biosurfactants obtained from the image was approximately 200 nm with a height

of height of 50 nm. Figure 9.16 shows aggregation of vesicles to form the bilayers with a
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Figure 9.15 Image of vesicular micelles by AFM with scan rate of 1.001 Hz,
scan size of 5.00 um and data scale of 50.00 nm

Figure 9.16 Image of bilayer micelles by AFM with scan rate of 1.001 Hz,
scan size of 10.00 um and data scale of 200.0 nm
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Figure 9.17 Image of clayey soil by AFM with scan rate of 1.001 Hz,
scan size of 5.00 um and date scale of 2.00 um

height of 200 nm. The Figure 9.17 presents the image of clayey soil used for this
research. The image analysis allows to measure the size of various particles and the

porosity of specimen. The distribution of bio-micelles on the clay particles is also visible.

9.2.2 Kinetic approach to the fate of bio-micelles

Following the above-mentioned discussion, the process of formation of bio-
micelles, desorption of phenanthrene from soil, and transport of phennanthrene must be
seen as a Kinetic process. Phenanthrene in such a system is hypothesized to be distributed
among three separate physical phases: the soil, the micellar pseudophase, and the aqueous

pseudophase. Phenanthrene in the soil phase is sorbed, and the micellar pseudophase are
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solubilized in the hydrophobic interiors of the anionic bio-micelles, while in the aqueous
pseudophae they are freely dissolved.

It is hypothesized that there are six general processes in the soil-water-
phenanthrene-biosurfactant system under an applied electric field: 1) Phenanthrene
sorption on soil; 2) Partial biosurfactant sorption onto the soil; 3) Bilayer-micelle or
spherical micelle formation; 4) Partition of phenanthrene into micelles; 5) Transport of
phenanthrene into the aqueous phase; 6) Transport of bio-micelles with phenanthrene via
electroosmotic processes. The kinetics of partitioning of phenanthrene into the micelles at
cathode, between electrodes, and at anode areas are proposed in Figure 9.18, Figure 9.19
and Figure 9.20, respectively.

Having the same charge as clayey soil, repulsion makes the sorption between
biosurfactant and clayey soil difficult. However, the sorption of phenanthrene and
biosurfactants can be caused by the presence of 2.3% organic matter in the soil sample.
Aliphatic side chains and lignin groups in humic substances (one of main components of
organic matter) are highly hydrophobic (Senesi and Chen, 1989). Therefore,
phenanthrene may be adsorbed through hydrophobic interaction with the soil organic
matter. When the biosurfactant is added into the bulk of the soil, its hydrophobic portion
will have a tendency to sorb onto soil organic matter. Alternatively, the hydrophilic
portion of biosurfactant can line up on the surface of wetted clayey mineral. Generally,
when the concentration of biosurfactants exceeds above the CMC, biosurfactant
molecules may also interact with other biosurfactant molecules to form bio-micelies

Due to the high values of K., phenanthrene has an affinity for the hydrophobic

portion of biosurfactants, and prefers to be retained in the interior of the bio-micelles,
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which contain the hydrophobic portion of the biosurfactants inside the core. In this
manner, it can prevent phenanthrene from re-adsorbing onto the soil. From the analysis of
FTIR spectra in test series 4, the phenanthrene content in the bottom layers of cell T4C2
was much lower than the bottom layers of cell T4C3, as the experiment progressed. The
amount of phenanthrene increased in the aqueous phase (Figure 9.11). It clearly shows
that the increase of phenanthrene in the aqueous phase is mainiy a result of incorporation

with different forms of micelles according to pH conditions and electrokinetic transport.

Biosurfactants

O Phenanthrene

(2a)

y ?-:"o"r--

P

Water

Organic matter

Soil

Figure 9.18 Conceptual representation of the process related to the partitioning
of phenanthrene and biosurfactants at the cathode region (at pH of 8.0)

(1) Phenanthrene sorption on soil

(2) Biosurfactant sorption on wetted mineral (2a)and organic matter (2b)
(3) Spherical micelles formation

(4) Phenanthrene partition into micelles

(5) Phenanthrene transport into aqueous phase

145



(3)
‘Q (% Biosurfactants

db Phenanthrene

Organic matter Water

Soil

Figure 9.19 Conceptual representation of the process related to the partitioning of
phenanthrene and biosurfactants in the middle of electrokinetic cell (at pH of 7.5)

(1) Phenanthrene sorption on soil

(2) Biosurfactant sorption on wetted mineral (2a) and organic matter (2b)
(3) Cpylindrical or bilayer-micelles formation

