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Abstract

Plant growth regulators and synthetic surfactants are choices for enhancing the efficiency of PAH
phytoremediation. In this study, the use of salicylic acid alone, surfactant alone (Triton X-100 or Tween
80), or salicylic acid together with Triton X-100 or Tween 80 on anthracene and fluoranthene removal by
Impatiens balsamina were investigated. On days 15 and 30 of the experiment, the spraying of salicylic
acid as 0.01 mM and watering of 1X CMC of Triton X-100 or Tween 80 were performed. Then, the plant
growth parameters and anthracene or fluoranthene remaining in the soil were analyzed on day 45 of the
experiment. The results revealed that /. balsamina did not enhance anthracene (77.4 % remained) and
fluoranthene (74.6 % remained) removal when compared with unplanted soil (63.8 % of anthracene and
70.0 % of fluoranthene remained). Salicylic acid spraying in combination with watering of Triton X-100
(47.1 % anthracene remained) or Tween 80 (59.7 % anthracene remained) enhanced anthracene removal
in unplanted soil; however, enhanced fluoranthene removal was not observed. In planted soil, salicylic
acid spraying alone, Tween 80 watering alone or salicylic acid spraying in combination with synthetic
surfactant (Triton X-100 or Tween 80) watering slightly enhanced anthracene removal (54.9-58.0 % of
anthracene remained) but not fluoranthene (67.9 - 81.9 % of fluoranthene remained). The results revealed
that planting contaminated soil with I balsamina was not suitable to stimulate anthracene and
fluoranthene degradation in this study. Biostimulation of unplanted soil with synthetic surfactant and
salicylic acid was suitable to stimulate the removal of anthracene from the soil.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of persistent organic pollutants, and with
their mutagenic and carcinogenic properties, environmental contamination by PAHs is a public concern.
The serious problems of PAH contamination are their potential to accumulate in food crops and to
biomagnify along the food chain [1]. Contamination by PAHs in soil has been reported worldwide,
including a site surrounding a chemical industry in Chongqing (southwest of China) [2], surface soil of
industrial area in Yangtze River Delta (eastern of China) [1], and traffic sites in Dhanbad (India) [3]. Soil
and sediment contamination by PAHs in Thailand has also been reported [4, 5]. For example, the mean
concentration of 16 PAHs in surface sediment in the Gulf of Thailand was 0.019 £+ 0.015 mg/kg [4] and
the total concentrations of 12 likely carcinogenic PAHs in Khao Lak terrestrial soils (Phang Nga
province, Thailand) ranged from 0.004 - 0.031 mg/kg [5]. The concentrations of PAHs found in the
natural environments of Thailand were lower than the concentration criteria reported by the European
classification system of soil contamination, which divided PAH contamination into 4 categories. The
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concentration of X16PAHs in soil below 0.2 mgkg indicates no contamination, while light
contamination, moderate contamination, and heavy contamination of £16PAHs were 0.2 - 0.6 mg/kg,
0.6 - 1.0 mg/kg and over 1.0 mg/kg, respectively [6]. Soil with heavy PAH contamination is usually
found in urban areas with heavy traffic, near oil refineries, and around waste dumpsites [7, 8]. In this
study, anthracene and fluoranthene were used as model PAH compounds because both PAHs were on the
priority pollutants list by USEPA [1,9], usually found concurrently with other PAHs at various
contaminated sites [2,3,5] and have a long half-life in soil (50 - 460 days for anthracene and 44 - 440 days
for fluoranthene) [9]. High levels of anthracene and fluoranthene are usually found in industrial areas and
waste sites. For example, over 0.002 mg/kg of anthracene and over 0.04 mg/kg of fluoranthene were
detected in Beijing’s topsoil soil [10] and 0.17 mg/kg of anthracene and 0.91 mg/kg of fluoranthene were
found in municipal waste in India [11]. Soils contaminated with anthracene and fluoranthene pose
potential risks to living things because anthracene is a skin sensitizer [12], and the LDs, values of
anthracene and fluoranthene to rats by oral administration are 3,200 mg/kg and 10 - 30 mg/kg,
respectively [13].

