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Abstract: Silicon (Si) has been recently reconsidered as a beneficial element due to its direct roles
in stimulating the growth of many plant species and alleviating metal toxicity. This study aimed
at validating the potential of an aquatic macrophyte Eleocharis acicularis for simultaneous removal
of heavy metals from aqueous solutions under different dissolved Si. The laboratory experiments
designed for determining the removal efficiencies of heavy metals were conducted in the absence or
presence of Si on a time scale up to 21 days. Eleocharis acicularis was transplanted into the solutions
containing 0.5 mg L~! of indium (In), gallium (Ga), silver (Ag), thallium (TI), copper (Cu), zinc
(Zn), cadmium (Cd), and lead (Pb) with various Si concentrations from 0 to 4.0 mg L. The results
revealed that the increase of dissolved Si concentrations enhanced removal efficiencies of E. acicularis
for Ga, Cu, Zn, Cd, and Pb, while this increase did not show a clear effect for In, Tl, and Ag. Our
study presented a notable example of combining E. acicularis with dissolved Si for more efficient
removals of Cu, Zn, Cd, Pb, and Ga from aqueous solutions. The findings are applicable to develop
phytoremediation or phytomining strategy for contaminated environment.
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1. Introduction

Silicon (Si) is the second most abundant element in soil after oxygen. Almost all terrestrial plants
contain Si in their tissues, although the content of Si varies considerably across species, ranging from
0.1% to 10% Si on a dry weight (wt) basis [1]. Monocots usually accumulate more Si than dicots [2].
Silicon has recently been reconsidered as a beneficial element for higher plants [3], because of its
roles in various bio-physio-mechanical functions [4,5]. Recent studies reported that the application of
Si or fast-reacting silicates can not only enhance crop yield [6] but also stimulate the tolerance and
accumulation of heavy metals [7-9]. This has encouraged more work on the combination of plant
selection and Si application for more efficient heavy metal removal to develop phytoremediation or
phytomining techniques.

Phytoremediation and phytomining or agromining [10] have emerged as cost-effective,
long-lasting, and environment-friendly technologies for the treatment of water contaminated with
heavy metals [11,12] and for the economic exploitation of low-grade surface ores or mineralized soils
that are too metal-poor for conventional mining [13,14], respectively. The economic return from heavy
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metal phytoextractions could turn out to be an additional source of finance for the phytoremediation
process. Therefore, phytoremediation, in combination with phytomining, appears to be a strategy for
ensuring the commercialization of these technologies. Previous studies have attempted to enhance
these technologies in both laboratory and field trials [15-17]. However, while Si is one of the most
common elements in soil solution, its presence in and impact on the effectiveness of phytoremediation
and phytomining has not been systematically studied.

Eleocharis is a member of the Cyperaceae family—monocots—which is widely known as an
accumulator of Si [18]. The aquatic macrophyte Eleocharis acicularis (L.) Roem. et Schult. var. longiseta
Svenson is an emergent herbaceous perennial with a worldwide distribution [19]. This species has
been reported to accumulate multiple metals from mine drainage, water, and sediment, and shows a
great potential for phytoremediation [12,20-26]. However, currently, there is no available information
regarding the simultaneous accumulation of rare metals (i.e., gallium (Ga) and thallium (T1)) in
E. acicularis. Despite the fact that an application of materials containing easy-soluble Si together with
E. acicularis showed great effects on increasing the accumulation of chromate (Cr), zinc (Zn), arsenic
(As), and cadmium (Cd) [24,27], there have also been contrasting observations in which evidence on
the relation between the concentration of dissolved Si in the solution and the removal of heavy metals
by E. acicularis was not confirmed [25]. This suggests that more works on the accumulation of heavy
metals in E. acicularis under the presence of different levels of Si are necessary.

In this study, E. acicularis was planted in pot experiments, with various levels of Si concentrations.
Heavy metals (i.e., indium (In), Ga, silver (Ag), T1, copper (Cu), Zn, Cd, and lead (Pb)) were introduced
together and their concentrations from aqueous solutions to plants were examined on a time scale
of up to 21 days. We aimed to clarify the effects of dissolved Si on either favoring or inhibiting
the accumulation of heavy metals by E. acicularis. The findings of this study can help to establish
phytoremediation and phytomining practices based on the combined utilization of E. acicularis and
dissolved Si to remediate contaminated environments.

