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Abstract The remediation of diesel fuel contaminated
soil over a 2-year period by the plant—microorganism
synergy was evaluated. Results indicated that the growth of
Astragalus adsurgens was affected significantly, when the
diesel fuel concentration was higher than 10 g kg~' dry
soil. After a 2-year period, the removal of diesel fuel was
>67%, and about 58—70% removal of aromatic hydrocar-
bons was obtained in these treatments. The removal of
diesel fuel and its components was 13-30% higher than
that of plant alone. These results show that an appropriate
plant—microorganism synergy may serve as a low-cost,
effective remedial technology for diesel-contaminated soil.
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Human economic activities have resulted in the contami-
nation of large amounts soil. Agricultural soil is one of the
most frequently contaminated soil around the world due to
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pesticide application and sewage irrigation which intro-
duces many contaminants such as organics (petroleum
hydrocarbons, hydroxybenzene, etc.), metals (Cr, Pb, etc.)
(Jacks et al. 2000; Liu et al. 2005) and so on. The reme-
diation of agricultural soils which have the direct risk for
humans is therefore imperative. Many laboratory and field
tests have demonstrated that the biological methods for soil
remediation could be a cost-effective and environmental-
friendly technology to treat organic contaminants, partic-
ularly for petroleum hydrocarbon contaminated soils
(Banks et al. 2003; Mathew et al. 2006), although there are
many limits on them (insufficient microorganism or plant
biomasses, incomplete decomposition, time consuming,
etc.) (Alexander 1999).

However, for diesel-fuel contaminated soil, the combi-
nation of microbe and plant would be practical and
effective, and better than either of them alone. The use of
degrading microbes is capable of rapidly metabolizing
some available compounds, and some microbes called
plant-growth-promoting rhizobacteria can improve the
plant tolerance to oily matter and other stresses (Trindade
et al. 2005; Betancur-Galvis et al. 2006). At the same time,
the plants exudates and sloughed tissue may enhance the
degradation of the complex compounds due to increased
bioavailability of the contaminants and the interaction
among microbes, nutrients and contaminants (Tesar et al.
2002; Banks et al. 2003; Kaimi et al. 2006). Root growth
also opens deeper soil to better water infiltration and oxygen
diffusion (Singer et al. 2003), disrupts soil aggregates and
enhances biodegradation of entrapped hydrophobic con-
taminants (Banks et al. 2003). It also changes the conditions
of the soil including carbon dioxide concentration, pH,
osmotic potential, redox potential, oxygen concentration,
and moisture content (Anderson et al. 1993), all of which
can help microorganism to achieve high biomass. The
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present study was conducted with the following objectives:
(a) to test the effects of diesel fuel concentration on the
growth of A. adsurgens in screened growth room under
field conditions, and (b) to evaluate the degradation of
diesel fuel by plant-microorganism synergy at various
concentrations in aged oil-contaminated soil.

Materials and Methods

Soil was obtained from a typical sewage-irrigation area on
the outskirts of the city of Shenyang, Liaoning Province,
China. The site had been used exclusively for agricultural
activities. The soil samples were taken from the upper layer
(020 cm). Soil samples were air-dried in a dark room,
mixed well, sieved through a 3 mm sieve, and stored at
4°C. The soil characteristics were summarized in Table 1.

The diesel fuel containing alkanes 90.01%, aromatics
0.82%, colloid and asphaltene 0.91% and others 8.26% was
purchased from Fushun second oil factory, Fushun, Lia-
oning Province, China.

Erect Milkvetch (Astragalus adsurgens Pall) with a
strong root system was used for phytoremediation assays. It
is a drought- and sandstorm-tolerant legume distributed
throughout China, and had been widely cultivated in north
of China as highly palatable forage for more than
100 years. The plant seeds were purchased from Shenyang
Agricultural University. As nitrogen and phosphorus are
the mostly limiting inorganic nutrients for oil-degrading
bacteria. The fertilizer autoclaved and dried before used in
the experiment was chicken manure with organic content
of 39.3%, N 1.82%, P,05 5.69%, K,0O 2.62% and pH 8.02.

The dominant degrading microorganisms used in this
study were isolated from aged oil-contaminated soil by Lin
et al. (2004). One hundred and fifty millilitre liquid culture
medium containing 20% (v/v) potato juice was added into a
500 mL conical flask, and autoclaved at 120°C for 20 min.
The degrading microorganisms were then inoculated and
shaken on a mechanical shaker (120 rpm), at 25°C for 5—
7 days. Rice husk and bran (3:1(w/w)) were mixed and
autoclaved at 120°C for 1 h. The microbial inoculants
prepared were then inoculated in a proportion 150 ml
culture medium per kg in aseptic conditions. Meanwhile,
the water content was adjusted using potato juice to 20—
25%. The microbial inoculants were then cultured at 25°C
for 5-10 days.

