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a b s t r a c t

This study aims to characterize the physical distribution of heavy metals in kaolin soil and the chemical
and structural changes in kaolinite minerals that result from electrokinetic remediation. Three bench-
scale electrokinetic experiments were conducted on kaolin that was spiked with Cr(VI) alone, Ni (II)
alone, and a combination of Cr(VI), Ni(II) and Cd(II) under a constant electric potential of 1 VDC/cm for a
total duration of 4 days. Transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy
(EDX), and X-ray diffraction (XRD) analyses were performed on the soil samples before and after elec-
trokinetic remediation. Results showed that the heavy metal contaminant distribution in the soil samples
was not observable using TEM and EDX. EDX detected nickel and chromium on some kaolinite particles
and titanium-rich, high-contrast particles, but no separate phases containing the metal contaminants
were detected. Small amounts of heavy metal contaminants that were detected by EDX in the absence of
a visible phase suggest that ions are adsorbed to kaolinite particle surfaces as a thin coating. There was

also no clear correlation between semiquantitative analysis of EDX spectra and measured total metal con-
centrations, which may be attributed to low heavy metal concentrations and small size of samples used.
X-ray diffraction analyses were aimed to detect any structural changes in kaolinite minerals resulting
from EK. The diffraction patterns showed a decrease in peak height with decreasing soil pH value, which
indicates possible dissolution of kaolinite minerals during electrokinetic remediation. Overall this study
showed that the changes in particle morphology were found to be insignificant, but a relationship was
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. Introduction

In the United States, about 500,000 potentially contaminated
ites have been reported to the state and federal authorities,
nd of these, over 217,000 require urgent remediation to protect
ublic health and the environment [1]. The conventional reme-
iation technologies, such as bioremediation, soil flushing, and
hermal desorption, have proven to be expensive or ineffective
hen applied to low-permeability soils. The electrokinetic (EK) soil

emediation method has received the attention of environmen-
al professionals recently because it has the potential to remove

ollutants from low permeability soils. Electrokinetic remedia-
ion involves installation of electrodes into multiple wells within
contaminated zone, followed by the application of a low electric
otential. Ideally, the contaminants migrate toward the electrodes
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of kaolin and the pH changes induced by the applied electric potential.
© 2008 Elsevier B.V. All rights reserved.

ue to different transport mechanisms, and when the contaminants
each the wells, the contaminant-laden liquids are extracted and
reated. Although its implementation is simple, the geochemical
rocesses that occur within soil during electrokinetic remediation
re complex, and are dependent on system variables such as soil
ype, contaminant type, treatment time, electrolyte solution, and
pplied voltage.

Electrokinetic remediation of heavy metals in soils has been
nvestigated at the University of Illinois at Chicago [2–6]. These
tudies demonstrated that in low buffering soils such as kaolin with
ater as the electrolyte solution, targeted metal cations such as
ickel and cadmium migrate toward the cathode and are immo-
ilized before they reach the cathode. Anionic contaminants such
s hexavalent chromium migrate toward the anode and are then
mmobilized within the soil closer to the anode. Overall contam-

nant removal from the soil was found to be very low. Sequential
hemical extraction methods and geochemical modeling were used
o obtain a better understanding of the processes hindering the con-
aminant removal. The results suggested that the cationic metal
ontaminants were immobilized by adsorption and precipitation

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:alhamdan@eng.uah.edu
mailto:ashrafalhamdan@gmail.com
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eactions, while the anionic contaminants were immobilized by
dsorption reactions, and also possibly by reduction reactions.
o date, however, a detailed investigation of physical distribution
f contaminants and changes in soil minerals before and after
lectrokinetic remediation has not been performed. Information
cquired from such an investigation can be immensely valuable
or a better understanding of the geochemical processes occurring
ithin the soil during EK and for developing rational approaches to

ptimize contaminant mobility and removal.
The objective of this study was to investigate the physical

istribution of heavy metals in kaolin and the chemical and struc-
ural changes in kaolinite minerals that result from electrokinetic
emediation. Transmission electron microscopy (TEM) and energy
ispersive X-ray spectroscopy (EDX) analyses of kaolin soil samples
piked with heavy metals were performed before and after elec-
rokinetic remediation. In addition, X-ray diffraction (XRD) analyses
f metal-spiked kaolin soil were performed before and after elec-
rokinetic remediation.

