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Abstract

This paper presents an evaluation of different extracting solutions for the removal of phenanthrene, lead and zinc from a contaminated soil
obtained from a former manufactured gas plant site. The field soil contained 50%—88% sand, 11%—-35% fines, 2.7%-3.7% organic matter and
high concentrations of phenanthrene (260 mg/kg), lead (50.6 mg/kg) and zinc (84.4 mg/kg). A series of batch extraction experiments were
conducted using the field soil with different extracting solutions at various concentrations to investigate the removal efficiency and to optimize
the concentration of each extractant. The results showed that removal efficiencies of different flushing systems were significantly influenced
by their affinity and selectivity for the contaminants in the soil matrix. Non-ionic surfactants (Igepal CA720 and Tween 80) were found to be
effective in removing phenanthrene, but they were ineffective in removing lead and zinc. Chelating agents (ethylenediamine tetra acetic acid,
EDTA and diethylene triamine penta acetic acid, DTPA) and selected acids were effective in removing lead and zinc, but they were ineffective
for the phenanthrene removal. Co-solvents and cyclodextrins were not effective for removal of any of the contaminants. A sequential use of
the 0.2 M EDTA followed by 5% Tween 80 or 5% Tween 80 followed by 1 M citric acid was found to be effective for the removal of lead,
zinc, and phenanthrene. Overall, it can be concluded that sequential use of different extracting solutions is required for the removal of both
heavy metals and organics from field contaminated silty sand soils.
© 2004 Published by Elsevier B.V.
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1. Introduction Technologies available for re-mediating metal contaminated
soils can be divided mainly into two groups, namely, immo-
In the United States (US), numerous sites have beenbilization methods and separation/concentration methods.
severely contaminated due to improper waste disposal prac4n the first type of re-mediation, contaminants are immobi-
tices, industrial activities, and spillage of chemicals such as lized thereby preventing the leaching of contaminants into
pesticides, wood preserving agents, and petroleum productghe groundwater. Containment, in-situ and ex-situ solidifi-
[1]. Most of the national priority list (NPL) sites contain cation and stabilization, in-situ and ex-situ vitrification fall
three contaminant groups such as volatile organic carbonsunder this category. The second-type of re-mediation deals
(VOCs), metals and semi-volatile organic carbons (SVOCs). with separating the containment from the soils or reducing
Most sites require re-mediation for more than one of these the volume of contaminated soil. The reduced volume of
contaminant groups. Approximately, 25% of the sites con- the soil may be deposited in the landfills and the sepa-
tain two contaminant groups and 41% of the sites contain all rated contaminants may be treated on-site or off-site with
three typeg1]. The conventional re-mediation methods for suitable treatment methods. In low permeability soils, the
phenanthrene (PAH) contamination include bio-remediation, conventional re-mediation methods are ineffective because
thermal treatments using hot water, steam or heaters, stabiit is difficult to introduce the appropriate reagents or nutri-
lization or solidification processes, and soil flush{2g3]. ents into the sub-surface due to the low permeability of the
soils. Furthermore, conventional re-mediation technologies
* Corresponding author. Tek:1 312 996 3435; faxi-1 312 996 2426, are applicable to treat both heavy metals and PAHS, when
E-mail address: akhodado@uic.edu (A.P. Khodadoust). they co-exist.
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Electrokinetic re-mediation has shown a great potential to Table 2 _
re-mediate low permeability soils contaminated with both PAHS in field soil

heavy metals and PAH4,5]. According to the USEPAL], PAH Concentration (mg/kg)
41% of the NPL sites contain both heavy metals and PAHS. naphthalene 260
Therefore, a single capable technology, such as electroki- Acenaphthene 25
netic re-mediation can save both money and time. BecauseFluorene 90
of the different nature of the heavy metals and the PAHs, ex- Acenaphthylene 84

tracting solutions that can remove both contaminants must’ enanthrene 260

Anthracene 69
be carefully selected. Benzo(a)anthracene 66
In this study, the use of various extracting solutions, chrysene 39
namely surfactants, co-solvents, chelating agents, cy-Pyrene 130
clodextrins, and acids was examined for the solubiliza- Fluoranthene 92
tion/desorption of heavy metals (zinc and lead) and PAHs Sg:igg:;}f:ﬁg::mggz gg
from the an actual field contaminated soil from a former pgenzo(a)pyrene 59
manufactured gas plant (MGP) site. A series of batch ex- Dibenzo(a,h)anthracene 9.1
traction experiments was performed to determine the ability Indeno(1,2,3-cd)pyrene 21
of each selected extractant to remove lead, zinc and phenanBenzo(g.h.)perylene 33
threne from the field soil. Zinc and lead can be found in Total PAHs 1493.1

