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a b s t r a c t

Fixation of heavy metal cations in plant Sedum spectabile was studied. The key heavy-metal cation 
fixation species (ions or function groups) and the auxiliary species that promote heavy-metal cation 
fixation in the plant were investigated. The species involved in the fixation of tested heavy-metal 
cations (Cd2+, Cu2+, Ni2+, Mn2+ and Zn2+) were first surmised based on changes of the elemental com-
position in plant’s roots. Their roles in the fixation of heavy metals were assessed and confirmed 
using simulated precipitation and adsorption of heavy-metal cations under near physiological con-
ditions (20–35°C, pH 6–7.5). CO3

2– and PO4
3– were the key Cd2+- fixing species, and Fe3+ ions played 

an auxiliary role in the precipitation of Cd2+ ions. PO4
3–-containing species were also key species for 

the fixation of Cu2+, Mn2+, Ni2+ and Zn2+, and Ca2+ and HCO3
– ions aided the precipitation of these cat-

ions. In the presence of a complexing agent, the pH of the solution was a key factor that can severely 
affect the removal of heavy metal cations. At pH 7–7.5 and in the presence of citrate, the removal 
percentage of Cu2+ from the solution can be as high as 99.0%, with residual concentration as low as 
0.05 mg/L. Based on the obtained results, a biomimetic composite made of sodium alginate and calci-
um-containing phosphate was prepared via co-precipitation in the presence of Mg2+ and HCO3

– ions 
under near-physiological conditions. The composite was excellent for removing low concentrations 
of heavy-metal cations under near-neutral conditions.

Keywords: Water treatment; Heavy-metal cations; Biomimetic separation; Biomimetic removal 

1. Introduction

Biological, chemical and physical methods are com-
monly used for removing heavy metals from aqueous 
solutions [1–3]. Biological methods, such as fungus and 
algae, have received great attention due to their envi-
ronmental friendliness [4–11]. However, compared with 
chemical and physical methods, removal of heavy metals 
by biological methods seems to be less competitive. This 
is because heavy metals are not the biological composi-
tion of organisms, inferring that the enriched amount of 

heavy metals by organisms is limited and the theoretical 
uptake of heavy-metals in a biomass is small [9–11]. Nev-
ertheless, organisms are sensitive to trace concentrations 
of heavy metals, and the growth of organisms can be seri-
ously suppressed under heavy metal stress, even leading 
to death [12,13]. 

The efficiency of chemical and physical removal of heavy 
metals mainly relies on the components of the materials used 
[14–16]. Many heavy-metal-binding materials are effective 
entrapment agents when the concentrations of heavy-metal 
ions are high, while they are less effective when the concen-
trations of heavy-metal ions are low (<1 mg/L) [16–18]. This 
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is because at low concentrations of heavy metals, the binding 
of heavy metals to the binding material is not strong enough, 
or the binding equilibrium concentrations of heavy metal 
ions are not low enough, which limits the amount of heavy 
metal ions that can be removed [19]. Therefore, it is necessary 
to develop an effective and economic method to remove low 
concentrations of heavy metals.

Heavy metals enter plants in a water-soluble form and 
are fixed in the plant’s body [20,21]. In our study, we found 
that when Sedum spectabile [cf. Fig. S1 in Supporting Informa-
tion (SI)] was cultivated in Cd2+-containing culture medium, 
the root of the plant accumulated a considerable amount of 
Cd, but the leaves contained very low level of Cd (cf. Table 
S1 in SI), indicating that the root has the ability to fix Cd to 
prevent the spread of the heavy metal to other organs. Heavy 
metals exert their harmful actions through interactions with 
some chemical components in organisms [12,13,22–24]. Some 
species in organisms are sensitive to trace concentrations of 
heavy metals, and they may have the potential to fix heavy 
metals, most likely through a synergistic action among them 
[22]. Based on this observation, we explored the key species 
as well as auxiliary species that exhibited strong heavy metal 
cation fixation capacity in Sedum spectabile in an effort to pro-
vide useful information for effective and economic removal 
of low concentrations of heavy metal cations.

In this study, Sedum spectabile was cultivated in aqueous 
solution containing a heavy-metal cation to allow the enrich-
ment of the heavy metal in plant’s roots. The elements or 
species that were involved in the fixation of the heavy metal 
were first surmised via the changes of the elemental compo-
sition in the roots in the presence or absence of heavy metal 
cations. The roles of these species in the fixation of heavy 
metals were assessed and confirmed using simulated precip-
itation and adsorption of the heavy-metal cations under near 
physiological conditions (20–35°C, pH 6–7.5) using chemi-
cals containing the surmised species.

