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Environmental Engineering

(ABSTRACT)

A laboratory scale study was conducted to investigate the
treatability of petroleum contaminated soils by soil washing
and subsequent‘biological treatment of the different soil
fractions. 1In addition to soils obtained from contaminated
sites, studies were also performed on soils contaminated in
the laboratory.

Soil washing was performed using a bench-scale soil
washing system. Washing was carried out with simultaneous
fractionation of the bulk soil into sand, silt and clay
fractions. Cleaning efficiencies due to soil washing ranged
from 60 to 81% for different soils. After washing, the finer
soil particles (silts and clays) were found to possess higher
concentrations of adsorbed hydrocarbons, thus requiring
further treatment. Distribution of n-alkanes was studied to
obtain a better understanding of contaminant redistribution
and mass transfer during washing.

Post-wash biological treatment was investigated on silts

and clays. These were treated in slurry reactors seeded with



cultured hydrocarbon degrading microorganisms. Biological
treatment of silts resulted in as much as 97% removal within
50 days. On the other hand, it required more than 100 days to
see similar percentage removals in the clay fractions. The
final hydrocarbon levels were near 100 ppm for silts while for
clays, they were as high as 500 to 1000 ppm after the
treatment period. Biodegradation of selected n-alkanes was
studied to better understand microbiological degradation of
petroleum hydrocarbons.

The results of this study indicate that washing alone may
not be able to clean petroleum hydrocarbon contaminated soils
to levels acceptable for safe disposal. Biological treatment
of the different soil fractions can be utilized as an
economical post-wash treatment alternative. This study
illustrates soil washing and post-wash biological treatment as
an effective technology for economical management of oil and

grease contaminated soils.
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1 INTRODUCTION

Worldwide growth of the petroleum industry has been
accompanied by an increased potential for contamination of the
environment by petroleum hydrocarbons. Contamination of soils
and groundwater is a problem often related to processing and
distribution of crude and refined oil. Pollution may result
from above-ground spills from storage tanks and pipelines,
overfilling of underground storage tanks, leaking underground
storage tanks, leaking above ground pipelines and tanks and
everyday operation at retail outlets. Some of the 1leaked
product can be recovered by drainage, pumping and extraction.
However, a major portion of the product volume is often
trapped in the pore spaces of the soil or aquifer material.

Crude petroleum is a complex mixture consisting mainly of
aliphatic and aromatic hydrocarbons. Exposure to some
petroleum constituents may result in potential health hazards
including carcinogenic and tumor promoting activities.
Aromatic hydrocarbons such as benzene, toluene, ethylbenzene
and m-xylene (BTEX) are present in high amounts in gasoline.
These compounds possess relatively high agueous solubilities
and are also toxic or carcinogenic (Barker, 1987). As of
January 1991, the maximum contaminant level for benzene,
toluene, ethylbenzene and xylene was 0.005 mg/L, 1.0 mg/L, 0.7
mg/L and 10 mg/L respectively (McCormick, 1991).
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The Comprehensive Environmental Response, Compensation
and Liability Act (CERCLA or Superfund) of 1980 initiated a
national program to clean up chemically contaminated sites
across the United States. At least 10,000 potential Superfund
sites exist throughout the U.S. (Wentz, 1989). More than 1200
of the worst sites have been identified and placed on the
National Priority List (NPL) for cleanup under Superfund. The
number of petroleum hydrocarbon contaminated soils in the U.S.
is estimated to be nearly 120,000.

Determining a suitable treatment technology for soils
contaminated due to accidental o0il spills provides a
challenging task because a single solution does not exist for
all cases. Removal by excavation and disposal offsite is the
easiest solution, but it only transfers the hazardous waste to
another location without totally eliminating it from the
environment. The excavated soil needs to be treated offsite
before such disposal. The soil may be incinerated, treated by
physiochemical means or biodegraded in above ground biological
reactors.

Soil washing is a promising technology which may be
utilized as a pretreatment method to clean petroleun
contaminated soils. This is an economical process which
separates the soil into different fractions depending on
particle size. Appropriate treatment is then directed at each
contaminated portion. Since this method of treatment does not

2



completely eliminate the contamination, a post-wash treatment
is generally required. Biological oxidation may be applied
effectively to treat the washed so0il in above ground
bioremediation cells. Biological treatment technology has the
potential to exploit the metabolic activity of microorganisms
to catabolize a wide range of organic substrates. Biotreatment
can, therefore, be useful in reducing contaminate
concentrations to acceptable levels.

The U.S. Environment Protection Agency (EPA) does not
provide any regulatory 1level of cleanup for petroleum
contaminated sites. However, for Virginia and many other
states, the 100 ppm total petroleum hydrocarbon (TPH) guidance
level is normally applied at underground storage tank site
closures where there is no potential environmental or health
impact (Kostecki et al., 1991). Although the Tri-Regional
Recommendation of San Francisco and Central Valley Regional
Water Quality Control Boards (1988) indicates that 100 ppm TPH
is not a cleanup level, it actually becomes one in cases where
further action is not required (Kostecki et al., 1991).

In order to assess the feasibility of cleanup of
petroleum hydrocarbon contaminated soils using a combination
of soil washing and biological treatment, this study was
conducted as a 1laboratory-scale investigation with the
following specific objectives:

1. to evaluate the efficiency of hydraulic fractionation of
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bulk soil into sand, silt and clay fractions by employing
an upflow column;

2. to determine the distribution of petroleum contaminates
between the sand, silt, clay and froth fractions after
soil fractionation;

3. to evaluate the potential of biodegradation for removal of
petroleum contaminants from silts and clays; and

4. to study the distribution and biodegradation of specific n-
alkanes in the integrated system (soil washing and

biological treatment).



2 LITERATURE REVIEW

2.1 8o0il and Contaminant Interactions

Soils are complex biogeochemical materials. They contain
a dynamic ecological system consisting of water, nutrients and
air for plant growth, inorganic solids resulting from the
alteration of primary and secondary minerals and large
microbial populations that are capable of altering minerals
and decomposing soil organic matter (SOM).

Most soils consist of mineral particles of widely varying
sizes. The U.S Department of Agriculture divides the fine
soil fraction into three classes based on particle size.
These are sands (0.05 mm to 2.0 mm), silts (0.002 mm to 0.05
mm) and clays (<0.002 mm) (Foth, 1984). The clay fraction is
most important in influencing the reactivity of organic
compounds. Correlations have been found between the clay
content of the soil and the behavior of organic contaminants
in the soil (Zielke et al., 1989). Binding of organic cations
at ion exchange sites 1is the most energetic interaction
between organic molecules and clay minerals.

Many processes occur at the surfaces where the soil water
meets soil solids. Surface reactions include sorption of ions
and neutral molecules, exchange of gases between soil air and
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soil water, and crystallization or dissolution of soil
minerals.

Sorption on soil particles plays an important role in
controlling the fate of organic pollutants. Soil particles of
most concern for hydrophobic organic compounds are aggregates
of fine mineral grains (clays) and natural organic matter.
Organic compounds tend to be strongly associated with soil
fines due to the greater surface area to mass ratio and
presence of surface charges. Pignatello (1989) has
illustrated that sorbed organic molecules may possess a wide
range of mobilities. A better understanding of sorption
processes and kinetics would be useful in developing efficient
processes to destroy, immobilize, or separate organic
pollutants from the soil matrix.

Most soils possess some amount of organic material. Soil
organic matter is a complex mixture of humic acids, fulvic
acids, humins, polysaccharides and partially decomposed
cellular structures. The humic substances in soil have two
properties in common with clay; they are highly charged and
have large surface areas per unit of mass. Humics are very
reactive in soils. Clays associate with organic matter to
form microaggregates which can be quite stable. However,
Garbarini and Lion (1986) indicate that sorption depends more
precisely on the percentage of organic carbon, oxygen and
sulfur, whereas the clay mineral content of soil affects

6



sorption to a much lesser extent.

Rates of transport and transformation are sensitive to
the distribution of the organic compound among sorbed and free
states. Since most biotransformation mechanisms operate on
molecules in the free state, desorption can be rate limiting
to these processes. The ability of microbes to assimilate the
organic contaminant (i.e. bioavailability of the organic
compound) is hindered if the compound is present in the sorbed
rather than the free state (Ogram et al., 1985). Molecules
buried in solid phases or in micropores of soil aggregate can
be inaccessible to microbes. Steinberg et al., (1987)
illustrated that residues of ethylene dibromide (EDB) in soils
were essentially inert to microbial decomposition, while
freshly added C'“-EDB was mineralized within days in the same
soil. The sorption of hydrophobic organic compounds on soils
is further explained elsewhere in the literature (Hassett et
al., 1989, Estes et al., 1988, Wu et al., 1986).

Soils may vary in texture, organic matter content, pH,
moisture content, indigenous microbial population, and the
amount and characteristics of the contaminant. Soils used in
treatability studies may be obtained from the site of spill,
or a synthetic soil may be contaminated in the laboratory.
Esposito et al. (1989) used a synthetic soil comprising of 30%
by volume of clay (7.5% montmorillonite and 22.5% kaolinite),
25% silt, 20% sand, 20% top soil and 5% gravel. Porzucek
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(1989) while studying surfactant flooding used a soil that was
98% alpha quartz with less than 2% clay minerals and therefore
had a high permeability and low cation exchange capacity.
Couillard and Tran (1991) in their study used a "feed mixture"

made by mixing Bunker C oil with beach sand.

2.2 Petroleum Hydrocarbons

Petroleum is a mixture of gaseous, 1liquid, and solid
hydrocarbon compounds occuring in sedimentary rock deposits.
In its narrower sense, the term petroleum is often restricted
to the liquid deposits known as crude oil.

Crude petroleum is a mixture of compounds boiling at
different temperatures that can be separated into various
fractions by distillation. Petroleum includes a wide range of
hydrocarbon compounds and a few nonhydrocarbons. The most
important elements occurring as nonhydrocarbons are sulfur,
niﬁrogen and oxygen. The percentage of hydrocarbons in
different crudes may vary. Pennsylvania crude oils were found
to contain as much as 97% to 98% hydrocarbons whereas heavy
California or Mexican crude oils had 50% hydrocarbon content
(Brooks et al., 1954).

Crude o0ils may be classified as T"aromatic" or
"paraffinic" depending upon whether the larger molecules are
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classed as aromatic organic chemicals or paraffinic organic
chemicals. Within any one crude o0il, the proportion of
paraffinic hydrocarbons usually decreases while that of
aromatic hydrocarbons increases with increasing molecular
weight. Pennsylvania straight run gasoline was found to
consist of 70% paraffins, 22% cycloparaffins and 8% aromatics
while Pennsylvania lubricating o0il was made up of 30%
paraffins, 50% cycloparaffins and 20% aromatics (Brooks et
al., 1954).

Paraffinic petroleum may contain 20% to 50% normal
paraffins in the gas o0il fraction (Speight, 1991). The
content of cycloparaffins (napthenes) in petroleum varies up
to 60% of the total hydrocarbons. Crude oils and distillates
may contain up to 3% olefins by weight. All crudes contain
aromatic compounds in proportions varying from 10% to 50%.
Polycyclic aromatics are usually found in somewhat lower
amounts in petroleum.

Petroleum distillates may be broadly classified as
natural gas, gasoline, kerosene or fuel o0il and light and
heavy 1lubricating oil. The hydrocarbons occurring in the
above fractions are listed in Table 1.

Gasoline is essentially a complex mixture of hydrocarbons
that boils below 180° to 200° C. The hydrocarbon constituents
of this range are those that have 4 to 10 carbons in their
molecular structure. Kerosene is a straight run petroleum

9



fraction that boils between 205° C and 260° C. Kerosene and
fuel oil are composed of mainly hydrocarbons containing 10 to
18 carbons. Diesel fuel oil is a blend of straight run gas
0il and cracked gas o0il to produce a product boiling in the
175° C to 345° C range. Lubricating oils are distinguished
from other fractions of crude oil by their higher (> 400° C)
boiling point as well as high viscosity. The principal
petroleum hydrocarbons contain 25 to 35 carbon atoms and up to
as high as 45 carbon atoms per molecule. Mono-, di- and tri-
nuclear aromatics appear to be the main constituent of the

aromatic portion of lubricating oils.

