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The effective disposal of oily sludge generated from the petroleum industry has received increasing con-
cerns, and oil recovery from such waste was considered as one feasible option. In this study, three different
approaches for oil recovery were investigated, including ultrasonic treatment alone, freeze/thaw alone
and combined ultrasonic and freeze/thaw treatment. The results revealed that the combined process
could achieve satisfactory performance by considering the oil recovery rate and the total petroleum
hydrocarbon (TPH) concentrations in the recovered oil and wastewater. The individual impacts of five

I;fg:;gg;;w different factors on the combined process were further examined, including ultrasonic power, ultrasonic
0il recovery treatment duration, sludge/water ratio in the slurry, as well as bio-surfactant (rhamnolipids) and salt
0ily sludge (NaCl) concentrations. An oil recovery rate of up to 80.0% was observed with an ultrasonic power of
Petroleum hydrocarbons (PHCs) 66 W and an ultrasonic treatment duration of 10 min when the sludge/water ratio was 1:2 without the
Ultrasound addition of bio-surfactant and salt. The examination of individual factors revealed that the addition of

low concentration of rhamnolipids (<100 mg/L) and salt (<1%) to the sludge could help improve the oil
recovery from the combined treatment process. The experimental results also indicated that ultrasound
and freeze/thaw could promote the efficiency of each other, and the main mechanism of oil recovery
enhancement using ultrasound was through enhanced desorption of petroleum hydrocarbons (PHCs)

from solid particles.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The effective disposal of oily sludge wastes generated from
petroleum industry during crude oil transportation, storage and
refinery process is a worldwide problem. Generally the oily sludge
is a complex water-in-oil (W/O) emulsion, typically including
30-50% of oil, 30-50% of water and 10-12% of solids by mass
[1,2]. Due to the existence of high concentration of petroleum
hydrocarbons (PHCs), oily sludge is considered to be hazardous to
environments and human health, thus requiring effective remedia-
tion [3]. However, the emulsion and high PHC concentration could
make the conventional sludge treatment process (i.e. landfarm-
ing, landfilling, incineration) to be time-consuming, ineffective and
expensive [4,5]. Given the high oil concentration in oily sludge,
oil recovery before disposal would be considered as one feasible
method to improve the performance of those conventional treat-
ment processes [6,7]. In fact, the treatment of sludge containing
over 10% of oil could result in economic benefit from oil recovery
[1]. The oil recovery would significantly reduce the PHC concen-
tration and the volume of sludge for further treatment, thus the
efficiency of conventional process such as landfarming could be
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improved through significantly reducing soil/sludge mixing ratio
in landfarm and providing a PHC concentration non-toxic to micro-
organisms [8].

Solvent extraction has been applied to recover oil from waste
oily sludge. For example, Zubaidy et al. [7] applied methyl ethyl
ketone (MEK) and LPG condensate (LPGC) for oil recovery from
sludge generated from the storage of crude petroleum, and found
that these two solvents could achieve an oil recovery of 39% and
32%, respectively, when using the optimal 4:1 solvent-to-sludge
ratio; Avila-Chavez et al. [9] used the supercritical fluid extraction
apparatus to investigate the extraction of hydrocarbons from a
crude oil tank bottom sludge with supercritical ethane at varying
pressure and temperature conditions, and an extraction yield of
up to 58.5% was obtained; Taiwo and Otolorin [10] reported an oil
recovery of about 67.5% from the accumulated sludge in oil storage
facilities by using hexane and xylene extraction. Although being
applied to a number of oil recovery studies, the solvent extrac-
tion method is still associated with relatively lower oil recovery
efficiency and requires the use of massive volume of solvents
which may then restrict its application [7]. In addition to solvent
extraction, a number of other studies have been reported to focus
on physical approaches for oil recovery, including air flotation,
thermal desorption, sonication, electrical and microwave heating
[1,11-13]. Among these methods, ultrasonic irradiation has been
proved as an effective treatment of removing adsorbed materials
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from solid particles, solid/liquid separation in high-concentration
suspensions (i.e. dewatering of biological sludge), and decreasing
the stability of water/oil emulsion [14-17]. The cavitation collapse
due to ultrasound can not only affect the surface of solid particles
but also penetrate into the soil matrix, and could thus improve the
separation of oil from soils and slurries [15,18]. A number of ultra-
sonic factors such as ultrasonic power and treatment time were
found to affect the separation efficiency, while some experiments
also indicated that the addition of alkaline reagents or sodium salts
could enhance the separation [18,19]. In spite of the successful
application to many engineering fields, few studies were reported
to apply ultrasound for oil removal or recovery from oily sludge.