. Background

Electrokinetic remediation involves the application of a direct
urrent to low-permeability soils to induce flow of water, ions
nd/or particles toward electrode wells where they can be removed.
his method is attractive for the remediation of soils with high clay
ineral content because the processes that govern electrokinetic

ontaminant transport are not as easily hindered by low hydraulic
onductivity. The two main mechanisms that govern electrokinetic
ontaminant transport are electroosmosis and electromigration.
lectroosmosis is simply the flow of water through a charged soil
edium under the influence of an electric field [7]. Electromigra-

ion involves the movement of ions under electrostatic attraction
oward an anode or cathode, where the direction of travel depends
n the charge of the ion. The extent of electroosmosis and elec-
romigration processes is highly dependent on physicochemical
rocesses that take place in the soil and at the electrodes [8].

In low permeability soils with a surface charge, electric con-
uction involves the one-way movement of counter-ions, which
re ions with a charge that is opposite the mineral surface charge.
hese ions carry waters of hydration and bulk water with them,
enerating electroosmotic flow. The idea is for dissolved contami-
ation to be swept away with the flow of water and to also migrate
hrough the water, ultimately reaching electrodes where it can eas-
ly be removed. In order for electroosmosis and electromigration to
ffectively move metal contaminants, the metal ions must first be
n solution.

During the electrokinetic decontamination process, electrolysis
eactions take place at the anode and the cathode:

2O → 2H+ + 1
2 O2(g) + 2e−(anode) (1)

H2O + 2e− → H2(g) + 2OH− (cathode) (2)

hese reactions produce hydrogen ions (H+) at the anode and
ydroxyl (OH−) ions at the cathode, creating acidic and alkaline
onditions, respectively. Generally, the resulting acid front migrates
oward the cathode under the influence of bulk water flow and
he high ionic mobility of H+. The acid front can free adsorbed

etal cations from clay mineral surfaces and also dissolve heavy
etal precipitates like carbonates and hydroxides that are other-
ise immobile. Dissolved cations are then free to move through
he soil and ideally to the cathode reservoir where they can be
emoved. The OH− ions that are produced near the cathode tend
o join with approaching metal cations to form metal precipitates,
hereby immobilizing the metals before they reach the cathode.
nhancements have been added to the cathode, such as acetic, cit-
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ic, and lactic acids, in efforts to lower the cathode pH and prevent
etal cation precipitation [4,9–11].
EK processes also depend on contaminant speciation. For exam-

le, hexavalent chromium exists in anionic complex (Cr2O7
2−,

rO4
2− or HCrO2 depending on Eh-pH conditions), higher pH

alkaline) conditions favor it to exist in solution [12]. If low pH
onditions exist, buffering agents are added to maintain alka-
ine conditions and enhance Cr(VI) mobility and removal [13,14].
osolvents [15–18], oxidation agents [19,20] and reducing agents
21] have also been used to control these secondary reactions
hen treating hydrophobic organic contaminants as well as metal

ations. Other reactions that contribute to the complexity of the
lectrokinetic soil remediation process are desiccation due to heat
eneration at electrodes, gas generation at electrodes from elec-
rolysis, oxidation and reduction of contaminants and other soil
onstituents, soil fabric change, mineral dissolution and precipita-
ion of minerals and oxides [22].

The electrokinetic soil remediation method (EK) is a compli-
ated process that is highly dependent on soil pore fluid chemistry,
he mineralogical composition of the soil, and contaminant type
nd speciation. Variations in pore fluid chemistry can affect the spe-
iation and distribution of a contaminant through redox reactions,
recipitation/dissolution or adsorption/desorption processes. For
xample, nickel may be adsorbed to the surface of soil, but intro-
ucing acidic pore fluid can desorb nickel ion and make it migrate
hrough the soil towards the cathode under applied electric poten-
ial. Pore fluid chemistry can also affect soil mineralogy by causing
oil minerals to dissolve or metal precipitates to form. For exam-
le, some kaolinite platelets may dissolve during EK as a result of
H changes within the pore fluid, namely at pH values above 9 and
elow 4 [23,24]. Soil mineralogy can, in turn, affect pore fluid chem-

stry through the release of new ionic species [25]. Contaminant
ype or speciation can affect the mineralogical composition of a
oil through complexation reactions. For example, a metal contam-
nant in cationic form may form an inner-sphere complex between
wo opposing tetrahedral layers of an expandable clay like mont-

orillonite. Once the cation has complexed with the clay, it may not
e the same species. Despite many studies, uncertainty exists con-
erning the physicochemical processes that take place during EK;
herefore, a better understanding of these processes is needed to
ptimize contaminant mobility and removal during electrokinetic
emediation.

