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Three bioremediation methods, natural attenuation (NA), biostimulation (BS) and bioaugmentation (BA) were
applied to remediate diesel-contaminated soil, with their remediation efficiencies and soil microbial activities
compared both with and without surfactant (Tween 80). BA treatment employing Rhodococcus sp. EH831
was the most effective for the remediation of diesel-contaminated soil at initial remediation stage. On the addi-
tion of surfactant, no significant effect on the remediation performance was observed. A negative correlation
was found between the dehydrogenase activity (DHA) and residual concentration of total petroleum hydrocar-
bons (TPHs) at below 20,000 mg-TPHs -kg-dry soil’!, as follows: DHA (ug-TPF(Triphenylformazan)-g-dry
soil’! d') = -0.02 x TPHs concentration (mg-TPHs -kg-dry soil™!) + 425.76 (2500 < TPHs concentration

<20000, p <0.01).
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Introduction

Petroleum hydrocarbons (PHs) are widely used chemicals,
but are hazardous pollutants in soils and waters [21, 26,
32]. Pollution caused by PHs is often induced by leakages
from ground or underground storage tanks, spillage during
transportation, wastes generated in the production of various
goods, abolition of chemicals or from landfills [24]. Among
PHs, diesel, which is composed by alkanes and aromatic
compounds, has been widely used in various industries.
Due to its relatively high mobility, the possibility of
contamination of surface waters and groundwaters as well
as soils is high [8].

It is important to eliminate these pollutants because PHs
are significantly harmful to human health [17]. There are 3
kinds of bioremediation technique (natural attenuation,
NA; biostimulation, BS; and bioaugmentation, BA) for the
purification of PHs-contaminated soils [4]. These techniques
are suitable for the removal PHs from contaminated sites
since they are cost effective and environmental-friendly
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methods. They have the advantages of being able to be
applied to large areas and completely degrade the pollutants
completely [4]. Furthermore, few secondary pollutants,
which have adverse effects on ecosystems and human
health, remain on and/or in soils and waters after the
application of the bioremediation process [26].

To achieve effective bioremediation, it is important for
the microorganisms adapt to the target environment because
their activity directly affects the remediation efficiency [7].
For example, if inoculated microbes are not acclimatized to
the target soils they could lose their intrinsic degradation
activity [31]. Therefore, NA or BS occasionally show
higher remediation efficiencies than BA treatment, according
to environmental conditions, such as pollutants, soil types,
pH and so on [4, 7]. Bento et al. [4] applied NA, BS, and
BA treatments to two different kinds of soil. They reported
BA treatment showed superior treatment efficiency for total
petroleum hydrocarbons (TPHs) of long beach soil,
California, but NA treatment was better than BA treatment
of Hong Kong soil. Many previous studies on bioremediation
of PHs in soil have reported that their slow transfer from
the soil matrix to the aqueous phase is often the rate-
limiting step in the process [3, 18, 34]. This phenomenon
is referred to as limited bioavailability [33]. To enhance



remediation efficiency, surfactants were used to increase
bioavailability. Mulligan ef al. [23] reported the addition of
surfactants could enhance remediation efficiencies in soil.

In soil bioremediation, the health of the soil ecosystem
has to be considered along with the remediation efficiency.
Since soil microbial activities and community diversities
are critical indicators of the ecological health of soils [2], it
is important to evaluate the dynamics of the whole microbial
community rather than just pollutants-degrading microbes
[1]. The microbial community structure, diversity and
enzymatic activities are severely stressed by pollutants [16].
Subsequently, microbial communities can be continuously
altered by various pollutants and external substances during
remediation. Therefore, continuous monitoring of the
microbial performance is essential for maintaining a sound
soil ecosystem as well as for achieving successful bio-
remediation.

In this study, NA, BS and BA treatments were applied to
remediate diesel-contaminated soil, with their remediation
efficiencies compared both with and without surfactant.
Consequently, the relationships between microbial activity
and TPHs concentrations were determined by evaluating
the microbial activity during the bioremediation processes,
with the relationships of these properties with the residual
TPH concentration also evaluated.