Concerns about PAH contamination and its adverse health effects have resulted in extensive studies
on the PAH remediation from contaminated soils. Microbial degradation of PAHs is an interesting
method to remove PAH from contaminated sites [9]. However, the techniques that rely only on microbial
activity have several restrictions that prevent the achievement of remediation, including nutrient
restriction, low concentration of degrading microorganisms in contaminated sites, low survival of
degrading microorganisms, and low pollutant bioavailability [14]. One way to improve the activity of
degrading microorganisms in contaminated soil is plant-assisted bioremediation or phytoremediation,
which has been reported to be used in the decontamination of PAHs from contaminated soils [15]. The
main mechanism of plants aiding the remediation of hydrophobic organic pollutants is through releasing
root exudates to stimulate the degradation of organic pollutants by soil microorganisms [16]. Thus, this
study was conducted to determine whether a synergistic interaction between plants and indigenous
microbial degraders in the soil will be effective for PAH removal. Another restriction of hydrophobic
organic pollutants bioremediation is the low bioavailability of these compounds to plants or degrading
microorganisms [17]. Using a surfactant is another way to increase the bioavailability of hydrophobic
organic pollutants, including PAH, through accelerating the mass transfer of PAHs from soils to the
aqueous phase [17,18]. The main purpose of surfactant addition in PAH phytoremediation is to improve
the microbial degradation of PAHs in the rhizosphere or the uptake and metabolism of PAH by plants
[18]. Thus, the effect of the surfactant used for stimulating the PAH phytoremediation by I. balsamina
was investigated in this study. Triton X-100 and Tween 80 were used as representative surfactants
because both surfactants have successfully been used to stimulate the degradation of hydrophobic organic
pollutants [19,20]. For example, Triton X-100 has been used to enhance the degradation of low molecular
weight PAHs by indigenous microorganisms [19], and it could promote the cosolubilization of mixed
PAHs, such as phenanthrene and pyrene from contaminated soil [20], thus increasing the PAH removal
from contaminated soil may be possible. Besides, Tween 80 has a particular interest in the present study
due to its low toxicity and high solubilization capacity [21]. Tween 80 has been reported to facilitate the
release of hydrophobic organic pollutants from the sorbed phase [8], promote the hydrophobic organic
pollutants uptake in plant tissue [17], and facilitate the utilization of hydrophobic organic pollutants by
rhizospheric microorganisms [22]. There have been some research studies focusing on surfactant (Triton
X-100 and Tween 80) aided PAHs phytoremediation [21,23]. However, a concern about using a
surfactant is the wider spread of organic pollutants into other environment compartments [24] but using a
surfactant at an appropriate level tends to increase the removal of PAHs from contaminated soils [19].
This may be by reducing the half-life of the PAHs [9] and restricting the widespread of both surfactant
and PAHs in the environment.

Moreover, to improve PAH phytoremediation by increasing bioavailability of PAH in the soil
through surfactant application, the application of salicylic acid to improve plant growth was also
considered in this study. Exogenous salicylic acid has been reported to alleviate the toxicity of pollutants
to plants. This characteristic allowed salicylic acid to improve plant growth when planting in
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contaminated sites. However, most of the research focused only on using salicylic acid to alleviate the
toxicity and protect plants from oxidative stress from metals and metalloids, such as cadmium and arsenic
[25,26]. A few reports were focusing on using salicylic acid to alleviate the toxicity of organic pollutants.
For example, the application of 2 mg/l of exogenous salicylic acid had the greatest ameliorating effect on
chlorpyrifos toxicity in wheat plants. In chlorpyrifos-treated soils, the root and shoot lengths of wheat
seedlings treated with 2 mg/l were increased by 69.2 and 35.9 %, respectively, compared with the
treatment without salicylic acid. Similarly, salicylic acid at 2 mg/l increased chlorophyll content in wheat
leaves and also reduced the antioxidant stress caused by chlorpyrifos [27]. Previous studies have
investigated only the effect of a surfactant or salicylic acid separately to improve the removal of
pollutants from contaminated sites. The aim of this study was, therefore, to investigate the roles of
surfactant and salicylic acid in combination to improve the growth of the plant and the removal of PAH
from contaminated soils. The effect of the simultaneous use of a surfactant (Triton X-100 or Tween 80)
and salicylic acid was tested with I. balsamina. The addition of all amendments in anthracene and
fluoranthene contaminated soil planted with I balsamina was expected to improve the growth of the
plants and stimulate the removal of both PAHs from the soil. 1. balsamina was selected as a model plant
in this study because successful petroleum hydrocarbon bioremediation has been reported by the
synergistic effect between /. balsamina and a petroleum hydrocarbon-degrading mix of microorganisms
[28,29]. Moreover, I. balsamina is an ornamental plant that was able to tolerate organic waste when
planted in contaminated soil [30]. Thus, the simultaneous removal of PAH and improvement of the
landscape at contaminated sites by planting /. balsamina may occur.

Materials and methods

Soil characteristics and preparation of anthracene and fluoranthene-spiked soil

Soil without a previous history of PAH contamination was collected from a grassland field near
Nakhonsawan Rajabhat University. The soil was sent for the analysis of the physical and chemical
characteristics at the Environmental Quality Examining Service Center, Faculty of Environment and
Resource Studies, Mahasarakham University, Thailand. The physical and chemical characteristics of this
soil were pH 7.48, 125.9 mg/kg of phosphorus (Bray II, Spectrophotometer), 0.16 % total nitrogen
(Kjeldahl method), 2.56 % organic matter (Walkley and Black, 1947), and 1.51 % organic carbon
(Walkley and Black, 1947). This soil contained 92 % sand, 4 % silt, and 4 % clay (Titrate method,
AOAC). Background levels of anthracene and fluoranthene were not detected in the soil when analyzed
by a Gas Chromatography - Flame Ionization Detector (GC-FID). Then, this non-contaminated soil was
spiked with solutions of anthracene (Fluka, USA, purity 99 %) and fluoranthene (Fluka, USA, purity
99 %) dissolved in dichloromethane to give final concentrations of each PAH of 100 mg/kg. The
anthracene and fluoranthene-contaminated soils were prepared for 60 pots for use in the phytoremediation
experiment.

