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Abstract
The objective of this experiment was to evaluate the effects of Triton X-100 (1000 mg kg−1) and nano-SiO2 (500 mg kg−1) on
Erigeron annuus (L.) Pers. grown in phenanthrene spiked soil (150 mg kg−1) for 60 days. Results show that untreated groups,
groups treated with both Triton X-100 and nano-SiO2, exhibited better phenanthrene degradation rates and improved root
biomasses, chlorophyll contents, and soil enzyme activities. This study demonstrates that Triton X-100 combined with nano-
SiO2 protects plants, alleviating the stress of polycyclic aromatic hydrocarbons (PAHs), and can provide a means for improving
phytoremediation of PAH contaminated soils.

Keywords Polycyclic aromatic hydrocarbons . Organic soil contaminants . Biotoxicity . Soil enzyme activity . Soil pollution .

Surfactant-enhanced remediation . Triton X-100

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are hazardous,
ubiquitous, major environmental pollutants. They are toxic,
mutagenic, teratogenic, and carcinogenic organic pollutants
composed of 2 or more benzene rings formed mainly by in-
complete combustion or pyrolysis, in reduced conditions, of
various fossil fuels (e.g., coal, oil, and natural gas) and other
hydrocarbon-containing compounds (Huang et al. 2019).
Because of their hydrophobic and lipophilic characteristics,
PAHs tend to accumulate in the soil, not only affecting normal
soil functions but also degrading the soil environment. When
PAHs enter the food chain through bioaccumulation, they ul-
timately endanger human health (Qin et al. 2019). The PAH
pollution problem presents harmful global consequences, and

effective remediation of PAH-contaminated soil is receiving
increasing attention.

Phytoremediation, a recently developed green restoration
technology, is designed to remove toxic pollutants from the
environment by utilizing special functions of plants and rhi-
zosphere microorganisms to repair contaminated soil
(Rostami and Azhdarpoor 2019). Phytoremediation is charac-
terized by the complete degradation of pollutants; low treat-
ment cost; maintenance of physical and chemical properties of
the original, non-polluted soil; broad applicability; and ten-
dency to not produce secondary pollution. It is well suited to
repair large areas of polluted soil, as well. Research has found
that phytoremediation has successfully removed pesticides,
heavy metals, and PAHs from many sites (Ali Romeh 2015).
However, some studies have shown that plant growth be-
comes inhibited as PAH concentration increases, thus reduc-
ing efficient phytoremediation (Košnář et al. 2018).
Therefore, extensive research is needed to find ways to both
reduce PAH toxicity and promote plant growth.

Silicon is the second most abundant element on Earth,
comprising 28% of the Earth’s crust (Hossain et al. 2018).
All plants grown in soil contain some silicon in their tissues,
ranging from 0.1 to 10% by weight (Guo et al. 2018). Silicon
promotes plant growth and helps plants alleviate their biotic
and abiotic stresses, enabling some plants to better tolerate
heavy metals (Xiao et al. 2016). Nano-SiO2 is a popular and
versatile nanomaterial that is currently used in environmental
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remediation, sewage disposal, food production, industrial and
household applications, and biomedicine (Le et al. 2014).
Several studies have reported that nano-SiO2 significantly en-
hanced tomato (Lycopersicum esculentum) seed germination
and helped the phytoremediation capability of Secale
montanum in Pb-contaminated soils (Siddiqui and Al-
Whaibi 2014; Moameri and Abbasi 2019). A recent study
showed that nano-SiO2 combined with compost increased
PAH degradation rates in plants because nano-SiO2 absorbed
the PAHs, thus resulting in decreased biotoxicity (Włóka et al.
2019). Very likely, the use of Si to enhance plant growth and
alleviate PAH toxicities will soon emerge as an important
environmental treatment.

PAHs are poorly attenuated during phytoremediation be-
cause of their low bioavailability in soil, but surfactant-
enhanced remediation (SER) is an efficient environmental re-
mediation technique that enhances PAH aqueous solubility,
thus increasing its bioavailability (Liang et al. 2017; Lu
et al. 2019). Surfactants can increase PAH desorption from
soils, transforming them to the aqueous phase and thereby
increasing their bioavailability (Wei et al. 2018). It is reported
that 100 mg/kg of the non-ionic surfactant Tween 80 can in-
crease pyrene removal by 130% (Cheng et al. 2008). Also, a
mixture of the surfactants sodium dodecylbenzene sulfonate
and Tween 80 (< 150 mg/kg) enhanced PAH bioremediation
efficiency and reduced the surfactant dosage compared with
using individual surfactants alone (Wu and Hu 2014).