2. Materials and Methods

2.1. Plant and Solution Preparation

Nitrate salt solutions of In, Ag, Ga, Tl, Cu, Zn, Cd, and Pb (standard solutions for atomic
absorption spectrometry; Kanto Chemical Co. Inc., Japan) were simultaneously added to the tanks until
a concentration of 0.5 mg L1 of each solution was achieved. The desired level of metals (0.5 mg L
was selected based on our previous study on the possible capacity of E. acicularis to simultaneously
remove heavy metals from solutions [12]. Silicon (standard solutions of (NH4),SiFs; Merck Corporation)
was also added to these tanks until final concentrations of 0, 0.5, 1.0, or 4.0 mg L~! were achieved.
A minor amount of 1 M NaOH solution was added to adjust the pH of the final solutions to 5.5.

Eleocharis acicularis, which were about 20 cm high, were collected from a clump in an agricultural
irrigation ditch in Northwestern Shikoku, Japan for pot experiments. The plant was washed thoroughly
with tap water followed by Milli-Q water and placed into 20 L experimental tanks (20 X 40 x 25 cm?)
filled with 15 L of solutions. The plant (85 g of fresh weight) was transplanted in the tanks containing
the desired levels of mixed heavy metals (In, Ag, Ga, Tl, Cu, Zn, Cd, and Pb) and Si and held at the
bottom of the tank by hard plastic net fix-aided tools. The same amount of the plant was also grown in
a tank, without the addition of heavy metals or Si as the plant control. For the metal control, the same
Si and metal concentrations were generated, but no plant was transplanted. All experiments were
conducted in duplicate. The tanks were placed in a greenhouse with a controlled ambient condition:
exposure of white fluorescent light was set up at 54 pumol m~2 s~ for 16 h per day, and the ambient
temperature was constantly kept at 24 + 1 °C during the experiment.
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2.2. Sampling and Analysis

To identify removal efficiencies of heavy metals from aqueous solutions to plants, from each pot
experiment, 10 mL of aliquot was sampled after 8 h, 1 day, 2 days and 3 days, and then every 2 days
until 21 days. To examine the chemical composition of the plant samples and accumulation of heavy
metals, the original E. acicularis plant sample and those harvested from pot experiments after 21 days
were separated into the root and shoot parts, well rinsed with deionized water by using an ultrasonic
cleaner and dried in a ventilated oven at 80 °C for 48 h. The dried samples were ground into a fine
powder using a mortar mill. Silicon concentrations in the plant were determined by particle-induced
X-ray emission (PIXE) at the Cyclotron Research Center, Iwate Medical University, Japan. In addition,
plant samples (50 mg) of each sample were digested with HyO,, HF, HNO3 mixture (2:5:10, v/v).
Soluble heavy metals in water and plant were determined by ICP-MS (Varian 810/820-MS) at the
Integrated Center for Sciences, Ehime University, Japan. Certified reference materials NIES CRM No. 1
provided by the National Institute for Environmental Studies (NIES) of Japan and SRM 1643e provided
by the U.S. National Institute of Standards Technology were used for quality control of the analytical
procedure of plant and water samples, respectively. The recoveries of elements ranged from 91% to
105% of the certified values. All analytical measurements were performed in at least triplicates and
approximately 96% of the results fall within a 3% error margin.

2.3. Bioconcentration Factor

Bioconcentration factor (BCF) is used to estimate the potential of a plant for phytoremediation
and calculated with the following Equation:

CWhole plant

BCF = 1)

CWater
where, Cyiole piant and Cwater Were the concentrations of heavy metals in the whole plant of E. acicularis
and those of the growing solution, respectively. The concentrations of heavy metals in the solutions
at the start of the experiment were used to calculate the Cyyter values. The Cyypoie plant values were
calculated by average concentrations in the roots and the shoots at the end of the experiment.