In order to effectively recover oil from the sludge, the emulsions
need to be broken down. Freeze/thaw (F/T) used for sewage sludge
dewatering in cold regions has been reported as one effective
and feasible method for demulsification in recent years [20-22].
For example, Lin et al. [23] applied the freeze/thaw treatment
method to break the water/oil emulsions with loosely packed
droplets that were produced from oils, and the volume expan-
sion of water turning to ice and interfacial tension of oil-water
interface were determined as the main driving forces of demul-
sification. A number of factors such as freezing and thawing
temperature as well as freezing time were found to affect the
performance of this method [21,23], and some other parame-
ters such as components in aqueous phase (salts, surfactants)
were also reported to affect the demulsification process [24].
In general, ultrasonic and freeze/thaw treatment processes rep-
resent simple but effective methods for demulsification. It is
recognized that the combination of alternative demulsification
methods maybe more effective than individual method [22]. How-
ever, there have been very few studies into combining ultrasound
with freeze/thaw for increasing the water/oil separation of oily
sludge.

The objective of this study is then to evaluate the oil recovery
efficiency of the combined ultrasonic and freeze/thaw approach
for oily sludge treatment, and several factors including ultrasonic
power, ultrasonic treatment duration, addition of bio-surfactant,
addition of salt as well as sludge to water ratio were investi-
gated for their effects on the treatment performance. The results
would provide a sound basis for developing environmentally
friendly and economically competitive methods for oily sludge
treatment.

2. Materials and methods
2.1. Materials

The oily sludge used in the experiments was collected from a
crude oil tank bottom in an oil refinery plant in western Canada. The
sludge was very sticky, and its characteristics are listed in Table 1.
The total petroleum hydrocarbon (TPH) concentration in sludge
was analyzed based on the sample extraction process which will be
described in Section 2.3, the metal elements were measured using
Inductively Coupled Plasma (ICP) analysis based on the method
givenin ASTM D5185[25], the water content was analyzed based on
the ASTM D1744 method [26], and the solid content was calculated
based on the measured TPH and water contents. Rhamnolipid (JBR
425) purchased from Jeneil Bio-surfactant Co. (LLC, USA) was used
as the bio-surfactant. It is a 25% aqueous solution mixed with two
rhamnolipids: C;6H4809 and C33,Hsg043. Dichloromethane (DCM)
and cyclohexane (>99%, HPLC) were used as solvents for sample
extraction. Silica gel (purchased from Sigma) activated at 105°C
for 12 h was used to clean up extraction solution (see Section 2.3),
and anhydrous sodium sulfate dried at 400 °C for 12 h was used to
absorb water in the extraction solution.
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Fig. 1. Ultrasonic treatment system.

2.2. Experimental design

2.2.1. Experiments on oil recovery by using three different
processes

The experiments were conducted to compare the efficiencies of
oil recovery from refinery sludge by using three different treatment
processes, including ultrasonic treatment alone (US), freeze/thaw
alone (F/T) as well as the combined ultrasonic and freeze/thaw
treatment (US+F/T). In terms of ultrasonic treatment alone, 10g
of oily sludge was placed inside a 120 ml beaker which contained
40 ml of deionized water, and was then treated by placing the 0.5 in.
diameter titanium sonic probe into the center of the sample. The
sonic probe was operated by a 20 kHz Misonix Sonicator 3000 gen-
erator. The treatment was conducted at a working power of 66 W
for 10 min. Fig. 1 illustrates the ultrasonic treatment system. After
ultrasonic treatment, the treated sample was observed to have
a reduced viscosity than the original sludge and was transferred
into a 50-ml centrifuge tube. The sample was then centrifuged for
15 min at 5000 rpm. The oil and aqueous phases after centrifuga-
tion were then separated using a separation funnel, and the mass
of oil layer separated was then measured and considered as the oil
recovery. The total petroleum hydrocarbon (TPH) concentrations
in the separated oil layer and aqueous phase were also analyzed.

In terms of freeze/thaw treatment alone, 10 g of oily sludge was
put into a 50-ml centrifuge tube with 40 ml of DI water and was
frozen within a freezer under —20°C for 12 h. The frozen sample
was then thawed at an ambient temperature of 24 °C. After thawing,
the sample in the tube was centrifuged for 15 min at 5000 rpm. The
oil and aqueous phases after centrifugation were separated using
a separation funnel, and the mass of oil layer separated from the
sample as well as the TPH concentrations in oil layer and aqueous
phase were then measured. In terms of the combined ultrasonic and
freeze/thaw treatment process, 10 g of oily sludge was put into a
120 ml beaker with 40 ml of deionized water, and was then treated
by ultrasound at 66 W for 10 min. After ultrasonic treatment, the
sample was transferred to a 50-ml centrifuge tube and was cen-
trifuged for 15 min at 5000 rpm. After centrifugation, the sample in
the tube went through the freeze/thaw process, and the remaining
treatment procedures were the same as those for the freeze/thaw
treatment alone.