Although SER can remove PAHs from contaminated soil,
it just transfers the PAHs from the non-aqueous phase to the
aqueous phase but does not eliminate their toxicity.
Meanwhile, nano-SiO2 increases soil bulk while increasing
its own bioavailability. However, no work has been done on
the effects of nano-SiO2, combined with surfactant, on plants
under PAH stress. Therefore, using Erigeron annuus (L.) Pers.
combined with Triton X-100 and nano-SiO2, we investigated
that the combination’s ability to remove PAHs from soil.
E. annuus was selected because of its high sensitivity to or-
ganic contaminants (Fu et al. 2016). Our goal was to estimate
the efficiency potential of this innovative phytoremediation
technology.

Materials and methods

Plant collection and soil properties

E. annuus plants were collected from the Botanical Garden of
China Three Gorges University, Yichang, China. After washing
the roots, the plants were pre-cultured for 3 days, and then, healthy
plants with similar growth were saved for the experiment.

Soil uncontaminated with PAHs was collected from Cuiping
Mountain at China Three Gorges University, air dried, and
passed through a 2-mm sieve to remove stones and roots. The

soil had 2.54 g kg−1 organic matter content, pH 7.67, and
7.23mol kg−1 cation exchange capacity. The nutrient levels were
0.34 g kg−1 of total N and 0.41 g kg−1 of total P, and it was a
sandy loam composed of 35% sand and 65% silt.

Preparation of contaminated soil

To create PAH-contaminated soil, a portion of the uncontam-
inated soil was spiked with high purity, analytical reagent
phenanthrene (Sigma, St. Louis, MO, USA) in 10% acetone
to produce soil with 150 mg kg−1 phenanthrene. Once the
acetone had evaporated, the spiked soil was mixed with un-
contaminated soil, and the entire soil mixture was passed
through a 2-mm sieve to homogenize it (Cheema et al.
2009). Phenanthrene concentration in the experimental soil
was 134.1 ± 2.1 mg kg−1.

Experimental planting design

Spiked soil (2 kg DW) was added to fifteen 20-cm diameter
plastic pots, and then, 3 E. annuus plants were sown in each
pot, and each treatment was assigned 5 pots. The treatments
were (1) T0S0, planted soil with phenanthrene; (2) T1S0,
planted soil with 1000 mg kg−1 Triton X-100 and phenan-
threne; (3) T0S1, planted soil with 500 mg kg−1 nano-SiO2

and phenanthrene; (4) T1S1, planted soil with 500 mg kg−1

nano-SiO2, 1000 mg kg−1 Triton X-100, and phenanthrene;
and (5) CK, planted control with no additions (Table 1). Nano-
SiO2 and Triton X-100 were both analytical grade (Sigma, St.
Louis, MO, USA). Each treatment was performed in triplicate
and maintained at 60%moisture content. This experiment was
conducted outdoors, and environmental factors may vary with
locations. Thus, pots were shuffled randomly once a week to
reduce the environmental error. After 60 days, the chlorophyll
in plant leaves was first measured, and then, the plants were
collected, separated into shoots and roots, dried, and weighed.
After plant collection, rhizosphere and non-rhizosphere soil
samples were collected and stored at − 40 °C until analysis
(Gao et al. 2013).