TABLE 1. Hydrocarbons Occurring in Fractions of Crude Oils.*

—_—
Natural Gas Paraffins Cl to Cé6
Gasoline Paraffins C4 to C10

Aromatics
Naphthenes

!| Kerosene & Paraffins C10 to C18

Fuel 0il Aromatics

Naphthenes
Light/Heavy Paraffins C18 to C45
Lubricating 0il Aromatics

Naphthenes

* from U.S. Bureau of Naval Personnel, 1965.
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The literature contains reports on a variety of

contaminants wused in studies related to cleanup of

contaminated soils. Esposito et al., (1989) used a matrix
consisting of ethylbenzene, xylene, 1,2-dichloroethane,
tetrachloroethylene, acetone, chlorobenzene, styrene,

anthracene, pentachlorophenol, bis(2-ethylhexyl)phthalate,
lead, zinc, cadmium, arsenic, copper, chromium and nickel.
Couillard and Tran (1991) used 20% w/w Bunker C o0il to
contaminate beach sand. Ellis et al., (1985) reported the use
of a Murban crude o0il, PCB's and a mixture of chlorophenols as
contaminants. Schmitt and Caplan, (1987) studied surfactant
flooding to clean up a contaminated l-acre segment of an oil
refinery. The contaminants were petroleum hydrocarbons. The
Netherlands Organization for Applied Scientific Research (TNO)
utilized bioreactor systems to study soil decontamination and
used cutting oil and diesel fuel as pollutants, (Nunno et al.,
1988). Laboratory and pilot scale studies using the Heidemij
Froth Flotation Soil Cleaning Method by Heidemij Uitvoering
BV, Netherlands investigated soil cleanup for contaminants
like cyanide, oils, heavy metals, chlorinated hydrocarbons and
pesticides, (Nunno et al., 1988). In their study to
investigate soil cleanup using surfactants, Abdul et al.,
(1990), made use of automatic transmission fluid as the
contaminate. Aronstein et al., (1991), contaminated soil with
phenanthrene and biphenyl while looking at the effect of
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surfactants on desorption of sorbed hydrocarbons in soil.

2.3 Petroleum Contaminated Soils : Characteristics

The fate and transport of petroleum hydrocarbons in soil
environments is a complex process, and depends on factors such
as solubility of the various hydrocarbons, soil-water
partition coefficient, chemical and biological reactivity of
the contaminant and its sorption characteristics. Spilled
petroleum contaminates can spread over the soil, migrate into
the subsoil and contaminate it, and possibly reach the ground
water. For example, ih the case of a gasoline spill, gasoline
may infiltrate the porous soil matrix, partially dissolve into
a moving aqueous phase or otherwise get dispersed, diluted,
sorbed, volatilized, and/or biodegraded in the subsurface
environment. The extent of migration is a function of the
soil characteristics and the amount and properties of the
hydrocarbons.

As a multicomponent-multiphase system in contact with a
polar mobile phase like water, soil may interact in a variety
of ways with the hydrocarbon contaminants. Sorption on the
soil particles is one such interaction that plays a major role
in controlling the fate of the pollutant. The fate of many
compounds depends on their distribution between sorbed and
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free states. Soil particles that affect sorption of
hydrophobic organic compounds include natural organic matter
and aggregates of fine mineral grains. Sorption is observed
to be linearly related to the organic carbon content of the
soil (Karickhoff, 1979). Pignatello (1989) suggests that
hydrophobic bonding of nonpolar organic molecules to soil
organic matter is an important interaction except at low
organic content when surface sorption may become significant.
In their study, Wu et al. (1986) demonstrated that the
variations in hydrophobicity of the organic contaminant effect
the sorption rate for different hydrocarbons. Their results
suggest that compounds with higher values of the octanol-water
partition coefficient (K,) show slower sorption and the
sorption Kkinetics are effected by a factor of 2 in a
temperature range of 30°C (25-55°C) due to variation of
partition coefficients.

Another major factor affecting the soil-hydrocarbon
interactions is the amount of fine particles present in the
soil matrix. Observing correlations between clay content of
soil and behavior of organic molecules applied to soil, Zielke
et al. (1989) suggest that the clay fraction is most important
in influencing the reactivity of organic molecules.
Hydrocarbons are attracted towards clays because of the large
surface area to mass ratio, and the presence of surface
charges on the clay particles. Karickhoff (1984) suggests a
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clay-to-organic carbon ratio greater than approximately 60
before sorption by clay minerals becomes significant for
nonpolar hydrocarbons. Studies show that finer aggregates
have faster uptake rates for organic contaminants as a result
of reduced diffusive path length into the interior of the
particles and larger exposed sorbent surface area (Wu et al.,
1986) . In a study conducted by Estes et al. (1988)
montmorillonite clay was found to adsorb several 1light
molecular weight hydrophobic halocarbons from aqueous
solutions at sub parts per million levels. A high adsorption
rate of hydrocarbons attributed to the clay content of the
soil was also observed during a study by Vance (1991).

In the case of ionic or polar organic contaminant
molecules, coulombic attraction and ligand exchange may be the
important interaction with soil particles. Estes et al.
(1988) found that surface mineral coatings on clay particles
influenced adsorption of light molecular weight halocarbons.
Hassett et al. (1989) stated that Si-0-Si bonds at mineral
- surfaces result in the creation of hydrophobic surfaces in
soil. Electron microscope studies conducted by Dove et al.
(1991) showed a concentration of carbon compounds at high iron
sites on sand grains. Surface metal oxides were thought to
enhance the association of hydrocarbons on sands.

Bioactivity is another essential feature of petroleum
contaminated soils (see Section 2.7). Biodegradation in the
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subsurface is often site-specific and even microsite-specific.
Microbial degradation is seen to occur predominantly from the
free or dissolved states. Molecules bound to soil organic
matter or trapped in micropores of soil aggregate are
inaccessible to microbes. Often, desorption of the
hydrocarbon contaminants prior to their microbial degradation
is essential. Falatko (1991) demonstrated the role of
biosurfactants in desorption of organic contaminants from
petroleum contaminated soils during hydrocarbon
biodegradation.

A variety of complex reactions and interactions occur in
petroleum contaminated soils, thus necessitating investigation
of inorganic, organic, microbiological and geological
conditions to judge the feasibility of any physiochemical or
biological treatment option for hydrocarbon contaminated

soils.

2.4 8o0il Washing

Soil washing is a promising innovative technology and one
of the alternative treatment methods specified by the United
States Environmental Protection Agency (USEPA) for use at
Superfund sites to reduce the quantity and impact of
pollutants in soil. In fiscal year 1989, soil washing or
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flushing was prescribed by EPA in seven source control records
of decision (RODs) for waste site remediation (Daley, 1989).

Nash et al. (1988) define so0il washing as the use of
mechanical or chemical means to disperse contaminated soil and
isolate the contaminant into as little soil as possible. Soil
washing is a physiochemical process to remove contaminants
that associate with specific particle-size domains. The
process separates the bulk soil into different fractions and
then directs appropriate treatment towards each.

The relationship between so0il particle size and
contaminant residence may depend on the manner of waste
disposal, the site soil matrix, specific contaminants, soil
cation-exchange capacity, soil organic matter and the dynamic
stresses placed on the materials at the site. Contamination
is generally greater for clay and silt than for coarser
particles because contaminants prefer to adsorb to particle
surfaces and fine particles have a greater surface area to
mass ratio. Clay also exhibits high cation-exchange
capacities which enhance contaminant association.

In the case of a contaminated soil, a significant
fraction of pollutants are physically or chemically adsorbed
to silt, soil organic matter or clay particles. Silt and clay
may physically adhere to sand and gravel. Washing of the soil
removes silt and clay sized particles from the coarser
materials. The separation of fines from coarse fractions also
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results in removal of the contaminants from larger soil
particles.
The soil washing process may be affected by properties of

the contaminant (K volatility, polarity), physical

oM ?
properties of the soil (cation-exchange capacity, soil organic
matter, particle size distribution) and properties of the wash
solution (pH, temperature, chelant, surfactant concentration,
contact time).

Soil washing may be used on a very wide range of
contaminant species, such as heavy metals, and semi-volatile
organics including PCB's and pesticides. Experience in Europe
shows that soil washing can be conducted on a large scale at
relatively low costs (Pheiffer, 1990). Removal efficiencies
achievable by soil washing depend on the distribution of
pollutants over the different size fractions and the presence
of clay and natural organic matter. Volume reduction by soil
washing may not be economical if the concentration of fines in
soil is greater than 20%.

In a study by Esposito et al., (1989), a chelant solution
and an ionic surfactant solution were used as the washing
media. Overall contaminant removal exceeded 90%. Removal
efficiencies were lower for semivolatiles and metals in the
soils having a larger amount of silt and clay particles. No
solutions were consistently effective in removing semi-
volatiles from the fine soil fraction (< 0.25 mm). Abdul et
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al., (1990) studied the cleaning potential of ten different
surfactants on auto transmission fluid (ATF) contaminated
soils. Witconol 1206 achieved 83.8% removal of ATF while
water removed only 22.9% of the contamination. Nash et al.,
(1988), used citrikleen® as a surfactant and were able to
produce a 99% reduction in the o0il and grease content of a
soil that was 90% by weight in the 0.25 mm to 2.0 mm size
range. It was noticed that addition of surfactant resulted in
a mass transfer of the contaminant to the finer fraction.

Couillard and Tran (1991) performed hot water washing to
clean oily beach sand. After treatment, the sand particles
contained only 0.08% of the contaminant while the froth had
nearly 40%. A pilot soil washing process at the Naval Air
Engineering Center, Lakehurst, New Jersey was able to reduce
soil o0il and grease concentration from 42,000 mg/kg to 400
mg/kg (Nash et al., 1988). The US Air Force and EPA conducted
another research program at the Volk Air National Guard Base,
Wisconsin, to demonstrate the removal of hydrocarbons from a
sandy soil by in situ soil washing using surfactants (Nash,
1987). Surfactant washing at this site was not measurably
effective because of high soil-sorption values for the
contaminants.

Nunno et al., (1988) reviewed five high throughput soil
washing techniques in Holland and Germany. Typical cleaning
efficiencies from soil washers ranged from 75% to 95%
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depending on the contaminant. 1In Holland, the Heidemij soil
washing process using froth flotation was able to reduce oil
levels from greater than 1000 ppm to an average of 65 ppm.
The Heijmans Mileutechniek B.V. system was found to reduce
cyanide from a concentration of 6000 mg/kg to 15 mg/kg by
adding hydrogen peroxide into the scrubber. The same process
reduced the kerosene concentration on coarse sand obtained
from a fuel drilling site from 5000-7000 mg/kg to 80-120
mg/kg. In Amersfort, Netherlands, the HWZ so0il washing
operation utilized detergents at a pH of 12-13.

The oil CREP SSC-20A soil washer system of Germany, was
98.8% efficient in removal of oils and hydrocarbons. The
Harbauer soil washing system utilized 1low frequency
vibrations, to enhance contaminant removal. The soil was
subjected to oscillations using mechanical energy to dislodge
the contaminated fines from the soil matrix. This system was
capable of producing a total organics removal of 96.4% even in
soils with high clay content.

| The benefits of soil washing include substantial cost
effectiveness. The system also removes organic and inorganic
contaminants simultaneously. This method of volume reduction
supports recycle and reuse of decontaminated material.
However, washing has not been widely used because it often
cannot reach treatment quality goals, it may produce a great
deal of waste water or waste solvent, and the washing solution
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may carry away too much solid material. Soil washing may be
used as an effective pretreatment method in many cases. The
process helps in volume reduction for a follow up treatment

like bioremediation.

2.5 Bioactivity in Soils

Soils contain a dynamic ecological system. They are
populated by a variety of organisms such as plants, fungi,
filamentous and unicellular bacteria, algae, protozoa, worms,
insects and mammals.