Based on the results of the above experiments, a biomi-
metic composite containing the heavy-metal-fixing species 
was prepared and its heavy-metal fixation capacity was 
examined. The design of the biomimetic agent incorporated 
economic-effective removal of low concentrations of heavy-
metal cations, environmental compatibility, and minimiza-
tion of secondary pollution. 

Notably, fixation of heavy metal cations by plant is under 
physiological conditions, which are near neutral condi-
tions. For heavy-metal cation-containing acidic wastewater, 
it is more economic to remove heavy metal cations under 
near-neutral conditions than under conventional alkaline 
conditions.

2. Experimental section

2.1.  Cultivation of plants in heavy-metal-containing aqueous 
solution

Since water-soluble heavy metals can be easily taken 
up by plants [20,21], hydroponics was used to accumulate 
heavy metals in plants. 

Sedum spectabile (Fig. S1 in SI) was selected as the hydro-
ponic plant in the present study. Four variants of Hoagland’s 
nutrient solution with different nutrient deficiency, denoted 
as culture medium A, B, C and D, were used to culture the 

plant (cf. Table S2 in SI) [20–22]. The cultivation of plants 
in heavy metal-containing aqueous solution was similar to 
the method that was reported in our previous work [22], 

except that arsenic-containing anions were replaced by cer-
tain amounts of heavy-metal cations (Cd2+, Cu2+, Ni2+, Mn2+ 
or Zn2+). Heavy metals were provided as their nitrate com-
pounds, that is, Cd(NO3)2, Cu(NO3)2, Ni(NO3)2, Mn(NO3)2, 
and Zn(NO3)2. When necessary, an appropriate amount of 
disodium ethylene diaminetetra acetate was added to the 
solution to prevent the precipitation of heavy-metal cat-
ions. Cultivations without heavy-metal ions were simulta-
neously carried out as controls.

2.2.  Treatment and elemental analysis of plant roots after  
cultivation in heavy-metal-containing aqueous solution

The treatment and elemental analysis of plant roots 
after cultivation were carried out according to the method 
reported in the literature [22,25−29]. The general procedure 
was as follows:

The cultivated roots were thoroughly washed with 
deionized water and dried at 40°C in an oven under 
reduced pressure until constant weights of the roots were 
obtained. The dried roots were ground to fine powder and 
passed through a standard aperture sieve with a pore size 
of ca. 0.45 mm. 

An accurately weighed powder sample (0.1 ± 0.001 g) 
was placed in a beaker, and 10 mL of concentrated HNO3 
was added to the sample. The mixture was kept at room 
temperature for 24 h and heated until it was nearly com-
pletely dissolved. Subsequently, another 10 mL of concen-
trated HNO3 was added, and the sample was reheated. 
When obvious red-brown smoke appeared, 5 mL of HClO4 
was added into the beaker, and the heating process contin-
ued until the smoke disappeared and a transparent and col-
orless solution appeared.

The residues were diluted to 50 mL with deionized 
water in a calibrated volumetric flask, and the resulting 
solution was subjected to inductively coupled plasma 
optical emission spectrometry (ICP-OES) to determine 
the element contents in the roots. Control digestion with-
out the sample was also conducted under the same con-
ditions.

2.3.  Simulated precipitation of heavy metals by surmised 
heavy-metal fixing species

The simulated precipitation of heavy metals was per-
formed using a method similar to that reported in our pre-
vious work [22]. The general procedure was as follows: A 
certain amount of tested heavy-metal cations and the sur-
mised heavy-metal-fixing species were added into a beaker 
containing 200 mL of deionized water at room temperature 
under vigorous agitation. The solution was stirred, and the 
pH was maintained within a range of 7−7.5 (close to the 
plant physiological conditions) with 0.1 mol/L HNO3 or 
NaOH solution until no more precipitation was formed and 
the pH of the solution was stable. The mixture was kept 
still overnight, centrifuged and filtrated. The contents of the 
tested heavy metals and other elements in the supernatant 
were determined by ICP-OES. 
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2.4. Adsorption of heavy metals by water-insoluble chemicals 
containing surmised heavy-metal-fixing species 

An accurately weighed adsorbent containing the sur-
mised heavy-metal-fixing species (0.1 ± 0.001 g) was placed 
into a 200 mL beaker. Subsequently, 50 mL heavy-metal 
cation-containing solution was added to the beaker. The 
mixture was intermittently agitated, kept still at room tem-
perature for 24 h, centrifuged and filtrated. The contents 
of heavy metals and other related elements in the solution 
were determined by ICP-OES. 