Phenanthrene extraction and analysis

Soil samples from each pot were tested both at the beginning
and at the end of the 60-day experiment. They were freeze-
dried and then passed through clean 100-mesh sieves prior to
analysis. From each sample, 5 g of soil was placed in a 30-mL
glass centrifuge tube, and 10mL dichloromethane (DCM) and
100 μl decafluorobiphenyl were added. After 20 min of ultra-
sonic extraction, the samples were centrifuged for 10 min at
2000 rpm, and the supernatant was filtered through a sand
core funnel containing 5 g anhydrous sodium sulfate and into
a round-bottom flask. We repeated this extraction procedure 3
times. Extracted solvents were each concentrated, purified
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through column chromatography, eluted using 25 mL n-hex-
ane/DCM (1:1, v/v), and placed in a rotary evaporator until
diluted to 1 mL. Then, we added 3 mL acetonitrile and spin
evaporated each sample again to 1 mL. The concentrate was
washed 3 times with about 3 mL acetonitrile, concentrated to
about 1 mL, and then filtered through a 0.22-μmmicroporous
membrane. It was then run through HPLC (Waters Corp.,
Milford, MA, USA) to identify phenanthrene (Xi et al.
2019). Recovery rates were 82.1–103.1%. Finally, we calcu-
lated phenanthrene removal rates in the soil using

Phenanthrene removal rate %ð Þ

¼ Initial concentration−Final concentration
Initial concentration

� 100

Enzyme activity and chlorophyll amount
determination

The complex enzyme polyphenol oxidase (PPO) is secreted
by roots and microbes in the soil and released by the decom-
position of animal and plant residues. Peroxidase (POD) is a
free radical scavenger that utilizes hydrogen peroxide (H2O2)
as a substrate during the cross-linking of mono- and dilignols.
PAH stress can induce POD activity, thus accommodating
lignin biosynthesis and other stress response pathways
(Strycharz and Shetty 2002). We determined POD and PPO
activities by using methods developed by Guan (1986). To
each 1 g soil sample, we added 10 mL of 1.0% pyrogallol,
incubated the mixture at 30 °C for 2 h and then added 4.0 mL
citric acid-phosphoric acid buffer (pH = 4.5) to stop the reac-
tion, and finally added 35 mL ether. The mixture was extract-
ed for 30 min; then, the concentration of colored ether with
dissolved purple gallic prime was determined using colorimet-
ric analysis (wavelength 430 nm). To determine POD activity,
we first added 10 mL 1.0% pyrogallol and 2.0 mL 0.5%H2O2

to each 1 g soil sample. That reactionmixture was incubated at
30 °C for 2 h, and then, 4.0 mL citric acid-phosphoric acid
buffer (pH = 4.5) was added to the solution to stop the reac-
tion, and then, 35 mL of ether was added. The mixture was
extracted for 30 min, and then, we used colorimetric analysis
(wavelength 430 nm) to determine the concentration of col-
ored ether with dissolved purple gallic prime. As controls,

mixtures without soil and without pyrogallol were also ana-
lyzed. All tests were duplicated.

Chlorophyll content and plant analyses

For each sample, freshly crushed leaves (0.1 g) and small
amounts of 80% acetone, calcium carbonate, and quartz sand
were ground in a mortar, and then, the homogenate was trans-
ferred to a centrifuge tube. The mortar was then washed with
enough 80% acetone to loosen the residue and that mixture
was then added to the homogenate to yield a total of 10 mL in
the centrifuge tube. The tubes were then soaked in the dark for
24 h. They were then spun at 2000 rpm for 10 min; then, the
supernatant was removed for analysis using a spectrophotom-
eter (HITACHI U3900, Japan) with absorbance values of 663
and 645 nm. (Lichtenthaler and Alan 1985).
Each whole plant was washed with deionized water, cut into

aboveground and underground parts with scissors, and placed
in separate plastic bags. The underground parts were washed,
examined using a root analyzer (MICROTEK MRS—
9600TFU2L, Shanghai Zhongjing Technology Co., Ltd.,
China), and then weighed to determine DW. The above
ground parts were dried and then weighed to obtain DW.

Statistical analysis

Excel was used for data compilation and statistical analyses.
Statistical significance was determined by one-way ANOVA
in SPSS 24 and expressed as mean (SD). Differences were
considered significant at P < 0.05.