soils as divalent cations in the soil solution, as complex hy-

droxides, as metal-bound to soil minerals, chelated to soil

organic matter, and as insoluble oxides. (CMC) and the hydrophile—lipophile balance number (HLB)
were taken into consideration during the selection and are
shown inTable 4 Batch experiments were performed at four

2. Materials and methods different surfactant concentrations (0.5%, 1%, 3%, and 5%),
to optimize the best extracting concentration to be utilized
2.1. Soil for the removal of phenanthrene under ambient conditions.

The co-solvents, n-butylamine and tetrahydrofuran

The soil used in this investigation was collected from an (THF), were selected among the co-solvents based on pre-
actual contaminated field site. Properties of the field soil are vious studieqg10,11]. The experiments were carried out at
summarized ifTable 1 The field soil was a silty soil with 5%, 10%, 15%, and 20% concentrations of each co-solvent
approximately 3% organic matter. The field soil was con- (i.e. n-butylamine and THF). These two co-solvents were
taminated with both PAHs and heavy metals. The concentra-very effective in increasing the solubility of organics such as
tions of contaminants are listed Tiables 2 and 3for PAHs PAHSs[10]. For a PAH such as phenanthrene, the co-solvents
and heavy metals, respectively. The field soil was mainly could increase contaminant solubility by more than five
contaminated with 260 mg/kg of phenanthrene, 84.4 mg/kg orders of magnitudgl1].

of zinc, and 50.6 mg/kg of lead. Two chelating agents, ethylenediamine tetra acetic acid
(EDTA) and diethylene triamine penta acetic acid (DTPA),
29 Extractants were investigated at concentrations of 0.01M, 0.05M,

0.1M, and 0.2M for the treatment of the MGP field soil.
Surfactants are shown to be effective extractants for PAHs EDTA and DTPA were chosen as they possess proven
[6-8]. Two non-ionic surfactants, namely Tween 80 and €fficiency for heavy metal$12-15] EDTA forms stable
Igepal CA-720, were selected based on the previous researclfOmplexes with zinc and lead, and the stability constants
[9]. The properties such as critical micelle concentration for EDTA and zinc complexes are 18.3, 21.7 and 19.9 for

Table 3
Table 1 Metals in field soil
Properties of field soll Metal Concentration (mg/kg)
Characteristic Method Value -

Arsenic 11
Gravel [%] ASTM D422 1.4-15.4 Cadmium <0.5
Sand [%] ASTM D422 50.1-87.7 Chromium 8.3
Fines [%] ASTM D422 10.9-34.5 Copper 13
Hydraulic conductivity [cm/s] ASTM D2434 2.% 104 Lead 50.6
Organic content [%] ASTM D2974 2.69-3.75 Nickel 14
pH ASTM D 4972 6.9 Silver <1
USCS classification ASTM D 2487 SM Mercury <0.05

Specific gravity (ASTM D854) 2.54 Zinc 84.4
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Table 4

Non-ionic surfactants used in the study

Surfactant trade Strutural chemical ~ Approximate Type of surfactant CME(mol/L) HLB®
name formula® molecular weight

Igepal CA-720 GPE2 735 Octylphenol polyoxyethylene (POE) 23107 14.6
Tween 80 GsSsE20 1310 Polyoxyethylene (POE) (20) sorbitan monooleate  >1.20°° 15.0

a C represents the alkyl chain length (—&Hl, P represents a phenol ring G-), .
b Critical micelle concentration.
¢ Hydrophile—Lipophile balance.

