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Abstract

Petroleum hydrocarbons not only are toxic to humans and other living organisms, but will also pollute groundwater. It is thus
critical to decrease the concentration of these pollutants in soil. Phytoremediation is an effective way to remove toxic compounds
from soil. The current study used sorghum (Sorghum bicolor (L.) Moench) and barley (Hordeum vulgare) to reduce petroleum
hydrocarbon content of contaminated soil around Isfahan Oil Refinery (Isfahan, Iran) and assessed the concentrations of petroleum
hydrocarbons and oil-degrading bacteria at different depths of soil following phytoremediation. We prepared one-meter soil
columns from the control and contaminated soil and sowed sorghum and barley seeds in triplicate. There were also unplanted
treatments to eliminate the effects of environmental factors on the reduction of oil-based contaminants. Thirteen weeks after sowing
of the plants, soil columns were sampled at 25, 50, 75, and 100 cm depths and concentration of petroleum hydrocarbons and number
of oil-degrading bacteria were determined. Moreover, the roots and shoots of the plants were separated, dried in an oven at 80°C
for 48 hours, and finally weighed. Statistical analyses indicated the two plants to reduce the concentration of petroleum
hydrocarbons to a significantly higher extent (23%-35%) than the control treatment. Increasing depth was associated with increased
petroleum hydrocarbons concentration and decreased number of oil-degrading bacteria, i.e. the method was only effective in depths
where plant roots penetrated. Accordingly, in order to remove deep soil contamination, phytoremediation needs to be accompanied
by land farming and stimulation and injection of oil-degrading microorganisms.
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1. Introduction animals, and humans by penetration into soil and

reaching groundwater (Siddiqui and Adams, 2001).

Petroleum hydrocarbons are among the major
organic environmental pollutants whose toxicity,
carcinogenicity, and mutagenic effects have raised
great concerns (Pothuluri and Cerniglia, 1998; Van
Agteren et al., 1998). These pollutants poison plants,

Moreover, previous research has highlighted the
genotoxic effects of these pollutants (Gao and Zhu,
2004; Haeseler et al., 1999; Iturbe et al., 2007).

Since groundwater restoration is time
consuming and costly, groundwater quality protection
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is of utmost importance in arid and semi-arid regions
where there is limited access to appropriate surface
waters. In Iran, crude oil leaking from underground
pipes, storage tanks, and evaporation ponds at oil
refineries has polluted the soil and groundwater with
petroleum hydrocarbons.

Therefore, the application of various methods
to decrease the concentration of petroleum
hydrocarbons in soil columns of such areas is essential
in preventing groundwater contamination. Despite the
availability of various chemical and physical methods
of petroleum hydrocarbon removal, these methods are
not widely used due to their high costs and adverse
effects. Therefore, researchers have paid increasing
attention to  biological ~methods, such as
phytoremediation, during the recent years (Siddiqui
and Adams, 2002).

As a novel environment-friendly technology,
phytoremediation uses specific plant species to
reduce/eliminate toxic metals, organic contaminants,
and radionuclides from contaminated soil, sediments,
and surface and groundwater (Alkorta and Garbisu,
2001; Bhatia and Goyal, 2016; Caraiman et al., 2012;
Gerhardt et al., 2009). Several studies on
phytoremediation have suggested the method to
efficiently decontaminate soil by either eliminating or
reducing the concentration of oil derivatives (Diab,
2008; Germaine et al., 2015; Lu et al., 2010; MclIntosh
et al., 2017; Xie et al., 2018; Zhang et al., 2010).
Phytoremediation requires the selection of resistant,
preferably native, plants with maximum root surface
area, germination, growth, and expansion (Adam and
Duncan, 2002). Plants would be good candidates for
phytoremediation if they can adapt to soil conditions
in the area and to fully develop in the presence of
contamination (Aprill and Sims, 1990; Smith et al.,
2006).

Two commonly used plants in the process of
phytoremediation are sorghum and barley. Belonging
to the Poaceae family, sorghum can grow in and adapt
to different climates including hot and dry climate. It
is known to have the potential of successfully
removing organic oil-based contaminants (Schnoor
and Zehnder, 2003). Similarly, barley, a resistant
member of the grass family, can well adapt to various
environmental conditions and effectively eliminate
soil pollutants through its fibrous root system (Ebbs
and Leon, 1998).