Results and discussion

Biomass yields

After 60 days of growth, plants grown in soil containing
150 mg kg−1 phenanthrene produced significantly less biomass
than those grown in uncontaminated soils (CK, P < 0.05,
Fig. 1). Specifically, plants grown in contaminated soil without
Triton X-100 and nano-SiO2 had 66.0% less root DW and
58.6% less shoot (aboveground plant) DW than plants grown
with both mediation treatments. Plants grown with either Triton
X-100 or nano-SiO2 had root DWdecreases to 30.2 and 26.4%,
respectively, and shoot DW decreases to 39.5 and 35.0%, re-
spectively, compared with the control plants. However, when
both Triton X-100 and nano-SiO2 were added, root DW de-
creased by 7.6% and shoot dry weight by 22.3%.
PAH contamination adversely affects plant water and nutri-

ent uptake, thus decreasing biomass yield (Afegbua and Batty
2018). Additionally, plants grown in nutrient media contain-
ing a high concentration of Cr had greatly improved growth
when Si and Se were added to the media, compared with
plants grown in that media with no added Si or Se (Huda

Table 1 Experimental set-up for phenanthrene phytoremediation tests

Sample
ID

Phenanthrene
(mg/kg)

Nano-SiO2

(mg/kg)
TritonX-100
(mg/kg)

CK 0 0 0

T0S0 150 0 0

T1S0 150 0 1000

T0S1 150 500 0

T1S1 150 500 1000
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et al. 2017). Similar results have shown that Si is important for
plants growing under Cd stress (Tang et al. 2015). In our
study, the addition of Si and Triton X-100 helped alleviate
plant stress caused by PAHs. Surfactants not only enhanced
the aqueous solubility of PAHs, they also increased PAH bio-
availability, thus helping increase plant tissue biomass, as a
study reported in their research examining increasing levels of
Triton X-100 on pyrene-contaminated soils planted with tall
fescue (Cheema et al. 2016). Our study results indicated that
exposure to phenanthrene decreased E. annuus biomass, like-
ly due to phenanthrene toxicity; but, both the stress from
phenanthrene and plant biomass losses can be slowed down
by adding SiO2 combined with Triton X-100.

Root analysis

All measures of root production (root length, root volume,
number of root tips, and root surface area) of E. annuus grown
for 60 days in contaminated soil with no other treatment were
significantly reduced compared with control plants grown
without pollution (Fig. 2). The root length of plants grown

in contaminated soil without Triton X-100 and nano-SiO2

was significantly less (66.9%) than that of control plants.
However, when Triton X-100 and nano-SiO2 were added, root
length decreased by 28.3 and 16.2%, respectively, and de-
creased by 7.2% for plants treated with both Triton X-100
and nano-SiO2 (Fig. 2a). Compared with the control plants,
root volume decreased 63.8% in plants grown in contaminated
soil without Triton X-100 and nano-SiO2 but decreased by
35.8 and 24.7% when Triton X-100 or nano-SiO2, respective-
ly, were added (Fig. 2b). When both Triton X-100 and nano-
SiO2 were added, the root volume decreased by 14.6%. The
number of root tips and root surface area treatments had pro-
portionally similar outcomes (Fig. 2c, d). Plants grown in
contaminated soil without Triton X-100 and nano-SiO2 had
73.9% fewer root tips and 74.1% less root surface area than
control plants had. Adding either Triton X-100 or nano-SiO2

to polluted soil revealed that root tip number decreases to 43.6
and 25.9%, respectively, and root surface area decreases to
38.6 and 17.6%, respectively. The root tip surface areas of
plants grown with both Triton X-100 and nano-SiO2 added
to contaminated soil decreased by 11.7%.

Fig. 2 Changes in (a) root length,
(b) root volume, (c) number of
root tips, and (d) root surface area
of E. annuus after 60 days of
growth. See Table 1 for treatment
definitions. Each value is the
mean (SD) of 3 replicates.
Columns with different letters
were significantly different
(P < 0.05)

Fig. 1 Biomass production of
E. annuus (a) roots and (b) above
ground parts (shoots) after
60 days of growth. Each value is
the mean (SD) of 3 replicates. See
Table 1 for treatment definitions.
Columns with different letters
were significantly different
(P < 0.05)
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Grown in soil under abiotic stress, the first plant part to
experience that stress is the roots, and the plant can adapt to
environmental stress by changing the morphology and distri-
bution of the root system (Liu et al. 2003). In this study, root
length, root volume, number of root tips, and root surface area
of E. annuus all decreased significantly in plants grown with
phenanthrene. The addition of Si and Triton X-100 to such
polluted soils helped to significantly alleviate that stress.

