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Abstract The feasibility of a sequentially enhanced
process for the remediation of soils contaminated by
mixed contaminants, specifically multiple polycyclic ar-
omatic hydrocarbons (PAHs) and heavy metals, was
investigated. This process consists of sequential flushing
using two chemical agents: a surfactant and a chelate. A
series of laboratory column experiments was conducted
with three different sequential schemes, designated as
SEQI1, SEQ2, and SEQ3, in two distinct flushing stages,
to remove PAHs and heavy metals from a field-
contaminated soil. The SEQ1 scheme involved flushing
0.2 M ethylenediaminetetraacetic acid (EDTA) followed
by flushing 5 % Igepal. The SEQ2 scheme involved
flushing 5 % Igepal followed by flushing 0.2 M EDTA.
SEQ!1 was investigated under a constant hydraulic gra-
dient of 1.2, while the SEQ2 scheme was investigated
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under hydraulic gradients that increased from 1.2 to 4.0.
The SEQ3 scheme consisted of sequential flushing of
5 % Igepal (first stage) and 0.2 M EDTA (second stage)
under a constant low hydraulic gradient of 0.2. The
selected sequential schemes allowed an assessment of
the efficacy of sequencing the surfactant and chelating
flushing for the removal of multiple heavy metals and
PAHs under various hydraulic gradients. The hydraulic
conductivity (or flow) was found to vary depending on
the flushing agent and the sequence scheme. Under the
high hydraulic gradient, the hydraulic conductivity was
lower during chelant flushing stage as compared with
surfactant flushing stage in both SEQ1 and SEQ2.
However, under a low gradient condition (SEQ3), the
hydraulic conductivity was approximately the same
during both chelant and surfactant flushing stages.
The contaminant removal was also significantly af-
fected by the flushing agent and sequence and the
applied hydraulic gradient. Heavy metals were re-
moved during chelant flushing, while PAHs were
removed during surfactant flushing. The total remov-
al efficiencies of Pb, Zn, and Cu were 76 %, 63 %, and
11 % in SEQI and 42 %, 40 %, and 7 % in SEQ?2,
respectively, while the total removal efficiencies of phen-
anthrene, anthracene, benz(a)anthracene, and pyrene
were 51 %, 35 %, 58 %, and 39 % in SEQ1 and 69 %,
50 %, 65 %, and 69 % in SEQ2, respectively. Overall, the
total mass removal of heavy metals and PAHs was higher
in SEQ1 as compared with SEQ2, demonstrating that
SEQI is the effective sequence scheme. Comparison of
the results of high and low gradient conditions (SEQ2 and
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SEQ3) reveals that the removal of contaminants, espe-
cially heavy metals, is rate-limited. Overall, this study
showed that the removal of co-existing heavy metals and
PAHs from soils is possible through the careful selection
of the sequence under which the flushing of chelant and
surfactant occurs and depends on the site-specific soil and
contaminant conditions. Additional research is needed to
establish the most optimal flushing scheme (sequence
duration and flow velocity) to remove the mixed contam-
inants effectively and efficiently.

Keywords Sequential soil flushing - Remediation -
Heavy metals - Polycyclic aromatic hydrocarbons -
Chelate - Surfactant - Mixed contaminants

1 Introduction

Numerous industrial sites, such as former manufactured
gas plants (MGP), have been contaminated with a mix-
ture of known, undesirable toxic heavy metals and poly-
cyclic aromatic hydrocarbons (PAHs) (Sharma and
Reddy 2004). The remediation of such sites is urgently
required to protect public health and the environment.
The common technologies used to remediate contami-
nated soils include chemical oxidation, biodegradation,
thermal desorption, and incineration (Lee et al. 1999;
Bonten et al. 1999; Bogan and Trbovic 2003; Antizar-
Ladislao et al. 2004). However, most of these technolo-
gies are ineffective or expensive, especially when ap-
plied to soils tainted by mixed organic—inorganic con-
taminants. Research studies have investigated the reme-
diation of soils contaminated by either heavy metals or
organic contaminants, but only a limited number of
studies address the soils containing mixed contaminants
(National Research Council NRC 1994; Brusseau et al.
1997; Bernnett 2001). The urgent need for the develop-
ment of remediation technologies for mixed contami-
nants has been recognized for a long time (Roote 1997,
United States Environmental Protection Agency USEPA
2000).