A number of research studies have been performed at the Uni-
ersity of Illinois at Chicago (UIC) to understand the transport
rocesses and geochemical reactions that affect the removal of
eavy metals from low permeability soils. Reddy et al. [2] inves-
igated kaolin soil spiked with Cr(VI) alone, Ni(II) alone, and a
ombination of Cr(VI), Ni(II) and Cd(II). Al-Hamdan [26] generated
series of geochemical models by utilizing concentration and pH
ata from the tests that were performed by Reddy et al. [2]. Kaolin

s a common soil medium used in bench-scale EK experiments. It is
low permeability soil that is composed almost purely of kaolinite
lay minerals, with a few additional trace substances. Kaolin is fairly
on-reactive compared to other clays, and because EK remediation
rocesses are already complicated, its use as an experimental soil
edium helps to reduce the number of variables associated with
ore reactive clays or soils with more complex mineralogical com-

ositions. The kaolin used in all experiments at UIC was obtained
rom EM science, CAS # 1332-58-9. The clean kaolin soil was exam-
ned using transmission electron microscopy and observed grains
ere hexagonal in shape, often displaying a mottled appearance
t the particle surface. The dominant mineral in the kaolin soil,
aolinite Al2Si2O5(OH)4, occurs in hydrothermal, residual and sed-
mentary deposits, and is formed under relatively low temperatures
nd pressures [27]. The most common parent minerals from which
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ig. 1. Heavy metal concentrations and pH of soil after electrokinetic remediation: (a
nd (d) mixed contaminants (Cr, Ni and Cd) test: Cr concentration. (The metal conce
alance purposes.)

aolinite forms are feldspars and muscovite, so granites, which con-
ain abundant feldspar and mica, weather readily to kaolinite and
uartz under conditions that are favorable to its formation such as
igh rainfall, rapid drainage, temperate to tropical climate, a low
ater table, and adequate ground water movement to leach the

oluble components [27].
The initial and final metal concentrations and soil pH deter-

ined from previous EK tests performed by Reddy et al. [2] are
llustrated in Fig. 1. It should be mentioned that soil samples used

ere cylindrical in shape with diameter of 6.2 cm and length of
9.1 cm. After electrokinetic testing, the soil sample was extruded
nd divided into five equal sections. The measured metal concentra-
ions for these sections were plotted against normalized distance
distance from the anode divided by the total length of the sam-
le) from the anode. Sections are designated as Sections 1–5 with
he Section 1 being the closest to the anode and Section 5 being
he closest to the cathode. For the test where nickel was the only
ontaminant, almost all of the positively charged nickel ions (Ni2+)
igrated to Section 5, where they were immobilized due to pre-

ipitation under the high pH conditions [2]. For the test where
exavalent chromium was the only initial contaminant, the two
ections near the anode contained about 65% of the total chromium,
hich may have been due to migration of hexavalent chromium

oward the anode and then adsorption onto clay particle surfaces
ithin the low pH environment [2]. Finally, for the test containing
ultiple contaminants, migration of metals was inhibited by the

resence of the other contaminants [2].
Geochemical modeling was performed to assess how the metal

ontaminants were bound to the soil after electrokinetic reme-
iation [28–30]. This information is useful because it facilitates
n understanding of the processes that take place during elec-
rokinetic remediation. MINEQL+, a chemical equilibrium computer

rogram model developed by Schecher and McAvoy [31], was used
o determine the forms of the contaminants in the soil after elec-
rokinetic remediation (i.e., aqueous, adsorbed, and precipitated).
he required input data for the modeling includes major chemi-
al components present in the system, the total concentrations of

s
N
t

ly test, (b) Cr only test, (c) mixed contaminants (Cr, Ni and Cd) test: Ni concentration,
ns in the anode and cathode reservoirs are converted from mg/L to mg/kg for mass

hese components, and surface complexation reactions between
he components and the solid. Nickel distribution and speciation in
aolin for the two tests that contained nickel is shown in Fig. 1. The
H decreased with the application of electric potential and brought
he adsorbed Ni2+ in Sections 1–4 into aqueous phase. The ions
ere then migrated to Section 5, where the pH was high, and were

ubsequently immobilized through adsorption and precipitation.
he typical results of the geochemical modeling for chromium are
hown in Fig. 1. In the electrokinetic test with only Cr(VI), about
0% of the total chromium was accumulated in adsorbed form in
ections 1 and 2, closest to the anode. The area where the most
hromium existed in adsorbed form may represent the location
here the acid front and the net accumulated chromium anions
et.
Although the practical implementation of electrokinetic reme-

iation technology is simple, the geochemical processes associated
ith it are complex and not completely understood. Previous

esearch on electrokinetics at UIC has helped to understand the
ffects of different contaminant types, single and multiple con-
aminants, different soil mineralogical compositions and different
ore-fluid chemistries on electrokinetic remediation. Geochemi-
al characterization [2] and modeling [28–30] have implied that
dsorption and precipitation are the two dominant processes asso-
iated with immobilization of metal contaminants in kaolin soil
uring electrokinetic remediation. This paper presents comple-
entary study which involves the use of TEM, EDX and XRD to

rovide a better understanding of contaminant distribution and
hanges in soil minerals. This knowledge can help environmen-
al professionals to optimize contaminant mobility and removal
uring electrokinetic remediation.