Phytotoxicity of Triton X-100 and Tween 80 on seedlings of 1. balsamina

The phytotoxicity of Triton X-100 and Tween 80 at 1X CMC and 10X CMC (CMC is the initial
concentration of the surfactants at which they form micelles [31]) was determined in plastic cups
containing 50 g of soil spiked with anthracene and fluoranthene at a total concentration of 200 mg/kg
(100 mg/kg of each PAH). The experiment was performed factorially in a completely randomized design
(2x5). The first factor was a total concentration of anthracene plus fluoranthene in soil (0 and 200 mg/kg).
The second factor was the level of synthetic surfactant application (0, 1X CMC Triton X-100, 10 X CMC
Triton X-100, 1X CMC Tween 80, and 10X CMC Tween 80). The experiment was performed as three
replicates and each replicated was cultivated with 10 seeds of I balsamina. After 13 days of seed
emergence, Triton X-100 or Tween 80 at each concentration were watered onto the seedlings that were
growing in anthracene plus fluoranthene-contaminated soil and non-contaminated soil. Distilled water
was added in the same amount as the synthetic surfactant to serve as a control. The phytotoxicity of
Triton X-100 and Tween 80 were considered on day 20 of the experiment by the percentage of seedlings
surviving, shoot and root length, fresh weight and dry weight of the shoot and root. The concentration of
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the surfactant that did not affect the seedling growth of I balsamina was further used in the
phytoremediation experiment.

Phytoremediation experiment

The phytoremediation experiments were set up using cylindrical plastic pots containing 1 kg dry
weight of soil spiked with anthracene and fluoranthene. The spiked soils were inoculated with
L balsamina seeds (commercial seeds of Chiatai Ltd. Bangkok and prepared by immersing them in
distilled water before planting into the spiked soil). To investigate the effect of Triton X-100 or Tween 80
and salicylic acid on anthracene and fluoranthene removal from soil planted with /. balsamina, 10 ml of
1X CMC of Triton X-100 or Tween 80 was added separately to the soil on days 15 and 30 after seed
germination. Besides, 5 ml of 0.01 mM salicylic acid was sprayed on days 15 and 30 after seed
germination. The experimental design was performed in a completely randomized design and divided into
twelve treatments for biodegradation described below. Each treatment was performed in five replicates.

1) Anthracene and fluoranthene-contaminated soil

2) Anthracene and fluoranthene-contaminated soil + Triton X-100

3) Anthracene and fluoranthene-contaminated soil + Tween 80

4) Anthracene and fluoranthene-contaminated soil + salicylic acid

5) Anthracene and fluoranthene-contaminated soil + Triton X-100 + salicylic acid

6) Anthracene and fluoranthene-contaminated soil + Tween 80 + salicylic acid

7) Anthracene and fluoranthene-contaminated soil planted with . balsamina

8) Anthracene and fluoranthene-contaminated soil + Triton X-100 planted with 1. balsamina

9) Anthracene and fluoranthene-contaminated soil + Tween 80 planted with 1. balsamina

10) Anthracene and fluoranthene-contaminated soil + salicylic acid planted with . balsamina

11) Anthracene and fluoranthene-contaminated soil + Triton X-100 + salicylic acid planted with

1. balsamina
12) Anthracene and fluoranthene-contaminated soil + Tween 80 + salicylic acid planted with
I balsamina

For plant health measurement, all plants in planted treatments were measured and the two
treatments of planting /. balsamina with or without salicylic acid application in non-contaminated soil
were set as control.

Distilled water was added every day to each pot to maintain the soil water holding capacity. The
experiment was performed for 45 days, then the soil in each pot was thoroughly mixed and 1 g of soil was
collected for anthracene and fluoranthene analysis. Plant samples were also collected and parameters for
plant growth were measured: length, fresh weight and dry weights of root and shoot. Chlorophyll a,
chlorophyll b and total chlorophyll contents in the leaves of the plant samples were analyzed and
calculated using the equations available in Huang et al. [32].

[Chl a] = [12.7 x A663] - [2.69 x A645]
[Chl b] = [22.9 x A645] — [4.68 x A663]
[Total Chl] = [8.02 x A663] + [20.2 x A645]

Anthracene extraction and analytical

Soil and plant samples were subjected to soxhlet extraction according to the method described in
Somtrakoon et al. [15]. Briefly, 1 g samples were mixed with sodium sulfate anhydrous and extracted
with the soxhlet extraction apparatus for 8 h. The extracts were reduced in volume in an evaporator, and
then the soil and plant extracts were analyzed for anthracene and fluoranthene by GC-FID (Shimadzu,
Model GC-2014AFSC). Separation condition was performed using a Rtx®-5MS capillary column (30 m
x 25 mm, [.D. = 25 pm). The helium carrier flow rate was 1.13 ml/min under the split 13.4:1 ratio
condition. The oven temperature was programmed at 150 °C for 1 min, followed by a linear increase of
12 °C/min to 280 °C. The detector temperature was maintained at 320 °C.
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Anthracene and fluoranthene degrader count