Table 1 Chemical and physical properties of the study soil

One-and-a-half kilogram of unsterilized, air-dried soil
was weighed into the Ceramic pots (13 top diameter x 10
bottom diameter x 11 height cm). The diesel fuel in ace-
tone solution (50% (v/v)) was added to the soil bringing the
concentrations of 2, 5, 10, 30, 50 g kg_lof air-dried soil,
respectively. After each addition, the soil was carefully
mixed to obtain homogenous. The soil-diesel mixture was
allowed to stabilize and evaporate for 14 days in the dark at
room temperature before planting in the laboratory.
Twenty-five A. adsurgens seeds were placed on top of the
soil in each pot. Meanwhile, the fertilizer (2% (w/w)),
microbial inoculants (0.5% (w/w)) and fungi (0.5% (w/w))
and the water (40% (w/w) of the soil water holding
capacity) were added. When the first leaf developed, the
seedlings were emeraged, leaving 15 plants in each pot in
the first year. Plants were grown for 125 days in a screened
growth room (covering with a net in a field) each year, and
the plants in the second year were regrowth of the original
plants. During the growth period, the plants were watered
only as needed. Control treatments consisted of pots
without diesel fuel application. All experiments were per-
formed in triplicates.

At harvest, shoots were cut at the soil surface, and height
was measured. The fresh above-ground biomass was
measured according to Kaimi et al. (2006). After the plants
had been harvested each year, three replicate samples were
collected from each pot with the upper 2-5 mm of soil
discarded, then well mixed, air-dried in the dark at room
temperature and stored at 4°C until analysis. The contam-
inants (diesel fuel and its components) were measured
according to Mishra et al. (2001). Soil samples from the
experiment were collected after the plants had been har-
vested each year, air-dried in the dark at room temperature
and stored at 4°C until analysis. The air-dried soils (5 g)
were extracted by ultra-sonication for 2 h into 20 ml of
dichloromethane. After centrifugation, the supernatant was
then concentrated under a stream of nitrogen gas to allow
the solvent to evaporate completely, and the amount of
extracted sludge (diesel fuel) was determined gravimetri-
cally. After gravimetric quantification, the diesel fuel was
dissolved in n-pentane and separated into soluble and
insoluble fractions. The soluble fraction (TPHs), the
amount of which was determined gravimetrically, was
loaded on to a silica gel column and eluted with different
solvents. After the alkane fraction was eluted with hexane,
the aromatic fraction (AHs) was eluted with benzene, and

Parameter pH K-N (%) P,0O5 (%) K50 (%) Organic matter (%) Sand (%) Silt (%) Clay (%)
Values 5.73 0.137 0.092 1.876 2.49 14.75 57.82 27.43
% (WIw)
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was then analyzed by an Agilent 6890(+) gas chroma-
tography equipped with a flame ionization detector. The
capillary column used was a DB-5 (30 m x 0.32 mm
i.d. x 0.25 pm film thickness. During analysis, the injector
and the detector temperature for GC were maintained at
300°C and the oven temperature was programmed to rise
from 80 to 240°C in 5°C/min increments and to hold at
240°C for 30 min. Individual compounds present in the
aromatic fractions were determined by matching the
retention times with authentic standards (Sigma Chemi-
cals) and identified by GC. Extraction efficiency for diesel
fuel ranged from 90% to 97%. The detection limits for
analyzed diesel fuel, TPHs and AHs were 0.2 mg kg~ ',
0.2 mg kg~ " and 1-5 ug kg~ ' respectively.

The difference between treatments was investigated
using ANOVA analysis and post hoc Tukey test with SPSS
Version 13.0, at 95% confidence.

Results and Discussion

The remaining concentrations of diesel fuel, TPHs and
AHs after 2-week ageing were presented in Table 2. The
concentrations of diesel fuel and its components (TPHs and
AHs) decreased significantly after ageing, with loss of 44—
77%, 39-79%, and 4-84% respectively. The decrease of
diesel fuel was mainly from TPHs. The decreasing differ-
ences of the component concentrations except the control
were statistically significant among treatments (p < 0.05).
The highest loss rate was the No. 3 treatment, followed by
No. 4, No. 5, No. 2 and No. 6 treatments.