2.5.  Precipitation of Cu2+ from aqueous solutions in the  presence 
of citrates

At room temperature and under vigorous agitation, a 
certain amount of Ca(H2PO4)2∙H2O was added into 50 mL 
of a solution containing 5.0 mg/L Cu2+ and 151.2 mg/L 
citric acid (The molar ratio of citric acid: Cu2+ ions was 
10:1). The solution was stirred, and the pH was adjusted 
within a range of 7−7.5 (close to the plant physiological 
conditions) with NaOH solution or Ca(OH)2 powder. 
The mixture was kept still overnight, centrifuged and fil-
trated. Cu content in the supernatant was determined by 
ICP-OES.

2.6.  Preparation of a biomimetic composite containing sodium 
alginate and calcium-containing phosphate in the presence 
of Mg2+ and HCO3

– Ions

The general procedure was as follows: 
A solution containing Ca2+ and Mg2+ ions was prepared 

by dissolving 0.638 g of anhydrous CaCl2 (5.75 mmol Ca) 
and 0.233 g of MgCl2∙H2O (1.15 mmol Mg) in 10 mL of 
water. Then 5 mL of 6 wt % H3PO4 (ca. 3.1 mmol P) solution 
and 0.021 g of NaHCO3 (0.25 mmol C) in 5 mL of water were 
added into the Ca2+-Mg2+ solution. A solution of sodium 
alginate was prepared by dissolving 0.2 g of sodium algi-
nate powder in 50 mL water. 

Under vigorous stirring, the above two solutions were 
added drop wise to a vessel containing 25 mL water. The 
temperature of the vessel was maintained at about 25°C 
and the pH of the mixture was controlled within 7.2−7.5 by 
adding 5 wt % aqueous NaOH. After all the solutions were 
added and no further change in pH was observed over time 
(about 5 h), the resulting solid was allowed to stand at room 
temperature overnight. Afterwards, the precipitate was iso-
lated and washed several times with deionized water until 
the pH of the washing medium was neutral. The solid was 
dried at 40°C in vacuo to a constant weight. About 0.76 g of 
a light-yellowish material was obtained, with a molar ratio 
of Ca to P at 1.61.

2.7. Measurements

The concentrations of heavy-metal ions and other ions 
in an aqueous solution were determined with a Vista MPX 
ICP-OES Spectrometer (Varian, Inc., Palo Alto, CA, USA). 
(The operation conditions of the instrument are shown in 
Table S3 in SI).

The pH of the solutions was measured by a Model pHS-
25 pH Meter (Shanghai Rex Instruments Factory, Shanghai, 
China) with combined glass electrode.

Powder X-ray diffraction (XRD) patterns were recorded 
on a Rigaku D/MAX-2000PC X-ray diffractometer, with Cu 
Kα radiation (λ = 0.154 nm) at 100 mA and 40 kV. A scan 
rate of 10°C/min and a step size of 0.02° were used over a 
2θ range of 3–80°. 

The content of carbon in the samples was determined 
using a vario-EL element analyzer (Elementar Analysen 
systeme GmbH). The precision of the results was estimated 
to be 0.3%.

X-ray photo electron spectroscopy (XPS) was performed 
with a Perkin Elmer PHI-1600 electron-spectroscopic–
chemical analyzer (ESCA) (Wellesley, MA) equipped with a 
hemispherical electron energy analyzer and a Mg Kα mono-
chromator source (light Quantum energy (hν) = 1253.6 eV). 
The pressure in the analysis chamber during data acquisi-
tion was ~10–7 Pa. The analysis area was 0.8 mm2. The survey 
spectra were carried out with a pass-energy of 187.85 eV. 
The contaminant C1s peak at 284.6 eV was used to calibrate 
the energy shift. The accuracy of the binding energy is esti-
mated to be ± 0.2 eV. All spectral data was treated with PHI 
Multipak software (version 6.0, Wellesley, MA).

The surface morphology of a sample was observed by 
a JEOL JSM-6700F field-emission scanning electron micro-
scope (FE-SEM) (JEOL Ltd., Tokyo, Japan). The samples 
were mounted on a copper conductive tape and coated with 
Au to minimize sample charging.