. Research methodology
Three electrokinetic experiments conducted at UIC were
elected for this study: kaolin that was spiked with Cr(VI) alone,
i(II) alone, and a combination of Cr(VI), Ni(II) and Cd(II). These

ests were conducted with a constant electric potential of 1 VDC/cm
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or a total duration of 4 days. Kaolin soil samples before and after
lectrokinetic remediation were analyzed with TEM and EDX detec-
or. To obtain information on the migration of contaminants and
heir distribution from the anode to the cathode following elec-
rokinetic remediation, each of five sections was analyzed. It was
imed to find and note the approximate location (Sections 1–5) of
ny changes in heavy metal phase, or changes in kaolinite platelets,
esulting from EK treatment, that are observable with a transmis-
ion electron microscope and EDX detector. These changes may
nclude the precipitation of separate heavy metal phases, or alter-
tions in clay particle morphology that resulted from reactions with
ontaminants such as contaminant adsorption or precipitation onto
lay particle surfaces. These changes may also include dissolution
f kaolinite grains, which may be observable through visible loss
f the hexagonal kaolinite structure. Results of the TEM/EDX anal-
sis were compared to geochemical modeling and measured metal
oncentrations for these EK tests. X-ray diffraction analysis was also
erformed for all five sections of each test to investigate whether
ny structural changes occurred in kaolin during electrokinetic
emediation.

.1. TEM and EDX analysis

TEM images were collected using a JEOL JEM-3010 Transmission
lectron Microscope with a digital camera and Digital Micrograph,
ersion 3.3.1 software. Semiquantitative chemical analysis was
one using Noran Instruments EDX detector with a Vantage digital
cquisition engine and the Vista Version 2.2 software. In prepa-
ation for analysis with the TEM, each soil sample was air dried,
rushed and homogenized. A small amount of sample was dusted
ver a holey-carbon, 200-mesh copper TEM grid of about 3-mm in
iameter. For each sample grid (one or two were prepared for each
ection), a search for points of interest was done and images and
DX patterns were collected from those areas. A point of interest
s defined as any kaolinite particle that appears abnormal, or any
ther particle that is visually different from the easily identifiable,
exagonally shaped kaolinite particle. Sections containing the most
etal contamination were analyzed in greater detail.

.2. X-ray diffraction analysis

X-ray diffraction analyses were done using a Siemens D5000
owder diffractometer with Jade 5.0 software. Other materials used

nclude an aluminum powder holder, which is an aluminum plate
ith a quartz window where the sample is actually placed. The

uartz is oriented 6◦ off center of the c-axis to eliminate the pos-
ibility of diffraction from the slide itself. Among other needed
aterials were small quartz slides for smear mounts, a mortar and

estle, a razor blade, and a dropper bottle containing deionized
ater. A diffraction pattern was acquired for initial spiked soil and

ach soil section from three EK tests. The samples for the test with
ultiple heavy metals were prepared as random backfill mounts.

reparation of a random backfill powder mount included first the
entle crushing of the sample into a powder, taking care not to
rind. A glass slide was then taped onto the front of the powder
older and the sample loaded from the back, gently pressing it

nto the cavity and avoiding any shearing motion. This was done
o avoid preferred orientation of grains. The mount was flipped
ack over and the glass slide carefully removed, revealing the sur-
ace that would be exposed to the X-ray beam. The soil samples

rom the other two tests containing chromium only and nickel only
ere mounted using the smear technique. Smear mounts were pre-
ared by gently crushing the sample into a powder using a mortar
nd pestle. A small amount of sample was mixed with deionized
ater and the mixture was dropped onto a slide and allowed to dry.

s
i
s
i

ig. 2. EK test with Ni only, initial spiked soil sample: (i) TEM image, (ii) EDX spec-
rum.

his method of sample preparation does not produce a random ori-
ntation of grains, but a preferred orientation limiting observable
hanges to those that take place along the c-axis; therefore, only
0 l peaks were examined.

. Results and discussion

.1. TEM and EDX results

The TEM and EDX data for samples of initial metal-spiked soil
nd Sections 1–5 of each EK test (Section 1 near the anode and
ection 5 near the cathode) were obtained [32], but only the main
esults are presented and discussed for each test.