In an environmental situation, decreases of diesel fuel
concentrations in soil would be expected through a number
of loss processes, including photo-, chemical- and/or bio-
logical-degradation as well as volatilization and/or
leaching of contaminants to groundwater. In this study, the
diesel fuel added to soil was aged for 2 weeks prior to sow
the seeds. This controlled conditions over the course of the
incubation meant that volatilization could be the main loss
process, and the little loss processes included biological

degradation and sorption of the diesel fuel to the soil
mineral and/or organic fractions, and /or diffusion into the
micro- and nanopores within the solid phases of the soil.
Approximately 44-78% of the diesel fuel had been lost in
the stability period, presumably by volatilization and
sorption in soil. This loss rate was similar to that reported
in Dibble and Bartha’s study, which showed that in
drummed oily waste approximately 50% of TPH would be
lost after 6-week weathering mainly due to volatilization
(Dibble and Bartha 1979). However, in some studies, this
was not taken into account and usually in an overestimation
on the degradation of the contaminants (Vinas et al. 2005).

The shoot heights and above-ground biomass of
A. adsurgens for different treatments in the 2 years were
shown in Fig. 1. The significant difference in the shoot
heights of the plant was not observed between the 2 years
(p < 0.05), although the shoot heights were higher in the
second year than those of the first year except for the last
three treatments. The last two treatments were significantly
different from other treatments and there were not the
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Fig. 1 Shoot heights and above-ground biomass of Astragalus
adsurgens for designed treatments over 2 years. The error bars are
standard errors (n = 3). Labels (a)—(d) indicate statistically signifi-
cant differences between treatments in the same situation (p < 0.05).
The treatments no. were same as Table 1

Table 2 Concentrations of

diesel fuel, TPHs and AHs in

Treatment no.

Concentrations
of added diesel

Initial concentrations for experiment (mg kg™")

cont.aFninated soil after 2-week fuel (mg kg’l) Diesel fuel Including
stability
TPHs AHs

1 0 495 + 354 460 + 8.8 9.6 £ 0.3
2 2000 1270 + 42.4 1070 + 15.6 13.7 £ 0.7
3 5000 1600 + 21.2 1410 + 132.7 16.2 £ 0.5
4 10000 4450 + 205.1 4100 + 121.1 749 £ 0.9
5 30000 13805 + 268.7 12720 + 236.7 232.3 £ 25.8
6 50000 28540 + 183.9 27710 £ 205.2 406 + 7.3
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growth of A. adsurgens in the second year. The significant
difference of above-ground biomass was observed between
the 2 years, and the highest combined biomasses were the
No. 3 and No. 2 treatments in first and second year
respectively. The concentrations higher than 10 g diesel
fuel kg~ treatments significantly affected the plant growth
in this experiment.

Compared to the first year, the vegetation did not survive
in the last two treatments in the second year. This might be
due to the toxicity of diesel fuel and its metabolites. So far,
most commercial bioremediation trials tended to monitor
the success of the treatment by the degree of removal of the
parent contaminant and did not consider the possibility of
the biological production of more toxic breakdown metab-
olites (Mendon and Picado 2002; Lundstedt et al. 2003).
However, it was important to ensure that the contaminants
were suitably detoxified at the end of the treatment process.
Some studies have demonstrated that those compounds such
as PAH-ketones, quinines and coumarins which are formed
during the microbial metabolism, chemical oxidation and
phototransformation of PAHs, could be equally toxic at
least to human health, when compared with the parent
PAHs (Lundstedt et al. 2003). Thus, monitoring the
metabolites of bioremediation specifically for toxic dead-
end products, and assessing the toxicity of the material both
before and after treatment were very important (Bamforth
and Singleton 2005).

The removal of diesel fuel, TPHs and AHs by plant—
microorganism synergy in this study was shown in Fig. 2.

Fig. 2 Removal of diesel fuel,
TPHs and AHs in the
remediation of plant—
microorganism synergy. The
error bars are standard errors
(n = 3). Labels (a)—(f) indicate
statistically significant
differences between the

In Fig. 2 the removal of contaminants (D%) in ordinate
was given by the formula: D% = 100(Mi-Mj)/Mi, in which
Mi was the concentration of contaminants at the beginning
of each year, Mj was the concentration of the contaminants
at the end of each year.

The contaminant concentration significantly affected
removal of diesel fuel, TPHs and AHs (p < 0.05). Because
diesel fuel consisted of TPHs mainly, thus its removal with
38-70% in the first year, 24—45% in the second year and
overall 61-84% in this experiment depended on the
removal of TPHs with 45-78%, 16-62% and overall 62—
88% respectively. The removal of AHs with high molec-
ular weight always was very difficult, and its highest
removal was only 57-70%, although the soil environmental
condition had been optimized in this experiment. Although
10 g kg~ ! diesel fuel of soil was the threshold for the plant
growth in this experiment, the microorganism could still
survive in 30 g kg~' diesel fuel of soil and cause the
removal of the last two treatments (no plant growth) which
decreased only 10-20% compared to the No. 4 treatment in
the second year. Significant differences were observed
between the last two treatments and other treatments. The
removal of contaminants was statistically higher than the
control among 2—6 treatments.

