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Abstract: The removal of cadmium (Cd) and zinc (Zn) from soil by phytoremediation was inves-
tigated using Taraxacum officinale and Gazania. A plant environmental control system was used to
cultivate the plants. The effects of different biodegradable chelating agents (i.e., EDDS, HIDS, and
GLDA), relative humidity, and other competitive metals on the adsorption of Cd and Zn were also
studied. In addition, the approach for metal recovery was explored by extraction of metals from
plants after phytoremediation using Gazania. The concentrations of Cd and Zn were determined by
inductively coupled plasma mass spectrometry (ICP-MS). In addition, one-way analysis of variance
(ANOVA) tests were performed.to determine significant differences between the experimental treat-
ments adopted in this work. Consequently, the following main conclusions were obtained: (1) In the
case of Taraxacum officinale, Cd and Zn could be removed even under the presence of other heavy
metals. (2) By adding a chelating agent, the amount absorbed by the shoot generally increased.
(3) In the case of Gazania, the concentration of Cd was higher in root than that in shoot, whereas the
concentration of Zn was higher in the shoot than that in the root. (4) Taraxacum officinale was more
suitable for phytoremediation of Cd than Gazania. (5) Cd and Zn could be extracted from plants by
adding a low concentration of nitric acid. (6) The one-way ANOVA tests showed no statistically
significant differences among the experimental treatments.

Keywords: phytoremediation; cadmium; zinc; biodegradable chelating agent; one-way ANOVA;
metal recovery

1. Introduction

Soil pollution is becoming more and more serious with the rapid development of
industry, sewage sludge disposal, metal processing, and energy production. Hence, it is
important and urgent to remediate polluted soil. The conventional remediation methods
such as the replacement of contaminated soil with clean soil, are usually expensive and
intrusive to the ecosystem [1]. The phytoremediation of heavy metals, which has the
advantages of being low-cost and environmentally-friendly and resulting in minimal soil
disturbance, has attracted more and more interest in recent years [2-5]. Heavy metals are of
major environmental concern because they are non-biodegradable, and thus persist almost
indefinitely in the environment. Cadmium (Cd) is one of the most toxic heavy metals,
which has been classified as a human carcinogen and teratogen [6]. It is the byproduct
of zinc mining, where it is found as cadmium sulfide [7]. Cd accumulates mainly in the
kidneys and liver in humans and can cause many diseases such as hypertension, diarrhea,
and stomach pains [8,9].
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Phytoremediation makes use of the harvestable part of the plants to remove pollutants.
Any plants can theoretically uptake metals from the soil; however, the overwhelming major-
ity of plants generally remove only a small percentage of heavy metals from contaminated
soil due to their low biomass and/or weak translocation from root to shoot. Therefore,
using plants with high biomass yields, along with adding chemically enhanced agents,
has been widely applied as a viable strategy for removing heavy metals from soils over a
reasonable time frame [10-12]. In this study, two kinds of plants (i.e., Taraxacum officinale
and Gazania) were investigated based on a report of the effectiveness of phytoremediation
of Cd by Asteraceae plants [13]. It is known that Gazania can grow wild naturally without
depending on the soil environment. Thus, it is considered that Gazania can accumulate a
large amount of Cd at the shoot because its flowering time is long. Meanwhile, Taraxacum
officinale is a relatively imminent plant with longer roots in which higher amounts of nour-
ishment can be stored, which can be expected to accumulate a lot of Cd. In this work, zinc
(Zn) was also selected as a subject element because Zn pollution is known to occur at the
same time near mined land where Cd pollution takes place.

The objective of this research was, first, to confirm the effectiveness of Taraxacum
officinale and Gazania for the phytoremediation of Cd and Zn by applying biodegradable
chelating agents. Generally, it is well known that ethylene-diamine-tetraacetic acid dis-
odium salt (EDTA) is as an effective chelating agent for assisting phytoremediation by
enhancing the mobility of metals in soil (e.g., [14,15]). However, it has been suggested that
EDTA is a potential risk to groundwater and drinking water due to its remobilization of
metals from sediments and soil [16,17]. In order to reduce the potential environmental
risk of EDTA, an easily biodegradable chelating agent, namely, (5,5)- ethylenediamine-
N,N’-disuccinic acid trisodium salt (EDDS), was used as a substitute for EDTA in this work
based on previous literatures [18,19]. In addition to EDDS, 3-hydroxy-2,2’-iminodisuccinic
acid, sodium (HIDS) and N,N-dicarboxymethyl glutamic acid (GLDA) were also used
as biodegradable chelating agents. Furthermore, another purpose was to ascertain if the
effect of the phytoremediation varies with the type and amount of added chelating agent.
The translocation factor from root to shoot, as well as the amount of uptake, were also
studied to determine which chelator represents the most effective tool for the efficient
phytoremediation of Cd and Zn.

It is also important to investigate the disposal method of plants after phytoremediation.
Thus far, plants containing heavy metals have been generally subjected to incineration
disposal [20]. However, it is desirable to recover and reuse the adsorbed materials from
an industrial and technological point of view. Then, extraction experiments of Cd and
Zn from plants after phytoremediation were also conducted in this work using different
reagents (acid or base) to develop the effective utilization of the plants and the reutilization
of treatment waste liquid for a preliminary approach for metal recovery from plant tissues.

