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Abstract Root exudates (REs) of Scirpus triqueter were
extracted from the rhizosphere soil in this study. The com-
ponents in the REs were identified by GC-MS. Many or-
ganic acids, such as hexadecanoic acid, pentadecanoic ac-
id, vanillic acid, octadecanoic acid, citric acid, succinic
acid, glutaric acid, and so on, were found. Batch simulated
experiments were conducted to evaluate the impacts of
different organic acids, such as citric acid, artificial root
exudates (ARE), succinic acid, and glutaric acid in REs
of S. triqueter on desorption of pyrene (PYR) and lead
(Pb) in co-contaminated wetland soils. The desorption
amount of PYR and Pb increased with the rise in concen-
trations of organic acids in the range of 0-50 g-L ™", within
shaking time of 2-24 h. The desorption effects of PYR and
Pb in soils with various organic acids treatments decreased
in the following order: citric acid>ARE>succinic acid>
glutaric acid. The desorption rate of PYR and Pb was
higher in co-contaminated soil than in single pollution soil.
The impacts of organic acids in REs of S. trigueter on
bioavailability of PYR and Pb suggested that organic acids
enhanced the bioavailability of PYR and Pb in wetland
soil, and the bioavailability effects of organic acids gener-
ally followed the same order as that of desorption effects.
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Introduction

Soils always contain several contaminants that vary in con-
centration and composition, among all, organic chemicals
such as polycyclic aromatic hydrocarbons (PAHs) and heavy
metals are recognized as two major chemical families that
cause water and soil pollution (Xiao et al. 2013; Hechmi
etal. 2014). PAHs are by-products of the incomplete combus-
tion or pyrolysis of organic materials, and they are priority
organic pollutants in the environment (Gao and Zhu 2004).
Several PAHs are carcinogenic and mutagenic, posing threats
to human health (Gao and Zhu 2005). Soil contaminated with
PAHs as well as other nonionic organic contaminants (NOCs)
is of worldwide concerns (Patryk 2009). Heavy metals in soils
are receiving increasing attention due to their toxicological
importance in ecosystems (Huang et al. 2011). Heavy metals
can be introduced into and accumulate in soil through agricul-
tural application of sewage sludge and fertilizers, and through
land disposal of metal-contaminated municipal and industrial
wastes (Zhang and Dong 2008). The co-contamination of
heavy metals and organic pollutants in water, air, and soil
has become major environmental and human health concerns
worldwide, due to rapid industrialization and urbanization
(Pérez et al. 2010). Soil pollution by heavy metals and PAHs
has been accelerated in China during the past decade (Wang
et al. 2012a, b). Hence, it is critical to develop efficient and
cost-effective approaches to simultaneously remove multiple
contaminants from co-contaminated soils.

Plant roots can actively or passively release a variety of
organic compounds, referred to as root exudates (REs), which
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include carbohydrates, organic acids, and amino acids (Petra
et al. 2004). These REs may be an important resource for fast-
growing microbes, subsequently alter the composition of spe-
cies in the rhizosphere, and function in nutrient transforma-
tion, decomposition and the mineralization of organic sub-
stances, thus, these REs in the root zone or rhizosphere can
induce the biodegradation of contaminants (Yang et al. 2001).
Furthermore, some REs, such as citric acid, can increase the
availability of weathered persistent organic pollutants (POPs)
and PAHs in soils (Gao et al. 2010). The main effect of REs on
the remediation of heavy metals can be best explained in the
following two ways: (1) acidizing insoluble heavy metal frac-
tion in soil and (2) chelating and reducing heavy metals in soil
(Cunningham et al. 1996). Adsorption and desorption of
heavy metals are important chemical processes occurring in
the soil, the concentration of heavy metal ions in the soil is
often under the control of adsorption equilibrium, adsorption,
and desorption largely determines the bioavailability and dis-
tribution of heavy metals in solid and liquid phases (Chen
et al. 1999). Adsorption-desorption characteristics of heavy
metals in soil were affected by REs, fresh REs reduce the
adsorption of heavy metals in the soil and improve its diffu-
sion (Wu 1993). However, the desorption behavior was stud-
ied relatively less. Most desorption process was conducted
immediately after the completion of adsorption process. This
process is different from the desorption process alone.