Ex situ soil washing or in situ soil flushing has been
shown to have great potential to remove a wide range
of contaminants from soils (Sharma and Reddy 2004).
Principally, a suitable chemical agent is flushed
through the soil to enhance the apparent solubilization
of the contaminant. Under optimized conditions, this
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results in an increased mass removal rate with reduced
remediation time and the concurrent reduction in the
cost of remediation. However, it is critical to select an
effective flushing agent that can enhance the solubili-
zation of the contaminants and allow for their subse-
quent removal from the soils (Yeom et al. 1995). Many
studies have investigated the use of cyclodextrins, sur-
factants, organic acids, and chelating agents for the
solubilization and removal of a wide range of contam-
inants in soils (Szejtli 1982; Kamiya and Nakamura
1995; Wang and Brusseau 1995; Abumaizar and Smith
1999; Peters 1999; Reddy and Chinthamreddy 2000;
Mulligan et al. 2001; Nowack 2002; Abu-Zreig et al.
2003; Chu and Kwan 2003; Reddy and Saichek 2003).
Most of these studies focused on the solubilization or
extraction of either heavy metals or PAHs in spiked soil
systems, not on actual field contaminated soils.

Yeom et al. (1995) reported that enhanced soil flush-
ing has a potential to remediate soils polluted with mixed
contaminants. Maturi and Reddy (2008) and Reddy et al.
(2011) investigated solubilizing agents, such as surfac-
tants, chelants, and cyclodextrins, to enhance the disso-
lution of mixed contaminants in both spiked and field
soils. These studies involved a series of batch and col-
umn tests that used different soil and flushing agent
combinations and showed that surfactants, such as
Igepal, and cyclodextrins, such as hydroxypropyl-f3-
cyclodextrin, are effective for the removal of PAHs from
the soil, while ethylenediaminetetraacetic acid (EDTA)
and acetic acid are effective for the removal of heavy
metals from the soil. However, none of the flushing
agents investigated completely removed both heavy
metals and PAHs, simultaneously. Thus, sequential
flushing schemes were deemed necessary to remediate
mixed contaminants, such as co-existing multiple heavy
metals and PAHs, in the soil.

This study investigates the feasibility of sequential
flushing of a chelant (EDTA) and a non-ionic surfac-
tant (Igepal) for the effective removal of mixed con-
taminants, specifically heavy metals and PAHs, from a
soil from an industrial site (a former manufactured gas
plant located in Chicago, IL, USA) under different
hydraulic gradient conditions. The sequencing of
flushing agents was investigated by conducting a series
of bench-scale column experiments, and these results
helped to assess the best sequence for the remediation
of the soil contaminated with multiple contaminants.
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2 Experimental Methodology
2.1 Soil Characterization

A bulk sample of contaminated soil was obtained from
an industrial site (a former MGP site in Chicago, IL)
known to be contaminated with toxic metals as well as
PAHs. The soil was homogenized and analyzed for
different physical properties as well as its contaminant
concentrations. All of the soil properties were deter-
mined according to the ASTM standard procedures
and are presented in Table 1. Figure 1a shows the grain
size distribution of the contaminated soil. The contam-
inant concentrations were determined according to the
standard EPA method SW 6020 for metals and EPA
method SW 8170 (SIM) for PAHs (United States
Environmental Protection Agency USEPA 2007) and
the results are shown in Table 2.

The presence of calcium carbonate and other com-
pounds, such as magnesium carbonate or sodium car-
bonate, causes the soil to have a high acid buffering
capacity, which can significantly affect the removal of
heavy metals from the soil. Therefore, the buffering
capacity of the contaminated soil was determined by
titration analysis using 0.1 N nitric acid as the titrant
solution. A soil slurry sample was prepared by mixing
20 g of soil in 200 mL of water. The acid was added
incrementally to the slurry while it was mixed with a
magnetic stirrer. The equilibrium pH of the slurry was
measured with a pH meter (Thermo Orion model 720
A). The equilibrium pH of the slurry was the pH of the