It should be stressed that the original purpose of our extraction studies is to investigate
the effective utilization of the plant including metals for a future search of the utilization of
metal resources. This aim is considerably different form other similar experiments reported
so far.

2. Materials and Methods
2.1. Preparation of Cd- and Zn-Contaminated Soil

The contaminated soil used in the present study was prepared by adding a solution
containing two kinds of metallic salts (i.e., Cd(NO3); (5 mmol kg’l) and Zn(NO3),-6H,O
(5 mmol kg_l)) into “expanded vermiculite” soil based on the literature [21,22]. The soil
was purchased commercially from Takamura Co. Ltd. (Otawara City, Tochigi, Japan),
which has high moisture retention capability, air capacity, and nutrient preserving ca-
pability. The physical and chemical characteristics of the expanded vermiculite were as
follows: pH(H,O), pH(KCI) and EC (Electric Conductivity) in the soil are 7.20, 5.17 and
23.8 (uS-cm™1) respectively. In addition, Moisture content (%), Organic matter content (%)
and CEC (cmol-kgfl) in the soil were 0.241, 1.40 and 11.5 respectively. The measurement
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methods of these characteristics are the same as shown in our previous paper [23]. The
Cd(NO3); and Zn(NOs3),-6H,O were purchased from Kanto Chemical Co., Inc. (Tokyo,

Japan).

2.2. Cultivation and Apparatus for Phytoremediation

For the plants, Taraxacum officinale and Gazania were used in this work. These germi-
nated plants were transferred to separate pots containing 100 g of Cd and Zn-contaminated
soil, as shown in Table 1. The contaminated soil was used to fill 500 mL plastic pots and
moistened with ultrapure water to reach an approximately 80% water holding capacity.
A plant environmental control system (LPH-220N, Nippon Medical & Chemical Instru-
ments Co. LTD, Osaka, Japan) was used to cultivate the plants. The growing conditions
in the plant environmental control system were as follows. We set simulated Day (12 h,
Temperature: 27 °C, Relative humidity: 70%, Photon flux density: 7500 Ix) and Night
(12 h, Temperature: 22 °C, Relative humidity: 70%, Photon flux density: 0 Ix) in a plant
environmental control system in our work.

Table 1. Conditions of the pot experiments.

Pot No. 1 2 3 4 5 6 7
Cd and Zn (mg/kg soil) - 6.5 6.5 6.5 6.5 6.5 6.5
EDDS (mmol/kg soil) - - 0.5 1 3 5 7

“-” means no addition.

2.2.1. Effect of EDDS on the Adsorption of Cd and Zn

The plants were harvested in 3 weeks followed by treatments of EDDS, which was
purchased from Sigma-Aldrich, Inc. (Darmstadt, Germany). In this study, EDDS was
added at 0.5, 1, 3, 5, and 7 mmol kg’1 to the soil in Pot Nos. 3-7, respectively, as shown
in Table 1. In contrast, no chelators were added to Pot No. 2 (contaminated by Pb and
Zn) or Pot No. 1 (without contamination), which were kept as a control and as a blank,
respectively (Table 1). The application of chelating agents such as EDDS was based on
previous papers [24,25].

2.2.2. Effect of Relative Humidity on the Adsorption of Cd and Zn

Relative humidity is one of the parameters that can influence the growing of plants [26,27].
In order to investigate the effect of relative humidity on the adsorption of Cd and Zn by
these plants, an experiment under 50% relative humidity conditions was also conducted.
The other experimental conditions were the same as that in Section 2.2.1.

2.2.3. Effect of Other Competitive Metals on the Adsorption of Cd and Zn

The effect of other competitive metals on the extraction of the subject elements is also
important [28]. Secondary to the former experiments for investigating the tolerance of
Taraxacum officinale and Gazania against Cd and Zn, the effect of competitive metals (i.e.,
Al, Pb, Bi, and Ni) on the adsorption of Cd and Zn was also studied. The experiment was
carried out under 50% relative humidity conditions, and the other conditions of each pot in
this experiment are shown in Table 2.

Table 2. Conditions of the pot experiments under the presence of other competitive metals.

Pot No. 1 2 3 4 5 6 7
Cd, Zn (mg/kg soil) 6.5 6.5 6.5 6.5 6.5 6.5 6.5
Al Pb, Bi, and Ni - 6.5 6.5 6.5 6.5 6.5 6.5
(mg/kg soil)
EDDS (mmol/kg soil) - - 0.5 1 3 5 7

“_rr

-” means no addition.
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2.2.4. Effect of Chelating Agents on the Adsorption of Cd and Zn

In order to compare the effect among the chelating agents on the adsorption of Cd
and Zn, HIDS and GLDA were also used in this work, in addition to EDDS. HIDS and
GLDA were supplied by Nippon Shokubai (Osaka, Japan) and Tokyo Kasei (Tokyo, Japan)
respectively. The structure of each biodegradable chelating agent is shown in Figure 1.
The experiment was carried out under 50% relative humidity conditions, and the other
conditions of each pot in this experiment are shown in Table 3.