2.4. Statistical Analysis

SPSS 15.0 software was used for all statistical analysis. All data were fitted with a
Kolmogorov-Smirnov one-sample test. An independent t-test (Student’s t-test) was used to analyze
significant differences in concentrations of heavy metals between root and shoot parts. Significant
differences on the concentrations of Si and heavy metals in the roots and shoots, shoot/root ratios,
and BCF values among different treatments were evaluated using one-way ANOVA followed by
Tukey’s post hoc test at level p < 0.05. Pearson product moment correlation coefficient (r) was used
to express possible relationships of quantitative variables. Since E. acicularis was exposed to various
heavy metals together, principal component analysis (PCA) enabled us to identify possible correlations
(supportive or competitive) between heavy metals.

3. Results

3.1. Kinetic Removal of Heavy Metals from Aqueous Solutions

In a time sequence up to 21 days, the concentrations of heavy metals within the control tanks
showed a gradual increase (1.14 + 0.11% day~!) as a result of combined effects of water evaporation
and metal precipitation [28]. Accordingly, all the concentration data presented in this study were
recalculated to eliminate these effects.

The removal efficiencies of heavy metals from aqueous solutions in the absence or presence of dissolved
Si as a function of time are described in Figure 1. It is obvious that heavy metals were removed at different
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efficiencies and levels, and Si showed a clear effect as an enhancer for metal removal by E. acicularis. In the
absence of Si, E. acicularis did not show clear responses for Cu, Zn, Cd, T1, and Ga, while it showed high
accumulation rates for Pb, Ag, and In. After 21 days, the concentrations of Pb, Ag, and In decreased from
500 to 288, 0, and 97 ng L1, respectively. The removal efficiencies of these heavy metals by E. acicularis were
in the following order: Ag > In > Pb > Tl > Ga > Cu > Zn > Cd. In the presence of Si, the acceleration of
heavy metal accumulation was observed at different efficiencies and levels. While increasing concentration
of Si up to 4.0 mg L! resulted in severe decreases in the concentrations of Cu, Zn, Pb, Cd, and Ga, only
small decreases in the concentration of Ag, In, and TI, over the whole time span of the empirical experiment
(21 days) were observed. In the presence of Si at 4 mg L™}, most of the heavy metals were transferred from
aqueous solution to the plant within 21 days, indicating a high potential of E. acicularis for heavy metal
removal when it is coupled with a Si amendment.
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Figure 1. Removal efficiencies of Cu (a), Zn (b), Pb (c), Cd (d), Ag (e), Tl (f), Ga (g), and In (h) from
aqueous solutions by E. acicularis as functions of time and dissolved Si concentration.
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3.2. Accumulation of Si and Heavy Metals in E. acicularis

There was almost no change in biomass including the root and shoot parts, over the 21 days,
although the growth of some new shoots and roots of E. acicularis were observed. However, changes in
the color of approximately 20%-30% of the plant shoots from green to yellowish brown were most
obvious for all experiments with or without the presence of Si. The extent of chlorosis was more severe
in plants grown at 4.0 mg Si L™! than at other Si concentrations.

Table 1 shows the concentrations of Si and heavy metals in the roots and shoots under the absence
and presence of Si at different concentrations. With an increase in the Si concentration of the growing
solution from 0 to 4 mg L1, corresponding increases of Si contents, from 1.28% to 1.54% and 4.33% to
5.22% were observed in roots and shoots, respectively. Significantly higher concentrations of Si were
observed in the shoots than in the roots (p < 0.001), reflecting the ability of E. acicularis to transport Si
from the roots to the shoots. Along with the decreasing concentrations of Si and heavy metals in the
aqueous solutions, their accumulation in the roots and shoots were found at different efficiencies and
levels. The concentrations of heavy metals (Cu, Zn, Cd, Pb, Ag, and Ga) in both the roots and shoots of
the plant, correlated with the concentration of Si (r (32) = 0.69, p < 0.05). This indicated that dissolved Si
had a strong effect in facilitating the accumulation of heavy metals in the roots and translocation to the
shoots. However, there was no correlation between the concentrations of Tl and Si in the plant. It was
likely that TI translocated from the root to the shoot parts at higher efficiencies compared to other
metals. After 21 days, the relative contents of Tl in the shoot parts ranged from 55% to 80%, while those
of Cu, Zn, Pb, Cd, Ag, Ga, and In were only 47%, 65%, 59%, 63%, 64%, 30%, and 35%, respectively.

Table 1. Concentrations of Si and heavy metals (mg kg_1 dry wt) in the roots and shoots of E. acicularis
before (initial) and after 21 days of the experiment.