Table 1 Properties of the contaminated soil

Property Test method ~ Value

ASTM D 2216 14.00 %

Specific gravity ASTM D 854 2.63

Grain size distribution ASTM D 422 % Gravel=0
% Sand=84
% Fines=16

Atterberg limits ASTM D 4318 Non-plastic

pH ASTM D 2974 17.05

Redox potential ASTM D 2974 185.3 mV

Electrical conductivity ASTM D 2974 3.08 mS cm™'

ASTM D 2974 11.10 %

ASTM D 2488 Organic silty sand, SM

Water content

Organic content
USCS classification

slurry when it no longer changed over time. A deionized
water sample was also used as a control sample.
Figure 1b shows that, at the inflection point of the
titration curve (pH=6.2), the buffering capacity of the
aqueous soil slurry with a solids concentration of 8.5 %
is approximately 3.7 eq kg~ (dry soil), indicating that
the soil possesses a high acid buffering capacity.

2.2 Flushing Agents

A non-ionic surfactant, 5 % Igepal CA-720, and a
chelant, 0.2 M EDTA, were selected as the flushing
agents for this study. These two flushing agents and
their concentrations were selected based on the results
of several series of batch and column tests conducted
previously by Maturi and Reddy (2008) and Reddy
etal. (2011). Based on the high acid buffering capacity
of the soil, the use of weak acids for the removal of
heavy metals was found to be ineffective. In high acid
buffering soils, chelants are found to be effective in
forming soluble chelant—metal complexes. Surfactants
were found to be effective as compared with cosolvents
and cyclodextrins for the solubilization of PAHs. The
preparation and properties of the flushing agents are
provided by Saicheck and Reddy (2005), Maturi and
Reddy (2008) and Reddy et al. (2011).

2.3 Testing Setup and Variables

Figure 2 shows the schematic of the flushing test setup
used in this study. The soil cell was made of Plexiglas®
and had an inside diameter of 3.8 cm and a total length
of 13.2 cm. A reservoir was connected to inlet end of
the cell using screws. The 2.0 cm inner diameter res-
ervoir was made of Plexiglas® and connected to the
cell using Tygon tubing. The outlet was connected to a
glass bottle to collect the flow (effluent) from the cell.

Table 3 shows the details of the three sequential flush-
ing experiments conducted for this study. The initial soil
conditions for all the column experiments were the same:
moisture content=14 %; dry density=1.34 g cm™>; poros-
ity=49 %,; degree of saturation=38 %; and pore volume=
74.6 cm’. Three sequential schemes, SEQ1, SEQ2, and
SEQ3, were selected to assess the efficacy of the sequen-
tial process for the removal of multiple contaminants
(specifically, the combination of PAHs and heavy metals)
from the soil. Each sequential scheme involved two
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Fig. 1 a Soil grain size a
distribution; b soil acid
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distinct flushing stages under selected hydraulic gradient
conditions. For SEQ1, 0.2 M EDTA was flushed first
followed by flushing 5 % Igepal CA-720 under constant
hydraulic gradient of 1.2. For SEQ?2, the first stage in-
volved flushing 5 % Igepal CA-720 at constant hydraulic
gradient of 1.2 and the second stage comprised flushing
0.2 M EDTA at increased hydraulic gradients ranging
from 1.2 to 4.0. While SEQ1 and SEQ2 were conducted
with a high hydraulic gradient of 1.2, SEQ3 investigated
the sequential flushing of 5 % Igepal CA-720 (first stage)
and 0.2 M EDTA (second stage) at a low hydraulic
gradient of 0.2. SEQ3 was essentially the same as
SEQ2 but with low hydraulic gradient (flow). SEQ3
provided the ability to assess the rate-limited solubiliza-
tion and removal of contaminants when those results
were compared with the SEQ2 results.

@ Springer
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2.4 Testing Procedure

Approximately 250 g of wet field soil was used for each
test. The soil was placed in the cell in layers and
compacted uniformly with a hand compactor. The exact
weight of soil in the cell was determined. Filter paper
(Whatman Grade 1) and porous stone (made of alundum)
were placed at each end of the soil sample and end caps
were attached. The cell was connected to the inlet reser-
voir using Tygon tubing. The inlet reservoir was filled
with the selected flushing agent. The fluid level in the
inlet reservoir was kept at a constant level using a
Marriott tube at the inlet. When the first stage of testing
was completed, the solution in the Marriott tube was
replaced (from Igepal to EDTA or vice versa), and the
test was continued. During the both stages of testing, the
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Table 2 Contaminants found in
the soil