(a) (b) (

c)
0.__OH
O._OH NaQ._ _O
o] H 0 o
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Figure 1. The structure of each chelating agent: (a) EDDS; (b) HIDS; (c) GLDA.

Table 3. Conditions of the pot experiments using different kinds of chelating agents.

Pot No. 1 2 3 4 5 6 7 8
Cd and Zn (mg/kg soil) 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5
Al, Pb, Bi, and Ni 65 65 6.5 6.5 6.5 6.5 6.5

(mg/kg soil)
Chelating agents ) . EDDS EDDS HIDS HIDS GLDA GLDA
(mmol/kg soil) 1 5 1 5 1 5

“-” means no addition.

2.3. Sample Preparation and Analysis

After 3 weeks growth, the plants were harvested and the above-ground (i.e., shoots)
and below-ground (i.e., roots) parts were separated. The shoot and root samples were
washed carefully with ultrapure water after tap water to remove any soil splash, were
oven-dried at 80 °C for 24 h, and were then ground in a mortar. Dried plant samples
(0.1 g of each sample) were digested with 10 cm? conc. HNOj (61%) and 3.0 cm® conc. HF
(46%) in a microwave digestion system (Speedwave4, ACTAC. Co. LTD, Tokyo, Japan).
The digested samples were diluted to 100 mL, then Cd and Zn were determined by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Thermo Fisher Scientific, X-
series II, Massachusetts, USA) [29]. Replicate experiments were basically performed three
times. The operating conditions of ICP-MS are shown in Supplementary Materials Table S1.
The Cd and Zn standard solutions used for making the calibration curve were prepared
by diluting the standard solutions (1000 mg/L in 6% HNOj3 solution). All of the chemical
reagents used were of analytical grade. Water (>18.2 M(2), which was treated by an
ultrapure water system (Advantec Aquarius: RFU 424TA), was used throughout the work.
The translocation factor from root to shoot was also calculated by dividing the metal
concentration in the shoot by that in the root [30,31].

The surface morphology and element distribution of the roots and shoots of Taracum
officinale after cultivation were investigated using Scanning Electron Microscope and Energy
Dispersive Spectrometer (SEM-EDS, JEOL, Akishima City, Tokyo, Japan: JCM-6000 with
JED-2300).

2.4. Extraction of Cd and Zn from Gazania after Phytoremediation: An Approach for Metal
Recovery from Plant Tissues

To realize the original purpose of our extraction studies mentioned in Introduction,
extraction experiments of Cd and Zn from Gazania after phytoremediation were conducted.
In each extraction experiment, the spent plant was accurately weighed to 0.1 g into an
Erlenmeyer flask containing 100 mL extractant solvent, and then heated in a water bath at
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60 °C for 1 h. Then, the mixed solution was filtered with a 0.45 um membrane filter, and
the heavy metal (Cd or Zn) content in the filtrate was determined by ICP-MS.

2.4.1. Effect of the Extractant Solvent on the Extraction of Cd and Zn from Gazania

In order to investigate the effect of the extractant solvent on the extraction of Cd and
Zn from Gazania, several kinds of solvents (i.e., CH;COOH, HNO3;, H,SOy4, H3PO4, NH3,
and NaOH) at different concentrations i.e., (0.18, 0.36, 1.8, or 3.6 mol/L) were employed.

2.4.2. Extraction Experiment Using Incineration Ash from Gazania

The spent plant was incinerated using an electric furnace at 200, 400, and 600 °C.
The above extraction experiment was performed using these incineration ashes. The
experimental conditions were the same as that in Section 2.4.1.

2.5. Statistics Analysis: Analysis of Variance (ANOVA)

The one-way ANOVAs presented in Section 3.3 were performed in Excel [32] and used
to determine significant differences among experimental treatments. To test data normality,
we employed the chi-squared type goodness-of-fit test. In addition, Levene’s test was used
to check data homogeneity. Finally, Tukey-Kramer post hoc test in Excel was performed.

3. Results and Discussion
3.1. Phytoremediation of Cd and Zn by Taracum officinale
3.1.1. Effect of EDDS on the Adsorption of Cd and Zn

The concentrations of heavy metals in the shoots or roots of Taraxacum officinale (mg/kg
plant) in all pots by adding various concentrations of EDDS after 3 weeks of growth are
shown in Figure 2a for Cd and Figure 2b for Zn. By comparing the data in Figure 2a, it can
be found that adding more EDDS (i.e., Pot Nos. 6 and 7 when adding 5 or 7 mmol kg ! of
EDDS) significantly enhanced the concentrations of Cd both in the shoot and in the root.
On the other hand, the concentrations of Zn are not largely varied, although those in Pot
No. 5 when adding 3 mmol kg~! EDDS is the highest.

The translocation factor (TF) from root to shoot was calculated by dividing the metal
concentration of the shoot by that of the root:

TF = Cshoot/CrOOt (1)

The TFs of Cd and Zn in Taraxacum officinale are shown in Figure 3. As can be observed
in Figure 3, the TF increased by adding EDDS, which is particularly remarkable in the case
of 1 mmol kg_1 of EDDS for Cd. However, as for Zn, a large increase in TF was not observed,
although the value was high when adding 0.5-3 mmol kg~! of EDDS compared to no
addition. This suggests that Taraxacum officinale is more tolerant toward low concentrations
(0.5 or 1 mmol/kg soil) of EDDS, as well as heavy metals (Cd and Zn), considering the
biomass of each shoot or root under the presence of EDDS, as shown in Table 52, although
high concentrations of EDDS may result in a decrease of biomass.