Gao et al. (2010) found that the addition of artificial root
exudates (ARE) markedly influenced the desorption of phen-
anthrene and pyrene (PYR) in soils, and the effects depended
on ARE concentration, aging time, and soil properties, imply-
ing that REs conditionally promotes the release of PAHs and
REs, which in turn enhances the bioavailability of PAHs with
the effects varying with REs concentration in soil and aging
time. The positive effects of REs on the removal of heavy
metals from soils have been studied by Kim et al. (2010).
They found the accumulation of heavy metals in
Echinochloa crus-galli that cultivated with the REs was
two- to fourfold higher than that of the plants that were culti-
vated without the REs, and the bioconcentration factor (BF)
and translocation factor (TF) values of lead (Pb) were greater
when the REs were added. However, little is known about the
effects of REs on desorption of PAHs and heavy metals in co-
contaminated soils.

In this study, pyrene was used as a model of organic pol-
lutant because it represents a class of organic compounds,
PAHs, with carcinogenic potential that is present at many
Superfund sites (Gao et al. 2010). Pb is a heavy metal of great
concern in urban ecosystems because of its high toxicity to
animals and human health, so it was used as a model of heavy
metal pollutant. Scirpus triqueter is a dominant species in
wetland of Huangpu-Yangtze estuary. The plants used in
phytoremediation should be native to the area and should be
tolerant to local soil conditions, so S. triqueter was chosen as a

model plant. The main aims for the current investigation are
(1) to extract and identify the REs of S. triqueter from soil, (2)
to determine the effects of organic acids in REs of S. triqueter
on desorption of PYR and Pb in soil, and (3) to evaluate the
impacts of organic acids in REs of S. triqueter on bioavailabil-
ity of PYR and Pb in soil. The findings of this study may
prove to be useful in the assessment of PAHs and heavy
metal-related risks to human health and the environment.

Experiment
REs extraction

S. triqueter plant samples were taken from the Huangpu-
Yangtze estuary, and the rhizosphere soil of S. triqueter was
collected by using the direct collection method. REs of
S. triqueter were identified according to the method
described by Yang et al. (2014) and Zhang et al. (2007) with
minor modifications. First, S. trigueter plant samples were
taken out of their growing land, the taken plants should be
consistent in shape and height. Second, soils from 1 to
4 mm of the plant root surface were collected and placed in
a stopper container. Finally, the collected rhizosphere soil was
brought back to the laboratory to go further detection. The
rhizosphere soil of S. triqueter was dried and sieved
(0.4 mm) in the laboratory. Fifteen grams of rhizosphere soil
samples were placed in a stoppered 100-mL flask. Methyl
esterification continued for 12 h at 60 °C after adding 51 mL
of anhydrous methanol-concentrated sulfuric acid solution
(viv=10:7). After centrifugation (4000 rpm, 10 min), the es-
ters were extracted with 1 mL of saturated sodium chloride
solution, 20 mL of distilled water, and 5 mL of dichlorometh-
ane twice. The organic phase of the solution was extracted and
rotary evaporated till dryness at 40 °C, and the residue was
redissolved in 1 mL of dichloromethane. The solution was
passed through a 0.45-um filter for gas chromatography—mass
spectrometry (GC-MS) analysis.