Fig. 2 Schematic of the test
setup and cell details

(a) Total metals (USEPA method

Polycyclic aromatic hydrocarbons

SW6020/SW7471A) (USEPA method SW8270/SW8270C)
Chemical Concentration Chemical Concentration

(mg kg ) (mg kg ")
Aluminum 1640 2-Methylnaphthalene 2.93
Arsenic 3.81 Acenaphthene 37.7-44.8
Barium 197 Acenaphthylene 0.72-2.63
Beryllium 0.3 Anthracene 22.6-32.8
Cadmium 8.39 Benz(a)anthracene 8.65-11.8
Calcium 47000 Benzo(a)pyrene 0.419-1.45
Chromium 19.5 Benzo(b)fluoranthene 1.71
Cobalt 4.33 Benzo(g,h,i)perylene 0.286-0.729
Copper 263 Benzo(k)fluoranthene 1.86-2.28
ITron 25000 Bis(2-ethylhexyl)phthalate 5.34
Lead 1160 Chrysene 4.81-11.2
Magnesium 19800 Dibenz(a,h)anthracene 0.124-0.367
Manganese 294 Dibenzofuran 26.8
Mercury 9.31 Fluoranthene 56.8-58
Nickel 18.6 Fluorene 39-46.5
Potassium 201 Indeno(1,2,3-cd)pyrene 0.345-0.825
Silver 1.48 Naphthalene 6.03-8.35
Sodium 226 Phenanthrene 110-128
Vanadium 3.53 Pyrene 35.1-40.2
Zinc 1100

Stand—>|

[£]
OverroT
=]

Contaminated Soil

~__Collecti
Sample Stand ” - (I)Bft(t:léon
Filter Paper Filter Paper Porous
Porous \L:I:// Stone
t
Stone -~ E T / LA
E 5 X -
e S & Contaminated Soil a §
Valve | | 6o Valve 2
13.2cm
T T
| 12.1 cm |
| |
16.1 cm

@ Springer



1709, Page 6 of 13

Water Air Soil Pollut (2013) 224:1709

Table 3 Sequential flushing

testing program Test number

Test designation

Stage Hydraulic  Flushing agent Pore volumes

number  gradient
1 SEQ1 1 1.2 0.2 M EDTA 21.9
2 1.2 5 % Igepal CA-720  20.5
2 SEQ2 1 1.2 5 % Igepal CA-720 21.2
2 1.2-4.0* 0.2 M EDTA 21.2
3 SEQ3 1 0.2 5 % Igepal CA-720 6.6
1.2 during the first 74 h and then 2 0.2 0.2 M EDTA 58

increased to 4

outflow from the cell (effluent) was collected and mea-
sured at different time periods.

The hydraulic gradient and duration of each stage of
testing was decided based on the observed flow behav-
ior, contaminant concentrations in the effluent, and total
treatment time. Both stages of the SEQ1 and SEQ?2 tests
were planned to be conducted under a constant hydraulic
gradient of 1.2. However, due to low flow conditions
during the stage 2 of SEQ2 test, the hydraulic gradient
was gradually increased from 1.2 to 4.0. A total of about
20-22 pore volumes of flow were allowed during each
stage of SEQ1 and SEQ2. The pore volume is the
volume of the soil occupied by the fluid and is equal to
the bulk volume of the soil times the water-filled porosity
(total porosity as the soil was fully saturated). The SEQ3
test was conducted under a low hydraulic gradient of 0.2,
and each stage was terminated when about 67 pore
volumes of flow was achieved. The total duration of
stages 1 and 2 was 193 h; 24 h for SEQ1 and 73 and
226 h for SEQ2, respectively. The duration of stage 1 and
stage 2 for SEQ3 was 258 and 247 h, respectively. It
should be recognized that additional experiments are
needed with real-time monitoring of the contaminant
removal in the effluent to optimize the duration of each
flushing stage based on the extent or rate of contaminant
removal.

At the end of each test, the inlet reservoir was discon-
nected, and the soil specimen was extruded from the cell
using a mechanical extruder. The extruded soil was
weighed and preserved in a glass bottle.