Materials and Methods

Preculture of Rhodococcus sp. EH831 for BA
Treatment

Rhodococcus sp. EH831 (KCCP-10657P) was used as an
inoculated microorganism for the BA treatment, which was
isolated from an oil-contaminated soil [13]. Rhodococcus
sp. EH831 was able to utilize many recalcitrant hydrocarbons
as well as diesel [11]. EH831 was cultivated as follows: 2.5
ml pre-culture of EH831 in LB medium was inoculated
into a 500 ml Erlenmeyer flask, containing 100 ml of
Bushnell Hass medium (BH), and supplemented with diesel,
as sole carbon and energy sources, to give a final con-
centration of 20,000 mg-L™'. The flask was incubated at
30°C and 120 rpm. The BH medium was composed of
MgSO4-7H,0 0.049 g-L!', CaCl,-2H,0 0.0256 g-L,
KH,PO, 1.00 g-L!, NK4NO; 1.00 g-L!, Na,HPO,- 12H,0
6.00 g-L"! and FeCl;-6H,0 0.0833 g-L'!. Before inoculated
into the BA, 100 ml of the EH831 broth was centrifuged at
8,900 x g (Supra21K, Hanil, Incheon, Korea) for 10 min,
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with the harvested cells then washed twice with distilled
water to remove the residual medium. The washed cells
were resuspended in BH medium at 1.75 x 10> CFU-ml.

Experimental Conditions for NA, BS, and BA
Treatments

To simulate oil contaminant soils, 5 kg of garden soil
from Ewha Womans University, South Korea, was sampled
and sieved with a 2 mm sieve, and then mixed thoroughly
with 5 kg of granite soil (1:1, w/w) to enhance air
permeability. The total 10 kg of soil was contaminated with
diesel to give a final concentration of 30,000 mg-kg-dry
soil'!. The diesel-contaminated soil was aged at 20°C,
without light for a week, and manually mixed once a day
during the aging process. The final pH of the soil was
approximately 5.0. 200 g of the diesel-contaminated soil
was put into each of 30 plastic pots (120x80x73 mm,
phytohealth 310120, SPL Life Sciences, Kyunggi-do, Korea).
The pots were covered with plastic caps allowing gas
exchange. Surfactant (Tween 80, Duksan Pure Chemical
Co., Ltd, Gyunggi-do, Korea) was supplemented to 15 pots
to a final concentration of 100 mg-surfactant-kg-dry soil ™.

To compare the soil remediation efficiencies of the NA,
BS and BA treatments, 6 sets of experimental conditions
were designed: NA treatment without surfactant (NA-w/o
S); NA treatment with surfactant (NA-w/ S); BS treatment
without surfactant (BS-w/o S); BS treatment with surfactant
(BS-w/ S); BA treatment without surfactant (BA-w/o S);
BA treatment with surfactant (BA-w/ S). To simulate the
NA treatment, 10 ml of distilled water was supplied to each
pot once a week to prevent of dryness during the re-
mediation process. For the BS, 10 ml of the BH medium
was supplied once a week to prevent exhaustion of nutrients
and dryness. For the BA, 10 ml of the EH831 cell suspen-
sion (1.75 x 10° CFU-ml'") was inoculated into each pot at
the beginning of the test, with 10 ml of the BH medium
supplied once a week. Diesel, Tween80, EH831, and nutrients
were mixed thoroughly by hand to disperse homogeneously.
Water content was maintained between 8 to 16% in all
conditions.

Five pots for each set of experimental conditions were
prepared, and then incubated at 20°C in a growth chamber
(VISION Scientific, Gyunggi-do, Korea). After 7, 17, 23,
38 and 46™ day, the entire soil content from a pot for each
set of experimental conditions was taken out, and then
mixed homogeneously for the analyses of the TPHs
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concentration and microbial activity.

Analysis of residual TPHs concentration

Five grams of wet soil was added to 5 ml of acetone
:hexane (1:1, v/v) and vortexed for 1 min. After 30 min of
shaking and 30 min of standing, the upper layer of the
solvent was carefully separated to analyze residual TPHs
concentration. Concentration of residual TPHs was deter-
mined using a gas chromatograph ed by gas chromatography
(GC, HP 5890 II plus, Hewlett-Packard, USA), equipped
with a flame ionization detector (FID) and HP-5 capillary
column (30 m % 0.32 mm x 0.25 pm film thickness) [11].
The GC operating conditions were set up as follows: oven
temperature 45°C ramped to 100°C (5°C/min), and then to
320°C (8°C/min); 5 min holding; injector temperature
280°C; detector temperature 250°C.

