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Abstract

With the increase in knowledge about hydrocarbon contamination, concern over
soil and groundwater contamination has grown. Hydrocarbon contamùiated soil and
groundwater is considered to be a leading cause for increased health risk and
environmental contamination. Therefore, an efficient remediation technique needs to be
developed. Surfactant flushing treamient coupled with the application of low-level
electncal potential difference is a potential soil remediation technique for the removai of
hydrocarbons fiom clayey soils. The goals of this research were to (a) evaluate the
efficiencies of electrokinetic and surfactant-enhanced electrokinetic remediation methods
by determining the removal of hydrocarbons fiom the contaminateci clay soi1 in the
laboratory;(b) determine the factors affecthg the remediation technology;(c) select an
efficient extraction technique during SPME-GC-FID analysis. The vibration enhanced
SPME-GC-FID method was selected to analyze the samples.
Water-flushhg and surfactant-flushing experiments were conducted on
one-dimensional soil columns. The model diesel fuel was composed of a mixture of

BTEX and three selected PAHs. In the water-flushing experiments, the application of an
electrokinqtic treatment was found to enhance the removai of model diesel fuel from the
clay columns. In contrast, the application of an electrokinetic treatment coupled with
surfactant-flushing retarded the movement of BTEX and the three selected PAHs in the
clay columns. However, the flux through the electrokinetic columns during water

flushing as well as surfactant flushing was higher than the flux due to hydraulic gradient

alone. The results also indicated that the location of weighted average of the residual
diesel fuel components was a h c t i o n of the solubility of hydrocarbons compounds.

The cationic surfactant cetyltrimethylammonium bromide (CTAB) was used in
the surfactant-flushhg treatments. The critical micelle concentration (CMC) of CTAB
was detennined as 9.0

x

104 M which is very close to the one reported in the Iiterature.

Molar solubilization ratio (MSR) and the micelle-water partition coefficient

were

also determined for BTEX and the three PAHs to show the effect of surfactant on the
solubility of hydrocarbons. The relationship b e ~ e e solubility
n
and the octanol-water
partition coefficient &)

was developed in an aqueous phase as well as in the surfactant

solution to predict the solubility of other compounds based on the K, available in the
literature. The relationship between Y, and kW
was developed to predict the surfactant
effect for other compounds. The relationship between the organic carbon-water partition
coefficient &) and K,,, was developed to account for the surfactant effect. The results
indicate that the CTAB is more efficient on compounds with higher K
, such as the PAHs
during surfactant-flushing treatments. This research has expanded our knowledge about
the role of cationic surfactants in electrokinetic remediation of hydrocarbon contaminated
soils.
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1.0 Introduction
1.1 O v e ~ e w

With the increase in investigation of hydrocarbon-contaminated sites in recent
years, public concern over soil and groundwater contamination has grown. The transport,
processing and storage of refined petroleum products are fkequentiy sited as sources
responsible for environmental contamination and increased health risk. Benzene, toluene,
ethylbenzene, xylenes (BTEX) and polycyciïc aromatic hydrocarbons (PAHs) are selected

as target organics at petroleum contaminated sites, because those compounds are highly
bioavailable and carcinogenic (Brainard and Beck 1993). Besides, ingestion and demai
contact with chernicals in soil and ground pose the highest potential health nsks (Brainard
and Beck 1993). Contaminated soil and groundwater needs to be remedied to reduce the

health risk to people. There are a number of remediation technologies that are commonly

utilized in practice, including pump-and-treat, soil vapor extraction, in situ
isolation/containment, chernical extraction or soi1 washing, in situ bioremediation
(Kostecki and Calabrese 1993). However, those conventional remediation technologies
have their limitations. Therefore, a fasf easy, and efficient remediation technique need
to be developed.
1.2 Scope

In addition to conventionai remediation techniques, electmkinetic remediation is
also being used in practice (Alshawabkeh and Acar 1992; Acar et al. 1993a).
Electrokinetic remediation is a process in which a low-level voltage potential gradient is
applied to contaminated sites causing the contarninants to migrate dong with bulk flow.

Electrokinetic remediation is achieved a s a resuit of a combinaiion of phenornena such as
electroosmosis, electrophoresis, and eiectrolysis reactions. In a mois soil, the application

of electrical potential gradient results in the movement of cations (positively charged
ions) toward the negative electmde and anions toward the positive electrode.
Electroosmosis occurs when the moving cations impart a larger viscous drag to the water
causing it to rnove preferentially toward the cathode. Clay soils, due to their low

permeability, cannot be easily remediated by conventional remediation techniques such as
soil washing. However, electroosmosis can greatly increase the flow rate in very
fme-grained clay soils. Electrophoresis is a process in which charged colloids such as
surfactant micelles migrate toward the oppositely charged electrodes under the infiuence

of an applied electrical potential gradient. The surfactant micelles present in the
soil-water system cause hydrocarbons sorbed to them to migrate to the oppositely charged
electrode. Therefore, electrophoresis becornes a critical process in decontamination
(Parnuch and Witile 1992). n i e electrokinetic remediation technique has a potential to
enhance the efficiency of remediation of a contaminated site by using a combination of
electroosmosis and electrophoresis. Since electrokinetic remediation is an in situ
remediation technique, it is economical compareci to other ex situ methods (Dzenitis
1997).
Since most hydrocarbons are non-polar orgaoic compounds, their migration is

restricted to the dissolved compounds. Therefore, the enhancement of solubility of
organic compounds is a cntical factor to increase the efficiency of remediation of
hy drocarbon-contarninated sites. The presence of surfactants in the pore water increases

the apparent solubility of hydmca&o~~~
by micelle formation and enhances their removal.
When a cationic surfactant is use& micelles cany positive charges causing them to
migrate toward the negative electrode. In electroosmosis the dissolved hydrocarbons
migrate dong with bulk flow, and in electrophoresis hydrocarbons dissolved in the
micelles migrate toward the electrode. The removal of hydrocarbons in micelle form in
the presence of an electrical potential gradient is called surfactant-enhanced

electrokinetic remediation.
13Objectives

The main goal of this research was to evaiuate the efficiency of electrokinetic and
surfactant-enhanced electrokinetic remediation of hydrocarbon-contaminatedclay soils.
Various remediation techniques were used such as water flushing, water flushing coupled
with electrokinetic treatment, surfactant flushing,and surfactant-enhanced electrokinetic

treatment. Solid-phase microextraction (SPME) coupled with gas chrornatography (GC)
and flame ionization detector (FID) was used to detennine the concentrations of
hydrocarbons in pore water samples, and monitor the movement of hydrocarbons in clay
c o l m . In the surfactant-enhancecielectrokinetic remediation, a cationic &actant,
cetyltrimethylarnmonium bromide (CTAB), was chosen to enhance the electrophoretic

flow. The objectives of this research were to
(a) evaluate the efficiencies of electrokinetic and surfactant-enhanced elecîrokinetic

remediation technology in the laboratory,

(b) detennine the factors affecting the remediation technolog.,and
(c)select an efficient extraction technique for the SPMEGC-Fm analysis.

2.0 Soil Rernediation
2.1 Hydrocarbon compounds

Hydrocarbons are organic compounds composed of hydrogen and carbon atoms.
They are the main components in refined petroleurn products such as diesel, and
important raw material in many industries (Kostecki and Calabrese 1993). Like other
refined petroleum products, diesel is a complex mixture of hundreds of different
hydrocarbons with the nurnber of carbon atoms ranging fiom 10 to 19 (Stelljes and

Watkin 1993).

The majority of the mixture is composed of aiiphatic hydrocarbons and aromatic
hydrocarbons. The aromatic hydrocarbons include BTEX (benzene, toluene,
ethylbenzene, xylenes) and the polycyclic aromatic hydrocarbons (PAH) such as
naphthaiene, 2-methyhaphthalene, and phenanthrene (Stelljes and Watkin 1993). BTEX
and PAHs were used a s target analytes in the evaluation of various soil-remediation
techniques since they are common soil and groundwater pollutants. Some physical and
chemical properties of the hydrocarbon compounds of interest are presented in Table 2.1.
2.2 Conventional soi1 remediation techniques

Seyeral methodologies are available for the remediation of petroleum
contaminated soil and groundwater, including pump-and-treat, soi1 vapor extraction, in
situ isolation/containment, chemical extraction or soil washing, and in situ

biorernediation (Kostecki and Calabrese 1993). However, most of those remediation
techniques are limited to soils with relatively high hydraulic conductivities (Acar 1992).

Table 2.1. Properties of hydrocarbons used in soil remediation experiments

Compound

Formula

Molecuiar

Aqueous

Vapor

Henry's

weight

solubility

pressure

Constant

(mg/L)

(mm Hg)

(atm-m3/mol)

benzene

C A

78.1 1

1.75EM3

9.52EMl

5.40E-03

toluene

W b

92-14

5.15EM2

2.20EI) 1

6.70E-03

ethylbenzene

CSHIO

106.17

1.52EM2

7.08EMO

6.60E-03

naphthalene

CIO&

128.18

3.00Ei-01

5.40E-02

4.60E-04

2-methylnaphalene

Cl,H,,

142.20

2.46EM1

NDA

NDA

p-xy lene
rn-xylene

--

From Knox et al. (1993)

Pump-and-treat is the most widely used method for remediation of contaminated
groundwater, by which the contaminated groundwater is pumped to the surface and
rernediated in an appropriate treatment system (Charbeneau et al. 1992; McCarty IWO).
The contaminated groundwater is treated using air stripping, carbon adsorption,

biological treatrnent, or other treatrnents above the ground surface (Charbeneau et al.
1992). However, if the aquifer is not homogeneous and contaminants consist of
immiscible constituents such as an oily phase, a portion of contaminant wouid be trapped
in the fïner pores due to capillary forces while othen would tend to sorb on the soil

particles (McCarthy 1990; Lyman et al. 1992). Those trapped or sorbed contaminants

are not easily removed by pumping. Trapped and sorbed contaminants act as a source of

contamination and continue to release dissolved components into the groundwater
(McCarthy 1990). Such effects prolong remediation and result in longer treatment times.
Some research has shown that even by increasing the pumping rate, the rate of release of
trapped and sorbed contaminants is not increased beyond some point (McCarty 1990). In
general, the pump-and-treat rnethod is very effective for removal of contaminants in
groundwater fiom within a homogeneous aquifer. However, the pump-and-mat method
is unsatisfactory for groundwater contaminated with denser nonaqueou phase liquids
(DNAPLs) or semivolatiles and groundwater within a heterogeneous aquifer (McCarty

1990;Kostecki and Calabrese 1993).
soi1 vapor extraction is a remediation technique used to remove volatile chernical
materials fiom contaminated soils in the vadose zone (Kostecki and Calabrese 1993;
Charbeneau et al. 1992). The process uses an air Stream which flows through the
waturated soil ma&.

The air Stream vaporizes the light components and transports

the contaminated air to a surface treatrnent system. This remediation method is usually
effective and cost-efficient (Charbeneau et al. 1992). However, soil vapor extraction
technology is less effective in clay soils because of their low perrneability (Thomson
1996).

In situ isolation/containrnent is the process by which the contaminated region is
separated from the rest of the environment using such devices as caps, grout curtains, and
cut-off and slurry walls. The contaminants are immobilized within a given region and are
prevented fiom migrating to other areas. However, the contaminants still remain in the
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soi1 and are not destroyed (Charbeneau et al. 1992).
Chernical extraction or soil washing is the process by which excavated soils are
washed using water containhg solvents or surfactants to remove the contaminants. The
wash water is then treated to acceptable environmentai safety standards (Charbeneau
et al. 1992).

This method is effective in removal of heavy metals and radionuclides, as

well as heavier organic compounds. However, it is relatively expensive and has a
potential for further contamination (Pamucku and Witîie 1992).

In situ bioremediation is a widely used technique to remove or reduce the mobility
and /or toxicity of the contaminants at a site (Charabeneau et al. 1992). It has the
potential not only for removing but also for destroying toxic organic contaminants to
f o m harmless inorganic end products such as carbon dioxide, water, and chloride
(McCarty 1990). in general, this technique is cost-effective and can be used to treat large
contaminated soil areas in situ. However, several factors affect the success of
bioremediation such as toxicity of contaminants, water content of contaminants, oxygen,
pH, water solubility of contaminants, temperature, and sorption (Charabeneau et al.

1992). The presence of water is essential for microbial activifl. Soi1 with too low or too

high a motsture content such as clays may lead to reduced microbial activity. At high
moisture content, such as near saturation (about 35% for most soils), the pores of the soil
are filled with water and diaision of oxygen from the atmosphere is restricted
(Charabeneau er al. 1992; Kostecki and Calabrease 1993). The optimum pH for
microbial activity is around 7, generaily in the range of 6 to 8. Nutrients, such as
nitrogen and phosphorus, may be needed in the bioremediation process

(Charabeneau et al. 1992). Since microbial degradation is controlled by microbial
enzymes, the contaminants that need to be degraded must be in contact with the microbes
(Charabeneau et al. 1992). Many hydrocarbon contamùiants are not water soluble and
are ti&tLy sorbed to the organic matter in soil. Therefore, in situ bioremediation is
restricted to dissolved hydrocarbon contaminants (Kostecki and Calabrease 1993).
Furthemore, it is beiieved that the presence of sorne organic compounds such as toluene,
a common component of petroleum denved oils, inhibits microbial growth and reduces
the efficiency of soil remediation (Frankenburger 1992).
2.3 Surfactant enhanced electrokinetic remediation

Because of the extremely low pexmeability of clayey soils, conventional
techniques are not very effective in remediaîing hydrocarbon contamination. Therefore,
an efficient remediation technique that is costeffective and tirne-efficient needs to be

developed for the remediaîion of contaminated clayey soils. Electrokinetic soil
processing (electrokinetic remediation) is a technology which is used to remediate soils
by the application of a low-level electrical potential difference. Under controlled

conditions, it enhances contaminant desorption, transport, capture, and removal fkom
fine-grainèd soils. The technique can be utilized in removing contaminants including
organic and inorganic compounds fiom fine-grainai soils. Altematively, the technique

can also retard the movement and contain the contaminant to a selected area- The
construction of barriers against advective-dispersive transport of contaminants in soils,
diversion schemes for waste plumes, and injection of grouts, microorganisrns and
nutrients into subsoils can al1 be achieved by appropriate electrokinetic methods
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(Alshawabkeh and Acar 1992). Aithough this technique is less reported in the Iiteranue,
it has the potential to remove hydr-ns

nom contaminated soil faster and more

effectively. The increased pore fluid flow rate l a d s to increased migration of
hydrocarbons dong with b u k flow thereby reducing the remediation tirne. This inaeased
flow rate is important to the remediation of soils with Iow pexmeability such as clays.
According to Helmholtz and Smoluchowski's electrokinetic theory (Alshawabkeh and
A w 1992), electroosmosis is not a fiinction of soil pore size and pore distribution.

Therefore, a heterogeneous soil m a s with varying pore sizes and hydradic conductivity

has the same flow rate through the entire soil mas. This uniforni flow distribution l a d s
to high recovery of contaminants fiom within a region containing heterogeneous soils.

The removal of total petroleurn hydrocarbons (PHwas
) increased by 60% in the
presence of surfactants compared to a treatment with water only (Peters et al. 1992). The
presence of surfactants in the soil-water system dramatically increases the apparent
solubility of hydrocarbons. The apparent solubility is increased due to increased micellar
solubilization and reduction in interfacial tension between hydrophobic contaminants and
the aqueous phase (Charabeneau et al. 1992; Pennell et al. 1993). With surfactants, more

hydrophobic contaminants, including the sorbed and entrapped ones, are mobilized in the
aqueous phase. Electrophoresis becornes a dominant phenomenon under electrical
potentid difference due to the presence of surfactants, which causes the migration of
charged particles such as micelles towards the electrodes with an opposite charge.
Therefore, it is believed that the surfactant-enhanced electrokinetic remediation has the
potential to cause the enhanced migration of contaminants from contaminated soil.

The surfactant-enhanced electrokinetic method combines the advantages of both
electrokinetic and surfactant remediation methods. While avoiding the high cost of
excavation it also minimizes the human health risks (Dzenitis 1997).
2.4 Electrokinetic Processes

Electrokinetic remediation is the process by which a low-level electrical potential
dflerence on the order of a few volts per centimeter across electrodes is applied to
contarninated soils to remove inorganic and organic compounds (Alshawabkeh and Acar
1992;Acar and Alshawabkeh 1993b). Three main electrokinetic phenomena are

involved, which are electmosmosis, electrophoresis, and electrolytic migration of ionic
and polar species (Pamucku and WittIe 1992). Electroosmosis is a process by which
porewater is dragged dong with the movhg ions. Electrophoresis is a process by which
charged colloids such as micelles move towards an oppositely charged electrode under
the influence of an applied electrical potential gradient. Electrolytic migration is a

' (produced at the anode)
process by which ion species present in the pore fluid such as H
and OH+(produced at the cathode) migrate towards the opposite electrode (Pamukcu and

Wittle 1992). Streaming potentiai or sedimentation potentiai is also generated by the
t

movement of charged particles with water moving under a hydraulic gradient or

gravitational forces, respectively (Acar and Hamed 1991). Several phenomena are
presented in Table 2.2.

Table 2.2. Surnmary of electrokinetic processes

Process

Definition

Cause

Electmosmosis

pore fluids are dragged with

Water surroundhg ions is

ik

cations towards cathode.

dragged with the movernent of
ionic species at the electrical
double iayer.

Electrophoresis

charged colloids such as

charged colloids mch as micelle

3

micelles migrate towards the

under applied electrical potential

opposite electrode as a group.

difference.

Electrolytic

ionic species migrate towards

ionic species such as H+and OH-

migration

the opposite electrode.

migrate under the electrical
potential difference.

Electrolysis

H+and OH- are produced at

acid and base fionts produce at

*

anode and cathode respectively.

anode and cathode respectively.

a curent is generated by the

ions move with water under an

movement of ions with water

applied hydraulic gradient

PO tential

under a hydraulic gradient.

Sedimentation

a current is generated by the

particles move under

potential

settling of particles under

gravitational forces.

**

gravitational forces.

* From Pamukcu and Wittle (1992); ** From Acar and Hamed (1991).

