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a b s t r a c t

An ultrasound-enhanced elution system employing Triton X-100 solutions was used for remedying aging
soils contaminated with super heavy oil. The effect of varying the ultrasonic power density on the elution
of the oil and three characteristic biomarkers was analyzed using GC/MS and FTRS. The oil and biomarkers
remaining in treated soils decreased as a similar first-order function of increasing ultrasonic power den-
eywords:
ltrasonic power density
riton X-100 micellar solution
ging soils

sity. Elution of the three biomarkers in the absence of ultrasound was closely related to carbon numbers
in the marker: smaller molecules were more readily eluted. This trend was reversed upon application of
ultrasound at higher power densities, with improved elution of molecules containing a greater carbon
numbers. The two ratios, both 22S/(22S + 22R) of C26–34 17� 25-norhopanes and 20S/(20S + 20R) of C26–28

triaromatic steroids, in treated soils decreased with increasing power density from 20 to 100 W L−1. The
, and
ed at
uper heavy oil
iomarker

results of SEM, FTRS, XRD
compositions of soils elut

. Introduction

Super heavy oil refers to crude oil with a viscosity of more than
05 mPa s in the natural condition. It accounts for approximately
0% of the total crude oil worldwide, and will be an important
nergy source in the 21st century [1–3]. Inevitably, super heavy oil
ill enter the environment during oil drilling, extraction, and trans-
ortation. Contamination with super heavy oil alters the physical
nd chemical properties of soils. The presence of toxic polycyclic
romatic hydrocarbons in soil causes great harm to crops and other
egetation and threatens human health as the compounds migrate
hrough the food-chain [4].

Super heavy oil is primarily composed of hydrophobic organic
ompounds (HOCs). Numerous physical, chemical, and biological
emediation technologies such as soil vapor extraction, ex situ
hemical leaching, and biological remediation have been devel-
ped in recent years to eliminate HOCs from contaminated soils
5,6]. However, poor bioavailability and the presence of volatile
rganic compounds make it difficult to treat polluted soils effec-
ively [7].
Earlier studies demonstrated that elution using surfactant
olutions was a feasible and cost-effective method for treating con-
aminated soils, and the technique has been extensively studied
6,8]. Anionic surfactant solutions are popular in these studies due

∗ Corresponding author. Tel.: +86 1062765592x87; fax: +86 1062756526.
E-mail address: jiguodong@iee.pku.edu.cn (G. Ji).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.11.053
energy spectroscopy experiments indicated that the mineral and chemical
power densities greater than 60 W L−1 closely resembled clean soils.

© 2009 Elsevier B.V. All rights reserved.

to their good solution properties [9]. However, the critical micelle
concentration (CMC) of anionic surfactants is usually large and they
frequently undergo complexation reactions with Ca2+ and Mg2+ to
produce insoluble sediments, reducing their effectiveness. Triton
X-100, as a kind of non-ionic surfactant, possesses the advantage
of a small CMC, does not form soaps with Ca2+ and Mg2+ [9–11],
and is typically effective in solubilizing hydrocarbons [12,13]. It
has thus become the subject of international interest in the field of
HOC-contaminated soil remediation.

Stirring has been used to improve the effectiveness of traditional
surfactant elution methods, despite the marginal benefit [6,14].
Earlier studies suggested that besides stirring, the application of
ultrasound could significantly increase the efficacy of surfactants in
eluting PAHs and diesel fuel [15–18]. When 20 kHz ultrasound was
applied for 30 min at a power level of 750 W L−1, Kamalavathany
[19] obtained a 65% increase in the average elution of 12 PAHs using
a 10 g L−1 solution of Triton X-100. Mason et al. [20] obtained a
70% increase in the amount of DDT and PCBs removed when ultra-
sound was applied for 20 min at a frequency of 20 kHz and a volume
power density of 500 W L−1. Feng and Aldrich [14] reported that
treatment with 30 kHz ultrasound for 30 min at power densities of
20–100 W cm−2 improved the elution of diesel fuel from soils when
using sodium dodecyl sulfate (SDS) as the surfactant. The available

literature has focused on the impact of ultrasound at high power
density on the elution of diesel fuel, light oil, and PAHs, and there
have been no reports concerning the effects of ultrasound at low
power density on the remediation of soils contaminated with super
heavy oil.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jiguodong@iee.pku.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.11.053
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ig. 1. Concentrations of super heavy oil in eluted soils and Triton X-100 micellar
icellar solution).