Soil treatment

The experiment soils, previously free of contaminants, were
collected from the east campus of Shanghai University, China.
They are typical soils in east China. Components and proper-
ties of the soil used in the experiment are as follows: texture-
sand 32.20 %, silt 60.40 %, clay 7.40 %, organic matter
19.60 g'kg ', and pH 8.30. Soil samples were air-dried and
sieved (0.2 mm). Preparation of co-contaminated soil was
carried out as follows: Firstly, the Pb-contaminated soil was
prepared by completely mixing clean soils with
Pb(CH5COO),-3H,0 solution, then the soils were air-dried
at room temperature for a week. Secondly, PYR was initially
dissolved in acetone, and then PYR solution was mixed with
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above Pb-contaminated soils, the mixture was then ventilated
in a fume hood for 8 days to stabilize the contaminated soil.
The contaminated soils have a final concentration of 50 and
250 mgkg ' of PYR and Pb in mixed contaminated soil,
respectively. These concentrations were chosen according to
the PAHs and heavy metals contamination levels generally
found in soils around the world (Zhao et al. 2014). The soil
water content was adjusted to 30 % of the soil water holding

capacity.

Desorption of PYR and Pb in soil

Batch experiments were conducted to measure PYR and Pb
released from soils. Citric acid, succinic acid, glutaric acid,
and ARE solutions (10 mL, 0-50 g-L™") were mixed with
1 g of contaminated soil (PYR-contaminated soil, Pb-
contaminated soil, and PYR and Pb co-contaminated soil) in
25 mL centrifuge tubes. The tubes were shaken in the dark at
200 rpm on a gyratory shaker to reach equilibrium (36 h).
After centrifugation (4000 rpm, 10 min), 3 mL aliquots of
solution were taken out and mixed with 7 mL of methanol
(HPLC grade). The mixture was filtered through a 0.22-um
filter, and the concentrations of PYR were determined by
HPLC. Another 2 mL aliquots of solution were taken out
and diluted to 25 mL with 0.5 M nitrate to analyze Pb con-
centrations. The concentrations of Pb were measured by ICP-
AAS. Losses such as photochemical decomposition, volatili-
zation, and sorption onto tubes were negligible.

Bioavailability of PYR and Pb in wetland soil

PYR and Pb co-contaminated soil (20 g) was filled into amber
glass microcosms similar to those reported previously
(Macleod and Semple 2003). Organic acid solutions (citric
acid, succinic acid, glutaric acid, and ARE) with concentra-
tions of 0, 1, 5, 10, 20, 40, and 50 g-kg{1 were added, respec-
tively. Three replicates were prepared for each treatment. Soil
water content was adjusted to 30 % of the soil water holding
capacity. Amber glass microcosms were sealed and incubated
at 25 °C for 30 days. Soil was then sampled and PYR was
extracted. An n-butanol extraction technique for the measure
of the bioavailability of PYR was tested (Liste and Alexander
2002). Briefly, PYR and Pb co-contaminated soil from each
microcosm was freeze-dried and sieved. Two grams of soil for
each treatment were placed in a 30-mL glass centrifuge tube,
10 mL of 100 % n-butanol were added, and the tube cap was
screwed on tightly. Next, the samples were incubated in an
ultrasonic bath for 60 min. After centrifugation (4000 rpm,
10 min), the solvent (5 mL) was collected and concentrated
to near dryness in a rotary evaporator at 70 °C, and the extract
was then resuspended in methanol to a final volume of 2 mL.
After filtered through a 0.22-um filter, the concentration of
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PYR was measured by high-performance liquid chromatogra-
phy (HPLC).

Acid-extractable fraction of Pb (bioavailability fraction)
was extracted from soil in the following three steps: First,
add 40 mL 0.11 mol-L™" acetic acid to 1 g of PYR and Pb
co-contaminated soil. Second, shake the mixed solution for
16 h at 20+2 °C. Third, centrifugate the mixed solution at
4000 rpm for 20 min. Finally, decante the supernatant liquid
into a polyethylene container and analyze it by ICP-AAS (Zhu
et al. 2010).

Chemical analysis

Analysis of the REs of S. triqueter was performed on Agilent
7890GC-5975MS, which was fitted with a manual injector.
Compounds were separated on HP-5 (30 mx0.25 mmx
0.25 um) silica capillary column. Samples (2 uL) were
injected in the splitless mode. The temperature at injector
was 280 °C, the temperature at ion-source was 200 °C, and
the temperature at detector was 250 °C. Helium was used as
carrier gas at a velocity of I mL-min~'. The temperature pro-
gram used was as follows: started at 40 °C, held for 2 min;
increased to 100 °C at 5 °C-min ', held for 1 min; then rose to
280 °C at 15 °C'min ', held for 8 min; finally dropped to
240 °C at 2.5 °C'min”". The scan mode was full at m/z 29—
400.

