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Abstract The mobilization and biodegradation of phenanthrene
in soil was enhanced by using paraffin oil, which was
stabilized by the addition of a surfactant (Brij 30). The ratio of
paraffin oil/Brij 30 was determined by measuring the change
in the critical micelle concentration. When only sutfactant
was used, the stabilized paraffin oil emulsion could dissolve more
phenanthrene in the water phase. Column experiment showed
increased phenanthrene mobilization from the contaminated
soil. The phenanthrene mobilized in the paraffin oil/Brij 30
emulsion was biodegraded faster than that in water phase or
surfactant solution. This result indicates that a paraffin oil/
surfactant system can be effectively used for the removal of
PAH from contaminated soil.
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Organic solvents, such as alcohols or alkanes, can dissolve
high concentrations of PAH (poly aromatic hydrocarbon)
and wash PAH-contaminated soil very efficiently [6, 9, 10,
13]. The affinity of a solvent for a given PAH is typically
quantified by a distribution coefficient. Among the available
solvents, paraffin oil (mineral oil) is safe for human
consumption and is used as an oral laxative [2, 5]. The
addition of this solvent to water has been shown to
increase the biodegradation of PAH [8]. However, paraffin
oil is not miscible with water. Therefore, the remediation
of PAH contaminated soils by augmentation with paraffin
oil is presently limited to ex-situ treatment processes. In
order to use in-situ treatment, paraffin oil must be
stabilized by some method, such as the addition of a
surfactant. Surfactant is a molecule containing hydrophobic
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and hydrophilic moieties in the same molecule. By increasing
the concentration of surfactant in the water phase, this
molecule begins to form a sphere, called a micelle, at
certain concentration of surfactant. This concentration is
known as the critical micelle concentratlon (CMC). The
presence of surfactant can stabilize, the emulsion of
paraffin oil. In this work, we used a nomomc surfactant
paraffin oil emulsion to increase the aqueous concentration
of test PAH (phenanthrene) and to enhance the mobilization
of phenanthrene from test soil.

Polyoxyethylene-4-lauryl ether (Brij 30), purchased from
Sigma, was used as the nonionic surfactant. The paraffin
oil was purchased from a local drug store. The [‘C]-
labeled phenanthrene was purchased from Sigma. A bacterial
consortium, a gift from Dr. M. Alexander (Cornell University,
U.S.A.), was used which had been obtained from soil. The
surface tension of the solution was measured by using a
Fisher Tensiomet 20 (Fisher Scientific, New York, U:S.A.).
The paraffin oil and surfactant mixture was emulsified
using an ultrasonicator for 1 min (Fisher Scientific, New
York, U.S.A.). Phenanthrene solubility in the water phase
was determined as follows. In 20-ml vials with screw caps,
5ml of a mixture of [“C]-phenanthrene and unlabeled
phenanthrene dissolved in methanol was added. After the
methanol was allowed to evaporate, 10 ml of sodium azide
solution (0.02% with 5 mM CaSO,) was added. The total
amount of phenanthrene was 10 ppm, which was about 8
times of the solubility (1.29 ppm) [8]. The vials were
placed in a shaker at 30°C for 4 days. Duplicate samples
were taken and passed through 0.1 pm PTFE syringe filters
to remove any undissolved phenanthrene. A predetermined
amount of the sample (4 ml each) was passed through
filters before collecting the filtrate to minimize the adsorption
during sampling. The filtrate samples were analyzed for
radioactivity in a liquid scintillation counter for the amount
of phenanthrene.



Extraction of phenanthrene from the soil was investigated
in a chromatographic experiment: 10 ml of a saturated
- phenanthrene solution containing 5 mM CaSO, and 0.005%
sodium azide were added to 5 g of noncontaminated soil.
‘The soil contained 2.4% organic matter, and the size of the
soil ranged between 0.0116 and 0.0087 inches. After
equilibrating for 4 days, the soil slurry was slowly poured
onto a glass column to pack upto 10 cm (1 cm diameter).
The effluent from the bottom was collected until one pore
volume of the solution was left in the column. The total
radioactivity in the collected effluent was measured to
calculate the amount of phenanthrene in the soil column.
Then, the washing solution containing surfactant/paraffin
oil was pumped into the column at a 10 ¢cm/h pore velocity.
The porosity of the column was determined as 42%. The
effluent was ‘collected using a fraction collector, and the
radioactivity of each fraction was measured for the amount
of eluted phenanthrene.

The biodegradation experiments were conducted in 50-m!
Erlenmeyer flasks. During the mineralization, the CO,
evolved was absorbed into 1 ml of 1 N NaOH solution in
the vial located in the head space of the flask. A silicone
rubber stopper wrapped with aluminum foil was used to
minimize the loss due to sorption. Fifty pl of a mixture of
[“C]-phenanthrene and unlabeled phenanthrene dissolved
in methanol was added. After the methanol was allowed to
evaporate, 10 ml of a minimal medium was added. The
total final concentration of phenanthrene was 10 ppm. The
minimal medium contained (per liter) 1 g (NH,),SO,, 3.8 g
KH,PO,, 0.95 g KOH, 0.1 g NaCl, 0.2 g MgSO,, and 1 mg
FeSO, - 7TH,0. Phenanthrene-degrading bacterial cells, grown
for 3 days with unlabeled phenanthrene (1 g/l), were filtered

using sterile coarse filter-paper (#1 Whattman paper) to -

remove any granular phenanthrene and then innoculated
with an initial cell density of 0.005 OD,,. During the
cultivation at 30°C in a shaking incubator, one ml of the
NaOH solution was removed by syringe intermittently and
the radioactivity was measured to determine the mass of
CO, and mineralization ratio.