ZnL, ZnHL, and ZnOHL, respectively, while the stability 2.4. Chemical analysis
constants for EDTA and lead complexes are 19.8 and 23.0
for PbL and PbHL, respectiveljL6]. 2.4.1. Soxhlet extraction

Research has shown that modified cyclodextrins could To determine the initial phenanthrene concentration in the
simultaneously complex with low-polarity organic com- soil, a representative soil sample weighing 10g was thor-
pounds and heavy metdls7]. Hydroxypropylg-cyclodextrin -~ oughly mixed with about 10g of N&Oy (Fisher Scien-
(HPCD) andpg-cyclodextrin hydrate £-CD hydrate) were tific, Pittsburgh, PA), and the mixture was placed into a
selected among the different cyclodextrins based on theWhatman cellulose extraction thimble. The phenanthrene
published literaturef18-20] HPCD was investigated at was then extracted using a Soxhlet apparatus consisting of
concentrations of 1%, 3%, 5%, and 10% agh&€D hydrate a 250 mL flask, a Soxhlet extraction tube, and a bulb-type
was investigated at concentrations of 0.05%, 0.1%, 0.5%, Allihn condenser. The procedure is outlined in USEPA test
and 1% for the solubilization of the contaminants from method 3540022]. The solution used in the Soxhlet ex-
the MGP soil. Low concentrations ¢-CD hydrate were  traction process was 190 mL of a 1:1 mixture of methylene
selected because of its low solubility in water. chloride and acetone (Fisher Scientific), and the process was

Acids have been previously used for the removal of heavy operated at 4—6 cycles/h for at least 24 h. After the extrac-
metals from soil§13-16,21] Seven different organic acids tion was completed, the volume of the solvent remaining
were selected for this study and were investigated at the sameén the Soxhlet extraction tube and flask was measured, and
concentration. These acids include lactic anibutyric acid, analysis by gas chromatography (GC) was performed on a
propionic acid, oxalic acid, citric acid, phosphoric acid, and sample of the liquid. The soil was usually highly contam-
acetic acid. A high concentration of 1M was selected for inated with phenanthrene, so the solvent-phenanthrene lig-
all the acids to compare the performance of different acids uid samples obtained from the Soxhlet extraction could be
and to eliminate the number of acids required in further directly analyzed using GC without further sample concen-
testing. tration.

2.3. Batch extractions 2.4.2. LiquidHiquid extraction
The extraction procedure consists of placing 1 mL of the

The batch extraction experiments were conducted using acontaminated supernatant in a conical flask with the help of
soil to water ratio of 1:5, or, specifically, five grams of the @ syringe. The syringe was thoroughly rinsed with ethanol,
soil with 25 mL of extracting solution. First, five grams of before and after use. Then, the sample was diluted in the ratio
contaminated soil was weighed and placed in a 40 mL glassof 1:10 with water. The conical flask was shook thoroughly,
vial. Then, 25 mL of the extracting solution were added, and before transferring the diluted sample into a test tube. Then,
the vial was sealed with a Teflon screw-type top. Each vial 200p.L of 2-fluorobiphenyl was added. After that, 2 mL of
was then shaken by hand for about a minute to ensure themethylene chloride was added into the test tube. The test
soil was fully saturated with solution, and the vials were tube was hand shook at least for five minutes. Then, the two
then shaken in a rotary shaker table at 250 rpm for 24 h. phases, methylene chloride-phase and the aqueous-phase,
After shaking was completed, the soil-solution mixture was were allowed to separate. Approximately, 1-2mL of the
centrifuged at 4000 rpm for 28 min. Then, the supernatant methylene chloride phase were taken with the help of a
was poured through a glass funnel holding a Whatman GF/C Syringe into a 2 mL auto-sampler vial. GC analysis was then
glass fiber filter (1.2um particle retention) to remove any performed. For quality control, all the samples were run in
floating particles or debris, and the concentration of phenan-duplicates.
threne in the solution was determined by liquid-liquid ex-
traction followed by gas chromatography chemical analysis. 2.4.3. Gas chromatography

Batch extractions were performed in duplicates to ensure The GC that was used was an Agilent Model 6890
reproducibility of the results. GC equipped with a flame ionization detector (FID). The
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injection volume was L, and it was injected via an  3.1. Removal with surfactants

auto-injector at an inlet temperature of 280 The column

used on the GC was a J and W Scientific (Folsom, CA) 3.1.1. Phenanthrene

DB-5, 30m x 0.32mmx 25um. The carrier gas was ni- Different surfactant solutions were chosen based on
trogen at 25-psi constant pressure. The oven temperaturghe solution properties, such as CMC and HLB. Two
was ramped from 100C to 250°C at 18°C/min with a non-ionic surfactants solutions were chosen to desorb
hold time of 3min. The instrument was calibrated using and solubilize phenanthrene and these surfactant solu-
2-flourobiphenyl as an external standard. The calibration tions include Igepal CA-720 and Tween 80. Their perfor-
range was from 1 to 40mg/L. The extraction efficiency mance in the removal of phenanthrene was investigated
was calculated based on surrogate concentration obtainedt four different concentrations (0.5%, 1%, 3% and 5%).
from the GC. The final phenanthrene concentration in the The pH of the soil-solution mixture was measured after