Soil microorganisms play an important role as the
ultimate decomposers. Bacteria colonize almost every habitat
within the soil. A fertile topsoil might contain 100 million
living bacteria per gram of soil (Singer et al., 1987).
Deeper soils have a lower bacterial count. Most soil
organisms are heterotrophic and need assimilable organic
compounds to serve as a source of carbon and provide energy
through oxidation. Some may, however, be able to use organic
substrates that most organisms find toxic or difficult to
assimilate. Microbes secrete enzymes that aid in digesting
the organic matter and absorbing the end products of
digestion. Under normal conditions, most microorganisms exist
in a near state of starvation since readily available food
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supplies are usually limited.

Most soil microbes require (1) space in soil pores, on
particles or on root surfaces; (2) water of suitable pH and
salinity; (3) carbon source and nutrients for energy and
metabolic processes; (4) a terminal electron acceptor 1like
oxygen; and (5) suitable temperature (Singer et al., 1987).
Under favorable conditions, many bacteria can double in number
within two to three hours. Most soil bacteria divide less
frequently under normal soil conditions but may still be able
to grow a hundred or thousandfold within a day. This capacity
for rapid growth allows the soil microorganisms to respond to
changes in conditions quickly by multiplying and replacing a
population with organisms better suited to the new
environmental conditions. Thus, the composition of the
microflora at any habitat is governed by the biological
equilibrium created by the interactions of all individuals
found in the microbial community (Alexander, 1977). A change
in environment by an oil spill would reestablish equilibrium
in a modified form as the community becomes acclimated to the
new surroundings.

An organism can avoid competition if it can grow under
difficult environmental conditions or utilize a food source
that others cannot. Soils often lack organisms that can use
substances such as petroleum, herbicides and pesticides.
However, soils polluted with such substances are often able to
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develop microbial populations capable of decomposing the
pollutant. Microbes that can metabolize or catabolize the
pollutant may either evolve in the soil or colonize from
elsewhere and then increase in numbers.

It can be seen from the above literature that bioactivity
in soils is essential to consider as soils are ecosystems and
some of the most important soil processes are biological.
Microorganisms in soil have evolved numerous ways of adapting
to different limitations and the total population in a soil is
varied and versatile, and capable of adapting to changing

conditions and food or energy supplies.

2.6 Hydrocarbon Utilizing Microorganisms

Hydrocarbons in the soil environment are affected by the
presence of microbial populations with counts equalling 10°
per gram of dry soil (Alexander, 1977). The microflora
responds to the addition of hydrocarbons and the resultant
microbial community then interacts with the added substrate.
Hydrocarbon utilizing microorganisms are widely distributed
and are able to metabolize a diverse group of organic
compounds that may include paraffins, kerosene, gasoline,
mineral and lubricating oils, asphalts, tars and synthetic
rubbers.

22



Microorganisms are often restricted to a narrow range of
hydrocarbon media on which they can grow. Some use only the
low molecular weight gases, others metabolize compounds with
chains of 10 to 16 carbon atoms and still others decompose
molecules having 18 to 32 carbon atoms. Haines et al. (1974)
showed that even C Hy,, is a good substrate for microbial
decomposition.

Many bacteria are able to metabolize long or short chain
aliphatic hydrocarbons. Ethane is found to be metabolized by
species of Mycobacterium, Nocardia, Streptomyces, Pseudomonas,
Flavobacterium, Cocci and various filamentous fungi. Higher
molecular weight hydrocarbons are decomposed by microbial
populations that include Acinetobacter, Corynebacterium,
Bacillus, the yeasts Candida and Rhodotorula in addition to
Mycobacterium, Nocardia, Streptomyces, Pseudomonas and many
fungi. The microbial group that mineralizes aromatic
hydrocarbons also includes Arthrobacter in addition to some of
the microorganisms mentioned above.

In their study, Sorkhoh et al. (1990) isolated fungi and
bacteria capable of o0il degradation from soil and marine
samples collected from different localities in Kuwait. The
fungi consisted of Aspergillus terreus, A. sulphureus,
Mucorglobosus, Fusarium and Penicillum citrinum. Bacterial
flora included Bacillus, Enterobacter, Pseudomonas, Nocardia,
Streptomyces and Rhodococcus. The bacteria were found to be
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more efficient than fungi and the most efficient bacteria in

both o0il degradation and relative abundance were Rhodococcus.

2.7 Biodegradation of Petroleum Compounds by S8o0il Microbes

Biodegradation of an organic substrate may be carried out
by microorganisms that grow at the expense of that substrate
and use it as a carbon source or energy. The degradation of
petroleum hydrocarbons is often a result of acclimation or
adaptation of the microbial community to the changed
environment. Acclimation of the microflora results in an
increased rate of biodegradation following a period of
exposure during which degradation is much slower (Hickman et
al., 1989).

The rate of transformation of hydrocarbons depends on
various environmental conditions. These environmental factors
include the concentration of the pollutant, accessibility of
the substrate, characteristics of the compound to be degraded,
presence of essential growth factors, favorable temperature,
water activity and pH, presence of the right electron acceptor
and the stability of the microbial community (Alexander, 1981,
Alexander et al., 1989).

A common mechanism of microbial degradation involves
oxidation of the hydrocarbon in steps that yield the
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corresponding alcohol, aldehyde and fatty acid. The fatty
acid is then decomposed by beta-oxidation in which two carbons
are removed from the end of the chain as acetic acid. The
acetic acid is degraded in the Krebs cycle to yield carbon and
energy for assimilatory purposes. The remaining fatty acid is
further attacked giving another acetic acid molecule and a
smaller hydrocarbon. Sometimes, both the ends of the fatty
acid are oxidized by microbes before cleavage. The product is
then degraded by removing two fragments from the ends of the
chain in the form of acetic acid molecules. 1In this way, the
hydrocarbon is broken into small fragments that are then
utilized by the microbes.

Many so0il microorganisms are capable of decomposing
aromatic hydrocarbons and their derivatives. Specific
microorganisms decompose molecules such as phenol, naphthalene
and anthracene containing one, two, and three benzene rings.
Although initial phases of the degradation pathways for
aromatic hydrocarbons are different, the reactions result in
three common intermediates, catechol, protocatechuic acid and
gentisic acid. These are then metabolized by five similar
processes.

The first phase of aromatic metabolism includes the
modification and removal of substituents on the benzene ring
and the introduction of hydroxyl groups. To assimilate the
compound, the microorganism has to break the aromatic ring and
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convert the cleavage products to substrates. The ring opening
results in the formation of the three intermediates mentioned
in the preceding paragraph. These intermediates are further
degraded by the five pathways yielding succinic, fumaric,
pyruvic and acetic acids, plus formaldehyde which are then
readily utilized by the microorganism.

In petroleum, n-alkanes, n-alkylaromatic and aromatic
compounds of the range C,,-C,, are the least toxic and most
easily assimilable. N-alkanes, alkylaromatic and aromatic
hydrocarbons in the C;-C, range are biodegradable at low
concentration by some microorganisms but are generally removed
from soil ecosystems by volatilization. Gaseous n-alkanes
(C,-C,) are biodegradable but are utilized by a narrow range
of specialized hydrocarbon degraders. N-alkanes,
alkylaromatic and aromatic compounds above C,, have 1low
toxicity, however, their physical characteristics, extremely
low water solubility and solid state at normal temperatures
make them unfavorable for biodegradation transformations.
Branched alkanes and cycloalkanes of the C;,-C,, range are less
biodegradable as branching creates tertiary and quaternary
carbon atoms that hinder beta-oxidation (Bossert et al.,
1984).

Long-chain alkanes are generally insoluble in water.
These water-insoluble alkanes must be transported to the cells
to achieve cell-substrate contact. A hydrocarbon-utilizing
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microbe must, therefore, be able to transport the alkane
across the cell envelope to the intracellular site of alkane
oxidation. This could be done by contact of cells with an
alkane dissolved in the aqueous phase, with a solubilized
alkane i.e. alkane droplets with diameter 1less than one
micron, or with larger alkane droplets (Singer et al., 1984).
Surfactants have often been used to solubilize such water-
insoluble compounds and enhance their bioavailability. In
their study, Falatko and Novak (1992), found that
biosurfactants produced during microbial growth were capable
of solubilizing gasoline compounds.

In soil ecosystems, hydrocarbons are often decomposed as
a result of cometabolism. Many microorganisms have the
capacity to cometabolize various substrates. A hydrocarbon
that is not assimilated by a particular microbe may be
cometabolized by the same organism in the presence of another
substrate. Compounds resistant to degradation in pure culture
studies have been found to biodegrade when a combination of
two or more organisms are used. Natural environments are
heterogenous, containing a variety of substrates and a wide
range of microorganisms. Compounds often cometabolized
include gaseous and higher molecular weight n-alkanes, cyclic
paraffins, aromatics and biphenyl. Growth substrates include
methane, n-alkanes, methyl butane, acetate, aromatic
hydrocarbons, glucose, benzoate and kerosene (Floodgate,
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1984) .

There are many cases reported in the literature where
biodegradation of petroleum hydrocarbons has been observed.
Vecchioli et al., (1990), used a mixed population of oil
degrading bacteria to enhance biodegradation of a
petrochemical waste. After a month, 43% of the hydrocarbons
were degraded in the uninoculated and 65% in the inoculated
soil.

In a study carried on a l-acre contaminated segment of an
0il refinery, Porzucek (1989) found that the native soil
microorganisms were able to produce 78.5% biodegradation of
aliphatics and 90.1% biodegradation of aromatics. 1In another
study, Steinberg et al. (1987) illustrated that residues of
ethylene dibromide (EDB) in fumigated soils were resistant to
degradation by indigenous soil bacteria while freshly added
“c-EDB was mineralized within days in the same soil at
comparable concentration. Strong sorption of EDB on soil
particles due to longer contact time was explained as the
reason for this phenomenon.

A bioremediation experiment was performed at a petroleum
strategic reserve facility in Texas (Vance, 1991), where crude
oil had leaked at a valve terminal area. In 22 days, the oil
and grease concentration in the soil decreased from an initial
of 960 mg/kg to 290 mg/kg. The contaminants in the soil were
further degraded to below detection limit (50 mg/kg oil and
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grease) after 73 days. In a study conducted by Van den Berg
(1988), the degradation rate of oil in a contaminated subsoil,
under simulated conditions varied between 5 and 40 mg C/kg
soil/day. Wang et al., (1990) studied the effect of
bioremediation on a soil contaminated by diesel o0il (60
mg/kg) . In this case, biotreatment increased the rate of
total hydrocarbon degradation and was able to eliminate all
polyaromatic hydrocarbons in 12 weeks.

Biodegradation is thus a biotransformation process that
results in the simplification of the structure of the organic
compound by breaking intramolecular bonds. Biorestoration or
bioremediation is a process 1in which biodegradation is
optimized and enhanced in order to eliminate environmental
contamination. In case of petroleum contaminated soils, this
method of treatment can be used as a primary or secondary
treatment procedure. Although cleanup time may be long, this
technique produces no toxic byproducts and is often economical

in the long run.

2.8 Biosurfactants

Biosurfactants are microbially produced surface active
compounds that cause changes in surface tension.
Biosurfactants are produced by microorganisms during their
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growth on insoluble organic substrates resulting in an
increased substrate solubility and enhanced biological
degradation (Falatko, 1991).

Biologically produced surfactants are important for
hydrocarbon metabolism as hydrocarbon substrates are more
efficiently utilized in their presence. The probability of a
cell coming in contact with a metabolizable substrate is a
function of the dispersion of the hydrocarbon. Falatko and
Novak (1992) studied biosurfactant generation during growth of
microorganisms on two different organic mixtures. The
microbially produced surfactant was capable of enhancing
substrate removal by raising the solubility of gasoline
compounds and making them easily available for degradation by
facilitating transport across the cell membrane.