2.5 Chemical Analyses

Representative samples of the effluent, treated soil, and
initial contaminated soil for each test were analyzed for
total metals and PAHs using the USEPA Methods
SW8270 and SW8270C, respectively (United States
Environmental Protection Agency USEPA 2007). To
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ensure the integrity and accuracy of the test results,
new cells and tubing were used for each experiment.
The cell and reservoir were washed thoroughly and then
rinsed first with tap water and finally with deionized
water to avoid cross contamination between the exper-
iments. All analytical tests were conducted in duplicate.

3 Results and Analysis
3.1 Cumulative Flow

Figure 3 summarizes the cumulative flow data for the
SEQI, SEQ2, and SEQ3 tests. Results of the SEQ1 test
show that, in stagel, when EDTA was flushed under a
high hydraulic gradient of 1.2, the flow rate was ini-
tially higher for the first 24 h then decreased slightly
between 24 and 100 h. Finally, the flow rate increased
to approximately the same level as its initial value after
100 h and remained constant through the first stage.
Based on these results, the calculated hydraulic con-
ductivity of the soil was 3.4x10™ cm s~ initially, then
decreased to 1.2x10™* cm s~" and then increased again
t0 2.0x10"* cm s™'. A total of 22 pore volumes of flow
were collected over a period of 193 h of EDTA flush-
ing. In general, soil hydraulic conductivity depends on
several factors including the soil void ratio, degree of
soil saturation, soil structure, soil organic content, and
flowing fluid viscosity. The influence of inorganic ions
on hydraulic conductivity is consistent with their effect
on the double-layer and interparticle forces in relation
to flocculation/dispersion and shrinkage/swelling as
well as their effect on surface charges of particles and
the influence of these charges on flocculation and
deflocculation (Mitchell and Soga 2005). Within the
first 24 h, the initial ionic strength of the pore fluid was
high due to the soluble ions present, which resulted in a
smaller thickness diffuse double layer, thus causing the
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Fig. 3 Cumulative 4500 ¢
flow through the soil
for different sequential
flushing schemes
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higher initial outflow rate (hydraulic conductivity).
Once the initial pore fluid was flushed out of the soil
over 24 h, a low ionic strength pore fluid existed, which
promoted a thicker diffusive double layer and, conse-
quently, a low outflow rate (hydraulic conductivity).
After 100 h, the desorption of the metals from soil
surfaces due to the chelating effects of the EDTA flush-
ing by ligand exchange reactions increased the pore
water ionic strength, promoting a return to a thinner
diffuse double layer again and thereby inducing a higher
outflow rate (hydraulic conductivity).

It should be noted that the soil contained about 11 %
organic matter, which also played a role in the observed
flow behavior. Organic (humic) substances contain a
variety of functional organic groups such as carboxyl
(COOH), hydroxyl (OH), and carbonyl (C=0) and humic
molecules that are commonly negatively charged due to
proton dissociation from these functional groups
(Saichek and Reddy 2005). Humic substances may also
be adaptable, and the molecular structure may change in
response to pH and electrolyte concentration changes
(Evangelou 1998). In addition, the molecular structure
of organic matter is complicated, and different organic
functional groups can bind with hydrophobic organic
compounds (such as PAHs) as well as with clay mineral
surfaces through a variety of chemical mechanisms
(Sposito 1989; Evangelou 1998). These soil-organic
matter—contaminant interactions may have affected the
flow behavior. In addition, the presence of multiple inter-
related factors (i.e., soil, contaminant, and flushing agent)
makes it difficult to identify specific dominant factors that
affect the flow variations in the tested soil systems.

After 193 h duration in SEQ], the Igepal solution was
flushed during the second stage, which sharply increased

100 200 300 400 500 600
Elapsed Time (hrs)

the flow rate that remained constant until the termination
of the testing. Nearly 20 pore volumes flow were col-
lected over 24 h, resulting in a hydraulic conductivity
value of 1.4x10™ cm s ', an order magnitude higher than
that of the first stage. The high and constant flow rate
behavior is attributed to the changes in viscosity and pore
solution chemistry due to the presence of Igepal.