original soil extract was determined. the samples were shaken until the equilibrium time was
reached.
2.4.4, Analysis of lead and zinc It was observed that the removal efficiency of phenan-

Lead and zinc contaminants in soil were extracted by per- therene using Igepal CA-720 system gradually increased
forming acid digestion in accordance with USEPA Method with concentration as shown iRig. 1la The pH values of
3050[13,22] Approximately, 1-2 g of a representative soil all the Igepal samples at different concentrations ranged be-
samples were weighed, in a conical beaker and then mixedtween 7.25 and 7.59. The pH value for 0.5% Igepal system
with 10 mL of 1:1 (w/v) nitric acid (HNQ@). The mixture was was found to be 7.25 and it gradually increased to 7.59 for
stirred thoroughly, the beaker was covered with a watch glass5% Igepal system. Thus, it is evident that removal efficiency
and heated to 98C, and then it was refluxed for 15 min. The of Igepal increases as the concentration is increased. The
sample was cooled, 5 mL of concentrated HiN@re added, removal efficiency was 21% for 0.5% Igepal and it gradu-
and it was refluxed again for 30 min. This last step was then ally increased to 76% at 5% concentration as shown in the
repeated once. The conical beaker was then covered with &ig. 1a A concentration higher than 5% Igepal CA-720 may
ribbed watch glass and the sample was allowed to evaporaténcrease the phenanthrene removal efficiency, however, fur-
to 5mL. The sample was cooled, and 2 mL of deionized wa- ther studies are needed to confirm this. The increase in the re-
ter and 3 mL of 30% hydrogen peroxide{Bk) were added. moval efficiency with increasing concentration was because
The mixture was warmed to observe the peroxide reaction of the availability of more micelles for the solubilization of
and heated until the effervescence subsided. The sample waphenanthrene.
then cooled and the addition of 1 mLy,8, was continued For Tween 80, the removal efficiency was 22% at 0.5%
until the effervescence was minimal. The maximum amount concentration which increased to 5% at 1% concentration.
of H,O, added was less than 10 mL. The sample was cooled The removal efficiency then decreased to 33% at 3% con-
and 5 mL of concentrated HNnd 10 mL of deionized wa-  centration and later increased to 42% at 5% concentration
ter were added and the mixture was refluxed for 15 min. The as shown in the~ig. 1a The pH value at 0.5% concen-
sample was centrifuged at 4000 rpm for 30 min to separatetration was 7.58 and it gradually decreased to 7.44 at 5%
the supernatant and then diluted to 100 mL. The supernatantconcentration. The variation in the removal efficiencies
was then analyzed using an atomic absorption spectropho-can be attributed to the heterogeneous nature of the field
tometer (AAS), to determine the concentration of lead and soil.
zinc in accordance with USEPA Methods 7420 and 7950, Due to lower CMC and a higher HLB values for Tween
respectively{22]. The supernatant from the batch tests was 80 than for Igepal, the micelle formation should begin at a
directly tested using AAS for the contaminant concentra- lower surfactant concentration for Tween 80. The Tween 80
tions. had better removal efficiency over Igepal at concentrations

of 0.5% and 1%. As described earlier, the heterogeneous
nature of the field soil might be the reason for the variation
3. Results and discussion in the removal efficiencies.

