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a b s t r a c t

Phytoremediation is a promising green technology for cleanup of petroleum hydrocarbons (PHCs) in con-
taminated environment. Based on the objective of identifying special ornamental plants for the effective
biodegradation of PHCs, the efficacy of Impatiens balsamina L. to phytoremedy petroleum contaminated
soil from the Shengli Oil Field in Dongying City, Shandong Province, China, was further examined in a
field plot-culture experiment under greenhouse conditions. After a 4-month culture period, the aver-
age degradation rate of total petroleum hydrocarbons (TPHs) by the plant was up to 18.13–65.03%,
greatly higher than that (only 10.20–35.61%) in their corresponding controls by natural degradation.
ontaminated soil
otal petroleum hydrocarbons (TPHs)
rnamental plant
icrobial population

Among petroleum compositions saturated hydrocarbons had the highest degradation. The release of
polar metabolic byproducts during phytoremediation of contaminated soils with ≥20,000 mg/kg of PHCs
by I. balsamina may occur. Some growth indexes of I. balsamina indicated that the plant had a good
tolerance to contaminated soils with ≤10,000 mg/kg of PHCs. Moreover rhizosphere bacteria and fungi
became the dominant microbial population in soils with 5000 and 10,000 mg/kg of PHCs and were prob-
ably responsible for TPH degradation. Thus, I. balsamina L. could be a potential ornamental plant for

on of
effective phytoremediati

. Introduction

Petroleum hydrocarbons (PHCs) are an important category of
nvironmental contaminants in industrialized countries. Although
etroleum supplies the largest share of world energy consumption,
uring the processes of exploration, extraction, refining, transport-

ng and marketing petroleum products, an increasing area of lands
as been seriously polluted by PHCs in the world [1,2]. Accumu-

ation of PHCs in the environments is now threatening human
ealth and ecosystem safety, including inhibiting plant growth,
estroying soil structures, and damaging groundwater quality [3].
herefore, remediation of petroleum hydrocarbon contaminated

oils is becoming one of the hot topics in the field of environmental
cience and engineering [4,5].

Phytoremediation is defined as a promising green technology
or removal of pollutants from contaminated environment. It uses
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contaminated soils with ≤10,000 mg/kg of PHCs.
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plants to degrade, transform, assimilate, metabolize, or detoxify
hazardous pollutants from soils, aquatic and atmospheric envi-
ronments [6]. In comparison with conventional ex situ treating
methods, such as excavation and incineration, off-site storage and
soil washing, phytoremediation has lots of technical advantages
and ecological benefits [4]. In particular, it is inexpensive, in situ,
simple and easy to operate, seems to be effective, and cannot result
in secondary contamination. Furthermore nutrients and oxygen are
also added into soils through plant growth and microbial metabolic
processes, which can improve the overall quality and textures of
soils during phytoremediation [7,8].

The effectiveness of phytoremediation has been demonstrated
in a wide range of applications, especially in phytoremedying
hazardous heavy metal-contaminated soils. Until now, over 400
species of terrestrial plants had been identified as hyperaccumula-
tors for heavy metals in the world [9,10]. In recent years, based on
its considerable potential there is an increasing interest in broaden-
ing application of phytoremediation to remove/degrade petroleum
contaminants in the environment [11,12]. The main mechanism of

phytoremedying petroleum contaminated soils is assumed to be
based on a stimulation of degrading microorganisms in the rhizo-
sphere, called rhizodegradation [13]. It is well documented that
rhizodegradation is responsible for the enhanced removal of TPHs
from soils by deeply rooted trees and other annual species [14]. Pre-
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from 18.4% to 22.5%. After the maturation of I. balsamina, shoots
and roots were separated and washed completely with tap water
and rinsed with deionized water, dried with filter paper, weighed
their fresh weights. Total plant dry weights were determined upon

Table 1
Chemical and physical characteristics of the clean soils used
in the experiment.

Property Value

pH 7.6
Organic matter (g/kg) 14.20
Total N (mg/kg) 2750
Total P (mg/kg) 110
Cd (mg/kg) NDa
32 Z. Cai et al. / Journal of Hazard

ious studies have documented that PHC pollution at high levels has
egative effects on plant growth [15], but the low level of PHCs does
ot inhibit plant growth [16]. Both the phytotoxicity and hydropho-
ic nature of PHCs prevent their bioavailability and extractability.

n the rhizosphere, however, microorganisms could offer external
rotection to the plant, which in return benefit from root exudates
nd oxygen put in by roots. This is where plant–microorganism
ssociation may play an important role in making PHCs more avail-
ble for uptake and biodegradation by plants [5,17]. Accumulation
f PHCs was found in poplar, pine and grass roots by Palmroth et
l. [12]. Radwan et al. [18] also evidenced that long-chain PHCs
ccumulated in Vicia faba L. Phytoaccumulation of PHCs in plants,
specially in crops, was thought to pose a potential risk to food
hain.