The SEQ?2 test was identical to SEQ1 except that the
sequence of flushing agents was reversed. In the SEQ2
test, Igepal solution was initially flushed under the same
high hydraulic gradient of 1.2 for 73 h to collect about 21
pore volumes of flow. The flow rate was constant (with a
hydraulic conductivity value of 4.5x10* ¢cm s ') and
slightly lower than that of flow rate observed in SEQ1
stage 2, which also represents Igepal flushing. The sec-
ond stage flushing was initiated after 73 h. The EDTA
solution was flushed initially under hydraulic gradient of
1.2, and it was observed that the flow rate was low (with
a hydraulic conductivity of 7.5x107> cm s '). After an
elapsed time of 177 h, the hydraulic gradient for EDTA
flushing was increased to 4.0, which resulted in a gradual
increase in the flow rate (with an average hydraulic
conductivity of 9.4x107> cm s ). It is possible that the
residual surfactant may have adsorbed to the surface of
the soil and organic matter. In addition, EDTA may also
have adsorbed to the adsorbed surfactant, soil, and or-
ganic content, resulting in low ionic strength. Higher
gradient (flow velocity) was required to overcome the
influence of the residual surfactant present in the test
sample. When the hydraulic gradient was increased to
4.0, the hydraulic conductivity of the soil increased
gradually. This led to the gradual increase in EDTA
and EDTA complexes, which in turn resulted in higher
ionic strength. A total of about 21 pore volumes of flow

@ Springer
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were collected during the entire second stage of EDTA
flushing over 226 h duration.

The SEQ3 test was the same as SEQ2 with Igepal
flushing occurring first followed by EDTA flushing,
except that a low hydraulic gradient of 0.2 was used in
SEQ3 as compared with 1.2 in SEQ2. Results show that
the flow rate was low but constant during both the Igepal
and EDTA flushing stages. Approximately 6 pore vol-
umes of flow were accumulated during each stage:
flushing with Igepal over a period of 258 h and flushing
with EDTA for 247 h. These results show that an aver-
age hydraulic conductivity of 23x10* cm s was
achieved during the entire testing duration. Obviously,
the low hydraulic gradient is expected to result in low
flow rate, giving more time for a contaminant-flushing
agent interaction in SEQ3 than that in SEQ2. As a result,
more Igepal-solubilized organics and EDTA-metal
complexes were produced gradually in the system, with
a net effect of lower hydraulic conductivity in SEQ3
(2.3x107* ¢cm s ') compared with that in SEQ2
(4.5x10* cm s '). Additional research is needed to

determine the fundamental interactions between the
flushing agent—contaminant—soil that influence the hy-
draulic conductivity of the soil.

3.2 Contaminant Removal

Figure 4 shows the cumulative mass removal of the
total metals, total toxic metals (all metals except Al,
Ca, Fe, Mg, K, and Na as shown in Table 2), and total
PAHs from the soil sample with the cumulative pore
volumes for all three SEQ tests performed. These re-
sults clearly show that the removal of heavy metals
occurred only due to the EDTA flushing during stage 1
of the SEQ1 test and stage 2 in the SEQ2 and SEQ3
tests (Fig. 4a). The maximum removal of metals oc-
curred when EDTA was flushed first (in SEQ1).
Surfactant (Igepal) flushing prior to EDTA flushing in
SEQ2 and SEQ3 hindered the metal removal, possibly
due to sorption of metals to the surfactant or surfactant-
laden soil surfaces (i.e., the surfactant physically blocked
metal desorption).

Fig. 4 Effect of sequential
flushing on contaminant re-
moval: a total metals, b total
toxic metals, and ¢ total
PAHs
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Figure 4b shows that total toxic metals were also
removed during the EDTA flushing stages in all three
tests. Figure 5 shows the removal behavior of selected
toxic metals in all three tests and demonstrates that
contaminant removal would have continued if the dura-
tion of the EDTA flushing stages was increased. Under
the tested conditions, the removal of Pb, Zn, and Cu was
76 %, 63 %, and 11 % in SEQI, 42 %, 40 %, and 7 % in
SEQ2 and 63 %, 42 %, and 8 % in SEQ3, respectively.
The removal of heavy metals is the highest in SEQI,
followed by SEQ2 and then SEQ3. Though such a
removal trend was not observed for some metals, the
removal of most heavy metals generally followed the
trend: SEQ1>SEQ2>SEQ3. The total outflow in SEQ3
was about 3.5 times less than SEQ1 and SEQ?2, yet the
heavy metal removal was significant. It appears that the
low hydraulic gradient (flow) conditions in SEQ3
caused higher residence time in the soil for the flushing
agents, improving the removal efficiency. It may be

concluded that the removal of heavy metals is controlled
by the rate-limited desorption/solubilization of heavy
metals in the soil tested.