In fact, plants can generally best decontaminate
the soil around their roots due to the increased number
of bacteria in this area (Lu et al., 2010; Mihalache et
al., 2016; Moreira et al., 2011; Xu et al., 2011). Two
plant species, i.e. sorghum (Sorghum bicolor (L.)
Moench) and barley (Hordeum vulgare), were used in
the current study to alleviate the concentrations of
petroleum hydrocarbons in contaminated soils around
Isfahan  Oil Refinery (Isfahan, Iran). After
phytoremediation, petroleum hydrocarbon
concentrations and oil-degrading bacteria counts were
measured at different soil depths.
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2. Material and methods
2.1. Soil sampling

Soil samples were taken near the Isfahan Qil
Refinery, with the approval of the company. Control
samples were also taken from the uncontaminated
nearby land. Although the number of samples depends
on changes in soil properties, we did not have
sufficient data about the under study soil. Therefore,
considering the size of the area (2000 m?), four
locations were selected out of every 200 square meters
of land. At each location, between one and two
kilograms of soil were sampled from the surface 30
cm in four geographical directions and the samples
were mixed to obtain a composite sample of about
four-eight kilograms. Finally, three subsamples were
drawn from each compound sample and moved to the
laboratory. All samples were stored at 4°C throughout
the experimental procedure. Most previous studies on
oil contaminated soils in Iran have artificially added
contamination to clean soil. However, soil from oil
contaminated land and artificially contaminated soil
demonstrate completely different behavior during the
phytoremediation process (Huang et al., 2005). Hence,
the present research used soil from a contaminated
area to obtain more accurate results that can better
reflect the existing conditions.

2.2. Measuring physical and chemical properties of
soil

Physical and chemical properties of soil play a
significant role in the efficacy of processes reducing
petroleum hydrocarbons (Tang et al., 2012). In order
to measure a number of these properties, soil samples
were air dried and passed through a 2-mm sieve.
Afterward, the samples underwent three replications
of tests to determine texture (through hydrometry), pH
(Thomas, 1996), electrical conductivity (Rhoades,
1996), organic matter (Nelson and Sommers, 1982),
total nitrogen (Bremner and Mulvaney, 1982), and
available phosphorus and potassium (Olsen and
Sommers, 1982; Page et al.,, 1982). In order to
determine CaCO3 equivalent, the samples were
neutralizing with hydrogen chloride (HCI) and then
back titrated with sodium hydroxide (NaOH) (Allison
and Moodie, 1965) (Table 1).

Table 1. Physicochemical characteristics of oil -
contaminated and control soil columns
(both soils had sandy clay loam texture)

Characteristic Con@rol Contam_inated
soil soil
pH (1:2.5) 7.9 7.3
EC (ds/m) 1.7 3.2
Organic matter (%) 0.8 4.7
Total nitrogen (%) 0.07 0.90
CaCOs equivalent (%) 32 25
Available-P (mg/kg) 42 74
Available-k (mg/kg) 19 24
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2.3. Total Petroleum Hydrocarbons (TPHS)
measurements

Determining the levels of polycyclic aromatic
hydrocarbons (PAHs) and TPHs in the soil involved
Soxhlet extraction (using 1:1 v/iv of 150 mL n-
hexane/dichloromethane solvent mixture for 24 hours)
(Christopher et al., 1988) and condensation of the
extracted compounds under vacuum in a rotavapor.
Column chromatography (using silica gel and alumina
as absorbent) was then employed to purify the
samples. The concentration of PAHs in soil was
determined with gas chromatography (ISO, 2006).

The results of PAHs measurements are
presented in Table 2. The mean petroleum
hydrocarbon concentration of 75,000 mg/kg suggested
the soil from areas near the oil refinery to be extremely
contaminated. Moreover, the TPH concentration in the
control soil was less than 50 mg/kg.

