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Abstract: Weathered petroleum-contaminated soil was treated with Vetiveria zizanioides (Vetiver) and
Cymbopogon nardus (Lemongrasss) to investigate the efficiency of phytoremediation. The initial total
petroleum hydrocarbon (TPH) concentration of soil was 3000−8000 mg/kg, and after 6 months, the
TPH concentrations were degraded by 50−75% under the action of soil native microbial. Planting
vetiver and lemongrass stabilized soil pH and electrical conductivity, and it accelerated the decom-
position of TPH in soil. Planting vetiver showed a better effect. After 6 months of planting, the
TPH decomposition efficiency reached about 90%, and most of the easily decomposed TPH has been
decomposed. The results of rhizosphere soil microbiota analysis also showed that planting vetiver
increased the abundance of soil microbiota.

Keywords: TPH; phytoremediation; vetiver; lemongrass

1. Introduction

Petroleum is the main fuel for human life. Thus, petroleum contamination of soil is
often caused by accidental spills of petroleum from manufacturing, storage, and trans-
portation [1–3]. The main components of petroleum are alkane hydrocarbons, which are
therefore referred to as total petroleum hydrocarbon (TPH). A lot of the components in
petroleum have adverse effects on human health. Therefore, petroleum is an important
pollutant for soil in many countries. Remediation technologies for TPH-contaminated
soil at present include biological remediation, soil vapor extraction, thermal desorption,
and chemical oxidation. Compared with physical and chemical remediation technologies,
the bioremediation method using microorganisms is more economical with low energy
consumption and is environmentally friendly [3–5]. However, for TPH-contaminated soil
with high carbon numbers and weathering, the decomposition efficiency of bioremediation
was often not high.

Phytoremediation is a remediation technology that uses plants to remove pollu-
tants [6,7]. It is used to remediate various pollutants, including heavy metals, inorganic
salts, and organic pollutants. The mechanism of phytoremediation for the removal of
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organic pollutants includes phytoextraction, phytodegradation, phytovolatilization, and
rhizosphere bioremediation [8–12]. Phytoextraction is to uptake and accumulate pollutants
in plants through the absorption of water and nutrients by plants in order to remove pollu-
tants from the soil. The degradation of pollutants through the metabolism of plants is called
phytodegradation or phytotransformation. The evaporation of pollutants into the atmo-
sphere through the evapotranspiration of plant leaves is called phytovolatilization [8–10].
In addition, plant roots release exudates, such as low-molecular-weight organic acids,
to the soil to stimulate the degradation of organic chemicals, the growth of new species,
and/or increase soluble substrate concentrations for all microorganisms, which is known
as phytostimulation or plant-assisted bioremediation [11,12].

In addition to the advantages of less energy consumption, low cost, and less impact
on soil properties, phytoremediation greens landscapes, and it is the most accepted remedi-
ation technology by the public. Corresponding to the international goal of promoting net
zero by 2050, phytoremediation reduces the energy required for remediation and achieves
the effect of carbon reduction. Thus, it needs to be used more. Therefore, with vetiver
and lemongrass that have economic values and strong growth ability, we carried out the
phytoremediation experiment of petroleum-contaminated soil to study the efficiency of
remediation of the two plants on weathered petroleum-contaminated soil. Vetiver is an
evergreen perennial herb and is propagated by divisions. It grows in an environment with
an annual rainfall of 300−6,000 mm and survives for 8 months in a water-soaked environ-
ment and for 5 months in the arid desert edge. It can survive in harsh soil environments
such as acidic, alkaline, saline land, sandy land, gravel land, and mining spoil, and in
a temperature of −15 to 55 ◦C. Vetiver has strong ecological adaptability and resistance
to adversity and has the advantages of fast growth, a well-developed root system, and
easy cultivation. Lemongrass is a perennial herb and is propagated by seeds or divisions.
Lemongrass prefers a sunny and warm climate with strong drought tolerance. It does
not restrict a type of soil with a well-developed root system. The leaves contain lemon
fragrance, which can be distilled to extract essential oils and which have economic value.