The desorption and bioavailability amount of PYR were
analyzed by HPLC (LC-20A), the HPLC system was fitted
with a UV detector and a 4.6x250 mm reverse phase Cig
column, using methanol as the mobile phase, at a flow rate
of 1 mL'min"' (40 °C). The wavelength of the UV detector
was 245 nm for PYR. The sample solution (20 pL) was
injected into the HPLC system by an autosampler. The con-
centration of Pb was measured by ICP-AAS.

Statistical analysis

All data were processed using Microsoft Excel and SPSS
17.0. PYR and Pb concentrations of each fraction were tested
for differences using p<0.05 unless otherwise indicated. One-
way analysis of variance followed by Duncan’s multiple range
test is used to compare the mean value.

Results and discussion
Identification of the REs from Scirpus triqueter

GC-MS results showed that the REs mainly contained 27
kinds of compounds (Fig. 1 and Table 1). The majority were
organic acids including hexadecanoic acid, pentadecanoic ac-
id, vanillic acid, octadecanoic acid, citric acid, o-phthalic acid,
2-ketoglutaric acid, p-phthalic acid, myristic acid, oleic acid,



Environ Sci Pollut Res (2015) 22:17780-17788

17783

Fig. 1 Gas chromatograph charts
of the root exudates of Scirpus
triqueter

succinic acid, decanoic acid, crotonic acid, glutaric acid,
propanedioic acid, benzoic acid, 2-methyl butyric acid, and
octanoic acid. Zou et al. (2013) verified that the existence of
hexadecanoic acid in rhizosphere soil of S. frigueter has an

Table 1 GC-MS identification of the main substances in the root exudates of Scirpus triqueter
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effect on the composition of the microbial community of
diesel-spiked simulated wetland.

As a complexing agent and a chelating agent, citric acid
forms soluble complexes with the metals in the soil,

Peak tr (min) Chemical name M.F MW Amount (%)
1 8.806 2-methyl butyric acid CsH;00, 102 0.04
2 9.172 Propanedioic acid C5H40,4 104 0.05
3 10.793 Pentanoic acid, 4-oxo CsHgOs 116 2.56
4 11.935 Succinic acid C4HeO4 118 0.39
5 13.664 Benzoic acid C,HgO, 122 0.04
6 14.454 Octanoic acid CgH;60, 144 0.03
7 14.906 Glutaric acid CsHgO, 132 0.15
8 17.198 2-ketoglutaric acid CsHgOs 146 0.88
9 18.571 Crotonic acid C4HeO, 86 0.23
10 18.623 Decanoic acid C1oH200, 172 0.28
11 19.598 S-tetradecene C4Hog 196 0.26
12 20.116 o-phthalic acid CgHgO4 166 1.02
13 20.209 Citric acid CeHgO5 192 1.08
14 20.618 p-phthalic acid CgHgO4 166 0.65
15 20.783 Vanillic acid CgHgO4 168 2.63
16 21418 a-amino-3-hydroxy-4-methoxyacetophenone CoH;;NO; 181 2.75
17 22.488 Myristic acid Cy4Ho530, 228 0.63
18 22.858 Benzoic acid, 4-hydroxy-3,5-dimethoxy-, hydrazide CoH;,N>04 212 2.06
19 22.968 Pentadecanoic acid C5H300, 242 2.66
20 23.235 Tetradecanoic acid, 12-methyl-, C,5H300, 242 1.83
21 23.950 Hexadecanoic acid C16H3,0, 256 6.56
22 24.183 phen-1,4-diol, 2,3-dimethyl-5-trifluoromethyl- CoHyF50, 203 2.49
23 24.408 1-hexadecanol, 2-methyl- C7H360 256 1.98
24 25.236 Octadecanoic acid C3H360, 284 1.41
25 25393 Oleic acid CigH340, 282 0.61
26 26.686 9-octadecenamide C,gH35NO 281 9.61
27 27.965 1-hexacosene Cy6Hso 364 1.01
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constitutes an easily accessible carbon source for soil micro-
organisms, and further reduces the toxic effect of metals on
plant (Arwidsson et al. 2010). Stearic acid and myristic acid
are mainly used as raw materials for production of surfactants.