The PAHs were removed during the surfactant
(Igepal) flushing stage in all three tests (Figs. 4c and
6). The removal of PAHs during the EDTA flushing
stage was negligible. Figure 4c shows that the maxi-
mum removal of total PAHs occurred in the SEQ?2 test
during the first stage involving about 20 pore volumes
of Igepal flushing. The SEQI1 test, which involved
about 20 pore volumes of Igepal flushing following
20 pore volumes of EDTA flushing, resulted in lower
total PAHs removal of about 45 %. The total PAHs
removal in SEQ3 during about 6.6 pore volumes of
Igepal resulted in about 35 % removal. Figure 6 shows
the removal efficiencies of selected PAHs (phenan-
threne, pyrene, and benzo(a)pyrene) in the three tests.
These results show that the removal of phenanthrene,
pyrene, and benzo(a)pyrene was 51 %, 39 %, and 45 %
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in SEQ1, 69 %, 69 %, and 25 % in SEQ2, and 58 %,
54 %, and 16 % in SEQ3, respectively. In general, the
removal of PAHs in SEQ2 was higher, but the removal
efficiencies in SEQ1 are comparable to those found in
SEQ! except in the case of some of the large-ring com-
pounds, such as pyrene and chrysene. Furthermore, the
SEQ3 results show that the removal of PAHs is signifi-
cant despite the fact that only about 6.6 pore volumes of
Igepal is flushed in this test as compared with about 20
pore volumes of Igepal flushing in SEQ1 and SEQ2. The
low gradient condition leading to higher residence time
enhanced the dissolution of PAHs and resulted in the
substantial removal of PAHs. These results show that,
instead of high hydraulic gradient (flow) conditions, the
use of lower hydraulic gradient and longer duration
should be explored for optimizing the flushing agent
and sequence duration. The dissolved humic substances
may also have enhanced the solubilization of compounds
that are more hydrophobic than pyrene. Otherwise, the
high benzo[a]pyrene removal in SEQ1 as compared with
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Cumulative Pore Volume

SEQ2 and SEQ?3 could be attributed to some synergistic
effects with any residual EDTA and/or inhomogeneous
distribution within the soil samples used.

Thus, the three test results confirm that the removal
efficiency depends upon the sequence of flushing agents
and applied hydraulic gradient. Figures 7 and 8 compare
the removal efficiency of SEQ1, SEQ2, and SEQ3 for
all the metals and PAHs. It can be seen in Fig. 7 that
heavy metals can be effectively removed following the
SEQ! system during EDTA flushing and, at the same
time, as seen in Fig. 8, that significant amounts of PAHs
can also be removed in SEQ1 during the second stage of
Igepal flushing. Overall, SEQ1 resulted in the maximum
total contaminant mass removal of heavy metals and
PAHEs.

In general, the removal of PAHs during the first stage
Igepal flushing in SEQ2 was higher than that of SEQ3.
About 21 pore volumes of Igepal flushing was
implemented in SEQ2, but, despite about 6.6 pore vol-
umes of Igepal flushing in SEQ3, significant amounts of
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PAHs were removed. The low hydraulic gradient (flow)
in SEQ3 may have helped the dissolution of PAHs into
solution and their subsequent removal. The desorption
of PAHs may be rate-limited; therefore, further investi-
gation of the optimal hydraulic gradient (flow) and flow
volume to result in the higher removal of PAHs from the
soils should be undertaken. The removal of metals dur-
ing the second stage EDTA flushing was lower than that
of SEQI. The lower removal of metals was mainly
attributed to potential surfactant adsorption to soil par-
ticles, which may have caused removal of metals diffi-
cult. Once the substantial amount of EDTA was injected,
the residual and surface-coated Igepal may have been
removed, facilitating the removal of metals. The 5.8
pore volume of EDTA flushing under low hydraulic
gradient (flow) resulted in the removal of heavy metals
comparable to 21.2 pore volumes of EDTA flushing
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under high gradient of 1.2 to 4.0, indicating that the
formation of soluble EDTA—metal complexes may be
rate-limited process. As the flow data (Fig. 3) indicated,
the high hydraulic conductivity of the soil was
maintained during the flushing of Igepal, but the hy-
draulic conductivity was reduced during the EDTA
flushing at least during the initial stages of flushing.
The effects of flushing agent on the hydraulic conduc-
tivity should also be carefully assessed to sustain the
flow and contaminant removal.