2. Methods

The soil in this study was collected from the site of the Taichung oil supply center of
China Petroleum Corporation in Taiwan in the coordinates of 120.5432 E and 24.2993 N The
soil was classified into three soils according to the TPH concentrations. The average concen-
tration of the low TPH concentration was about 3000 mg/kg, the middle concentration was
about 4500 mg/kg, and the high concentration was about 8000 mg/kg. The experiment
was carried out with potted plants, each of which was filled with about 30 kg of soil. Three
experimental soils were tested: control, vetiver, and lemongrass groups. Each experimental
group had three soils. The control group did not have any plants, and the same method
was applied with vetiver and lemongrass planted, with the same growth conditions of
water and sunshine. The rhizosphere soil was collected every two months for the analysis
of pH, electrical conductivity, and TPH concentration. For the measurement of soil pH, 20 g
of air-dried soil was taken and added 20 mL of reagent water. After mixing and stirring,
the solution was left to take the supernatant liquid to measure pH with a pH electrode. Soil
conductivity was measured as the conductivity of the filtrate with a conductivity meter
after taking 10 g of air-dried soil, to which was added 50 mL of deionized water and shaken
at 140 rpm for 1 h and filtered with Whatman No.5 filter paper. For the analysis of soil
TPH concentration, 2 g of soil was taken and 10 mL of n-hexane was added, which was
extracted by ultrasonic wave, concentrated under reduced pressure, and then quantified by
GC-FID. Before the test and 5 months after the test, the soil microbiological analysis was
carried out by the Next Generation Sequencing method.
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3. Results and Discussion
3.1. Soil Properties

The particle size analysis result of the soils with the three concentrations of TPH
showed that the proportion of sand particles accounted for about 98.0% and silt for about
2.0%. Thus, the soil was classified to be sandy soil. The average concentration of TPH
in the low-concentration soil was 3029 mg/kg, pH was 6.97, electrical conductivity was
171.2 µS/cm, and organic matter content was 7.43%. The average concentration of TPH
in the medium-concentration soil was 4617 mg/kg, pH was 7.39, electrical conductivity
was 169.8 µS/cm, and organic matter content was 7.90%. The average concentration of
TPH in high-concentration soil was 7865 mg/kg, pH was 7.60, electrical conductivity was
167.7 µS/cm, and organic matter content was 8.67%.

The soil pH after 6 months of the test was shown in Figure 1. After 6 months of the
test, the pH of the soil increased. However, the increase in pH in the soil planted with
vetiver and lemongrass was lower than that in the control group. Figure 1b shows the
measured results of soil electrical conductivity after 6 months of the test. The electrical
conductivity of all soils increased significantly after 6 months of testing. The increase in
the soil with vetiver was the smallest, followed by the soil with lemongrass, and the soil
without plant showed the largest increase in electrical conductivity. Such results show that
planting plants slowed the changes in soil pH and electrical conductivity.
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Figure 1. Properties of soil samples. (a) pH and (b) electrical conductivity.

3.2. TPH Concentration

Figure 2 shows the change in the TPH concentration in the control soil. The initial
average concentration of TPH in low-concentration soil was 3029 mg/kg. After 2 months,
the average concentration was 1455 mg/kg, and the degradation rate of TPH was about
52%. After 6 months, the average concentration of TPH was about 904 mg/kg, and the
degradation rate of TPH was about 70%. During the period of 6−15 months, the residual
TPH concentration in the soil did not change much. At 15 months, the average concentration
of TPH was about 827 mg/kg, and the average removal rate was about 73%. The initial
average concentration of TPH in the medium-concentration soil was 4617 mg/kg. After
2 months, the average concentration was 2533 mg/kg, and the TPH degradation rate was
about 45%. After 6 months, the average TPH concentration was about 2000 mg/kg, and the
TPH degradation rate was about 56%. At 15 months, the average concentration of TPH was
about 1109 mg/kg, and the degradation rate of TPH was about 76%. The average initial
TPH concentration of high-concentration soil was 7865 mg/kg, and after 2 months, the
average soil TPH concentration was 5125 mg/kg, and the TPH degradation rate was about
35%. At 6 months, the average TPH concentration was about 3893 mg/kg, and the TPH
degradation rate was about 50%/. After 15 months, the average TPH concentration was
about 1285 mg/kg, and the TPH degradation rate was about 83%.
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Figure 2. The change of soil TPH concentration in the control soil.