REs of different plants may contain many different kinds of
compounds. Several compounds in rice REs named 5-
hydroxy-2-indolecarboxylic acid, 5-hydroxyindole-3-acetic
acid, mercaptoacetic acid, 4-hydroxyphenylacetic acid, and
4-vinylphenol were identified by Seal et al. (2004). Twenty-
nine kinds of compounds from the roots of Flaveria bidentis
were identified by Yang et al. (2014), including esters, hydro-
carbons, ketones, thiazole, amines, etc. Zhang et al. (2007)
found that the REs of apple seedlings mainly contained organ-
ic acids, glycol, esters, and phenol derivatives, peach REs
contained phenolic acids and phenol derivatives in addition
to two unidentified compounds, and REs of jujube did not
contain any phenolic acids. Several organic acids in the REs
of watermelon such as oxalic acid, malic acid, and citric acid
were identified by Ling et al. (2011). Citric acid is also
contained in REs of S. trigueter in this study. The REs of
S. triqueter also contained hydrocarbons, amino acids, and
some unidentified compounds. Among the organic acids in
REs of S. trigueter, only several of them were soluble in water,
mainly including citric acid, succinic acid, and glutaric acid.
So, in this study, the three organic acids and ARE, made by

Fig. 2 Comparison of the
impacts of different concentration
of organic acids and ARE on the
desorption amount of pyrene and
Pb from test soils shaking 36 h. a
Desorption amount of pyrene in
pyrene single pollution soil. b
Desorption amount of Pb in Pb

o

(mg/kg)

65 % citric acid, 25 % succinic acid, and 10 % glutaric acid
according to the rough proportion in Table 1, were chosen to
be studied further.

Effects of organic acids on the desorption of PYR and Pb
Organic acids and concentrations

In this experiment, the desorption amount of PYR and Pb in
soils by ARE and organic acids was compared. The desorp-
tion amounts of PYR and Pb from each soil type in the pres-
ence of citric acid, succinic acid, glutaric acid, and ARE, at
concentrations of 0~50 g-L ™" with shaking for 36 h, are shown
in Fig. 2.

Although PYR and Pb desorption amount increased in all
soils with increased concentrations of these substances, the
increment of PYR and Pb desorption was always higher with
the addition of citric acid than ARE, succinic acid, and glutaric
acid of the same concentration. For example, in PYR and Pb
co-contaminated soil, the desorption amounts of PYR and Pb
were 25.09 and 215.80 mg-kg ' with citric acid at 50 gL ™. At
the same concentration, the desorption amounts of PYR and
Pb by ARE, succinic acid, and glutaric acid were 23.74 and
152.30 mg'kg ', 22.32 and 80.28 mg-kg ', and 20.94 and
60.07 mg-kg ', respectively, which is 5.38 and 29.40 %,
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11.00 and 62.80 %, and 16.60 and 72.20 % lower, respective-
ly, than that of citric acid. The same trend was found in single
pollution soil. The enhancement of the desorption amounts of
PYR and Pb in soil with various organic acids treatments
decreased in the following order: citric acid>ARE>succinic
acid>glutaric acid. Citric acid enhanced PAHs and heavy
metals desorption to a more significant extent than other acids,
which might be a result of their chemical structures; citric acid
is a ternary organic acid, and it has a stronger desorption effect
than other acids (Gerhardt et al. 2009).