We therefore examined the impact of low power density ultra-
ound (from 0 to 100 W L−1) on the elution of super heavy oil and
he three associated biomarkers C26–34 17� 25-norhopanes, C26–28
riaromatic steroid (TAS), and C27–29 methyl triaromatic steroid
MTAS) from aging soils contaminated with super heavy (AOCS)
sing Triton X-100 micellar solution. In addition, we investigated
he mineral and chemical composition of the eluted soils and the
urface characteristics of the AOCS, eluted soils, and suspended
olids.

. Materials and methods

.1. Preparation of the AOCS

The AOCS was prepared by mixing clean soil and super heavy
il in the laboratory. Clean soil was collected from a surface layer
f 0–25 cm depth in an open zone of the Haidian District, Beijing,
.R.C. after removal of surface weeds. The samples were air-dried
or one week and debris was removed using a 20-mesh sieve. The
rganic matter content of the clean soils was 2.7% with a cation
xchange capacity of 182 mmol kg−1, and a pH of 6.49. The fraction
f particles less than 200 �m in size was 99.5% and the fraction
ess than 100 �m in size was 96%. Super heavy oil was collected
rom the Liaohe oil field in China with a viscosity of 8.8 × 105 mPa s
t 55 ◦C and a density of 1.020 g cm−1 containing 42% asphalt, and
4% colloid, 28% saturated hydrocarbons, 16% aromatic hydrocar-
ons. The AOCS was prepared according to the method of Urum
t al. [21]. A 3 kg sample of super heavy oil was heated and dis-
olved in chloroform. The solution was stirred and 27 kg of clean
oil was added with continued heating to ensure complete evap-
ration of the chloroform. The contaminated soil was stored in a
entilated cabinet for approximately 16 h and then aged in a 50 ◦C
ven for 72 h. As measured, the oil concentration of the AOCS was
3.6 mg g−1. Then, the prepared AOCS was stored in beakers at 5 ◦C.

.2. Test procedures

The ultrasound-enhanced elution system used in this study

ncluded a reactor, a gravity separator, and an automatic controller.
he reactor consisted of a cylindrical steel container with a bot-
om diameter of 100 mm and an effective volume of 3 L, equipped
ith an ultrasound generator, a stirrer, and a temperature con-

rol device. Elution involved mixing 100 g the AOCS with 100 mL
on. (a: Concentration curve; b: first-order curve). (A: Eluted soils; B: Triton X-100

of 1.5 g L−1 Triton X-100 solution at a mass and volume ratio of
1:10 and placing the mixture in the reactor. The elution parameters
were optimized in a previous study [8] and included a temperature
of 70 ◦C, an ultrasonic frequency of 28 kHz, a sonication time of
18 min, a stirring speed of 180 rpm, and an elution time of 30 min.
The ultrasound volume power density was adjusted to 0, 20, 40,
60, 80, or 100 W L−1 (corresponding to area power densities of 0,
0.255, 0.510, 0.764, 1.019, or 1.274 W cm−2). Three samples were
treated in parallel at each power density level. At the conclusion
of each trial, the contents of the reactor were discharged into the
gravity separator and allowed to settle for 24 h to obtain complete
separation of the liquid, solid, and oil phases. The eluent, oil layer,
and eluted soil layer were individually collected from the gravity
separator for analysis.