2.2.2. Experiments on factors affecting the combined treatment
process

The individual impacts of five different factors on the oil recov-
ery rate from the combined ultrasonic and freeze/thaw treatment
process were further examined to better understand this pro-
cess and provide useful information for its effective operation.
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Table 1
Characteristics of the oily sludge.

Parameter Concentration (mg/kg) Parameter Concentration (mg/kg)
TPH 61% (by mass) Barium 2136

Water content 24% (by mass) Iron 6339

Solid content 15% (by mass) Zinc 209

Sodium 76 Copper 43

Potassium 423 Lead 19

Magnesium 432 Chromium 11

Aluminum 999 Nickel 9

Calcium 1145

Five factors were selected, including ultrasonic power, ultrasonic
treatment duration, sludge/water mixing ratio, bio-surfactant con-
centration, and salt (NaCl) concentration. Table 2 summarizes the
corresponding levels of the experimental factors, while the interac-
tion effects of different factors were not investigated in this study.
In terms of ultrasonic power, experiments were conducted at four
levels from 21 to 66 W with an ultrasonic treatment duration of
10 min (i.e. the maximum treatment duration level in this study)
and a sludge/water ratio of 1:4 (i.e. the medium mixing ratio level
selected in this study), without the addition of bio-surfactant and
salt. In terms of ultrasonic treatment duration, four levels (0.5, 1,
5 and 10 min) were examined at the ultrasonic power of 66 W (i.e.
the maximum power level selected in this study) and sludge/water
ratio of 1:4 without the addition of bio-surfactant and salt. In terms
of other factors, four different sludge/water mixing ratios from 1:8
to 1:1 as well as five different levels of bio-surfactant concentra-
tion (from O to 700 mg/L) and salt concentration (from 0 to 5.0% by
mass)were investigated at the ultrasonic power of 66 W and 10 min
of treatment time. For the examination of sludge/water ratio, no
rhamnolipids and salt were added to the sludge slurry system; for
the examination of bio-surfactant concentration, a sludge/water
ratio of 1:4 was maintained without the addition of salt, and for
the examination of salt concentration, a sludge/water ratio of 1:4
was applied without the addition of rhamnolipids. The experi-
mental procedures for each factor’s examination were the same
as described before.

2.3. Sample extraction and analysis

2.3.1. TPH concentration in the recovered oil layer

1 g of the recovered oil layer sample was dissolved with 20 ml of
solvent (cyclohexane) in a 40-ml vial and then the vial was placed
on an orbital shaker for mechanical extraction at 150 rpm for 1 h.
After shaking, the extraction solution was transferred into a glass
column for cleanup to remove moisture, particulate, and unwanted
polar organic compounds [27]. The column was packed with silica
gel and anhydrous sodium sulfate and rinsed with 20 ml of solvent
(1:1 cyclohexane/DCM) before use. After the extraction solution
passed through, another 20 ml of solvent (1:1 cyclohexane/DCM)
was poured to elute the column. A round flask with mass of M
(mg) was put under the column to collect the extraction solu-
tion after cleanup, and then the extraction solution in the flask
was evaporated using a rotary evaporator to remove the solvent
contained in the extraction solution. After evaporation, the round
flask with residue was put in the fume hood for 30 min at room

Table 2
Influencing factors and their corresponding levels.

Influencing factors Level descriptions

21, 33,48, 66
0.5,1,5,10
1:8,1:4,1:2,1:1

0, 40, 100, 400, 700
0,0.3,1.0,3.0,5.0

Ultrasonic power (W)

Ultrasonic duration (min)
Sludge/water ratio

Rhamnolipids concentration (mg/L)
NacCl concentration (% by mass)

temperature and only petroleum hydrocarbons (PHCs) were left in
the flask [27]. The mass of the flask containing PHCs was then mea-
sured as Mt (mg). Consequently, the concentration of TPH in the
recovered oil can be calculated by Eq. (1). Similarly, TPH concen-
tration in the original sludge can also be obtained.
Mr — My

C= —r (1)
where M is the mass of oil layer sample or original sludge sample
used for extraction analysis (g), and C is the TPH concentration in
oil layer or original sludge (mg/g). The oil recovery was defined as
the ratio of the mass of PHCs in the recovered oil to the mass of
PHCs in the original sludge sample, and can be obtained using Eq.