A 1 g soil sample was placed in 9.0 ml 0.85 % (w/v) normal saline solution and shaken at 180 rpm
for 2 h. The suspension was serially diluted and plated on a mineral salts medium containing per liter: 10
mM Na,HPO,/KH,PO, buffer, pH 7.2; (NH4),SO,, 2.38 g; MgS0,.7H,0, 0.25 g; NaCl, 0.50 g; 0.010 M
FeSO,4.7H,0, 0.2 ml; and 20 mM CaCl,, 5.0 ml [33]. Then 1 % (w/v) of anthracene or fluoranthene
dissolve in diethyl ether was sprayed on the surface of the medium. The diethyl ether was allowed to
evaporate at room temperature (28 - 30 °C) inside a fume hood. Plates were incubated for seven days and
the colonies with clear zones were counted as the number of anthracene or fluoranthene degraders.

Statistical analysis

Two-way ANOVA was used to test for statistical significance among treatments of the surfactant
toxicity to seedlings and PAH biodegradation. One-way ANOVA was used to test for statistical
significance among treatments of phytotoxicity in the phytoremediation experiment. The LSD method
was used for subsequent multiple comparisons of means.

Results and discussion

General characteristics of 1. balsamina grown in anthracene and fluoranthene-contaminated
soil

The phytotoxicity of non-ionic surfactant including Triton X-100 and Tween 80 at 1X CMC and
10X CMC was determined first to select a suitable concentration of the surfactant to be used in the
phytoremediation experiment. The results revealed that the percentage of seedling survival of I
balsamina grown in the non-contaminated soil was not different from that of those grown in anthracene
plus fluoranthene-contaminated soil. The presence of Triton X-100 and Tween 80 in the soil did not
decrease the percentage of survival in the seedlings of 1. balsamina grown in non-contaminated soil and
anthracene plus fluoranthene-contaminated soil (Data not shown). Even though, the addition of Triton X-
100 or Tween 80 at 1X CMC and 10X CMC to anthracene plus fluoranthene-contaminated soil did not
affect the shoot length, shoot fresh weight, shoot dry weight, and root length of 1. balsamina seedlings but
the 10X CMC of Triton X-100 tended to decrease the root fresh weight and root dry weight of
I balsamina seedlings grown in anthracene plus fluoranthene-contaminated soil (Table 1 and 2). Thus,
only the 1X CMC of Triton X-100 and Tween 80 were select for use in the phytoremediation experiment.
The toxicity of non-ionic surfactants to plants has been reported in the terrestrial plants. For example, the
development of meristematic cells at the root tips in barley was inhibited by a non-ionic surfactant [34].
Moreover, the toxicity of the surfactant depended on the surfactant concentration [34]; thus, it is not
surprising that 10X CMC of Triton X-100 was more toxic to . balsamina than 1X CMC of Triton X-100.

In the phytoremediation experiment, /. balsamina was planted in soil contaminated with anthracene
plus fluoranthene for 45 days. Salicylic acid and surfactants (1X CMC of Triton X-100 or 1X CMC of
Tween 80) were added to the soil separately or in combination to stimulate the growth of the plant and
PAHs phytoremediation, respectively. The results in Table 3 indicate that the growth of /. balsamina in
anthracene and fluoranthene-contaminated soil was normal for the 45 days of the experiment. The
application of salicylic acid did not increase the growth of 1. balsamina grown in non-contaminated soil
or anthracene and fluoranthene-contaminated soil. The application of the surfactant (1X CMC of Triton
X-100 or 1X CMC of Tween 80) did not exert adverse effects on the growth of /. balsamina for the 45
days of the experiment; however, the growth of 1. balsamina seemed to decrease in the presence of Triton
X-100 when observed by the naked eye (Figure 1 and 2). The toxic effect of Triton X-100 and Tween 80
on the plant may be different and depended on the chemical structure of both surfactants. Triton X-100
exerted a higher toxicity than Tween 80 because the molecules of Triton X-100 contained a benzene ring,
branched aliphatic chain and short polyoxyethylene chains [35].
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Table 1 Toxicity of Triton X-100 on seedling growth of 1.

fluoranthene-contaminated soil.

balsamina grown in anthracene plus

Shoot Root

Surfactant Shoot Shoot fresh Shoot dry Root length Root fresh Root dry

length (cm) weight (mg) weight (mg) (cm) weight (mg) weight (mg)
Non-contaminated soil
DW 57+04 250.6 £26.4A 8.5+ 1.2A 22+0.2 26.7+3.6 2.9+23a
Triton X-100 1XCMC 59+0.5 230.9+23.5A 84+93A 33+04 30.4+6.6 3.9+0.8a
Triton X-100 10XCMC 6.0+ 0.4 235.4+30.1A 9.8+ 1.3A 35+04 23.6 4.8 2.7+0.5a
Anthracene + Fluoranthene
DW 6.3+0.6 175.7+18.9B 6.1 +0.7A 45+0.6 343 +4.7 42+1.0a
Triton X-100 1XCMC 48+04 1262 +14.4B 5.5+0.4B 3.6+0.3 354+73 4.6+0.7a
Triton X-100 10XCMC 5.6+04 121.4+9.1B 5.3+0.4B 2.5+0.5 17.1£23 2.0+0.2b
PAHs ns ** *x ns ns ns
Surfactant ns ns ns ns ns *
PAHs*Surfactant ns ns ns Hok ns ns