2.4. Counting oil-degrading bacteria

The first step in counting oil-degrading
bacteria was mixing one gram of soil with 9 mL of
0.9% sterile sodium chloride solution. The mixture
was prepared in was test tubes which were then
thoroughly shaken. In the next step, a serial dilution
(10-1-10-8) was prepared and transferred to the
culture medium. The medium contained 990 mL
sterile agar solution plus CaCl,_H>0(0.02),
FeCl3(0.05), MgSO,4_7H,0(0.2), K2HPO4(1),
NH4NO3(1), and KH2PO4(1) and had a pH equal to 7.
The only source of carbon in the medium was 10 mL
of filtered fresh sterile crude oil obtained from Isfahan
Oil Refinery. After incubation of the culture at 28°C
for 48 hours, the developed colonies were counted
(Soleimani et al., 2010). The mean number of bacteria
were calculated at four different depths of the soil
column (i.e. 25, 50, 75, and 100 cm) and different
dilutions. The obtained values were recorded as
colony-forming unit (CFU) per gram of soil.

2.5. Application of phytoremediation

Polyvinyl chloride (PVC) pipes (20 cm in
diameter and 130 cm long) were employed for
phytoremediation. The pipes were holed at 25, 50, 75,
and 100 cm for the final sampling and had a 20-cm
drainage at the bottom. Considering the density of soil
(2.6 g/cm3) and volume of PVC pipes, the required

soil for each pot was calculated as 45 kg. The
experiment pots were thus filled with 45 kg of either
contaminated or control soil samples while leaving 10
cm empty space on top.

Three repetitions of six treatments were
conducted on a total of 18 soil columns. The cultured
contaminated and control soil columns were treated by
the use of sorghum or barley or remained unplanted.
Treatments without plants intended to eliminate the
effects of environmental factors on the reduction of
oil-based contaminants. In each pot, 20 barley or
sorghum seeds were separately sown approximately 1-
2 cm below the soil surface and the procedure was
replicated three times. After a two-week period,
weaker plants were removed. The plants were watered
according to their daily status but water loss from the
bottom of columns was not allowed. Due to the
yellowing of leaves and leaf-tip burns, all treatments
received equal amounts of iron and nitrogen fertilizers
in the middle of the experiment. Sampling of soil
columns at 25, 50, 75, and 100 cm depths was
performed 13 weeks after sowing of the plants. Levels
of different petroleum hydrocarbons and number of
oil-degrading bacteria were then calculated at each
depth. Furthermore, in order to determine the effects
of contamination on plant growth, plant roots and
shoots were collected, oven dried at 80°C for 48 hours,
and weighed.

3. Results and discussion

3.1. Results of physical and chemical soil properties
measurement

Physical and chemical properties of
contaminated and control soils are summarized in
Table 1. As it is seen, the soil contaminated with
petroleum products had lower pH compared to the
control soil. Organic acid production due to the
activity of microorganisms in soil (Tang et al., 2010),
coupled with the presence of sulfur and sulfur oxides
in waste oil (Spinelli et al., 2005), can justify this
difference. On the other hand, the contaminated soil
had better electrical conductivity than the control soil
which might have caused by metal cations (e.g. nickel
and vanadium) in waste oil. In 2005, Marin et al.
reported elevated electrical conductivity of soils
contaminated with petroleum hydrocarbons. In fact,
high concentrations of minerals and salts in
contaminated soil increase its conductivity.

Table 2. Initial concentrations of the measured polycyclic aromatic hydrocarbons (PAHS) in contaminated soil

Compound Concentration (pg/kg)
Contaminated soil | Control soil Rural soil Agricultural soil Urban soil

Naphthalene 45,000 ND - - -
Phenantherene 34,000 ND 30 48-140 -
Anthracene 6,000 ND - 11-13 -
Fluoranthene 29,000 ND 0.3-40 120-210 200-166,000
Pyrene 16,000 ND 1-19.7 99-150 145-147,000
Benzo[Kk]fluoranthene 400 ND 10-110 58-250 15,000-62,000
Benzo[a]pyrene 700 ND 2-1300 4.6-900 165-220

Derived from: IARC, 1973; White and Vanderslice, 1980; Windsor and Hites, 1979; Edwards, 1983; Butler et al., 1984; Vogt et al., 1987; Jones

etal., 1987; ND = Not Detected
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In addition, as expected, crude oil degradation
in soil increased organic matter percentage and
organic carbon content of the contaminated soil
compared to the control soil. Following such
increment, aerobes would rapidly decrease the oxygen
content of soil, lead to the formation of small
anaerobic environments, and consequently restrict
biodegradation (Adams et al., 2013). The mentioned
differences along with the higher total nitrogen
percentage in the contaminated soil limit plant growth
in the soil.