Chlorophyll amounts

After 60 days of growth, both chlorophyll a and chlorophyll b
amounts in plants grown in contaminated soil with added
Triton X-100 and nano-SiO2 together did not differ signifi-
cantly from those of control plants (Fig. 3). Chlorophyll a
and b declined by only 9.1 and 13.1%, respectively, in those
groups. However, chlorophyll a decreased by 26.4, 27.5, and
17.2% and chlorophyll b decreased by 30.6, 32.7, and 28% in
the untreated and the Triton X-100 or nano-SiO2 treated
plants, respectively, compared with the control amounts.
Those differences were significant for the untreated and
Triton X-100 and nano-SiO2 groups for chlorophyll a, but
chlorophyll b amounts for all 3 of those groups were signifi-
cantly different from the control amounts.
Photosynthesis is one of the most important basic

physiological activities for most plants because it pro-
vides the material and energy needed for plant growth
and development by using the light energy absorbed by
chlorophyll (Yang et al. 2015). In this study, phenan-
threne stress led to decreases in chlorophyll content,
an effect possibly caused by the destruction of chloro-
plast structure and function, thus reducing the transfer
and absorption of light energy needed for photosynthe-
sis (Haritash and Kaushik 2009). Meanwhile, that stress
also impeded the absorption of nutrients and water by
plant roots and reduced the ability of pigment synthesis
(Reilley et al. 1996). In our treatments with added
Triton X-100 and nano-SiO2, chlorophyll amounts were
not significantly different than those of the control
plants, indicating that the combined treatment allowed
adequate light energy transfer and absorption capacity
to maintain high enough photosynthetic rates to ensure
normal growth.

Enzyme activity

Both rhizosphere and non-rhizosphere soils treated with both
nano-SiO2 and Triton X-100 experienced significantly in-
creased PPO activity, compared with the activity in the control
soils, after 60 days of plant growth (Fig. 4a). But, PPO activity
in both soils under the other treatments was not significantly
different than the activity in the control groups. There were
some monitored changes in the activity of POD after 60 days
of growth (Fig. 4b). There was no significant difference in
POD activity in both soils treated with either nano-SiO2 or
Triton X-100 and both control group soils, but POD activity
did increase significantly in both soils treated with nano-SiO2

combined with Triton X-100.
PPO, one of the most important oxidoreductases in soil, is

involved in transforming aromatic organic compounds in hu-
mus components (Liu et al. 2018). In our study, adding Triton
X-100 did not significantly affect PPO activity compared with
untreated soil, but its activity increased markedly when Triton
X-100 combined with nano-SiO2 or nano-SiO2 alone was
added to the soils (Fig. 4a). Since adding Triton X-100 and
nano-SiO2 together significantly increased PPO activity in
both soils, they also likely promote PAH degradation. While
Triton X-100 promotes microbial growth by transferring
PAHs from the non-aqueous phase to the aqueous phase, thus
increasing PPO activity, nano-SiO2 increases soil bulk, thus
increasing PAH bioavailability.
The free radical scavenger, POD, utilizes H2O2 as a substrate

for mono- and dilignol cross-linking. PAH stress can induce
POD activity to accommodate lignin biosynthesis and other
stress response pathways (Liu et al. 2014). In our experiment,
POD activity significantly increased in the nano-SiO2 with
Triton X-100 soil treatments, compared with POD activity in
the controls. This indicated that the double treatment may alle-
viate PAH phytotoxicity because as H2O2 is formed in the soil,
the oxygen content in other organic peroxides increases, there-
by leading to enhanced POD synthesis in the soil.

PAH degradation

Phenanthrene levels measured in polluted soils at the end of
this experiment showed that phenanthrene concentrations had
decreased more in the treated rhizosphere and non-