The observed removal of heavy metals can be explained
on the basis of the fact that polyaminocarboxylate chelates
such as ethylenediaminetetraacetic acid (EDTA) form
soluble complexes with free metal ions in the soil pore
solution. In addition, they dissociate exchangeable
cations attached to mineral surfaces and dissolve soil
minerals. Thus, the EDTA-enhanced system relies on
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the availability and the interaction of the EDTA ions
with the soil matrix and the stability of the EDTA—metal
complexes. Therefore, the high removal of metals indi-
cates that EDTA—metal complexes attain maximum sta-
bility at a low hydraulic gradients condition. It can also
be concluded that the desorption/dissolution of the
PAHs may be highest under low hydraulic gradients,
leading to their mobilization and removal from the soil.

On the other hand, the removal of PAHs using a
surfactant such as Igepal can also be attributed to
micellar-enhanced contaminant solubility in the pore flu-
id (Reddy and Saichek 2003). Surfactants monomers
aggregate to form micelles that exhibit unique properties
with the hydrophobic portion of the molecules located in
the center and the hydrophilic portions at the exterior of
the micelle. The hydrophilic polar exterior makes mi-
celles highly soluble in water, while the non-polar interior
provides a hydrophobic sink for PAHs, which effectively
increases the solubility of PAHs. The CMC is the surfac-
tant concentration level above which micelles form. The
concentration of Igepal used in this study is 5 %, which
significantly exceeds its CMC of 2.3x10* mol L. As a
result, the removal of PAHs from the soil during the
Igepal flushing depends upon the number and stability
of micelles formed (Mulligan et al. 2001; Chu and Kwan
2003; Reddy and Saichek 2003). In all three tests
conducted, micelles formed during the Igepal flushing,
resulting in micelle solubilization and the subsequent
removal of PAHs.

The assessment of the relative effectiveness of flush-
ing sequences in this study was based on the extent of
contaminant removal under the pre-selected flushing
sequence, duration of each stage flushing, and hydraulic
gradient (flow). The steady-state removal conditions
may not have been reached for all of the contaminants
during the duration of each flushing stage. Therefore,
additional research is needed to optimize the duration
and hydraulic gradient of each flushing stage based on
the extent or rate of the contaminant removal.

4 Conclusions

The following conclusions can be drawn based on this
study:

1. Theremoval of mixed PAHs and heavy metals from

the field soil required the use of sequential flushing
of a surfactant (Igepal) and a chelant (EDTA). PAHs
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were removed during the flushing of Igepal, while
heavy metals were removed during the flushing of
EDTA. The sequence of flushing agents affected the
removal of PAHs and heavy metals. Surfactant-
enhanced solubilization of PAHs occurred through
the forming micelles that provided hydrophobic
sinks for PAHs, while chelant-enhanced desorption
and solubilization of heavy metals occurred through
the formation of metal complexes.

2. Hydraulic conductivity of the soil and, conse-
quently, flow behavior, was dependent on the tran-
sient changes in viscosity, density, and soil-con-
taminant interactions of the flushing agent used.
Hydraulic conductivity was higher with Igepal and
lower with EDTA.

3. The higher hydraulic gradient conditions appeared
to help the mobilization and removal of the contam-
inants. The low hydraulic gradient conditions helped
to desorb/solubilize the contaminants due to the
greater time allowed for the contaminant and flush-
ing agent interaction. Due to aging, contaminants
may be strongly held in the soil under which cir-
cumstances desorption and solubilization appears to
be rate-limited processes.

4. Depending on the flushing sequence used, the re-
moval of individual heavy metals ranged from O to
100 %, while the removal of individual PAHs ranged
from 2 to 69 %. Sequential flushing of EDTA
followed by Igepal (SEQ1) resulted in the removal
of maximum combined mass of heavy metals and
PAHs from the soil. Further optimization of flushing
stage duration and hydraulic gradient is needed to
maximize the contaminant removal from the soil.
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