3.2. Results of dry matter yield

Statistical analyses were conducted to
determine the main and interaction effects of soil and
plants on shoot and root dry matter yield of sorghum
and barley. According to the obtained results, dry
matter yield was affected by both plant and soil types.
More precisely speaking, root dry matters of sorghum
and barley in contaminated soil were respectively 22%
and 30% lower than that in control treatments.
Likewise, shoot dry matters of the two plants were
respectively 51% and 42% lower in contaminated soils
than in control treatments.

In addition, sorghum had the greatest root and
shoot dry weights in the control treatment. On the
other hand, barley had the lowest shoot and root dry
weights in the contaminated soil (Fig. 1). Likewise,
Cheema et al. (2009) reported reductions of
respectively 29.7% and 53.5% in the root and shoot
dry matter of Festuca arundinacea after 65 days of
growth in pyrene- and phenantherene-contaminated
soil.

Therefore, a combination of contamination
with petroleum hydrocarbons along with decreased
root growth and water and nutrients uptake can be
considered as major factors resulting in reduced plant
growth and dry matter yield in contaminated soil
(Chaineau et al., 1997).

Root Shoot

® Control soil

Dry Weight (g)

O Contammated soil

a g b
0 .-_-l

Barley Sorghum Barley Sorghum

Fig. 1. Shoot and root dry weight of sorghum and barley

after 90 days of growth in petroleum-contaminated and

control soils (capital and small letters for shoot and root,
respectively) represent significant differences according to
Duncan’s test (P < 0.05). Error bars are standard deviations
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3.3. Results of phytoremediation

According to analysis of variance, the effects
of depth and plants as well as their interaction effect
on the concentration of petroleum hydrocarbons and
number of oil-degrading bacteria were significant at
the 0.01 level (Table 3).

Comparison of means showed a significant
difference between unplanted and planted treatments
in terms of petroleum hydrocarbon concentration and
number of oil-degrading bacteria (P < 0.05). More
precisely, the presence of sorghum and barley reduced
petroleum hydrocarbon concentration by 23%-35%
more than unplanted treatment. Furthermore, sorghum
was significantly more effective than barley in
degradation of petroleum-based contaminants and
increasing the number of oil-degrading bacteria, i.e.
while sorghum decreased petroleum hydrocarbon
concentration by 64% compared to baseline, the rate
was 52% for barley (P < 0.05) (Table 4). In fact, plants
are capable of enhancing the degradation of organic
pollutants by releasing nutrients and secretions in soil,
transporting oxygen to the root zone, and stimulating
and increasing the activity of oil-degrading microbial
populations (Smith et al., 2006). Previous studies have
also indicated the efficacy of various plants in
removing oil contamination from soil. For instance,
Lu et al. (2010) found Bidens maximowicziana to
decrease pyrene concentration in soil by 28%
compared to the unplanted treatment. Likewise, Zhang
et al. (2010) reported a 35% reduction in the
concentration of petroleum compounds following
phytoremediation with Pharbitis nil (L.).

Research has shown a direct relationship
between increased degradation of petroleum
hydrocarbons and microbial population in planted
contaminated soil. This is rational since plant roots
provide appropriate conditions for the activity and
development of microbial populations (Krzyzak et al.,
2012) and hence promote the degradation of
petroleum compounds.

We also evaluated the effects of depth on
petroleum hydrocarbons concentration and number of
oil-degrading bacteria in treatments with sorghum and
barley and control soils at four different depths (Figure
2a, 2b). Apparently, the lowest concentration of
petroleum hydrocarbons and greatest number of oil-
degrading bacteria at 0-25 cm depth belonged to
treatments with sorghum and barley. The presence of
plant roots at this depth explains this finding. While
the effects of the two plants had no considerable
difference at this depth, significant differences were
observed with the control treatment (unplanted
contaminated soil). At 25-50 cm depths, the planted
and control treatments were still different since plant
roots can reach this depth. However, higher
concentration of petroleum hydrocarbons and lower
number of oil-degrading bacteria were detected
compared to 0-25 cm depths.
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Table 3. Results of analysis of variance for the effects of depth and plants on the concentration of petroleum hydrocarbons and
number of oil-degrading bacteria