It is known that the biomass decreases by adding a chelating agent such as EDTA for
the phytoremediation of Cd, Pb, and Cu [33]. This may be due to the increase in heavy
metal solubility, as well as the toxicity of EDTA. In this work, the amount of Cd uptaken
increased as the concentration of EDDS increased. Therefore, it is considered that the
biomass or TF showed small values under high EDDS concentrations in this study.

Wang et al. [34] described that the interaction pattern of Cd and Zn shows an antago-
nistic behavior under the combined treatment of low concentrations of Cd and Zn (while it
shows a synergistic behavior under the combined treatment of high concentrations of Cd
and Zn). It is known that the pathways of the uptake and transport of Cd and Zn in plants
are similar in nature because of the similarities in their physical and chemical characteristics.
However, plants have cleverly developed to react to Cd and Zn stresses adequately enough
to prevent the damage induced by Cd and to maintain Zn homeostasis [35]. However,
these reactions have been found to depend on the species, external bioavailable metal
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homeostasis mechanisms in plants consist of a common pathway.
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Figure 2. Effect of the EDDS concentration on the adsorption of (a) Cd (b) Zn by Taracum officinale (70% humidity). BLK
represents the pot for no addition of heavy metals (i.e., Cd and Zn) as well as no addition of EDDS (i.e., Pot No. 1 in Table 1).
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Figure 3. Effect of the EDDS concentration on the translocation factor (TF) of Cd and Zn in Taraxacum
officinale (70% humidity). BLK represents the pot for no addition of heavy metals (i.e., Cd and Zn) as
well as no addition of EDDS (i.e., Pot No. 1 in Table 1).

When heavy metals present in equal amounts in the geochemical background of soil
systems, they do not disrupt the soil metabolism or plant growth. Moreover, Zn has been
used in the biochemistry of land plants and its homeostasis is maintained by a tightly
regulated network of low-molecular-weight ligands, membrane transport, Zn-binding
proteins, and regulators. In its oxidized form, Zn functions as a catalytic or structural
cofactor in a large number of enzymes and regulatory proteins [36]. In contrast, Cd is a
non-essential and non-metabolic heavy metal, and its proper functioning in the soil system
has not been proven yet.

Plants cultivated on soil with elevated amounts of heavy metals generally show
signs of inhibited growth, limited germination of seeds, and deformation of roots. These
effects can be clearly observed during the early stage of plant development. When the
concentration of metals in the soil system increases, synthesis of phytochelatins in the
plants is induced. The main function of these proteins is to sustain the homeostasis of
metals in the cell. This activity is disrupted when excessive amounts of Cd and Zn are
added into the soil, as they interfere with the control mechanisms of the plants and, as a
result, enzymatic protein activity is inhibited [37].

The insufficient uptake of Zn compared to Cd (and the competition) found in our
work may be attributed to the differences in homeostasis mechanisms between the two
heavy metals.
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EDDS, HIDS, and GLDA have ligands and functional group as shown in Figure 1. For
instance, the stability constants of EDDS with Cd?* and Zn?* are 1011 and 10135, respec-
tively, whereas those of EDTA with Cd?* and Zn?* are 10'®5 and 10!, respectively) [38],
which is also cited in Table S3. The stability constant of EDDS is still considered as a high
value, although having a lower value of stability constant compared to EDTA. Hence, it is
considered that the biodegradable chelating agents used in this work had also enhanced
the mobility of metal ions from the soil due to the formation of complexes. In other words,
we made an inference that these ligands have high metal ion binding abilities too.

3.1.2. Effect of Relative Humidity on the Adsorption of Cd and Zn

The concentrations of heavy metals in the shoots or roots of Taraxacum officinale in all
of the pots under a relative humidity of 50% are shown in Figure Sla for Cd and Figure S1b
for Zn, while the TFs are shown in Figure S2. When comparing the 50% and 70% relative
humidity conditions, the uptake of Cd and the TF of Cd was generally higher under the
50% relative humidity conditions. It has been reported that transpiration speed in a plant
becomes faster when humidity decreases [39]. Then, the movement of water from the root
to shoot may be activated, and the translocation of Cd is promoted. Furthermore, it is
noteworthy that the concentration of Cd in the shoot is larger than that in the root under
the relative humidity of both 50% and 70%. Li et al. [40] reported that Cd is accumulated
more in the roots than in the shoots. Therefore, it was considered that the translocation of
Cd from the roots to shoots was promoted by adding EDDS in our experiment. However, a
significant difference was not observed between the relative humidity of 50% and that of
70% in the case of the TF of Zn. This may be also related to the completive translocation
between the two heavy metals. Considering the above-mentioned situation, it may be
difficult to translocate both Cd and Zn simultaneously by Taraxacum officinale, even if EDDS
is added. Moreover, it has been suggested that humidity can be one of the important factors
impacting the adsorption of metals by phytoremediation.