(4) Phenanthrene partition into micelles

(5) Phenanthrene transport into aqueous phase

(3
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Organic matter Water
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Figure 9.20 Conceptual representation of the process related to the partitioning
of phenanthrene and biosurfactants at the anode area (at pH of 5.0)

(1) Phenanthrene sorption in soil

(2) Biosurfactant sorption on wetted mineral (2a) and organic matter (2b)
(3) Bilayer-micelles formation

(4) Phenanthrene partition into micelles

(5) Phenanthrene transport into aqueous phase
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Under the electric field, the partitioning of phenanthrene into the micelles should
take different conditions into consideration. As discussed above, the change of pH has a
very important impact on the transformation of biosurfactant morphology. Due to the
redox reaction at the electrode area, the low value of pH at the anode is favorable to the
formation of lamellar micelles, and the high value of pH at the cathode is favorable to
form spherical micelles. In the middle of the electrokinetic cell, biosurfactants likely
formed bilayers in the aquesous system.

Consequently, the favourable bilayer structure was formed spontaneously during
the first phase (Figure 9.2), due to the special morphology of rhamnolipids, as described
in Chapter 9.2.1. This was also seen on the AFM micrograph (Figure 9.15). It showed
relatively higher values of relative optical density. After that, the formation of micelles
decreased slightly with time. It could be due to the change of pH environment in the
system, created by redox reactions at the electrode area or weakening certain forces
(Chapter 9.2.1). Due to the negatively charged properties of bio-micelles, they can be
transported via electrokinetic processes. The negatively charged micelles will be formed
as bilayers at the anode area. On the other hand, the bilayers will be de-fused by an
increase in pH, and transported towards the anode area (electrophoresis). It was observed
that the value dramatically increased four times (Figure 9.3 and Figure 9.6) after 11 hours
of experiment. At the 14™ hour, the amount of micelles achieved the maximum. This is
the critical point for the aggregation of spherical and vesicular micelles to bilayers. It
represents the presence of largest multi-lamellar bilayers due to coalescence (seen Figure

9.16). Passing this point, the bilayer micelles began to form the stable and favorable
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structures. In the final stage, the bio-micelles became stable flocs in the system (Figure
9.4 and Figure 9.6).

Due to the presence of clayey particles in cell T4C2, the pattern of formation of
bio-micelles was different. At the first 17 hours, since the clayey particles are negatively
charged, they would be transported towards the anode due to electrophoresis under the
electric field. Settling of clayey particles occurred simultaneously. Therefore, the initial
phase is destabilized by the presence of the clayey particles. The mobility of headgroups
of rhamnolipids, which tend to form the micelles, decrease due to interactions with the
clayey particles (Figure 9.8). The biggest transition occurred between 17 and 20 hours
(Figure 9.9). It indicated that the transformation of micelles to bilayers was attenuated
and deferred by the involvement of clayey particles and required a longer time to
aggregate the multi-lamellar bilayers. At the last stage, shown in Figure 9.9 and Figure
9.12, the formation of bilayers tends to stability.

In summary, due to the influence of the electric field, the transformation of bio-
micelles changed with time. The time and type of clayey mineral should be taken into
consideration in order to understand the process of bio-micelle formation. The electric
field clearly is another important factor, which can have a profound impact on the
formation of bio-micelles. The formation of different types of bio-micelles plays a crucial

role in the biosurfactant-enhanced electrokinetic remediation technique.
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CHAPTER 10 CONCLUSIONS AND RECOMMENDATIONS

This thesis focuses on the enhancement of standard electrokinetic methodology
through the use of biosurfactants, for the remediation of natural clayey soils contaminated
with phenanthrene. A four test series and application of new techniques of FTIR, AFM,
and SFE analysis were performed. The conclusions from the experiments are presented

below.

10.1 Conclusions

Electrokinetic test series 1 showed that clay materials provide an adequate habitat
for bacterial survival under an electric field. The average moisture content in soil was
controlled and reached approximately 40%, which provided the required moisture
condition for the bacterial survival. The pH value in the phenanthrene-contaminated soil
had 7.1 almost across the entire soil, suitable for bacterial growth. It is postulated that the
oxidation process was modified by the presence of the contaminant. Near the cathode
area, the pH was as high as 10.0. In this region, the number of bacteria dropped to around
1.5 log CFU/soil dry wt. in the non-contaminated soil and was undetectable in the
contaminated soil. This low number could be associated with a potential transport of
bacteria towards the anode area. This experiment demonstrated that when a low electric
current is applied into phenanthrene contaminated clayey soil, bacteria could multiply in
an amount sufficient (up to 7.6 log CFU/g soil dry wt.) to incite the process of secretion

of extracellular substances (biosurfactants). This allows bacteria to uptake phenanthrene