Figure 3 showed the change in the TPH concentration in the soil with vetiver. Af-
ter 2 months in low-concentration soil, the average concentration of TPH in the soil was
897 mg/kg, and the degradation rate of TPH was about 70%. After 6 months, the aver-
age concentration of TPH was about 278 mg/kg, and the degradation rate of TPH was
about 90%. During 6−15 months, the soil TPH concentration did not change much, in-
dicating that most of the easily decomposed TPH had been decomposed at 6 months. In
medium-concentration soil, after 2 months, the average concentration of TPH in the soil
was 1431 mg/kg, and the TPH degradation rate was about 70%. After 6 months, the
average concentration of TPH was about 578 mg/kg, and the TPH degradation rate was
88%. After 15 months, the average TPH concentration was about 528 mg/kg, and the TPH
degradation rate increased to 89%. For high-concentration soil, after 2 months, the average
concentration of TPH in the soil was 4478 mg/kg, and the degradation rate of TPH was
about 43%. After 6 months, the average concentration of TPH was about 1616 mg/kg, and
the degradation rate of TPH was about 80%. After 15 months, the average concentration of
TPH was about 927 mg/kg, and the degradation rate of TPH was close to 90%.
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Figure 4 showed the variation of TPH concentration in the soil with lemongrass. For
the low-concentration soil, after 2 months, the average concentration of TPH in the soil was
669 mg/kg, and the degradation rate of TPH was about 78%. After 6 months, the average
concentration of TPH was about 263 mg/kg, and the degradation rate of TPH was about
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91%. From 6 to 15 months, the residual TPH concentration in the soil did not change much.
In the medium-concentration soil, after 2 months, the average concentration of TPH in the
soil was 1015 mg/kg, and the degradation rate of TPH was about 78%. After 6 months, the
average concentration of TPH was about 587 mg/kg, and the degradation rate of TPH was
about 87%, and little change in TPH concentration was observed up to 15 months. In the
high-concentration soil, after 2 months, the average concentration of TPH in the soil was
3669 mg/kg, and the TPH degradation rate was about 53%. After 6 months, the average
concentration of TPH was about 2245 mg/kg, and the TPH degradation rate was about
71%. After 15 months, the TPH average concentration was about 1126 mg/kg, and the
degradation rate of TPH was about 86%.
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In the control soil without planting plants, the soil TPH slowly degraded. During the
15-month test period, the soil removal rate of the low-concentration soil was about 73%,
that of the medium-concentration soil was about 76%, and that of the high-concentration
soil was about 83%. The TPH degradation efficiency of the high-, medium-, and low-
concentration soil with vetiver reached about 90% in 6 months, and the TPH degradation
rate remained almost similar during 6 to 15 months. It showed that TPH was easily
degraded by up to 90%. With lemongrass, the degradation rate of TPH was close to
90% in 6 months for the medium-and low-concentration soils. The degradation rate
during 6 to 15 months was similar to that with vetiver without a significant increase.
However, the degradation efficiency of TPH in the high-concentration soil was relatively
slow, showing a degradation rate of about 71% in 6 months and 86% in 15 months. For the
high-concentration soil, the TPH degradation efficiency with lemongrass was less than that
with vetiver.