3.1.3. Effect of Other Competitive Metals on the Adsorption of Cd and Zn

The concentrations of Cd and Zn in the shoots or roots of Taraxacum officinale under
the presence of other competitive metals (i.e., Al, Pb, Bi, and Ni) by adding various
concentrations of EDDS are shown in Figure 4a for Cd and in Figure 4b for Zn, and each of
the TF values are shown in Figure S2.
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Figure 4. Effect of the EDDS concentration on the absorption of (a) Cd and (b) Zn by Taraxacum officinale under the presence
of Al, Bi, Ni, and Pb. BLK (Blank) represents the pot for no addition of heavy metals (i.e., Al, Pb, Bi, and Ni) as well as no
addition of EDDS (i.e., Pot No. 1 in Table 2).

In Figure 4, it can be seen that the concentrations of Cd or Zn did not necessarily
decrease under the presence of other competitive metals (i.e., Al, Pb, Bi, and Ni). Comparing
these results with that of Figure S1 (i.e., the case under the absence of other competitive
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metals), the effect of competition with other metals on the concentrations of Cd or Zn was
not constant and may also depend on the concentration of EDDS. In addition, from Figure
S3, it can be concluded that the value of TF is generally higher than unity, although no large
increase was observed compared to the case of the absence of other competitive metals (i.e.,
Figure S3). It can be said that the effect of phytoremediation of Cd and Zn by Taraxacum
officinale was detected under the presence of the same concentration of other competitive
metals (i.e., Al, Pb, Bi, and Ni) to some extent. Comparing Pot Nos. 1 and 2 in Table S2
under the condition of Table 2, the biomass of the shoots (or roots) increased by adding
other competitive metals (i.e., Al, Bi, Ni, and Pb).

In Wang et al.’s work [34], it was reported that multi-contaminated conditions of soil
promote the uptake of heavy metals by the plant. A similar tendency was detected in this
work.

As mentioned in Section 3.1.1, the stability constants of EDDS with Cd?* and Zn?%*
are 10119 and 10'35, respectively, which are relatively high. Looking at the results from
the experiments, we considered that there is not so large selectivity, although EDDS has a
higher stability constant with Zn?* compared to Cd?* (unlike the case of stability constant
for EDTA). In the case of other metals, the stability constants of EDTA with Pb®* and Ni?*
are known to 10'89 and 10'84, respectively [41]. This shows that its stability with Cd** and
Zn2* is either equal or slightly larger. In this way, it is considered that that chelating agents
generally have high stability constant and lower selectivity with any metals.

From our experiments, it may be certainly suggested that the amount of Cd and Zn
taken up and transported by plants is not affected by the presence of other investigated
metal ions in the soil. As mentioned above, it can be said that the chelating ligands bind
these metal ions as well. Estimating from the setting condition shown in Table 1 or Table
2 and the molecular weight of chelating agent (for example, that of EDDS is 292.24), the
concentration ratio of metal ions to ligand is quite small (that is from 1/300 to 1/50), and it
can be said that the ligand concentration is much higher than the metal ion concentration;
hence, the results obtained from our experiments are considered to be reasonable.

3.1.4. Effect of Chelating Agents on the Adsorption of Cd and Zn

The concentrations of Cd and Zn in the shoots or the roots of Taraxacum officinale by
adding three types of biodegradable chelating agents at a concentration of 1 or 5 mmol kg !
are shown in Figure 5a for Cd and Figure 5b for Zn.

140 (b) ® shoot ]
120 Oroot

40
20

Absorption(mg/kg plant)
0
(=]

BLK 0 1 5 1 5 | 5 BLK 0 1 5 | 5 1 5
concentration of chelatig agents concentration of chelz'itig agents
(mmol/kg soil) (mmol/kg soil)

Figure 5. Effect of types and concentrations of chelating agents on the absorption of (a) Cd (b) Zn in Taraxacum officinale.

The numbers represent the concentration (mmol kg ~!). BLK represents the pot for no addition of heavy metals (i.e., Al, Pb,

Bi, and Ni) as well as no addition of chelating agents (i.e., Pot No. 1 in Table 3).
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Several previous publications have demonstrated the effectiveness of chelating agents
in significantly increasing the uptake of heavy metals [42,43]. For example, the addition of
EDTA significantly increases the accumulation of Zn in sunflower plants (Helianthus annus
L.) [42]. Dipu et al. [43] concluded that the uptake of Pb and Cu by aquatic plants (Typha sp.,
Eichhornia sp., and Azolla sp.) is enhanced when EDTA is introduced into the contaminated
system. In the case of Cd uptake, EDDS at a concentration of 1 mmol kg ! is most effective
for shoots, whereas adding low concentrations of chelating agents is appropriate (except
for GLDA at a concentration of 5 mmol kg ') for roots. Meanwhile, the uptake of Zn was
enhanced just by adding a chelating agent, regardless of the kind or concentrations, for
both the shoots and roots, which particularly significantly increased in the roots by adding
GLDA at a concentration of 5 mmol kg ~!. Compared to no addition of chelating agents, a
remarkable change in biomass was not observed by adding biodegradable chelating agents
(Table S2). However, among the three types of chelating agents, the toxicity for Taraxacum
officinale was found to be strong by adding high concentrations of GLDA.