2.3. Analytical methods

The concentrations of super heavy oil in the eluent and soil
were measured using UV spectrophotometry at a wavelength of
254 nm (SPECORD200, Germany, Analytik Jena AG). For additional
information about, see reference [22]. The saturated and aro-
matic hydrocarbon biomarkers were first extracted using a Soxhlet
extractor to obtain non-asphalt compounds, then separated by neu-
tral alumina and silica gel into saturated hydrocarbons, aromatic
hydrocarbons, and colloids. The saturated and aromatic hydro-
carbons were qualitative analyzed and quantified using GC/MS
by sampling 1 �L of a methylene chloride extract. The analysis
was performed using a helium flow rate of 1 mL min−1 and a MS
scan range of 50–600 amu. The temperature program of the GC/MS
consisted of holding at 50 ◦C for 2 min, ramping to 170 ◦C at a
rate of 6 ◦C min−1, holding at 170 ◦C for 3 min, ramping to the
final temperature of 300 ◦C at a rate of 2 ◦C min−1, and holding at
300 ◦C for 20 min. The compounds 1,2,3,4-tetradeutero cholestane
and 1,2,3,4,5,6,7,8-octadeutero cholestane were selected as inter-
nal standards [23,24]. The concentrations of the biomarkers in
the AOCS and eluted soils were determined by comparison to
the two internal standards. The soil particle sizes were mea-
sured using a laser particle size analyzer (Malvern 2000, Malvern

Instruments Ltd., UK). The surface morphology and energy spec-
tra of the soil particles were analyzed using environmental
scanning electron microscopy (SEM, Quanta 200FEG, FEI Com-
pany, USA). Organic functional groups were identified using
FT-Raman spectroscopy (Raman950/Magna-IR750, Nicolet Com-
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Fig. 2. Abundance of residual 17� 25-norhopanes, TAS and MTAS in the AOCS and eluted soils. (a: AOCS; b: soils treated using 0 W L−1; c: soils treated using 20 W L−1; d: soils
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reated using 60 W L−1; e: soils treated using 100 W L−1) (m/z177: C26–34 17�25-no
AS, C. (20R)-C27 TAS, D. (20S)-C28 TAS, E. (20R)-C28 TAS; m/z245: C27–29 MTAS, in wh
AS, J. C29 3-methyl-24-ethyl TAS).

any, USA). The mineral composition of the soils was analyzed
sing X-ray diffraction (XRD) (DMAX-2400, Rigaku Company,

apan).

.4. Chemicals

Triton X-100 (chemically pure grade) and other solvents
sed (analytical reagent grade), 1,2,3,4-tetradeutero cholestane,
nd 1,2,3,4,5,6,7,8-octadeutero cholestane (spectroscopically
ure grade) were supplied by Sinopharm Chemical (Beijing,
hina). Molecular formula of Triton X-100 in our study is
8H17C6H4O(OCH2CH2)9.5H with a molecular weight of 625,
MC of 0.31 mM, and Hydrophile Lipophile Balance of 13.5,
espectively.

. Results and discussion

.1. Elution of super heavy oil

The concentrations of super heavy oil in eluted soils and Triton
-100 micellar solution are depicted in Fig. 1. The elution efficiency
f Triton X-100 solution increased from 13.2% to 88.5% as the ultra-
onic power density was increased from 0 to 100 W L−1.

The relationship between the amount of super heavy oil that was
issolved or dispersed and the ultrasonic power density (illustrated

n Fig. 1b) was similar to a first-order function:

ln
(

Sw

S0

)
= 0.0264W + 0.0475R2 = 0.9789 (1)

n which W is the ultrasonic power density in W L−1, S0 is the
mount in mg L−1 of oil dissolved or dispersed by Triton X-100
olution at a power density of 0 W L−1, and Sw is the amount of
il dissolved or dispersed by Triton X-100 solution at the power
ensity W in mg L−1. Sw decreased with increasing power density.