as a sole carbon source.
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Electrokinetic test series 2 confirmed the hypothesis from test series 1. It was
shown that in-situ production of biosurfactants by bacteria under the electric field was
feasible. In both cells (containing contaminated soil and soil free of phenanthrene), the
electrical gradient was uniformly distributed. The highest resistance was presented near
the anode area. The moisture content in the soil after the test ranged between 46% (for
the soil free of phenanthrene) and 51% (for the contaminated soil). This level provides a
good condition for bacterial growth. At the end of experiment, the pH value near the
anode area in the contaminated soil was 6.2, which was twice higher than that in the soil
free of phenanthrene. This condition allowed for normal metabolism with an amount of
6.8 log CFU/g soil dry wt. bacteria in contaminated soil. The pH near the cathode was
10.0 in both cells. The measured number of bacteria found, in this region, was
approximately 2.0 log CFU/g soil dry wt. The highest amount of rhamnolipids production
occurred in the central area of the electrokinetic cells. The production of rhamnolipids
was enhanced in the presence of phenanthrene. Due to the produced rhamnolipids, the
85% removal efficiency was achieved near the cathode area during the 14-day test.
Production of biosurfactants in-situ demonstrated the feasibility of a new hybrid method:
bio-electrokinetics.

The augmentation of the biosurfactant content in the electrokinetic cells
performed by test series 3, presented the feasibility of biosurfactant transport in clay
materials using a DC electric field. The existing electrical gradient in all testing cells
showed the possibility of the species transport via electroosmosis and electrophoresis.
These phenomena caused the uniform distribution of biosurfactants. The introduction of

biosurfactants decreased the resistance of the soil specimens. It could cause a higher
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electroosmotic flow to the cathode area. The average moisture content in this series test
ranged between 39 % and 48 %. The distribution of a low concentration biosurfactant
(2.5 lower than the CMC) was uniform. The development of a biosurfactant profile was
due to the involvement of electroosmotic and electrophoretic phenomena. In the case of a
high concentration biosurfactant (3 times higher than the CMC), the amount of
biosurfactants in the contaminated soil near the cathode area was approximately 7 times
higher than that near the anode area. The accumulation of biosurfactants close to the
cathode can be as a result of electroosmotic flow being dominant over electrophoresis.
Removal of phenanthrene was twice higher (74%) in the case of a high concentration of
biosurfactants after 8 days of testing.

Research showed that the efficiency of phenanthrene removal from clayey soil is
associated with the formation of bio-micelles. The transformation of bio-micelles under
the electric field has been investigated in the association with influential factors, such as
inter molecular forces, pH, and chemical structure, etc. The results of test series 4
confirmed that the favorable structure of rhamnolipids was bilayers. Under the electric
field, the transformation from cylindrical to lamellar, and subsequently to spherical
micelles, occurred as pH changed from anode to cathode area. Transformation of
biosurfactants also varied with time, due to electroosmotic and electrophoretic
phenomena. At the beginning, the favorable structure of bilayer micelles was formed.
Under the influence of the electric field, the second phase showed the spontaneous
formation of multi-lamellar layers due to coalescence. Finally, a stable and favorable
structure of bio-micelles was formed. In the case of the presence of clayey particles, this

kinetic process was attenuated and deferred, but the transformation process of bio-

151



micelles was still observed. The understanding of the kinetic bio-micelle formation
process is very important to the accurate application of biosurfactants for electrokinetic
remediation of PAH contaminated clayey soil.

To date, biological surfactants remain untested for their ability to mobilize
contaminants in a multiphase soil environment. The enhancement of electrokinetics for
application to contaminated clayey soil, as presented by the author, represents a first and
unique achievement. The achieved objective of this study permitted the development of a
new methodology called bio-electrokinetics, which is expected to make the remediation

of contaminated clayey soil in situ possible.

10.2 Recommendations

Some recommendations for future research derived from this thesis are:

e Soils with a higher concentration of phenanthrene (in the range of 1,000 to 200,000
mg/kg soil) and other PAHs’ candidates should be tested in order to evaluate the limit
of biosurfactant application by means of bio-electrokinetics.

e The control of the pH conditions at both electrode areas, especially at the cathode
area should be further investigated in order to improve the metabolism of bacteria
under the electric field.

e The enhancement of phenanthrene production in-situ need to be tested further in order
to enhance the efficiency of biosurfactants up to 99% under the electric field. The
techniques such as washing system and electrokinetic introduction of nutrients could

be combined.
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e Different concentrations of rhamnolipids or other types of biosurfactants, such as
sophorolipids and trehalose dimycolates, should be tested for their applicability into
the electrokinetic process.

e The biodegradation rate of phenanthrene may be studied to obtain a true

understanding of the overall remediation process.
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