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ABSTRACT

Soybean oil was used as a biodegradable extracting agent for the removal of sorbed phenan-
threne (PHE) in sandy soil. In this study, several methods of forming emulsions using soy-
bean oil and their extraction properties were investigated. The stable and homogeneous oil
emulsions were formed more effectively by ultrasonication (U1) than by homogenization
(H1). Moreover, homogenization before ultrasonication (HU1) established more stable emul-
sions than Ul alone. The mean diameter of oil droplets in Ul or HU1 was reduced to the
nanometer range (approximately 70nm) by Ul with 750 W using a high-power sonic tip
operated at 33% amplitude and 20kHz frequency for 5min. The extraction efficiency of
sorbed PHE from soil by oil emulsions increased with decreasing size of droplets of oil
emulsions; the maximum extraction of PHE was achieved with HU1. Thus, nano-emulsions
of vegetable oil made by Ul could be an environmentally benign alternative for effectively

washing soil.
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1. Introduction

Remediation of soil contaminated with hazardous
hydrophobic organic compounds (HOCs), such as
polycyclic aromatic hydrocarbons (PAHs), is a major
environmental concern because of the toxic and carcin-
ogenic properties of these compounds [1-3]. Due to
their hydrophobicity, PAHs have low water solubility
and are strongly adsorbed to soils and sediments.
Therefore, biodegradation of PAHs is very slow, result-
ing in their persistence in environments over long peri-
ods of time. In this way, soil and sediments
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progressively become rich sources of PAHs like benz
(a)pyrene [4]. A potential technology for rapid removal
of sorbed PAHs from soils involves washing with a
surfactant solution [5,6]. The use of a surfactant
enhances the solubility of HOCs significantly by parti-
tioning them into the hydrophobic cores of surfactant
micelles [7-9]. While the use of surfactants significantly
enhances the performance of soil washing, operation
costs increase as surfactant dosages increase; addition-
ally, surfactant recovery can be required [10,11].

Edible oils are relatively inexpensive, innocuous,
and biodegradable materials that have been used for
soil and groundwater remediations. The oils can be
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used to stimulate biodegradation as a carbon substrate
[12] and to extract hazardous organic contaminants as
an effective solvent [13-15]. Recently, sunflower oils
have been used for the extraction of soil contaminated
with PAHs [14]. Emulsions, colloidal dispersions of at
least two immiscible liquids, made with edible oils
can be an alternative to enhance extraction of sorbed
PAH in soil due to their high solubilization capacities
and large surface areas [13]. The extraction properties
of oil emulsions depend on the thermodynamic condi-
tions of oil emulsions and their preparation methods
[16]. Thus, the extraction efficiency of oil emulsions
can be enhanced by forming oil droplets with smaller
sizes. Oil emulsions with nano-sized oil droplets (typi-
cally in the range of 20-200nm) are often referred to
in the literature as nano-emulsions; these oil emul-
sions are of tremendous interest in food technology,
cosmetics, lubrication, coatings, environmental science,
and pharmaceutical field applications because of their
high interfacial area, low viscosity, visibility to
unaided eyes, prolonged shelf life, and stability
against sedimentation or creaming (thermodynami-
cally stable). Moreover, in this study, they are valu-
able because of their ability to solubilize HOCs due to
the hydrophobicity of oil droplets [13,17]. Nano-emul-
sions are nonequilibrium systems, and the spontane-
ous formation of nano-emulsions cannot be achieved.
Nano-emulsion formation is guided by high-energy
emulsification methods involving high-speed stirring,
high-pressure homogenization, and ultrasonication
[18]. However, the treatment of toxic materials like
PAHs from oil is required after soil washing process
and it is very important from the environmental point
of view as it is very toxic. There are different methods
like countercurrent supercritical CO, extraction and
activated carbon treatment to remove contaminants
from oil [19]. The recycling of edible oil after soil
washing process by removing the contaminants from
the oil could reduce the operation cost of the method.
The cross-flow microfiltration method could also be
used to separate oil from the oil in water emulsions
[20].