ossible reasons for this include interactions among various HOCs
nd competition between them for the same absorption site in soils
25], adsorption of HOCs and surfactant by soils, dissolution of HOCs
y the water phase, adsorption of HOCs by surfactants adsorbed
o the soil surface, dissolution HOCs in micelles [26], tilting and
nes; m/z231: C26–28 TAS, in which, A. (20S)-C26 TAS, B. (20R)-C26 TAS and (20S)-C27

. C27 3-MTAS, G. C27 4-MTAS, H. C29 4-methyl-24-ethyl TAS, I. C29 4,23,24-trimethyl

curling of HOCs adsorbed to the soil surface by ultrasound [3], and
ultrasound enhancement of emulsification and dispersion of des-
orbed HOCs. The ultrasound also produced a ‘smashing’ effect on
the bulk soil and suspended aggregates. This effect intensified with
increasing ultrasonic power density and resulted in the continuous
disruption of suspended aggregates [27].

In all of the experiments the concentration of Triton X-
100 solution was 1.5 g L−1, approximately 10 times its CMC
(2.2 × 10−4 mol L−1) [28]. Earlier investigators observed that at such
high concentrations the main mechanism for eluting HOCs was
solubilization [1,6,29]. Our results (Fig. 1b) indicated that the resid-
ual oil in eluted soils decreased with increasing ultrasonic power
density according to the equation:

− ln
(

Cw

C0

)
= 0.4533W + 0.5439R2 = 0.9627 (2)

in which C0 is the initial oil concentration in the AOCS in mg kg−1,
Cw is the oil concentration in mg kg−1 in soil eluted using a power
density W, and W is the ultrasonic power density in W L−1.

Interestingly, although Triton X-100 dissolved or dispersed
super heavy oil followed the same trend as elution of oil by enhance
ultrasound, the amount of the former only accounted for 24% of
the total oil removed. Furthermore, this ratio decreased to 3% as
the power density was increased to 100 W L−1 (Fig. 1a). Regard-
less of whether ultrasound was applied, a layer of oil accumulated
at the water–soil interface after gravity separation for 24 h, which
was different from light oil that formed an oil film at the surface of
water [30]. The layer formed because the high concentration of oil
(1.020 g cm−1, more than that of water) and the AOCS (93.6 mg g−1)
resulted in multi-layer adsorption on the surface of the soil particles
[3,6]. Increasing the power density increased the number of shock
waves and enhanced cavitation processes, overcoming the interfa-
cial forces between the soil particles and the surfactant [14,31,32],

enabling the Triton X-100 micelles to easily infiltrate the soil par-
ticle surface [17] and promote detachment of the oil film absorbed
in the outer soil layer. This oil films coagulated during the grav-
ity sedimentation process into the layer observed at the water–soil
interface.
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Table 1
Ratios of 17� 25-norhopane, TAS, and MTAS in the AOCS and treated soils.

22S/(22S + 22R) C26–34

17� 25-norhopanes
20S/(20S + 20R) C26–28

TAS

AOCS 0.57 0.39
0 W L−1 0.57 0.39
20 W L−1 0.55 0.38

ultrasound at a power density of 20 W L−1 displayed a weak ability
ig. 3. Concentrations of 17� 25-norhopaness, TAS, and MTAS in the AOCS and
luted soils. (a: C26–34 17� 25-norhopanes; b: C26–28 TAS; c: C27–29 MTAS).

.2. Elution of biomarkers

.2.1. Elution of 17˛ 25-norhopanes, TAS, and MTAS
The typical alkane biomarkers in the AOCS were the C26–34 17�
5-norhopanes. They comprised 3.9% of the super heavy oil, with
ain peaks of C29 17� 25-norhopane and C28 17� 25-norhopane

ndividually accounting for 1.0% and 0.6% of the super heavy oil
Figs. 2 and 3). The typical aromatic hydrocarbon biomarkers in
60 W L−1 0.57 0.40
100 W L−1 0.59 0.42

the AOCS were C26–28 TAS and C27–29 MTAS, accounting for 1.1%
and 1.2% of the super heavy oil. The (20R)-C27 TAS and 4,23,24-
trimethyl triaromatic steroids (C29 4,23,24-MTAS) were the main
peaks for the C26–28 TAS and C27–29 MTAS homologs and accounted
for 0.3% and 0.6% of the super heavy oil (Figs. 2 and 3).