.1.1. Nickel only test
A group of particles from within the initial nickel-spiked sample

f kaolinite, before electrokinetic remediation, is shown in Fig. 2.
he mottled surficial appearance on the kaolinite grain surface,
long with the worn-looking edges, should be noted. The EDX spec-
rum (Fig. 2) shows that a small amount of nickel is present, about
.01 wt%. Also, 0.02 wt% iron and 0.02 wt% calcium were detected
rom this group of particles. The iron and calcium, along with any
ther elements with excluding added contaminants, are natural
onstituents of the kaolin clay that was used for this study.
A TEM image of particles from Section 1 (nearest to the anode)
howed mottled appearance on the kaolinite grain surfaces sim-
lar to what was observed in the initial sample. The EDX pattern
howed 0.02 wt% iron. The black deposit on the right side of the
mage, which was also analyzed with EDX, is composed mostly of
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clearly not a section that is dominated by chromium, but rather,
may have some chromium adsorbed to its surface. The value of
0.1 wt% for Section 2 is an order of magnitude greater than the per-
centage of chromium detected in the initial sample (Fig. 5). The TEM
Fig. 3. EK test with Ni only, Section 5: (i) TEM image, (ii) EDX spectrum.

ron as well. No nickel was detected in this sample. Similar to Sec-
ion 1, the TEM image for Section 2 visually resembled the initial
oil, except for the lack of visually recognizable surface texture. The
ottled appearance was not as apparent in this image. The EDX

pectrum showed no signs of nickel and iron was detected in the
mount of 0.03 wt%. A TEM image from Section 3 showed kaoli-
ite grains that resemble the samples of Sections 1 and 2. There
ere no signs of nickel within this image. The EDX showed the
resence of traces of iron and the presence of silicon, aluminum
nd oxygen. In the TEM image taken from a sample of Section 4,
here was an amorphous looking area, and the EDX pattern showed
hat the kaolin soil was siliceous material (composed of mostly sil-
con, oxygen and aluminum), but the TEM image suggested that it
as lost its general hexagonal structure. This observation indicates
ossible dissolution of the kaolinite during electrokinetic remedi-
tion. Eykholt [33] reported that kaolinite dissolves more readily
n highly basic or highly acidic conditions, more so in basic con-
itions; but the soil pH of 4 in this section does not support the
ccurrence of significant mineral dissolution. The TEM image for
ection 5 is shown in Fig. 3 and it indicates broken down and with-
ut an ordered structure, and the soil pH is high in this section
about 10.8) so this particle is a possible indicator of mineral disso-
ution. As mentioned previously, the majority of nickel migrated to
ection 5 of the soil (near the cathode), where it was immobilized

ue to the abrupt increase in soil pH [2]. Some nickel was detected
y EDX analysis (Fig. 3), but only 0.02 wt%. Although 0.02% is double
he amount that was found in the initial sample (0.01%), the con-
entration of nickel in the initial sample was not 50%, but 80% less
han what was found in Section 5.

F
t
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.1.2. Chromium only test
A group of kaolinite particles from the initial kaolinite sam-

le, before electrokinetic remediation, spiked with hexavalent
hromium, appear in Fig. 4. Most of the particles appear to be well
rystallized. The EDX pattern (Fig. 4) shows a trace of chromium,
bout 0.01 wt%. About 0.02 wt% iron is detected in this section as
ell.

The TEM images from Section 1 revealed that soil particles
ppear normal, but some rough edges were observed. According
o Reddy et al. [2], the initial sample has a chromium concentration
hat is about 20% less than the chromium concentration in Section
. However, no chromium was detected in this sample. The rea-
on for this could be that chromium distribution within the section
as not uniform, and if chromium was present within the particles

elected, it was below detectable levels. Based on the chemical con-
entrations reported by Chinthamreddy [34], the largest amount of
hromium resides in soil Section 2. TEM images and EDX analysis
esults shown in Fig. 5 indicate the presence of some chromium in
his section, about 0.1 wt%, but there are no visible signs of any-
hing attached to the soil. The particle section from which EDX
pectrum (within the white box) is acquired has no smaller par-
icles attached to it or next to it (Fig. 5). This small area is not
exagonal in shape, but silicon and aluminum are still far more
bundant than the chromium (17.94 and 22.1 wt%, respectively) and
here do not appear to be any other particles beneath it, so this is
ig. 4. EK test with Cr only, initial spiked soil sample: (i) TEM image, (ii) EDX spec-
rum.
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image taken from Section 4 showed another group of titanium-
rich particles that appear to be well-crystallized kaolinite grains. Ti
appeared in the EDX spectrum and accounted for about 4.79 wt% of
this area, while 0.05 wt% of chromium was found. A trace of iron,
Fig. 5. EK test with Cr only, Section 2: (i) TEM image, (ii) EDX spectrum.