Treatments Si In Ga Ag T1 Cu Zn Cd Pb
Root
Initial 12,700* 0.022* 0.791* 0.387¢ 0.191* 17.0? 57.9P 1.30% 3.94%

Final OmgSiL™!)  12,800° 1020° 314>  11.6® 621° 136>  629° 134>  407°
Final (0.5 mgSiL™') 13,100 1030° 348>  19.3¢ 393> 138> 4422 143>  419°
Final (1.0mgSiL™!) 13,800 1080¢ 352> 227 388> 148> 504%P 147°  470°
Final (4.0 mgSiL™!) 15400° 538>  886¢ 6849 1174 945¢ 5714 492¢  6p3d

Shoot
Initial 43,400° 0.020° 0.645* 0.059° 0.191* 9958 743> 08072 228

Final OmgSiL™")  43,300% 544¢ 123> 22.0°  246°  121P¢  112¢  232°¢  449P
Final (0.5 mgSiL™")  44,700°  489¢ 149 126>  141P 103> 5722 185P  43gP
Final (1.0 mgSiL™')  45400° 481¢ 139> 3524 117P 123¢  92.1bc 21.9¢  424b
Final (4.0 mgSiL™") 52,2009 239° 340¢ 111¢ 146 7434 10104 8494  937¢

Values followed by different letters in the same column (root and shoot) are significantly different (One-way ANOVA,
Tukey HSD, p < 0.05, N = 38).

The shoot/root ratios of Si, Ga, Cu, and Zn showed no significant differences in the entire Si range
from 0 to 4.0 mg L~! (Table 2, p < 0.05), indicating that the addition of Si did not affect the transport
of these metals from the roots to the shoots. The shoot/root ratios after the addition of Si at 1.0 and
4.0 mg L~! showed no significant difference, compared with those to which no Si was added (Table 2).
In addition, we found significantly higher shoot/root ratios for Pb at the concentration of 4.0 mg Si L'
in comparison with those at other Si levels. In contrast, the addition of Si at all levels inhibited the
transport of In from the roots to the shoots.

Bioconcentration factor values of In, Ga, Ag, Tl, Cu, Zn, Cd, and Pb in this study were higher than
100 (Table 3) [12] which indicates that E. acicularis is a good accumulator of these heavy metals. The
BCF values for E. acicularis for Ga, Ag, Cu, Zn, Cd, and Pb were significantly higher at 4.0 mg Si L
than at other Si concentrations (p < 0.05). In contrast, the addition of 4.0 mg Si L~! significantly reduced
the removal of In from the solution by E. acicularis (p < 0.001) (Table 3).
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Table 2. The shoot/root ratios of E. acicularis after 21 d of the experiment

Initial Si Concentrations in Aqueous Solutions (mg L~1)

Heavy Metals
0 0.5 1.0 4.0
Si 3.392 3.402 3.292 3.392
In 0.54P 0.482 0.45% 0.442
Ga 0.39% 0.38% 0.40? 0.382
Ag 1.90° 0.792 1.55P 1.62°
Tl 3.96° 2.85° 3.01° 1.25%
Cu 0.892 0.752 0.832 0.792
Zn 1.772 1.672 1.83% 1.772
Cd 1.73° 130 1.49%P 1.73°
Pb 1112 0.922 0.90° 1.41P
Values followed by different letters in the same row are significantly different (One-way ANOVA, Tukey HSD,
p <0.05,N = 38).

Table 3. Bioconcentration factors of E. acicularis after 21 days of the experiment

Initial Si Concentrations in Aqueous Solutions (mg L~1)

Heavy Metals
0 0.5 1.0 4.0
In 1560 P 1520 1560 P 777 @
Ga 4372 497b 491b 1230 ¢
Ag 342 322 58 b 179 ¢
Tl 308 P 1812 156 2 264 P
Cu 257 ab 2412 271b 1690 ©
Zn 174 ¢ 1012 142 b 1580 4
cd 37b 332 37b 1340 ¢
Pb 856 2 8572 894 2 1600 P
Values followed by different letters in the same row are significantly different (One-way ANOVA, Tukey HSD,
p <0.05,N = 38).