3.3. Soil Bacteria

Table 1 showed the distribution of bacteriophage in the soils before the test and after
5 months of the test. For the low-concentration soil (3000 mg/kg), before the test, the
bacteria in the soil included 715 genera and 1092 species. After 5 months, 604 genera and
772 species remained. There were 865 genera and 1123 species in the soil with vetiver while
612 genera and 768 species in that with lemongrass. After 5 months of experimentation,
except for the soil with vetiver, the bacteriophage in the soils with lemongrass and without
plant decreased. For the medium-concentration soil (4500 mg/kg), before the test, the
soil bacteria included 735 genera and 1148 species. After 5 months, the control soil had
640 genera and 832 species, 823 genera, and 1086 species with vetiver, and 706 genera and
909 species with lemongrass. For the high-concentration soil (8000 mg/kg), before the test,
the soil bacteria included 695 genera and 1078 species. After 5 months of testing, the control
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soil had 627 genera and 827 species, 721 genera and 947 species in the soil with vetiver, and
670 genera and 877 species in the soil with lemongrass. The three TPH concentration soils
showed that the bacteriophage with vetiver was the most abundant.

Table 1. Changes in soil bacterial phase abundance before and after 5 months of the experiment.

Test
Group

TPH 3000 mg/kg TPH 4500 mg/kg TPH 8000 mg/kg

Genus Species Genus Species Genus Species

Before test 715 1092 735 1148 695 1078
Control 604 772 640 832 627 827
Vetiver 865 1123 823 1086 721 947

Lemongrass 612 768 706 909 670 877

The abundance of bacteria in the control soil decreased after 5 months of the test. It is
speculated that the longer the test time, the fewer available nutrients in the soil, resulting in
a decrease in the abundance of bacteria. The bacterial abundance of the soil with lemongrass
also decreased after 5 months. However, the soils with plants had more abundant bacteria
than the control soil. The soil bacterial abundance with lemongrass did not increase, which
may be related to the poor growth of the lemongrass. After 5 months of the experiment,
bacteria abundance in the soil with vetiver increased compared with other soils, which
showed that vetiver helped increase the richness of the microbiota in the soil.

4. Conclusions and Suggestion

The results of this study showed that the remediation of the petroleum-contaminated
soil by the native microorganisms was slow, and the degradation rate of TPH was about
50−70% in 6 months. Planting vetiver and lemongrass stabilized soil pH and electrical con-
ductivity and accelerated the degradation of TPH in soil with vetiver having a better effect.
In this study, phytoremediation by vetiver was more effective with a TPH degradation rate
of about 90% in 6 months. The bacteriophage in the rhizosphere of the soils also showed
that planting vetiver increased the abundance of soil microbiota. Phytoremediation with
vetiver was helpful to remediate petroleum-contaminated soil. Other than the remediation
effect, vetiver has economic value as it is used to extract aromatic oil and used to produce
handicraft materials, papers, and fuels. Thus, it is recommended to use the vetiver for the
phytoremediation of petroleum-contaminated soils with multiple benefits.

Author Contributions: Conceptualization, P.-C.C. and S.-F.C.; methodology, P.-C.C. and P.-C.T.;
investigation, M.-S.L., S.-L.L., Y.-H.H. and C.-Y.H.; writing—original draft preparation, P.-C.C.;
writing—review and editing, Y.-C.L. and S.-F.C.; project administration, S.-F.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Fund of Soil and Groundwater Contamination Remedia-
tion, Environmental Protection Administration of Taiwan.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lv, Y.; Bao, Y.J.; Zhu, L. A comprehensive review of recent and perspective technologies and challenges for the remediation of

oil-contaminated sites. Energy Rep. 2022, 8, 7976–7988. [CrossRef]
2. Ambaye, T.G.; Chebbi, A.; Formicola, F.; Prasad, S.; Gomez, F.H.; Franzetti, A.; Vaccari, M. Remediation of soil polluted with

petroleum hydrocarbons, and their reuse for agriculture: Recent progress, challenges, and perspectives. Chemosphere 2022,
293, 133572. [CrossRef] [PubMed]

https://doi.org/10.1016/j.egyr.2022.06.034
https://doi.org/10.1016/j.chemosphere.2022.133572
https://www.ncbi.nlm.nih.gov/pubmed/35016966


Eng. Proc. 2023, 38, 63 7 of 7

3. Sui, X.; Li, Y.; Ji, H. Remediation of petroleum-contaminated soils with microbial and microbial combined methods: Advances,
mechanisms, and challenges. Sustainability 2021, 13, 9267. [CrossRef]