As shown by the above-mentioned results, it is important to select proper chelating
agents at a moderate concentration for phytoremediation. In addition, it should also be
noted that chelating agents generally have high stability constant and lower selectivity
with any metals.

3.1.5. Investigation. of the Metal Distribution on the Plant Surface by SEM-EDS

SEM and element mapping images of the roots and shoots in Taraxacum officinale with
no addition of a chelating agent are shown in Figure 6a,b, respectively, and those after
adding EDDS at a concentration of 5 mmol kg~! are shown in Figure 7. Comparing the
SEM and element mapping images between Figures 6 and 7, it is indicated that the metals
were more adequately adsorbed onto the surface of the plant after adding EDDS. Singh
et al. [44] reported that toxic metals for plants, such as Al, are typical hard metal ions (i.e.,
hard acids) which much prefer the O-donor ligands (i.e., hard bases) included in the cell
wall, and remain in the cell wall without being taken into the cytoplasm. Therefore, as per
the report from Singh et al., in this study, it was concluded that highly toxic elements such
as Al, Bi, Cd, and Pb were distributed much more on the surface of the shoots and roots,
whereas the distribution of Zn on the surface of the shoots and roots was lower, since Zn is
an essential element for metabolism in the plant [45]. I have checked that they are correct.

Figure 6. SEM and element mapping image of the (a) roots and (b) shoots in Taracum officinale (no chelating agent).
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Figure 7. SEM and element mapping image of the (a) roots and (b) shoots in Taracum officinale.
(EDDS at a concentration of 5 mmol kgfl).

3.2. Phytoremediation of Cd and Zn by Gazania
3.2.1. Effect of EDDS on the Adsorption of Cd and Zn

The concentration of Cd and Zn in the shoots or roots of Gazania (mg/kg plant) in all
of the pots by adding various concentrations of EDDS after 3 weeks of growth are shown
in Figure 8a,b (70% humidity) and Figure S4a,b (50% humidity). The TF of Cd and Zn in
Gazania are shown in Figure S5.

With an increase in EDDS concentration, the uptake of Cd generally tended to increase
(Figure 8a); however, a significant increase in the TF was not observed, except when adding
5 mmol kg’1 of EDDS under 70% relative humidity conditions (Figure S5a). That is to say,
it may be difficult to translocate Cd from the roots to shoots by Gazania, even when adding
EDDS. In the case of Zn, a distinct effect was not observed by adding EDDS compared to
the case of no addition.

250

g (b) Bshoot Oroot

=, 200
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By 150
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Figure 8. Effect of the EDDS concentration on the absorption of (a) Cd and (b) Zn by Gazania (70% humidity). BLK represents
the pot for no addition of heavy metals (i.e., Cd and Zn) as well as no addition of EDDS (i.e., Pot No. 1 in Table 1).

Compared to the case of Taraxacum officinale under the condition of no addition of
EDDS (i.e., Pot Nos. 1 and 2 in Table 1), a decrease in biomass in Gazania was relatively
outstanding when adding Cd and Zn, because a remarkable decrease in biomass was
found in Pot No. 2 compared to Pot No. 1, as shown in Table S3 (and in contrast to the
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biomass of Taraxacum officinale not having greatly changed between Pot Nos. 1 and 2 in
Table S2). This suggests that Gazania has a low tolerance against Cd and Zn; however,
the plant may be adequately tolerant against EDDS, because the biomass of each shoot
or root was not remarkably changed upon the addition of EDDS (judging from the data
of Pot Nos. 2 and 3-7 in Table S4). Even if both Taraxacum officinale and Gazania are the
same Asteraceae plants, it was found that their tolerance against chelating agents or heavy
metals was considerably different.

Looking at the results from the experiments above, there is not so large selectivity,
although EDDS has a higher stability constant with Zn?* compare to Cd?* (unlike the case
of stability constant for EDTA).

3.2.2. Effect of Other Competitive Metals on the Adsorption of Cd and Zn

The concentrations of Cd and Zn in the shoots or roots of Gazania under the presence
of other competitive metals (i.e., Al, Pb, Bi, and Ni) by adding various concentrations of
EDDS are shown in Figure 9a for Cd and Figure 9b for Zn. The uptake of Cd and Zn in
the shoots was smaller when adding EDDS than in the case of no addition, although the
uptake into the roots almost rose by adding EDDS. This insufficient uptake in the shoots
may be attributed to completive uptake by the other competitive metals (i.e., Al, Pb, Bi,
and Ni). The biomass of each shoot or root was not remarkably changed by adding EDDS
under the presence of other competitive metals (Table S4).

100 500 r
z - = @shoot Oroot
o]
= 80 f (a) :,5400
eh
£ 60 | i = 300
E g
§ 40 r § 200
8 B
§ 20 1 2 100
< < |
0 - 0 : . v .
BLK 0 05 1 3 5 7 BLK 0 05 1 3 5 7
EDDS concentration (mmol/kg soil) EDDS concentration (mmol/kg soil)

Figure 9. Effect of the EDDS concentration on the absorption of (a) Cd and (b) Zn in Gazania under the presence of Al, Bi,
Ni, and Pb. BLK represents the pot for no addition of heavy metals (i.e., Al, Pb, Bi, and Ni) as well as no addition of EDDS

(i.e., Pot No. 1 in Table 2).