Up to now plants identified and applied to phytoremediation
f petroleum contaminated soils have been processed in a number
f field and greenhouse studies [5,14]. However, less is reported
hat ornamental plants have been assessed to phytoremediation
f petroleum contaminated soils. Ornamental plants can not only
urther beautify our environment, but remedy petroleum polluted
oils as well. Furthermore, ornamental plants can avoid introduc-
ng the contaminant or its metabolites into the food chain. Thereby
creening out remediation plants from abundant ornamentals has
practical significance in efficient biodegradation and removal of
HCs in contaminated sites [13,19,20]. According to an elementary
creen from ornamental plants, Wang [21] found that Impatiens
alsamina L. had a high tolerance and accumulation ability to
admium (Cd) and lead (Pb), showing a great potential for phy-
oremediation under favorable conditions. Therefore, the objective
f this study was to assess the potential of Impatiens balsamina L.,
special ornamental plant, with its rhizosphere microorganisms

or bioremediation of petroleum contaminated soil by analyzing
he quantity and quality of residual TPHs, especially with the
xtremely high concentration (40,000 mg/kg) of PHCs in soils. In the
eantime, I. balsamina biomass and rhizosphere microbial charac-

eristics in relation to the degradation of TPHs were also evaluated.
o our knowledge, this might be the first study on the promoted
iodegradation and microbiological effects of petroleum hydrocar-
ons by I. balsamina L. under greenhouse conditions.

. Materials and methods

.1. Experimental site and soil preparation

The experimental site was installed in the greenhouse (lati-
ude 39◦6′N, longitude 117◦9′E) of Agro-Environmental Protection
nstitute of Ministry of Agriculture, Tianjin, China, which is a
emperature zone with a monsoon-influenced humid continen-
al climate. The experiment was carried out inside the greenhouse
ith approximately 16 h natural daylight. The daily average tem-
erature inside the greenhouse stayed about 18–25 ◦C.

Weathered petroleum contaminated soils containing about 10%
Woil/Wsoil) concentration of PHCs in the soils were collected from
he Shengli Oil Field in Dongying City, Shandong Province, China.
ractions involved in petroleum hydrocarbons from contaminated
oils included 74.18% of saturated fraction, 14.31% of aromatics, and
1.51% of asphaltene and polar fraction. Clean surface (0–20 cm)
oil samples from its vicinity passed through a 2-mm sieve, were
sed in the plot-culture experiment. The chemical and physical
roperties of the clean soils are listed in Table 1. Air-dried con-

aminated soils were also passed through a 2-mm sieve and then
horoughly artificially mixed with the different amount of clean
urface soil samples in order to obtain the diluted contaminated
oils. After the dilution, there were five concentration gradient
reatments including 0 mg/kg (0.0%, Woil/Wsoil), 5000 mg/kg (0.5%,
aterials 183 (2010) 731–737

Woil/Wsoil), 10,000 mg/kg (1.0%, Woil/Wsoil), 20,000 mg/kg (2.0%,
Woil/Wsoil), and 40,000 mg/kg (4.0%, Woil/Wsoil), respectively. The
composite soils were covered (to reduce PHC volatilization) and
equilibrated completely at a low temperature (reduce microbial
activity) for about 1 week. After that, the value of composite soil
pH was in the range from 7.6 to 7.8 (no significant difference). And
the value of organic matter was 14.2, 25.8, 38.4, 58.6, 108.2 g/kg in
the composite soil samples, respectively.

2.2. Remediation plant species and plot-culture experiment

Seeds of I. balsamina with sealed package were purchased from
the Liaoning Institute of Flowers, Shenyang, China. I. balsamina,
cultivated as an ornamental through the world, is a species of Impa-
tiens probably native to China, India and Myanmar in southern Asia.
It is an annual or perennial ornamental with a thick but soft stem.
The plant prefers acid, neutral and alkaline soils, requires warm and
moist conditions [22] and succeeds in the sun or semi-shade.