mages of Section 3 showed the mottled surface appearance that
s periodically visible in this kaolinite. Based on the EDX analysis,
o chromium was detected in this section. This particle, however,
ontains a little more iron than what was observed in Sections 1
nd 2 (0.08 wt%), but is still mostly composed of silicon and alu-
inum. About 0.33 wt% potassium was detected as well. A TEM

mage of Section 4 showed the same mottled appearance as for
ection 3. Chromium was not detected with EDX analysis, but this
s not surprising because Reddy et al. [2] results show a chromium
oncentration of only 47 mg/kg in this section. The higher-contrast
article contains about 1.16 wt% calcium and 1.42 wt% phosphorous,
ccording to the EDX pattern. The EDX spectrum shows a high silica
nd aluminum content as well, but the TEM image shows that this
article overlaps a larger group of kaolinite grains, so it is difficult to
etermine whether this particle is silica rich. The TEM image from
ection 5 showed several high-contrast particles but no chromium
as detected here. Reddy et al. [2] reports a concentration of zero

or chromium in this section. Potassium and iron appear in the EDX
pectrum at 1.09 and 0.12 wt%, respectively.

.1.3. Combined chromium, cadmium and nickel test
There was a significant amount of nickel and cadmium migra-

ion, with relatively higher concentrations of nickel and cadmium
etected in soil Sections 4 and 5. Nickel and chromium were
oth detected in this section with EDX; however, no cadmium

as detected. Unlike the chromium test and the nickel test, high-

ontrast amorphous deposits appear frequently in both the initial
ample (pre-EK) and post-EK soil sections for this multiple contam-
nant experiment. This could be the result of heterogeneity within
he natural kaolin deposit from which the clay was collected. In
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n image taken from the initial sample, one of these high-contrast
eposits is marked “a” (Fig. 6). The EDX spectrum corresponding to

t (Fig. 6) indicates a significant amount of titanium, about 4.85 wt%.
here is also 0.01 wt% of iron in the EDX spectrum as well. Area b,
djacent to this titanium rich particle (EDX not shown) has an EDX
pectrum with only oxygen, silicon and aluminum.

A mottled surface appearance was observed in the TEM image
or Section 1 (Fig. 7). Chromium, titanium and iron were observed
t 0.14, 5.4 and 0.09 wt%. The grains in an image taken from Section
appeared well crystallized, with sharp hexagonal edges, and the

DX spectrum showed about 8.08 wt% titanium, 0.50 wt% iron and
.29 wt% chromium (double the amount found in Section 1). From
hese results, chromium detection seems stronger when it is asso-
iated with titanium. Fig. 8 shows TEM and EDX results for Section
. The titanium rich particles were observed to contain 0.63 wt%
much less than in the other similar-looking particles). The lower
ercentage of Ti may be due to the visible overlying and underly-

ng kaolinite grains, which contribute significant silicon, aluminum
nd oxygen. It should be noted that the electron beam is penetrat-
ng the sample and detecting all materials above and below. About
.03 wt% of chromium was detected in this section as well. There
as no chromium detected in the area encompassed by the sec-
nd white box, near the particle edge (Fig. 8) which again implies
hat the chromium ions are attracted to the titanium particles. The
ig. 6. EK test with Cr, Ni and Cd, initial spiked soil sample: (i) TEM image, (ii) EDX
pectrum.
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T
post-EK samples, yet small amounts of metal contamination were
still detected with EDX analysis. There were simply thin ionic coat-
ings on the clay (adsorption) that would explain the lack of visible
phases in all other sections, but would not explain the absence of
ig. 7. EK test with Cr, Ni and Cd, Section 1: (i) TEM image, (ii) EDX spectrum of Ti
article, (iii) EDX spectrum for area within box.

.03 wt%, was also present. No nickel or cadmium were detected
ere or in any of the spectra collected from this test, even though
eddy et al. [2] results indicate a high concentration of nickel and
admium within this section. Fig. 9 shows TEM and EDX results for
ection 5 and it showed particles that are rich in titanium (Section
), but no chromium was detected based on EDX analysis. This is not
urprising because Section 5 is the section that shows the lowest
oncentration of chromium according to Reddy et al. [2]. Contrary
o the high measured concentrations of these metals by Reddy et
l. [2], nickel and cadmium were not detected in this sample with
DX analysis. The area marked “b” contained no metal impurities.
.1.4. Discussion
Geochemical modeling results [28–30] indicated that wherever