3.2.3. Effect of Chelating Agent on the Adsorption of Cd and Zn

The concentrations of Cd and Zn in the shoots or roots of Gazania by adding three
types of biodegradable chelating agents at a concentration of 1 or 5 mmol kg~! are shown
in Figure 10a for Cd and Figure 10b for Zn.

Unlike when using Taraxacum officinale, a dosage of HIDS or GLDA was more effective
as a chelating agent than EDDS for the uptake of Cd in Gazania. However, it may be
difficult to translocate Cd into the shoots using any chelating agent by Gazania, because
the concentration of Cd in the roots is larger than that in the shoots. In terms of Zn, a
moderate effect was observed for the uptake into the shoots by adding these chelating
agents, although a significant increase was not detected. The biomass of each shoot or
root in Gazania did not decrease with the addition of these biodegradable chelating agents,
suggesting that the plant may be tolerant against chelating agents.

In addition, it is considered that these biodegradable chelating agents had also en-
hanced the mobility of metal ions from the soil due to the formation of complexes. In other
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words, we made an inference that these ligands have high metal ion binding abilities too.
This has already suggested at the end of Section 3.1.1.
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Figure 10. Effect of types and concentrations of chelating agents on the absorption of (a) Cd and (b) Zn in Gazania. BLK

represents the pot for no addition of heavy metals (i.e., Al, Pb, Bi, and Ni) as well as no addition of chelating agents (i.e., Pot

No. 1 in Table S2).

3.3. Results of ANOVA

The numerical results of the ANOVA for the treatments shown in Tables 1-3 are
shown in panel (a) F and F,; and panel (b) p-value. The abscissa of Figure 11 (condition) is
explained in Table S5. The number of replicates was 3. If

F < Feit (2)
or, if p-value, p, satisfies
p>a (©)
where in the present case,
o =0.05 4)

the null hypothesis was accepted. As such, the null hypotheses were accepted for all of
the cases in Figure 11 and Table S5 in either case of Equation (2) or Equation (3). This
means that there were no significant differences among Pot Nos. 1-7 in Table 1 or Table 2
or among Pot Nos. 1-8 in Table 3.

Figure S6 shows statistical significance of differences between group means according
to Pot Nos. (Groups). One can see that one cannot be sure that the difference between
means is statistically significant when standard error bars overlap much, e.g., panels (a), (g),
(i), (), (1), and (n) of Figure S6. This is consistent with the fact that p-values are 0.899, 0.868,
0.943, 0.960, 0.950, and 0.915 for panels (a), (g), (i), (k), (1), and (n) of Figure S6, respectively,
which are large values. On the other hand, even though the error bars do no overlap so
much in panels (b), (c), (d), (e), (f), (h), (j), (m), and (o), the differences are not statistically
significant, whose p-values are 0.339, 0.336, 0.456, 0.269, 0.495, 0.611, 0.569, 0.333, and 0.386,
respectively.
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Figure 11. The numerical results of the ANOVA for the treatments shown in Tables 1-3 of (a) F and
F.,; and (b) p-value.

3.4. Extraction of Cd and Zn from Gazania after Phytoremediation
3.4.1. Effect of the Extractant Solvent on the Extraction of Cd and Zn from Gazania

For the effective reuse of absorbent materials, an extraction experiment of Cd and Zn
from Gazania after phytoremediation was conducted. The amounts of Cd and Zn extracted
from the exhausted plants by using acetic acid (CH3COOHR)), nitric acid (HNO3), sulfuric
acid (H,SOy), phosphoric acid (H3POy4), aqueous ammonia (NH3), and sodium hydroxide
solution (NaOH) are shown in Figure 12. In Figure 12, the extraction by HNO3 shows
the best extraction efficiency for Cd, while H,SO4 was most effective for Zn, although
HNOj3 was also good. Furthermore, the extraction efficiency of the acid solvent was larger
than that of the base solvent, regardless of the concentrations, which may be related to
the differences in the solubility of the metal salts. In addition, it was found that a low
concentration of 0.18 mol/L was more effective in terms of extraction efficiency than
3.6 mol/L solvent for both Cd and Zn. Thus, we used a concentration of 0.18 mol/L; for
example, 0.18 mol/L nitric acid showed more effective extraction efficiency than 3.6 mol/L
of solvent for both Cd and Zn. Therefore, we regarded 0.18 mol/L nitric acid as the most
appropriate extraction solvent of metal from Gazania.