Different lowercase letters denote significant differences (P < 0.05) between the surfactant concentration in the same
soil. Different capital letters denote significant differences (P < 0.05) between the soil with same surfactant
concentration. Abbreviation: PAHs = 100 mg/kg of anthracene plus 100 mg/kg of fluoranthene; ns = non-significant
difference (P > 0.05); * = significant difference (P < 0.05); ** = significant difference (P < 0.01).

Table 2 Toxicity of Tween 80 on seedling growth of I. balsamina grown in anthracene plus fluoranthene-

contaminated soil.

Shoot Root
Surfactant Shoot Shoot fresh Shoot dry Root length Root fresh Root dry
length (cm) weight (mg) weight (mg) (cm) weight (mg) weight (mg)
Non-contaminated soil
DW 5.7+04 250.6 £26.4A 8.5+ 1.2A 2.2+0.2B 26.7+3.6 29423
Tween 80 1XCMC 6.1+04 226.4+244A 9.0+09A 3.0+ 0.3A 29.1+49 2.8+0.5
Tween 80 10XCMC 6.9+0.6 2752 +28.4A  10.5+1.1A 3.4+03A 48.6 £6.3 2.9+0.6
Anthracene + Fluoranthene
DW 6.3+£0.6 175.7+189B 6.1 £0.7A 4.5+ 0.6A 343+4.7 42+1.0
Tween 80 1XCMC 54+03 161.3+143A 57+0.5B 3.8+0.5A 36.7+5.2 53+£1.0
Tween 80 10XCMC 5.6+0.7 142.1+11.0B 5.3+0.5B 43+ 0.4A 30.8£2.8 23+04
PAHs ns *x *x *x ns ns
Surfactant ns ns ns ns ns ns
PAHs*Surfactant ns ns ns ns * ns

Different lowercase letters denote significant differences (P < 0.05) between the surfactant concentration in the same
soil. Different capital letters denote significant differences (P < 0.05) between the soil with same surfactant
concentration. Abbreviation: PAHs = 100 mg/kg of anthracene plus 100 mg/kg of fluoranthene; ns = non-significant
difference (P > 0.05); * = significant difference (P < 0.05); ** = significant difference (P < 0.01).
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Table 3 Shoot growth, root growth and chlorophyll content in leaves of I. balsamina grown in anthracene
plus fluoranthene-contaminated soil receiving salicylic acid and 1X CMC of Triton X-100 or 1X CMC of
Tween 80.

Shoot growth Root growth Chlorophyll content in leaves
Treatment Length Fresh weight Dry weight  Length Fresh weight Dry weight  Chlorophylla Chlorophyll b Total
(em) (mg) (mg) (em) (mg) (mg) mgm) gy e
(mg/ml)
Non-contaminated soil 255+ 1.5a 4458.0 +889.4ab 488.3+75.2a 3.1+0.5a 880.0+347.9a 52.1+16.6a 14.7+0.4a 8.2+0.8a 229+ 1.2a
Non-contaminated soil + SA 20.8 + 1.4ab  5990.0 + 1336.8a 314.7+89.3b 4.2+0.5a 1674.0 +526.0a 68.3+21.8a 10.0£0.7a 5.7+0.3a 15.7+0.9a
PAHs 126 £+ 1.4b  1546.0 +384.5b  79.9 + 18.8¢c 44+0.8a 724.0 £250.5a 29.7+10.1a 10.8 £0.1a 5.6+0.3a 16.4 £ 0.2a
PAHs + SA 172+ 1.4b  2564.0 + 626.9b 174.5+26.2bc 5.6+0.7a 1134.0 +243.7a 42.7+8.0a 11.0+0.2a 4.6+0.2a 15.6 +0.1a
PAHs + Triton X-100 152+ 1.6b 1746.0+278.2b  86.7+11.0c 34+0.8a 520.0+38.6a 22.8+1.7a 8.0+ 0.6a 5.0+0.3a 13.1+0.9a
PAHs + Tween 80 152+0.8b 2978.0+460.8b 1453 +£20.3c 6.4+ 1.5a 1690.0 +455.8a 709 +21.2a 14.0 £2.5a 74+1.1a 21.3+3.6a
PAHs + Triton X-100 + SA  16.5+3.2b  2768.0 + 813.5b 1147£31.9c 53+09a 1048.0+198.9a 42.8 +£8.0a 154+43a 8.5+ 19a 24.0+6.2a
PAHs + Tween 80 + SA 16.5+1.1b  3198.0 + 700.1b 152.7+£42.4c 4.1+09a 1008.0+510.5a 41.7+20.2a 17.1 £2.9a 9.1+1.2a 26.2+4.0a

Different lower case letters denote significant differences (P < 0.05) between treatments in the same column. Abbreviation: PAHs =
100 mg/kg of anthracene plus 100 mg/kg of fluoranthene; SA = salicylic acid.