In this study, the highest removal of TPHs was 88% was
similar with the study of Huang et al. (2005), in which they
used a multi-process system including land-farming, bio-
remediation and phytoremediation to remediate the soil
from the imperial oil land farm site in an experiment of
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8 months. However, the environmental condition of this
study was more similar with reality than those of experi-
ment condition (in green house) conducted by Huang et al.
For recalcitrant contaminants, AHs, the highest degrada-
tion was approximately 70%, lower than that of Huang
et al. (2004), but higher than that of Joner et al. (2002).
Joner et al. explained the reason of low degradation was
absence of mycorrhizal fungi which was from a lack of
mineral nutrients, as previously observed in another
industrially polluted soil.

The contents of AHs and TPHs in diesel fuel in different
periods were presented in Fig. 3, and the contents of TPHs
and AHs (D%) were given by the formula: D% = 100Ma/
Mt, in which Mt was the concentration of diesel fuel at the
initial, end of first or second year in different treatments
respectively, Ma was the contemporary concentration of
TPHs or AHs. Most of the TPH molecules were of low
molecular weight and easily degraded while AHs were the
contrary. Therefore, most of the TPHs would be degraded
quickly while most of the AHs would be degraded slowly
in remediation due to its recalcitration. Therefore for varied
initial concentrations and different remediation periods, the
changes of TPHs and AHs contents in diesel fuel were not
the same. Although the contents of TPHs in the diesel fuel
were lower than the initial, most of them were still greater
than 70% except the No. 4 treatment in the second year.
Compared with the control, the contents of AHs in all five
treatments were higher than the initial contents, and
increasing 0.5-3% at the end of this experiment.

AHs were always recalcitrant to biodegradation. They
would be adsorbed or partitioned into soil organic matter or
wrapped into nanopores with the contact time (between
them and soil components especially organic matter)
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Fig. 3 Contents of AHs and TPHs in diesel fuel in different periods.
The error bars are standard errors (n = 3). Labels (a)-(d) indicate
statistically significant differences among these treatments in the
same situation (p < 0.05). The treatments No. were same as Table 1

increasing (Alexander 2000). The states of these contami-
nants in soil might be changed due to growth and death of
plant roots (Parrish et al. 2005), and soil freeze — thawing
(Oztas and Fayetorbay 2003). In our study, the AHs con-
tents in the second year were higher than the initial values
in the first three treatments. Similar results were also
observed in some other studies (Banks et al. 2003; Denys
et al. 2006). We thought that the increase of AHs in this
study was probably due to the freeze-thaw process which
increased the release of sequestrated AHs, however, this
required further studies for detailed explanations.

The degree of bioremediation of a soil depended not only
on the type of the soil, but also on the pollutant’s longevity,
toxicity, as well as its mobility in the soil. The toxicity of a
pollutant to an organism was defined by its chemical com-
position, its concentration in the environment, the duration of
contact, overall environmental conditions, and the organ-
ism’s physiological condition (Hatfield and Stewart 1994).
Our study showed that the 10 g kg™" diesel in soil was the
threshold for A. adsurgens. This value was higher than that
obtained by Huang et al. (2004), in which a multi-process
phytoremediation system for removal of PAHs would
probably less effective while the creosote concentration was
higher than 3 g kg~' in growth chambers (Huang et al.
2004). However, some studies showed that if the contami-
nation was moderate or weak with (10% by weight of oil
sediments, many plants still are able to survive and grow in
oil-contaminated areas (Radwan et al. 1995). Lapinskien
et al. (2006) founded that the diesel fuel was toxic when its
concentration in the soil was >3% w/w. Although the matters
used in these experiments and the environmental situations
were not agreed with each other, these results still benefit us
for carrying out the field remediation.

Remediation of plant-microorganism synergy might
serve as a good remediation method on the removal of
diesel fuel in field. In this study, the effect of plant—
microorganism synergy on diesel-contaminated soil was
significantly affected by the contaminant concentrations.
Compared with lower concentrations, plant growth would
be limited while the concentration was higher than
10 g kg~ diesel in soil. Although this experiment was
carried out in the field situation, plant-microorganism
synergy significantly improved the degradation of diesel
fuel. The highest removal of the diesel fuel in the soil was
up to 80% during the 2-year period and the removal of the
recalcitrant fraction of diesel fuel was 60-70% compared
to their initial concentrations in the soil respectively. The
degradation of diesel fuel and its components was 13-30%
higher than that of control while no plant grew.
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