The objectives of this study are to establish meth-
ods for the formation of effective and stable emulsions
using soybean oil and to investigate their efficiency in
extracting sorbed phenanthrene (PHE), a three-ring
PAH, from soil. The PHE is used as a model PAH in
this study because of its low aqueous solubility, poor
biodegradation rate, and potentially carcinogenic and
toxic nature. The PHE is composed of three fused ben-
zene rings and is derived from coal tar. Three differ-
ent methods—homogenization (H1), ultrasonication
(U1), and combined homogenization and ultrasonica-
tion (HU1)—were applied to develop the most stable
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and homogeneous nano-emulsions of soybean oil. The
effectiveness of these emulsions in the extraction of
PHE from contaminated soil was compared.

2. Materials and methods
2.1. Materials

The PHE (greater than 98% pure) and soybean oil
were purchased from Aldrich (USA). The PHE is a
three-ring polycyclic aromatic hydrocarbon with a
molecular formula of C4H;y. Soil with sand texture
was purchased from Fluka (USA). Other analytical
grade solvents were purchased from Sigma (USA).

2.2. Preparation of emulsions

Soybean oil was added to 50mL deionized water
at a final concentration of 10g/L. Three types (HI,
Ul, and HUI) of emulsion were prepared with this
solution. The first emulsion was homogenized (HHZ-
200N, Global Lab., Korea) at 5,000 rpm for 5min (H1).
The second sample was prepared using an ultrasoni-
cator (Vibra Cell VCX 750, Sonics Materials Inc., USA)
with high-power sonic tip operated at 750 W with 33%
amplitude and 20kHz frequency for 5min (U1). The
final emulsion involved both instruments (homogeni-
zation and subsequent ultrasonication) with the same
conditions as described above (HU1). The mean diam-
eters and size distributions of the three emulsions
were measured at 0 and 30days after storage at room
temperature. The mean diameter was measured for
emulsions prepared by ultrasonication at various
operation times (0.5-10min) and amplitudes varying
from 7 to 67%.

2.3. Extraction of PHE

The effect of various emulsions on the extraction
of sorbed PHE from soil was investigated. Sandy soil
(200mg) and 0.5mL of methylene chloride containing
1mg of PHE was added into a 20-mL glass vial. After
evaporation of the methylene chloride, 10mL of an
emulsion was poured into the vial. The Ul emulsion
diluted with deionized water was also investigated at
various concentrations (10, 20, 50, and 100%). The
vials were shaken at 180 rpm at 25.1°C for 6 h to reach
equilibrium. The emulsion was sampled periodically
to measure PHE extracted. All of the extraction
experiments were conducted in triplicate, and the
concentration of PHE in the solution was determined
using  high-performance liquid chromatography
(HPLC, Dionex, USA).
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2.4. Analysis

The mean diameter and size distribution of the
particles in the emulsions were measured using a
particle size analyzer (Beckman Coulter L5230, Brea,
USA). Optical microscopic photographs of emulsions
were taken using a Nikon Microscope Eclipse 80i
(Japan). The oil content that was dispersed in the
emulsion was determined from the dry weight differ-
ence after drying a 5mL emulsion sample on an alu-
minum dish in an oven at 95°C for 24h. For PHE
measurements, the emulsion sample (0.1mL) was
added into 0.9mL of n-butanol/acetonitrile (4:1) solu-
tion to make a single phase. The solution was prop-
erly diluted and injected into the HPLC. The PHE was
analyzed using an ultraviolet detector at 250 nm. The
analytical column was a reversed phase Acclaim 120
column (250 mm x 4.6mm). The mobile phase (85%
acetonitrile and 15% deionized water) was eluted at a
flow rate of 1.5 mL/min.

3. Results and discussion
3.1. Effect of emulsification method

Optical microscopic photographs of H1, Ul, and
HU1 emulsions were presented in Fig. 1.
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In the case of HI, the size of the oil droplets was
larger than Ul or HU1 and sparsely distributed in
water. The contents of oil dispersed in emulsions were
0.19+0.075, 0.70+0.036, 0.60+0.017wt.% for H1, Ul,
and HUT1, respectively. This data indicated that not all
the added oil (1 wt.%) was dispersed in the emulsion;
some portion of the oil (approximately 80% in HI,
30% in Ul, and 40% in HU1) was present on the sur-
face of the solution in the form of large droplets. The
photograph of the H1 oil emulsion in a glass vial was
bright white compared to Ul and HUI, which indi-
cated that its amount of oil was less than in the oth-
ers. The low content of dispersed oil when prepared
by homogenization not only reduced the effectiveness
of the emulsion as a washing solution, but also caused
a handling problem due to the large amount of phase
separation.