(2):

R (% _ Coil—layerMoil—layer « 100 (2)
CsludgeMsludge

where R is oil recovery (%), Coj-layer and Cgpyqge are TPH concen-
trations (mg/g) in the recovered oil layer and original sludge,
respectively, Mojjjayer () is the total mass of recovered oil layer
from separation, and Mjjqge (g) is the mass of oily sludge used for
each experimental treatment.

2.3.2. TPH concentration in separated aqueous phase

The separated aqueous phase from the sample after oil recovery
treatment consists of petroleum hydrocarbons and could be con-
sidered as wastewater, and the TPH concentration in such aqueous
phase should also be analyzed. This was completed using about
40 ml of aqueous phase water through liquid-liquid extraction with
15 ml of cyclohexane for three times [28]. About 45 ml of extraction
solution was collected and then cleaned up through a glass column
packed with silica gel and anhydrous sodium sulfate as described
above. The remaining procedures were the same with that for mea-
suring TPH in oil layer. As a result, TPH concentration in the aqueous
phase Cwater (mg/L) was obtained using Eq. (3):

M7 — M,
Cwater = % (3)

where Vis the volume of aqueous phase used for sample extraction

(L).

2.3.3. PHC fraction analysis

After evaporation using a rotary evaporator, petroleum hydro-
carbons in the round flask were transferred into a 15-ml sample
vial by adding with cyclohexane, and 2 ml of solution in the vial
was then sent for the analysis of PHCs using a Varian CP-3800
Gas Chromatograph with flame ionization (GC-FID). External stan-
dard method was used to calculate PHC concentration in the
sample solution, and decane (C10), hexadecane (C16), tetratria-
contane (C34), and pentacontane (C50) were used as standard
compounds to determine the PHC fractions [29], where fractions
F1, F2, F3 and F4 were defined as the group of hydrocarbons
from C6 to C10, C10 to C16, C16 to C34, and C34 to C50, respec-
tively. The GC analysis conditions include: ZB-capillary column
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(Phenomenex Torrance, CA) with 30 m x 0.25 mm ID (inner diame-
ter) and 0.25-pm film thickness; inject volume of 1 uL; injector
and detector (FID) temperatures at 320°C; carrier gas (helium)
at a constant flow rate of 1.5 ml/min during analysis. The split-
less injection mode was performed on the 1079 PTV injector
and after 0.7 min the split mode was activated at split ratio of
10:1. The capillary column temperature program was initially
held at 50°C for 1min, then ramped at 15.0°C/min to 110°C
and further increased at 10.0°C/min to 300°C and then held
for 11 min. The total running time for a sample analysis was
35 min.

3. Results and discussion
3.1. Comparison of methods

The experimental results of using different oil recovery meth-
ods are summarized in Table 3, and it was indicated that F/T
method alone worked more effectively in terms of the oil recov-
ery rate (with an oil recovery of 65.7%) than the two other methods
(Fig. 2). It is recognized that the water/oil emulsion is stabilized
by the existence of an emulsifying film consisting of surfactant
molecules which could prevent water droplets from contacting
each other [21]. During the freezing of water droplets, some sur-
factant molecules would be expelled from the ice lattices at the
oil-water interface and diffuse into the oil phase, and during thaw-
ing process more surfactant molecules could be diffused away
from the interface, leading to the lack of surfactant molecules on
the emulsifying film. Thus the water droplets could coalesce and
form larger water droplets which facilitate the water/oil separa-
tion, while some surfactants may form micelles inside the water
droplets with trace amount of oil [21,22]. It was found from the
experiments that ultrasonic treatment alone was associated with
the lowest oil recovery (i.e. 58.9%), while the combination of ultra-
sound and freeze/thaw achieved an oil recovery of 64.2% which
was close to that for F/T alone. This may indicate that ultrasound
alone could not effectively break the emulsifying film of surfactant
molecules.

However, ultrasound alone achieved the highest TPH concen-
tration in the recovered oil layer (i.e. highest purity) (Fig. 3a).
The TPH concentration in the recovered oil was 625 mg/g for F/T,
933 mg/g for US and 851 mg/g for US+F/T, while the TPH con-
centration in the original oily sludge was 610 mg/g. As a result,
the recovered oil from ultrasonic treatment alone contained 93.3%
of TPH. In fact, for a multiphase system when solid phase exists,
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Fig. 3. TPH concentrations in separated oil layer (a) and water (b) (error bar repre-
sents standard deviation).