2.4.1 Electroosmosis

Transport of pore fluid due to electroosrnosis is associated with an electrical
double layer of negative and positive ions at the solid-liquid interface in clay or silt soils.
An excess concentration of cationic species is present in porewater which migrates under

the influence of an electncal potential gradient. The water molecules surrounding
cationïc species are thus dragged with thern towards the cathode. This phenornenon is
dso referred to as electroosrnotic advection. Electroosmosis can lead to an increase in
the flow rate of porewater causing the enhancement of removal of dissolved

hydrocarbons nom contaminated sites (Acar 1992). Therefore, soil and groundwater
rernediation is enhanced.
According to Helmholtz and Smoluchowski's electrokinetic theory, flow rate
caused by electroosmosis is independent of soil fabnc @ore size and distribution). It is
unlike the flow rate caused by a hydraulic gradient that is dependent on the type of soil.
This factor is important for remediation of heterogeneous soil. According to
Helmholtz-Smoluchowski' s law, the velocity of pore fluid through a soil under the
influence of an applied electrical potential gradient can be theoretically described by
*

(Shapiro and Probstein 1993)

where

V,

= electroosmotic velocity (dsec),

C N m for water),

E

= pexmîttivity of the pore fiuid (-

CS

= uniform zeta potentid of the d a c e wrresponding to the surface charge (V),

dE/dx = unifom electric field strength (Wm), and
rl

= viscosity of the liquid (10.'

Pa =sfor water at 20 OC).

In equation 2.1, the permittivity, E, is a parameter used to describe the ability of a fiuid to
hansport charges, and the zeta potentiai, C, is the potential drop across the mobile part of

the double layer ( S m and Morgan 1981).
Sirnilar to the hydrauiic pore fluid flow described by Darcy's law, electroosmotic
flow rate can be expressed by (Acar Hamed 1991; Eykholt Daniel 1994)

where
(4,

= electroosmotic flow rate (cm3/s),

4

= electrical potential gradient (V/cm),

k,

= doefficient of electroosmotic pmeability (cm2/s V),

A

= cross-sectional area (cm2),

k,

= electroosmotic water transport efficiency (cm% A),

1

= current (A), and

O

= elecûical conductivity (Slcm).

The coefficient of electroosmotic permeability k,is a function of zeta potential, viscosity
of pore nuici, porosity, and electrical permittivity of the pore water. The electroosmotic
permeability k,is defineci as (Acar and Alshawabkeh 1993b;Eykholt Daniel 1994)

where
ne

= the effective porosity,

t

= the tortuosity,

E

= permittivity of the pore

5;

= uniform

fluid (-

CNIm for water),

zeta potential of the surface comesponding to the surface

charge (V), and

tl

= viscosity of the liquid (10" Pa s for water at 20°C).

Several researchers have reporteci that the zeta potential, C, is affected by the pH of the
pore water, generally decreasing with a drop in pH. During the electrokinetic process, the
pH value drops due to the movement of the acid fiont through the column, which causes a

reduction in the coefficient of electroosmotic permeability (km) (Acar and Alshawabkeh

1993b;Lorenz 1969). Therefore, the pore fluid flow decreases due to a reduction in ho.
The k,varies in t h e , and is controlled by the chernical reaction associated with
application of an electricd potential gradient though a soi1 column. The values of k,
measured at earlier stages of processing range within one order of magnitude for al1 soils,
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1O-' to 1O4 cm% V, the higher values king at higher water contents (Acar et al. 1993a;
Eykholt and Daniel 1994). For most clayey soils, the value of k,is near 5

1o - cm2/s
~ V.

However. it is important to note that k,is not a h c t i o n of pore size.
Acar et al. (1993a) reported that electrical conductivity, o,at the anode showed

higher values than at the cathode due to the sweep of the acid fiont generated at the
anode. Such a phenomenon is associatexi with different pH values across the soil
specimen which leads to diverse electroosmotic flows through the soil, higher at the

cathode and lower at the anode (Acar and Alshawabkeh 1993b). In fied-grained soils
(hydraulic conductivity, K,, < 106 cmls), insufncient pore fluid flows towards the cathode
leading to a drop in water content at the cathode. The above phenomena could also have
been due to the electrolytic reactions at the electrodes. The electrolytic reactions result in
the generation of an alkaline and an acidic medium at the cathode and the anode,
respectively. An acidic medium migrates towards the cathode over tirne. and the pH of
the pore water changes due to the advance of an acid fiont. Based on the above, it is

believed that electrokinetic remediation is a superior method for fined-grained and/or
heterogeneous contaminated soi1 in which most of the traditional remediation methods
*

are limited (Bruell et al. 1992). Electroosmosis becomes a significant process in fine-

grained soils where flow caused by hydraulic gradient is minimal.
2.4.2 Electrophoresis

Electrophoresis is another electrokinetic phenomenon in which charged colloids
such as charged micelles migrate to the opposite electrodes under an influence of applied

electrical potential difference. The hydrocarbom present in diesel are non-polar
compounds and have no ability to migrate under an influence of applied electrical
potential difference. However, those non-polar organic compounds cm sorb into
charged micelles and migrate with them towards the opposite electrode in the presence of
the surfactant micelle in pore water. With an application of &actant

to pore water, the

electrophoresis may become a critical electrokinetic process in the decontamination of
hydrocarbon contaminated site (Pamukcu and Winle 1992). The surfactant enhanced
electrokinetic rernediation has the potential to remove non-polar organic compounds
more effectively fkom contaminated soils.
&4.3 Electrolytic migration

The application of an eleceical potential gradient via electrodes embedded in a
soil and water system leads to electrolytic reactions at the electrodes. As a result, the H*
and OH- are transported to the opposite electrodes. Such a phenornenon is referred to as

electrolytic migration in which ions as well as H+ and OH-are moved causing a current
flow in soil and groundwater systern (Pamukcu and Wittle 1992). During electrolytic

migration, water molecules surroundhg the ions are dragged towards the electrodes
(~amukcu
'and Wittle 1992). Skce the relative mobility of H
' is 18 times faster than the

mobility of OH-, the pore fluid 80w rate due to migration of ions is enhanced by
electroosmosis (Pamukcu and Wittle 1992). The higher concentration of ions is
responsible for the increased electrolytic migration. During ionic species rnovement
through the soil and water system, values of pH change in time and varies spacially

across the system. However, this change in pH may affect electroosmosis.
The faster K+ion movement is an important factor for soil remediation with metal
contamination (Pamukcu and Wittie 1992). Diiring soi1 remediation for the removal of
metals, the metal ions adsorbed ont0 soi1 d a c e s are replaced by a relatively large
amount of faster rnoving H+ions. Those replaced contaminants are dissolved in the pore
water which is transported towards the cathode. However, hydrocarbon contamhants are

u s d l y not charged, and migrate only in the dissolved fonn transported by the pore fluid
movement. Therefore, electrolytic migration is of less importance to transport organic
compounds through the soil and water system.

2.4.4 Electrolysis

During the application of an electncal potential difference on the soil and water
system, eiectrolysis is responsible for the formation of H' and OH- at the anode and
cathode, respectively. The acid kont (H+)and base fiont (OH-) migrate through the soil
specimen to the opposite electrode, which changes the pH in soil and water system and
affects the electrokinetic processing. At the same tirne, hydrogen and oxygen gases are
produced at the cathode and anode, respectively (Acar and Alshawabkeh 1993b). The
prirnary electrode reactions of electrolysis can be described by
Anode:

Cathode:

The pH values can reach 3 and above 11 at the anode and cathode, respectively
(Eykholt and Daniel 1994). Since the acid and base fionts migrate to the cathode and

anode respectively, referred to as electrolytic migration, the pH of the soil and water
system changes over t h e . However, the soil and water system h a i l y becomes acidic,
because H+ movement is about 18 times faster than OW movement. Many researchers
report that the zeta potential, Cs, is af5ected by the pH of the soi1 and water system,
generally decreasing with a drop in pH. The decrease in zeta potential leads to a

reduction of the coefficient of electroosmotic permeability, b,which lowers the
electroosmotic flow and even stops and reverses the electroosmotic flow (Acar and
Alshawabkeh 1993b; Lorenz 1969). However, many models have been developed to
predict the pH changes in the soil and water system during electrokinetic processing.
2.5 Surfactant theory

Surfactants, or surface active agents, have both polar and nonpolar chemical
groups that exhibit hydrophilic (water-compatible) and hydrophobic (water-repellant)
properties, respectively (Karsa,1987; Kostecki and Calabrese 1993). The classification
of surfactants is based on chemical structure of the hydrophilic group. The surfactant c m
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be classifieci as cationic (positively charged), anionic (negatively charged), nonionic
(uncharged), and arnphoteric (both positively and negatively charged) (Porter 1991). Ln
soils contaminated with hydrophobic hydrocarbons, the presence of surfactant enhances
the mobilization of the hydrocarbons by micella. solubilization and interfacial tension
reductions (Penne11 et al. 1993).

2.5.1 The critical micelle concentration (CMC)

When the concentration of surfactants inmeases to a critical level, called the

cntical micelle concentration (CMC),several physical and chexnical properties such as
electrical conductivity, interfacial tension, and detergency drarnaticaily change (Kostecki
and Calabrese 1993). The solubility of hydrocarbons is greatly increased if the
concentration of surfactant is above the CMC. At this concentration, the polar and
nonpolar groups become oriented and organized to form clusters in the solution, referred
as micelles. The hydrophilic groups point outwards from within the micelles, and the
hydrophobic groups point inwards within the miceiles and often have hydrocarbon

character. This arrangement is a result of the minimization of the fiee energy of the
oil-water interface (Kostecki and Calabrese 1993). The CMC of the surfactant is affected
by several factors such as the number of carbons in the hydrophobic chah, the charge
status of the hydrophilic groups, pH of the solution, the electrolytes in ionic surfactants,

and the presence of organic additives in solution (Porter 1991; Myers 1992). The cntical

micelle concentration (CMC) of a surfactant decreases with an increase in the number of
carbons in the hydrophobic chain. The addition of an anionic salt or the presence of an
organic compound decreases the CMC of the surfactant solution (Penne1 et al. 1993;
Porter 1991;Myers 1992; Karsa 1987). Nso, a surfactant with a charged hydrophilic
group has a higher CMC compared to a non-ionic surfactant. The CMC usually ranges
fkom 0.1 to 10 rnmol/L (West and Harwell 1992).

The solubility of a surfactant bcreases with increasing temperature of the aqueous
solution. As a result, the CMC is also temperature dependent. The temperature of the
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solution should be at a certain point, kuown as the Kraft point, before CMC can be
attained (Porter 1991;West and Harweil 1992). Above the Kraft temperature, the
sUTfactant has an ability to form the micelles. It is important in the application of
surfactants in the field because the temperature of groundwater may be lower than the

Kraft temperature causing a reduction of remediation efficiency. It is possible to reduce
the Kraft temperature to enhance micelle formation in the field. A reduction of Kraft

temperature can be brought about by increasing the hydrophilic character of the surfactant
or by reducing the hydrophobic character, such as branching the hydrocarbon tails, or
using a CO-solvent(Porter 1991;West and Harwell 1992).
2.5.2 MiceiIar s o l u b ~ t i o n

When surfactants are present in the pore water, hydrocarbons become more

mobile leading to a decrease in the hydrocarbons sorbed on the soi1 particles. Such
effects result fkom micellar solubilization of non-aqueous phase liquids (NAPLs). In
addition, in the presence of a surfactant, entrapped NAPLs become solubilized due to a
reduction in interfacial tension between NAPL and the aqueous phase (Lyman et al.

1992;Penne11 et al. 1993). With surfactants in the aqueous phase, the hydrocarbon
distribution coefficient (Q and the partition coefficient of the hydrocarbon between
organic carbon and the aqueous phase (iQ
decrease due to an increase in solubility of
the organic compounds.

The micelles are capable of solubilising hydrocarbon compounds in the
hydrophobic intenors because a nonpolar environment is created within the center of the
micelles. The intenor of micelle is capable of attracting nonpolar organic compounds and
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dissolved organic contaminants (Karsa 1986; Kostecki and Calabrese 1993). This effect
is usually called micellar solubilization (West and Harwell 1992). Valsaraj et al. (1988)
reported that cationic micelles have a larger capacity to solubilize hydrophobic
compounds compared to anionic micelies. The size of the micelle-andthe number of

micelles &ect the apparent solubility of hydrocarbon compounds; the larger the size of
the micelle the more ability to solubilk hydrocarbon compounds. Therefore, in general,
non-ionic surfactants are good at solubilising hydrocarbons compared to anionic or
cationic surfiactants (Porter 1991). Many researchen have reported that surfactants at
concentrations below the CMC have minimd eEect on the solubility of most organic
compounds (Kile and Chiou 1989; Penne1 et al. 1993; Valsamj et al. 1988). However,
the solubility of some organic compounds, such as DDT,also exhibit significant
enhancement at surfactant concentration below CMC (Kile and Chiou 1989).
The micellar solubilization can be detennined by the molar solubilization ratio

(MSR).Molar soIubilization ratio is defined as the ratio of the number of moles of
hydrocarbon solubilized to the number of moles of surfactant in the micellar form
( P e ~ e let
l al. 1993; Edwards et al. 1 99 1). Several researchers have found that there is a
linear releonship between solubility of hydrocarbons and the surfactant concentration at
concentrations above CMC. Therefore, in the presence of excess hydrophobie organic
compounds, the MSR can be obtained fiom the siope of straight Iine of a plot of
hydrocarbon solubility versus surfactant concentrations expressed as moledlitre (M). The
molar solubilization ratio is thus described by (Edwards et al. 1991;Ponnell et al. 1993)

where

MSR

= molar solubilization ratio (dimensioniess),

Smie

= apparent solubility of hydrocarbons at a particular surfactant concentration above

the CMC (M),
Sm,

,C
Cm,

= apparent hydrocarbon solubility at the CMC (M),

= surfactant concentraiion at which S, is evaluated (M),
= critical micelle concentration (M), and

[CTAB-],ic = moles of CTAB in rnicellar form per Liter of solution = (Cs, - Cm,) 0-

The micelle-water partition coefficient

is another measure of the

solubilization capability. Since the micelle-water partition coefficients have been
reported as both mole hction based &-,
(dirnensionless) and concentration based
we must be carefid to choose the micelle-water partition coefficient from the literature.

In the literature, the octanol-water partition coefficient is treated as being equd to the
micelle-wAter partition coefficient expresseci in either the mole hction based form or the
concentration based form. The mole fiaction based micelle-water partition coefficient
can be calculated fiom MSR and has been described by (Edwards et al. 1991)

x m -Kmic= -

1

x, s,,v,

where

MSR
(1 + MSR)

= micelle-water partition coefficient (dimensionless),
= mole h

t i o n of the compound in the micellar phase,

= mole fkction

of the compound in the aqueous phase,

= apparent hydrocarbon solubility at the CMC (M),
= the molar volume of water (0.01805 M-' at 25OC), and
= rnolar solubilization ratio (dimensionless).

However, some tesearchers have reporteci that the concentration based micelle-water
partition coefficient Gi: that can be characterized as foliows (Kostecki and Calabrese
1993; Kile and Chiou 1989; J a h r t 1991)

where
SM

= the apparent hydrocarbons solubility at the total surfactant concentration (M),

sw

= the

intrinsic solubility in pure water 0,

Cmon = the concentration of sufactant as monomers 0,

Go,

= rponomers-water partition coefficient (Mi),

Cmi

= the concentration of surfactant in

&'

= micelles-water partition coefficient

micellar f o m (M), and

CM-').

In general, the presence of surfactants at concentrations above CMC greatly

increases the apparent solubility of organic compounds in the aqueous phase. The

rnicellar term, CA&,,

in equation 2.8, plays a dominant role in enhancing the solubility

of organic compounds. Considering only the concentration of surfactants above CMC,
the micelle-water coefficient c m be defmed as ( J a h r t 1991)

where

Ki: = micelles-water partition coefficient (M-'),
hydrocarbons solubility at the micelle concentration (mfl),

S i

= the

S,'

= the intrinsic solubility in pure water (mfl),

and

[CTAB-],, = moles of CTAB in rnicellar form per liter of solution = (CWr- Cm=) (M).

Kile and Chiou (1989) developed the method which c m be used to determine the &
,
and Q,,'. The relationship between apparent hydrocarbon solubility S m , and the total
concentration of surfactants can be plotted. In the plot, two linear lines are shown that
represent

ranging fiom zero to CMC, and

ranging above CMC, respectively.

and &,' for a given hydrocarbons-surfac tant
Two distact slopes are represent La,

system (Kile and Chiou, 1989).

The micelle-water partition coefficient is used as a measure of the hydrophobicity
of hydrocarbons, as is the octanol-water partition coefficient K,,,. These parameters
increase with increasing hydrophobicity of hydrocarbon contaminants (Valsaraj et al.
1988). The micelle-water partition coefficient slightly increases with an increase in

temperature (Vaisara. et al. 1988).

The conversion of the mole fkction- and the concentration- based micelle-water
partition coefficients is defined as (Thomas 1W 6 a and Jafvert 1991)

where
= concentration based micelle-water partition coefficient (M-),
= mole fiaction-based micelle-water partition coefficient (dimensionless)

= the molar volume of water (0.0 18OSM- at 2S°C),

= the mean occupancy number of the hydrocarbons in micelle solution at

saturation, and
= the aggregation number of CTAB rnolecular in

every CTAB micelle.

2.5.3 Properties of CTAB as a surfactant
A surfactant is selected to enhance the apparent solubility of hydrocarbons that are

dissolved in the aqueous phase and those that are entrappedkorbed on the soil particles.