Source of change Degree of freedom Mean square of percentage Mean square of number of oil-
reductions in petroleum degrading bacteria
hydrocarbons
Plant 2 383.3" 5.6x101"
Depth 3 2434" 5.8x101"
Plant x depth 6 96.3" 1.4x10%0"

* Significant difference at P = 0.01 revealed by Duncan’s test

At 50-75 and 75-100 cm depths where sorghum
and barley roots could not penetrate, the three
treatments had quite the same conditions and resulted
in similar graphs. Unsurprisingly, in all three
treatments, the maximum concentration of petroleum
hydrocarbons and minimum number of oil-degrading
bacteria were observed at 75-100 cm depths. The
number of oil-degrading bacteria in 0-50 cm depths
(with root penetration) was actually twice that in 50-
100 cm depths (without root penetration).

Tang et al. (2012) reported the population of
microorganisms to be several times larger in the root
zone than in other areas of soil. According to the
available literature, increased depth will decrease not
only microbial populations but also oxygen. Boopathy
(2004) suggested the first stage of petroleum
hydrocarbon metabolism to be performed by aerobic
bacteria and fungi. Therefore, reduced oxygen content
in the lower layers of soil can decelerate petroleum
hydrocarbon  degradation and augment the
concentration of petroleum-based contaminants.

Table 4. Comparison of mean values of percentage
reductions in petroleum hydrocarbons and number of oil-
degrading bacteria at 0-50-cm depths using different

treatments
Number of oil- | Percentage reductions
Presence - ;
of plants degradl'ng in petroleum
bacteria hydrocarbons

Planted

Sorghum 605,000 642

Hordeum 590,000° 520
Unplanted 480,000° 29¢

Column cells with at least one common letter had no significant
difference at 0.05 according to Duncan’s test.

4. Conclusions

Serious risks posed by petroleum hydrocarbons
to human health and the environment require the
prioritization of methods to reduce and ultimately
eliminate these pollutants. The present research used
sorghum and barley to decrease TPHs contamination
in soils. The effects of depth on the concentrations of
petroleum hydrocarbons and the number of oil-
degrading bacteria were also investigated. According
to the obtained results, both plants could effectively
decrease contamination with petroleum hydrocarbons
(23%-35% compared to the control treatment).

Meanwhile, sorghum was more effective than
barley in this regard. Thus, phytoremediation of oil-

contaminated soil using sorghum can efficiently
improve the  biodegradation of  petroleum
hydrocarbons. Our findings also suggested that
sorghum and barley can successfully increase the
number of oil-degrading bacteria. This effect was only
seen at lower depths that could be reached by plant
roots (particularly 0-25 c¢m). In other words, higher
concentration of petroleum hydrocarbons and lower
number of oil-degrading bacteria were observed in
higher depths of the soil column (i.e. 50-100 cm)
where plant roots were absent.
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Fig. 2. a) Changes in the concentration of total petroleum
hydrocarbons (TPH) at different depths of treated (with
sorghum and barley) and control soils; b) Changes in oil-
degrading bacteria count at different depths of treated (with
sorghum and barley) and control soils

As emphasized earlier, it is critical to develop
methods for reducing petroleum hydrocarbon levels in
soil columns before these contaminants reach aquifers.
Therefore, eliminating deep soil contamination would
require a combination of strategies including not only
phytoremediation, but also land farming and
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stimulation and injection of oil-degrading
microorganisms.

Acknowledgements

The authors are grateful to the managing director, Mr.
Nazem (the head of the research and development unit), and
all personnel, especially Mr. Hedayati, of Isfahan Qil
Refinery.

References

Adam G., Duncan H., (2002), Influence of diesel fuel on
seed germination, Environmental Pollution, 120, 363-
370.

Adams R.H., Kanga-Leyva K., Guzman-Osorio F.J.,
Escalante-Espinosa E., (2013), Comparison of moisture
management methods for the bioremediation of
hydrocarbon contaminated soil, African Journal of
Biotechnology, 10, 394-404.

Alkorta I., Garbisu C., (2001), Phytoremediation of organic
contaminants in soils, Bioresource Technology, 79,
273-276.

Allison L.E., Moodie C.D., (1965), Carbonate, In: Methods
of Soil Analysis, Black C.A., Evans D.D., White J.L.,
Ensminger L.E., Clark F.E. (Eds.), American Society of
Agronomy, Madison Wisconsin USA, 1379-1400.