petroleum hydrocarbon molecules are either strongly adsorbed
onto the surface of solid particles or trapped inside the sediment
matrix, and this would prevent the separation of oil from the mul-
tiphase system. Previous studies [30-32] proved that ultrasound
could effectively promote the desorption of organic compounds.
Due to ultrasonic irradiation in liquid media, micro-bubbles could
form and then collapse or implode when they reach some criti-
cal size [33], leading to localized high pressure and temperature
shockwave. The collapse or implosion occurring in the vicinity of
particle surface would release the adsorbed or trapped organic
compound molecules from the solid particles or sediment matrix
into the solution. Moreover, the collapse can bring high-speed lig-
uid micro-jets with strong shear force which can then break the
aggregates of solid particles and result in the detachment of oil
and water from the solid particles [30,34]. Consequently, ultra-
sound could considerably enhance the separation of oil from solid
phase and more adsorbed or trapped oil could enter the oil layer
after oil/water separation. The experimental results in this study
indicated that freeze/thaw alone was not effective for desorption.
Although it obtained the highest oil recovery, the concentration of
TPH in the recovered oil was the lowest (i.e. 62.5%). Through appli-
cation of ultrasound, the TPH concentration in the recovered oil
for combined US +F/T process increased significantly from 62.5%
to 85.1% which was close to that for ultrasonic treatment alone
(i.e.93.3%).

The TPH concentrations in aqueous phase after water/oil sepa-
ration for different treatment methods are presented in Fig. 3b. It
was found that for ultrasonic treatment alone, the separated aque-
ous phase contained very high concentration of TPH (1550 mg/L).
Such high concentration may result in high cost for further treat-
ment of the wastewater after oil recovery. In contrast, freeze/thaw
treatment alone was associated with the lowest TPH concentration
in wastewater (i.e. less than 25 mg/L). The application of ultrasound
could promote the desorption of adsorbed or trapped PHCs and
then effectively release them to the solution, while freeze/thaw was
not effective in promoting the desorption. In fact, for the samples
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Table 3
Summary of oil recovery results using different methods.

Method Mass of recovered oil TPH concentration in TPH recovery rate (%) TPH concentration in
layer (g) recovered oil layer wastewater (mg/L)
(mg/g)
F/T method 6.41 625 65.7% <25
US method 3.84 933 58.9% 1550
US +F/T method 460 851 64.2% 200
TPH in original sludge (mg/g) 610
treated by freeze/thaw alone, it was observed in the experiments 100
that the solid particles were hardly separated and settled in the bot- 90 L
tom of the tube. Thus the recovered oil layer also contained high ;@ 80 |
contents of solids, and the TPH concentration in the recovered oil ;
(i.e. 62.5%) was close to that in the original sludge (i.e. 61%). The = 0y I T —
observed sludge settleability after freeze/thaw treatment in this z 60 {/I +
study was not in agreement with previous study conducted by Jean § 50
et al. [20] who used freeze/thaw to treat the oily sludge samples = 40 |
taken from the dissolved air flotation (DAF) unit of a wastewa- c 30 L
ter treatment plant. The crude oil tank bottom sludge used in this 20 |
study contained more solid content (i.e. 15%) than the DAF sludge
(i.e. 7.8%), and this emulsion had an oil/solid ratio of about 4.0 10 r
(Table 1). The oil recovery from sludge requires not only the sep- 0 ; ; ; ; ; !
aration of oil from water but also the detachment of oil molecules 10 20 30 40 50 60 70

from solids. It was suggested that the F/T method was effective
to drive hydrocarbon molecules away from water to form free oil
layer [21]. However, as described before, the F/T method could not
provide a strong driving force to remove the adsorbed oil to the
aqueous phase from solid particles within the crude oil tank bottom
sludge.

For samples treated by ultrasound or combined ultrasound and
freeze/thaw, it was observed in the experiments that the solid
particles were significantly separated from aqueous phases and
settled in the bottom of the tube, and this indicates that ultra-
sound could enhance the settling of solid particles. As a result,
the recovered oil for ultrasound alone and combined ultrasound
and freeze/thaw contained much less solids but with much higher
TPH (i.e. 93.3% and 85.1%) as compared with that for freeze/thaw
alone. Due to ultrasonic irradiation, some desorbed PHCs from
solids also entered the aqueous phase, but with the effect of
freeze/thaw, some hydrocarbon molecules could be expelled from
the expansion of water droplets turning into ice and then enter
the oil phase. As a result, it was observed that the TPH concentra-
tion in the separated aqueous phase for combined ultrasound and
freeze/thaw was much lower (i.e. 200 mg/L) than that for ultra-
sound alone (i.e. 1550 mg/L) but higher than that for freeze/thaw
alone (i.e. <25 mg/L). This was in agreement with previous studies
that F/T method was effective for separating oil from the aqueous
phase [20,21]. As described above, the combined process brought
higher oil recovery than that for the ultrasonic treatment alone,
and much higher TPH concentration in the recovered oil layer
than that for the F/T method. Consequently, the combined ultra-
sonic and freeze/thaw treatment was identified in this study as
more effective than the other two methods and was further exam-
ined for oil recovery from the refinery crude oil tank bottom
sludge.