Several factors should be considered in the selection of a surfactant. The factors include
the type of soil, type and concentration of hydrocarbons, cost and toxicity of surfactants,

solubilization power of surfactants (Kostecki and Calabrese 1993; Thomas 1996a). In
addition, the impact on electrokineticproperties should be taken into account if this
remediation technique is to be applied.
Peters et al. (1992) reported that cationic surfactants are effective in removing
diesel heuel fiom contaminated soil compared to nonionic surfactants (or no surfactants at
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ail) in the aqueous phase. The migration of hydrocarbons, enhanced by the surfactants, is

govemed by the advection-dispersion equation. However, if the electrokinetic
phenomenon is taken into account, the bullc fiow is either increased or decreased
depending on the direction of the electroosmotic flow. When the anode is located at the
higher hydraulic head, the flow rate is increased since the flow due to both advectivedispersive transport and electroosmosis are in the same direction. The pore water flow
due to the hydraulic head and electroosmosis is h m anode (higher hydraulic head) to

cathode (lower hydraulic head). Under such conditions, the electroosmotic phenomenon
increases thé total flow rate and enhances the migration of hydrocarbons through the
contarninated soil. It was presumed that electroosmotic flow will enhance the hydraulic
gradient effects in this research project. Another electrokinetic phenomenon affecting the
movement of hydrocarbons is electrophoresis in which charged particles, such as
micelles, are translocated to the electrode having the opposite charge. Thus, the
hydrocarbons that are held within the interior of micelles will also be transported. A
cationic surfactant such as cetyltrimethylammonium bromide (CTAE3) leads to the
formation of positively charged micelles. Therefore, the micelles are expected to
preferentially move towards the cathode during electrophoresis. If the anode is placed on
the high hydraulic gradient side of the soil column, the direction of movement of the
micelles will be the same as the one due to electroosrnosis, as well as advection and
dispersion. Since CTAB is a cornmon cationic surfactant used as a detergent andor an
antiseptic and it results in great enhancement of solubility of organic compounds, it was

chosen for the remediation of hydrocarbon wntamimted columns (Jungemann 1970;

Kile and Chiou 1989). Table 2.3 lists the properties of the surfactant CTAB2.6 Migration and fate of hydrocarbon contaminants dnring remediation

The migration and fate of hydrocarbon contaminants are controlled by severai
processes such as advection due to hydrauiic gradient, eIectroosmosis, hydrodynamic
dispersion due to concentration and microscopie variations, and chernical reactions
(CCME 1994). The migration of contaminants is numerically described by
advective-dispenive-adsorption equation. The presence of surfactants in the soil-water
systern, however, has an effect on the solubility of organic compound, and thus influence
the migration of organic contaminants. Therefore, this effect due to the presence of

surfactants is accounted for by modifying the retardation factor.
Table 2.3 Properties of cetyltrimethylammonium bromide

-

-

-

Molecular weight

364.45

Melting point

237-243°C

CMC (x 10%)

9.2 (Soma and Papadopoulos, 1997)

*

9.9 or (36 1mgL)(Kile and Chiou (1989))
9.0 (fiom experimental results)

2.6.1 Sorption interaction

During the migration of contaminants, they are subjected to sorption interaction
(adsorption and desorption) and CO-solvation(enhanced solubility due to the presence of

another contaminant). Sorption interaction results in the transfer of contaminant mass
between the Liquid and solid phases or conversion of dissolved species fiom one form to
another (Walton 1991). Desorption plays a major role in surfactant enhanceci soil
remediation.
2.6.1.1 Distribution coefficient
At equilibrium, the relationship between the sorbed and solution phase

concentration can be describeci by the Freundlich isothenn (Lyman er al. 1992; Walton
1991)

where
S,

= concentration of hydrocarbons in soil (mgkg),

S,

= the hydrocarbons solubility in water (mg/'),

K,

= distribution coefficient (Lkg), and

Nd = measure of deviation fiom lirearity.

If the hydrocarbon concentration is below one-half of the solubility limit of the
*

compound, the relationship is linear (N=l) (Charbeaneau et al. 1992). For dilute
solutions such as those noxmally encountered in naturai environments, the relationship is
considered to be linear and represented by

If the contaminant source contains different hydrocarbons, it is commonly assumed that
the migration of each contaminant is independent of its neighbors and can be calculateci
separately. However, this assumption is valid only for the contaminants at very low
concentrations (Walton 1991). The unit of & is generally report& as m g , and the
commoniy encountered values of & range h m near zero to 101W g or greater (Freeze
and Cherry 1979; Walton 199 1). If the &, vaiues are orders of magnitude greater than

one, the hydrocarbons are considered to be immobile(Walton 1991). The contaminant
with a high value of K, has low solubility in the aqueous phase and a strong affinity for
sorption to soi1 particles ( C m 1994). However, soluble and mobile contaminants
generally have lower E&.

The distribution coefficient, &, is found to be a Function of the

hydrophobicity of the organic wmpound and the amount of organic matter presenf which
is described by (Charbeneau et al. 1992)

where

K,

= distribution coefficient (ykg),

fw

= the weight

K,

= organic carbon-water partition coefficient (Ykg),

hction of organic compounds in the soi1 (dimensionless),

ss

= concentration of hydrocarbons in

s;

= the hydrocarbons solubiliiy in water (ma).

soi1 (mgkg), and

The equation above is valid only for f , larger than 0.001 (Charbeneau et al. 1992). The

K, is the partition coefficient which is used to describe the degree of hydrophobicity of
the hydrocarbons, and can be used to predict K, (Walton 1991). Since K, is largely
independent of the soi1 properties, it can be estimated £iom the other physical properties
of contaminants such as their aqueous solubility or their octanollwater partition
coefficients (Charbeneau et al. 1992).

When surfactants are applied in aqueous phase, the amount of hydrocarbon
contaminants sorbed to the soil would be decreased due to the transfer of contaminants to
the micellar form. A decrease in the sorbed contamina. also decreases the distribution

due to the presence of
coefficient, &. The modified distribution coefficient Gcmc
surfactants in aqueous phase c a . be described as (Jafkert 1991)

where

*

km,= distribution coefficient (L/kg),
ss

= concentration of hydrocarbons in soi1 (mgkg),

sw'

= the hydrocarbons solubility in water (mgk),and

S,

= concentration of hydrocarbons in micelle solution (ma).

Whik the surfactants cause a reduction in contaminants sorbed to soi1 particles there is a
comesponding increase in the dissolved amount. Contaminants in water are either
dissolved in the aqueous phase due to the solubility of contaminants or exist within the
interior of micelles.

The combination of equation 2.9 (micelle-water partition coefficient
equation 2.13 (organic carbon-water partition
concentration-based units hi:),
coefficient, W .and equation 2.14 results in
and [CTAB-],,

which is a function of K , Q, I(mi;,

expresseci as

where,

&
,

= modified distribution coefficient due to the presence of surfactants (Llkg),
= the weight hction of organic compounds in the soi1 (dimensionless),

K,

= organic carbon-water partition coefficient (Ykg),

'

= concentration-based micelles-water partition coefficient (hl-'),and

[CTAB-],ic = moles of CTAB in micellar fom per Iiter of solution = (CM - CmC)(M).
*

Equation 2.10 can be used in the unit conversion of mole fiaction-based and
concentration-based micelle-water partition coefficients to the modified distribution
coefficient which is descrïbed by

where
= modified

distribution coefficient due to the presence of surfactants (Llkg),

fm

= the weight fiaction of organic compounds in the soi1 (dimensionless),

K,

= organic carbon-water

y,

= mole

[CTAB'],,

partition coefficient (L/kg),

fiaction-based micelles-water partition coefficient (dimensionless),

= moles of CTAB in micellar fomi per

liter of solution = (Cs, - CmA (M),

N

= the mean occupancy number of the hydrocarbons in micelle solution at saturation,

V,

= the molar volume of water (M?

Y

= the aggregation number of CTAB molecular in every CTAB micelle.

(0.01 805 Llmol at 2S°C), and

However, the aggregation number of CTAB molecules in every CTAB micelle (Y) and
the mean occupancy number of the hydrocarbons in micelle solution 0ù)are not yet
available in the literature. Therefore, the conversion of the mole fraction-based and
concentration-based micelle-water partition coefficients cannot be accomplished.
8

2.6.1.2 Retardation factor (R)
During the migration of contamuiants, the velocity of contaminant movement
decreases due to adsorption to soil particles. The ratio of the rate of advance of a
contaminant without adsorption to the rate of advance with adsorption is referred to as
retardation factor R and it is given by (Gillharn and Cherry 1982)

where
= retardation factor (dimensionless),
= average pore water velocity without sorption reaction (cmkec),

= average pore water velocity with sorption reaction = the velocity of the CK,,= 0.5

point on the concentration profile of contaminant with sorption reaction (crn/sec),
= distribution coefficient (cm3/g),
= soil bullc density (g/cm3),
= soil

porosity (dimensionless),

= the concentration at tirne t

(ppm), and

= the initial contaminant concentration (ppm).

The retardation factor R is commonly used in contaminant migration studies. The
physical significance of the retardation factor is that it measures how much more slowly
the hydrocarbons migrate relative to the aqueous phase without sorption (Charbeneau
et al. 1992). A retardation factor of 1 or 2 has been reported for many organic chernicals

in contaminant migration studies (Walton 1991). The effective velocity (
Va
reduced
)
by sorption interactions is introduced to describe the retardation of the movement of a
contaminant without sorption interaction (VJ.
When surfactants are applied to soil-water systerns, the amount of hydrocarbons
sorbed to the soil particles decreases and the apparent solubility of hydrocarbons

increases especidly at surfactant concentrations above CMC. Therefore, the migration of

contarninants is less affecteci by the sorption which is described by the retardation
factor R. In generai, the application of surfactants may reduce the effect of retardation
and reduce the retardation factor. Therefore, the retardation factor must be modified to
account for the increase of apparent solubility of the hydrocarbons caused by the

application of surfactants in the soil-water system. The retardation factor R,modified
by surfactant effects can be measured by combining equation 2.15 and equation 2.17,

which is given by

where
= modified retardation factor taking into account micellar effects (dimensionless),

K,

= organic carbon and water partition coefficient (Lkg),

f,

= weight fraction of organic carbon (dimensionless),

Pb

= dry bulk density (kg&)

or (g/cm3),

0

= porosity (dimensionless),
*

'

= micelles-water partition coefficient (M-')
and
,

[CTAB-],, = moles of CTAB in micellar form per liter of solution = (Csd)
-,C

(M).

The rnodified retardation factor is related to the mole hction-based micelle-water
partition coefficient and is given by cornbining equation 2.10 and equation 2.1 8

where
QiC = mole fhction-based micelles-water partition coefficient (dimensionless),

N

= the mean occupancy number of the hydrocarbons in micelle solution at saturation,

,V

= the molar volume of water (M-) (0.01805 Umol

Y

= the aggregation number of CTAB molecules in every CTAB micelle.

at 2S°C), and

2.6.2 The traditional advection-dispersion-sorptionequation

During soi1 and groundwater remediation, the migration of contaminants is driven
by the advection-dispemion-sorptionequation. Advection, dispersion, and adsorption

processes are sumrnarized in Table 2.4. The advection is the process by which the
hydrocarbons are transporteci by the bulk water movernent due to the hydraulic gradient
and can be d e h e d by the Darcy's law (Freeze and Cherry 1979)

,

where
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= discharge (cmk),

1

=

K,

= hydraulic conductivity (cmk).

- dh/dl= the hydraulic gradient (driven force)(dimensionless), and

Advection

The process by which the hydrocarbons are transported with the
water movement through a geologic fornation-in response to a
hydraulic gradient (dh/dx). The advection is the most important way
of transporthg the hydrocarbons away h m sources.

Hydrodynamic

a) Molecular Diffusion -The process by which the hydrocarbons

Dispersion

spread due to molecular diffusion in response to concentration
gradients.
b) Mechanical Dispersion -The process by which the
hydrocarbons spread due to the velocity variations in the pore
channels and the tomious nature of flow in the porous medium.

Adsorption

Sorption of hydrocarbons from the aqueous phase by soi1 particles
(minera1 or organic solids).

From CCME (1 994).

The advective transport is due to the hydrauiic gradient and is affected by several factors
including the intrinsic permeability of the material, mass density of the fluid, the
gravitationai constant, and the viscosity of the fluid. The permeability (k) is a function

only of the medium, which depends on the porosity, pore size didbution, and possible
other factors (Charbeneau et nl. 1992). The value k of clay soi1 ranges fiom IO-'' to
1 0 " ~cm2(Freeze and Cherry 1979). The fluid properties such as the dynamic viscosity

and density are sensitive to temperature variations (Charbeneau et al. 1992).

Hydrodynamic dispersion d t i n g in the dilution of hydrocarbons includes two
components, molecular diffusion due to the thennal-kinetic energy of the hydrocarbons
particles and mechanical dispersion (or hydrauiic dispersion) due to mechanical mixing
during fluid advection (Freezeand Cherry 1979). Mechanical dispersion is the process by

which the hydrocarbom spread in the direction of bulk flow (longitudinal dispersion) and

in the direction perpendicdar to the flow (transverse dispersion). The molecular
diffusion takes place due to the migration of the contaminants fkom high concentration
regions to low concentration regions until equilibrium is reached. Such d i h i o n happas
even in the absence of groundwater flow (Walton 199 1). Dispersion is generally much
slower than the advective transport, and is only important where fluids are essentidly not
moving or moving slowly. The Fick's first iaw govems the molecular diffusion

where
F

= the mass flux

D

= diffusion coefficient (cm2/sec),

C

= the hydrocarbons concentration (g/cm3), and

dC/dx

= the concentration

(g/cm2.sec),

gradient (dimensionless).

However, Fick's law is assumed to govexn the hydrodynamic dispersion phenornenon in
developing the hydrocarbon transport equations (Knox et al. 1993). During the migration

of contaminants, sorption reactions retard the movement of contaminants. Taking into
account the effect of sorption, the advection-dispersion-adsorptionequation c m be
described by (Freeze and Cherry 1979; Walton 1991;and Charabeneau et al. 1992)

where

ci

= concentration of contaminant i dissolved in aqueous phase

D

= hydrodynamic dispersion coefficient dong the flow path (cm2/sec),

V

= average linear bulk flow velocity (cdsec),

x

= distance dong flow line (cm),

R

= retardation factor (dimensionless),

t

= time (sec).

(mg/L),

Tlte equation is based on the assumption of conservative hydrocarbons in saturated,
homogeneous, isotropie materials under steady state, uniforni, one-dimensional flow.

The lefi-hand side term gives the concentrationchange at a given location including the mass
in solution as well as the sorbed mass. The f h t right-hand side term accounts for the
concentration change associated the dispersion including mechanical dispersion and

molecular diaision.

The second ~ght-band side t e m accounts for the change in

concentration associated with the advection.

In the lefi-hand side temi, the retardation factor R is included to account for
sorption. The R can calculated by equation 2.19 (in the absence of-surfactants). the
concentration-based equation 2.20 (in the presence of surfactants), and the mole
fiaction-based equation 2.2 1 (in the presence of surfactants).

In the d i h i o n tenn, the hydrodynamic dispersion coefficient can be described in
ternis of two components

and

where
D

= hydrodynamic dispersion coefficient along the Bow path (cm2/sec),

D*

= dimision coefficient (cm2/sec),

Do

= diffusion coefficient for a given hydrocarbons species whose concentration is C

(cm2/sec),

a

= dynamic dispersivity (or dispersivity) (cm),

V

= average linear bulk

z

= tortuosity of medium

flow velocity (cdsec), and

.

The dispesivity is the parameter that characterizes the property of the porous medium
which is dependent on the grain size distribution but indqendent of the grain shape. The
average liaear water velocity is qua1 to the specific discharge divided by the effective
porosity (q/Q). The dispersivity and water velocity, and the molecnlar diffusion
coefficient of the contaminant are properties that control the dispersion process.
Molecula.diffusion coefficient values of 1O-" to 10." m2/sare typical for chernical
species in clay like materials (Freeze and Cherry 1979). From the above equation, the
diffusion coefficient D* is assumed to be negligible relative to the mechanical dispersion.
However, at low groundwater velocities such as in h c t u r e d silty or clayey deposits,
molecular diffusion is the dominant component and controls the contaminant migration
(Walton 199 1; Knox et al. 1993).

2.6.3 The modified advection-dispersion-adsorptionequation
The advection-dispersion-adsorptionequation needs to be modified if taking into
account of the effects of applied electrical potential gradient andlor surfactants. When the
eletrokinetic treatment is applied on contaminated soil, several phenornena are involved

in which electroosmotic and electrophoresisare two main process (Pamucku and Wittle
1992). ~lèctroosmosisaffects the classic advection-dispersion-adsorption equation by

increasing the advective flow. Therefore, the rate of advective transport equal to the
average linear fluid velocity (V,,)

is the sum of the hydraulic (V) and electroosmotic

(V,) velocities. The electrophoresis due to the application of surfactants with
concentration above CMC affects the movement of organic compounds by migrating
micelles towards to the opposite electrolyte. For the cationic surfactant (CTAB) used in
41

the experiment, the electrophoretic flow of micelles is in the same direction of advective
flow. The rate of advective transport ( V a is defined as the specific discharge q divided
by the porosity 9,which is driven by a hydraulic gradient and electroosmosis. The mass

of hydrocarbon per unit volume of solution cm be characterized by the concentration of

the hydrocarbons. Therefore, the mass of hydrocarbons per unit volume of porous media
is equal to the concentration of the hydrocarbons, S, times the porosity

a. The total mass

of the hydrocarbons, due to advective (hydraulic and electroosmotic) flow,
electrophoretic flow, and dispersion, per unit cross-sectional area per unit t h e are
transported in the one-dimension direction (x direction) and can be described as (Freeze
and Cherry 1979)

where
= total mass of hydrocarbons per unit cross-sectional area per unit

time in x

direction (g/cm2-s),
= average linear water velocity due to hydraulic and electroosmotic flow

( c d s )=

v +v,,

= micelle velocity due to

electrophoretic flow (cds),

= the porosity (dimensionless),

= hydrodynamic dispersion coefficient (cm2/sec),
= the

concentration of hydrocarbons in the solution (mg&),

= distance dong

flow line (cm), and

Srni,

= the concentration of hydrocarbons in the micelle solution (rnfl).

The above equation is similar to the one given by Thomas (1996a). The temu on the
right-hand side, nom the nrst term to the third terni, represent the mass transporteci by the

hydraulic and electroosmotic flow, electrophoresis, and dispersion in one-dimension
(xdirection), respectively. Since the directions of water movement due «> advection
under hydraulic and electroosmotic flow and micelie movement are in the same direction,
the signs before three ternis are positive.