4. Zahed, M.A.; Salehi, S.; Madadi, R.; Hejabi, F. Biochar as a sustainable product for remediation of petroleum contaminated soil.
Curr. Res. Green Sustain. Chem. 2021, 4, 100055. [CrossRef]

5. Kumari, B.; Singh, G.; Sinam, G.; Singh, D.P. Microbial remediation of crude oil-contaminated sites. In Environmental Concerns and
Sustainable Development; Shukla, V., Kumar, N., Eds.; Springer: Singapore, 2020; pp. 333–351. [CrossRef]

6. Curiel-Alegre, S.; Velasco-Arroyo, B.; Rumbo, C.; Khan, A.H.A.; Tamayo-Ramos, J.A.; Rad, C.; Gallego, J.L.R.; Barros, R. Evaluation
of biostimulation, bioaugmentation, and organic amendments application on the bioremediation of recalcitrant hydrocarbons of
soil. Chemosphere 2022, 307, 135638. [CrossRef] [PubMed]

7. Wang, R.; Wu, B.; Zheng, J.; Chen, H.; Rao, P. Biodegradation of total petroleum hydrocarbons in soil: Isolation and characterization
of bacterial strains from oil contaminated soil. Appl. Sci. 2020, 10, 4173. [CrossRef]

8. Liu, Y.; Li, C.; Huang, L.; He, Y.; Zhao, T.; Han, B.; Jia, X. Combination of a crude oil-degrading bacterial consortium under the
guidance of strain tolerance and a pilot-scale degradation test. Chin. J. Chem. Eng. 2017, 25, 1838–1846. [CrossRef]

9. Mara, K.; Decorosi, F.; Viti, C.; Giovannetti, L.; Papaleo, M.C.; Maida, I.; Perrin, E.; Fondi, M.; Vaneechoutte, M.; Nemec, A.
Molecular and phenotypic characterization of Acinetobacter strains able to degrade diesel fuel. Res. Microbiol. 2012, 163, 161–172.
[CrossRef] [PubMed]

10. Rong, L.; Zheng, X.; Oba, B.T.; Shen, C.; Wang, X.; Wang, H.; Luo, Q.; Sun, L. Activating soil microbial community using bacillus
and rhamnolipid to remediate TPH contaminated soil. Chemosphere 2021, 275, 130062. [PubMed]

11. Basim, Y.; Mohebali, G.; Jorfi, S.; Nabizadeh, R.; Moghadam, M.A.; Ghadiri, A.; Fard, N.J.H. Bacterial strains diversity in
contaminated soils and their potential for bioremediation of total petroleum hydrocarbons in southwest of Iran. J. Environ. Health
Sci. Eng. 2022, 20, 601–608. [CrossRef] [PubMed]

12. Fondi, M.; Maida, I.; Perrin, E.; Orlandin, V.; Torre, L.; Bosi, E.; Negroni, A.; Zanaroli, G.; Fava, F.; Decorosi, F. Genomic and
phenotypic characterization of the species Acinetobacter venetianus. Sci. Rep. 2016, 6, 21985. [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/su13169267
https://doi.org/10.1016/j.crgsc.2021.100055
https://doi.org/10.1007/978-981-13-5889-0_17
https://doi.org/10.1016/j.chemosphere.2022.135638
https://www.ncbi.nlm.nih.gov/pubmed/35817192
https://doi.org/10.3390/app10124173
https://doi.org/10.1016/j.cjche.2017.02.001
https://doi.org/10.1016/j.resmic.2011.12.002
https://www.ncbi.nlm.nih.gov/pubmed/22210401
https://www.ncbi.nlm.nih.gov/pubmed/33667768
https://doi.org/10.1007/s40201-020-00592-8
https://www.ncbi.nlm.nih.gov/pubmed/36406594
https://www.ncbi.nlm.nih.gov/pubmed/26902269

	Introduction 
	Methods 
	Results and Discussion 
	Soil Properties 
	TPH Concentration 
	Soil Bacteria 

	Conclusions and Suggestion 
	References