3. Results and discussion

S. spectabile can survive in the aqueous solution contain-
ing cadmium (II), copper (II), nickel (II), manganese (II), or 
zinc (II), and exhibited an accumulation of the heavy met-
als (cf. Tables S4–S8 in the SI). Therefore, it was selected 
as the hydroponic plant for the study. In order to explore 
the key species as well as the auxiliary species for heavy-
metal fixation in plant’s roots, we designed four variants 
of Hoagland’s nutrient solution (cf. Table S2 in SI) to com-
pare the elemental composition of the roots under different 
cultivation conditions [e.g. under macro nutrient (P, S, Ca, 
or Mg)-deficient condition]. No micro nutrient was added 
in all four culture media, except when the plant was under 
the stress of manganese, copper or zinc. In parallel, the con-
trol cultivation (without heavy-metal stress) with similar 
growth status and similar ages to the treated ones was also 
conducted under the same ambient conditions. One control 
was used for each culture medium. 

3.1. Investigation of the cadmium fixation in plant roots

3.1.1.  Comparison of growth status of plants under different 
conditions and elemental analysis of the cadmium- 
fixing elements in plant roots

After 9-week cultivation under Cd2+-stress, we observed 
that a considerable amount of Cd was fixed in tested plant 
roots (cf. Table S4 in SI), while only a small amount of Cd 
was detected in plant leaves (≤0.05 mg/g) (cf. Table S9 in 
SI). A possible explanation for this phenomenon is that 
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when Cd2+ ions invaded roots of a plant, the plant would 
spontaneously fix these foreign ions in its root as soon as 
possible to prevent them from entering its important organs 
and tissues [20–22]. Therefore, some species of the plant that 
could be necessary for the normal growth of a plant might 
be involved in the cadmium fixation, leading to suppressed 
plant growth. Since the tested plants could still maintain a 
growth in the Cd2+-containing solution (cf. Table S10 in SI), 
we inferred that the elements involved in the cadmium fix-
ation were mainly macro nutrients [20,21]. 

In addition, a few leaves of plants cultivated under 
Cd2+ stress, especially those cultivated in culture medium 
D (without any nutrient), became chlorotic and even fell 
off the plant, suggesting that some micro nutrients may 
also be involved in the cadmium fixation [20,21]. No micro 
nutrient was added in all the culture media. The chlorotic 
symptom could be attributed to the loss of micro nutrients 
in leaves. We inferred that when Cd2+ ions entered plant’s 
roots, the plant may spontaneously transport some micro 
nutrient-containing species from leaves to its roots to fix 
Cd2+ ions, causing nutrition loss in leaves. 

Comparison of elemental contents of the roots between 
the Cd2+ stressed cultivation and the control cultivation 
(cf. Table S4 in SI) showed that when cadmium was accu-
mulated in roots, the contents of phosphorus, calcium 
and magnesium (three macro nutrients) were obviously 
increased in the roots cultivated in all four types of culture 
media, suggesting that the species containing P, Ca and Mg 
could be involved in the fixation of Cd2+ ions. 

Besides, a slight increase of Fe content in roots was 
observed, implying that Fe (one of micro nutrients) was 
likely to be involved in cadmium fixation. This might be 
one of the reasons why some leaves became chlorotic under 
cadmium stress. The Fe deficiency that was initiated by 
transportation of Fe from plant’s body to roots for the fixa-
tion of invaded cadmium may cause leaves to become chlo-
rotic [30–33].

The contents of other micro nutrients, such as Cu, Zn, 
Mo, Ni, Mn, and Co were very low in roots (not listed in 
the Table S4 in SI), suggesting that they were unlikely to be 
involved in cadmium fixation.

In order to obtain more information about cadmium-fix-
ing species, we also investigated the chemical bonding state 
of Cd2+ ions in plant’s roots cultivated with and without 
Cd2+ stress (Figs. 1 and 2). After cultivation under Cd2+ 
stress, the Cd(3d5/2) peak was separated into two Gaussian 
peaks centered at 405.13 and 406.00 eV (Fig. 2a). These val-
ues were close to the binding energy of Cd atoms binding 
with O atoms, and thus they could be assigned to the Cd 
atoms fixed in the form of CdCO3, Cd3(PO4)2 or Cd(OH)2 
(http://www.lasurface.com/database/elementxps.php). 
The S(2p3/2) spectrum of plant’s roots of control cultiva-
tion exhibited two peaks centered at 163.85 and 169.25 eV 
(Fig. 1a). The former peak could be assigned to S atoms in 
form of SO4