A standard TPHs curve was prepared using 0 - 20,000
mg-L!' of diesel in hexane and acetone (1:1, v/v). The
minimum detection limit of TPHs concentration was 150
mg-L!. To calculate TPHs concentration in soil sample as
mg-TPHs per kg dry-soil (mg-TPHs-kg dry-soil™!), water
content of the soil was determined [12]. Each 2 g of wet-
soil was dried at 105°C in an oven for 24 h, and its water
content was then determined. All analyses were repeated 5
times.

Analysis of dehydrogenase activity

The soil microbial activity was evaluated by measuring
dehydrogenase, which was determined using a modified
Tabatabai method [28]. Three grams of wet-soil was sampled
and added to a 20 ml test tube containing 0.03 g of CaCOs.

One ml of a 3% (v/v) solution of 2, 3, 5-triphenyltetrazolium
chloride (TTC, Kanto Chemical Co., Inc, Tokyo, Japan)
and 2.5 ml of distilled water were added to the test tube and
incubated at 30°C in the dark for 24 h. After incubation,
100 ml of methanol was added to the extract. The intensity
of the reddish color was measured using a spectrophotometer
(Agilent 8453, Agilent Technologies, Santa Clara, USA) at
485 nm, with methanol used as the blank.

Results and Discussion

Comparison of diesel degradation

Changes in the residual TPHs of the soil samples treated
using NA, BS or BA with/without surfactant are showed in
Fig. 1. In the NA-w/o S, 10 and 49.6% of the initial diesel
concentrations were removed at the 7" and 17" days,
respectively, but only slight diesel removal was observed
after 17 days (Fig. 1A). In the BS-w/o S, the removal
efficiencies of diesel were 23.6 and 59.7% at the 7™ and
17" days, respectively. As with the NA-w/o S, little further
removal of diesel in the BS-w/o S was observed after 17
days (Fig. 1A). In the BA-w/o S, the degradability of diesel
was relatively high, at 63.4% within 7 days, compared with
the other treatments (Fig. 1A), however, from the 17 day
onwards the diesel degradability in BA is only slightly
higher than that in BS.

When the NA and BS treatments were supplemented
with surfactant, the initial diesel removal efficiencies within
7 days were higher than those without surfactant. These
patterns were clear in the NA without surfactant, with
approximately 90% of the diesel remaining until the 7%
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Fig. 1. Degradation of total petroleum hydrocarbons (TPHs) with different bioremediation methods, without (A) and with (B) sur-
factant addition. Symbols: @ O, natural attenuation; ¥ vV, biostimulation; B[], bioaugmentation. Closed symbols, without surfactant;

open symbols, with surfactant.



day; whereas, 56.8% remained in the test with surfactant
(Fig. 1). The diesel removal efficiencies after 7 days were
slightly higher than those without surfactant, irrespective of
the remediation method (Fig. 1A & 1B). The addition of
surfactant seemed to enhance the availability of the diesel
for microbes; subsequently, TPHs degradation could be
improved. The critical problem for TPHs degradation is
their low solubility, which is one of critical limiting factors
in the bioremediation process [5, 10, 30]. The addition of
surfactants or biosurfactant-producing microorganisms has
been widely used to solve this problem [14]. Torres et al.
[30] reported an optimal concentration of Tween 80 of 20
mg-kg! for the degradation of diesel. Prak and Pritchard
[25] reported that the rate of PAH degradation could be
increased or decreased by the supplementation of surfactant
according to the PAH composition. Lai ef al. [10] compared
the TPHs removal efficiencies in oil-contaminated soils
using synthetic surfactants (Tween 80 and Triton-X 100)
and biosurfactants (rhamnolipids and surfactin). They
reported that the addition of the synthetic surfactants was
more effective than biosurfactants.

Generally, TPHs in soils can be lost due to abiotic
processes, such as volatilization, as well as due to the biotic
activity of microorganisms [20]. Abiotic loss of TPHs loss
has been shown to be less than 10% of total TPHs at 25°C
within the first 30 days [22]. Based on this result, it can be
considered that the reduction of TPHs in the NA and BS
treatments was caused by the biological activity of the
indigenous microorganisms (Fig. 1). Because diesel-
degrading microorganisms are known to be ubiquitous, it is
possible to degrade TPHs in NA and BS treatments without
any artificial inoculation [8]. Considering diesel (TPHs)
was the only carbon source, the continuous supply of
essential nutrients, such as N and P, is necessary to
maintain the bioactivity. In this study, the removal of diesel
was achieved until the 17" day in the NA treatments with
and without surfactant, which may have been caused by the
lack of N and P.