Fig. 3 Amounts of (a)
chlorophyll a and (b) chlorophyll
b of E. annuus after 60 d of
growth. Each value is the mean
(SD) of 3 replicates. See Table 1
for treatment definitions.
Columns with different letters
were significantly different
(P < 0.05)
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rhizosphere soils compared with the untreated soils. Without
both Triton X-100 and nano-SiO2, phenanthrene concentra-
tions decreased by 44.9 and 53.7% in the non-rhizosphere
and rhizosphere soils, respectively (Fig. 5). When Triton X-
100 and nano-SiO2 were added, phenanthrene concentrations
decreased by 75.1 and 79.9%, respectively, in the non-
rhizosphere soil and by 62.5 and 67.3%, respectively, in the
rhizosphere soil. Finally, when both Triton X-100 and nano-
SiO2 were added together, phenanthrene concentrations de-
creased by 87.6 and 89.3% in the non-rhizosphere and rhizo-
sphere soils, respectively.
Many plants can remove PAHs from contaminated soils. For

instance, sudangrass (Sorghum × drummondii) achieved a
maximum removal of PAHs at a 98% dissipation rate after
20 days (Dominguez et al. 2019). Also, reductions of 58%
and 48% were obtained in the total petroleum hydrocarbon
and PAH concentrations for 90 days by Helianthus annuus
L. in soil with 4 mg kg−1 of the rhamnolipid, respectively

(Liduino et al. 2018). The highest percentage of soil phenan-
threne removal in our study occurred in treatments with Triton
X-100 and nano-SiO2 together. These results most likely oc-
curred because Triton X-100 increased PAH desorption from
the soils to the aqueous phase, thereby increasing its bioavail-
ability, while nano-SiO2 promoted plant growth by alleviating
biotic and abiotic stresses.

Conclusion

This study demonstrated that nano-SiO2 and Triton X-100
together provide protection for E. annuus exposed to phenan-
threne. When cultivated in soil containing 150 mg kg−1 phen-
anthrene for 60 days, test plant biomasses and chlorophyll
contents decreased significantly, while root length, root vol-
ume, numbers of root tips, and root surface area increased
significantly. Addition of 1000 mg kg−1 Triton X-100 and
500 mg kg−1 nano-SiO2 to phenanthrene-spiked soil amelio-
rated all of those stress indicators and promoted PPO and POD
activity in the experimental soil. These results demonstrate
that nano-SiO2 and Triton X-100 in soil enhance plant toler-
ance to the toxic effects of PAHs, thus supporting their use in
both the phytoremediation of PAH-contaminated soils and in
ecological remediation. Moreover, nano-SiO2 performs as a
potentially valuable substrate for the design of new, more
effective fertilizers designed to minimize the degradation of
plants grown in contaminated soil.

Funding information This work was supported by the Natural Science
Foundation for Innovation Group of Hubei Province, China (No:
2015CFA021), National Key Research Program (2016YFD08009022),
and Open Projects Fund of Engineering Research Center of Hubei
Agricultural Environment Monitoring (201606, 201607).

References

Afegbua SL, Batty LC (2018) Effect of single and mixed polycyclic
aromatic hydrocarbon contamination on plant biomass yield and
PAH dissipation during phytoremediation. Environ Sci Pollut Res
25(19):18596–18603

Ali Romeh A (2015) Enhancing agents for phytoremediation of soil con-
taminated by cyanophos. Ecotoxicol Environ Saf 117:124–131

Cheema SA, KhanMI, Tang X, Zhang C, Shen C,Malik Z, Ali S, Yang J,
Shen K, Chen X (2009) Enhancement of phenanthrene and pyrene
degradation in rhizosphere of tall fescue (Festuca arundinacea). J
Hazard Mater 166(2–3):1226–1231

Cheema SA, Khan MI, Tang X, Shen C, Farooq M, Chen Y (2016)
Surfactant enhanced pyrene degradation in the rhizosphere of tall
fescue (Festuca arundinacea). Environ Sci Pollut Res 23(18):
18129–18136

Cheng KY, Lai KM, Wong JWC (2008) Effects of pig manure compost
and nonionic-surfactant tween 80 on phenanthrene and pyrene re-
moval from soil vegetated with Agropyron elongatum .
Chemosphere 73(5):791–797

Dominguez JJA, Bacosa HP, Chien M, Inoue C (2019) Enhanced degra-
dation of polycyclic aromatic hydrocarbons (PAHs) in the

Fig. 5 Phenanthrene removal rates measured after a 60-day E. annuus
growth period. Each value is the mean (SD) of 3 replicates. See Table 1
for treatment definitions. Columnswith different letters were significantly
different (P < 0.05)