Figure 1 1. balsamina grown in non-contaminated soil and anthracene plus fluoranthene-contaminated
soil receiving salicylic acid and Triton X-100 for 45 days. Abbreviation: PAHs = 100 mg/kg of
anthracene plus 100 mg/kg of fluoranthene; SA = salicylic acid.
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Figure 2 I. balsamina grown in non-contaminated soil and anthracene plus fluoranthene-contaminated
soil receiving salicylic acid and Tween 80 for 45 days. Abbreviation: PAHs = 100 mg/kg of anthracene
plus 100 mg/kg of fluoranthene; SA = salicylic acid.

The results in Table 3 show that the spraying of salicylic acid to non-contaminated soil did not
increase the shoot growth of 1. balsamina. The shoot length, shoot fresh weight, and shoot dry weight of
1. balsamina grown in non-contaminated soil when receiving salicylic acid were 20.8 cm, 5990 mg and
3198 mg, respectively. However, the shoot length, shoot fresh weight and shoot dry weight of I
balsamina grown in soil contaminated with anthracene plus fluoranthene and without receiving any
amendments were only 12.6 cm, 1546 mg, and 79.9 mg, respectively. Moreover, the application of
salicylic acid alone, Triton X-100 alone, Tween 80 alone or salicylic acid in combination with each
surfactant did not increase the shoot growth of I balsamina grown in anthracene plus fluoranthene-
contaminated soil (Table 3). Besides, the root length, root fresh weight, and root dry weight of
1. balsamina grown in non-contaminated soil or soil contaminated with anthracene plus fluoranthene were
not significantly different from each other. Salicylic acid spraying did not increase the root growth (root
length and root weight) of I. balsamina grown in non-contaminated soil and anthracene plus fluoranthene-
contaminated soil. In addition, the application of Triton X-100 alone, Tween 80 alone or salicylic acid in
combination with Triton X-100 or Tween 80 did not stimulate the root growth of 1. balsamina. The root
length, root fresh weight, and root dry weight of I. balsamina grown in non-contaminated soil and
anthracene plus fluoranthene-contaminated soil in the presence or absence of amendments ranged from
3.1-6.4 cm, 520 - 1690 mg, and 228 - 70.9 mg, respectively (Table 3).

The chlorophyll content in the leaves of I. balsamina grown in non-contaminated soil with or
without receiving salicylic acid was not significantly different from that grown in anthracene plus
fluoranthene-contaminated soil with or without receiving salicylic acid. As well, the chlorophyll contents
in the leaves of 1. balsamina grown in anthracene plus fluoranthene-contaminated soil when receiving
salicylic acid alone, Triton X-100 alone, Tween 80 alone, or salicylic acid in combination with each
surfactant amendment were not significantly different from that grown in soil without any amendments.
The chlorophyll a, chlorophyll b and total chlorophyll contents in the leaves of 1. balsamina grown in
anthracene plus fluoranthene-contaminated soil in the presence of Triton X-100 or Tween 80 and
receiving salicylic were around 15.4 - 17.1, 8.5 - 9.1, and 24.0 - 26.2 mg/ml, respectively. Meanwhile, the
chlorophyll a, chlorophyll b, and total chlorophyll contents in the leaves of I balsamina grown in
anthracene plus fluoranthene-contaminated soil when receiving salicylic acid alone, Triton X-100 alone
or Tween 80 alone ranged from 8.0 - 14.0, 4.6 - 7.4 and 13.1 - 21.3 mg/ml, respectively (Table 3). In
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general, some surfactants were reported to be toxic to plant, especially to plant roots. The suppression or
killing of plant roots by a surfactant have been reported in terrestrial plants, such as wheat [36].
Moreover, a suitable concentration for the surfactant application in agriculture could improve nutrient
uptake by modulating the availability of the nutrients in the soil to the crop plant [37]. In this study, it
seemed to be that Triton X-100 suppress the growth of I balsamina and Tween 80 seemed to be
stimulated the growth of I. balsamina when observed by the naked eye. However, this study did not
determine nutrient uptake by 1. balsamina and the presence of 1X CMC of Triton X-100 and 1X CMC of
Tween 80 did not increase the growth (root length, root weight, shoot length, shoot weight, and
chlorophyll contents) of 1. balsamina in the phytoremediation experiment.