Microbes using hydrocarbons as substrates produce various
lipid surfactants. They may also produce the same surfactants
from a common carbohydrate substrate, even in the absence of
the hydrocarbon from the cultivation medium (Zajic et al.,
1984). Fatty acids are produced from alkanes and beta-
ketoadipic acid and succinyl CoA from aromatic hydrocarbons.
Surfactants produced by microorganisms are usually lipids such
as fatty acids, glyco lipids, lipopolysaccharides,
lipoteichoic acids, phospholipids, lipopeptides and neutral
lipids. Their surfactant properties arise from the presence
of polar and nonpolar groups on the same molecule.
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From his study, Falatko (1991) concluded that the
relation between a biosurfactants ability to increase
substrate solubility and degradation is due to the chemical
characteristics of the microbially produced surfactants.
Biological surfactants are molecules that have relatively
polar end groups. The type of substrate utilized by the the
microorganism to produce biosurfactants and the overall
solubilization strength of the biosurfactants also affect the

bioavailability of a substrate.

From the above literature, it is seen that a possible
method to treat contaminated soils is to conduct soil washing
as a pretreatment. This would lower the concentration of
contaminates from the soil and at the same time fractionate
the so0il into different particle-size fractions. Each
fraction could then be treated 1in accordance to its
characteristics and the extent of contamination. Biological
treatment of the different soil fractions could then be
utilized as an economical post-wash treatment alternative.
This would result in soil fractions that would no longer be
classified as hazardous and could be replaced at the site with

minimum risk to human health or the ground water.
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3 METHODS AND MATERIALS

3.1 Experimental Approach

In this study, the potential for removal of petroleum
hydrocarbons from soils was studied. Contaminated soils were
obtained from a refinery complex in Eagle Point (Lake
Clavisell), New Jersey, and a truck-wash area in Salen,
Virginia. Clean soil obtained from a site near the New River
in Blacksburg, Virginia, and from Eagle Point, New Jersey, was
contaminated in the laboratory.

The soils were treated using a laboratory scale soil
washing system and fractionated into sand, silt and clay
fractions. Mass transfer of hydrocarbons from soil to water,
air, and froth during the soil washing process was examined.
Transfer of hydrocarbons from larger particles to finer ones
possessing greater surface areas was also investigated.
Distribution of specific n-alkanes following various methods
of treatment was studied.

The clay and silt fractions obtained after soil washing
were treated in slurry bioreactors. These reactors consisted
of 1.5 L glass bottles in which the soil was suspended in
water and aerated with compressed air. The bioreactors were
seeded with hydrocarbon degrading microorganisms obtained from

Sybron Chemicals, Inc. The microbes were separately cultured

32



in kerosene, gasoline, diesel, petroleum distillate and crude
0il to obtain microbial populations capable of degrading these
compounds. A mixed population was also cultured that utilized
a mixed hydrocarbon substrate. These reactors were operated
from periods ranging from 30 to 100 days. The loss of total
petroleum hydrocarbon (TPH) was estimated by measuring the
residual TPH in the soil. Other parameters studied included
chemical oxygen demand (COD) and surface tension in the
solution. Capillary column gas chromatography was utilized to
quantify the 1loss of TPH and other specific hydrocarbon

components.

3.2 Contamination of Soil

Two types of contaminated soils were used in the study.
One of the contaminated soils was obtained from a refinery
complex at Eagle Point (Lake Clavisell) in New Jersey. This
soil contained tank bottoms (solids that settle in tanks used
to store crude and refined oil) that had been placed in a
temporary storage pit at the site. Another contaminated soil
was obtained from Salem, Virginia. This soil had been
contaminated by hydrocarbons during machine washing operations
and the likely contaminants were heavier hydrocarbons like
lubricating oils.

The New River soil was contaminated in the laboratory
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using Western Fuel (HC 1), a petroleum distillate obtained
from Coastal Corporation's Western Fuel Depot in San
Francisco, California. A 500 g sample of the New River soil
was placed in a glass bottle. The soil sample was
contaminated with 8% hydrocarbon by weight. The apparatus
shown in Figure 1 was used to simulate an oil spill on the
soil. An inverted pipette and plunger were utilized as a
fountain to create the contaminant spill. This technique was
able to minimize the loss of volatile hydrocarbons during
contamination. The oil was allowed to seep into the soil.
The bottle was then tightly sealed after removing the pipette.
The contents of the bottle were allowed to mix thoroughly in
an agitation apparatus for four hours. The glass bottles were
sealed with teflon tape and stored in the refrigerator to

minimize hydrocarbon losses from the system.

3.3 8o0il Washing

Soil washing may be defined as a physiochemical process
that fractionates the contaminated soil into different
particle-sized fractions (sands, silts and clays) and thereby
isolates the contaminant into these fractions. The process is
also capable of removing hydrocarbons from the soil due to
dissolution into the washing medium, stripping into the air,

or when air flotation was employed, removing contaminants into
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the froth fraction.

Contaminated soil was washed with water by employing a
laboratory scale soil washing system (Dove et al., 1991).
Soil washing was accompanied with fractionation based on
particle size and weight. A block diagram of the soil washing
system is shown in Figure 2. The soil washing system includes
a high shear mixer, an induced air flotation unit, a low shear
mixer, an upflow column and a sedimentation tank.

A Waring blender was used as the high shear mixer. High
shear mixing was performed on 500 g samples of the
contaminated soil by fluidizing it in 0.5 L of water and
mixing for 45 minutes. The purpose of high shear mixing was
to disintegrate all soil clumps and knock off the fines
adhering to coarser particles. In this way, most of the clays
and silts physically attached to the sands were removed and
suspended in the slurry.

A Wemco Agitair laboratory flotation machine was used as
the induced-air flotation unit. The slurry from the high
shéar mixer was transferred into the flotation vessel and
diluted to 2 L with tap water. The flotation unit suspended
the soil particles in the slurry and at the same time allowed
air bubbles to pass through it, resulting in some hydrocarbons
being carried up to the surface along with the air bubbles.
A froth formed on the surface which was then skimmed off. The
flotation unit was operated for 45 minutes and the froth

obtained was a concentrated matrix of hydrocarbons, water, and
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clay and silt particles.

After removal of froth, the slurry was transferred into
a low shear mixing cell. The Wemco Agitair was used as the
low shear mixing apparatus after replacing the flotation
vessel with a low shear mix vessel. No air was used in this
case. The low shear mixer was hydraulically connected to an
upflow column and a sedimentation tank as shown in Figure 3.
The total slurry volume in the system was made up to 12 L.
Pneumatic pumps were utilized to produce all the hydraulic
flows. Hydraulic connections were made between the low shear
mix vessel and the bottom of the upflow column, top of the
upflow column and inlet of the sedimentation tank, outlet of
the sedimentation tank and bottom of the upflow column, and
finally, top of the upflow column and back into the low shear
mix vessel. A third hydraulic connection from the top of the
upflow column recycled the slurry to the bottom of the column
as the third upflow jet. The flows from the three jets at the
lower end of the upflow column were adjusted such that the
total upflow velocity of water was greater than the settling
velocities of silts and clays. This resulted in the larger
sand particles settling in the column while the finer
particles remained suspended. The sand-sized particles were
removed from the sand collection port at the bottom of the
column.

Once the sand-sized particles were removed, a major

fraction of the silt and clay laden water flowed from the top
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of the upflow column into the sedimentation tank; some
returned into the low shear mixer and a third fraction was
recycled to the end of the upflow column as make up water to
maintain the required upflow velocity in the column.

The sedimentation tank was designed with the height of
liquid and detention time adequate for the silt-sized
particles to settle. The effluent from the settling chamber
contained predominantly clay. This effluent was then recycled
into the lower end of the upflow column as the third jet. The
slurry recycle from the sedimentation tank into the upflow
column resulted in more efficient separation of silts and
clays.

Each soil was washed in the upflow column with about 12
L of water for 3 hours. After the washing was complete, the
sand, silt and froth fractions were air dried. Approximately
one liter of the clay laden wash water was centrifuged and the
clay concentration determined. The centrifuged clay was also
air dried. A mass balance was conducted to determine any soil
loss in the system due to entrapment in the apparatus or
accidental spills. The post-wash total petroleum hydrocarbon
concentration in each of these soil fractions and the wash
water was determined by extraction in methylene chloride
followed by analysis using capillary column gas chromatography
(see section 3.7.2). A TPH mass balance was conducted for the
system. The distribution of selected n-alkanes following

various treatments was also studied.
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3.4 Biodegradation

Biodegradation of total petroleum hydrocarbons in slurry
systems was studied. The bioreactors were seeded with
microorganisms cultured in the 1laboratory. Hydrocarbon
degrading microorganisms were obtained from Sybron Chemicals,
Inc., and cultures were maintained in the 1laboratory on
gasoline, diesel, Western Fuel (HC 1) and Rabi Crude (HC 2) as
substrates. A mixed culture was also grown utilizing a
substrate being a mixture of the above four. These cultures
were maintained in 250-mL rubber stoppered conical flasks.
The contents of the flasks were agitated continuously by
placing the flasks in a rotary shaker. Nutrients and salt
solution were supplied regularly. A 0.5 mL dose of the
corresponding substrate was added as the carbon source to each
flask every five days to maintain a steady microbial

population.

3.4.1 8ilt Bioreactors

The biodegradation of TPH on silts was studied by
suspending the silt in a series of 1.5 L batch reactors. A
series of bioreactors consisting of five batch reactors was
utilized. The silt concentration was maintained at 5 g/L.
Sorenson's buffer provided the essential nutrients. It

consisted of KH,PO, at 3.8 g/L, K,HPO, at 12.5 g/L, (NH,),HPO,
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at 1.0 g/L, and salt solution at 1 mL/L. The salt solution
was made up of 4.0 g Mgso,, 0.2 g NaCl, 0.2 g FeSO,.7H,0, 0.2
g MnSO,, and 0.2 g CaCl, in 100 mL deionized water. The silt
reactors were seeded by adding a mixed culture of hydrocarbon
degraders at 25 mL/1.25 L of reactor contents.

All reactors were sampled on the first day. Thereafter,
sampling was done intermittently, one reactor at a time.
Moreover, for additional data, each reactor was also sampled
individually at regular intervals. The procedure helped in
studying the system as single batch reactors as well as a
series of batch reactors. The tests conducted on the samples
included determining COD, TPH and surface tension.

Three types of silts were studied. These were Salem
silt, New River silt and Eagle Point silt. In the case of New
River and Eagle Point soils, biodegradation of selected n-
alkanes was studied to better understand total petroleum
hydrocarbon degradation. While studying TPH biodegradation in
Eagle Point silt, a sixth bioreactor was operated to
investigate the effect of a synthetic surfactant on the rate
of degradation of the petroleum compounds. A solution of
0.05% cCitrikleen®®, a non-petroleum heavy duty solvent
cleaner, was added at a concentration of 0.05% in the
additional reactor. Reactor operation was terminated when the

TPH of the silt reached below the 100 ppm treatment goal.
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3.4.2 Clay Biodegradation

The clay bioreactors were batch reactors. Biodegradation
of TPH on clays was studied by suspending the clay in 3 L
slurry reactors. The bioreactors had a clay concentration of
3.33 g/L. Sorenson's buffer provided the essential nutrients.
The reactors were seeded with 50 mL of mixed culture from the
culture flasks. Air was bubbled in the reactors to keep a
high dissolved oxygen concentration and also to provide
sufficient agitation for proper suspension of the soil. The
reactors were sampled frequently for COD and TPH measurements.
Evaporation losses in the system were made up by regular
addition of tap water. Reactor run was terminated when the
volume of the slurry became too low for proper operation. 1In
the case of clay bioreactors, surface tension measurements
were initiated on day 39 for Eagle Point - Lake Clavisell
clay, and day 46 for Salem clay.