In this field contaminated soil, heavy metals and organ- 3.1.2. Zinc and lead

ics co-existed. Chelating agents and acids were employed The data fronFig. 1bshows that the surfactants were not
to examine their efficiency for removal of heavy metals. effective in the removal of zinc. Igepal was ineffective in
Non-ionic surfactants and co-solvents were employed to ex- the removal of zinc. The removal efficiency was less than
amine their efficiency for removal of organics. Cyclodextrins 2.5% at all the concentrations for the reported pH values.
were employed to remove both metals and organics simulta-The removal efficiency of 0.5% Tween 80 was 2.3% and it
neously. For informational purposes, the removal of organics gradually decreased to 1.6% at a concentration of 3% and
while employing chelating agents and acids and the removalthen it slightly increased to 1.8% as showrFig. 1h Tween

of metals while employing surfactants and co-solvents were 80 performed better in the removal of zinc when compared
examined. to Igepal at all concentrations. The data fréig. 1cshows



A.P. Khodadoust et al./Journal of Hazardous Materials B117 (2005) 15-24 19

100 335
90 = —
_ W Igepal CA 720 3.0 mMEDTA
3 80 1 ] Tween 80 § ODTPA
= 70 A =251
2 60 g
E 0 E 2.0 A
o 50 A <
; 40 4 E:_ 1.5
g 30 210
i _J_‘ ]
10
0 - T T T 0.0 4 T T -
0.5% 1.0% 3.0% 5.0% 0.01M 0.05M 0.1M 0.2M
Concentration (%) Concentration (M)
(a) Phenanthrene (a) Phenanthrene
25 20
— M [gepal CA 720 BEDTA
. 5 18 g
o I Tween 80 - CODTPA
g2 — gle- —
s <
= = 14
g 1.5 4 212
£ S1o
[~
= 1.0 1 = 8-
g g
g E %7
£ 0.5 & 4
2 -
0.0 - T 0 - T
0.5% 1.0% 3.0% 5.0% 0.01M 0.05M 0.1M 0.2M
Concentration (%) Concentration (M)
(b) Zinc (b) Zinc
3.5 45
304 M [gepal CA720| 40 - EMEDTA
- 25 O Tween 80 | = ODTPA
& X35 A
=25 <
'_'f = 30
%20 55
E ' g 25
& 15 A & 20
b =
g 1.0 g 151
& . 210
i 54
0.0 T 0 - -
0.5% 1.0% 3.0% 5.0% 0.01M 0.05M 0.1M 0.2M
Concentration (%) Concentration (M)
(c) Lead (c) Lead

Fig. 1. Removal (% mass) of (a) phenanthrene, (b) zinc and (c) lead using Fig. 2. Removal (% mass) of (a) phenanthrene, (b) zinc and (c) lead using
surfactants. chelating agents.

that the surfactants were not that effective in the removal of ¢he|ating agents could not form any stable complexes with

lead. phenanthrene because of their very chemical structure and
affinity towards charged metals.
3.2. Removal with chelating agents
3.2.2. Zinc and lead
3.2.1. Phenanthrene The removal efficiency of EDTA increased with increas-
Both chelating agents were ineffective, as predicted, in ing concentration. It was in the range of 12% and 18% as
the removal of phenanthrene with removal efficiency less shown in theFig. 2h The pH values of EDTA ranged be-
than 4% at all the concentrations as showRim 2a DTPA tween 9.69 and 11.03. The pH values increased with in-
was better than EDTA at all the concentrations except at creasing concentration of EDTA. The 0.01 M EDTA had a
0.01 M. Neither chelating agent was able to solubilize or pH value of 9.69 and 0.2 M EDTA had a pH value of 11.03.
desorb phenanthrene from the soil, as they are ligands. Thesd@he removal efficiency of DTPA increased with increasing
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concentration upto a concentration of 0.1 M and then it de- 20
creased slightly at a concentration of 0.2 M. The removal ef- 18
ficiency ranged from 12% to 15%. The pH values of DTPA
were between 9.80 and 12.18. The pH values increased with
the increasing concentration. The 0.01 M DTPA had a pH
value of 9.80 and 0.2 M DTPA had a pH value of 12.18. The
performance of DTPA was better when compared to EDTA
at all the concentrations except at a concentration of 0.2 M,
as shown in therig. 2h The difference in the removal ef- ;.
ficiencies of the two chelating agents was not significant. 5 L ‘ .*] . |
Moreover, the difference in the removal efficiencies might
be because of the heterogeneities that existed in the samples
collected. The overall lower removal of zinc might be be-
cause of the presence of other heavy metals in the soil. The
chelating agents might have formed complexes and removed W n-butylamine
the metals that were not analyzed. -
The removal of lead with EDTA increased with increasing <
EDTA concentration. The removal efficiency of EDTA was z
17% at a concentration of 0.01 M and it increased to 42% 5
£

| M n-butylamine
| O Tetrahydrofuran

Percent Removal (%)
=)

5% 10% 15% 20%
Concentration (%)

(a) Phenanthrene

20 O Tetrahydrofuran

at a concentration of 0.1 M as shownHig. 2c Then, the 1.0 4

removal efficiency decreased to 35% at 0.2 M concentration.