The plot was divided into five subplots (length = 100 cm,
width = 35 cm, depth = 20 cm). These five subplots were filled with
0, 5000, 10,000, 20,000, and 40,000 mg/kg of petroleum contam-
inated composite soil samples, respectively in order to form the
concentration gradient. Then each subplot was randomly sub-
divided into four treatment cells (length = 25 cm, width = 35 cm,
depth = 20 cm). To minimize the experimental errors, establish-
ment of I. balsamina was replicated in three treatment cells
within each of five subplots including 0, 5000, 10,000, 20,000,
and 40,000 mg/kg of petroleum contaminated composite soil sam-
ples, respectively. The corresponding unplanted control was also
established in one treatment cell within each of five correspond-
ing subplots including 0, 5000, 10,000, 20,000, and 40,000 mg/kg of
petroleum contaminated composite soil samples, respectively.

I. balsamina was pre-cultured in uncontaminated soils in order
to minimize phytotoxic effects of PHCs at the first stage of plant
growth [23]. After that, seedlings of I. balsamina with 10 days old
and the similar biomass were established in corresponding cells as
designed in the experiment. The distance between each seedling
of I. balsamina was about 5.0 cm. There were approximately 24
seedlings in each cell. Altogether there were 360 seedlings used in
the study. Some seedlings were wounded when they were watered
and then removed. However, more than 90% of seedlings survived
throughout the experiment. Loss of water by evaporation from plots
was made up daily using tap water (no PHCs detected) to keep 60%
of the water holding capacity (WHC). Rainfall was not used as a
water source for I. balsamina. The plants were harvested at the seed-
maturation stage. The whole experiment lasted for 4 months. At the
end of our experiment, the moisture level of soils was in the range
Ni (mg/kg) 6.5
Cu (mg/kg) 16.5
Pb (mg/kg) NDa

Cr (mg/kg) 12

a ND, not determined.
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eaching constant the weight after drying at 60 ◦C. The composition
oil samples were collected and analyzed for petroleum contami-
ants after 4 months of plant growth. Then rhizosphere soil samples
ere collected for counting microorganisms in the root zones.

.3. Determination of total petroleum hydrocarbons (TPHs) and
arious fractions

Initial and final total petroleum hydrocarbons (TPHs) were
etermined based on the US EPA 3550c method [24] and the US
PA 1664 method [25]. At first, 50 g soil samples collected from each
reatment cell were homogenised, differently labeled and stored at
◦C until further analysis. The time for storage was no longer than
0 days and had no effect on the determination of TPHs. The soil
amples were air-dried at room temperature in the dark and sieved
hrough a 100 mesh. Then 5 g soil samples taken from the 50 g soil
amples were analysed further. About 20 ml of dichloromethane
boiling point: 40 ◦C) was added to 5 g of soil samples, as the extrac-
ion solvent in the 40 ml glass tube. After having agitated by a glass
tirring rod for 1 min the dichloromethane/soil suspension was
xtracted by the ultrasonication method for 1 h. Water temperature
n the bath was kept below 35 ◦C by adding cold water during the
rocess of ultrasonication. Then the suspension was centrifuged at
000 rpm for 10 min. The supernatant was decanted into an Erlen-
eyer flask which had been drying to a constant weight in an oven

nd the soil was extracted in three times. All of the supernatant
as combined and completely evaporated at 65 ◦C water bath in

he hood. After that, the amount of the extractant was determined
ravimetrically. All experiments were performed in triplicates. In
he meantime, the moisture content of each composite soil sample
as determined by weighing approximately 1 g of the moist soil

nd laying in an oven at 105 ◦C for 24 h. Recovery of TPH in the
xperiment by this method ranged from 87.60% to 95.87%.

Initial and final petroleum hydrocarbon fractions including
aturated fraction, aromatics, polar and asphaltenes, were deter-
ined by the silica gel column chromatography followed by the

ravimetric analysis. About 12 cm of activated silica gel and 1 cm
ry sodium sulfate on the top were filled into a glass column
Ф10 mm × 100 mm). Asphaltenes were removed by n-hexane pre-
ipitation, then dried and weighed [26]. The supernatant without
sphaltenes was loaded onto the activated silica gel column that
ad been pre-eluted with hexane. About 50 ml n-hexane was added
o obtain saturated hydrocarbons. Aromatic hydrocarbons were
luted using a 1:1 dichloromethane/hexane mixture. Finally, 50 ml
f 1:1 methanol/acetone was applied to the elution of polar fraction.
ll fractions were then quantified gravimetrically [27].