Aprill W,, Sims R.C., (1990), Evaluation of the use of prairie
grasses  for  stimulating polycyclic  aromatic
hydrocarbon treatment in soil, Chemosphere, 20, 253-
265.

Bhatia M., Goyal D., (2016), Assessing the role of
Phragmites australis in wastewater treatment through
Response  Surface Methodology, Environmental
Engineering and Management Journal, 15, 761-771.

Boopathy R., (2004), Anaerobic biodegradation of no. 2
diesel fuel in soil: a soil column study, Bioresource
Technology, 94, 143-151.

Bremner J.M., Mulvaney C.S., (1982), Nitrogen-Total, In:
Methods of Soil Chemical Analysis, Page A.L., Miller
R.H., Keeney D.R.(Eds.), American Society of
Agronomy, Madison Wisconsin USA, 595-624.

Butler J.D., Butterworth V., Kellow C., (1984), Some
observations on the polycyclic aromatic hydrocarbon
(PAH) content of surface soils in urban areas, Science
Total Environment, 38, 75-85.

Caraiman P., Pohontu C., Soreanu G., Macoveanu M.,
Cretescu 1., (2012), Optimization process of cadmium
and zink removal from soil by phytoremediation using,
Environmental Engineering and Management Journal,
11, 271-278.

Chaineau C.H., Morel J.L., Oudot J., (1997), Phytotoxicity
and plant uptake of fuel oil hydrocarbons, Journal of
Environmental Quality, 26, 1478-1483.

Cheema S.A., Khan M.1., Tang X., Zhang C., Shen C., Malik
Z., Ali S, Yang J., Shen K., Chen X., Chen Y., (2009),
Enhancement of phenanthrene and pyrene degradation
in rhizosphere of tall fescue (Festuca arundinacea),
Journal of Hazardous Materials, 166, 1226-1231.

Christopher S., Hein P., Marsden J., Shurleff A.S., (1988),
Evaluation of methods 3540 (soxhlet) and 3550
(Sonication) for evaluation of appendix 1X analyses
from solid samples, S-CUBED, Report for EPA
contract 68-03-33-75, work assignment No. 03, pp.
523-546.

Diab E.A., (2008), Phytoremediation of oil contaminated
desert soil using the rhizosphere effects, Global Journal
of Environmental Research, 2, 66-73.

2134

Ebbs S.D., Leon V.K., (1998), Phytoextraction of Zinc by
oat (Avena sativa), barley (Hordeum vulgare), and
indian mustard (Brassica juncea), Environmental
Science and Technology, 32, 802-806.

Edwards N.T., (1983), Polycyclic aromatic hydrocarbons
(PAHSs) in the terrestrial environment - a review,
Journal of Environmental Quality, 12, 427-441.

Gao Y.Z., Zhu L.Z., (2004), Plant uptake, accumulation and
translocation of phenanthrene and pyrene in soils,
Chemosphere, 55, 1169-1178.

Gerhardt K.E., Huang, X.D., Glick B.R., Greenberg B.M.,
(2009), Phytoremediation and rhizoremediation of
organic soil contaminants: potential and challenges,
Plant Science, 176, 20-30.

Germaine K.J., Byrne J., Liu X., Keohane J., Culhane J.,
Lally R.D., Kiwanuka S., Ryan D., Dowling D.N.,
(2015), Ecopiling: a combined phytoremediation and
passive biopiling system for remediating hydrocarbon
impacted soils at field scale, Frontiers in Plant Science,
5, 756.

Haeseler F., Blanchet D., Druelle V. Werner P.,
Vandecasteele  J.P.,  (1999), Ecotoxicological
assessment of soils of former manufactured gas plant
sites: bioremediation potential and pollutant mobility,
Environmental Science and Technology, 33, 4379-
4384,

Huang X.D., El-Alawi Y., Gurska J., Glick B.R., Greenberg
B.M., (2005), A multi-process phytoremediation
system for decontamination of persistent total
petroleum  hydrocarbons  (TPHs) from  soils,
Microchemical Journal, 81, 139-147.

IARC, (1973), Certain polycyclic aromatic hydrocarbons
and heterocyclic compounds. Monographs on the
evaluation of carcinogenic risk of the chemical to man.
Vol. 3. Lyon, France: World Health Organization,
International Agency for Research on Cancer.