In this study, the BA treatment gave the best diesel
degradation performance (Fig. 1). In general, BA treatment
is very useful for bioremediation of recalcitrant compounds,
which could not be bioremediated by indigenous micro-
organisms. BA treatment is also suitable when the microbial
population community in the soil has insufficiently developed
[8]. However, BA can cause many serious problems due to
the introduction of exotic species into soils. Microorganisms
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introduced into new environments struggle at finding their
niche for survival; consequently, predicting the results of
bioaugmentation is difficult [7]. In detail, an introduced
single species has a tendency to use limited compounds,
and had low survival rates due to predation, parasitism and
competition with indigenous species in the limited en-
vironment. Therefore, some investigations have reported
insignificant remediation effects compared with local
microbial and commercially introduced species for bio-
remediation [1, 4, 8]. Some investigations have demonstrated
the application of indigenous microorganisms for bio-
remediation to be more effective than using introduced
microorganisms. Bento ef al. [4] reported that indigenous
species could degrade diesel better than introduced species
because they were physiologically suitable for that region.
In addition, Gallego et al. [8] compared the degradation of
diesel using NA, BS, and BA treatments in a bioreactor,
and reported that BS showed distinct diesel degradation
[8]. Tongarun et al. [29] also reported that BS treatment
was more efficient than NA for the degradation of 4-
chloroaniline (4CA). Unlike previous results, in this study,
the BA treatment, employing Rhodococcus sp. EH831, was
found to be the most effective treatment for the remediation
of diesel-contaminated soil. Because the EH831 had been
isolated from petroleum-contaminated soil in South Korea,
this bacterium could display its activity for remediating the
diesel-contaminated soil used in this study.

Comparison of microbial activity

Dehydrogenase is involved in respiration as an intracellular
enzyme, and occurs in most living cells of microbes [15].
The dehydrogenase activity (DHA) was used to measure
the soil microbial activity as an indicator for the total
oxidation activity [6, 9]. Fig. 2 shows the DHA changes in
diesel-contaminated soils treated with the NA, BS, and BA.
DHA was little changed during the NA treatment, irrespective
of surfactant supplementation, but increased with time with
both BS and BA. DHA was significantly decreased with
both BS and BA treatments on the 23 day due to low
water content, and could be recovered by supplementing
with water (data not shown). Mamilov and Dilly [19]
reported that the availability of water was related to the
microbial activity, and Stres et al. [27] reported that low
soil moisture decreased the microbial activity by reducing
the diffusion of soluble substrates.

Fig. 3 shows the relationship between the residual TPHs
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Fig. 3. Relationship between total petroleum hydrocarbons
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concentration and DHA in soil, which was found to be
inversely proportional below 20,000 mg-TPHs-kg-dry soil ™.
The correlation can be expressed as follows: DHA (pg-
TPF(Triphenylformazan)-g-dry soil! d')=-0.02 x TPHs
concentration (mg-TPHs-kg-dry soil ')+ 425.76 (2500 <
TPHs concentration <20000) (p <0.01). Margesin et al.
[22] measured the hydrolytic enzyme activities, such as
fluorescein diacetate (FDA) hydrolysis and lipase activity,
as methods for determining microbial activities; however,
they found no relationship between the TPHs concentration
and FDA, hydrolysis or lipase activity (hydrolytic enzyme
activities). Subsequently, they reported that the lipolytic
activities were positively related to the initial TPHs loading
[20]. The relationships between TPHs concentrations and
soil enzyme activity can be considered multifarious because

the soil enzyme activity showed different responses to
pollutants according to the soil enzyme properties [15].

Conclusions

NA, BS and BA are representative biotechniques that
can be used for the remediation of contaminated soil.
Although some comparative studies on their remediating
performance have been reported, this is still a controversial
issue. In this study, NA, BS, and BA treatments were
applied for the remediation of diesel-contaminated soil,
with their performance, including TPHs removability,
microbial activity and bacterial community structure,
compared. The BA treatment showed the highest TPHs
degradation efficiency, and followed by BS and then NA.
DHA, a representative index for soil microbial activity, was
also higher in the BS and BA-treated soils than the NA-
treated soil. DHA was negatively correlated with the
residual TPHs concentrations in all of the soil samples. The
supplementation of the surfactant, Tween 80, into
contaminated soils affected neither the TPHs removability
nor the microbial properties.
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