.4. Biomass assay

Plants grown in different concentrations of petroleum contam-
nated soils were harvested after a 4-month culture in order to
urther validate the tolerance of I. balsamina to petroleum contam-
nants. Soil samples in the rhizosphere zone, were collected and
ut into the sterilized plastic bag through shaking to dislodge soils
dhering to the roots [28]. The rhizosphere soil samples were stored
t 4 ◦C until further analysis. Plant samples were carefully washed
ith tap water, completely rinsed with distilled water and wiped

ut redundant water using filter paper. Root length, fresh weight
nd stem height of I. balsamina were measured, respectively. Har-
ested plant tissues were dried at 60 ◦C in an oven upon reaching
he constant weight to determine dry weight.
.5. Microbial counts

Soil samples were collected from planted subplots and from
ompletely unplanted subplots. As depicted above, the soil sam-
aterials 183 (2010) 731–737 733

ples located 3–10 mm away from the roots of I. balsamina were
stored in the sterilized plastic bag at 4 ◦C until further microbial
counts and labeled for distinguishing them. The viable microbial
population including bacteria, fungi and actinomycetes was enu-
merated by the pour plate method [29]. The serial dilution method
was employed to obtain three appropriate dilutions for plating. One
gram of soil sample was added into 100 ml sterile distilled water
with several glass beads to achieve well mixed 10−2 dilution. Then
1 ml of 10−2 dilution was pipetted into 9 ml sterile distilled water
until achieving subsequent dilutions, up to 10−5. Each 1 ml of three
dilutions (10−3, 10−4, and 10−5 dilution) was pipetted, in triplicate,
into a labeled sterile empty Petri plate with the diameter of 9 cm.
Aseptically about 15 ml of selected melted agar media, which has
been cooled to ≤45 ◦C, was poured into inoculated Petri dishes and
was immediately swirled to mix completely to get a homogenous
distribution of microorganisms within the medium. Petri dishes
were kept flat on the bench for about 10 min to allow the agar to
completely gel. Then all Petri dishes were inverted and incubated at
appropriate temperature for a reasonable time sufficient to allow
visible colony formation. At the end, the microbial population was
enumerated and reported in the colony-forming units (CFU) per
gram of dry soil. All experiments were conducted on the bench
which has been sterilized using UV light for half an hour.

Bacteria were determined on beef extract–peptone agar follow-
ing the components: beef extractant, 3.0 g; peptone, 10.0 g; sodium
chloride, 5.0 g; agar, 20 g and distilled water, 1000 ml (pH 7.0). The
Petri plates were incubated at 37.0 ◦C for 24 h. Then the bacterial
colonies were enumerated and reported in CFU/g dry soil. As for
fungi, they were incubated at 25.5 ◦C for 4 days on the Czapek Dox
agar involving various ingredients: sucrose, 30.0 g; sodium nitrate,
2.0 g; potassium chloride, 1.0 g; magnesium sulfate heptahydrate,
0.5 g; iron(II) sulfate heptahydrate, 0.01 g; dipotassium hydrogen
phosphate, 1.0 g; agar, 20.0 g; and distilled water, 1000 ml. The pH
value was adjusted to the range from 5.0 to 5.5 through adding
several drops of 80% lactic acid. After a 4-day incubation, the fungal
colonies were enumerated and reported in CFU/g dry soil.

For actinomycetes, starch agar medium was used for incubation
containing various components: soluble starch, 20.0 g; potassium
nitrate, 1.0 g; dipotassium hydrogen phosphate, 0.5 g; magnesium
sulfate heptahydrate, 0.5 g; sodium chloride, 0.5 g; iron(II) sulfate
heptahydrate, 0.01 g; agar, 20.0 g and distilled water, 1000 ml (pH
7.2–7.4). Several drops of 5% phenol were added into the medium
to inhibit the growth of bacteria. All the Petri plates were incu-
bated at 25.7 ◦C for 7 days. Then the actinomycetic colonies were
enumerated and reported in CFU/g dry soil.

2.6. Statistical analysis

Data were processed with the Microsoft Excel software, Origin
8.0 and SPSS 16.0 on the computer. All the experiments were per-
formed in triplicate in order to decrease the experimental errors.
Values were reported as mean ± standard deviation (S.D.). Data
were analyzed by one-way ANOVA with the Duncan’s multiple
range tests to separate means. Differences were considered signif-
icant at p < 0.05.