The size distributions of particles based of the vari-
ous methods of preparation are presented in Fig. 2a.
Table 1 shows that the mean diameters of the droplets
of H1, Ul, and HU1 were 2.61, 0.074, and 0.069 um,
respectively. The results showed that the ultrasonic
methods (U1l and HU1) caused the formation of much
smaller oil droplets than did the H1 method. The parti-
cle size distributions in volume percentage of emul-

Fig. 1. Optical micrographs of various emulsions made by homogenization (H1), ultrasonication (U1), and mixed method

(HU1) with 1% soybean oil.
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Fig. 2. Size distribution of emulsion particles made
by various mixing methods: (a) number distribution,
(b) volume distribution, and (c) accumulated volume
distribution.

sions based on the preparation method are presented
in Fig. 2b. The volume percentage of droplets for H1
was concentrated in the range of 1-200 um diameters
with a mean of 35 um diameter. However, oil droplets
of Ul and HUT1 indicated that they contained a higher
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volume of small oil droplets relative to H1. The
particle size distributions in volume percentage of both
Ul and HU1 showed that the diameter varied from
0.04 to 2.9 pm. Fig. 2c shows particle size distributions
in accumulated volume percentage. Less than 20% of
droplets in H1 had diameters that were less than
10 pm. More than 75% droplets of Ul and HU1 had
diameter less than 1pm. Therefore, the particle size
distribution results indicate that the droplets of Ul
and HU1 were on the nanoscale and that the droplets
of Ul and HU1 were much smaller than those of H1.

The dispersed degree of emulsion polydispersity,
(P,), is defined as:

1)

where a is the average droplet radius and da is the
standard deviation. Alternatively, dispersion can be
described by the uniformity factor, U, that is defined
as:

1 Z,‘NidﬂJ— d,~|
U= d > iNd? @

where d is the median size of distribution (the diame-
ter for which the cumulative undersized volume frac-
tion is 50%) and N; is the total number of droplets
with diameter d; [18,19]. An emulsion with P, ~ 0.1 or
U<0.2 is termed “monodisperse” [21,22].

The values of d that were obtained for H1, U1, and
HU1 were 2.108, 0.0678, and 0.0653 um, respectively.
Using the values of these parameters in Equation 2,
the U values were determined to be 15.4, 8.22, and
8.30 for H1, Ul, and HU]1, respectively; these results
indicate that the oil emulsion samples were very poly-
disperse. The U values for H1, Ul, and HUI
decreased to 11.7, 1.54, and 4.01, respectively, indicat-
ing that uniformity of the oil emulsions increased over
the 30 days of storage.

As shown in Table 1, the polydispersity values of
H1, Ul, and HU1 were 0.89, 0.53, and 0.43, respec-
tively. The values of polydispersity for H1, Ul, and
HU1 after 30 days of storage were 0.14, 0.42, and 0.40,
respectively, indicating that polydispersity of the
emulsions decreased over time. The mean diameter of
particles in the H1 emulsion decreased to 1.84um
after 30days probably due to the aggregation of large
droplets and the reduction of the amount of dispersed
oils. The mean diameter of Ul and HU1 emulsion
after 30days increased moderately to 0.19 and
0.11pm, respectively. The results indicate that
ultrasonic methods can provide stable and uniform
nano-emulsions compared to homogenization meth-
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Table 1
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Summarized size property of emulsions made by different mixing methods

Emulsion Mean diameter (um)
0d 30d
H1 2.61 1.84
U1l 0.074 0.19
HU1 0.069 0.11

Polydispersity factor Uniformity factor

0d 30d 0d 30d
0.89 0.14 154 11.7
0.53 0.42 8.22 1.54
0.43 0.40 8.30 4.01

ods. Homogenization before ultrasonication did not
further reduce the droplet size, although it increased
the stability during storage.