3.2. Effects of different factors on the combined treatment process

3.2.1. Effects of ultrasonic power and treatment duration

In terms of the combined ultrasonic and freeze/thaw treat-
ment process, Figs. 4 and 5 present the oil recovery results under
the impacts of ultrasonic power and treatment duration. It was
observed from Fig. 4 that the oil recovery of the combined process
could be improved by increasing ultrasonic power at low level. For
example, the recovery rate was increased from 57.7% at ultrasonic

Ultrasonic power (W)

Fig.4. Oil recovery versus ultrasonic power for the combined process (error bar rep-
resents standard deviation) (experimental condition: ultrasonic treatment duration
of 10 min, sludge/water ratio of 1:4, without the addition of rhamnolipids and NaCl).

power of 21W to 63.6% at 33 W. However, further increase in
ultrasonic power at level above 33 W was not associated with sig-
nificant enhancement of oil recovery. The oil recovery was only
increased to 64.1% at ultrasonic power of 66 W. Similar results of
the limitation of ultrasonic power have also been reported in many
studies in other areas [30,35]. It has been reported that the phe-
nomena of ultrasonic cavitation could play a significant role in
enhancing the desorption of adsorbed molecules, and the effect of
cavitation depends on the size of bubbles while more energy could
be stored within the bigger bubbles [31]. In this study, the low fre-
quency of ultrasound (20kHz) was applied. In order to produce
shockwave and high speed microjets, implosion radius of bubbles
is around 170 wm at 20 kHz [36]. However, bubbles with radius at
a few microns usually become unstable and collapse at such ultra-
sonic frequency, leading to the rare existence of larger bubbles.
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Fig. 5. Oil recovery versus ultrasonic treatment duration for the combined process
(error bar represents standard deviation) (experimental condition: ultrasonic treat-
ment power of 66 W, sludge/water ratio of 1:4, without the addition of rhamnolipids
and Nacl).
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Fig. 6. Oil recovery versus sludge/water ratio for the combined process (error bar
represents standard deviation) (experimental condition: ultrasonic power of 66 W,
ultrasonic treatment duration of 10 min, without the addition of rhamnolipids and
NacCl).

Thus the inhibition on the size of cavitation microbubbles could be
attributed to no further significant increase of oil recovery rate even
though the ultrasonic power was increased from 33 W to 66 W.

In terms of the impact of ultrasonic treatment duration, it can be
found from Fig. 5 that the oil recovery was increased to 64.2% within
1 min of ultrasonic treatment followed by freeze/thaw. No further
significant increase of oil recovery was observed when ultrasonic
irradiation was increased to 10 min. The oil recovery was 64.1%
when the treatment duration was 10 min which was close to that
at 1 min of treatment. This may be explained by the fact that when
adsorbed organic molecules were desorbed from solid particles into
aqueous phase even through long duration of ultrasonic treatment,
re-adsorption might happen in the system during freeze/thaw pro-
cess and would thus compromise the effect of ultrasonic desorption
[30].

3.2.2. Effects of sludge/water ratio

Fig. 6 presents the oil recoveries at different sludge/water ratios
for the combined treatment process. It can be observed that oil
recovery was increased from 41.9% to 80.0% as the slurry con-
tent was increased from sludge/water ratio of 1:8 to 1:2 and then
slightly dropped to 72.2% at sludge/water ratio of 1:1. The increase
of sludge content in the slurry system could result in more oil
recovery. However, further increase of sludge content when the
sludge/water ratio was above 1:2 could result in increased vis-
cosity of the slurry which then could impede the formation and
collapse of cavitation bubbles. As a result, the effect of sonica-
tion was weakened and oil recovery rate was decreased when the
sludge content was too high in the slurry. Similar phenomena was
also reported by Feng et al. [30] who used ultrasonic irradiation to
remove diesel from solid in slurry state, and they indicated that the
increase of solid concentration above 50% significantly inhibited
cavitation process in oily sand-water system. In terms of the TPH
concentration in the recovered oil, it was observed to be 658, 846,
851, and 659 mg/g for the sludge/water ratios of 1:1, 1:2, 1:4 and
1:8, respectively. The TPH concentration in the recovered oil for
sludge/water ratio of 1:2 was close to that for sludge/water ratio
of 1:4. Consequently, by considering oil recovery and the quality
of the recovered oil, the effective sludge/water ratio was 1:2 when
using the combined treatment process.