As the power density increased from 0 to 100 W L−1, the aver-
age elution of C26–34 17� 25-norhopanes increased from 13.3%
to 88.7%. Elution of (22S)-C26 17� 25-norhopane (the compound
with the smallest carbon numbers) increased from 15.1% to 86.4%,
whereas the elution of (22R)-C34 17�25-norhopane (the compound
with the greatest carbon numbers) increased from 10.5% to 91.4%
(Figs. 2 and 3). As the power density increased from 0 to 100 W L−1,
the average elution of C26–28 TAS increased from 14.3% to 89.8%.
Elution of (20S)-C26 TAS (the compound with the smallest carbon
numbers) increased from 16.1% to 88.5%, and elution of (20R)-C28
TAS (the compound with the greatest carbon numbers) increased
from 12.9% to 91.2% (Figs. 2 and 3). The average elution of C27–29
MTAS increased from 13.8% to 89.5% for the power density from
0 to 100 W L−1, with the elution of C27 3-MTAS (with the lowest
carbon numbers) increasing from 17.1% to 84.9% and the elution
of C29 4,23,24-MTAS (with the greatest carbon numbers) increas-
ing from 12.5% to 91.2% (Figs. 2 and 3). Thus, the elution trends
of C26–34 17� 25-norhopanes, TAS, and MTAS species with respect
to power density was closely related to carbon numbers. A greater
carbon numbers resulted in a larger improvement in elution when
ultrasound was applied. A possible reason for this is that the use
of ultrasound possibly reduces the hydration of the polyoxyethy-
lene chains in Triton X-100 micellar solution [14,33], increasing
the number of micelles [21] and ultimately increasing the elution
of the three biomarkers. However, high-power ultrasound may also
reduce the internal capacity of surfactant micellar vesicles and thus
concentrate molecules containing greater C atoms or of greater
polarity in the outer portion of the micelles [14,33]. In addition,
for a hydrocarbon, the more C and the stronger polarity, it is easier
to be absorbed by polar species, such as asphalt [34,35], and is more
easily dislodged from the soil surface by ultrasound [35], as in the
case of 17� 25-norhopanes, TAS, and MTAS homologs containing a
greater carbon numbers.

3.2.2. Residual 17˛ 25-norhopane and TAS in eluted soils
The relative amounts of the 22S/(22S + 22R) of C26–34 17�

25-norhopanes and 20S/(20S + 20R) of C26–28 TAS extracted at a
power level of 20 W L−1 were lower than those in the AOCS and
treated soils in the absence of ultrasound (Table 1), indicating that
ultrasound at low power density preferentially eluted (S)-17� 25-
norhopanes and TAS by Triton X-100 micellar solution. Possible
reasons for this are that the R stereoisomer is the biological configu-
ration, while the S stereoisomers have been converted geologically
[36–38]. Both the stabilization and the polarity of the S-configured
molecules are weaker than R-configured molecules. In addition,
to dislodge and emulsify biomarkers adsorbed to the soil surface
[14,39], which benefits weak hydrophobic organic to dissolve in
the inner of surfactant micelle [36], and thus low power density
enhanced the dissolved elution of S-shaped biomarker with the
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Fig. 4. SEM image depicting the surfaces of soil particles. (a: Clea

haracteristics of stable chemical property and weak hydropho-

icity.