Two types of aeration mechanisms were experimented. Both
mechanisms had their own drawbacks. Coarse bubble aeration
was unable to provide an even mixing of the reactor contents
while fine bubble aeration resulted in a loss of solids due to
their being carried away out of the reactor as aerosols.
Coarse bubble aeration method was utilized after optimizing

for maximum possible agitation of the reactor contents.
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3.5 Distribution and Degradation of Specific N-Alkanes

The distribution of selected alkanes after soil washing
and their subsequent biodegradation in slurry reactors was
investigated. The Hewlett Packard gas chromatograph with a
flame ionization detector (FID) was used for this purpose.
The column used was the same as for TPH analysis (see section
3.7.2). Chromatograms of the standards for dodecane (Cl12),
hexadecane (C16), eicosane (C20), tetracosane (C24) and
dotriacontane (C32) were compared with chromatograms for TPH
and the corresponding peaks studied. Concentration of the
alkanes were then obtained from the values of the standards

and the peak areas.

3.6 Biosurfactant Monitoring

The surface tension of the water in the bioreactors was
monitored to provide an indication of the biosurfactant
production in the system. A 40 mL sample of the reactor
contents was centrifuged in a Beckman Model J-21 C centrifuge
at 12,000 rpm for 15 minutes. The supernatant was removed
into a beaker and the temperature allowed to rise to 20°C.
The liquid was then transferred into the surface tension
measurement cup and the contents agitated on a rotary shaker

for one minute. The surface tension was measured using a
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Fisher Scientific surface tensiometer Model 20 which utilizes
the de Nouy method.

During surface tension measurements, it was noticed that
the surface tension initially decreased and then stabilized at
a constant value as the time interval between the agitation on
the rotary shaker and the measurement on the tensiometer
increased. This indicated that the surfactant had a smaller
specific gravity than water and this caused it to rise to the
air-water interface and depress the surface tension instead of
being evenly dispersed in the solution. Thus, for
consistency, a standard one minute mixing time was maintained
before each surface tension measurement. Distilled water
which has a surface tension of 72 dynes/cm at 20°C was used as

the standard solution to calibrate the instrument before use.

3.7 Analytical Methods

The analytical procedure used in this study is

illustrated graphically in Figure 4.

3.7.1 COD Measurements

Chemical oxygen demand (COD) data was obtained by running
three-hour COD tests on the samples obtained from the slurry

reactors (Standard Methods, 1989).
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A 40 mL sample was taken from the bioreactor in a
centrifuge tube. A volume of 1.0 mL from this sample was
transferred into the COD tube and diluted to 5.0 mL with
distilled water. The contents of the centrifuge tube were
then centrifuged at 12,000 rpm for 15 minutes. The
supernatant was removed into a beaker and 5.0 mL of it was
transferred into another COD tube. The values obtained from
the two cases gave the COD of the slurry and the COD of the
water respectively. The COD of the soil was obtained by
subtracting the latter from the former.

In addition to the standard 3-hr COD test, 12-hr and a
24-hr COD tests were also conducted for Eagle Point silt to
determine if heating the tube for three hours on the COD block
oxidized the organic contaminant entirely. This was done to
evaluate if the COD test could be used to accurately estimate

total petroleum hydrocarbon concentration in the soil.
3.7.2 TPH Determination Using Gas Chromatography

The soil and water samples containing TPH were extracted
in methylene chloride. For soil samples, the dry soil was
weighed and transferred into a vial containing 20 mL methylene
chloride (MeCl). For water samples, 10 mL of the liquid was
transferred into the MeCl vial. The vials were then placed on
a shaker table and agitated for 18 to 24 hours. After

removing from the shaker table, the vials were refrigerated
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for two to three hours and the soil allowed to settle. One mL
of the extract was transferred into a 1.5 mL vial and 0.5 mL
1,4-dichlorobenzene (DCB) solution of known concentration
(167.3 mg DCB/L MeCl). Dichlorobenzene was used as an
internal standard. A 1.0 mL pipette was used to transfer the
extract in case of soil samples and a 0.5 mL gas tight syringe
was utilized for water samples.

A Hewlett Packard 5890 gas chromatograph (GC) with a
flame ionization detector (FID) was used for TPH analysis.
The column used was a J & W Scientific fused silica capillary
column (DB-1) with a 0.25 micron film thickness, 0.32 mm
internal diameter and 30 m length. Temperature programing was
used with the initial temperature set to 60°C for 4 minutes
and then rising at 7°C/minute to 325°C for 8.15 minutes. The
total run time on the GC was 50 minutes. Split flow was
maintained by setting total flow to 40 mL/min and the septum
purge to 5.4 mL/min. Column head pressure was kept at 105
kPa. The sample size to be injected was 2.0 microliter.

The external standards were made up of a solution of fuel
0il, diesel, kerosene, petroleum distillate, crude o0il and
mineral oil to obtain a total petroleum hydrocarbon mixture as
close to the expected contamination as possible. To draw the
standard curve, the response factor was obtained from the
ratio of peak area of TPH to peak area of the internal
standard. The TPH peak area was found by subtracting the

solvent peak area from the total peak area. The peak area of
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the internal standard was found from the chromatogram after
identifying the internal standard peak. The ratio gave the
response factor.

Once the response factors for all the standards were
calculated, a standard curve was drawn with the known
concentrations on the x-axis and the corresponding values for
response factors on the y-axis. To determine the TPH of a
given sample, the response factor was obtained from the
chromatogram and the corresponding concentration was obtained
from the standard curve. The sample size was adjusted such
that the response obtained was élways in the range of the
standard curve.

The concentration obtained above was adjusted for
dilution and multiplied by a factor to obtain the value in
parts per million (mg/L for water samples and mg/kg for soil
samples). If the value obtained from the standard curve was
‘e, it represented the concentration of petroleum
hydrocarbons in the 1.5 mL vial. Thus, the concentration of
TPH in the extract was (1.5)*c. The TPH in the so0il sample

was obtained as follows:

TPH (ppm) = (1.5) * cmg * _ 20 mL  * L * 1000 g
L sample, g 1000 mL kg

or

TPH (ppm) = c * 30

sample, g
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3.7.3 Individual N-Alkanes

N-dodecane (Cl12), n-hexadecane (Cl16), n-eicosane (C20),
n-tetracosane (C24), and n-dotriacontane (C32) were obtained
from Alltech Associates, 1Inc. Individual hydrocarbon
standards were made in methylene chloride for C12, Cl16, C20,
C24, and C32 at two concentrations. The peak areas were
plotted against the concentrations. The slope of the line
gave the multiplication factor. The retention time of the
hydrocarbon identified the alkane. Corresponding peaks were
isolated from TPH chromatograms and the concentration of the
compound was determined from the peak area and the

multiplication factor.
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4 RESULTS AND DISCUSSION

This section summarizes and discusses the data obtained
during the entire study. The section is divided into two
parts - soil washing and biodegradation - and the results from
the corresponding experiments are discussed in detail. Most
of the results are presented in the form of bar graphs, pie
charts, and cartesian plots. Corresponding data are given in

tabular form in the appendix.

4.1 B8o0il Washing

Soil washing was performed using Salem, New River and
Eagle Point soils. Two washing experiments were conducted on
the New River soil which had undergone two different soil-
contaminant contact periods (56 days and 214 days). This
phase of the study included assessment of soil recovery from
the washing operations, determination of the post wash TPH
distribution in the system, assessment of the extent of
cleaning possible by soil washing, and determination of the
individual hydrocarbon distribution for selected compounds in
the system.

This section discusses the results obtained from the soil

washing experiments on the three soils.
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4.1.1 Post-wash S80il Recovery

Soil recovery, in the context of this study, is defined
as the fraction of soil recovered after the washing operation
as compared to the total soil put into the soil washer.
Figure 5 shows the recoveries obtained during the four bench-
scale soil washing experiments carried out in the laboratory.
Washing of Salem soil resulted in a soil recovery of nearly
93%. As seen from the figure, washing of NR(56) soil resulted
in the lowest percentage recovery of about 85%. The reduced
recovery was due to large amount of fines (silts and clays)
present in the New River soil. In addition, recovery was
generally not complete because of soil loss within the system
due to deposition and entrapment or due to slurry spills
during operation.

Soil recovery was improved while washing the NR(214) soil
by adjusting the upflow velocities in the column to get a more
efficient fractionation and by correcting the deposition
problem in the upflow column. In the case of EP soil, the
recovery was dgreater than 99%. The reasons for the high
recovery was the small clay content of this soil and optimized
operation in order to give maximum soil recovery.

The data from this study shows that by a proper control
on the washing operation, recoveries of 95% or greater may be
achieved in the laboratory scale soil washing apparatus. The

experiment also shows that the amount of fines in soil may
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produce a significant effect on post-wash soil recovery
because of loss during slurry spills or deposition in the

apparatus.
4.1.2 8o0il Fractionation and Post-wash TPH Distribution

The soil washing process is able to fractionate the bulk
soil into sand, silt and clay-sized fractions. A fourth
fraction, the froth fraction, results whén the soil washing
process is modified by employing a froth flotation cell.
Figures 6 to 9 illustrate the post-wash characteristics of the
four soils on which washing was performed.

Salem soil was obtained from a site where petroleum
hydrocarbon spills had occurred in the past. The contact time
of the soil with the hydrocarbons is not known, but it is
estimated that this soil had been contaminated for a longer
period than the other lab-contaminated soils. A long contact
period with access to the atmosphere resulted in most of the
volatiles being lost. Weathering could also be responsible
for elimination of certain hydrocarbons. Therefore, the soil
consisted only of heavier hydrocarbons.

The NR(56) soil was contaminated with Western Fuel (HC1)
in the 1laboratory. Following 56 days contact with the
hydrocarbon contaminates, the soil was exposed to air for one
day prior to washing. Western Fuel, a petroleum distillate,

has a major fraction of its hydrocarbon content in the low

54



Sand (60.5%) M. Silt (19.6%)

| Froth
1(5.0%)

Clay (14.9%)
(A.)

Clay (27.5%) Sand (2.2%)
] Silt (11.7%)

mﬁoth (3.6%)

Volatile
Losses

(4.1%)

(B.) Water (50.8%)

Figure 6 : Salem soil.
(A.) Post—wash soil fractionation.
(B.) Post—wash TPH distribution.
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(A.) Post—wash soil fractionation.
(B.) Post—wash TPH distribution.
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molecular weight (LMW) range. Once the soil was exposed to
the atmosphere some volatiles escaped. This experiment
simulated a situation where soil is washed within days of a
petroleum hydrocarbon spill, the time being long enough for
some of the LMW hydrocarbons to volatilize but not enough for
other factors such as weathering, biodegradatidn and
contaminant migration to become significant.

NR(214) soil was identical to NR(56) soil, except that it
was in contact with the hydrocarbon for 214 days. The soil
was stored without any exposure to the atmosphere prior to
washing. This resulted in the volatile hydrocarbons
constituting a major portion of the contaminant concentration
in the prewashed soil.

The EP soil was also contaminated with Western Fuel (HC1)
in the 1laboratory (whereas, EP-Lake Clavisell was a
contaminated soil obtained from the site). Soil washing was
performed after a contact period of 202 days. Access to the
atmosphere was not allowed and a major portion of the
contaminant in the prewashed soil included lighter volatile
hydrocarbons.

In all washing operations, there was some degree of
overlap in the separation of silt and clay while the
fractionation of sands was more efficient. The froth fraction
contained silt and clay-sized particles.

Figure 6A shows the soil fractionation resulting from

washing of Salem soil. Sand is the predominant fraction
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(60.5%) while silt and clay constitute 19.6% and 14.9% of the
soil mass. The froth removes 5.0% of the soil. From Figure
6B, we see that in the case of Salem soil, soil washing
resulted in the loss of 4.1% of the hydrocarbons due to air
stripping. More than half of the hydrocarbons associated with
the soil were removed by solubilization in the washwater. The
sand fraction, which constitutes a major portion of the soil
mass contained only 2.2% of the TPH. On the other hand, clay
comprising 14.9% of the soil mass contained 27.5% of the
hydrocarbons.

Figure 7A illustrates the soil fractionation obtained by
washing the NR(56) soil. The soil was separated into nearly
equal sand, silt and clay fractions. From Figure 8A, it is
observed that NR(214) soil, having the same particle size
distribution as NR(56), also fractionated to nearly equal
masses of sand, silt and clay.