The dispersion term is denved fiom Fick's £ïrst law, in which the negative sign
indicates the contamhants move fiom the zone with high concentration to the one with
low concentration (Freeze and Cherry 1979). The difference of mass entering and leaving
in the element is descnbed as (Freeze and Cherry 1979)

The rate of mass change in the element while taking into account the effect of interaction
is

Therefore, the complete conservation of mass can be expressed as

By combining equation 2.25 and equation 2.28, the modified onedhensional
advection-dispersion-adsorption equation due to the application of electricity in the
system can be expressed as

where
= the retardation factor (dimensionless),
= hydrodynamic dispersion coefficient in x direction (cm2/s),
= the sum of hydraulic and electroosmotic velocities = V + V
, (cmk),
= the velocity of micelles due to electrophoresis (cm/s),
= the concentration of contaminants in the solution (mg/L), and .
= the concentration of contaminants in the micelle solution ( m a ) .

The concentration of contaminants in the solution S is equai to the sum of
concentrations of contaminants in the aqueous S, and in the micelles Sm, expressed as
S, =S-S,

*

(230).

Rearranging equation (2.9), the relationship of the concentration of the hydrocarbons in
aqueous and in the micelle solution is showed in ternis of the concentration-based

micelle-water coefficient expressed as
Smic

=

[CTAB- lmic Sw

where
S,

= the concentration of the hydrocarbons in surfactant micelles (ma),

sw

= the concentration of the hydrocarbons in aqueous phase (ma),

Ki

= micelles-water partition coefficient (M"),
and

[CTAB-Imk= moles of CTAB in micellar foxm p a liter of solution = (Csd -JC
,

(M).

Substituting equation 2.30 with equation 2.31. the relationship of the concentration of
hydrocarbons in solution and in the surfactant micelles is s h o w in the following

The fi-action of hydrocarbons in the surfactant micelles is defined as

Substituting and rearranging equation 2.26 and equation 2.30, and takhg into account the
effect of surfactants,the modified advection-dispersion-adsorption equation can be
expressed as
*

The migration of hydrocarbon contarninants, taking into account the effect of the

presence of cationic surfactant (CTAB)and the presence of electricity, is expressed in the

modifiai advection-dispersion-adsorptionequation 2.3 1.

The modifieci advection-dispersion-adsorptionequation can be solved by
assuming the initial condition of an instantaneous source at x = O with initial mass Mo,
as

reporteci by Baetsle (1969). The contaminant concentration at a given distance x and time
t can thus be expresseci as (Baetsle

1969)

where

S

= the concentration of contarninants in the solution (mg/L),

x

= distance fiom the source (cm),

V,

= the sum of hydraulic and electroosmotic velocities = V

R,

= the retardation factor (dimensionless),

f

= the fi-action of hydrocarbon concentration in surfactant micelles (dimensionless),

i

+ V, (cmk),

electrophoresis ( c d s ) ,

v,

= @e velocity of micelles due to

D

= hydrodynamic dispersion coefficient in x

M,,

= initial mass of hydrocarbons in the systern at x = O (pg),

t

= hydrocarbons travei

t h e (s).

direction (cm2/s),

and

2.7 SPMEGC-FID anaïysis

To monitor the movement of hydrocarbon contaminants during remediation as
well as to determine the remaining hydrocarbon contaminants in the remediated soil,
automated solid-phrase microextraction (SPME)with gas chromatography (GC) coupled
with a flarne ionization detector (FTD) was used. SPME is a rapid, inexpensive,

solventless, portable, and easily automated technique to extract volatile and nonvolatile
compounds nom both liquid and gaseous samples onto the special coating on the fibre
(Chai et al. 1993;Shirey et al. 1993).
Solid-phrase microextraction (SPME) utilizes a fused-silica fibre coated with an
organic stationary phase such as polydimethylsiloxane to exhact hydrocarbons from
wntaminated aqueous or gaseous samples by exposing the fibre directly or in the
headspace over samples. The fibre is contained in a specially designed syringe to protect
the fibre between extractions. In using SPME analysis, two processes are involved, i.e.,
the adsorption of organic compounds onto a fibre fiom the samples and desorption of
concentrated organic compounds adsorbed onto the coating of fibre into gas
chromatography (GC) to be analyzed. In the nIst process, a fibre is exposed directly to
the aqueous sample or to the headspace over the sample to extract the hydrocarbons ont0
the coating. Figure 2.1 shows the fibre immersed in an aqueous sample allowing the

hydrocarbons partitionhg nom the water into the stationary phase until equilibrium has
been reached. The fibre with concentrated target organics is withdrawn into the syringe,
and automatically moved fiom the sample to a gas chromatography injector for thermal
desorption. Target hydrocarbons are then thermally desorbed from the stationary phase

into GC column to be analyzed. The detector response nom SPME-GC-FID can be

quantified by using calibration cuves, which shows the relationship between the
concentration of aqueous samples and the detector responses, to detemine the
concentration of target hydrocarbons in the sample.

needle

fibre

Figure 2.1 The fibre is exposed to the aqueous sample during extraction. The analytes
are sorbecl, to the fibre coating nom the aqueous phase in a 2-mL vial.

The arnount of analyte sorbed ont0 the coated fibre at a given time is affecteci by

three major factors: (1) the distribution constant of the analyte, (2) the volume of the
stationary phase and (3) the initial sample concentration (Sama et al. 1994). When the

analytes sorbed onto the coating reach a maximum level over the,-equilibnurn between
the concentration of the analytes in solution and the concentration in the coating of the
fibre is attained. At equiiibrium, a iinear relationship exists between the amount of

analyte sorbed to the stationary phase and the concentration of analyte in the sample. The
Iinear relationship is described by (Arthur et al. 1992a; Sama et al. 1994)

where

n,

= the

nurnber of moles of the andyte sorbed on the stationary phase,

K,

= the distribution constant of the analyte,

vs

= the volume of the stationary phase,

C,

= the initial concentration of analyte in the aqueous phase.

and

The number of moles of the analyte sorbed on the stationary phase (nJ c m be quantified
*

fiom the standard c w e , which shows the relationship of the moles of analytes injected
into GC column and its detector response. The distribution constant (Kf) increases with
the increase in rnolecular weight and boiling point of the analytes (Shirey et al. 1993).
Arthur (1 992b) reported the distribution constants of benzene, toluene, ethylbenzene, and

O-xyleneas 126,340,528, and 654 respectively by using a 56pn methylsilicone fibre.

The distribution constants & for the water-fibre system are very sirnilar to the

octanol-water partition coefficient K, when the fibre used is coated with
polydimethylsiloxane (Chai et al. 1993). Therefore, the distribution constant K,can be
predicted based on the hown octanol-water partition coefficient. The larger distribution
constant resuits in the longer equilibrium tirne, because the analytes with large
distribution constant have to diffuse more material thmugh the static layer to reach the
fibre (Arthur et al. 1992b; Chai et al. 1993). To increase the extraction efficiency and
reduce the equilibrium tirne, the sample must be agitated during extraction or modified by
the addition of salt. The pH could be changed to decrease the tirne to reach equilibrium.

AU these methods result in the reduction of distribution constant (Shirey et al. 1993).
2.7.1 Dilution protocol
In generd, remediation projects encountered in many contaminateci sites contain

free-phase or high concentrations of BTEX and PAKs (Thomas S.P. et al. 1 996b). To
determine the concentration of hydrocarbons using SPME,the solution with free-phase
concentration of contiuninants must be diluted to ensure wmplete dissolution of the
hydrocarbons. The linearity of hydrocarbon response was reported to be less than 3000
ppb (w/v)using SPME with 56-pm methyl silicone fibre (Arthur et al. 1Wîb). At higher
concentrations the response of fibre decreases and becomes nonlinear as a result of the
absorption and desorption dynamics (Arthur and Pawliszyn 1990). The decrease in the
amounts of desorption resulted fiom the change in porosity and chernical properties of the
surface of the stationary phase due to the swelling of the stationary phase by solvents.

To determine the hydrocarbon concentration using S P m , the sarnple has to be diluted to
meet the requirernent of the linear response.
The solubiiity of hydrocarbons is another factor requiring the dilution of the
sample pnor to using SPME, since the presence of other organic campounds in a solution
reduces the solubility of individual organic compounds (Arthur et al. 1 992a; Sanemasa
et al. 1987; Shirey et al. 1993; Thomas 1996a). The hydrocarbon-contarninated sites

seldom contain a single compound, wbich usually involve tens or hundreds of
contaminants which commoniy include benzene, toluene, ethylbenzene, three isomers
(para-, meta-, and ortho-) (BTEX) and PAHs. Therefore, the solubilities of

hydrocarbons in a complex mixture are reduced, which can be predicted by Raoult's law
accorciing to the solubility of individual compound and mole £?action of compounds
(Lane and Loehr 1992;Sanemasa et al. 1987; Thomas 1996a). Raoult's law is descnbed

by

where

Sm

= the aqueous solubility of a compound in the mixture ,

X,,

= the mole hction of individual compound in the mixture, and

Si

= the

individual aqueous solubility.

Pnor to using automated SPME-GC-FID to analyze the sample, the sarnple had to be
diluted to ensure al1 the hydrocarbons are dissolved in the solution. Since contaminants

in the contaminatecl sites are a mixture of many hydrocarbons, the standard solution and
mode1 diesel fuel were prepared by mixhg nine commonly encountered hydrocarbons.
There are a Lot of t h e and effort advantages in using a complex mixture compared to the
analysis of individuai compounds on the gas chromatography as well as the entire
experirnent.

The presence of co-solvent in the solution is another factor affecthg the accuracy
of hydrocarbon andysis using SPME with a po lydimethylsiloxane coating fibre.
However, Arthur (1992a) indicated the limitation of CO-solventconcentration at or below
1% in which the accuracy was not afkted. Therefore, to maintain high accuracy of
analysis, the sample must be diluted to ensure the concentration of CO-solventat or below
1% in the aqueous phase. The CO-solventsuch as acetone was introduced in the
expenment to increase the solubility of hydrocarbons. The solution with high
concentration of CO-solventmust be diluted at least by a factor of 100 to ensure the
concentration of CO-solventat or below 1% (Thomas S.P. et al. l996b).

In conclusion, the linearity, solubility, and the CO-solventeffect requires the dilution
of the sample pnor to using SPME to detemine the concentration of hydrocarbons.
2.7.2 Limits of detection

The limits of detection (LOD) and linear ranges are affected by several factors in
which the volume of the fibre coating is one of the main factors (Potter and Pawliszyn

1994). Thicker films result in a larger volume of coating and a lower limit of detection
because more anaiytes can be extracteci (Arthur et al. 1992~).In general, thin films are
used to absorb analytes with higher &values, and thick films are used to absorb the
52

analytes with lower & values (Arthur et al. 1992~).The amount of analyte extractecl is
limited by the rate of diffusion of analyte through the water (Louch et al. 1992). The
limitation of detection (LOD)c m be improved by using an agitation technique dunng
extraction (Arthor et al. 1992% Thomas 1996a). The LOD in the presence of agitation

ranged f?om 47.8-526 pg/mL rather than 117-661 pg/mL in the static solution, when the
fibre used in the expiments was coated with 1 0 0 - p polydimethylsiloxane (Thomas
1996a).
2.73 Agitation and static extraction

Solid-phrase microextraction (SPME)has been s h o w to be a fast, simple, and
low-cost method for analysis of organic compounds in water (Arthur et al. 1992b; Shirey
et al.

1993). However, the amount of an analyte sorbed to the fibre coating depends on

its solubility in water compared with its sorption onto the fiber coating (Shirey et ai.).
The extraction efficiency c m be enhanced by promoting larger amount of the
analytes to be partitioned ont0 the fibre coating or by a reduction in the equilibrium tirne.

Agitating the sample is one of enhanced methods (Arthur et al. 1992a; Arthur et al.
1992b; Arthur et al. 1992c; Louch et al. 1992; Shirey et al.; Thomson 1996a; Zhang and
~awlis& 1993). Although different agitation techniques have been available to choose
such as usuig of magnetic stir bar and sonification, they have their own disadvantage.
The use of magnetic stir bar for agitating the sample may cause the sample to lose the
vapor of volatile organic compounds to the environment (Arthur et al. 1992a: Arthur
et al.

l992b; Arthur et al. 1 9 9 2 ~Louch
;
et al. 1992; Zhang and Pawliszyn 1993). The

sonification technique is another available agitation technique to enhance the extraction
efficiency, which requires expensive equipment (Zhang and Pawliszyn 1993).

An innovative agitation technique is required. The sample carousel agitation
device (SAMCAD) was design4 in our lab as an adjustment to the Varian 8200
autosampler. It vibrated the sample carousel only when the SPME fibre was exposed to
the sample during extraction. The SAMCAD agitation technique has the potential to

enhance the efficiency of extraction response and leads to a reduction of the equilibrium
time. Two optical sensors are mounted on the autosampler to control agitation odoff
t h e to ensure agitation of the sample only during extraction. The sample carousel

agitation device is easy to work with automated extraction.

3.0 Materials and Metbods

Section 3.1 presents the methods which were used to determine the properties of
cationic surfactant (CTAB) used in this study. The properties include the criticai micelle
concentration (CMC), molar solubilization ratio (MSR),and micelle-water partition

,.
coefficient L
The soi1 remediation methods used in this study are described in Section 3.2. This
section presents the experimental set-up in the laboratory, the preparation of clay
columns, the preparation of mode1 diesel fiel, and the contamination of test columns.
The experimental methodology is also introduced, including the experimental conditions,
the measurement of severai parameters which are critical for the evaluation of the
efficiency of soi1 remediation techniques. The parameters measured include flow rate,
voltage drop and current flow, contaminant concentrations, bulk density, water content,

and pH.
In Section 3.3, a description of the solid-phase microextraction method combined
with GC and FID analysis is provided. The method for determinhg the linear response
range is developed. A method for selecting an efficient extraction technique is also
described.8
3.1 Methods for the determination of surfactant properties
3.1.1 Determination of critical micelle concentration (CMC)

The Critical Micelle Concentration (CMC) of cetyltrimethylarnmoniumbromide

(CTAB) is the concentration of surfactant at which the rate of increase of electrical
conductivity as a function of concentration is zero or proceeds at a much lower rate
5s

(Paker 1984). The CMC of CTAB was obtained by measuring the eiectncal conductivity
of the surfactant at different concentrations.
Surfactant solutions, at concentration ranging from 0% to 2.62%, were prepared

for deterrnining the CMC of CTAB. The surfactant concentrations of O%, 0.03%, 0.05%,
0.07%, 0.1 1%, 0.14%, 0.16%- 0.20%, 0.26%, 0.33%, 0.45%, 0.70%, 0.90%, 0.95%,
0.99%, 1.00%- 1,07%, l.lO%, 1.23%, 1.51%, I.72%,2.03%,2.34%, and2.62%were
obtained by dissolving h o w n masses of CTAB in 100 mi,of distilled water. The
suffactant solutions were s k e d using a magnetic stk bar for over 24 h until completely
dissolved. When the solution appeared to be clear with no residues settling at the bottom

an electrical conductivity rneter was used to measure the electricai conductivity of the
solution. When the concentration was above 0.7%, the CTAB was found to dissolve less

in distilled water at a temperature of 20°C.
3.1.2. Determination of MSR and &,

Molar solubilization ratio (MSR) and micelle water partition coefficients Ki3

are parameters that were used to detemiine the ability to solubilize BTEX and PAHs in
micelles. When the concentration of surfactant is above the CMC, there is a h e a r
relationship between the solubility of hydrocarbon compounds and the concentration of
the surfactant Edwards et al. 1991;Gannon et al. 1989; Rouse et al. 1993; Valsaraj
et ai. 1988). The solubility of hydrocarbons increases linearly with an uicrease in

concentration of surfactant solutions. The MSR was determined by kding the slope of

the [in- relationship between solubility and surfactant concentration at concentrations
above CMC.
Five CTAB solutions, at concentrations ranging nom 0, 1.37, 13.49,20 -58, and

27.44 mmoVL, were prepared to dissolve the compounds in the BTEX and three selected

PAHs. A volume of 1-6-mL each of benzene, toluene, ethylberuene, and the three xylene
isomers (BTEX)were added separately to 100-mLof solutions at five different
concentrations. The solutions were stirred for two days, to ensure the maximum
solubility of the organic compounds, after which they were poured into separator funnels.
Since densities of cornpounds in the BTEX are smaller than the density of water, fieephase compounds were found to float to the top of the solution in the separator funnels.
A 5-mL aliquot was taken fiom the bottom of each separator funne1 to determine the

solubility of hydrocarbons in surfactant solution. Prior to the analysis of the solution, the
aliquot was diluted by 100 times. An aliquot of 1.5-mL of diluted solution was taken
and placed in a 2-mL screw-cap via1 for SPME-GC-FID anaiysis. The MSRs, of the
compounds in BTEX,was obtained by calculating the dope of the linear relationship
between the solubility and surfactant concentrations.
Similar tests were also carried out with 0.8 g each of naphthalene,
2-methylnaphthalene, and phenanthrene. The solution was stirred for two days as before.
Since the densities of PAHs are slightly higher than the density of water, fiee-phase

hydrocarbon compounds settied to the bottom of the flasks. An diquot of 5-mL
containing the dissolved hydrocarbons was taken nom the top of the flasks and diluted
100 times before SPME-GC-FID analysis.

The effect of micelles on solubility of organic compounds c m also be
characterized by the micelle-water partition coefficient (K,,,,J.

Equaîion 2.7 was used to

calculate GiC
from MSRs.

3.1.3 Preparation of surfactant solution for soil remediation

-

The suffactant used in this remediation experiments is cetyltrimethylammonium
bromide (CTAB) with a critical micelle concentration of 0.9 (mmol/L). The
concentration of CTAB solutions used in the surfactant-enhanced remediation is 1S %.
The surfactant solution was flushed through three hydraulic and three electrokinetic
hydrocarbon-con-ated

clay columns.

The solution with 1.5% concentration was prepared by adding 1.5g of CTAB into
100 mL of distilled water. The solubility of a surfactant in water increases with

increasing temperature in a similar way to most organic molecules (Porter 1991).
Therefore, the solution was slightly warmed to reduce the dissolving time and to ensure

CTAB was completely dissolved in distilled water. The above steps were replicated to
prepare 3 L of surfactant solution needed during the course of this experiment.

3.2 Soi1 remediation experiments
3.2.1 Experimental set op for soil remediation

The laboratory set-up for remediation of hydrocarbon-contarninatedclay columns
included six specially designeci g l a s columns,a constant hydraulic head supply device, a
flow-rate measuring system, a DC power supply, and a voltage measuring system. The

voltage measuring system designed in our lab consisted of a data acquisition system
controlled by a computer, a voltmeter, and a 24-channei multiplexer shown in Figure 3.1.
The clay soil was packed into 30-cmlong, 5.08-cm O.D.,4.76-cm I.D. (cross
sectional area 17.8 (cm2))giass columns, which were specially designed in our lab.