ISO (International Organization for Standardization),
(2006), Soil quality-Determination of polycyclic
aromatic hydrocarbons (PAH) - Gas chromatographic
method with mass spectrometric detection (GC-MS),
ISO 18287:2006, International Organization for
Standardization, Geneva.

Iturbe R., Castro A., Perez G., Flores C., Torres L.G,,
(2008), TPH and PAH concentrations in the subsoil of
polyduct segments, oil pipeline pumping stations, and
right-of-way  pipelines from Central Mexico,
Environmental Geology, 55, 1785-1795.

Jones K.C., Stratford J.A., Waterhouse K., (1987),
Polynuclear aromatic hydrocarbons in U.K. soils:
Long-term termporal trends and current levels, Trace
Substances in Environment Health, 2, 140-148.

Krzyzak J., Ptaza G., Margesin R., Wasilkowski D., Mrozik
A., (2012), Microbial parameters as bioindicators of
soil quality during aided phytostabilization of metal
contaminated soil, Environmental Engineering and
Management Journal, 11, 1775-1782.

Lu S., Teng Y., Wang J., Sun Z., (2010), Enhancement of
pyrene removed from contaminated soils by Bidens
Maximowicziana, Chemosphere, 81, 645-650.

Marin  JA., Hernandez T., Garcia C., (2005),
Bioremediation of oil refinery sludge by land farming
in semiarid conditions: influence on soil microbial
activity, Environmental Research, 98, 185-195.

Mclntosh P., Schulthess C.P., Kuzovkina Y.A., Guillard, K.,
(2017), Bioremediation and phytoremediation of total
petroleum hydrocarbons (TPH) under various
conditions, International Journal of Phytoremediation,
19, 755-764.


http://www.sciencedirect.com/science/article/pii/S0304389408018657
http://www.ncbi.nlm.nih.gov/pubmed?term=Lu%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20832842
http://www.ncbi.nlm.nih.gov/pubmed?term=Teng%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20832842
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20832842
http://www.ncbi.nlm.nih.gov/pubmed?term=Sun%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=20832842
http://www.sciencedirect.com/science/journal/00139351

Concentrations of petroleum hydrocarbons at different depths of soil following phytoremediation

Mihalache G., Zamfirache M.M., Hamburda S.,
Stoleru V., Munteanu N., Stefan M., (2016),
Synergistic effect of Pseudomonas lini and
Bacillus pumilus on runner bean growth
enhancement, Environmental Engineering and
Management Journal, 15, 1823-1831.

Moreira I.T., Oliveira O., Triguis J.A., Santos A.M., Queiroz
AF., Martins C., Silva C.S., Jesus R.S., (2011),
Phytoremediation using Rizophora mangle L. in
mangrove sediments contaminated by persistent total
petroleum hydrocarbons (TPH's), Microchemical
Journal, 99, 376-382.

Nelson D.W., Sommer L.E., (1982), Total Carbon, Organic
Carbon and Organic Matter, In: Methods of Soil
Analysis, Page A.L., Miller R.H., Keeney D.R. (Eds.),
American Society of Agronomy, Madison Wisconsin
USA, 539-576.

Olsen S.R., Sommers L.E., (1982), Phosphorus, In: Methods
of Soil Analysis, Page A.L., Miller R.H., Keeney D.R.,
Baker D.E., Ellis R., Rhoades J.D. (Eds.), American
Society of Agronomy, Madison Wisconsin USA, 403-
430.

Page A.L., Miller R.H., Keeney D.R. (1982), Methods of
Soil Analysis, American Society of Agronomy,
Madison Wisconsin USA, 1159.

Pothuluri J.V., Cerniglia C.E., (1998), Current aspects on
polycyclic aromatic hydrocarbon biodegradation
processes, Bioremediation: Principles and Practice, 1,
461-520.

Rhoades J.D., (1996), Salinity: Electrical Conductivity and
Total Dissolved Solids, In: Methods of Soil Analysis,
Page A.L., Miller R.H., Keeny D.R. (Eds.), American
Society of Agronomy, Madison Wisconsin USA, 417-
435.