Anthracene and fluoranthene removal from soil

In soil without planting, the percentages of anthracene and fluoranthene remaining in the soil were
63.8 % and 70.0 % on day 45 of the experiment, respectively (Table 4). The application of salicylic acid
alone, Triton X-100 alone or Tween 80 alone did not improve the anthracene and fluoranthene removal
from contaminated soil, as about 60.4 - 72.6 % of anthracene and 70.2 - 76.3 % of fluoranthene remained
in the soil on 45 days of the experiment. The application of salicylic acid together with Triton X-100
(47.1 % of anthracene remained) seemed to decrease the anthracene in the contaminated soil by the
greatest extent compared to the other treatments of the unplanted soil. However, the application of
salicylic acid in combination with Triton X-100 or Tween 80 did not stimulate the removal of
fluoranthene from the contaminated soil (61.1 - 69.4 % of fluoranthene remained in the soil) (Table 4).

However, growing I. balsamina in anthracene plus fluoranthene-contaminated soil did not increase
anthracene and fluoranthene removal from the soil. The percentage of anthracene and fluoranthene
remaining in the planted soil without receiving salicylic acid or a surfactant was not significantly different
when compared with unplanted soil under the same condition. About 77.4 % of anthracene and 74.6 % of
fluoranthene remained in the planted soil without receiving salicylic acid or a surfactant (Table 4).
Planting /. balsamina alone in contaminated soil was not suitable to be used in phytoremediation of
anthracene and fluoranthene because the amount of anthracene and fluoranthene remaining in the soil
planted with /. balsamina was not significantly different from unplanted soil. In addition, the number of
anthracene or fluoranthene degraders in the soil in this study was not increased by cropping with
I balsamina. The number of anthracene degraders at the beginning of the experiment was log 1.7 cfu/g,
while the fluoranthene degraders were not found. The number of anthracene and fluoranthene degraders
on the last day of each treatment were around log 0.9 - 1.4 cfu/g and log 0.9 - 1.8 cfu/g, respectively
(Table 5).

In planted soil, the application of salicylic acid, Triton X-100, Tween 80, and salicylic acid in
combination with Triton X-100 or Tween 80 tended to decrease anthracene from the contaminated soil to
a greater extent than the planted soil without receiving any amendment. The percentages of anthracene
remaining in planted soil that received salicylic acid, Triton X-100, Tween 80, and salicylic acid in
combination with Triton X-100 or Tween 80 were around 54.9 - 61.2 % (Table 4). However, the
application of salicylic alone, Triton X-100, Tween 80, or salicylic acid in combination with Triton X-100
or Tween 80 in planted soil did not increase the amount of fluoranthene removal from anthracene plus
fluoranthene-contaminated soil. The percentages of fluoranthene remaining in planted soil that received
salicylic acid, Triton X-100, Tween 80, and salicylic acid in combination with Triton X-100 or Tween 80
were around 67.6 - 81.9 % (Table 4).
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Table 4 Percentage of anthracene and fluoranthene remaining in anthracene and fluoranthene
contaminated soil planted and unplanted with /. balsamina and receiving salicylic acid and surfactant for
45 days.

Treatment Anthracene Fluoranthrene
Non-planted soil
PAHs 63.8+4.3a 70.0£11.0
PAHs + Triton X-100 67.5+3.6a 70.2+6.7
PAHs + Tween 80 60.4 + 5.2ab 70.7 £2.7
PAHs + SA 72.6 £4.7a 76.3+£12.2
PAHs + Triton X-100 + SA 47.1 £4.6b 61.1+8.7
PAHs + Tween 80 + SA 59.7 + 3.4ab 69.4+4.0
Planted soil
PAHs 77.4+53a 74.6+1.9
PAHs + Triton X-100 61.2+1.7b 748 +£3.1
PAHs + Tween 80 58.0 £2.0b 81.9+5.5
PAHs + SA 57.8 £7.5b 78.0+4.6
PAHs+ Triton X-100 + SA 54.9+£3.3b 71.2+£11.0
PAHs + Tween 80 + SA 55.8 £3.6b 67.6 £8.7
Planted ns ns
Amendment Application o ns
Planted * Amendment Application ns ns

Different lowercase letters denote significant differences (P < 0.05) between treatments in the same
column. Abbreviation: PAHs = 100 mg/kg of anthracene plus 100 mg/kg of fluoranthene; SA = salicylic
acid; ns = non-significant difference (P > 0.05); ** = significant difference (P <0.01).

Table 5 Number of anthracene and fluoranthene degraders in anthracene- and fluoranthene-contaminated
soil planted and unplanted with 1. balsamina and receiving salicylic acid and surfactant for 45 days. The
number of anthracene degraders on day 0 was log 1.7 = 1.7 cfu/g but fluoranthene degraders were not
found.