In PYR and Pb single pollution soil, the desorption
amounts were 16.56-23.75 mgkg ' for PYR and 9.18—
180.20 mg'kg ™" for Pb, and desorption rates of PYR and Pb
were 33.10-47.50 % and 3.67-72.10 %, respectively.
However, in PYR and Pb co-contaminated soil, the desorption
amounts were 17.02-25.09 mg-kg ' for PYR and 3.99—
215.80 mg-kg ' for Pb, and desorption rates of PYR and Pb
were 34.00-50.20 % and 1.60-86.30 %, respectively. The
desorption rate is defined as the desorption amount of pollut-
ant divided by the original contaminant amount in soil. Wang
et al. (2012a, b) revealed that removal rate of PYR decreased
at the elevated Cd level (6.38 mg-kg ') in the soil planted with
hyperaccumulator plant Sedum alfredii. In this study, the de-
sorption amount of PYR slightly increased under high level of
Pb (250 mg'kg "), and the desorption amount of Pb was also

Fig. 3 Comparison of the
impacts of different shaking time
on the desorption amount of
pyrene and Pb from test soils with
organic acids concentration of
50 g'L". a Desorption amount of
pyrene in pyrene single pollution
soil. b Desorption amount of Pb
in Pb single pollution soil. ¢
Desorption amount of pyrene in
pyrene and Pb co-contaminated

o

25 -

(mg/kg)

increased under low level of PYR (50 mg-kg ). Therefore, an
interactive effect of heavy metals and organic pollutants on
contaminants removal from co-contaminated soil can either
cause a negative or positive effect depending on the type
and concentration of both PAHs and metals (Zhang et al.
2012). Cachada et al. (2012) confirmed PAHs and
polychlorinated biphenyls (PCBs) were associated with an-
thropogenic toxic elements such as Cu, Pb, Zn, and Hg, espe-
cially between PAHs and Pb, with correlations higher than
0.767 (p<0.01), and this may explain why Pb and PYR could
make each other desorbed from soils and utilized by plants
more easily.

Shaking time

Effects of shaking time on PYR and Pb desorption in the
presence of organic acids or ARE at concentration of 50 g-
L' are shown in Fig. 3. In this study, shaking time ranges
from 2 to 36 h enhanced the desorption amount of PYR and
Pb, and a shaking time of 36 h had the greatest desorption
amount for PYR and Pb. For example, in PYR and Pb single
pollution soil, only 15.22 and 0.58 mg'kg ' of PYR and Pb
were desorbed by citric acid (50 g'L ") at a shaking time of
0 h, whereas 23.75 and 180.20 mg-kg ' were desorbed by
citric acid (50 g'L™") at a shaking time of 36 h, respectively.
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Fig. 4 Concentration of
extractable pyrene and Pb in
pyrene and Pb co-contaminated
soil as a function of increasing
concentration of organic acids in

25

20

root exudates of Scirpus triqueter 2
after a 30-day incubation. Error g Is
bars represent the standard
deviations

10

80

60

40

(mg/kg)

20

Acid-extractable amount of Pb

N-butanol extractable amount of pyrene

Concentration of acid (g/kg)

—a— citric acid

—a— succinic acid

The desorption rates of PYR and Pb in single pollution soil
were 30.10-31.20 % for PYR and 0.21-0.27 % for Pb at a
shaking time of 0 h, compared to 40.00-47.50 % for PYR and
24.20-72.10 % for Pb at a shaking time of 36 h. In single
pollution soil, the desorption rates of PYR and Pb increased
9.22-17.10 % and 24.00-71.90 %, respectively. The desorp-
tion rates of PYR and Pb in co-contaminated soil were 32.10—
33.20 % for PYR and 0.16-0.22 % for Pb at a shaking time of
0 h, compared to 36.60—45.90 % and 24.70-85.20 %, respec-
tively, at a shaking time of 36 h. In co-contaminated soil, the
desorption rates of PYR and Pb increased by 3.75-13.50 %
and 24.50-85.00 %, respectively, compared with the single
pollution soil. In single pollution soil, PYR and Pb desorption
rates peaked at 47.50 and 72.10 %, while in co-contaminated
soil, PYR and Pb desorption rates peaked at 45.90 and
85.20 %. Thus, shaking time had a strong effect on PAHs
and heavy metals desorption, the desorption effect of organic
acids and ARE increased with increasing shaking time.