3.2. Optimization of ultrasonic method

In generating stable nano-emulsions, the ultrasoni-
cation method (U1) and the combined process of
ultrasonication and homogenization (HU1) were
found to be more effective than emulsions generated
by homogenization alone. The optimization of condi-
tions for the ultrasonic method was done by varying
the duration of ultrasonication. As shown in Fig. 3,
the mean diameter of droplets in the emulsion pro-
duced by 30s or 1min ultrasonication was approxi-
mately 2.6 um.

Mean diameter size was dramatically reduced to
0.18um by employing ultrasonication for 2min; no
significant reduction in the mean diameter was
noticed by prolonging the ultrasonication time
beyond 2min. The polydispersity factor was not sig-
nificantly reduced by increasing ultrasonication time
up to 10min, indicating that the duration of ultra-
sonication had little effect on the polydispersity of
Ul and HUL.
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Fig. 3. Effect of operation time of 750 W ultrasonication
operated at 33% amplitude and 20 kHz frequency on mean
diameter and polydispersity of emulsion particles made
with 1% soybean oil.

The droplet size in the emulsion produced by
ultrasonication was found to decrease as the ultrasoni-
cation power increased. As shown in Fig. 4, the mean
diameters of droplets were reduced from approxi-
mately 2.5 to 0.1 um by enhancing the ultrasonication
amplitude from 7% (53 W) to 33% (250 W) of 750 W.
However, the size of the droplets did not decrease
further by enhancing the amplitude of ultrasonication
(750 W) up to 67% (500 W).

The polydispersity was also significantly reduced
by increasing the amplitude of the ultrasonication
power (750 W) up to 40% (300 W); further increasing
the amplitude of ultrasonication up to 67% did not
produce any further decrease in polydispersity. Thus,
ultrasonication should be operated at 750 W with 33 to
40% amplitude for no longer than 2min in order to
obtain effective size distribution of droplets.

3.3. Extraction of PHE

Extraction efficiency of sorbed PHE from soil with
various emulsions is presented in Fig. 5.

The removal efficiency of PHE increased in order
of H1<U1<HUI, which inversely coincided with the
pattern of droplet sizes (H1>U1>HU1). This trend
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Fig. 4. Effect of ultrasonication power on mean diameter

and polydispersity of emulsion particles made with 1%
soybean oil and 10 min of ultrasonication.
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Fig. 5. Extraction of sorbed phenanthrene from sand by oil
emulsions.

indicated that smaller size droplets in an emulsion
were more effective for the extraction of PHE-contami-
nated soil. The average diameter of particles in Ul
and HU1 was 74 and 69nm, respectively, indicating
that nano-emulsions formed by ultrasonication meth-
ods were more effective than micro-emulsions, with
an average diameter of 2.61 um, formed by homogeni-
zation method. The maximum extraction efficiency of
PHE from soil was approximately 40.4%, which was
obtained with HU1 after 6h of extraction. The maxi-
mum removal of PHE from soil using H1 and Ul was
7.9 and 27.6% after 6h of extraction, respectively.
These results indicate that the emulsion prepared by
HU1 was more effective in the extraction of sorbed
PHE from soil than the emulsions formed by H1 or
Ul. Therefore, the combination of homogenization
and ultrasonication could be used to develop stable
oil nano-emulsions for maximum efficiency in the
extraction of sorbed PHE from soil.

3.4. Effect of dilution

In examples of the washing process similar to
slurry of soil mixed with water, the dilution of an
injected emulsion is inevitable. The Ul was diluted to
10% (U1-10), 20% (U1-20), and 50% (U1-50) with
deionized water; of the nondiluted U1(U1-100) was a
control in this study. The size (mean diameter) of
droplets and the ability to extract sorbed PHE from
soil of the diluted emulsions (10, 20, 50, and 100%
emulsion of Ul) were studied. Fig 6a shows the
particle size distribution in number percentage for
dilutions of Ul. The mean diameters of the droplets of
U1 with 10, 20, 50, and 100% dilutions were 0.24, 0.23,
0.12, and 0.074 um, respectively; this trend indicated
that the mean diameter of the diluted emulsions
significantly increased with successive dilutions.
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Fig. 6. Size distribution of emulsion particles with different
dilutions: (a) number distribution, (b) volume distribution,
and (c¢) accumulated volume distribution.