3.2.3. Effects of bio-surfactant (rhamnolipids)

The effect of rhamnolipid addition to the oily sludge slurry
system on the combined treatment process is shown in Fig. 7. It
can be found that the oil recovery was increased from 64.1% to
73.2% as the concentration of rhamnolipids in water was increased
from O to 100 mg/L. However, the oil recovery dropped to 61.8%
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Fig. 7. Oil recovery versus bio-surfactant concentration for the combined process
(error bar represents standard deviation) (experimental condition: ultrasonic power
of 66 W, ultrasonic treatment duration of 10 min, sludge/water ratio of 1:4, without
the addition of NaCl).

and 62.5% at rhamnolipids concentration of 400 and 1000 mg/L,
respectively. Rhamnolipids are a class of glycolipid bio-surfactants
usually produced by specific bacterial strains [37], and the critical
micelle concentration (CMC) has been reported between 10 and
230 mg/L [38]. The addition of rhamnolipids into the oily sludge
slurry samples could affect the adsorption energy of petroleum
hydrocarbons with solid particles and lower the energy required
for desorption, and thus the organic compounds could be easily
removed at the same ultrasonic power application. Furthermore,
the presence of surfactant could lower the surface tension and
affect the formation and collapse of ultrasonic cavitation bub-
bles. Therefore, an apparent increase of oil recovery was observed
with addition of rhamnolipids up to 100 mg/L. However, when the
adsorbed hydrocarbon molecules was continuously removed from
solid particles by ultrasonic irradiation, the free sites on solid parti-
cle surface could allow for the adsorption of bio-surfactants if there
were a large amount of rhamnolipids in the oil/solids/water multi-
phase system. The ultrasonic cativation would also exert an effect
on the adsorption and desorption of rhamnolipids, and thus not
all of the ultrasonic energy introduced into the system was used
to remove oil from solid particles. As a result, the oil recovery rate
dropped when the rhamnolipid concentration was above 100 mg/L.

3.2.4. Effects of salt addition (sodium chloride)

Fig. 8 presents the effect of sodium chloride (NaCl) concentra-
tion on the combined treatment process. It was found that the
oil recovery was increased from 64.1% to 74.2% as the addition of
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Fig. 8. Oil recovery versus NaCl concentration for the combined process (error bar
represents standard deviation) (experimental condition: ultrasonic power of 66 W,
ultrasonic treatment duration of 10 min, sludge/water ratio of 1:4, without the addi-
tion of rhamnolipids).
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Fig. 9. GC profiles of samples from oil recovery treatment (A represents oil sample after US + F/T treatment and B represents original oily sludge sample).

Table 4
PHC fraction distribution for samples before and after US +F/T treatment.

Samples PHC fraction distribution (%)

F2 F3 F4
Original sludge 22.98% 63.86% 13.17%
Oil recovered at 66 W for 10 min with no salinity and bio-surfactant (with sludge/water ratio of 1:4) 21.77% 64.05% 13.28%
Oil recovered at 66 W for 1 min with no salinity and bio-surfactant (with sludge/water ratio of 1:4) 21.78% 64.92% 13.30%
Oil recovered at 66 W for 10 min with 3% NaCl (with sludge/water ratio of 1:4) 21.90% 64.70% 13.39%
Oil recovered at 66 W for 10 min with 40 mg/L bio-surfactant (with sludge/water ratio of 1:4) 21.63% 64.88% 13.49%

NaCl was increased from 0 to 1%. As the salt concentration was
further increasing, the oil recovery started decreasing and dropped
to 59.0% when the NaCl concentration was 5%. Thus the low salinity
showed a positive impact while the high salinity illustrated a neg-
ative impact on oil recovery from oily sludge. Low salinity brine
injection has been studied for oil recovery and it has been reported
that the presence of ions would affect the adsorption of oil onto
clay or mineral layers [39,40]. Abramov et al. [18] indicated that the
addition of Na* helped to break the bond between oil and sand soils
by increasing the negative charges on the soil surfaces. In addition,
the presence of NaCl could also enhance cavitation bubble implo-
sion and thus enhance the sonic power intensity [41]. As a result,
the addition of salt could introduce a positive effect on oil recovery
using the combined treatment process. However, excessive amount
of NaCl (i.e. above 1%) in the sludge slurry system could reduce the
concentration of PHCs in the aqueous phase and lead to a negative
impact on the desorption of PHCs from solid particles by ultrasound
[42]. Therefore, the effective salinity was found to be about 1% for
oil recovery from oily sludge.