3.3. Relation of Metal Removal by PCA Analysis

The PCA indicated the differentiation of removed heavy metals in the presence of Si at different
levels (Figure 2). Herein, the first two principal components (PC1 and PC2) showed their different
levels of association, in which PC1 explained at least 74% of the total variance. These similar loadings
into PC1 mean that the heavy metals likely shared the same removal mechanism. For all experiments
with or without the presence of Si, all heavy metals showed positive effects with the first PC, and the
differentiations were closely associated with the time points of the time span within 3 days. This
demonstrates that differences in the removal efficiencies can most probably be detected in the first
3 days. In the absence of Si, the association of Ag, T1, Zn, Pb, In, and Cu was well recognized, indicating
a similar removal mechanism for these heavy metals or at least that they were not opposed to the
others. In contrast, Cd and Ga did not show associations with other heavy metals (Figure 2a). This
implies that the removal of these two metals might be inhibited by the presence of other presenting
metals or controlled by other removal mechanisms. The presence of Si tends to enhance the association
of Ga and Cd with other heavy metals (Figure 2b—d), suggesting a possible role of Si to favor Cd and Ga
removal from solutions and accumulation in the plant. At the concentration of 4.0 mg Si L1, a cluster
of Pb, Ag, and In can be seen, which demonstrates similar trends for these metals.
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Figure 2. Score plots of principal component 1 (PC1) versus PC2 indicating the differentiation of
removal efficiencies of heavy metals.

4. Discussion

4.1. Combined Effects of E. acicularis and Dissolved Si on the Removal of Heavy Metals

Macrophyte E. acicularis was widely reported as a potential species to be transplanted into soil
and water environments to remove various heavy metals [12,22,23,25,27]. Positive responses were
observed when it was "coupled" with a dissolved Si application. In this study, the highest content
of Siin E. acicularis was 5.2% (dry wt) (Table 1). Therefore, E. acicularis is a Si accumulator because
the plant accumulated more than 1% Si in its dry leaf matter [1]. This finding is consistent with that
reported by Ha et al. [20]. Silicon in the form of monosilicic acid can be assimilated and transported
to different parts of the plant and eventually precipitated throughout inter- and intracellular spaces.
Two transporters (Lsil and Lsi2) might be responsible for the removal of Si from solutions cross
root cell membranes [29,30], while Lsi6 controls the transportation and alternation of Si in the shoot
(leaf) [31]. Excessive precipitation of Si might lead to the formation of a so-called phytolith structure
in leaf or stem [4], and this structure may be involved in the occlusion of dissolved substances in
transport sap [32]. However, the formation of phytolith in E. acicularis, its morphotypes and possible
compartmentations of heavy metals are beyond the scope of our study.

There has likely been a central debate regarding the role of Si for mediating metal stress [9,33].
Many studies stated the role of Si in diminishing plants’ metal absorption [25,27,34], while some others
reported a co-absorption of Si and metals into plants [24,32]. In our study, it was obvious that Si
favored the absorption of heavy metals (except In and T1) into E. acicularis (Table 1). It is possible that
the exposure of heavy metals was conducted at low concentrations, which were 0.5 mg L~! for single
metal and 4.0 mg L~! for multiple metals. At low exposure levels of heavy metals and dissolved Si,
competition among metals for accumulation was not pronounced, while Si might not affect metal
accumulation via complexation or co-precipitation [35]. The role of Si in facilitating metal absorption is
supported by previous findings which focused on the relation between Mn and Si in other crop species
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such as bean [36], barley [37], and maize [8]. It was probable that Si increased the accumulation of
heavy metals by enhancing the root activity [5], increasing the water uptake [38], and improving the
hydraulic conductance of roots [39].

PCA analysis revealed the removal trend for heavy metals and the effect of Si was identified.
In the absence of Si, a close association of Ag, T1, Zn, Pb, In, and Cu indicated that they have similar
traits, being accumulated in E. acicularis or at least they were not opposed to the others (Figure 2a).
Since Cd and Ga did not show that they had associations with other heavy metals (Figure 2a) and
their removed amounts were low (Figure 1d,g). This may imply that the removal of these two metals
might be inhibited by the presence of other metals or controlled by other removal and accumulation
mechanisms. In the presence of Si, a significant acceleration of Cd and Ga absorption was observed
(Figure 1d,g), thereby supporting the two possible mechanisms: (i) increasing co-absorption of Si and
Cd, which is consistent with the finding of He et al. [9]; and (ii) mediating competitive effects from
other metals. In increasing the presence of Si, two PCA clusters, i.e. (1) Zn, Cd, T1, Cu and Ga, and (2)
Pb, Ag and In (Figure 2d), demonstrated two absorption trends. The obtained results in this work,
however, were insufficient for clarification, and there is also little available information that can help to
elucidate this issue.