Nearly 7% of NR(56) soil was lost in the froth fraction.
Froth flotation was successful in eliminating 17.1% of the TPH
(Figure 7B). Figure 8B reveals that 69.3% of the hydrocarbons
in the NR(214) soil were lost to the atmosphere during the
washing operation while 10.6% were removed in the washwater.

Washing of EP soil resulted in the fractionation
illustrated graphically in Figure 9A. Sand constituted a
major fraction of the soil (60.4%) and, after washing, it
contained only 0.6% of the prewashed TPH (Figure 9B). Nearly

62% of the hydrocarbons were volatilized.
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In all cases, it was observed that a simple soil wash
utilizing water as the solvent was capable of removing a
significant fraction of the TPH by solubilization. Froth
flotation was not successful in all cases, but it may produce
better removal with surfactant addition. 1In the case of New
River (214) and Eagle Point soils, a major part of the
contamination was eliminated by air-stripping during washing.
Soil washing was able to remove all volatiles and the washed
soil essentially contained only the heavier nonvolatile
hydrocarbons. In most field cases, however, stripping of
hydrocarbons into the atmosphere during soil washing is not
significant as most field-contaminated soils are devoid of

lighter hydrocarbons.

4.1.3 Cleaning Efficiency

Soil washing is a process that results in separation of
the bulk soil into different fractions. The fractions with
excessive contamination can be subjected to further treatment,
while the cleaner fractions can be disposed of directly. This
process thus results in reduction of the total volume of soil
requiring an extensive secondary treatment such as
bioremediation. Typical cleaning efficiencies of soil by soil
washing, as reported by Nunno et al. (1988), range from 75% to
95% depending on the contaminant, soil characteristics and

nature of the washing solution.
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Hydrocarbon removal by soil washing for the four
soil/contaminant mixes employed in this study is illustrated
in Figure 10. The cleaning efficiencies as a result of
washing range from 60.4% for Salem soil to 81.4% for NR(214)
soil. Cleaning efficiency is defined as the percentage of TPH
removed during the washing process. In the case obeP and
NR(214) soils which had greater percentages of low molecular
weight hydrocarbons, the soil washing process was able to
remove contamination by dissolution or air stripping. NR(56)
soil had a greater concentration of low molecular weight
hydrocarbons than Salem soil and showed a correspondingly
greater HC removal. Thus, soils contaminated by 1lighter
petroleum hydrocarbons such as gasoline, kerosene, jet fuel
and even diesel, may be subjected to soil washing as a
pretreatment volume reduction alternative. However, proper
air pollution control equipment may be required to control the
volatile emissions occurring during the washing operation.

From Figure 10, it can be seen that the post-wash soil
TPH in the case of NR(56) and NR(214) soils was much higher
when compared to the EP and Salem soils. Referring back to
Figures 6 to 9, it may be noted that the New River soil was
composed of nearly 68% clay and silt-sized particles, whereas
both Salem and Eagle Point soils contained less fines (40%).
This confirms that a greater degree of soil treatment is
achievable if the soil has a smaller fine fraction. The fine

particles tend to bind the organic contaminant more strongly
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which makes it difficult to solubilize the petroleum
hydrocarbons in the washing medium during soil washing.
Organic compounds tend to be strongly associated with
soil fines due to the greater surface area to mass ratio and
presence of surface charges. Zielke et al. (1989) have
reported that the <clay fraction is most important in
influencing the fate, transport and residence of organic
molecules. Vance (1991) found a high adsorption rate of
hydrocarbon associated with the high clay content of the soil.
Estes et al. (1988) and Hassett et al. (1989) have illustrated
that surface mineral coatings on soil fines and Si-0-Si bonds
at mineral surfaces create hydrophobic sites in soil that tend
to attract hydrocarbons. In their study, Mills and Wagner
(1985) found that sand particles in the New River soil were
associated with surface iron oxides. In another study Dove et
al. (1991) speculated that these surface metal oxides had a
tendency to enhance the association of hydrocarbons on sands.
The New River soil provides a greater surface area for
hydrocarbon adsorption when compared to the other soils.
Moreover, adsorption of hydrocarbons to the New River sands is
enhanced by the presence of surface metal oxides. This
results in a post-wash soil TPH content that is nearly double
that of the other soils. However, it can also be seen that
the greater soil-contaminant contact period for the NR(214)
soil has no effect on the resulting post-wash soil hydrocarbon

concentration.
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It has been reported that volume reduction by soil
washiné may not be economical if the concentration of fines in
soil is greater than 20% (Pheiffer et al., 1990). However,
this study suggests that if soil washing is employed only as
a pretreatment method, a significant cleanup may be achieved
in soils containing fine particles concentration as high as
68%. Soil washing would be able to produce up to an 80%
reduction in the hydrocarbon contaminate concentration. This
could then produce a significant economic advantage while
conducting additional or secondary treatment.

It should be noted that this study employed only water at
room temperature as the washing medium. Characteristics of
the washing medium may be altered by changing the temperature
or by the addition of surfactants. Such changes may enhance
the cleaning efficiencies for all soils. For soils with a
higher concentration of coarse particles, washing with
surfactants or hot water may produce a sand fraction not
requiring any further treatment. For sandy soils, then, a
lower concentration of fines would result in reduction in the
volume of soil requiring secondary treatment. Abdul et al.
(1990) studied ten surfactants and found that Witconol 1206
achieved 83.8% removal of air transmission fluid from soil,
while water removed only 22.9%. Nash et al. (1988) were able
to produce 99% reduction of o0il and grease in a sandy soil
when they used Citrikleen®® as a surfactant. Couillard and

Tran (1991) found that washing of oily beach sand with hot
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water resulted in the sand particles containing only 0.08% of

the initial hydrocarbons.

4.1.4 Post-wash HC Concentration in Various Fractions

The post-wash hydrocarbon concentration in different soil
fractions is illustrated by bar graphs in Figures 11 and 12.
The initial hydrocarbon concentration in Salem soil was found
to be much lower than the three lab-contaminated soils. Salem
soil, obtained from an open contaminated site, was devoid of
low molecular weight hydrocarbons. Eagle Point soil had a
prewash TPH of 15600 ppm that included a considerable amount
of 1lighter hydrocarbons. NR(56) and NR(214) soils were
contaminated identically in the laboratory. NR(56) was
exposed to the atmosphere for one day prior to washing whereas
NR(214) was not. The initial hydrocarbon concentration of
NR(56) soil was much lower (17000 ppm) due to loss of volatile
compounds, when compared to NR(214) soil (26150 ppmnm).
Petroleum hydrocarbon concentration in the wash water ranged
from 90 mg/L for Salem soil to 160 mg/L for NR(56).

The froth fraction of New River soil was found to have a
considerably higher TPH than the other soils. The froth
fraction in NR(56) had a TPH of 42000 ppm whereas NR(214)
froth had a HC concentration of 17250 ppm. Since the New
River soil possessed more fine particles, froth flotation in

this case removed a larger amount of fines. It may be
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hypothesized that during froth flotation, a redistribution of
hydrocarbons occurred with transfer of TPH from coarse
particles to finer ones. In the case of NR(214) soil, where
the experiment was designed to improve soil recovery, less
fines migrated into the froth fraction. However, during
washing of NR(56) soil, the froth was able to adsorb a greater
amount of hydrocarbons on the higher number of fine particles
contained in the fraction.

As indicated in Figures 11 and 12, the petroleum
hydrocarbon concentration was least on sands because of
smaller surface area of the larger sand particles and their
lesser tendency to associate with organic matter. Hydrocarbon
concentration on sand particles ranged from 145 ppm for Eagle
Point soil to 1040 ppm in NR(56) soil. Post-wash TPH on
NR(214) sand was 950 ppm, whereas Salem sand contained 280
mg/kg TPH. The higher degree of association of hydrocarbons
with New River sand is reported to be due to surface metal
oxides (Dove et al., 1990). The iron oxides in New River sand
are speculated to bind the organic contaminant and make it
more difficult to solubilize in water during the washing
operation. In each case, the sands may be cleaned more
effectively by altering solvent characteristics. The HC
concentration on these sand particles may be reduced to less
than the 100 mg/kg guidance level which would eliminate the
need for secondary treatment. Hydrocarbon concentration on the

NR(56) and NR(214) silt particles was considerably lower than
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for the other silts. However, as seen from Figure 10, the
post-wash mass of petroleum hydrocarbons in these two soils
was greater than for the Salem and Eagle Point soils. Figures
6 to 9 indicate that the New River soil had a larger silt
fraction when compared to the other two soils. The lower TPH
on New River silts may, therefore, be a result of hydrocarbon
redistribution due to mass transfer during soil washing. The
larger surface area available as a result of the higher silt
concentration was able to attract more hydrocarbons. However,
since hydrocarbon sorption was competitive with finer
particles (clays) and the surface metal oxides in the sands
prohibited contaminant transfer, the silts in New River soils
had a lower final TPH concentration.

The clay fraction in all soils had a post wash HC
concentration between 14,000 and 20,000 ppm. The greater
amount of clay in New River so0il provided a larger surface
area for adsorption of the organic contaminant. Although, in
all cases, the concentration of hydrocarbons in clays was
similar, the greater number of clay particles in New River
soil were able to attract a greater percentage of the total
petroleum hydrocarbon during the contaminant redistribution
while washing. Similar mass transfer of organic contaminants
onto finer particles during soil washing has also been
reported by Nash et al., (1988).

Figure 13 utilizes pie graphs to illustrate the

hydrocarbon distribution in the washed soils. "Washed soil"
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refers to the soil obtained after hypothetically recombining
the washed sand, silt and clay fractions. In each case, it is
seen that contaminant location depends on the particle size.
Sands are the least contaminated whereas clays contain most of

the petroleum hydrocarbons.

4.1.5 Distribution of Specific Hydrocarbons

Post-wash distribution of specific hydrocarbons in Eagle
Point soil is illustrated in Figure 14. Distribution of n-
alkanes in various soil fractions is manifested by the amount
of contaminant present in each fraction after washing. Most
of the n-alkanes lighter than dodecane (Cl2) were totally
eliminated due to volatilization during washing. It is seen
from Figure 14, that soil washing resulted in an efficient
removal of smaller (C1l2) and larger (C32) alkanes. In each
case, the amount of the medium weight hydrocarbons such as
hexadecane (C16) and eicosane (C20) remained the greatest
after washing. The figure also shows that clay binds the
highest amount of n-alkanes possibly due to the greater
available surface area. The sand-sized particles are
associated with the least amount of alkanes. The highest
amount of hydrocarbon in clays (which is the smallest fraction
by weight), supports the hypothesis regarding contaminant mass
transfer from larger particles to finer ones during soil

washing.
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Figure 15 graphically illustrates the concentration of n-
alkanes in various fractions after performing washing on the
Eagle Point soil. The concentration for almost all alkanes
(except C12 and C32) was highest in the clay-sized particles.
The concentration was 1least on the sand-sized particle
fraction. Most of the Cl12 was eliminated by air stripping
during washing. It is also noted that the concentration of
C32 was highest in the froth fraction. This could possibly be
due to removal of the larger hydrocarbon along with finer silt
and clay particles during froth flotation. In each case, a
considerable amount of the n-alkanes were removed in the froth
fraction. C32 was not detected in sand particles (method
detection 1limit was 0.5 ppm). The mass transfer of
hydrocarbons onto clay particles was not observed in the case
of C32.

The mass and concentration of n-alkanes in the soil is
seen to decrease with an increase in molecular weight of the
aliphatic hydrocarbons. This distribution corresponds to the
composition of the Western Fuel contaminate.