The pH values of EDTA were between 9.69 and 11.03. The 0.5

pH values increased with increasing concentration of EDTA.

The 0.01 M EDTA had a pH value of 9.69 and 0.2 M EDTA 0.0 4 ' :

had a pH value of 11.03. 3% ég‘;{gmtra”o“'(?{/f') 20%
The removal of lead with DTPA also increased with in-

creasing concentration and it ranged from 23% to 44%. The ~ (® Zinc

pH values of DTPA were between 9.80 and 12.18. The pH 1.8 :

values increased with the increasing concentration of DTPA. 161 ;?eb[fﬂhé?g;ﬁmn

The 0.01 M DTPA had a pH value of 9.80 and 0.2 M DTPA X 144
had a pH value of 12.18. The performance of EDTA was w12
better when compared to DTPA at all the concentrations ex- 2 1.0
cept at a concentration of 0.2 M. But, the difference between % 0.8 4
the removal efficiencies of the two chelating agents was not £0.6

significant. S04+
0.2
3.3. Removal with co-solvents 0.0 - . : ;
5% 10% 15% 20%
3.3.1. Phenanthrene Concentration (%)
For n-butylamine, the removal efficiency increased (© Lead

with increasing concentration of co-solvent as shown in
Fig. 3a A removal efficiency of 4% was achieved with 5%
n-butylamine, increasing to 30% with 20%butylamine.
The pH ofn-butylamine at all concentrations was between
11.38 and 12.39. The pH of 5%-butylamine was 11.38 @ detailed summary of these factors. The effecKarthat

and it gradually increased to 12.39 for 20%outylamine. IS caused by using co-solvents can be estimated by dividing
HOCs exhibit low concentrations in the aqueous phase the apparent distribution ratio in a water—co-solvent mixture
(Cw), the Freundlich isotherm equatioBs = K (Cy)", is (Kg') by the distribution ratio in pure wateKg) by using
often linear, which means that = 1. Under these condi- the relationship:

tions, the Freundlich constant Iy, and it describes the ( / )

Fig. 3. Removal (% mass) of (a) phenanthrene, (b) zinc and (c) lead using
co-solvents.

distribution ratio of the HOC, or the concentration of con- log %
taminant in the sorbed phase divided by its concentration d
of contaminant in the aqueous phd28]. Kq is a complex whereqa, B8, o are parameters that represent the molecular
parameter, that depends on a number of factors that areinteractions between the soil-co-solvent, water—co-solvent,
related to the soil properties and the chemical species inand contaminant—co-solvent, respectively, &nis the vol-

the soil and solution; Schwarzenbach et[aB] presented ume fraction of the co-solvent in the soluti¢hl]. Gen-

= —afofc
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erally, if the product of«, 8, o is higher, then the effect 25
of the co-solvent is beneficial. For a PAH, such as phenan- M HP-beta-CD
threne and for the co-solversbutylamine and THFy val- 20 LlBefat0
ues are high. For a PAH such as phenanthrengalues
range from 0.47 to 0.65 for 20% solution of co-solvents
such as-butylamine and THF in watdfi1]. The values of
«a and g are reported to be 5.2 and 2.8 and 5.5 and 1.6 for
n-butylamine and THF, respective]§1]. % L

Tetrahydrofuran was found to be ineffective in the re-
moval of phenanthrene. The removal efficiency at all the L
concentrations was less than 5% as shownFig. 3a 1% 0.05% 3% 01% 5% 05%  10% 1%
The pH ranged between 8.06 and 8.25. The pH value de- Concentration (%)
creased as the concentration of THF increased. The pH
value at 5% concentration was 8.25 and it gradually de-
creased to 8.06 at 20% concentration. The performance of B HP-beta-CD
n-butylamine was better than THF. This may be because L Beta-CD
of the greater hydrophobicity afi-butylamine over THF.