2–, and the latter one could be attributed to the 
S atoms in reducing state such as S2–, CH3S-, and -SH. After 
cultivation under Cd2+ stress, the peak around 163.85 eV 
was separated into two Gaussian peaks centered at 161.24 
and 163.48 eV (Fig. 2b). The one at 161.24 eV could be from 
the S atoms that were binding with Cd atoms. Because there 
were no obvious changes of the chemical bonding state of 
P atoms in K2HPO4/KH2PO4 and Cd3(PO4)2, no remarkable 
difference was observed between the two P(2p3/2) spectra 
in plant’s roots cultivated with and without Cd2+ stress 
(Fig. 1b and Fig. 2c). 

3.1.2.  Simulated precipitation of Cd2+ ions to confirm the 
 cadmium-fixing species

It is generally believed that heavy metals enter plants 
in a water-soluble form, and then are fixed in the plant’s 
body [20,21]. To confirm the exact species involved in cad-
mium fixation, we performed simulated precipitation of 

 

 (a) S(2p3/2)  (b) P(2p3/2)

Fig. 1. XPS spectra of plant roots after cultivation without heavy-metal stress: (a) S(2p3/2) (b) P(2p3/2).
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Cd2+ ions by adding the surmised species containing P, Ca, 
and Fe into the Cd2+-containing aqueous solution. The S- 
and C-containing inorganic species (elements S and C also 
belong to macro nutrients) [20,21,34], such as HS–/S2– and 
HCO3

–/CO3
2–, were also evaluated. 

Cd2+ ions were completely precipitated to form Cd(OH)2 
only in an aqueous alkaline solution (cf. Table S11 in SI). In 
a near-neutral solution, HCO3

–/CO3
2–- or PO4

3–-containing 
species were strong cadmium-fixing species. This could be 
explained by the solubility product constant [35]. However, 
the solubility product constants of cadmium-containing 
phosphates such as cadmium phosphate (Ksp = 2.53×10–33) 
are much higher than those of the corresponding lead-con-
taining phosphates such as lead phosphate (Ksp = 8.0×10–43). 
Therefore, compared with lead fixation, fixation of cad-
mium by PO4

3–-containing species was weaker [36]. Similar 
to its function in lead fixation, Ca2+ ions played an auxiliary 
role in cadmium fixation by PO4

3–-containing species.
The combination of HCO3

– and Fe3+ exhibited a strong 
Cd2+ ion fixation effect, leading to near complete precipita-
tion of Cd2+ ions (cf. Table S11 in SI). This enhanced fixation 
effect caused by both Fe3+ and HCO3

– could be explained 
as follows: Fe3+ ions were easily hydrolyzed to form ferric 
hydroxide, which adsorbed acidic HCO3

– ions on its sur-
face and formed a primary adsorbing layer to attract Cd2+ 
ions as the counter ion, thus promoting the precipitation of 
CdCO3 [37].

Elemental analysis of the cadmium-containing precipi-
tate collected in the presence of HCO3

– and Fe3+ ions showed 
that the molar ratio of Cd:C:Fe was 1.4:1.5:1. Fig. 3 shows 
the XRD pattern of the precipitate. The peaks at 2θ = 23.44°, 
30.30°, 36.64°, 43.80°, 49.92°, 58.98°, 61.74, 58.98° are charac-

Fig. 3. XRD pattern of the collected cadmium-containing precip-
itate in the presence of Fe3+and HCO3

.

(a) Cd(3d5/2)

(b) S(2p3/2)

(c) P(2p3/2)

Fig. 2. XPS spectra of plant roots after cultivation under Cd2+ 
stress (a) Cd(3d5/2) (b) S(2p3/2) (c) P(2p3/2).
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teristic peaks for CdCO3 (PDF#42-1342) and the peaks at 2θ 
= 17.86°, 21.18°, 26.26°, 33.18°, 34.70°, 36.64°, 39.98°, 41.20°, 
53.16° and 58.98° are for FeO(OH) (PDF#29-0713).

3.1.3.  Adsorption of Cd2+ ions by the chemicals containing 
the cadmium-fixing species

The adsorption of Cd2+ ions by some water-insoluble 
chemicals was compared to further confirm the key spe-
cies with the strongest cadmium fixation capacity. Calcium 
oxalate was also included to compare the cadmium fixation 
capacity between carboxyl groups that are strong organic 
cadmium fixation species [16,18] and inorganic species. 
Table 1 reveals that carbonates and phosphates had the 
strongest cadmium fixation capacity. 