Fig. 4 Changes in (a) polyphenol oxidase and (b) peroxidase activities in
rhizosphere soil and in non-rhizosphere soil after 60 d of plant growth.
Each value is the mean (SD) of 3 replicates. See Table 1 for treatment
definitions. Columns with different letters were significantly different
(P < 0.05)

20543Environ Sci Pollut Res (2020) 27:20538–20544



rhizosphere of sudangrass (Sorghum × drummondii). Chemosphere
234:789–795

Fu S, Wei C, Li L (2016) Characterizing the accumulation of various
heavy metals in native plants growing around an old antimonymine.
Human and Ecological Risk Assessment: An International Journal
22(4):882–898

Gao Y,Wang Y, ZengY, ZhuX (2013) Phytoavailability and rhizospheric
gradient distribution of bound-polycyclic aromatic hydrocarbon res-
idues in soils. Soil Sci Soc Am J 77(5):1572

Guan S (1986) Soil enzymes and research methods. China Agricultural
Science Press, Beijing, China

Guo L, Chen A, He N, Yang D, Liu M (2018) Exogenous silicon allevi-
ates cadmium toxicity in rice seedlings in relation to Cd distribution
and ultrastructure changes. J Soils Sediments 18(4):1691–1700

Haritash AK, Kaushik CP (2009) Biodegradation aspects of polycyclic
aromatic hydrocarbons (PAHs): a review. J Hazard Mater 169(1–3):
1–15

Hossain MM, Khatun MA, Haque MN, Bari MA, Alam MF, Mandal A,
Kabir AH (2018) Silicon alleviates arsenic-induced toxicity in wheat
through vacuolar sequestration and ROS scavenging. Int J
Phytoremediation 20(8):796–804

Huang Y, Song Y, Johnson D, Huang J, Dong R, Liu H (2019) Selenium
enhanced phytoremediation of diesel contaminated soil by
Alternanthera philoxeroides. Ecotoxicol Environ Saf 173:347–352

Huda AK, Haque MA, Zaman R, Swaraz AM, Kabir AH (2017) Silicon
ameliorates chromium toxicity through phytochelatin-mediated vac-
uolar sequestration in the roots of Oryza sativa (L.). Int J
Phytoremediation 19(3):246–253

Košnář Z, Mercl F, Tlustoš P (2018) Ability of natural attenuation and
phytoremediation using maize (Zea mays L.) to decrease soil con-
tents of polycyclic aromatic hydrocarbons (PAHs) derived from bio-
mass fly ash in comparison with PAHs–spiked soil. Ecotoxicol
Environ Saf 153:16–22

Le VN, Rui Y, Gui X, Li X, Liu S, Han Y (2014) Uptake, transport,
distribution and bio-effects of SiO2 nanoparticles in Bt-transgenic
cotton. Journal of Nanobiotechnology 12(1):50

Liang X, Guo C, Liao C, Liu S,Wick LY, Peng D, Yi X, Lu G, Yin H, Lin
Z, Dang Z (2017) Drivers and applications of integrated clean-up
technologies for surfactant-enhanced remediation of environments
contaminated with polycyclic aromatic hydrocarbons (PAHs).
Environ Pollut 225:129–140

Lichtenthaler HK, Alan RWA (1985) Determinations of total carotenoids
and chlorophylls a and b of leaf extracts in different solvents.
Biochem Soc Trans 11(5):591–592

Liduino VS, Servulo EFC, Oliveira FJS (2018) Biosurfactant-assisted
phytoremediation of multi-contaminated industrial soil using sun-
flower (Helianthus annuus L.). J Environ Sci Health A 53(7):609–
616

Liu Y, Gai J, Lv H (2003) Advances of the relationship between crop root
morphology and tolerance to antibiotic stress. Journal of Plant
Genetic Resources (03): 265-269

Liu R, Xiao N, Wei S, Zhao L, An J (2014) Rhizosphere effects of PAH-
contaminated soil phytoremediation using a special plant named fire
Phoenix. Sci Total Environ 473-474:350–358

Liu S, Meng F, Ding Z, Chi J (2018) Phytoremediation of PAH-
contaminated sediments with different organic matter contents by

Potamogeton crispus L. International Journal of Phytoremediation
20(13):1317–1323