The 20%n-butylamine had the highest removal efficiency

and this may be because of the availability of more concen- _

trated solution for greater solubility. The higher pH might 7

have also contributed to the greater removal of phenan- 41

value that showed a positive indication of water—co-solvent —]

Percent Removal (%)

)
—

Phenanthrene

s

o
L

o o ° =
ESS (=)} o0 =
"

Percent Removal (%)

threne. Then-butylamine was effective because of the

e
o

<
=

interactions. These interactions favor the phenanthrene

solubiliy. e 3"&02;;2:'@“0“"(02)’” Lo
3.3.2. Zinc and lead ®) e

The efficiency ofn-butylamine in the removal of both 1
metals was less than 2% at all concentrations while the re-  _ 6 1 ;E;;fgtg'm
moval efficiency of THF was less than 0.5% as shown in e\jS ]
Fig. 3band c. E

Co-solvents, which are organic in nature, were not able to § 47
solubilize heavy metals which are inorganic in nature. This ~ 3 4
was the primary reason for the poor removal efficiency of g 5] (-
co-solvents. g 1
3.4. Removal with cyclodextrins 0 A :

1% 0.05% 3% 0.1% 5% 0.5%  10% 1%

3.4.1. Phenanthrene Concentration (%)

As shown inFig. 43 the removal efficiency of HPCD (© Lead

was 42% at a concentration of 1% and it decreased to Fig. 4. Removal (% mass) of (a) phenanthrene, (b) zinc and (c) lead using
10% at a concentration of 3%. This decrease might be ¢yciodexrins.

due to heterogeneities in the phenanthrene concentra-

tions in the field soil. The removal efficiency thereby in-

creased to 21% at a concentration of 10%. The pH of the threne by forming a more stable complex with the cavity

soil-contaminant-extracting solution mixture was 7.56 at in HPCD due to the presence of the additional hydropropyl

1% concentration and then it gradually decreased to 7.37 atgroup in HPCD.

5% concentration. Fg8-CD hydrate, the removal efficiency

was constant at all the concentrations and it was almost3.4.2. Zinc and lead

zero at all the concentrations. The pH BfCD hydrate Based on the results, cyclodextrins were found to be inef-

decreased with the increasing concentration. The pH of fective in the removal of zinc and lead as showrFig. 4b

0.05% B-CD hydrate was 7.80 and it decreased to 7.58 for and ¢ respectively. The poor removal of heavy metals with

1% B-CD hydrate. The3-CD hydrate was not effective in  cyclodextrins may be due to the failure in incorporating

the removal of phenanthrene. The HPCD performed betterthe heavy metals into their cavities because of their size

when compared t@-CD hydrate at all the concentrations. and also because of the organic nature of the cyclodextrins

This may be because of the better solubilization of phenan-[19].
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Fig. 5. Removal (% mass) of (a) phenanthrene, (b) zinc and (c) lead using
organic acids.
3.5. Removal with acids

3.5.1. Phenanthrene
Selected acids were not effective in the removal of
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Table 5
Sequential extraction experiments

Extraction step 1 Extraction step 2

3% Igepal CA-720
5% Igepal CA-720
3% Tween 80
5% Tween 80
1M citric acid

1M citric acid, 1 M phosphoric acid, 0.2M EDTA
1M citric acid, 1M phosphoric acid
1M citric acid, 1M phosphoric acid
1M citric acid, 1M phosphoric acid, 0.2M EDTA
3% lIgepal CA-720, 5% Igepal CA-720,
3% Tween 80, 5% Tween 80
1M phosphoric 3% lgepal CA-720, 5% Tween 80
acid

0.2M EDTA 3% Igepal CA-720, 5% Tween 80

tive in the removal of lead. Organic acids were effective in
removing heavy metals from the soil, mainly owing to the
better solubilization of the metals at low pH conditions in
the soil solution provided by the acids.

3.6. Sequential removal of phenanthrene, lead, and zinc

In the previous sections, the most effective extractants
were identified for single extraction of either metals (zinc
and lead) or phenanthrene. The most effective extractants for
lead and zinc were chelating agents and acids. All acids with
the exception of oxalic acid were equally effective in single
batch extraction of both heavy metals. The removals for
lead and zinc with chelating agents were significantly lower
than the removals with organic acids. The most effective
extractants for phenanthere were surfactants (Tween 80 and
Igepal CA-720). In order to effectively remove both metals
and phenanthrene from the field soil, several combinations
of individual extractants, which had shown to be effective
in extraction of either metals or phenanthrene, were selected
to sequentially extract all contaminants. The combination of
extractants selected for sequential extractions are listed in
Table 5