Heavier alkanes demonstrated better removal in the froth
probably due to more efficient entrapment in the froth media.
In all cases contaminant redistribution resulted in
hydrocarbon transfer into the clay and froth fractions, while
alkane concentration in sand particles was reduced to near the

detection limit.
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4.2 Biodegradation in 8ilts

Biodegradation of petroleum hydrocarbons was investigated
on Salem, New River(56) and Eagle Point soils. These
experiments were carried out in slurry reactors. This phase
of the study was conducted as a follow-up treatment to soil
washing. In this portion of the study the decrease in total
petroleum hydrocarbons on silt particles was monitored with
time. Chemical oxygen demand and surface tension data were
collected to determine the relationship between TPH, COD and
surface tension. In the case of Eagle Point soil, the effect
of adding citrikleen®®, a synthetic surfactant, was also
investigated. Biodegradation of specific alkanes was studied

for New River and Eagle Point silts.

4.2.1 TPH Degradation

Biodegradation of TPH on silts was studied as part of the
secondary or follow-up treatment conducted on washed soil.
Data obtained from the study is plotted in Figures 16 to 18.
Considerable biodegradation of petroleum hydrocarbons was
observed in all three soils. Slurry bioreactors seeded with
cultured hydrocarbon degraders were operated for periods
ranging from 36 to 52 days. In all cases, a large drop in the
silt TPH occurred within the first day of operation. This

drop was thought to be due to desorption of hydrocarbons from
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silts into the water added to produce the slurry. 1Initial
hydrocarbon consumption by the high population of seed
microorganisms may also have contributed to the initial drop
in TPH.

TPH biodegradation data for in Salem silt are shown in
Figure 16. The hydrocarbon concentration dropped from an
initial of 4700 ppm to 1140 ppm in the first day. As shown in
the graph, by day 30 the petroleum hydrocarbon concentration
was below 100 mg/kg. This slurry reactor was allowed to
operate for a total of 36 days. In the case of New River
silt, the first day of operation resulted in a 1115 mg/kg drop
in the contaminant concentration. An increase in TPH from 260
to 405 ppm was observed in the first 20 days, possibly due to
a shift in equilibrium resulting in readsorption of
hydrocarbons from the water. By day 40, TPH concentration was
reduced below 100 mg/kg. The reactor was allowed to operate
a total of 50 days and the final TPH of the silt was below the
method detection limit (50 ppm of TPH). The concentration of
petroleum hydrocarbons in Eagle Point silt dropped from 3380
ppm to 730 ppm in the first day. This was followed by a
slower rate of degradation resulting in a final TPH of about
80 mg/kg at thé end of 52 days of treatment.

Although the Salem silt had the highest initial
concentration of TPH, it took the shortest time (30 days) to
reach the treatment goal of 100 mg/kg TPH. The Eagle Point

silt took more than 50 days while TPH in New River silt was
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below 100 mg/kg in 40 days. Since the Salem soil was obtained
from a contaminated site, it may have possessed acclimated
indigenous microorganisms that resulted in enhanced
biodegradation when supplied with air and nutrients.
Moreover, the longer contact time with the contaminants and
presence of microorganisms may have already initiated
hydrocarbon decomposition. Some of the TPH in Salem silt
could, therefore, have been  byproducts of initial
biodegradation that occurred on site. These byproducts may
have then degraded at a faster rate when the reactor was
seeded with additional microbes and provided with air and
nutrients.

The Eagle Point soil contained a considerable amount of
soil humics. Humics bind non-polar organic compounds such as
petroleum hydrocarbons and decrease their bioavailability.
The presence of humics in Eagle Point silt may be a reason for

the slower rate of degradation.

4.2.2 TPH, COD and Surface Tension - Correlation

Data presented in Figures 19 to 21 shows the TPH, COD and
surface tension values from experiments dealing with TPH
biodegradation in silts. The COD values fluctuated over time
and a slight overall increase in the mean COD was observed in
each case. It is clear that no relation exists between the

COD and TPH values. In the case of Eagle Point silt, the last
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two COD data points indicate 6-hour and 24-hr COD values. The
tubes were heated for a longer time to determine if heating
COD tubes for three hours on the COD block oxidized the
organic contaminants entirely. It was expected that the
extended heating would result in higher COD values but the
tests were found to provide an unreliable measure for the
petroleum hydrocarbons. The COD data may, however, represent
other chemically oxidizable material such as biomass or
byproducts of biodegradation that are not picked up in TPH
determination.

The surface tension measurements, indicating surfactant
concentrations in the slurry reactors, show cyclic variations.
In each case, an initial decrease in surface tension from 72
dynes/cm (surface tension of pure water at 20°C) is followed
by a slow increase. In this study, for example, the surface
tension values are seen to lower by as much as 10 to 20%
during the reactor operation. This is thought to be caused
when the biosurfactant production is temporarily enhanced and
surface tension is depressed. Depression in surface tension
may be due to production of certain degradation metabolites
that have surface active properties. Alternatively, 1lipids
released during cell lysis as a result of microbial death may
possess surfactant properties (Falatko, 1990). The cyclic
pattern manifested by the surface tension may, therefore, be
an indication of cyclic changes in the microbial population.

It may be hypothesized that the death of microbes produces
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biosurfactants, thus depressing surface tension and
solubilizing the organic contaminant. The microbial
population increases by feeding on the soluble hydrocarbon
substrate and/or the biosurfactant products of cell lysis.
This restores the surface tension and reduces further
desorption of the contaminants from soil particles. Microbial
death is thought to occur due to limited soluble substrate and
this reproduces the cyclic increase and decrease of
biosurfactant in the slurry. More frequent or continuous
surface tension measurements would, however, be required to

have a clearer picture of the phenomenon hypothesized above.

4.2.3 Effect of Citrikleen on Biodegradation

Degradation of TPH on Eagle Point silt in the presence of
citrikleen®, a synthetic surfactant, is shown in Figure 22.
"EP+CK" refers to the silt reactor with Citrikleen. It is
noted that addition of Citrikleen appeared to have little
impact on TPH degradation. The study proved that 0.0025%
Citrikleen in the slurry reactor was not toxic to the
hydrocarbon degrading microorganisms. Moreover, the slow
increase in surface tension with time seen in the figure shows
that Citrikleen is biodegradable. A corresponding decrease in
the COD in the reactor with Citrikleen shows that the
synthetic surfactant is detected by the COD test and that it

is degraded with time.
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Use of a 0.0025% Citrikleen concentration in the slurry
reactors resulted in an initial depression in surface tension
to 48 dynes/cm compared to 71 dynes/cm for the reactor that
had no citrikleen. As seen in the figure, this resulted in a
greater initial desorption of the hydrocarbons from the silt.
Thereafter, the TPH was seen to increase till day 20, possibly
due to readsorption of some hydrocarbons from the solution.
Preferable degradation of Citrikleen by the microorganisms as
a more easily assimilable substrate may also have slowed TPH
desorption (and degradation) in the reactor. However, at the
end of 52 days, the TPH concentration on silt in both the
reactors was nearly identical at about 85 mg/kg. The COD
values were also similar and surface tension in the Citrikleen
reactor had risen to 60 dynes/cm.

A more detailed study on the effectiveness of synthetic
surfactants on biological degradation of petroleum
hydrocarbons in slurry reactors 1is required. Varying
concentrations of surfactant need to be utilized to optimize

the degradation process.

4.2.4 Removal of Specific Hydrocarbons from S8ilts

Removal of specific n-alkanes from New River and Eagle
Point silts as a result of their biodegradation is illustrated
in Figure 23. The bar graphs explain distribution of the

contaminant in silts after the washing and biodegradation
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phases of the study. These values are compared to the prewash
hydrocarbon contents of the two silts.

A considerable decrease in the mass of all alkanes is
seen in both the cases. Dodecane (C12) was completely
eliminated from both soils during soil washing. At the end of
treatment, New River silt had a smaller amount of n-alkane
when compared to Eagle Point silt. This may possibly be due
to reduced bioavailability of the alkanes because of
interference by soil organic matter (humics) in the case of
Eagle Point soil. It may be noted that all alkanes,
regardless of their molecular weight, are effectively degraded
by the microorganisms. In both the cases, the amount of
hydrocarbon remaining at the end of treatment for lighter
alkanes (C1l6 and C20) is seen to be higher then the other
alkanes. This may be speculated to be due to the production
of hexadecane and eicosane in the slurry reactor as byproducts
during degradation of heavier alkanes 1like dotriacontane
(C32). This assumption is in accordance with the stepwise
mechanism of hydrocarbon degradation explained in section 2.7.
However, detailed mass spectroscopy may be required to

validate this hypothesis.

4.3 Biodegradation in Clays

The clay fraction obtained after soil washing and
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fractionation was also treated in batch reactors. The soils
studied included Salem and Eagle Point - Lake Clavisell clays.
Both soils were obtained from contaminated sites. The study
included assessing the extent of microbial degradation of
petroleum contaminates in slurry bioreactors for the two
clays. COD and surface tension measurements were also taken.
Surface tension values were recorded beyond day 46 for Salem

clay and day 39 for Eagle Point-LC clay.

4.3.1 TPH Degradation

Biodegradation of total petroleum hydrocarbons on clays
was studied as part of the follow up secondary treatment
conducted on washed soil. Data obtained from the study is
plotted in Figures 24 and 25.

Biodegradation of a substantial amount of petroleum
hydrocarbons was observed for both Salem and Eagle Point-LC
clays. Three-liter slurry bioreactors were seeded with a
mixed population of cultured hydrocarbon degrading
microorganisms. The reactors were operated for periods
greater than 90 days. As in the case of silt bioreactors, a
large drop in the soil HC concentration also occurred in the
clay reactors within the first day of operation. This drop
was due to the dissolution of petroleum contaminates sorbed on
clay particles.

TPH biodegradation in Salem clay is illustrated in figure
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24. HC concentration dropped from an initial value of 14,500
ppm to 5850 ppm in the first day. As shown in the graph, by
day 95, the petroleum hydrocarbon concentration was below 400
mg/kg. At this point, operation of the slurry batch reactor
was terminated due to depletion of reactor contents as a
result of sampling.

In the case of Eagle Point-LC clay, the drop in TPH in
the first day of operation could not be ascertained due to
initial problems with the sampling technique. It was
estimated that the TPH on Eagle Point-LC clay, after one day
of operation, may be similar to that of Salem clay and this
value was assumed to be about 6000 mg/kg (hollow circle in
figure). The initial desorption was followed by a slow
degradation resulting in a hydrocarbon concentration below 900
mg/kg in about 90 days.

In this case, both the soils had been contaminated on
site and, therefore, could have possessed an indigenous
microbial population. At the end of treatment, the TPH on
Eagle Point-LC clays was more than double that on Salem clay.
This difference in the final HC concentration could be a
result of the high organic matter (humics) in the Eagle Point-
LC soil. The humic substances are highly charged and have
large surface areas per unit of mass. Soil organic matter is
capable of binding the non polar organic compounds like most
petroleum hydrocarbons, thereby making them less available for

biological degradation. Salem soils did not have a high soil

94



organic matter content and the organic contaminants were more

bioavailable due to lack of any interference by the humics.

4.3.2 TPH, COD and Surface Tension - Correlation

Data presented in Figures 26 and 27 show the TPH, COD and
surface tension data obtained from the slurry bioreactor
studies on Salem and Eagle Point-LC clays.

As with the silt reactors, COD measurements in this case
also did not correlate with the TPH data. In the case of
Salem clay, the COD fluctuated between 1500 and 2000 mg/kg
throughout the experiment, whereas, for Eagle Point-LC clay,
the COD values remained between 500 and 700 ppm. The
considerably higher COD values in Salem clay may be due to a
higher amount of nondegradable metabolic byproducts or
presence of other nondegradable compounds that are detected in
a COD test. These compounds could have been a result of the
machine washing operations on the Salem site. A preference by
these compounds for the clays rather than silts (shown by the
high COD in Salem clay when compared to the silt) may be due
to their affinity for charged surfaces.