Schnoor J.L., Zehnder A., (2003), Phytoremediation:
Transformation and Control of Contaminants, In:
Environmental Science and Technology, McCutcheon
S.C., Schnoor J.L. (Eds.), John Wiley & Sons, New
Jersey.

Siddiqui S., Adams W.A., (2002), The fate of diesel
hydrocarbons in soils and their effect on the
germination of perennial ryegrass, Environmental
Toxicology, 17, 49-62.

Smith M.J., Flowers T.H., Duncan H.J., Alder J., (2006),
Effects of polycyclic aromatic hydrocarbons on
germination and subsequent growth of grasses and
legumes in freshly contaminated soil and soil with aged
PAHSs residues, Environmental Pollution, 141, 519-
525.

Soleimani M., Afyuni M., Hajabbasi M.A., Nourbakhsh F.,
Sabzalian M.R., Christensen  J.H.,  (2010),
Phytoremediation of an aged petroleum contaminated
soil using endophyte infected and non-infected grasses,
Chemosphere, 81, 1084-1090.

Spinelli L.F., Schnaid F., Selbach P.A., Bento F.M., Oliveira
J.R., (2005), Enhancing bioremediation of diesel oil and
gasoline in soil amended with an agroindustry sludge,
Journal of the Air and Waste Management Association,
55, 421-429.

Tang J., Lu X., Sun Q., Zhu W., (2012), Aging effect of
petroleum hydrocarbons in soil under different
attenuation conditions, Agriculture, Ecosystems &
Environment, 149, 109-117.

Thomas G.W., (1996), Soil pH and Soil Acidity, In: Methods
of Soil Analysis, Sparks D.L. (Ed.), American Society
of Agronomy, Madison Wisconsin USA, 475-490.

Van Agteren M.H., Keuning S., Janssen D.B., (1998),
Handbook on Biodegradation and Biological
Treatment of Hazardous Organic Compounds, Kluwer
Academic Publishers, Dordrecht.

Vogt N.B., Brakstad F., Thrane K., (1987), Polycyclic
aromatic hydrocarbons in soil and air: Statistical
analysis and classification by the SIMCA method,
Environmental Science Technology, 21, 35-44.

White J.B., Vanderslice R.R., (1980), POM source and
ambient concentration data: Review and analysis,
Washington, D.C. U.S. Environmental Protection
Agency, Office of Research and Development, EPA-
600/7-80-044.

Windsor J.G., Hites R.A., (1979), Polycyclic aromatic
hydrocarbons in Gulf of Maine sediments and Nova
Scotia sils, Geochim Cosmochim Acta, 43, 27-33.

Xie W., Li R, Li X,, Liu P., Yang H., Wu T., Zhang Y.,
(2018), Different responses to soil petroleum
contamination in monocultured and mixed plant
systems, Ecotoxicology and Environmental Safety, 161,
763-768.

Xu D, Li Y., Xu X., Zhao X., Fang H., (2011), Effect of
microbial activity in the rhizosphere of wetland plants
on removal of total organic carbon and nitrogen from
wastewater,  Environmental  Engineering  and
Management Journal, 10, 781-786.

Zhang Z., Zhou Q., Peng S., Cai Z., (2010), Remediation of
petroleum contaminated soils by joint action of
Pharbitis nil L. and its microbial community, Science of
the Total Environment, 408, 5600-5605.

2135


http://www.sciencedirect.com/science/article/pii/S0026265X11001251
http://www.sciencedirect.com/science/article/pii/S0026265X11001251
http://www.sciencedirect.com/science/journal/0026265X
http://www.sciencedirect.com/science/journal/0026265X
http://www.sciencedirect.com/science/article/pii/S0269749105004677
http://www.sciencedirect.com/science/article/pii/S0269749105004677
http://www.sciencedirect.com/science/article/pii/S0269749105004677
http://www.sciencedirect.com/science/article/pii/S0269749105004677
http://www.sciencedirect.com/science/journal/02697491
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=20810149
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhou%20Q%5BAuthor%5D&cauthor=true&cauthor_uid=20810149
http://www.ncbi.nlm.nih.gov/pubmed?term=Peng%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20810149
http://www.ncbi.nlm.nih.gov/pubmed?term=Cai%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=20810149
http://www.sciencedirect.com/science/journal/00489697
http://www.sciencedirect.com/science/journal/00489697