During soil remediation experiments, six clay columns were used simultaneously to
evaiuate the efficiency of various soil remediation techniques. Three of them were
subjected to water flushhg treatment or surfactant flushing, referred to as hydraulic
columns. The other three columns were subjected to water flushhg or surfactant flushing
coupled with electrokinetic treatment, refmed to as electrokinetic columns. The
electrokinetic remediation was achieved by applying a low-level DC electrical potential
gradient across the length of the column. The g l a s columnç, packed with clay soils, were
placed between two Teflon-backed plexiglass endcaps which were held together with 3
stainless steel tie rods. Thin nylon mesh and g l a s beads were used to separate the clay
soils fiom the endcaps as shown in Figure 3.2. During the soil remediation experiments,
the six columns were mounted in the horizontal position on a wooden rack.
The glas column had two rows of ports made by fusing 2-mL screw cap vials
along the length of the column. One row of ports, referred to as current and voltage drop
monitoring ports, consisted of eight ports placed 3-cm apart starting at 4.5 cm from the
end of the column. The other row of ports, referred to as sampling ports, consisted of five

ports iocated at 2,8.5, 15 , 2 1.5, and 28-cmfiom the end of the column.
The voltage measuring ports had platinum electrodes that were connected to a
voltage measuring system to record the current 80w and the voltage drop along the length
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electrokinetic column

Figure 3.1 Laboratoxy set up for soi1 remediation.

of the columns during soil remediation. The sampling ports were used to obtain pore
water samples for monitoring the movernent of organic compounds in the contaminated
columns during soi1 remediation. The contaminateci pore fluids were analyzed by

SPME-GC-FID.

sampling ports

Tefion

hyd rocarbon-contaminated

m&h

glass beads

\

voltage
drop ports

measuring
voltage drops

Figure 3.2 Test clay soils packed in the glass column.

An inverted carboy placed over a cylindrical container was used as the constant

hydrauiic head device. The cylindrical container had six separate tubes attached on its
vertical w@i which supplied the water or surfactant solutions to the sample at a constant
hydraulic gradient. The level of the water in the cylindrical container was used as a
reference to measure the applied hydraulic head.
The flow rate measuring system consisted of a flask connected to the outfiow end

of the column as shown in Figure 3.1. The effluent was collected in a flask over time for
each of columns during remediation. Therefore, the flow rate can be calculated by

dividing the volume of the effluent by the time of the collection. The flask had mbber
stoppers with two holes, one of which was used to connect the outflow tube fiom the
clay column and other was used to balance the air pressure with the atrnosphere. The
outnow tubes were made of Teflon. A mal1 diameter tube was chosen to balance the
inside and outside air pressures. Since this tube had a small diarneter, the vapor loss from
the effluent codd be neglected.
A BK Precision DC Power Supply 1610 was used to apply a constant voltage

gradient on the test columns. In the experiment, 0.5 1-mm diameter platinun wire was

used as electrodes to apply the voltage drop across the ends of the electncal columns.
Platinum wire was also used to measure current and voltage &op along the length of the
columns.
The current and voltage measuring system consisted of a voltmeter, a 24-channel
multiplexer, a data acquisition system controlled by a computer program. The 24-cha~el
multiplexer is the device to control channel switches for voltage drop and current
measurements during soi1 remediation. Voltage odoff time on three electrokinetic
coiumns were controiled by channels 1,9,and 17. Channels 8, 16'24 were separately
used to measure the voltage &op over a 1000 ohm resistor on each electrokinetic column.
The current in the column was then determined based on Ohm's Law. The remaining
channels were used to measure the voltage drops along the colurnn. ï h e 24-channel
multiplexer and the data acquisition system were controlled by a computer prograrn

(Thomas l996a). The voltmeter used in the experiment was a Hewlett Packard 34410A.

3-22Preparation of the test columns
3.2.2.1 Preparation of the clay columns

The clay soils used in the water flushing and water flushing coupled with
electrokinetic treatments were provided by Manitoba Hydro. They. were identified as

Pine Falls: Forebay PF009, SecYA',S-3, S-4, S-6, S-7; Forebay PF009,Sec'B', S-7;
Forebay, PF009, Sec'C', S-1, S-2; Forebay, PFOl1, Sec'C', S-6.
The dry bdk density of each of the cores was detemiined. Clay cores were placed
separately in 600-mLlabeled beakers and oven dried at 105°C for over 24 hours. After

oven drying, the beaker with the clay core was cooled in a desiccator to prevent moisture
gain fÎom the atmosphere. The volume of the clay cores were calculated fiom measured
dimensions. The dry bulk density and water content (w/w) are calculated using

dry bulk density

=

(Wt. oven dried clay + tare) - tare
volume of clay

After m e a s u ~ g
the dry bulk density of each of the cores, they were ground into particles
small enough to pass through 60 - 100 mesh sieve. Distilled water was then added to the
*

mixed clay soi1 until it became a paste with a water content of about 60%. The clay paste

was spooned into the g l a s columns, held vertically on a stand, over a nylon mesh that
was used to separate the clay fiom the glass beads. To minimize air entrapment in the
columns and to ensure a uniform buik density, a tamping tool was used to slightly tamp
the soi1 d o m during packing of the clay columns. Since gas is produced at the anode and

cathode during electrokinetic remediation, g l a s beads were placed between the endcap
and the first sampling port on either side of the columns to allow the gas to escape.

The clay soil used in the surfactant flushing experiments was obtained fiom a
construction area located near the agriculture building at the Unive~sityof Manitoba. The
dry bulk density of the clay fiom near the agriculture building was calculated using

equation 3.1. Prior to packing the columns with this clay soil, it was tested for
hydrocarbon contamination and pH. This clay soil was not found to be contaminated by

BTEX and selected PAHs (naphthalene, 2-methyhphthdene, and phenanthrene). The
porosity of the clay soil was 62% which was simüar to that of the one fiom Manitoba
Hydro. Both porosities, fkom Manitoba Hydro and fkom the construction area at the
University of Manitoba, were found to be in the typical porosity range of 40-70% for clay
soils (Freeze and Cherxy 1993).

3.2.2.2 Mode1 diesel fuel composition
Petroleum hydrocarbons are one of the most fiequent sources of groundwater and
soil contamination. Among petroleum products, diesel is one of the most common
petroleum products, composed of hundreàs hydrocarbons generally in the range of C,,
through C,,(Kostecki and Calabrese 1993). Although diesel is a complex mixture of
hundreds of hydrocarbons, depending on the refining method and feed and blending
stocks, the majority of the mixture is composed of aliphatic hydrocarbons and aromatic
compounds such as BTEX,naphthalene, 2-methylnaphthalene, and phenanthrene. BTEX
is a mixture of benzene, toluene, ethylbenzene, O-xylene,p-xylene, and m-xylene.

The composition of the model diesel fiel, including BTEX and three common
PAHs (naphthalene, 2-methylnaphthalene, and phenanthrene), matches a typical mixture
of diesel fuel and is listed in Table 3.2. The selected composition is based on the average
concentrations of the respective wmpounds found at diesel contaminated sites (Kostecki
and Calabrese 1993). The BTEX was chosen because they are somewhat soluble in

water, highly mobile in the environment, and represents the rnost volatile and soluble
components of diesel. Naphthalene, 2-methylnaphthaiene, and phenanthrene were chosen
because they are prevalent in diesel, and represent the heavier or less volatiie components
of diesel. In addition, BTEX and naphthalene, 2-methylnaphthalene, and phenanthrene
are also known animal carcinogens (Kostecki and Calabrese 1993).
Table 3.1 Composition and properties of model diesel fuel
Compound

Concentration Solubility

Specific

Molecular

Graviîy

Weighî

benzene

@~m)
500
82*

toluene

500

ethylbenzene

(ppm)

Solubility

1750

0.87

78.1 1

@pm)
1159

800*

515

0.87

92.14

40 1

500

800*

152

0.88

106.17

175

p-xylene

500

800'

198

0.86

106.17

138

m-xylene

500

800f

158

0.86

106.17

135

O-xylene

500

800*

152

0.88

106.17

160

naphthalene

2000

2,730*

30

1.15

128.18

106

2-methylnaphalene 6000 6,700*

25

1.01

142.20

94

phenanthrene
1500 1,500*
1
1.18
178.24
From: (Knox et al. 1993); * From: (Kostecki and Calabrese 1993)

1

+

The model diesel fuel was prepared by adding 5.8 pL each of benzene, toluene,
ethylbenzene, O-xyiene,p - ~ l e n e m-xylene,
,
20 mg of naphthalene, 60 mg of
2-methy lnaphthalene, and 15 mg of phenanthrene into 100 mL acetone. The acetone was

chosen as a w-solvent because ail of the above organic compounds are miscible with
acetone and acetone itself is miscible with water.

3.2.23 Contamination of clay columns with the model diesel fuel
Prior to conducting the model remediation experiments, the clay columns, both
hydraulic and electrokinetic, were contaminated by adding 10 rnL of mode1 diesel. The
first voltage drop port of each column near the anode at the inflow end was used for the
injection of the model diesel by syringe. To minimize the cracking and physical
disturbance of the clay soils, the model diesel was slowly injected over two hours.

3.2.3 Experimental methodology
3.2.3.1 Water-flushing experiments
In water flushing and water flushing coupled with electrokinetic remediation, six
columns contaminated by the model-diesel fuel were used sirnultaneously. Three of them
were remediated ody under the influence of an applied hydraulic gradient, referred to as
hydraulic columns. The other three were remediated under a hydradic gradient coupled
with the application of an electrical potential ciifference, referred to as electrokinetic

columns. To ensure a similar water flow, al1 six clay columns were placed in the
horizontal orientation on a rack and were flushed with distilled water under a hydraulic
gradient of 2.8 for several weeks

A constant low-level voltage potential difference of 7.5V was applied to the

efectrokinetic columns. The anode was located at the inflow end of the column, which
facilitated the electrophoretic flow of positively charged micelles, electoosmotic flow,
and hydraulic fiow in the same direction tovmds the cathode at the-outflowend. During
the electrokinetic remediation, oxygen and hydrogen were k i n g produced at the anode
(inflow) and cathode (outfiow) electrodes, respectively. If the gases produced at the
electrodes were allowed to accumulate in the clay columns, the gases would generate
enough back pressure to retard water flow and thus reduce the efficiency of remediation.
The hydrogen gas produced at the cathode could be released by opening the last sample
port (near the cathode) to the atmosphere directly. Water did not flow out through the last
sample port because of the low hydraulic head at the cathode end. Releasing the gas
produced at the anode was found to be difficult because of the hi& hydraulic head near
anode end. Therefore, a long vertical tube was comected to the first sample port located

near the M o w end of the column allow for gas egress as shown in Figure 3.1.
To monitor the movement of hydrocarbons during remediation, the pore fluid was
sampled at each sampling port dong the length of the column and anaiyzed by

SPME-FIQ-GC once every three days. The voltage &op and curent in each
electrokinetic column were rneasured every 15 minutes. After the experiment had been
allowed to run for 55 days, al1 six columns were disconnected. The soi1 sarnple was
cooled in a refkigerator overnight and the sample was pushed out f?om the glass column

and segmented for SPME-GC-FIDanalysis. This was done to determine the remaining

hydrocarbons in the clay sample and thus evaluate the efficiency of the soil remediation
techniques.

3.23.2 Surfactant-flushing treatments
Six columos, three hydraulic and three electrokinetic, were flushed with a
surfactant solution, made with 1.5% (w/w) of CTAB,under a hydraulic gradient of 2.8.
A constant voltage of 7.5V was applied to the electrokinetic columns.

The anode was located at the inflow end of column. During the remediation,
oxygen and hydrogen were produced at the anode (inflow) and at the cathode (outflow),
respectively. The method used to release the gases was the same as the one in the water
flushing experiments. During the soil remediation, pore fluid was sampled nom the

sample ports. The voltage drop and curent were measured fiom the voltage-drop
measurement ports. Effluent was collected to masure the flow rate through the columns.

The electrical conductivity and pH of the effluent was also measured. The experirnent
lasted 53 days after which the samples were sectioned for the extraction of the
hydrocarbon cont;uninants. A summary of water-flushhg and sdactant-fluhing
experirnental conditions is s h o w in Table 3.3.
3.2.4 Flow rate measurement

The flow rate is one of the critical parameten that is needed to evaluate the
efficiency of soil remediation techniques. The flow rate of each column, in either water
flushing or surfactant flushing with or without the application of electrical potential
gradient, was measured by collecting effluent volume over t h e . The efnuent was
collected in a graduated flask, as shown in Figure 3.1, which had a specially designed cap

to minirnize the evaporation of the effluent.
3.2.5 Monitoring contaminant movement

Pore water samples were collected nom the columns to monitor the movement of
hydrocarbons in the soi1 columns during the experiments. Solid-phase microextraction

(SPME)with gas chromatography (GC)coupled with a flame ionization detector (FID)
was used to determine the hydrocarbon concentration in the pore water samples. The

pore liquid was sampled and analyzed every three days. In hydraulic columns, the pore
Table 3.2 Summary of the experimental conditions

Conditions

Hydradic

Voltage

% CTAB

Test time

gradient

applied (V)

(w/w)

(daYs)

WW

Water

flushing

2.8

Diesel injected

10 rnL of BTEX
O

O

55

and PAHs

IO rnL ofBTEX

Water

flushing with

2.8

7.5

O

55

and PAHs

voltage

10 mL of BTEX

CTAB

flushing

2.8

O

1.5

55

and PAHs

2.8

7.5

1.5

55

and PAHs

*

CTAB

flushing with
voltage

liquid codd be sampled from each sampling port, except one sarnpling port closer to the
outflow end near the cathode. For electrokinetic columns, the pore liquid was sampled

starting from the second sampling port, because the first port was used to release the
gaseous oxygen produced at the anode. In the sampling port near the outflow end, no

pore Liquid was sampied fkom the column.
Since the amount of pore fluid in the sampling ports was low it was difficult to
collect fkom the sampling ports. Since clay particles clogged the needle of the syringe,
the syringe was found to be unsuitable for collecting the pore fluid directly. To solve the
clogging problem encountered, a g l a s tube was used to create a cylindrical cavity at each
sampling port in the clay column. At the end of each sampling, distilled water was filled
into the openings and dlowed to corne into equilibrium with the surroundhg pore fluid.
Since the volume of pore fluid available for removal from the ports was different the
samples were diluted based on the volume withdrawn prior to SPME-GC-FID analysis.

3.2.6 Sectionhg of the columns for contaminant analysis
After soi1 remediation, the columns were disconnected, sealed at both ends and
chilled in a renigerator at 4OC for a day. The clay core was then pushed out of the anode
t

end of the glass column. The length and diarneter of the clay core was 26 cm and

2.54 cm, respectively. The clay core was cut into nine equal segments by using a piece of
dental floss. Each segment was individually mixed thoroughly to distribute the
contaminant u n i f o d y within each segment. However, this was done quickly to prevent
evaporation of the contaminants. Two samples of clay, each weighing 5.0 g, were taken

fiom the mixed clay segment and placed into 25-mL viais separately and stored in a deep
freezer (-2O0C)until extraction was performed. The rernaining portion of each clay
segment was used to determine the gravimetnc water content and pH. The gravimetric

water content is given by
water content =

(Wt.of wet clay + tare) - (Wt.of oven dried clay + tare)
x 100% (32).
(Wt. of oven dried clay i tare) - tare

An extraction procedure was developed to extract the analytes fiom the clay

samples pnor to analysis. A 10 rnL volume of acetone was added to the 5 g clay sample

contained in the 25-mL vial. The vial was then sealed with a Teflon-lined screw cap to
prevent the loss of hydrocarbons during the extraction pmcedure. The sample was then
vibrated by a wrist-action shaker for 3 h. Prior to decanting the supernatant part of the
extract fiom the IO-mL vial, the sample was set without agitation to allow the clay
particles to settle down. The extract was diluted with HPLC grade water by a factor of
100 to meet the concentration limit of the CO-solvent.Pnor to analyzing the sample, the
diluted solution was stirred with a magnetic stir bar to obtain a homogeneous distribution.
Three 1.5 mL diquot replicates were taken fiom the diluted solution and placed in 2-rnL

vials for sPME analysis.
3.2.7 Electrical conductMty measurement
The conductance is defined as the inverse of resistance and its unit is given in ds
(Parker 1984). A YS1 mode1 32 conductance rneter was used to measure the conductance

of a solution. The conductivity, used to express the ability of a solution to conduct
electrical current, can be given by the conductance reading (ds) multiplied by the ce11
71

constant of the conductivity ce11 (I/m or I/cm). Therefore, the unit of conductivity is
given in ds/m or ddcm.
3 3 SPME

3.3.1 Standard solution preparation
A standard solution was used to determine the calibration curve, sorption-time

profiles, and standard curve. The standard solution was prepared by adding BTEX
(benzene, toluene, ethylbenzne, p-xylene, O-xylene, and m-xylene) and three selected
polycyclic aromatic hydrocarbons (naphthalene, 2-methylnaphthalene, and phenanthrene)
to acetone. This mixture was stirred using a magnetic stirrer for 12 h. The hydrocarbon
and acetone mixture was then diluted to. rneet the requirements of linearity, solubility, and
the concentration limit of the CO-solvent.The acetone was chosen as a CO-solventto
ensure al1 the hydrocarbons dissolved completely h o the solution. The solution was then
diluted at least by a factor of 100 to ensure the concentration of the acetone at or below
1%.

The standard solution was prepared by adding 58 rnL each of BTEX and 5 mg
each of naphthalene, 2-methy lnaphthalene, and phenanthrene into the acetone. The
solution v)as stirred using a magnetic stir bar over half a day to obtain a homogeneous
solution containing 500 pprn BTEX and 50 ppm PAHs. The solution was then diluted

with HPLC grade water by at least a factor of 100 to meet the requirement of the
concentration limit of the CO-solvent.