Surface tension measurements were initiated in Salem clay
on day 46 and for Eagle Point-LC clay on day 39. A
considerable depression in surface tension below 72 dynes/cm
is seen from the figures. The cyclic pattern explained

earlier is also observed in the case of clays. A continuous
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monitoring of surface tension wculd provide data that would
better describe the cyclic pattern hypothesized in section

4.2.2.
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5 S8SUMMARY AND CONCLUSIONS

Soil washiné was studied on petroleum contaminated soils.
Three soils were used and the extent of removal of the
petroleum hydrocarbons was investigated. Soil recovery from
the washing process was estimated and the system was optimized
to reduce loss of soil during washing. The ability of the
washing apparatus to fractionate bulk soil into sand, silt and
clay-sized fractions was investigated. Distribution of total
petroleum hydrocarbons among sand, silt, clay, froth and
washwater was studied in order to conduct a mass balance on
the system and observe hydrocarbon mass transfer during soil
washing. Post-wash hydrocarbon concentration in sand, silt
and clay was determined to evaluate the need for a further
treatment. Specific n-alkanes were monitored to better
understand the distribution of total petroleum hydrocarbons in
the systemn.

Biological treatment of silt and clay-sized fractions in
slurry bioreactors was studied as a post-wash treatment
alternative. TPH, COD and surface tension were monitored in
silt and clay slurry bioreactors. Biodegradation of specific
n-alkanes was monitored in the New River silt bioreactors.
Effect of Citrikleen, a synthetic surfactant, on
biodegradation rates was investigated in the case of New River

silts.
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The following conclusions were derived from the results
obtained from this investigation:
1. Fractionation of so0il into sand, silt and clay-sized
fractions using an upflow column was efficient, particulary
for the sand-sized fraction;
2. Hydrocarbon residence or location was found to be a
function of particle size and surface area - sands had the
lowest TPH and clays had the highest TPH;
3. Most low molecular weight hydrocarbons (upto Cl12) were
removed by dissolution in the solvent or stripping during the
washing process and the washed soils contained mostly the
high molecular weight hydrocarbons;
4. In the case of New River so0il, no difference in
hydrocarbon removal efficiency as a result of soil washing was
observed for the two soil-contaminant contact periods of 56
and 214 days;
5. Biological degradation of petroleum hydrocarbons in
slurry batch reactors using a mixed population of cultured
hydrocarbon degrading microorganisms was able to reduce TPH on
silts to near the 100 ppm 1level in 30 to 50 days.
Biodegradation was not able to reduce contaminant levels
in the clay fractions to the desired level of 100 ppm even
after a treatment period of nearly 100 days;
6. Biodegradation resulted in lowering the levels of the low
and high molecular weight alkanes while the medium range

alkanes constituted the predominant portion of remaining
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alkanes; and
7. Citrikleen was not toxic to the microorganisms in the

system and was observed to be biodegraded.
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APPENDIX

TABLE 1: Soil recovery from washing apparatus. (Figure 5)
SOIL % RECOVERY
SALEM 93.0
NEW RIVER (56) 85.4
NEW RIVER (214) 95.7
EAGLE POINT 99.6
TABLE 2: Salem soil. (Figure 6)
(A.) Post-wash soil fractionation.
(B.) Post-wash TPH distribution.
FRACTION WEIGHT TPH (mg) TPH (ppm)
INITIAL 302 g 2330 7700
SAND 170 g 50 280
SILT 55 g 260 4700
CLAY 42 g 610 14500
FROTH 14 g 80 5500
WASH-WATER 12 L 1080 90
LOSSES 21 g soil 160 mg TPH 90 mg TPH
Volatile Loss?fAA
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TABLE 3: New River (56) soil.

(Figure 7)

(A.) Post-wash soil fractionation.
(B.) Post-wash TPH distribution

FRACTION WEIGHT TPH (mg) TPH (ppm)
TOTAL 500 g 8483 17000
SAND 140 g 146 1050
SILT 154 g 365 2400
CLAY 104 g 2074 19900
FROTH 29 g 1236 42000
WASH-WATER i5 L 2428 160

LOSSES 73 g of soil 1239 mg TPH 995 mg TPH

Volatile Losses

TABLE 4: New River (214) soil.

(Figure 8)

(A.) Post-wash soil fractionation.
(B.) Post-wash TPH distribution.

FRACTION WEIGHT TPH (mg) TPH (ppm)
" TOTAL 500 g 13070 26100
H SAND 148 g 140 950
SILT 197 g 410 2100
CLAY 122 g 1770 14500
FROTH 11 g 200 17250
WASH-WATER 12 L 1320 110
LOSSES 22 g of soil 570 mg TPH 8660 mg TPH

Volatile Losses
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TABLE 5: Eagle Point soil.

(Figure 9)

(A.) Post-wash soil fractionation.
(B.) Post-wash TPH distribution.

FRACTION WEIGHT TPH (mg) TPH (ppm)
TOTAL 500 g 7775 15600
SAND 301 g 40 140
SILT 99 g 335 3400
It CLAY 74 g 1090 14600
FROTH 24 g 235 9990
WASH-WATER 12 L 1295 110
LOSSES 2 g of soil 30 mg TPH 4750 mg TPH
Volatile Losses

TABLE 6: Hydrocarbon removal by soil washing.

(Figure 10)

SOIL INITIAL TPH FINAL TPH
SALEM 2170 920
NEW RIVER (56) 7244 2585
NEW RIVER (214) 12500 2325
EAGLE POINT 7745 1460
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TABLE 7: HC concentrations in different fractions after soil
(Figure 11)

(A.) Salem soil.
(B.) New River (56) soil.

FRACTION SALEM SOIL NEW RIVER (56)
INITIAL 7700 ppm 17000 ppm
FROTH 5500 ppm 42000 ppm
CLAY 14500 ppm 19900 ppm
SILT 4700 ppm 2400 ppm
SAND 280 ppm 1050 ppm
WATER S0 ppm 160 ppm

TABLE 8: HC concentrations in different fractions after soil
(Figure 12)

(A.) New River (214) soil.
(B.) Eagle Point soil.

FRACTION NEW RIVER (214) EAGLE POINT
INITIAL 26100 ppm . 15600 ppm
FROTH 17250 ppm 9990 ppm
. CLAY 14500 ppm 14600 ppm
SILT 2100 ppm 3400 ppm
SAND 950 ppm 140 ppm
WATER 110 ppm 110 ppm

110

washing.

washing.



TABLE 9: Hydrocarbon distribution in washed soil. (Figure 13)

SALEM NEW RIVER NEW RIVER | EAGLE POINT
(56) (214)
SAND 50 mg TPH 146 mg TPH 140 mg TPH 43 mg TPH
SILT 260 mg TPH 365 mg TPH 414 mg TPH 336 mg TPH
CLAY 610 mg TPH 2074 mg TPH 1771 mg ©PH | 1081 mg TPH
TOTAL 920 mg 2585 mg 2325 mg 1460 mg

TABLE 10: Post-wash distribution of n-alkanes in Eagle Point soil.

(Figure 14)

" Cc12 C16 Cc20 c24 c32
INITIAL 58.0 mg 50.0 mg 19.0 mg 6.0 mg 3.0 mg
FROTH 0.1 2.0 1.5 0.5 0.2
CLAY 0.1 13.0 11.0 3.0 0.2
SILT 0.0 3.0 3.0 1.0 0.5
SAND 0.2 0.8 1 0.2 0.2 0.0

TABLE 1l1l: Post-wash concentration of
(Figure 15)

n-alkanes in Eagle Point soil.

Cl1l2 Cl6 Cc20 Cc24 c32
INITIAL 95 ppm 124 ppm 49 ppm 20 ppm 15 ppm
FROTH 3 81 75 32 20
CLAY 2 175 150 42 3
SILT 0 30 30 10 5
SAND 1 3 1 1 0

111




TABLE 12: TPH biodegradation in Salem silt.

DAYS TPH (ppm)

0 4700

1 1135

15 420
20 85
27 110

30 100

36 120

(Figure 16)

TABLE 13: TPH biodegradation in New River silt. (Figure 17)

" DAYS TPH (ppm)
| 0 2400
1 261
10 308
20 405
30 180
40 99
50 50

TABLE 14: TPH biodegradation in Eagle Point silt. (Figure 18)

Ir

DAYS TPH (ppm)
0 3380
1 730
5 590
10 440
20 415
37 225
47 145
52 80
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TABLE 15: TPH biodegradation in Salem silt. (Figure 19)
DAYS TPH (ppm) COD (mg/L) SURFACE TENSION
(dynes/cm)

0 4710 435
1 780 456 66.5
3 69.0
5 68.9
7 69.1

15 420 437 71.8

20 50 513 70.7

22 68.3

27 80 541 71.3

30 80 448 64.7

36 170 514 71.3
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TABLE 16: TPH biodegradation in New River silt. (Figure 20)
DAYS TPH (ppm) COD (mg/L) SURFACE TENSION
_(dynes/cm)
0 2380 215
1 260 157
4 71.1
6 71.7
9 71.8
10 310 110
11 67.9
13 60.8
17 67.6
20 405 342 71.8
22 57.8
25 71.6
28 70.9
30 180 244
32 71.8
36 65.1
40 100 288
42 71.5
48 71.8
I 50 50 334 71.5
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TABLE 17: TPH biodegradation in Eagle Point silt. (Figure 21)
DAYS TPH (ppm) COD (mg/L) SURFACE TENSION
(dynes/cm)
0 3377
1 730 600 70.6
5 590 705 67.8
10 68.7
15 750 71.6
20 420
22 735 72.0
27 780 63.0
32 670 70.8
37 225 810 70.5
43 750 71.9
47 140
48 580 72.0
50 ] 80 -
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TABLE 18: TPH biodegradation in Eagle Point soil (effect of Citrikleen).
(Figure 22)

DAYS TPH ppm COD mg/L S.T. TPH ppm COD mg/L S.T.
0 3377 3377
1 730 600 70.6 640 859 47.8
5 590 705 67.8 710 710 51.2
10 750 68.7 720 50.8
15 735 71.6 770 54.4
20 420 970
22 780 72.0 740 52.6
27 670 63.0 650 53.6
l 32 810 70.8 745 55.1
37 225 70.5 520 55.4
43 750 71.9 675 58.6
47 140 370
48 580 72.0 685 60.3
50 80 60
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TABLE 19: Removal of specific n-alkanes from silt.
(A.) New River (56) silt.

(B.) Eagle Point silt.

(Figure 23)

NR NR NR EP EP EP
Initial Washed Bio Initial Washed Bio

C12 82 0 0 57 0 0
clé6 74 5 0.4 50 3.4 0.4
c20 34 2 0.4 20 3.3 0.8
Cc24 17 1 0.3 12 1.2 0.5
c32 12 2 0.1 3 0.7 0.1

TABLE 20: TPH biodegradation in Salem clay.

DAYS TPH (ppm)

0 14500
1 5840
46 3340
53 1700
60 2530
67 2340
74 1240
95 420

TABLE 21: TPH biodegradation in Eagle Point Lake Clavisell clay.

(Figure 25)

DAYS TPH (ppm)
0 19500
1 6000
53 3400
60 2730
67 4630
89 848

117

(Figure 24)




TABLE 22: TPH biodegradation in Salem clay.

(Figure 26)

=
DAYS TPH (ppm) COD (mg/L) SURFACE TENSION
(dynes/cm)
0 14500
1 5840 1620
7 2070
11 2320
18 3600
22 2080
31 1580
39 1640
46 3340 1420
51 68.5
53 1700 1390 67.7
56 61.1
58 59.5
60 2530 1560 60.2
63 51.8
65 59.5
67 2340 1530 60.4
74 1240 1470 60.8
81 1520 60.7
88 1720 57.7
95 420 1730
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TABLE 23: TPH biodegradation in Eagle Point Lake Clavisell clay.

(Figure 27)

DAYS TPH (ppm) COD (mg/L) SURFACE TENSION
(dynes/cm)
0 19500

1 990

4 610

11 570

15 660

24 460

32 550

39 690
44 66.8
" 46 640 70.7
49 69.0
53 3400 590 59.1
58 63.5
60 2730 600 64.8
67 4630 550 67.2
74 500 67.1
81 640 63.5

89 850 640
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