3. Results and discussion

3.1. Promoted biodegradation of TPHs by I. balsamina
The biodegradation of TPHs in soil planted with I. balsamina
was significantly higher (p < 0.05) than that in their unplanted con-
trols (Fig. 1). TPH degradation by I. balsamina in soils with 5000,
10,000, 20,000 and 40,000 mg/kg of PHCs ranged from 65.03% to
18.13% whereas that under their corresponding controls (natu-
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Fig. 1. TPH degradation in Impatiens balsamina L. planted soils compared with that
under their unplanted controls. Data are mean values with standard deviation. Error
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ars represent the standard deviation. The means within same TPH treatments fol-
owed by the same letter (a and b) were not significantly different at p < 0.05. The

eans among different TPH treatments followed by the same letter (A–D) were not
ignificantly different at p < 0.05 either.

al attenuation) was only in the range from 35.61% to 10.20%. In
0,000 mg/kg of PHC contaminated soil the average degradation of
PHs by the plant was up to 55.50%, whereas that in its correspond-
ng treatment was merely 28.83%. Additionally, reduction of TPHs
n soils with 20,000 mg/kg of PHCs was 39.75%, significantly higher
p < 0.05) than that (only 10.20%) by natural attenuation. Moreover
ur results showed TPH degradation by the plant in 5000, 10,000,
0,000 and 40,000 mg/kg of PHC contaminated soils was approx-

mately 1.83, 1.93, 2.01 and 1.78 times more than that by natural
ttenuation.

The promoted biodegradation of TPHs by I. balsamina could
e explained by the rhizosphere effect. I. balsamina has a strong
brous root system [22]. In general, due to their fibrous root system
lants such as grasses could offer some advantages for promot-

ng biodegradation of organic pollutants [23]. In comparison with
he taproot system they can occupy a large volume of soils and
row relatively close to the soil surfaces that are more favor-
ble to establish a strong rhizosphere through the soil. In our
resent study, several main aspects of I. balsamina contribution to
nhance biodegradation of TPHs should be assumed. Firstly, in the
lanted soils the presence of I. balsamina may greatly enrich a rhi-
osphere microbial community by offering exudates and oxygen
hrough its roots. Secondly, roots can also create pores which can
mprove connectivity and diffusivity of the soil [30], thus offering
nhanced water infiltration and a superior environment conducive
o degrade pollutants. This further suggested that the presence of I.
alsamina fibrous roots may induce transpiration-driven mass flow
owards the rhizosphere, delivering dissolved pollutants to sites of
ncreased microbial activity and accordingly promote TPH degrada-
ion in contrast to their unplanted treatments. Thirdly, plants could
elease a number of enzymes such as laccases, nitrilases and per-
xidases [7] into contaminated soils which could directly degrade
rganic pollutants. Whereas TPH degradation in the unplanted
ontrols could take place only by volatilization, eluviation, pho-
ooxidation and its original microbial activity. On the other hand,

ue to the penetration of I. balsamina fibrous roots through the soil,
olatilization and eluviation should be relatively reduced compared
o unplanted treatments. As a result, in planted soils I. balsamina
ontribution to TPH biodegradation proves more prominent. There-
ore in our experiment the significantly promoted biodegradation
aterials 183 (2010) 731–737

of TPHs under the presence of I. balsamina and associated stimu-
lated microbial activity could be expected when compared with
that by natural attenuation.

Various concentrations of PHCs in soils had different influences
on the effectiveness of phytoremediation using I. balsamina (Fig. 1).
The maximum degradation (65.03%) of TPHs by I. balsamina hap-
pened in soil contaminated with 5000 mg/kg of PHCs. However,
TPH degradation by the plant significantly (p < 0.05) reduced with
an increase in the concentration of PHCs in soils. It might be
attributed to the phytotoxicity of extremely high concentrations
of PHCs to the plant and associated microorganisms, thus leading
to the low efficacy of phytoremediation especially in the 20,000
and 40,000 mg/kg (only 39.75% and 18.13% TPH degradation) of
PHC contaminated soils. However, our results still showed that
phytoremediation of petroleum contaminated soils by I. balsam-
ina was significantly effective, particularly in soils with 5000 and
10,000 mg/kg of PHCs.

3.2. Tolerance of I. balsamina to TPHs

To further evaluate the tolerance of I. balsamina to petroleum
polluted soils, I. balsamina was planted in soils with a series of con-
centration gradient treatments. After the maturation of I. balsamina,
quantitative and qualitative plant parameters were determined
and recorded, including root length, plant height, shoot fresh
weight and dry weight (Fig. 2). Root growth parameters were most
useful as an indicator of tolerance of the plant to contaminated
soils. In the experiment the root length of I. balsamina growing in
soils polluted with 5000 and 10,000 mg/kg of PHCs was insignif-
icantly (p > 0.05) shorter than that of I. balsamina planted in the
clean treatment. This result is supported by the previous work of
Bossert and Bartha [16], who reported the negative effects of PHCs
on plants, yet low level of PHCs (<10,000 mg/kg) does not inhibit
plant growth. However, root length parameters in soils with 20,000
and 40,000 mg/kg of PHC contaminated soils were significantly
(p < 0.05) reduced when compared with that in soils polluted with
less than 10,000 mg/kg of PHCs. Obviously, extremely high PHCs
might suppress the growth of I. balsamina.