Bioavailability of PYR and Pb

Figure 4 shows the concentrations of bioavailable fraction of
PYR and Pb as a function of amounts of organic acids added
in soil after 30 days of incubation. The addition of organic
acids enhanced the bioavailability of PYR and Pb in soil irre-
spective of the different organic acids, and the concentrations
of bioavailable PYR and Pb in soil with organic acids were
significantly higher than those in control soil (without organic
acids). Additionally, the bioavailable amount of PYR and Pb
increased with increasing organic acids concentrations in
soils. For instance, the bioavailable concentrations of PYR
and Pb in control soil after 30 days were 14.46 and
12.62 mg'kg ', respectively. By contrast, the bioavailable
concentrations of PYR in soil increased to 15.91, 17.91,
21.07, 22.71, 23.39, and 23.44 mg'kg ' with increasing
amounts of citric acid (1, 5, 10, 20, 40, and 50 g'kg ", respec-
tively), and the bioavailable concentrations in soil of Pb in-
creased to 34.23, 51.89, 61.04, 66.50, 71.93, and 73.15 mg:
kgf1 with increasing amounts of citric acid (1, 5, 10, 20, 40,
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and 50 g'kg !, respectively). This suggests that organic acids
enhanced the bioavailability of PYR and Pb in soil, and that
addition of organic acids resulted in enhancement of bioavail-
ability of PYR and Pb.

As seen in Fig. 4., the improvement of the bioavailability of
PYR and Pb in soil by adding organic acids generally de-
creased in the following order: citric acid> ARE>succinic ac-
id>glutaric acid, which is similar to the results reported by
Ling et al. (2009). They found that the bioavailability of phen-
anthrene and PYR in soil increased with increasing amount of
citric and oxalic acid, and the addition of citric acid enhanced
the bioavailability of phenanthrene and PYR greater than
oxalic acid. The studies on the correlations between the bio-
available fraction of Pb and organic acids (citric acid, ARE,
succinic acid, and glutaric acid) indicated that the contents of
low molecular weight organic acids (LMWOAs) were posi-
tively correlated to the bioavailable fraction of heavy metals,
which showed LMWOAs addition could improve the bio-
availability of heavy metal (Zhu et al. 2010). The effect of
RESs on the dissipation of organic chemicals is not just a gen-
eral increase in the mass, group, and activity of microorgan-
isms, but rather improves their bioavailabilities in soil envi-
ronment (Sun et al. 2012). Unfortunately, current studies just
focus on the effects of REs from common species or ARE on
desorption of contaminants, not really related to a certain kind
of plant species.

Conclusions

In this study, the REs of S. trigueter were extracted, isolated,
and identified from soil. Results presented here show that the
REs of S. trigueter included many organic acids and other
kinds of compounds, including 18 kinds of organic acids,
several kinds of hydrocarbons, amino acids, and unidentified
compounds. Typical water-soluble organic acids were citric
acid, succinic acid, and glutaric acid.

The desorption amount of PYR and Pb increased with the
increase of organic acids and ARE concentration (0-50 g
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L"). With the extension of shaking time from 0 to 36 h, PYR
and Pb desorption amount increased. PYR and Pb desorption
rates were higher in PYR and Pb co-contaminated soil than
PYR and Pb single pollution soil. Organic acids enhanced the
bioavailability of PYR and Pb in soil, and larger amounts of
organic acids resulted in further enhancement of PYR and Pb
bioavailability. The desorption and bioavailability effects of
PYR and Pb in soils with various organic acids treatments
decreased in the following order: citric acid>ARE>succinic
acid>glutaric acid.

In this study, the clearly positive effects of organic acid,
such as citric acid, ARE, succinic acid, and glutaric acid on
availabilities of PAHs and heavy metals, provide a new meth-
od to enhance the remediation efficiency of co-contaminated
wetland soil by LMWOASs addition.
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