he heavy metals existed, either they existed in the dissolved phase
r they were adsorbed to the soil surface. The only exception was
n Section 5 of the combined chromium, cadmium and nickel test,
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here the model predicted that nickel would exist in the precip-
tate form. It should be noted that the soil samples used for TEM
nd EDX analysis were dry, so there were no longer any metals
xisting in the dissolved phase. According to the modeling, the only
ection where precipitates should have been observed was the Sec-
ion 5 of the multiple contaminant (Cr, Cd, and Ni) test. Within this
ection, nickel is the only metal that was predicted to exist in pre-
ipitate form because of characteristics specific to the element, and
he high pH conditions in that section (soil pH = about 10.8). How-
ver, nickel precipitates were not detected within any of the TEM
mages. In order to further investigate the Section 5 of the Cr, Cd
nd Ni test, an additional and carefully prepared TEM grid contain-
ng soil from this section was examined with the assistance of a

ell-trained microscopist at a much higher magnification (up to
00,000×). No traces of nickel were found in the precipitate form.
here were no visible signs of metal contamination in any initial or
ig. 8. EK test with Cr, Cd and Ni, Section 3: (i) TEM image, (ii) EDX spectrum of
i-rich particle, (iii) EDX spectrum of area in box.
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2750 mg/kg) or the soil samples chosen in each case were not repre-
sentative of the entire soil section. Both of these reasons are likely.
A single clay particle or cluster of clay particles is examined at a
time, but they may not represent the soil section as a whole. Had
metal concentrations been higher, however, then evidence of the
ig. 9. EK test with Cr, Cd and Ni, Section 5: (i) TEM image, (ii) EDX spectrum of area
, (iii) EDX spectrum of area b.

isible nickel precipitates in Section 5 of the multiple contaminant
est.

Overall, based on the analysis of soil samples from three dif-
erent electrokinetic tests spiked with Ni alone, Cr alone, or a
ombination of Cr, Ni and Cd, the following observations were
ade. As stated earlier, the mottled surface appearance is not a

esult of particle damage due to electrokinetics because the same
eatures were found in the spiked kaolinite samples before EK. It
s also certain that this is not heavy metal contamination, because
he same mottled surface was observed in clean kaolinite samples.

herefore, heavy metal contaminant distribution in these specific
oils was not observable using TEM and EDX. There was EDX detec-
ion of nickel and chromium on some kaolinite particles and most
igh-contrast titanium-rich particles, but there was no detection of
ny separate Ni, Cd or Cr phase. It is possible that detected Ni and
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r are adsorbed onto kaolinite particle surfaces as a thin coating,
hich might explain their invisibility. This notion is consistent with

eochemical models generated by Al-Hamdan and Reddy [28,30],
ith the exception of the conclusion for Section 5 of the multiple
etal test. For that section, the model predicted the existence of

ickel in precipitate form, and none was found during this study.
on-detection of precipitated nickel could be the result of low
etal concentrations, small sample size, and lack of a sample that

epresents the entire soil section.
There was also no clear correlation between semiquantitative

nalysis of EDX spectra and the measured total concentrations.
ither the EDX detector was not sensitive to the concentra-
ions in which these metals were present (concentrations below
ig. 10. X-ray diffraction pattern of kaolin (a) Ni only test, (b) Cr only test, and (c)
ixed contaminants (Cr, Ni and Cd) test. (The pattern at the bottom of each figure is

he initial sample; above it is Section 1 of the EK test, then Sections 2–5, respectively.)
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ontamination could have been more abundant, therefore more
requently observed and more easily studied. There may have been
isible evidence of kaolinite dissolution in Section 4 of the nickel
est, but this was not observed repeatedly so from this data it is not
alid to draw the conclusion that the observed crystal deforma-
ion was a result of electrokinetics. According to EDX results, there
oes seem to be a tendency for chromium and the high-contrast,
itanium-rich deposits to exist together. Weight percentages of
hromium are significantly higher when it is found within the
itanium-rich particles that were repeatedly observed within the
r, Ni and Cd test. This suggests that the titanium-rich particles
ave more surface charge associated with them.

.2. X-ray diffraction results

The initial sample and the samples from the five sections of each
K test were X-rayed and the diffraction patterns for the three EK
ests were obtained. The 0 0 1 and 0 0 2 kaolinite peak positions
nd heights for each sample were determined and the changes in
eak position after EK were assessed. Using the soil pH values from
eddy et al. [2], the changes in peak height with increasing soil pH
ere also examined.