The two ratios, 22S/(22S + 22R) of C26–34 17� 25-norhopanes and
0S/(20S + 20R) of C26–28 TAS, increased with increasing power den-
ity from 20 to 100 W L−1 (Table 1). This may be due to stronger

Fig. 5. SEM image of solid particles suspended in Triton X-100 so
; b: AOCS; c: eluted soil at 20 W L−1; d: eluted soil at 100 W L−1).

hydrophobicity of S- than that of R-biomarkers [36,37,40]. Thus, the

elution of S-biomarkers followed the same trend as C26–34 17�25-
norhopane and C26–28 TAS containing fewer C atoms, whereas the
elution of R-biomarkers followed the same trend as C26–34 17�5-
norhopanes C26–28 TAS containing greater C atoms.

lution (a: 0 W L−1; b: 20 W L−1; c: 60 W L−1; d: 100 W L−1).
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Fig. 6. XRD plots for clean and eluted soil. (a: Clean soils; b: soil eluted using
0 W L−1; c: soil eluted using 20 W L−1; d: soil eluted using 60 W L−1; e: soil eluted
78 X. Sui, G. Ji / Journal of Hazard

.3. Surface characteristics of clean soils, the AOCS, and eluted
oils

Fig. 4 contains a series of SEM images depicting the surfaces
f soil particles. The soil surface was composed of a variety of clay,
ilt, and sand particles. However, the AOCS was mainly composed of
oil aggregates with a particle size of approximately 60 �m, which
s very different from clean soils (Fig. 4). Other authors have pro-
ided similar descriptions [41]. This may be due to the heavy oil
rst adsorbing to the surface of smaller particles such as clay and
ilt, followed by aggregation into larger granules with a high oil
oncentration. These granules then stick to sand particles of rela-
ively larger size, forming the aggregates comprising the surface of
he AOCS.

Following treatment with ultrasound at 20 W L−1, most of the
esidual super heavy oil present in the soils was detached from the
urface and 40% of the soil surface area was in the form of “bare
atches”. This figure reached almost 80% when the power den-
ity of the ultrasound was increased to 100 W L−1 (Fig. 4). These
bservations demonstrate that ultrasound at high power densities
s helpful in eluting super heavy oil and its biomarkers from the
OCS.

.4. Morphology of suspended solid in Triton X-100 micellar
olution

Fig. 5 contains SEM images of solid particles suspended in Tri-
on X-100 solution. Without ultrasound, the suspended solids were

ainly composed of aggregates larger than 30 �m in size. Although
here were some small particles approximately 1–3 �m in size,
lmost all of them were bound to large aggregates, and they rarely
xisted in the free state (Fig. 5), because the surfactant micelles
or vesicles) assisted the HOCs in coagulating and forming aggre-
ates [42]. Furthermore, the Ca2+ and Mg2+ ions in soil minerals
nabled non-ionic surfactant micelles (or vesicles) to easily form
arger aggregates [10,11].

There was almost no difference in the morphology and size of
uspended particles between samples treated without ultrasound
nd those treated using a power density of 20 W L−1 (Fig. 5). This
s due to that the low-power ultrasound produced only a weak
ispersion effect on HOCs [14,39]. When the power density of the
ltrasound was increased to 60 W L−1, the largest diameter of sus-
ended aggregates decreased to 15 �m, and a large number of small
articles with sizes between 1 and 3 �m were observed. When
he power density was increased to 100 W L−1, the largest par-
icle diameter decreased to 12 �m. Possible reasons for this are
hat the dispersion ability of the ultrasound was directly related
o the power density. High power density resulted in increased
ispersion that ultimately produced smaller diameter aggregates
nd a more stable colloid system [39]. In addition, higher ultra-
onic power density increased the negative potential on the surface
f the suspended aggregates [40], resulting in a greater repulsive
orce between the particles.