As shown in Fig. 6b, particle size distributions in
volume percentage of the diluted emulsions indicated
that the diameter range of droplets over all the dilu-
tions of Ul was 0.04 to 3 pm. The samples of U1-10,
U1-20, and U1-50 indicate that large oil droplets were
found in higher volume than in the U1-100. Fig. 6c
displayed the particle size distributions of U1-10,
U1-20, U1-50, and U1-100 in accumulated volume per-
centage. More than 75% of droplets in U1-100 exhib-
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Fig. 7. Effect of dilution ratio of emulsions on extraction of
sorbed phenanthrene from sand.

ited diameters less than 1um, whereas less than 50%
of droplets from diluted samples of Ul had diameters
less than 1 pum. Therefore, the particle size distribution
results indicate that the mean diameters of Ul drop-
lets were significantly increased by the dilution.

The PHE removal efficiency of U1-10, U1-20,
U1-50, and U1-100 for sorbed PHE from soil is
presented in Fig. 7.

The removal efficiency of PHE increased in order
of U1-10<U1-20<U1-50<U1-100, which inversely
coincided with the pattern of the droplet sizes in the
diluted nano-emulsions of Ul. The maximum extrac-
tion efficiencies of PHE from soil using U1-10, U1-20,
U1-50, and U1-100 were 4.7, 8.1, 16.6, and 27.6% after
6h, respectively. These data indicate that the ability to
extract PHE from contaminated soil was partially
reduced by the dilutions. The maximum extraction
efficiency with pure water was 1.1% at a PHE concen-
tration of 1.1 mg/L in liquid, which is almost the same
as PHE solubility. It is noticeable that even 10%-
diluted Ul solution has 4.3times higher extraction
efficiency than water extract. Thus, the results suggest
that the Ul nano-emulsion can be highly effective in
extracting PHE from soil contaminated with PAH.
However, for field applications, dilutions of injected
oil emulsions should be considered in order to prop-
erly assess the effectiveness of emulsion-mediated soil
washing to extract PAHs from contaminated soil.
Additionally, the effect of residual of soybean oil in
soil after extraction should be further considered. It
might have positive effects on the biodegradation of
PAHs residual tightly bound on soil by supplying
additional carbon substrates or negative effects by
some unknown secondary factors even though edible
oils are not to be toxic in themselves.
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4. Conclusions

Emulsions made from soybean oil were used to
extract sorbed PHE from soil. Nano-emulsions were
made by Ul of this edible oil in deionized water
(74nm particles), whereas homogenization produced
micro-emulsions (H1) with larger sized droplets
(2.61 um). The combined method of H1 and U1l
resulted in more stable nano-emulsions (HU1) with
similar sized droplets (69nm) as Ul. The ability of
these emulsions to extract PHE increased with
decreasing size of oil droplets in emulsions. Diluting
Ul reduced the extraction efficiency of sorbed PHE
from soil. The reduction in the removal efficiency was
inversely related to the increase in droplet size in the
dilutions.

Acknowledgments

This research was supported by LG Yonam foun-
dation and also partially supported by Hanbat
National University Abroad Research Grant.

References

[1] C.E. Cerniglia, Biodegradation of polycyclic aromatic hydro-
carbons, Biodegradation 3 (1992) 351-368.

[2] S.H. Woo, J.M. Park, B.E. Rittmann, Evaluation of the interac-
tion between biodegradation and sorption of phenanthrene in
soil-slurry systems, Biotechnol. Bioeng. 73 (2001) 12-24.

[3] S.M. Bamforth, I. Singleton, Bioremediation of polycyclic aro-
matic hydrocarbons: Current knowledge and future directons,
J. Chem. Technol. Biot. 80 (2005) 723-736.