3 3 3 Determination of üaear response b i t s

Various concentrations of standard solutions ranghg fiom O to 50 pprn of BTEX
and O to 5 ppm of PAHs were prepared to determine the linear responses of SPME with
gas chromatography (GC) coupied with a flame ionization detector. The solutions with

5000 pprn of BTEX and 500 p p m PAHs in acetone were prepared and diluted with HPLC
grade water by factors of 1O0 000,50 000,20 000,10 000,s 000,2 000, 1 000,500,200,
and 100, in which the maximum concentration of CO-solventwas at or below 1%. Three
1-4-mL aliquots of the solution were taken and placed into 2 - r d screw cap vids with

silicone Teflon-backed septa for SPME-GC-FID analysis.

The adsorption and desorption time in the procedure were 30 and 2 minutes,
respectively. The 2-minute desorption tune was chosen based on the results from
prelirninary experiments showing the FID responses of 2-, IO-, and 15-minute desorption

in the GC column which showed no significant difference. Therefore, the 2-minute time
was chosen to desorb the analytes fiom the fibre coating into the GC column for analysis.

The 30-minute was chosen as the extraction time, because most selected hydrocarbon
compounds in the model diesel fuel seem to reach equilibrium within 30 minutes (as
shown in Figure 4.8 and Figure 4.9). AIthough some selected polycyclic compounds
reach the equilibrium in around 45 min, the response of those compounds at 30 min was
not significantly different from the response at 45 min in the application of the agitation
extraction. Therefore, the extraction time was chosen as 30 min,taking into account the
effects of the equilibrium and exposure time.

3.33 Static and agitation extraction sorption-time profdes

The static and agitation extraction sorption-time profiles were developed to
determine the efficiency of static and agitating extraction methods during the

SPME-GC-FID d y s i s . The sorption-time profiles were developed with extraction
times up to 60 min for benzene, toluene, ethylbenzene, three xylene isomers, and three
PAHs (naphthalene, 2-methylnapthalene, and phenanthrene). The desorption t h e was
2 min during thermal desorption in GC. From the sorption-time profile, the equilibrium
time can be obtained for both static and agitation extraction.

In addition, the detector

responses fkom the static and agitation extractions can be compared. Therefore, the more
efficient extraction technique can be detennined based on the equilibrium time and the
detector response.
A standard solution containing 500 ppm BTEX and 50 pprn PAHs in acetone was

prepared and diluted with HPLC grade water by a factor of 1000 to obtain the solution of
0.5 ppm BTEX and O.OSppm PAHs. Six 1.4-mL aliquots of samples with a concentration

of 0.5 ppm BTEX and 0.05 ppm PAHs were taken and placed into the vials for

SPME-GC-FIDanalysis. Three of the viais were agitated during extraction while the
other three were exîracted without agitating the solution. To obtain sorption-time
profiles, extraction times were chosen as 1,5, 10, 15, 30,45, and 60 min for both static

and agitation extractions. The desorption time was chosen as 2 min.

3.3.4 Calibration curve and standard curve

The calibration c w e s for BTEX and PAHs were developed only using agitation

extraction because of the efficiency of this method. A solution containing 5 000 ppm of

BTEX and 500 ppm of PAHs in acetone was prepared and diluted with HPLC grade
water by factors of 100 000,50000,20 000, 10 000,5 000,2 000, 1 000,500,200,and

100. Three 1.4-mL aliquots were taken from the above diluted solution and placed into
2-mL screw cap viais with silicon Teflon-backed septa for SPME-GC-FIDanalysis.
The standard curve was developed to calculate the number of moles of analyte in
the test sample. The various concentrations of the standard solutions prepared in acetone
ranged fiom 5 000,4 000,3500,3 000,2 750,2 500,1400,900,500,395,to 250 ppm
of BTEX and PAHs. A disposable syringe was used to take 1 pL from the above
solutions and directly injected into the gas chromatography for analysis. Three replicate
injections were done for each of the above solutions.

3.3.5 Analysis of hydrocarbons by using SPMEGC-FID
To determine the hydrocarbon residues in the remediated clay soil, and monitor
the movement of hydrocarbons during soil remediation, SPME-GC-FID was used. The
hydrocarbons in the aqueous sample were extracted by a 100-pm poolydimethylsiloxane
fibre. The hydrocarbons sorbed on the fibre were thermaily desorbed in a gas
chromatography (GC) column. Al1 separations were done using a Varian 3400 gas
chromatography (GC)equipped with a flame ionization detector (FID). The separation
was conduced using a Supelco 30-m x 0.32-mmLD.carbon-layer open tubular (CLOT)

coiurnn. The FID was operated with He carrier gas plus rnake-up gas at a flow rate of 30
W m i n , air at 300 rnL/min, and H, at 30 mUmin.

The detemiination of hydrocarbon residues in these experirnents was performed
with 30 min of adsorption of atialytes fiom an aqueous sample and-2 min of thermal
desorption into the GC column. The temperatures nui as follows: detector of 250 'C;
injector of 200 'C; column 40 'C (hold 2 min), 5 *C/minto 22OgC,2 'C/min to 280 'C,
hold 2 minutes.
3.4 Experimental materials

Nine hydrocarbon compounds and one CO-solventwere used in these expenments.
Benzene and ethylbenzene were purchased fiom Caledon Laboratories, Inc., Georgetown,
Ontario, Canada Naphthalene (catalog No. 18,450-O), 2-methylnaphthalene (catalog
No. M5,700-6), phenanthrene (catalog No. P 1, 140-9), p-xylene (cataiog No. 29,633-3),
m-xylene (catalog N0.29~632-5),O-xylene(cataiog No. 29,588-4), and
cetyltrimethylammonium brornide (CTAB) (cataiog No- 85,582-0) were obtained boom
Aldrich Chemical Company Inc., Milwaukee, Wisconsin, USA. HPLC grade water was
purchased fiom Mallinckrodt, ChromAR, Paris, Kentuciq, USA. Toluene (catalog No.
GD-9165)and acetone (catalog No. GD-1050) were obtained from Anachernia, Toronto,
Ontario, Canada).
The fibre coated with 100-pm polydimethylsiloxane used for the solid-phase

microextraction (SPME)was obtained fiom Supelco, Bellefonte, Pemsylvania, USA.
Disposable 1-mL syringes were obtained kom B-D (Fisher Scientific Co., catalog
No. 14-823-2F). The pH 7.00 buffer solution was fkorn Mallinckrodt Specialty Chemical
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Company (Lot 0098 KMDB) and the 4.63 buffer solution was nom Fisher Scientific
Company (Lot 704100).

4.0 Resnlts and Discussion

Since it is important to understand the properties of the surfactant before it can be

used in soil remediation, many laboratory rneasurements were done. Section 4.1
describes the results of the experiments carried out to determine the surfactant properties.
The efficiency of soil remediation is ascertaineci by analyzing the clay columns for
hydrocarbon residues after a penod of remediation treatment. Since a new analytical
technique, SPME-GC-FID, was used to analyze the soil for residues, more experiments
were carried out to test the analytical methods. The results of these tests are presented in
Section 4.2. Finally,Section 4.3 presents the residud hydrocarbon remaining in the clay
columns at the end of the 50-day remediation period.
4.1 Surfactant properties

The properties of the surfactant presented here include the critical micelle
concentration (CMC),molar solubilization ratio (MSR), and micelle-water partition
coefficient (Kmi& This section develops the relationships between the solubility of
hydrocarbons as a huiction of octanol-water partition coefficient K,) both in the
aqueous phase as well as in a surfactant solution. The micelle-water partition coefficient
as a'fiinction of K, is also presented. In addition, the organic carbon-water

partition coefficient &J was calculated. The modified retardation factor (R) was
determined to account for the effect of micelles in solution.
4.1 -1 Critical micelle concentration (CMC) of CTAB

The critical micelle concentration (CMC) was determined as the concentration at

which there was a change in the rate of increase of the electrical conductivity. Figure 4.1
shows a bi-linear response of electricai conductivity with an increase in the concentration
of the surfactant. The cntical micelle concentration, concentration of surfactant at the

intersection of the bi-linear line, was found to be 9.0

x

104M (0.03%) for the CTAB.

This experirnentally deterrriined CMC of CTAB is very close to the one reportai by
04M and 36 1
Soma and Papadopoulos (1997) and Kile and Chiou (1989) which are 9.2~1

mg/L (= 9.9

x

104M), respectively. Since the value of CMC of the surfactant is

temperature dependent, the cnticai micelle concentration (CMC) was also determined at
the room temperature of 20°C.
4.1.2 MSR and

Ki=

The individual solubility of selected compounds was measured in the aqueous
phase and in surfactant solutions at CMC. The solubility, shown in two different units, is

listed in Table 4.1. The solubility in the unit of mg/L was measured from the experiments
in both aqueous phase and surfactant solution. The solubility in the unit of mmoVL was
calculated. BTEX shows higher apparent solubility in either water or surfactant solution
at CMC compared to the selected PAHs. Among hem, benzene shows the highest
*

solubility followed by toluene, ethylbenzene, and the three isomers. Of the nine
hydrocarbons of interest, phenanthrene shows the lowest solubility, even in the presence
of a surfactant solution at CMC. TabIe 4.1 also shows that the solubilities of individual
hydrocarbon compounds are increased in the presence of surfactants at the CMC.

Concentration of Surfactant ( x IO4 M)

Figure 4.1 The critical micelle concentration (CMC) of CTAB is the concenhation of

surfactant at the intersection of the bi-regression lines. The CMC is 9.0 x IO4 M.

Table 4.1 Experimental M S h and micelle-water partition coefficients of CTAB

Compounds

Aqueous solubility

Solubility at CMC MSR

?

log Kic

benzene
toluene
eâhylbenzene

p-xy lene
m-xylene
O-xylene
naphthalene
2-rnethylnaphthalene

phenanthrene

The enhanced apparent solubility in the presence of a swfactant solution at the

CMC was contributed by the effect of micellar solubilization. The solubility of selected
hydrocarbons linearIy increased with increasing surfactant concentrations above the CMC
as shown in Figure 4.2. The higher 9 values indicate that rnost of the compounds showed

very strong h e a r relationships between the solubilities of hydrocarbons and the
concentradons of swfactant CTAB.
To detemine the effect of the presence of micelles on solubility, the molar
solubilization ratio (MSR)is used. The apparent solubility of hydrocarbon increases with
increasing concentration of a surfactant. Figure 4.2 shows linear relationships behveen
the solubility and surfactant concentrations above CMC. The dope of each regression

line indicates the molar solubilization ratio (MSR) of individual BTEX and selected
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Figure 4.2 The MSRs are indicated by the slopes of the regression lines.

PAHs (naphthaiene, 2-methylnaphthalene, and phenanthrene) is presented in Table 4.1.
Arnong the nine selected hydrocarbons, ethylbenzene has the highest MSR followed by
benzene, naphthalene, the three xylenes, toluene, and phenanthrene. Based on the MSR,
the surfactant-enhanced remediation may be more efficient for the ~emovalof
ethylbenzene and benzene compared to remediation without the surfactant.

The micelle-water partition coefficient &c) is another common approach for the
evaluation of surfactants in solubilizing hydrocarbons. The micelle-water partition
coefficient c m be calcdated by equation 2.7 based on the calculated MSR. The
for the nine selected
calculated values of micelle-water partition coefficients (log Li=)
hydrocarbons are also presented in Table 4.1. With an increase in Li=
of the
hydrocarbon, the hydrophobicity also increases. Therefore, benzene and toluene with a
are more hydrophilic compared to the three selected PAI-Is, with a higher L,,.

lower ,&I

4.13 Relationship between solubility and K,,,

The octanol-water partition coefficient (K0Jused to evaluate the hydrophobicity
of hydrocarbons is another parameter that is available in the literature. The linear
relationship behveen K, and solubility in the aqueous phase as well as in the surfactant
solution are shown in Figures 4.3a and 4.3b7respectively. The regression line (8 = 0.89),
representing the relationship between the K, and the aqueous solubility is given the
equation

where

(a)

Figure 4.3 The relationships between the octanol-water partition coefficients and

solubility (a) in an aqueous phase (b) in the surfactant solution at CMC.

sw

= solubility of the hydrocarbuns in aqueous phase (mg/L),

and

= octanol-water partition coefficient (dimensionless).

In addition, the linear relationship (3 = 0.91) between the hydrocarbon solubility in the
surfactant solution and the K, is given by

log S a n s =

- 0.4772 log Koar + 4.0 1O5

(4-2)

where
S,

= solubility of a hydrocarbons in surfactant solution (mfl),

Kw

= octanol-water partition

By using the

and

coefficient (dimensiodess).

of organic compounds available in the literature in equations 4.1 and

4.2, the solubilities cm be predicted. Table 4.2 lists the octanol-water partition
coefficient (nom the literature), the solubility (from the literature), the measured
solubility, and the solubility predicted ushg equations 4.1 or 4.2.
A cornparison of solubilities obtained by experiment, from the equations, and

fkom the literature shows that the values of solubility are very similar. Therefore, if the
*

K,,, of a hydrocarbon compound is known, the two equations can be used to predict the
solubility of hydrocarbons in either aqueous phase or in the surfactant solution. Since the

Lw
for many organic compounds are available in the literature, the solubility of an
organic compound can easily be calculated by the above two equations.

Table 4.2 Summary of Solubility (S) and K,
Compounds

Log Solubility (mg/L)

Log &wtf

At CMC

Aqueous

I

*

experiment

predicted

experiment predicted

benzene
toluene
ethylbenzene
p-xyIene
m-xylene
O-xylene
naphthalene
2-rnethylnaphthalene

phenanthrene
-

-

-

*From Knox er al. 1993
4.1.4 Relationship between Ki=
and K,

The relationship between the micelle-water partition coefficient (LJ,
determined

in Section 4.1.3, and the octanol-water partition coefficient K,), available from the
literature, is shown in Figure 4.4. The hydrocarbon compounds shown in Figure 4.4
include benzene, toluene, ethylbenzene, three isomers (para-,meta-, ortho-), naphthalene,
*

2-methy lnaphthaiene, and phenanthrene. The resdts show a strong linear relationship (?
= 0.96) exists between &
,

where

and GW
with the equation

Figure 4.4 The relationship between the micelle-water partition coefficients of CTAB,

fiom the experiments, and the octanol-water partition coefficients, fiom Knox et al.

(1 993).

= mole fhction-based micelle-water partition coefficient (dimensionless), and

&,,

= the octanol-water partition coefficient (dimensionless).

The calculateci KM+ h m MSR experiments as s h o w in Table 4.2,-and predicted &,,

h m equation 4.3, are listed in Table 4.3. Table 4.3 also lists the octanol-water partition
coefficients of BTEX and three selected PAHs obtained £kom the literature.
Table 4.3 The micelle-water partition coefficient K i 3 and the octanol-water partition

coefficient KW)

CO~POU~~S

h g kit

Log Kov
(Knox et al. 1993)

Ex~ehents

Predicted
--

benzene

2.12

3.30

3.39

toluene

2.65

3.59

3.69

ethylbenzene

3.13

3.96

3.95

p-x ylene

3.18

4.05

3.98

m-xy lene

3.20

4.03

3.99

naphthalene

3.36

4.12

4.08

-

4.1.5 The relationships between K,,, and sotubüity and between K, and Ka,

A nmber of empirical expressions have been proposed to describe the relationship
between the organic carbon-water partitioo coefficient Ok) and either the octanol-water
or the water solubility (S,). The various expressions result
partition coefficients (kW)
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fkom the use of different chernicals and materials such as different soils (Lyman 1992).

The relationship between the organic carbon-water partition coefficient K, and the water
solubility S, is given by Kenaga and Goring (1980) (Domenico and Schwartz 1990)

where

K,

= organic carbon-water partition coefficient &/kg), and

sw

= water solubility (mg/L).

The aqueous solubility, which expresses the hydrophobicity of the hydrocarbons, of
individual BTEX and three selected PAHs were measured. Another parameter used to

measure the hydrophobicity of the hydrocarbons is the kW.
To establish a relationship
between K, and I$,, equation 4.1 and equation 4.4 can be combined to develop a linear
relationship given by

log K, = 0.63 logK,

+ 054

where
8

K,

= the organic carbon-water partition coefficient (L/kg),

K,

= the octanol-water partition coefficient (dimensionless).

and

The K., values for most organic compoundç range fiom 10-3to 10' (Kostecki and
Calabrese 1993). Hydrocarbons with low kW
values (40) are considered hydrophilic

with higher water solubilities and lower distribution coefficients. Hydrocarbons with high

K.,,, values (>IV) are very hydrophobie with low water solubilities and high sorption
coefficients (Charabeneau et al. 1992). The solubility values for BTEX and selected
PAHs Iisted in Table 4.4. are predicted h m K, which is a key parameter that is used to
evaluate the fate of the hydrocarbons in the environment (Charabeneau et al. 1992).
When surfactants, especially at concentrations above CMC,are present in the soil

and water system, the amount of hydrocarbons sorbed ont0 the soil surface is greatly
reduced and the apparent solubility of hydrocarbons in the aqueous phase is dramatically
increased. Such phenornenon results in a reduction of &,and as a result the K, must be
modified in the presence of surfactants in water.

From the micelle solubilization experiments, the solubility of the hydrocarbons
was measured in the surfactant solution with concentration at CMC. A linear relationship
between the solubility (log S),

and the octanol-water partition coefficients (log KW)
was

developed (3 = 0.5303) as shown in equation 4.2. To account for the presence of
surfactants in the soil and water system, the modified organic carbon-water partition
coefficient QmC

and K, are developed by combining equation 4.2 and equation 4.4. This

relationshiiis expressed as

log K,,,

= 0.26 logK,

+ 1.43

where

k,,, = modified organic carbon-water partition coefficient (Llkg), and

K,

= the octanol-water partition coefficient (dimensionless).

From equation 4.5 and equation 4.6, the organic carbon-water partition coefficient and

modined organic carbon-water partition coefficient &,mJ c m be calculated nom the

.