.5. Mineral and elemental composition of clean soils, the AOCS,
nd eluted soils

Analysis by X-ray diffraction revealed that the primary
inerals present in the clean and eluted soils were quartz

SiO2) and feldspar (CaAl2Si2O8), combined with lesser
mounts of muscovite (KAl2(Al·Si3O10)(OH)2) and chlorite

(Mg,Al,Fe)6[(Si,Al)4O10](OH)8) (Fig. 6). The relative abundance
f clay minerals such as chlorite and muscovite in eluted soils
ecreased with increasing ultrasonic power densities, which
greed with the increasing proportion of small particles (1–3 �m)
bserved using SEM (Figs. 4 and 5). The relative abundance of
using 100 W L−1). (A: Chlorite (Mg,Al,Fe)6[(Si,Al)4O10](OH)8; B: Quartz; C: Quartz
and KMg3Si3AlO10F2; D: Feldspar; E: Muscovite; F: Feldspar).

Ca, Mg, and Al in the eluted soils also decreased with increasing
power density (Fig. 7). Ca, Mg, and Al are the main constituents
of the secondary minerals chlorite and muscovite [11], which
decreased upon dispersion and suspension. In addition, Triton
X-100 easily underwent association reactions with the Ca2+ and
Mg2+ in feldspar and muscovite [9,43]. Increased ultrasonic power
density also improved the dispersion of Ca2+ and Mg2+ ions in the
Triton X-100 solution [10].

3.6. Functional groups

FT-Raman spectra of functional groups appearing in eluted
soils are depicted in Fig. 8. The absorption bands of eluted
soils were mainly present at 3700–3100, 3000–2800, 1643, 1462,
1310–950, and 783 cm−1. A prominent mound-shaped absorption
peak appeared between 3700–3100 cm−1 and was attributed to
–OH, –NH2, –COOH, and carbonyl groups that easily form hydrogen
bonds [11]. The intensity of this peak decreased with increas-
ing power density, indicating that the increased ultrasonic power
improved the elution of hydrogen-bonded oil components in the
form of colloids and asphalts.

Absorption peaks appearing between 3000 and 2800 cm−1 and
at 1462 cm−1 were assigned to stretching vibrations of –CH3 and
–CH2 in aliphatic chains, and the intensity of these peaks repre-
sented the abundance of aliphatic compounds [44]. The intensity of
these two absorption peaks decreased with increasing power den-
sity, indicating that increased ultrasonic power densities improved
the elution of aliphatic compounds. This matched the elution profile
observed for C26–34 17� 25-norhopane (as shown in Figs. 2 and 3).

The peak located at 1643 cm−1 was assigned to stretching
vibrations of aromatic rings, heterocyclic rings, and –NHR groups
adjacent to aromatic structures. This peak reflected the abundance

of aromatic compounds [11]. The intensity of the peak decreased
with increasing power density, indicating that increased power
improved the removal of aromatic components of the oil. This was
similar to the results obtained for TAS and MTAS (Figs. 2 and 3).
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Fig. 7. Energy spectra of soil particle surfaces. (a: Clean soil, b: AOCS, c: soil eluted using
using 100 W L−1).
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ig. 8. FT-Raman spectra of functional groups appearing in eluted soils. (a: Soil
luted using 0 W L−1; b: soil eluted using 20 W L−1; c: soil eluted using 100 W L−1).

The O–Si–O stretching vibration appeared as a broad peak
etween 1310 and 950 cm−1. The intensity of this peak increased
ith increasing power density, in agreement with SEM observa-

ions and measurements of elemental composition.
. Conclusions

1) The concentration of residual super heavy oil and related
biomarkers in treated soils decreased in a similar first-order
manner with respect to increased ultrasound power density.
0 W L−1; d: soil eluted using 20 W L−1; e: soil eluted using 60 W L−1; f: soil eluted

(2) The elution trends of C26–34 17� 25-norhopanes, C26–28 TAS,
and C27–29 MTAS compounds were closely related to carbon
numbers regardless of whether ultrasound was applied.

(3) The application of ultrasound at power densities of
20–100 W L−1 was helpful to the elution of (22R)-C26–34
17� 25-norhopanes and (20R)-C26–28 TAS. Ultrasound at
power levels greater than 60 W L−1 reduced the level of organic
functional groups present in the treated soil samples and
represents a potentially useful method for enhancing the
removal of super heavy oil from contaminated soil.
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