[4] B. Saba, U. Rafique, I. Hashmi, Adsoprtion kinetics of anthra-
cene and phenanthrene in different soils of Attock Refinery
Limited (ARL) Rawalpindi, Pakistan, Desalin. Water Treat. 30
(2011) 333-338.

[5] C.C. West, J.F. Harwell, Surfactant and subsurface remedia-
tion, Environ. Sci. Technol. 26 (1992) 2324-2330.

[6] C.N. Mulligan, R.N. Yong, B.F. Gibbs, Surfactant-enhanced
remediation of contaminated soil: A review, Eng. Geol. 60
(2001) 371-380.

[7]1 D.A. Edwards, R.G. Luthy, Z. Liu, Solubilization of polycyclic
aromatic hydrocarbons in micellar nonionic surfactant
solutions, Environ. Sci. Technol. 25 (1991) 127-133.

[8] F. Volkering, AM. Breure, W.H. Rulkens, Microbiological
aspects of surfactant use for biological soil remediation,
Biodegradation 8 (1998) 401-417.

[9] J-L. Li, B.-H. Chen, Solubilization of model polycyclic
aromatic hydrocarbons by nonionic surfactants, Chem. Eng.
Sci. 57 (2002) 2825-2835.

[10] D.F. Lowe, C.L. Oubre, CH. Ward, Reuse of surfactants
and cosolvents for NAPL remediation, Lewis Publishers, Boca
Raton, FL, 2000.

[11] CK. Ahn, Y.M. Kim, S.H. Woo, ].M. Park, Selective adsorp-
tion of phenanthrene dissolved in surfactant solution using
activated carbon, Chemosphere 69 (2007) 1681-1688.

[12] W.J. Hunter, Bioremediation of chlorate or perchlorate
contaminated water using permeable barriers containing
vegetable oil, Curr. Microbiol. 45 (2002) 287-292.

[13] T.S. Kwon, K. Baek, Y. Ahn, ].Y. Lee, ].S. Yang, ] W. Yang,
The solubilization characteristics of DNAPLs by oil-based
emulsion, Sep. Sci. Technol. 40 (2005) 685-698.



3214

[14] Z. Gong, B.-M. Wilke, K. Alef, P. Li, Q. Zhou, Removal of
polycyclic aromatic hydrocarbons from manufactured gas-
plant contaminated soils using sunflower oil: Laboratory
column experiments, Chemosphere 62 (2006) 780-787.

[15] CM. Long, R.C. Borden, Enhanced reductive dechlorination
in columns treated with edible oil emulsion, J. Contam.
Hydrol. 87 (2006) 54-72.

[16] B. Abismail, ]J.P. Canselier, AM. Wilhelm, H. Delmas, C.
Gourdon, Emulsification by ultrasound: Drop size distribu-
tion and stability, Ultrason. Sonochem. 6 (1999) 75-83.

[17] C. Solans, J. Izquierdo, J. Nolla, N. Azemar, M.J. Garcia-Celma,
Nano-emulsions, Curr. Opin. Colloid In. 10 (2005) 102-110.

[18] P. Walstra, Emulsion stability, In: P. Becher (Ed), Encyclope-
dia of Emulsion Technology, Marcel Dekker, New York, NY,
pp- 1-62, 1996.

M.R. Lee et al. | Desalination and Water Treatment 51 (2013) 3207-3214

[19] A. Kawashima, S. Watanabe, R. Iwakiri, K. Honda, Removal
of dioxins and dioxin-like PCBs from fish oil by countercur-
rent supercritical CO, extraction and activated carbon treat-
ment, Chemosphere 75 (2009) 788-794.

[20] M. Abbasi, M.R. Sebzari, A. Salahi, S. Abbasi, T. Mohammadi,
Flux decline and membrane fouling in cross-flow microfiltra-
tion of oil-in-water emulsions, Desalin. Water Treat. 28 (2011)
1-7.

[21] T.G. Mason, New fundamental concepts in emulsion rheol-
ogy, Curr. Opin. Colloid In. 4 (1999) 231-238.

[22] J. Giermanska-Kahn, V. Schmitt, B.P. Binks, F. Leal-Calderon,
A new method to prepare monodisperse pickering emulsions,
Langmuir 18 (2002) 2515-2518.