Both measured K, in aqueous phase and in the surfactant solution are listed in

Table 4.5 (Section 4.1.3).
Table 4.4 Summary of predicted soiubility and K,
-

Compounds

log &,

-

Predicted

benzene
toluene
ethylbenzene

p-xyiene
m-xylene
O-xylene

naphthalene
2-methy lnaphthalene

phenanthrene
8

4.1.6 Modified retardation factor

The retardation factor (R) is a measure of the degree of reduction in the migration
of contarninants. Equation 2.17 can be used to define the retardation factor in the absence

of surfactants in the aqueous and soi1 system. However, the presence of a surfactant
results in a change in the velocity of migration of the contaminant leading to a change in

the retardation factor. The modified retardation factor can be defined by the

concentration-based equation 2.18 or the mole fraction-based equation 2.19.
The equations show that the modined retardation factor is a hinction of the K, and

hic.
The K, has a h e a r relationship with the K,,, that is availablein the literature. The
K, also has a linear relationship with the hic.
Therefore, the modified retardation factor
c m be characterized by the octanol-water partition coefficient (K,,J as shown in
Figure 4.5. In Figure 4.5, the relationships between log R and log K,,, are presented. The
relationship of log R and log K, was developed with CTAB as the surfactant solution at
various concentration ranging fiom below CMC to above CMC. The buik density of
1 g/cm3and porosity of 63 % was obtained fiom experimental results. The f, and N was

assumed as 0.01 and O respectively. The figure shows that the retardation factor greatly
decreased with an increase in surfactant concentration for organic compounds with high
hydrophobicity (hi& log kW).
For organic compounds with relatively lower solubility
(log &,,, 2.3) such as benzene (log K, = 2.12), the presence of CTAB surfactant has
very linle effect on the enhancement of soiubility. For organic compounds with log kW
greater than 2.3, the presence of CTAB surfactant enhances the apparent solubility of
compounds. When the concentration of surfactant increases, the retardation factor of a
hydrowbon with higher kW,
greatly decreases. Therefore, the surfactant present in the
water-soi1 system is affected more on the compounds with hi& K,,, such as PAHs, during
soi1 remediation.

O

2
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5

6

7

8

log Kow

Figure 4.5 A relationship between log K, and modified log R at different concentrations

of CTAB in clay soils (bulk density = 1.00 g/cm3, porosity = 63%, f , = 0.01, N = 0).

4.2 SPMEGC-FID analysis

The solubility of hydrocarbons together in a solution is lower compared to the

individual solubility of hydrocarbons. The solubilityof a mixture of BTEX and three selected
PAHs can be predicted based on Raoult's law. The range of concentrations which give a
linear response is presented in this section.
4.2.1 Predicted solubility of BTEX and three PAHs in complex mixture

To ensure that the concentrations of hydrocarbons of interest are maintauied below
their solubilities during the analysis procedure, the predicted aqueous solubilities of
hydrocarbons in a mixture were calcuïated in Table 4.5.
4.2.2 Range of conceqtrations giving a h e a r response

The linear relationships between the detector responses and concentrations were
determined by the least-squares technique using the detector response nom standard
solutions with concentrations ranging fkom O to 50 ppm of BTEX and fkom O to 5 ppm of
PAHs. The linear relationships of BTEX and PAHs are shown in Figure 4.6 and
Figure 4.7, respectively.

Figure 4.6 presents the linear response for the BTEX compounds. The fitted
regressionhes for benzene, toluene, and ethylbenzene at concentrations less than 25ppm
gave a stronger linear response. Therefore, the linear ranges for benzene, toluene, and
ethylbenzene extended to 25ppm (w/v). A strong linear relationship was observed for
three xylene isomers (para-, meta-, and ortho-), at concentrationsbelow SOppm (w/v).

Concentration (ppm)
fitting dl

----fitting r 25 ppm

Figure 4.6 Linear relationship between the detector response and the concenmtion of

BTEX in solutions with standard emors indicated by the error bars.

(a) i

Concentration (ppm)

I

fitting al1

- - - - fining i ppm

1

Figure 4.7 Linear relationships between the detector response and the concentration of

PAHs in the solution with standard erros indicated by the error bars.

Table 4.5 Predicted solubility of BTEX and three selected PAHs in a mixture
Aqueous

Mole

Predicted Solubility

Solubility(mgL)*

Fractiont

in Mixtures (ma)*

benzene

1159

0.16

181

toluene

40 1

0.13

53

p-xy lene

138

0.12

16

naphthalene

45

0.10

4

2-methyhaphthalene

31

0.09

3

Compounds

rn-xy Iene

O-xylene

phenanthrene
1
* From experiment (Section (3.1.2.1));

0.07
From: Knox et al. (1993)

O

Figure 4.7 presents the fitted regression lines for naphthalene, 2-methylnaphthalene, and
phenanthrene showing a stronger linear respome at concentrations less than 1 ppm.
Therefore, for the three selected PAHs the linear ranges extend to 1 ppm.

The percentage relative standard deviation (%RSD) can be caiculated by,

Yo'RSD =

sarnple standard deviation
x 100%
sample average

The average percentage relative standard deviations (%RSD) were found to be 10.48%8.88%, 9.48%, 7.87%, 7.48%, 3.69%, 6.08%, and 8.86% for benzene, toluene,

ethylbenzen, p- and m-xylene, O-xylene,naphthalene, 2-methylnaphthaiene, and
phenanthrene, respectively. Arthur et al. (1992a) reported that the relative standard

deviation ranged fiom 3% to 5% ushg a 56 pmethyl silicone fibre for BTEX. The
relatively hi& %RSD for the BTEX and PAHs may have been contributed by severai
factors. The nrst factor is the evaporation ofanalytes, especially the more volatile organic
compounds, fiom the fibre due to exposure to the air prior to the thermal desorption in the
column. Therefore, the relative standard deviations (RSD) for the more volatile
compounds such as benzene, toluene, and ethylbenzene were higher. The lack of
sensitivity may also have been due to the use of an old CLOT column in the GC. In
addition, equilibrium patitioning may not have been reached for ethylbenzene, the three
xylene isomers, and PAHs, especially for PAHs cornpounds, which resulted in the high

%RSD. Another reason leading to a high %RSD for phenanthene codd be thickness of
the film coating on the fibre (100 jm). Arthur (1992~)indicated that it is best to use thin
films to sorb the analytes with hi& Kf values, and thick fihs are used to sorb the analytes
with low Kfvalues. Phenanthene has a higher distribution constant due to the higher

value of its octanol-water partition coefficient and was extracted by the 100 pn-thick-film

fibre during the experiments possibly contributing to the higher %MD.
4.2.3 Static and agitation extraction sorption-tirne profiles

Tht sorption-time profiles of BTEX and three selected PAHs are shown in

Figures 4.8 and 4.9, respectively. Since the m-, and p-xylene isomers were not resolved
on the chromatographie column they are s h o w together in Figure 4.8. The Duncan's

multiple range test was carried out to compare the response of agitated and static
extraction methods. The results of al1 nine selected hydrocarbon cornpounds are shown in
Appendix 1.

Extraction Time (min)

Figure 4.8 Sorption-time profiles of BTEX with standard errors indicated by error bars in

both static and agitation extraction.

Naphthaiene

Extraction Time (min)

Figure 4.9 Sorption-time profiles of PAHs with standard errors indicated by error bars in

both static and agitation extraction.

The results h m the Duncan'smultiple range test indicate that the detector
response using agitation technique was significantly higher than for the static extraction
for similar extraction times for the most selected compounds. Therefore, the enhanceci
agitation technique shows a potential to reduce the detection time and thus improve the
efficiency of SPME-GC-FID andysis.
For toluene and p-xylene, the detector response was not significantly different in
the period of t h e from 15 to 45 minutes and fiom 30 to 45 minutes in the application of
the agitation and static methodç, respectively. It appears that the equilibrium was reached

during that tirne. Withiri the 45-minextraction time, the response was higher for the
agitation method than for the &tic one for all selected extraction t h e s . However, the
responses were significantly increased at the extraction time of 60 min for both extraction
methods. Between two methods, there were no significant differences in the responses at
60-min extraction time.

For ethylbenzene, the responses were not significantly changed in the penod of
time fiom 30 to 45 min in the appiied agitation extraction. The equilibrium appears to
have been reached at that t h e in the agitation extraction. The response within 45 min was
higher forZhe agitation extracted than for the static one. However, the response increased
at 60-minextraction time for both extraction methods.

For m-xylene and o-xylene, the equilibrium was reached at the agitation extraction
tirne of 5 and 15 min, respectively. In the static extraction, the equilibruim was reached
was reached at 30 min for both rn- and o-xylenes.

For naphthalene, the equilibrium was reached when the extraction time of 5 min
was applied in both extraction methods. For the 2-methylnaphthalene and phenanthrene,
the equilibrium was r ~ a h e d
at 45 min for the agitation method. It was reached at 60 min

for the static extraction.

Based on the above, it can be concluded that the application of agitation results in
the reduction of the equilibrium time and thus enhances the efficiency of SPME-GC-Fm
analysis.
Since the distribution constant of the fibre, K, reflects the thne for equilibrium, a
larger distribution constant will result in longer equilibrium times (Arthur et al. 1992b;

Chai et al. 1993). When the fibre is coated with polydimethylsiloxane, the distribution
constant, K, c m be predicted based on the known octanol-water partition coefficient, GW,
of the water-fibre system (Chai et al. 1993). Based on the K, values listed in Table 4.2,
the octanol-water partition coefficients of three selected PAHs are larger than those of
ethylbenzene and the three xylene isomers. Therefore, the distribution constants of
ethylbenzene and the three xylene isomm are smaller than the constants for the PAHs,

and the times for equilibrium of ethylbeazene and the three xylene isomers are shorter than
the times o'btained for the PAHs.

The increased detector responses due to the application of agitation over static

extraction can be measured by (Thomas 1996a)
%increase =

average agitation value - average static value
x 100%
average static value

(4.8).

The percentage increases in detector response at various extraction times for BTEX and
three selected PAHs are listed in Table 4.6. The average percentage increase in detector
response over all extraction time was 58%- 70%, 81%, 70%, 82%, 57%, 40%, 52%, and
92% for benzene, toluene, ethylbenzene,p-xylene, m-xylene, O-xylene, naphthalene,
2-rnethylnaphthalene, and phenanthene, respectively. The results also indicate that the
extraction with agitation show at l e s t a 40% increase, compared to the static extraction
for al1 the selected compounds. Therefore, extraction with agitation was chosen to analyze
the samples during the experiments of soi1 remediation.
The precision of sorption profiles, descnbed by the percentage relative standard
deviation (%RSD),was calculated using equation 4.7 and is shown in Figure 4.10. The
average %RSDs for BTEX for both static and agitation were 4.6% and 8.1%, respectively.
The average %RSDs for PAHs for both staîic and agitation were 12.2% and 14.3%
respectively. The %RSDs for PAHs are sligbtly higher than the 10% reported for PAHs
US"~a

pm polydimethylsiloxane coated fibre (Potter and Pawliszyn 1994). The

slightly higher relative standard deviations may have been due to the thicker coating on

the fibre.
4.2.4 Calibration and standard curves in the presence of agitation

The calibration curves were determineci by the le&-squares technique using the
detector response as a function of concentration of analytes. The calibration cunres were
developed only in the presence of agitation, because the sorption-time profiles showed that
the agitation extraction method was more efficient than the static extraction. Therefore, ail
the samples that need to be analyzed by SPME-GC-FID were run using the agitation

Table 4.6 The Percentage increase in detector responses in sorption profiles
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Figure 4.10 %RSD for both agitation and static extraction in the sorption profiles:
1- benzene, 2- toluene, 3- ethylbenzene, 4-p-xylene, 5- m-xylene,6- O-xylene,7-naphthalene,

8- 2-rnethylnaphthalene, and 9- phenanthrene.

extraction method. The calibration curves of BTEX and PAHs are ~ h ~ w
in Figure
n
4.1 1
and Figure 4.12, respectively. n i e caiibration curve was used to determine the
concentration of analytes in the test samples based on the detector responses from SPME-

GC-FID analysis. The relative standard deviations (%RSD) were 1O.3%, 8.8%, 9.2%,
7.8%, 7.0%, 3.9%, 6.8%, and 10.3% for bentene, toluene, ethylbenzene, p and m-xylene,

O-xylene, naphthalene, 2-methyinaphthalene, and phenanthrene, respectively.
The standard curves developed by the least-square techniques were used to determine
the number of moles of anaiytes in the test samples and are presented in Figure 4.1 3. The
detector response linearly increased with an increase in the concentration of 1-p.L standard
solutions that were manually injected into the GC column for analysis. Most of the standard
curves showed a strong linear relationship (9= 0.99 ) between the arnount of analyte and the

detector response as shown in Figure 4.13.
4.3 Soi1 remediation experiments

This section presents the results of four remediation treatments that were tested.
The treatments include water flushing and surfactant flushhg with and without the
iduence of applied electrical potential difference. The flow rate, hydraulic conductivity
and coemient of electroosmotic permeability were detemiined in each remediation

experiments. The hydrocarbon content of the treated soi1 columns were determined by the

SPME-GC-FID analysis to evaluate the efficiency of remediation treatments.
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Figure 4.13 Standard curves for BTEX and three selected PAHs by using the
least-squares technique.

43.1 Water flushing experiments
4.3.1.1 Dry b u k density of the clay

The dry b u k density of the core clay soil was found to be 1.4 (g/cm3)

(?!RSD = 14.0%)). The physical properties of the clay packed in the test columns, prior to
the remediation treatments, were measured and are presented in Table 4.7.
Table 4.7 Physical properties of clay soils for water-flushing treatrnents

DIY buik density (g/cm3)

Porosity (%)

Column B

1.O0

62.26

Column E

0.99

62.64

Column F

0.97

63.40

0.99
62.64
A, C, and F were hydraulic coi&;
B, D, a n d -were
~ electrokinetic columns.
Average

---

-

-

---

4.3.1.2 Flow rate, K,, and K, for the water-flushing experiments

Al1 of the columns had been remediated with the application of a hydraulic
8

gradient of 2.8 for 55 days. Three of the columns had been subjected to an electrical
potential gradient of 0.25 (cm2N.s) referred to as electrokinetic columns.
With the application of an electncai potential difference to the soil and water
system, the water is driven by the hydraulic gradient as well as electroosmosis. Since the
anode is located at the inflow end, the electroosmotic flow is towards the cathode and it is

in the same direction as that due to hydraulic gradient. Therefore, the water flow rate is
expected to increase due to the application of an electrical potential difference.
Throughout the remediation experiments, the effluents were collected fkom each
column and the cumulative volume of etnuent as a function of time is presented in
Figure 4.1 4. The electrokinetic columns show an increased effluent volume compared to
the hydraulic columns. Therefore, the application of the electrical potential difference
seems to enhance the flow of water through the clay columns.
The hydraulic conductivity (K+,)was calculated, using Darcy's law, at different
times and is presented in Figure 4.15. The results show that for the hydraulic columns,the
hydraulic conductivity is stable over time with an average value of 3.5

x

10a7( c d ) . The

hydraulic conductivity is a h c t i o n of the porous medium and the fluid property (Freeze

and Cherry 1979). Since the hydraulic conductivity remained constant over time, the soil
and fluid conditions may have not changed during soi1 remediation.
The total flow rate in the electrical columns are due to both the electroosmotic flow

as well as the hydraulic flow. Therefore, the flow due to eiectroosmotic effects are
detennined by subtracting the flow due to the hydradic gradient from the total flow. The
coefficient of electroosmotic permeability

can be calculated ushg equation 2.2. The

calculated electroosmotic permeabilities are presented in Figure 4.15, which shows the
unstable values of Y, over tirne. Such unstable values of Y, over tirne was also reported
by Acar et al. (1991) and Eykholt and Daniel (1994). The coefficient of electroosmotic

permeability is controlled by the chemical reaction due to the application of electricity in
soil and water systems. The chernical reactions affect the properties of soil and fluid such
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Figure 4.14 The effluent volume coliected over t h e during water-flushhg watments.
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Figure 4.15 Hydraulic conductivity (KJ and coefficient of electroosmotic permeability
&,)

in water-flushing treatments.

as the zeta potential which in tum affects the Q. In general, the zeta potential decreases
with a drop in pH. During the electrokinetic experiments, an acid fiont is generated at the
anode and moves through the soil columns towards the cathode. This acid front affects
the pH of the samples in the column and leads to a change in the zeta potential. Therefore,
the value of

is aBected and is uostable over time during electrokinetic soil remediation.

The average Y, value fiom the experiment is 1.8 x 104 (cm2N.s) which is smaller than
that reported by Acar et al. (1993a) raflging nom 1û5 to IO4 (cm2N.s).This may be due to
the difference in properties of the clay soils.

4.3.1.3 Hydrocarbon extraction profiles
After the 55-day remediation of the contaminated clay soils, the columns were
sectioned and al1 of the samples were analyzed to determine the residual contaminants in

the clay soil. In addition, a portion of the samples were also andyzed to determine the
water content profile and the pH profïie.

The results for residual BTEX and PAHs in the remediated clay colurnns are
s h o w in Figures 4.16 to 4.24. The total percentage remaining in the remediated columns
are presented in Figure 4.25. Therefore, the percentage removal of benzene, toluene,
ethylbenzene,p-xylene, m-xylene, O-xylene, naphthalene, 2-methylnaphthalene, and
phenaathrene was 94.5%, 91.8%, 92.7%, 92.8%, 92.0%, 94.6%, 5 1.O%, 50.1%, 62.7%,
respectively,for the hydraulic columns. For the electrical columns, the percentage
removal of benzene, toluene, ethylbenzene, p-xylene, m-xylene, O-xylene, naphthalene,
2-methylnaphthalene, and phenanthrene was 92.2%, 94.6%, 95.2%, 96.8%, 94.9%, 96.3%,
72.1%, 72.9%, and 79.1%, respectively. The removal of BTEX did not seem to be
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Figure 4.16 The percentage remaining, as a percent of injected amount, of benzene with

standard errors indicated by error bars afler water-flushing treatments.
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Figure 4.17 The percentage remaining, as a percent of injected amount, of toluene with
standard errors indicated by error bars after water-flushing treatments.
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Figure 4.18 The percentage remaining, as a percent of injected amount, of ethylbenzene

with standard errors indicated by error bars &er water-flushing treatments.
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Figure 4.19 The percentage remaining, as a percent of injected amount, of p-xy lene with

standard errors indicated by error bars after water-flushing treatrnents.

Distance from the Anode (cm)
Figure 4.20 The percentage remaining, as a percent of injected amount, of rn-xylene with

standard errors indicated by error bars d e r water-flushing treatrnents.