The diffraction pattern for each initial sample was compared
o post-EK patterns in Fig. 10. For all three EK tests, there were
o significant changes in the position of the 0 0 1 or 0 0 2 kaolinite

eaks when the diffraction pattern for the initial sample was com-
ared to each post-EK diffraction pattern. As seen in Fig. 11(a), there
ere also no significant changes in peak position with distance from

he anode. A shift in peak position is directly related to changes in

ig. 11. XRD data analysis: (a) A comparison of the values for d-spacing with normal-
zed distance from anode for all five sections of all three tests, (b) A comparison of
he values for peak height with normalized distance from anode for all five sections
f all three tests.
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ig. 12. A plot of the values for kaolinite 0 0 1 and 0 0 2 peak heights against soil pH
or initial spiked soil, and all five sections of (a) Ni only test, (b) Cr only test, and (c)

ixed contaminants (Cr, Ni and Cd) test.

nteratomic distance (d-spacing), hence the Bragg equation:

� = 2d sin� (3)

here n is an integer, � is the wavelength of the incident X-ray
eam, d is the d-spacing (distance between two atomic planes,
lanes specified by the miller index, i.e. 0 0 1, 0 02) and � is the angle
f the incident X-ray beam. A significant change in peak position
fter EK, or with changes in pH could indicate that cations, water or
olecules were somehow entering the clay mineral structure and

ltering interatomic distances. However, all changes in peak posi-
ion that were observed were subtle and did not appear to be related
o pH changes or to the application of electrokinetic potential.

Peak intensity and peak height are related to each other, but peak
ntensities are given by the Jade program as relative percentages

ithin one diffraction pattern. It is therefore more reasonable to

ompare peak height (in counts) when comparing one diffraction
attern to another. A plot of peak height with normalized distance
rom the anode is shown in Fig. 11(b). This plot suggests a decrease
n peak height within the first 2 or 3 sections of each test (the low
H region). So peak height was then compared to soil pH initially
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nd within the test cell. In all three EK tests, the 0 0 1 and 0 0 2
aolinite peaks both show lower heights with lower soil pH (Fig. 12).
t is easiest to see the differences in peak height when looking at
he chromium test. Peak heights appear significantly lower at pH
alues below 5. For the nickel test, peak height was lower at pH
alues below 6 than at values above 6. For the test with multiple
etals, the peak height still decreased with decreasing pH but the

ransition seems more gradual. These results imply that there may
ave been some dissolution of kaolinite taking place, because if the
rystal structure was broken down due to ambient low pH during
he EK treatment, there would be fewer reflections to contribute
o the diffraction pattern and hence a lower peak intensity. Carol-

ebb and Walther [23] and Eykholt [33] reported that kaolinite
ay dissolve during EK as a result of pH changes within the pore

uid, namely at pH values above 9 and below 4. However, it should
e noted that in the results for this study the diffraction patterns
nly reflect peak height decreases in acidic regions. For the nickel
est, a soil pH of 12 did in fact exist in Section 5 but the diffraction
attern for Section 5 did not show a decrease in peak height.

Overall, based on the diffraction patterns, no significant changes
n peak position resulted from the electrokinetic remediation alone,
r from changes in soil pH, which may be attributed to kaolin-
te being not expandable clay. The diffraction patterns did show
hat there was a decrease in peak intensity with decreasing soil pH
alue, which may represent dissolution of kaolinite minerals dur-
ng electrokinetic remediation. However past research reflects that
aolinite also has a high propensity for dissolution at a pH above 9
23], and the diffraction pattern did not reflect any decrease in peak
eight for Section 5 of the nickel test, which had a soil pH of 12.

. Conclusions

This study investigated the physical distribution of heavy metals
n kaolin and the chemical and structural changes in kaolinite min-
rals that resulted from electrokinetic remediation. TEM and EDX
nalyses were performed on the soil samples before and after elec-
rokinetic remediation to determine any changes in heavy metal
hase or changes in kaolinite platelets. It was concluded that heavy
etal contaminant distribution in the soil samples was not observ-

ble using TEM and EDX. EDX detected nickel and chromium on
ome kaolinite particles and titanium-rich, high-contrast particles,
ut no separate phases containing the added metal contaminants
ere detected. Small amounts of heavy metal contaminants that
ere detected by EDX in the absence of a visible phase suggest that

ons are adsorbed to kaolinite particle surfaces as a thin coating.
here was also no clear correlation between semiquantitative anal-
sis of EDX spectra and measured total metal concentrations, which
ay be attributed to low heavy metal concentrations and small size

f samples used. To detect any structural changes in kaolinite min-
rals resulting from EK, X-ray diffraction analyses were performed
n all kaolin samples. The diffraction patterns showed a decrease in
eak height with decreasing soil pH value, which indicates possible
issolution of kaolinite minerals during electrokinetic remediation.
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