4.2. Suggestions for Suitable Practices for Phytoremediation and Phytomining

The characteristics of an ideal plant for phytoremediation and phytomining were discussed
in Haetal. [12]. Of these criteria, hyperaccumulators are defined as plants with leaves that can
accumulate at least 100 mg kg™! of Cd, T1, Ag, In, or Ga; 1000 mg kg~! of Cu or Pb; or 10,000 mg kg™
of Zn (dry wt) when grown in a metal-rich environment [12,40]. In this study, E. acicularis was shown
to be a hyperaccumulator of In, Ga, Tl, Ag, and Cd. There is very little available information regarding
the accumulation of Ga in plants. Few works have mentioned Ga in lichens (2.2-60 mg kg~! dry wt)
and bryophytes (2.7-30 mg kg~! dry wt) [41]. Therefore, to the best of our knowledge, E. acicularis is
the first known hyperaccumulator of Ga in any plant group.

The concentrations of Cu, Zn, Pb, and Cd in E. acicularis in this study were still far below the
thresholds of hyperaccumulation [12,40]. This is possibly due to the low concentrations of Cu, Zn, Pb,
and Cd in the growing solutions (0.5 mg L™!). Therefore, although high BCF values were obtained for
Pb, Cu, Cd, and Zn (Table 3), E. acicularis was not considered to have potential for phytoremediation
based on data concerning the concentrations of these metals in the plant in this study.

The hyperaccumulation levels and BCF values of In, Ga, Tl, and Ag indicated that this plant
species appears to be a good hyperaccumulator of these metals. However, phytomining alone does
not appear to be commercially viable given the concentrations and the current price of these metals.
This is inconsistent with a previous study, which indicated that commercial phytomining has not yet
become a reality [10].

While the present study does not show the potential and feasibility of E. acicularis for
phytoremediation and phytomining, this plant has been reported to accumulate as much as 20,200,
14,200, 1,120, and 575 mg kg_1 dry wt of Cu, Zn, Pb, and Cd, respectively, in its shoots [12,22]. Lower
concentrations of these metals in the mixed solutions in this study would result in lower concentrations
of heavy metals in the plant than those found in previous studies [12,22]. In addition, E. acicularis is easily
cultivated, grows rapidly, is widely distributed, and is well adapted to contaminated environments.
It can, therefore, be suggested that E. acicularis has potential for the phytoremediation of Pb, Cu, Cd,
and Zn. Moreover, the combination of phytoremediation and phytomining would be considered a
more feasible approach meeting two needs: to clean up contaminated environments and to obtain
extra income from phytomining, which would increase the applicability of these environmentally
friendly technologies. Particularly, the effectiveness of phytoremediation and phytomining might be
increased if E. acicularis was coupled with a Si application. In the concentration range of 0.5 to 4 mg Si
L~!, we found a resonant effect of Si and E. acicularis in removing heavy metals (i.e., Cu, Zn, Cd, Pb,
and Ga) from aqueous solution as shown in Figure 1. A contrasting effect of Si in the removal of In and
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TI suggests that the application of Si might not be a suitable practice for enhancing phytomining or
phytoremediation for these metals.

5. Conclusions

This study reported the removal and accumulation of various heavy metals together from aqueous
solutions to macrophyte E. acicularis and the role of dissolved Si was highlighted. In the presence
of Si, the removal of metals (i.e., Cu, Zn, Cd, Pb, and Ga) from solutions and their accumulation in
the roots and the shoots of E. acicularis was enhanced, suggesting a possible supportive role of Si.
A potential use of E. acicularis, coupled with a Si application, can be developed for removing heavy
metals (i.e., Cu, Zn, Cd, Pb, and Ga) from water. The polymerization and precipitation of Si in the
inter- and intracellular space of E. acicularis might lead to possible compartmentations of heavy metals
within its structure and this requires further investigation.
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