3.3. PHC fraction analysis for recovered oil

Fig. 9 presents the GC profiles of samples from the combined
ultrasonic and freeze/thaw treatment, and it can be found that there
was no significant difference between PHC fraction distribution in
the original sludge sample and the recovered oil sample, indicating
that the effect of ultrasonic destruction of petroleum hydrocar-
bons was not significant (i.e. no significant shift of peaks towards
the left of GC profile), and the main mechanism of enhanced oil
recovery through the combined process was ultrasonic enhanced
desorption.

Table 4 lists the PHC fraction distributions in the original oily
sludge sample and several recovered oil samples under different
treatment conditions. It can be found that the difference among
the proportions of PHC fractions in the recovered oil under differ-
ent ultrasonic treatment conditions was very small, and the average
F2, F3, and F4 fractions in the recovered oil were 21.77%, 64.64%,
and 13.37%, respectively. The F2 fraction in the recovered oil was
slightly lower (i.e. about 1.2%) than that in the original sludge,
while the F3 and F4 fractions in the recovered oil were slightly
greater (i.e. about 0.8% and 0.2%) than that in the original sludge.
This may indicate that the application of ultrasound could destruct
some light oil compounds such as F2, leading to slight increase of
the proportion of F3 and F4 fractions in the recovered oil. How-
ever, the effect of ultrasonic destruction was not very significant. It
has been reported that the destruction of organic compounds such
as long-chain hydrocarbons was resulted from the production of
hydroxyl radicals [30]. This usually occurs when the ultrasound is
in the mid frequency from 200 to 400 kHz [31,43]. In this study, the
condition for the production of hydroxyl radicals was not reached
at low frequency of 20 kHz, thus there was no significant destruc-
tion to change the PHC proportions in the recovered oil. However,
the energy released from ultrasonic cavitation under this frequency
was enough to overcome the affinity of hydrocarbon molecules
with solid particles and to increase oil desorption.

4. Conclusions

Oil recovery from refinery oily sludge was investigated in
this study using three different approaches, including ultrasonic
treatment alone, freeze/thaw alone, and combined ultrasonic
and freeze/thaw treatment. By comprehensively considering oil
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recovery efficiency, as well as TPH concentrations in the recovered
oil and in the separated wastewater, the combination of ultra-
sound and freeze/thaw was identified as an effective method with
satisfactory performance. Under the experimental conditions, it
achieved an oil recovery rate of 64.2%, and TPH concentrations of
85.1% and 200 mg/L in the recovered oil and wastewater, respec-
tively. The experimental results revealed that ultrasound could
promote the separation of oil from solids while freeze/thaw could
promote the separation of water and oil in the multiphase sys-
tem. Several different factors were further examined to investigate
their individual impacts on the performance of the combined treat-
ment process, and it was observed that under the experimental
conditions, the oil recovery was improved with ultrasonic power
at low power level, but further increase in ultrasonic power at
level above 33 W was not associated with significant enhancement
of oil recovery. The oil recovery was increased to its peak within
1 min of ultrasonic treatment, and thereafter no further significant
increase of oil recovery was observed. The results of examining the
individual impacts of other factors on the combined treatment pro-
cess indicated an effective sludge/water ratio of 1:2, a rhamnolipid
concentration of 100 mg/L, and a NaCl concentration of 1%, respec-
tively. An oil recovery rate of up to 80.0% was observed under the
experimental conditions of ultrasonic power of 66 W, ultrasonic
treatment duration of 10 min, sludge/water ratio of 1:2, and no
addition of bio-surfactant and salt.

The analysis of PHC fraction distributions in the recovered
oil samples indicated that the effect of ultrasonic destruction of
organic compounds was insignificant, and the major mechanism
of oil recovery enhancement was through enhanced ultrasonic
desorption of PHCs from solid particles under the low frequency
application of 20 kHz. In this study, the individual impacts of dif-
ferent factors on the combined treatment process were examined
through a series of laboratory experiments. However, the inter-
action effects among these factors, the identification of major
influencing factors, and the optimal combination of these factors
were not examined. This could be investigated through factorial
experimental design method in future studies. In addition, the
recovered oil from the crude oil tank bottom sludge in this study
was not a pure mixture of petroleum hydrocarbons, and may need
further treatment. The value of the recovered oil as fuel (such as
asphaltene content, ash content, salt content, and heat of com-
bustion) and the detailed cost/benefit of the proposed treatment
process were not analyzed, and should be examined in future
studies. In summary, the combined ultrasonic and freeze/thaw pro-
cess could represent an environmentally friendly and economically
competitive alternative for the effective treatment of oily sludge
waste from the petroleum industry, and is worth of further inves-
tigations.
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