Fig. 2 shows the reduction of both the height and weight of I.
balsamina plants, which were planted in 5000 mg/kg, was insignif-
icant (p > 0.05) when compared with that in clean soil. However,
most of the tested ornamentals (Rudbeckia hybrida, Dimorphotheca
sinuata, Cosmos sulphureus, Matthiola incana and Dianthus chinen-
sis) died when the concentration of PHCs was up to 5000 mg/kg.
Though there was a slight reduction of biomass in soil with a high
concentration (20,000 mg/kg) of PHCs, I. balsamina still grew well.
During the experiment some chlorosis was found in few bottom
leaves. In our experiment, the observed symptoms of chlorosis may
be the result of PHC stress at the tissue and cellular level of I. balsam-
ina. This observation is supported by Alkio et al. [31] who reported
chlorosis and even worse necrosis because of a localised H2O2
production, oxidative stress and cell death in Arabidopsis thaliana
exposed to phenanthrene. However, no necrosis has been found in
our study, indicating the relatively strong tolerance of I. balsamina
to TPHs.

Surprisingly in soil contaminated with 40,000 mg/kg of PHCs
I. balsamina was still alive, though the plant caused an extreme
postponement of growth probably due to the high phytotoxic-
ity of extremely high TPHs (4%). This further suggested that the
phytotoxicity of extremely high concentrations of PHCs might be
a great limitation to the use of I. balsamina in the remediation

of petroleum contaminated soils. Therefore more steps should
be taken into account, such as better agronomic performance of
the plants, inoculation with appropriate microbial consortiums to
help plants grow healthier and become more tolerant especially in
extremely high polluted soils, thus probably improving phytore-
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increase in the asphaltene and polar fraction is observed in batch
liquid cultures as a result of the accumulation of unassimilated
metabolic intermediates such as extended polyaromatics, naph-
thenic acids, polyhydric phenols and fatty acids during the process

Fig. 3. The degradation of various petroleum fractions both in the Impatiens balsam-
ig. 2. Biomass including root length (a), plant height (b), shoot fresh weight (c), and
oil. Data are means with standard deviation. Error bars represent the standard devi
ot significantly different at p < 0.05.

ediation. As discussed above, we may conclude that I. balsamina
ad a good tolerance to 5000 and 10,000 mg/kg of PHCs in soils,

eading to the assumption that I. balsamina might be appropriate
o phytoremedy contaminated soil with less than 10,000 mg/kg of
HCs.

.3. Changes in petroleum components after phytoremediation

After the 4-month plot-culture experiment, the degradation of
aturated hydrocarbons was significantly (p < 0.05) higher than that
f aromatic, asphaltene and polar fractions wherever in planted or
nplanted soils (Fig. 3). Similar results have been reported by Prince
32], who found that saturated hydrocarbons are less phytotoxic
nd more biodegradable than aromatic and polar fractions. Fur-
hermore the presence of I. balsamina significantly improves the
iodegradation of saturated hydrocarbons when compared with
hose in unplanted soils. However, due to the toxicity of PHCs with
ery high concentrations (2% and 4%) to the growth of I. balsamina
nd associated microorganisms, the degradation of saturated frac-
ions was much lower when compared with that in the relatively
erious (0.5% and 1%) polluted soils.

In our research aromatics are more easily biodegradable as
ompared to the asphaltene and polar fractions (Fig. 3). Results
rom our research may be explained by Panichayupakaranant et
l. [33] who reported I. balsamina root cultures could biosynthe-
ize coumarins. It is well established that flavonoids and coumarins
omprise one important group of plant compounds in rhizosphere
34]. But few are accumulated in soils, for they can be consumed by
oil microorganisms. Moreover the structure of these compounds
s similar to many organic pollutants such as polycyclic aromatic
ydrocarbons (PAHs) leading to the assumption that the presence
f I. balsamina may greatly enhance degradation of aromatics. On