Ratio of Surfactant/Paraffin Oil and Increase .in
Phenanthrene Solubility

An oil and surfactant mixture can be stabilized if the
surface of the oil drop is surrounded by the surfactant
molecules. Since the surfactant will locate on the water/air
surface after surrounding the oil drop, more surfactant is
required to form micelle [15]. Therefore, by measuring the
difference in the CMCs between the surfactant-water
system and the surfactant-oil-water system, the ratio of oil
and surfactant can be determined. As shown in Fig. 1, in
the presence of paraffin oil, more surfactant was needed to
achieve the minimum surface tension for micelle formation.
One hundred and forty ppm (v/v) more surfactant was
required for 5,000 ppm paraffin oil (0.5% v/v). Therefore,
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Fig. 1. Determination of the ratio between oil and surfactant.
The oil in water was emulsified by a sonicator and a surfactant added. A
and B indicate the critical micelle concentration of the surfactant-water
system and surfactant-oil-water system, respectively |

2.8 ppm (v/v) of surfactant was required to surround a 100
ppm (v/v) oil drop. After determining the ratio of surfactant
and paraffin oil, the solubility of the phenanthrene was
determined at various concentrations of surfactant and
surfactant/oil. As shown in Fig. 2, the surfactant/oil mixture
solubilize more phenanthrene than 'the- surfactant alone.
This was attributed to the presence of oil ‘drops in the
surfactant/oil mixture. ‘ !
Phenanethrene Mobilization in the Soil Column
In order to compare the effectiveness of the phenanthrene
mobilization by the surfactant/oil mixture with the surfactant-
only system, a column test was performed. As shown in
Fig. 3, the addition of just the surfactant resulted in a
poor mobilization of the phenanthrene from the soil. The
concentration of surfactant, 16 ppm, was too low to extract
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. 2. Increased solubility with the surfactant-solvent system.
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Fig. 3. Effects of surfactant and oil in soil washing in column.
Paraffin oil was used in an optimized ratio with the surfactant (oil:
surfactant=570 (ppm): 16 (ppm) (v/v)). :

phenanthrene compared to 1% used in the actual field.
Therefore, most of the surfactant could be absorbed to the
soil. However, when the same amount of surfactant was
mixed with paraffin oil, the surfactant/oil mixture was able to
extract phenanthrene significantly more than other solutions.
Extraction of soil with paraffin oil only was unsuccessful,
since paraffin oil was not miscible with water. Comparison
of the extraction ability of the surfactant/oil system was
more clear in the column experiment than in the batch
experiment where extracting agents such as surfactant or
paraffin oil were mixed with contaminated soil for a
determined time and extracted pollutant was determined.
In that case, only equilibrium data were available.

Biodegradation of Phenanthrene in the Surfactant/Qil
Phenanthrene-washed soil by a surfactant/oil should be
mineralized by microorganisms and the surfactant/oil recycled
to lower the cost of remediation [1, 14, 17]. Accordingly, to
investigate the bioavailability of the phenanthrene dissolved
in the oil drops coated by the surfactant, a mineralization
experimentation was performed to measure the “CO,
produced during the phenanthrene mineralization. As shown
in Fig. 4, the phenanthrene in the surfactant/oil system was
mineralized faster than that in the water. The rate of
mineralization in the surfactant/oil was similar to that in
the surfactant, thereby, indicating that phenanthrene in the
paraffin oil is easily accessible to microbes.

For the mineralization, the adaptation of the cells to the
surfactants shortened the lag time for the initiation of

biodegradation as shawn in Fig. 5. Modifications in the

cell-membrane structure during the hydrocarbon degradation

have already been reported by other investigators [12].
Similar modification may also occur during the adaptation
period. However, further study is required to elucidate

these modifications. This step of adaptation is not required
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Fig. 4. Mineralization of phenanthrene with surfactant and

paraftin oil.

“No cell” indicates a sample without the addition of cells. The cells were
previously grown in a medium with the surfactant (16 ppm).

in a continuous bioreactor, once the cells are adapted to the
surfactant.

The increased rate of PAH-degradation by augmentation
of either a solvent or a surfactant alone has already been
reported by many workers [3, 4, 6,9, 10, 13]. However,
the simultaneous use of both surfactant and solvent in
the soil washing and biodegradation, as shown in the
present work, can effectively increase the mobilization and
biodegradation of PAH. This result indicates that a surfactant/
oil can be successfully used to enhance the in-situ
mobilization of phenanthrene in soil and its subsequent
biodegradation.