Treatment Anthracene degraders Fluoranthene degraders
(log cfu/g) (log cfu/g)
Non-planted soil
PAHs 14+14 0
PAHs + Triton X-100 0 0
PAHs + Tween 80 1.3+1.3 0
PAHs + SA 0 1.8+1.8
PAHs + Triton X-100 + SA 0 0
PAHs + Tween 80 + SA 0 0
Planted soil
PAHs 09+0.9 0
PAHs + Triton X-100 0 1.0+ 1.0
PAHs + Tween 80 0 0
PAHs + SA 0 0
PAHs + Triton X-100 + SA 0 0
PAHs + Tween 80 + SA 0.9+0.9 0.9+0.9

Abbreviation: PAHs = 100 mg/kg of anthracene plus 100 mg/kg of fluoranthene; SA = salicylic acid.
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In general, planted soil usually provided suitable conditions for the growth of microorganisms via
root exudates as a carbon and nitrogen source. Root exudates can sometimes increase the extraction and
removal of contaminants by plants [38] and can be affected by organic contaminants degradation by
altering microbial catabolic gene expression [39]. However, growing I. balsamina in anthracene plus
fluoranthene-contaminated soil in this study did not increase anthracene and fluoranthene removal from
soil. The results of this study were different from previous research that reported I balsamina could
increase the removal of total petroleum hydrocarbons from contaminated soil derived from the Shengli
Oil Field in Dongying City, Shandong Province, China. About 18.13 - 65.03 % of the total petroleum
hydrocarbons were degraded in planted soil after four months of the experiment, which is higher than
natural degradation (only 10.20 - 35.61 % of total petroleum hydrocarbons were degraded) [29].
Moreover, the ability of I balsamina to remove naphthalene from organic contaminants that are
contaminating soil was reported. Naphthalene was decreased in soil planted with . balsamina by about
181.92 %. The main mechanism of naphthalene removal by /. balsamina may be phytoextraction because
naphthalene was increased by 13.30 % in the stem of I. balsamina cultivated at the contaminated sites
(28]

The objective of the salicylic acid addition in this study was to alleviate the toxicity of anthracene
and fluoranthene on the plants, but the contamination of anthracene and fluoranthene in the soil was not
toxic to . balsamina based on the plant growth parameters described before. However, salicylic addition
in bioremediation did not only alleviate the toxicity of pollutants on plants, but salicylic acid has also
been proven to be a metabolic inducer for PAH biodegradation due to the induction of nah gene
expression in bacteria [40]. In this study, salicylic acid addition alone did not increase anthracene and
fluoranthene removal from both planted and unplanted soil. There were variable results for salicylic acid
application in PAH-contaminated soil. For example, addition of 100 mg/l salicylic acid to soil slurry
containing 500 mg/kg phenanthrene and Pseudomonas putida ATCC 17484 increases the 30 %
phenanthrene biodegradation. However, the stimulation effect of salicylic acid decreased when the
rhamnolipid were added together into soil slurry [41]. In contrast, salicylic acid addition in combination
with Triton X-100 or Tween 80 only slightly enhanced anthracene removal in unplanted soil in this study;
however, enhanced fluoranthene removal was not detected. In planted soil, addition with salicylic acid
alone, Triton X-100 alone, Tween 80 alone or a combination of salicylic acid with synthetic surfactant
(Triton X-100 or Tween 80) slightly enhanced anthracene removal but not fluoranthene. This may be due
to Triton X-100 that could improve the availability of nutrients and anthracene to the anthracene
degrader, which is already present in non-plant soil. However, the number of anthracene degraders and
fluoranthene degraders in this study did not relate to the amount of anthracene and fluoranthene removal
from the soil. This finding is not surprising because the activity of anthracene and fluoranthene
degradation in soil may be from the synergistic effect between several microorganisms in the soil or the
PAH degraders in this soil were unculturable strains.

The relationship between plant and soil microorganisms in this study was not obvious. The activity
of anthracene degradation in this study may have come from indigenous microorganisms because
anthracene removal was observed in both plant and non-plant soil. Moreover, anthracene was removed
from the soil to a greater extent than fluoranthene. This may be due to fluoranthene having a higher
molecular weight PAH with four aromatic rings and rendering it recalcitrant to degradation by microbial
enzymes or other processes, such as volatilization, photooxidation and chemical oxidation, when
compared with anthracene [42,43]. From the results of this study, we can conclude that phytoremediation
results from using Triton X-100 or Tween 80 as amendments were variable. For example, Triton X-100
enhanced the initial removal of phenanthrene (initial concentration was 4.1 mg/kg) and pyrene (initial
concentration was 37.0 mg/kg) from contaminated soil planted with Zea mays but did not affect
phenanthrene and pyrene accumulation in plant biomass [23]. Tween 80 also stimulated the removal of
pyrene (initial concentration was 300 mg/kg) but not phenanthrene (initial concentration was 300 mg/kg)
from soil planted with Agropyron elongatum after 60 days of the experiment. About 79 % of pyrene was
removed from planted soil with the addition of 100 mg/kg of Tween 80 and only 61 % of pyrene was
removed from planted soil without Tween 80 addition [21].
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Conclusions

1. balsamina was not a suitable plant species for anthracene and fluoranthene phytoremediation.
Planting with this species did not enhance anthracene and fluoranthene removal from contaminated soil.
Applications of salicylic acid alone, Triton X-100, or Tween 80 alone slightly increased the removal of
anthracene but not fluoranthene. The appropriate way to remove anthracene from contaminated soil in
this study was biostimulated with salicylic in combination with Triton X-100 without planting. The
removal of PAHs in this study may be caused by the activity of indigenous microorganisms.
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