he other hand, due to their hydrophobic characters and poorer
ioavailability asphaltene and polar fractions are more resistant
o biodegradation. Therefore, our present results that there was
reater reduction of aromatic fractions than asphaltene and polar
ractions are expectable.The most remarkable change observed in
dry weight (d) of Impatiens balsamina L. under the stress of petroleum contaminated
The means among different TPH treatments followed by the same letter (a–d) were

the experiment was a significant (p < 0.05) increase in the asphal-
tene and polar fractions in planted soil with 20,000 (7.8% increase)
and 40,000 (2.4% increase) mg/kg of PHCs. Similarly, Chaîneau et al.
[35] has also found an increase in the polar fraction in the soil. Both
results reported by Chaîneau et al. and found in our experiment
might be explained as below. Usually a temporary or permanent
ina L. planted soils and the unplanted controls. Data are mean values with standard
deviation. Error bars represent the standard deviation of all treatments. The means
within same TPH concentration of same treatment (planted/unplanted) followed by
the same letter (a–c) were not significantly different at p < 0.05. The means among
different treatment (planted/unplanted) of same TPH concentration followed by the
same letter (A and B) were not significantly different at p < 0.05 either.
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Table 2
Matrix of correlation coefficients for the TPH degradation, the rhizosphere microbes
and root length in the Impatiens balsamina L. planted soils.

TPH
degradation

Total rhizosphere
microbes

Root
length

TPH degradation 1 0.848* 0.904*
36 Z. Cai et al. / Journal of Hazard

f biodegrading PHCs [36–38]. Based on the explanation, we might
ssume that the degradation of saturated fraction and aromatics
as enhanced due to the presence of I. balsamina in comparison
ith that of corresponding controls. More oxygen is added into

oil through I. balsamina root systems than root-free soils. Most of
he saturated and aromatic fractions in the synergism between I.
alsamina rhizosphere and microorganisms would be transformed
nto ones containing oxygen such as phenols, alcohols, ketones,
ldehydes and carboxylic acids (polar compounds), leading to the
ccumulation of the polar fraction. However, in unplanted soil with
0,000 and 40,000 mg/kg of PHCs, no increase in the asphaltene and
olar fraction was found, suggesting that less/no saturated and aro-
atic fractions be transformed to asphaltene and/or polar fractions.

n addition, the phytotoxicity of PHCs to I. balsamina was intensified
nd the activity of the rhizosphere microorganisms was inhibited in
oils with 20,000 and 40,000 mg/kg of PHCs (extremely high PHCs)
hen compared with that in 5000 and 10,000 mg/kg PHC contam-

nated soils. Accordingly, it might be difficult for I. balsamina and
ssociated microorganisms to degrade the original/newly induced
olar fraction in soils. Thus, in planted soils we can also observe a
ignificant increase of polar fractions in 20,000 and 40,000 mg/kg
HC polluted soils as compared to that in contaminated soils with
000 and 10,000 mg/kg of PHCs. It has been reported that a 15–20%
aximum biodegradation of asphaltene and polar fractions could

ccur in optimal cultures [36]. However, this value is much lower
ith respect to that (46.3%) in our phytoremediation study, show-

ng the effective phytoremediation of our plant. On the whole, the
esults indicated that I. balsamina might have the potential for effec-
ive phytoremediation of contaminated soils with ≤10,000 mg/kg
f PHCs.

.4. Effects on microbial population

The total number of bacteria, fungi and actinomycete was eval-
ated and enumerated after phytoremediation (Fig. 4). The number
f the three microorganisms decreased with an increase in the con-
entration of PHCs in contaminated soils planted with I. balsamina.
t showed that the toxicity of PHCs depressed the activity and the
roliferation of rhizosphere microorganisms. Especially in the soil

ith 40,000 mg/kg of PHCs, the number of living microorganisms

xtremely decreased.
The amount of bacteria and fungi in the clean soil was 2.93 × 105

nd 2.00 × 104 CFU/g dry soil, respectively. Both the number of bac-
eria and fungi increased in the soils with 5000 and 10,000 mg/kg

ig. 4. Effects of petroleum hydrocarbons on the population of bacteria, fungi and
ctinomycete in rhizosphere soils. Data were presented on graphs with means
nd standard deviation (S.D.). Error bars represent the standard deviation of three
icroorganisms.
Total rhizosphere microbes 1 0.955*

Root length 1

* Significant at 0.05 probability (p = 0.05).