In this work, we showed that simultaneous use of paraffin
oil and a surfactant can increase the mobilization and
subsequent biodegradation of phenanthrene from contaminated
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Fig. 5. Effects of cell adaptation to surfactant.

Cells grown with the surfactant (16 ppm) or without the surfactant were
respectively inoculated into the medium including the surfactant. The “CO,
was measured intermittently.



soil. An emulsion of an environmentally-safe solvent, paraffin
oil, was stabilized by surfactant augmentation. The exact
amount of surfactant required was determined by simply
measuring the surface tension. The phenanthrene entrapped
in an oil/surfactant emulsion drop degraded faster than that
in water. Although this experiment is preliminary. and
limited in the laboratory, it is anticipated that the technique
can be used in in-situ extraction and the biodegradation of
PAH from contaminated soil.

Acknowledgment

The authors wish to acknowledge the financial support of
ERC (Advanced Bioseparation) made in the program year
-0f 2001.

REFERENCES

1. Abraham, S., C. Chen, N. Stence, and D. Ferguson. 1999.
Using ceramic membranes to recycle two nonionic alkaline
metal-cleaning solutions. J. Memb. Sci. 162: 219-234.

2. Auwera, V, 1. and T. M. D’Hooghe. 1998. Ultrasound covers

 and sonographic gels are embryo-toxic and could be
replaced by non-toxic polyethylene bags and paraffin oil.
Human Reprod. 13: 2234-2237.

. 3. Chang, M. C., C. R. Huang, and H. Y. Shu. 2000. Effects of
surfactants on extraction of phenanthrene in spiked sand

. Chemosphere 41: 1295—-1300.

4. Chu, W. and W. S. So. 2001. Modeling the two stages of

+ surfactant-aided soil washing. Water Res. 35: 761-767.

5. Cope, R. and P. Chantre. 1997. Clinical study on efficacy
and tolerance of Imegul (TM) versus paraffin oil in return to
normal intestinal transit after anal surgery. Medecine et
Chirurgie Digestives 26: 277-280.

6. Fu, E., P. Somasundaran, and C. Maltesh. 1996. Hydroca:rbon
and alcohol effects on sulfonate adsorption on alumina.
Colloids and Surfaces A: Physicochem. Eng. Asp. 112: 55—
62. ‘

10.

11.

12.

13.

14.

15.

16.

17.

BIODEGRADATION OF PHENANTHRENE BY OIL/SURFACTANT 719

. Jahan, K., T. Ahamed, and W. J. Maier. 1999. Modeling

the influence of nonionic surfactants on biodegradation of
phenanthrene. Water Res. 33: 2181-2193.

. Jimenez, I. Y. and R. Bartha. 1996. Solvent augmented

mineralization of pyrene by a Mycobacterzum Sp. Appl Env
Microbiol. 62: 2311-2316.

. Khodadoust, A. P, J. A, Wagner, "\/I T. Suidan, and S. L

Safferman. 1994. Solvent washing of PCP contaminated
soils with anaerobic treatment of wash ﬂuids. Water Env.
Res. 66: 692—-697.

Khodadoust, A. P., M. T. Suidan, C. M. Acheson andR. C.
Brenner. 1999. Remediation of soils contaminated with
wood preserving wastes: Crosscurrent and countercurrent
solvent washing. J. Haz. Mat. 64: 167-179.

Laha, S. and R. G. Luthy. 1991. Inhibition of phenanthrene
mineralization by nonionic surfactants in soil-water systems.
Environ. Sci. Technol. 25: 1920-1930.

Marchesi, J. R., G. F. White, W. A. House, and N. J. Russell.
1994. Bacterial cell hydrophobicity is modified during the
biodegradation of anionic surfactants. FEMS Microb, Letnt.
124: 387-392.

Martel, R., J. P. Gelinas, and L. Saumure. 1998. Aquifer
washing by ‘micellar solutions: 3. Field test at the Thouin
Sand Pit (I’ Assomption, Quebec, Canada) J Cont. Hydrol
30: 33~48.

Shah, S. S., N. U. Jamroz, and Q. M. Sharif. 2001.‘Mjcelliza‘tion
parameters and electrostatic interactions in micellar solution
of sodium dodecyl sulfate (SDS) at different temperatures.
Colloids and Surfaces A: Physico. Eng. Asp. 178: 199-206.
Ryeom, T. K., I. G. Lee, S. Y. Son, and T. Y. Ahn. 2000.
Degradation of phenanthrene by Sphingomonas sp. 1-21
isolated from oil-contaminated soil. J. Microbiol. Biotechnol.
10: 724-728.

Haigh, Susan D. 1996. A review of the mteractwn of
surfactants with organic contaminants in soil. Sci. Tot. Env.
185: 161-170. ‘

Underwood, J. L., A. Kenneth, and D. J. Wilson. 1995. Soil
cleanup by in-situ surfactant flushing. VI Determination of
mass transfer coefficients for reclamation of surfactant for
recycle. Sep. Sci. Technol. 30: 73-87.