Lu H, Wang W, Li F, Zhu L (2019) Mixed-surfactant-enhanced
phytoremediation of PAHs in soil: bioavailability of PAHs and re-
sponses of microbial community structure. Sci Total Environ 653:
658–666

Moameri M, Abbasi KM (2019) Capability of Secale montanum trusted
for phytoremediation of lead and cadmium in soils amended with
nano-silica and municipal solid waste compost. Environ Sci Pollut
Res 26(24):24315–24322

Qin Z, Zhao Z, Xia L, AdamA, Li Y, Chen D,Mela SM, Li H (2019) The
dissipation and risk alleviation mechanism of PAHs and nitrogen in
constructed wetlands: the role of submerged macrophytes and their
biofilms-leaves. Environ Int 131:104940

Reilley KA, Banks MK, Schwab AP (1996) Dissipation of polycyclic
aromatic hydrocarbons in the Rhizosphere. J Environ Qual 25(2):
212–219

Rostami S, Azhdarpoor A (2019) The application of plant growth regu-
lators to improve phytoremediation of contaminated soils: a review.
Chemosphere 220:818–827

Siddiqui MH, Al-Whaibi MH (2014) Role of nano-SiO2 in germination
of tomato (Lycopersicum esculentum seeds Mill.). Saudi Journal of
Biological Sciences 21(1):13–17

Strycharz S, Shetty K (2002) Peroxidase activity and phenolic content in
elite clonal lines of Mentha pulegium in response to polymeric dye
R-478 and agrobacterium rhizogenes. Process Biochem 37(8):805–
812

Tang H, Liu Y, GongX, Zeng G, ZhengB,Wang D, Sun Z, Zhou L, Zeng
X (2015) Effects of selenium and silicon on enhancing antioxidative
capacity in ramie (Boehmeria nivea (L.) Gaud.) under cadmium
stress. Environ Sci Pollut Res 22(13):9999–10008

Wei S, Xu L, Dai H, Hu Y (2018) Ornamental hyperaccumulator
Mirabilis jalapa L. phytoremediating combine contaminated soil
enhanced by some chelators and surfactants. Environ Sci Pollut
Res 25(29):29699–29704

Włóka D, Placek A, Smol M, Rorat A, Hutchison D, Kacprzak M (2019)
The efficiency and economic aspects of phytoremediation technol-
ogy usingPhalaris arundinaceaL. andBrassica napusL. combined
with compost and nano SiO2 fertilization for the removal of PAH’s
from soil. J Environ Manag 234:311–319

Wu YX, Hu MC (2014) Enhanced phytoremediation on PAHs in soils by
combined plants cultivation. Appl Mech Mater 651-653:1436–1441

Xi Y, Liu H, Johnson D, Zhu C, Xiang J, Huang Y (2019) Selenium
enhances Conyza canadensis phytoremediation of polycyclic aro-
matic hydrocarbons in soil. J Soils Sediments 19(6):2823–2835

Xiao W, Yuqiao L, Qiang Z, Matichenkov V, Bocharnikova E, Dåstøl M
(2016) Efficacy of Si fertilization to modulate the heavy metals
absorption by barley (Hordeum vulgare L.) and pea (Pisum sativum
L.). Environ Sci Pollut Res 23(20):20402–20407

Yang Z, Ding Y, Zhang X, Xue G,Wang Y, Ren X, Ren Z, Yang T (2015)
Impacts of Alternaria alternata stress on characteristics of photo-
synthesis and chlorophyll fluorescence in two tobacco cultivars with
different resistances. Acta Ecol Sin 35(12)

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

20544 Environ Sci Pollut Res (2020) 27:20538–20544


	Nano-SiO2 combined with a surfactant enhanced phenanthrene phytoremediation by Erigeron annuus (L.) Pers
	Abstract
	Introduction
	Materials and methods
	Plant collection and soil properties
	Preparation of contaminated soil
	Experimental planting design
	Phenanthrene extraction and analysis
	Enzyme activity and chlorophyll amount determination
	Chlorophyll content and plant analyses
	Statistical analysis

	Results and discussion
	Biomass yields
	Root analysis
	Chlorophyll amounts
	Enzyme activity
	PAH degradation

	Conclusion
	References