3.4.2. Extraction Experiment Using Incineration Ash from Gazania

Based on the results in Section 3.2.1, nitric acid at a concentration of 0.18 mol/L was
selected for the extraction of Cd and Zn from the incineration ash of Gazania. The amounts
of Cd and Zn extracted from the incineration ash of Gazania are shown in Figure 13. As can
be seen in Figure 13, the higher the carbonization temperature, the larger the amounts of
heavy metals (Cd and Zn) extracted. In the case of a carbonization temperature of 600 °C,
the amount remarkably increased 5.0 times for Zn and 2.3 times for Cd in comparison
to no incineration plant. It is known that the specific surface area increases with the rise
of carbonization temperature; therefore, the extraction amount may increase because the
solvent becomes easy to penetrate into the ash with an increase in the specific surface area.
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Figure 12. Effect of the solvent on the extraction of (a) Cd and (b) Zn from Gazania after phytoremediation.
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Figure 13. Effect of the carbonization temperature on the extraction of (a) Cd and (b) Zn from the incineration ash of Gazania.

From the above-mentioned results, it is revealed that metals can be efficiently ex-
tracted from plants by carbonizing said plants and that the effective utilization of the plant
including metals for a future search of the utilization of metal resources should be expected.

4. Conclusions

In this study, phytoremediation enhanced by biodegradable chelating agents using
Taraxacum officinale and Gazania for Cd and Zn was investigated. The amount of Cd uptaken
generally increased with the increasing concentration of EDDS in Taraxacum officinale, and
Cd and Zn could be removed even under the presence of other heavy metals in this
plant. By adding a chelating agent, the amount of Cd and Zn absorbed by the shoots
generally increased. It is suggested that Taraxacum officinale is rather tolerant against low
concentrations of EDDS, as well as against heavy metals (Cd and Zn). Based on the SEM-
EDS analysis, it was concluded that highly toxic elements such as Al, Bi, Cd, and Pb were
distributed much on the surface of the shoots and roots, whereas the distribution of Zn
on the surface of the shoots and roots was lower, since Zn is an essential element for
metabolism in plants. In the case of Gazania, it was observed to be difficult to translocate
Cd from the roots to shoots when EDDS is added, as the concentration of Zn was higher in
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the shoots than that in the roots. Gazania has low tolerance against Cd and Zn, although it
has adequate tolerance against EDDS. As such, Taraxacum officinale is more suitable for the
phytoremediation of cadmium than Gazania. Our experimental treatments employed in this
work were found not to be statistically different by the one-way ANOVAs, meaning that at
least two of pot experiments conditions were not so different from one another. Therefore,
it may be assumed that the kinds and amounts of biodegradable chelating agents added
into each pot did not have such a big influence on the concentration of Cd and Zn and/or
the biomass in plants (Taraxacum officinale and Gazania) under our experimental conditions.

For the effective reuse of absorbent materials, the extraction experiment of Cd and
Zn from Gazania after phytoremediation was investigated, showing that Cd and Zn could
be extracted well from the plants by using a low concentration of nitric acid. Using the
incineration ash of the plants by carbonization was shown to be more effective for the
extraction of Cd and Zn.

From this work, it is suggested that the biodegradable chelating agents used in this
study form stable complex with heavy metal ions and promote the dissolution of these
ions to the soil solution. In addition, it can be stated that the two types of plants (Taraxacum
Officinale and Gazania) used in this research provided passable results in phytoremediation.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2076-341
7/11/4/1557/s1, Table S1: Operating conditions of ICP-MS. Table S2: Biomass of Taracum officinale.
Table S3: Stability constant of EDTA and EDDS (20-25 °C, pH 10) in common logarithm. Table S4:
Biomass of Gazania. Table S5. Conditions of the ANOVA, (c1~c15), shown in Figure 11. Figure S1:
Effect of the EDDS concentration on the adsorption of (a) Cd and (b) Zn by Taracum officinale (50%
humidity). BLK represents the pot for no addition of heavy metals (i.e., Cd and Zn) as well as no
addition of EDDS (i.e., Pot No. 1 in Table 1). Figure S2: Effect of the EDDS concentration on the
translocation factors (TFs) of Cd and Zn in Taracum officinale (50% humidity). BLK represents the
pot for no addition of heavy metals (i.e., Cd and Zn) as well as no addition of EDDS (i.e., Pot No.
1 in Table 1). Figure S3. Effect of the EDDS concentration on the TF in Taracum officinale under the
presence of Al, Bi, Ni, and Pb. BLK represents the pot for no addition of heavy metals (i.e., Al, Pb,
Bi, and Ni) as well as no addition of EDDS (i.e., Pot No. 1 in Table 2). Figure S4. Effect of the EDDS
concentration on the absorption of (a) Cd and (b) Zn by Gazania (50% humidity). BLK represents
the pot for no addition of heavy metals (i.e., Cd and Zn) as well as no addition of EDDS (i.e., Pot
No. 1 in Table 1). Figure S5. Effect of the EDDS concentration on the TF in Gazania: (a) Humidity
of 70%; (b) humidity of 50%. BLK represents the pot for no addition of heavy metals (i.e., Cd and
Zn) as well as no addition of EDDS (i.e., Pot No. 1 in Table 1). Figure S6. Statistical significance of
differences (one-way ANOVA, see Table S5) between group means according to Pot Nos. (Groups).
The panel numbers, (a—0) correspond to the conditions, (c1-c15) of Table S5, respectively. The box
is IQR (interquartile range), the cross is the mean, the bar is second quartile, the top of the bar is
maximum, and the bottom of the bar is minimum.
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