3.6.1. Removal of phenanthrene

Fig. 6ashows the removal of phenanthrene using var-
ious combinations of extractants. The highest removal of
phenanthrene (>90%) was obtained with the following
combinations of extractants: 5% Tween 80-0.2M EDTA,
1M citric acid—5% lIgepal CA-720, and 0.2M EDTA-5%
Tween 80. The following sequential extractions achieved
between 75% and 90% removal of phenanthrene: 5% Tween
80-1M citric acid, 5% Tween 80-1M phosphoric acid,
and 3% Igepal CA-720-0.2 M EDTA. The other sequential
extractions removed less than 65% of the phenanthrene

phenanthrene. The removal efficiency was less than 1% forfrom the field soil. In all sequential extractions, phenan-

all the acids as shown ikig. 5a The low pH conditions
might have caused the ineffective behavior of the acids in
the removal of phenanthrene.

3.5.2. Zinc and lead
Complete removal of zinc was observed using all the acids
except oxalic acid as shown xg. 5h All acids were effec-

threne was removed only due to the presence of surfactants.
When the surfactants were used in the first step, most of
the phenanthrene was removed. When acid or chelating
agent was used during the second step, a small amount of
additional phenanthrene was removed, and this removal is
attributed to the presence of residual surfactant in the soil

from the first-step. The differences in removal efficiencies



A.P. Khodadoust et al./Journal of Hazardous Materials B117 (2005) 15-24 23

between the single extraction and the first- or second-step80, 0.2 M EDTA-3% Igepal CA-720, and 0.2 M EDTA-5%
in sequential extraction for the same extractant may be at-Tween 80. The other sequential extractions removed less
tributed to heterogeneous distribution of phenanthrene in thethan 75% of the zinc from the field soil. The data fréig. 6¢

soil. shows that the lead was completely removed from the field
soil with all combinations of extractants. In general, zinc
3.6.2. Removal of zinc and lead and lead were removed during the use of acids or chelat-

Fig. 6bshows the removal of zinc using various combina- ing agent in either first-step or the second-step of sequential
tions of extractants. Complete removal of zinc was obtained extraction schemes. When surfactants were used following
with the following combination of extractants: 3% Igepal the use of acids or chelating agents, some additional zinc
CA-720-1 M citric acid, 5% Tween 80-1 M citric acid, 3% and lead removal was observed, and this additional zinc and
Igepal CA-720-0.2M EDTA, 1M citric acid—3% Igepal lead removal is attributed to the presence of residual acids
CA-720, 1 M phosphoric acid—3% Igepal CA-720, 1 M cit- or chelating agent in the soil from the first-step extraction
ric acid-5% Tween 80, 1M phosphoric acid—5% Tween process.

100

O Second Step
M First Step

Percent Removal (%)
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Fig. 6. (a) Removal (% mass) of phenanthrene using sequential extractions; (b) Removal (% mass) of zinc using sequential extractions; (c) Removal (%
mass) of lead using sequential extractions.
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Fig. 6. Continued).

4. Conclusions

It is feasible to extract metals and PAHs from the clayey
soils using different extracting solutions. These investiga-
tions also indicates the selectivity and affinity of the ex-
tracting solutions towards the target contaminant from the
field soil. Surfactant solutions were found to be most ef-
fective in extracting phenanthrene from the field soil, while
organic acids have affinity in extracting both lead and zinc
from the field soil. For removal of both metals and phenan-
threne from the field soil, combinations of surfactant with
either organic acid or chelating agent were found to be effec-
tive extracting solutions. A sequential extraction with 0.2 M
EDTA followed by 5% Tween 80 or 5% Tween 80 followed
by 1M citric acid was effective in extraction of lead and

[3] US Environmental protection agency, A Resource for MGP Site
Characterization and Remediation, EPA/542-R-00-005, Washington,
DC, 2000.
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[6] I.F. Patterson, B.Z. Chowdhry, S.A. Leharne, Chemosphere 38 (1999)
3017.

[7] D.A. Edwards, Z. Adeel, R.G. Luthy, Environ. Sci. Technol. 28
(1994) 1550.

[8] I.T. Yoem, M.M. Ghosh, C.D. Cox, Environ. Sci. Technol. 30 (1996)
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