Distance from the Anode (cm)
Figure 4.21 The percentage remauiing, as a percent of injected amount, of O-xyienewith
standard errors indicated by error bars after water-flushing treatrnents.

Distance nom the Anode (cm)
Figure 4.22 The percentage remaining, as a percentof injected arnount, of naphthalene
witti standard erron indicated by error bars d e r water-flushing eeatments.

Distance fkom the Anode (cm)
Figure 4.23 The percentage remaining, as a percent of injected amount, of
2-methylnaphthalene with standard erroa indicated by error bars d e r water-flushing

Distance fiom the Anode (cm)
Figure 4.24 The percentage remaining, as a percent of injected arnount, of phenanthrene
with standard errors indicated by error bars after water-flushhg treatrnents.
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Figure 4.25 The average hydrocarbons remaining after water-flushing treatments as a
percent of injected amount with standard erroa indicated by error bars. In the figure,
1 - benzene, 2- toluene, 3- ethylbenzene, 4- p-xylene, 5- m-xylene, 6- O-xylene,
7- naphthdene, 8- 2-methylnaphthdene, and 9- phenanthrene.

a f k t e d by the application of the electncal potentiai difference. However, the removai of
the three selected PAHs, naphthalene, 2-methylnaphthalene, and phenanthrene, was

enhanced by about 20% with the application of electrical potential difference. The
enhancement of removai may have been due to the increased flow rate and thus increased
volume of water available for the dissolution of the PAHs. Although the total removal of

BTEX was not significantly enhanced with the application of electrical treatment, the peak
movement of remaining BTEX was faster in the electrokinetic columns as shown in
Figure 4.26. This indicates that the application of electrical potentiai difference has a
tendency to remove the hydrocarbon contarninants faster than with hydraulic gradient
aione. In conclusion, the soi1 remediation technique with the application of electrical
potential clifference is more efficient than the hydraulic treatment by itself.
The location of the residual contaminant in the test colurnns, based on the weighted
average distance &orn the anode, was found to be a function of the solubility of the

contaminant as s h o w in the Figure 4.26. The contaminant with the higher solubility
shows the fastest movement over time. The location of weighted average of the
contaminant fiom the anode was calculated by

Solubility (mmollL)

Figure 4.26 A relationship between the weighted average position of the hydrocarbon

and the aqueous solubility in the water-flushhg treatments. In the figure: (a)- toluene,
(b)- ethylbenzene,(c)- p-xylene,(d)- m-xylene,(e)- O-xylene,(f)-naphthalene,
(g)- 2-methy lnaphthalene, and @)- phenanthrene.

where

,D

= the location of weighted average of the hydrocarbon nom the anode (cm),

Di

= the distance of each section nom the anode (cm), and

%&

= the percentage remaining of the hydrocarbon

in each section.

Linear relationships between location of weighted average of the hydrocarbon fiom the
anode and its aqueous solubility were developed in the hydraulic columns (? = 0.94) as
well as in the electrokinetic columns (3= 0.90).
43.1.4 The pH o f effluents

The pH of the effluent was measured over time during soi1 remediation experiments
and is shown in Figure 4.27 for both the electrokinetic and hydraulic columns. The pH of the

effluent from the electrokinetic columns shows a higher value up to 13. This may be due to
the production of OH- at the cathode near the outfiow end. However, the pH of the effluent

fiom the hydraulic columnç was closer to neutral (pH

- 7).

4.3.1.5 Gravimetric water content
The water content (wlw) profiles of electrokinetic and hydraulic colurnns are

shown in Figure 4.28. The lower water content at the inflow end indicates that the system
*

could not supply enough water to match the electroosmotic flow rate. The average water
contents of hydraulic and electrokinetic columns were 58.6% and 57.1%, respectively.

43.2 Surfactant-flushing treatments
4.3.2.1 Dry bulk density of the original clay samples

The dry bulk density of the clay soils, obtained from a construction area in the
University of Manitoba, was 1.1 1 (g/cm3)(%RSD

= 2.89).

Mer the clay soils were

packed in the columns the dry bulk density and porosity are presented in Table 4.8.

Table 4.8 Physical properties of clay soils for surfactant-flushing treatments
-

-

-

-

Dry bulk density (g/cm3)

Porosity (%)

Column A
Colurnn B
Column C

Column D
Column E
Column F
Average
1.O0
*A, C, and E were electrokinetic columns;

*B,D, and F were hydradic columns.
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Figure 4.27 Measured pH values in collected effluents over time during water-flushing
treatments. In figure, A, C,and F were hydraulic columns, and B, D, and E were
electrokinetic columns.
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Figure 4.28 Gravimetric water content profiles with standard errors indicated by error
bars after water-flushing treatments.

4.3.2.2

Flow rate, hydraulic conductivity K, and coefficient of electroosmotic

permeabüity Y,

The experiment was conducted to evaluate the surfactant-enhanced hydraulic
treatment and the surfactant-enhanced electrokinetic treatment. nie conditions prevailing
during the experiments were the same as for those without the surfactant. The six columns

were flushed with a surfactant solution, CTAB, at a concentration of 1.5% (weight basis),
which included three electrokinetic and three hydraulic columns. The effluents were
collected from each column and the cumulative volume as a h c t i o n of time is presented
in Figure 4.29. The volume of effluent resulting h m the application of electrical
treatment was significantly higher than the one from the hydraulic treatment done. The
increased water movement appears to be due to the electroosmotic flow. This increased
water movement is expected to enhance the migration of dissolved hydrocarbons.
The hydraulic conductivity (KJ and coefficient of electroosmotic permeability
&)

can be calculated as descnbed in Section 4.4.1.1 and is presented in Figure 4.30.

However, the coefficient of electroosmotic permeability &)

remained high until50 days

and then declined to alrnost zero at 53 days. The drop in K , could be attributed to the
movement of acid fiont which changes the zeta potential as descnbed in Section 4.4.1.2.
4.3.2.3 Hydrocarbon extraction profiles

The presence of a surfactant in the soi1 and aqueous system increases the apparent
solubility of hydrocarbons. Therefore, more hydrocarbons are expected to dissolve into
the aqueous phase and migrate dong by advection due to the hydraulic or hydraulic
coupled with electrokinetic flow. The electrophoretic flow of hydrocarbons absorbed
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Figure 4.29 The effluent t h e volume coliected over during the surfactant-flushing
treatments.
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Figure 4.30 Hydrauiic conductivity (Fi3 and coefficient of electroosmotic pemeability

(L)in surfactant-washing treatments.

within the micelles is also expected to be significant in the electrokinetic colurnns. Since
the surfactant used in the experiments is a cationic surfactant (CTAB), the electrophoretic
migration of the micelles is in the same direction of advective flow due to the hydraulic
gradient as well as the electroosmotic fIow. Therefore, the migration of hydrocarbons in
the presence of a cationic surfactant is expected to be greater than that without the
surfactant.
The residual hydrocarbons remaining in the sectioned clay samples were obtained
by using SPME-GC-FID d y s i s . The BTEX and PAHs remaining in the remediated soi1

with surfactant-enhanced and with surfactant-enhanced electrokinetic treatment are
presented in Figures 4.3 1 tbrough 4.38. The total percentage of remaining hydrocarbons in
the remediated columns are shown in Figure 4.39. Therefore, the percentage removal of
benzene, toluene, ethylbenzene,p- and m-xylene, O-xylene, naphthalene,
2-methy lnaphthalene, and phenanthrene in the hydraulic columns were 97.0%, 96.9%,

98.9%, 98.7%, 98.6%, 69.0%, 59.3%, and 58.8%, respectively. In the electrokinetic
columns, the percentage removal of benzene, toluene, ethylbenzene,p- and m-xylene,
O-xylene, naphthalene, 2-methy lnaphthalene, and phenanthrene were 96.9%, 95.9%,

95.1%, 9&7%, 98.5%, 52.8%, 48.8%, and 60.4%, respectively. Overall, the elecûical
columns appeared to have a larger percentage of residual hydrocarbons remaining at the

end of the treatment. The hydraulic columns had a better removd efficiency with 17% and
1 1% for naphthalene and 2-methylnaphthalene, respectively, over electrical columns.

Since the micelles containuig the hydrocarbons are positively charged, they may have been
preferentially adsorbed onto the clay particle surfaces which are negatively charged. With
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Figure 431The percentage remaining, as a percent of injected amount, of benzene with
standard errors indicated by enor bars after surfactant-flushing treatments.
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Figure 4.32 The percentage remaining, as a percent of injected amounf of toluene with
standard errors indicated by error bars after surfactant-flushing treatments.
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Figure 4.33 The percentage remaining, as a percent of injected amouof of ethylbenzene
with standard errors indicated by error bars after surfactant-flushing treatments.
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Figure 4.34 The percentage remaining, as a percent of injected arnount, of p-, m-xylenes

with standard errors indicated by error bars after surfactant-flushing treatments.

Distance fkom the Anode (cm)
Figure 435 The percentage remaining, as a percent of injected arnount, of O-xylenewith
standard errors indicated by error bars d e r surfactant-flushingtreatments.
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Figure 4.36 The percentage remaining, as a percent of injected amount, of naphthalene

with standard errors indicated by error bars after surfactant-flushing treatments.

Distance fiom the Anode (cm)
Figure 4.37 The percentage remaining, as a percent of injected amount, of
Zmethylnaphthalene with standard errors indicated by error bars after surfactant-tlushing
treatments.

Distance fiom the Anode (cm)
Figure 4.38 The percentage remaining, as a percent of injected amount, of phenanthrene

with standard errors indicated by error bars after surfactant-flushing treatments.
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Figure 4.39 The average hydrocarbons remaining, as a percent of injected amount, with

standard errors indicated by error bars after surfactant-flushing treatments. In the figure,
1 - benzene, 2- toluene, 3- ethylbenzene, 4- p-, and m- xylene, 5- O-xylene,6- naphthalene,

7- 2-meth;lnaphthaIene, and 8- phenanthrene.

the electrokinetic treatment more of the negatively charged sudiaces would have been open
for absorbing the micelles. This scenario can only happen if the cations on the clay
particle surfaces move towards the cathode in preference to the micelles.
The location of the weighted average residual hydrocarbon remaining in the
column was found to be a function of the solubility of hydrocarbon as shown in
Figure 4.40. The location of the average residue was found to linearly increase with
increasing solubility of hydrocarbon (3= 0.84) in the electrokinetic columns. In the
hydraulic columns, the weighted average position was also found to be a linea. function of
the solubility for al1 selected compounds except benzene (3= 0.82). The weighted

average position was calculated using equation 4.19.
4.3.2.4 Electrical conducthity and pH measurement in the surfactant-enhanced

electrokinetic remediation

The electrical conductivity of effluent with surfactant (at the cathode) was
measured every five days on each electrokinetic column starting at the tenth day. The
electrical conductivity of the effluent as a fiuiction of tirne is presented in Figure 4.4 1.
The electrical conductivities increased linearly (3 = 0.947) over tirne, which is given by,
*

Y,

= 02T - 057

(4.19)

where

y,

= electrical conductivity (ds/m), and

T

= time (days).

The pH of the effluent fiom both the electrokinetic and hydraulic columns was
measured and is presented in Figure 4.42. Since OH*is produced at the cathode near the
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A electrokinetic

electrokinetic

A

----

hydraulic
hydraulic

Figure 4.40 A relationship between the hydrocarbon-remaining peak and the aqueous
solubility after surfactant-flushing treatments. In the figure, (a)- benzene, (b)- toluene,
*

(cl- ethylberuene, (d)- p- and m-xylenes, (e)-O-xylene,(f)- naphthalene,
(g)- 2-methyinaphthalene, and @)- phenanthsene.

lime (dayç)
Figure 4.41 Electrical conductivities in the effluent during surfactant-flushing treatments.
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Figure 4.42 pH in the effluents during surfactant-flushing treatment. In the figure, A, C'

and E were electrokinetic columns, and B, D, and F were hydraulic columns.

outfiow end, the effluent will have a high pH (= 12) compared to the effluent £iom the
hydraulic columns (= 7).
4.3.2.5 Water content profiles

The water content profiles of electrokinetic and hydrauiic columns are presented in

Figure 4.43. The water content of the electrokinetic column was relatively higher than that
in the hydraulic colurnn, except near the outflow end The water content near the outflow

end at the cathode was much lower compared to that in the hydraulic column. The
reduction of water content at the outnow end may have been due to the electroosmotic
flow. The results shown in Figure 4.43 indicate that the column had enough inflow water
supporting the electroosmotic flow.
80
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Figure 4.43 Gravimetric water content profiles with standard errors indicated by error bars

after surfactant-flushing treatrnents.

5.0 Conclusion

Water-flushing and surfactant-flushing coupled with/without electrokinetic
treatments were used for the remediation of clay columns contaminated with model diesel
fuel. The efficiency of each treatment was evduated. To accomplish the goal,
SPME-GC-FID was used to detemine the hydrocarbon residues remaining in the clay
columns.

Three main goals, iisted in Section 1.3, were addressed in this research. The
selection of an efficient analficd method using the SPME-GC-FID analysis was one of
the objectives. The foilowing can be concluded nom the experiments:
The Iinear range of the detector response was fiom O to 25 ppm for benzene, toluene, and
ethylbenzene. The linear range for three xylenes was O to 50 ppm. The linear range was
O to 1 ppm for naphthaiene, 2-methylnaphthalene, and phenanthrene.

The application of agitation extraction, provided by the sample carousel agitation device,

resulted in a 40% increase in detector response. The agitation extraction method reduced

the analysis t h e by SPME-GC-FID.
The main goal of this research was to evaluate the efficiency of
~urfactant~enhanced
electrokbetic remediation treatment by detemiining the removal of
hydrocarbons fiom the clay columns contaminated with the model diesel fuel. The
following can be concluded fiom the experiments:
The water-flushing coupled with electrokinetic treatrnent slightly improved the total
removal of toluene, ethylbenzene, and three xylenes fiom the columns compared to the
water-flushing treatment alone. However, the peak of the remaining BTEX had moved

farther in the electrokinetic columns compared to the hydraulic treatment ody. For the
three selected P M ,the removai was enhanced by about 20% due to the application of the
electricai potentiai difference. Therefore, the water-flushing coupled with electrokinetic
treatment has the potentiai to c l a n up more efficiently in soils contaminated with BTEX
and three selected PAHs.
The surfactant-enhanced electrokinetic treatment not only did not enhance the removal of
selected hydrocarbons, but also had a larger percentage of residual hydrocarbons
remaining in the colurnns. For some selected wmpounds, such as naphthalene and 2rnethylnaphthdene, the hydraulic columns had a better removal efficiency with 17% and
1 1% over electrokinetic columns, respec&ely. In addition, the peak of the hydrocarbon

residue was found to move less in the electrokinetic columns compared to the hydraulic
treatment Therefore, the cationic surfactant flushing coupled with electrokinetic
treatment has a potential to retard the movement of selected hydrocarbon contaminants in
clay columns.

Another goal of this research was to determine the factors afTecting the remediation
treatments. The following conclusions are based on the experimentai evidence:
In the wqter-flushing treatment, electroosmosis increased the amount of effluent in the
electrokinetic columns. The hydraulic conductivity remained relatively stable during the
remediation indicating no change in soi1 and pore water conditions. However, the
coefficient of electroosmotic permeability (&,)

was found to be unstable during the soi1

rernediation due to the movement of the acid fiont through the clay colurnns.

In the surfactant-flushing treatment, the volume of effluent was significantly increased
due to electroosmotic flow. The hydraulic conductivity remained stable. However, the
coefficient of electroosmotic permeability &)

remained high for 5 1 days of the

experiment and then declined to almost zero on the 53" day at which time the experiment

was stopped. The drop in K, could be attributed to the rnovement of the acid h n t which
may have changed the zeta potential. The electricd conductivity of the effluent for the
surfactant treatment was found to increase linearly over t h e . This may have been due to

the accumulation of ions during soi1 remediation.

The critical micelle concentration (CMC)of CTAB was found to be 9.0

x

104M

(0.03%), which is very close to the value fiom the literatue.
The apparent solubility of hydrocarbons increased at the CMC for al1 selected
compounds.
The molar solubilization ratio (MSR)was determined for the selected hydrocarbons.
Among the nine selected cornpounds, ethylbenzene had the highest MSR followed by
benzene, naphthaiene, 2-methylnaphthalene, the three xylenes, toluene, and phenanthtene.
Therefore, the surfactant-enhanced remediation may be more efficient for the removal of
ethylberu&e and benzene compared to remediation without the application of a cationic
surfactant.
The micelle-water partition coefficient KiJ
was detennined based on the MSR.
Benzene and toluene was found to have a lower ,&I

which indicates that they are more

hydrophilic wmpounds compared to the compouod with higher &, such as the three
selected PAHs.
The linear relationship betweem solubility and octanol-water partition coefficient (kW)
was determined in the aqueous phase as well as in the sdactant sdutions. Since the K
,

is available in the Literature for many hydrocarbons, the solubility can be determined using
the relationship either in the aqueous phase or in the sudactant solutions.
The linear relationship between the micelle-water partition coefficient &,J and the

was developed. The &, can be determuied using
octanol-water partition coefficient KW)
the relationship based on the K,,,,, available fiom the literature.

The relationships between the organic carbon-water partition coefficient 0and the

KW
and between & and solubility were detemiined, respectively.

6.0 Recommendations

Several recommendations can i>e made from this research which are listed below:
TOenhance the efficiency of electrokinetic treatment with cationic surfactant, future

research cm focus on choosing the optimum electncal potential gradient to minimize the
sorption of cationic surfactant micelles on the clay surface.
Future research c m also focus on nonionic surfactant flushing coupled with
electrokinetic treatment The presence of nonionic surfactant in the aqueous phase can
improve the effective solubility of hydrocarbons, which is sirnilar to anionic surfactant. In
addition, nonionic surfactant micelles do not replace the cations sorbed on the clay surface
and can migrate dong with the pore-water flow.
The choice of an optimum electrical potential gradient to retard and isolate hydrocarbon

movement using cationic surfactants in clay soils.
The amount of mode1 diesel fuel injected into the columns to contaminate clays can be
chosen to be less than 10 mL to minimize cracking of the clay columns during injection.
The temperature effect of surfactant needs to be evaluated during soi1 remediation.
To minimize the %RSD during SPME-GC-FID analysis, the thickness of the fibre
coating nqds to be carefully selected based on the distribution coefficient.
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