of PHCs, respectively, compared with that in the clean soil. More-
over, the bacterial number was always greater than that in the clean
soil, but not the fungal number when the concentration of PHCs is
equal to and higher than 20,000 mg/kg. The results can be explained
that bacteria and fungi in relatively mild polluted soils (5000 and
10,000 mg/kg) could be adaptive to the surrounding environment
and used PHCs as a carbon source to proliferate as well as the root
exudates excreted by I. balsamina. Thereby, the number increased
comparatively. These results further showed that the rhizosphere
bacteria and fungi were probably responsible for the biodegra-
dation of TPHs, which is consistent with the results reported by
Kästner et al. [39]. Hence we could deem bacteria and fungi as
the dominant population in the contaminated soils when the con-
centration of PHCs ≤20,000 mg/kg. When it came to actinomycete,
the number was always smaller than that in the clean soil. The
decrease tendency of actinomycete suggested that actinomycete
was restrained by the toxicity of PHCs and could have little relation
to the degradation of TPHs.

Rhizodegradation was responsible for the enhanced removal of
PHCs [14]. As an additional compartment, plant roots can interact
with both microbes and organic pollutants [16]. Root proliferation
of the plant can support a flourishing microbial consortium, thus
accelerating biodegradation of PHCs. In turn the healthier microbial
consortium can benefit better growth of the plant, thus improv-
ing phytoremediation efficiency. However, due to the complexity
of rhizosphere, more information about relationships between I.
balsamina root–microbial interactions in respect to TPH degrada-
tion needs to be further extracted, which is pointed in Table 2.
Table 2 shows the correlation coefficients among TPH degradation,
the total rhizosphere microbes and the root length of I. balsamina by
the partial correlation coefficient. Degradation of TPHs was signif-
icantly (r = 0.904, p < 0.05) related to the root length of I. balsamina.
The high positive correlation (r = 0.848, p < 0.05) was also found
between TPH degradation and the total rhizosphere microbes. The
significant (r = 0.955, p < 0.05) positive correlation between the total
rhizosphere microbes and the root length of I. balsamina was also
found. These results further indicated that the total rhizosphere
microbes and the growth of I. balsamina matched fairly well with
TPH degradation.

4. Conclusions

The presence of I. balsamina promoted the dissipation of TPHs
in soils. After the seed-maturation of I. Balsamina, the residual lev-
els of TPHs in planted soils were significantly lower (p > 0.05) than
that in unvegetated soils. The average degradation of TPHs by I.
Balsamina in 5000 and 10,000 mg/kg PHC contaminated soils was
65.03% and 55.50%, respectively, while in their corresponding con-
trols (natural attenuation) the reduction of TPHs was only 35.61%
and 28.83%, respectively. Moreover, the reduction of TPHs in the
polluted soils with ≤20,000 mg/kg of PHCs by I. balsamina asso-

ciated with the rhizosphere microorganisms proved higher than
that in the soils with extremely high concentrations of PHCs. Satu-
rated hydrocarbons are the most easily biodegradable and have the
highest degradation among various petroleum fractions. Especially
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[38] K. Suguira, M. Ishihara, T. Shimauchi, S. Harayama, Physicochemical properties
and biodegradability of crude oil, Environ. Sci. Technol. 31 (1997) 45–51.
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n the vegetated soils with 5000 and 10,000 mg/kg of PHCs, the
eduction of saturated hydrocarbons was up to 74.31% and 65.30%,
espectively. The release of polar metabolic byproducts during phy-
oremediation of contaminated soils with ≥20,000 mg/kg of PHCs
y I. balsamina may occur. To acquire a possible positive feedback
n the overall phytoremediation process, more time is desirable for
hytoremediation of contaminated soils with high/extremely high
HCs using I. balsamina. Appropriate microbial inocula may accel-
rate the biodegradation of these polar metabolic byproducts in the
oot zones. Results also indicated that I. balsamina had a strong tol-
rance to the contaminated soils with ≤10,000 mg/kg of PHCs. Both
he bacterial and fungal number in vegetated soils with 5000 and
0,000 mg/kg of PHCs were greater than that in the clean soil. The
oil bacteria and fungi associated with I. balsamina were probably
esponsible for the enhanced removal of TPHs from contaminated
oils. The high correlations (r = 0.848–0.955) were found among
PH degradation, the rhizosphere microbes, and the root length
f I. balsamina. Based on the results, I. balsamina L. might be consid-
red as a potential ornamental plant for effective phytoremediation
f ≤10,000 mg/kg petroleum contaminated soils, although mecha-
isms and toxicological risk associated with phytoremediation and
emporary or permanent increase of the polar fraction should be
ubjected to further investigation.
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