The above results confirmed that CO3
2–- and PO4

3–-con-
taining species were the key species for cadmium fixation, 
whereas Fe3+ and Ca2+ ions were the auxiliary species to 
facilitate the fixation. Cadmium fixation was almost com-
plete through the formation of cadmium-containing car-
bonate or phosphate, and the presence of Fe3+ or Ca2+ could 
accelerate the fixation process.

3.2.  Investigation of the fixation of Cu2+, Ni2+, Mn2+ or Zn2+ ions 
in plant roots

By similar cultivation, elemental analysis of cultivated 
roots, simulated precipitation and adsorption analysis, we 
confirmed that the roots were main sites for the fixation of 
Cu2+, Ni2+, Mn2+ and Zn2+ cations, and PO4

3–-containing spe-
cies were also the key species for the fixation of these cations 
(cf. Tables S5–S8, S12–S19 in SI). Table 2 compares PO4

3–-con-
taining chemicals and other agents containing groups that are 
likely to bind Cu2+, Ni2+, Mn2+ and Zn2+ cations. 

3.3. Investigation of the role of Mg2+ ions

It should be noted that after cultivation under the 
stress of Cu2+, Ni2+, Mn2+, or Zn2+ cations, the contents of 
magnesium, calcium and phosphorus were simultaneously 
increased in roots. However, the adsorption of the tested 
heavy-metal cations on magnesium-containing phosphate 
is not as favorable as on calcium phosphate. In order to 
explain the increase of magnesium, we compared the pre-

cipitation of calcium-containing phosphate in the presence 
and absence of Mg2+ ions. The composition of solution used 
in the study was referred to Hoagland’s nutrient solution 
containing 5 mmol/L Ca, 1 mmol/L P, and 2 mmol/L Mg 
[20,21]. The results showed that the presence of Mg2+ can 
raise the pH of the solution where the precipitation of calci-
um-containing phosphate occurs, thus impeding the forma-
tion of calcium hydrogen phosphate and hydroxyapatite, 
which is partially confirmed by the increased ratio of Ca to 
P in the collected precipitate. The molar ratio of Ca to P was 
1.39 when Mg was absent, while it was 1.41 when Mg was 
present, and the molar ratio of Ca plus Mg to P was about 
1.55:1. Hydroxyapatite has the lowest solubility in water 
among calcium-containing phosphates and is less effective 
in the removal of heavy metal ions [36]. Besides, the cal-
cium phosphate-containing precipitate with Mg2+ ions (The 
molar ratio of Ca to Mg is about 8:1) exhibited a similar 
XRD pattern (Fig. 4a) to that of calcium-containing phos-
phate precipitate without Mg2+ (Fig. 4b), with characteris-
tic peaks at 2θ = 25.88° and 32.12°, respectively. However, 
the former had larger peak-widths at half height, indicat-
ing that it has poor crystallinity and smaller crystal grains 
than the latter. This coincides with the result reported in the 
literature [38]. We concluded that one reason for increased 
content of magnesium in plant’s roots after the cultivation 
under heavy-metal stress is that magnesium co-precipitates 
or mixes with calcium-containing phosphate to lower the 
latter’s crystallinity.

3.4.  Removal of heavy-metal cations from aqueous solutions in 
the presence of a complexing agent

There are a variety of water-soluble complexing agents 
in plants, such as citrates, tartrates, malates, and the like. 

Table 1 
Adsorption of Cd2+ by adsorbents containing surmised 
cadmium-fixing speciesa

Adsorbentsb Final concentration of 
Cd2+ in solution (mg/L)

Cd2+-removed 
(%)

Calcium carbonate ≤0.01 ≥99.8
Calcium phosphate 0.04 99.2
Calcium oxalate 3.74 25.2
Iron (III) hydroxide 1.32 73.6

aAmount of adsorbents = 0.1 g, initial concentration of Cd2+ in 
solution = 5.0 mg/L, total volume of solution = 50 mL, pH = 6–7, 
exchange time = 24 h, temperature = 25°C; b The grain-size was 
about 65–74 μm.

Table 2 
Adsorption of Cu2+, Ni2+, Mn2+ and Zn2+ by PO4

3–-containing 
chemicals and other reagentsa

Adsorbentsb Metal 
cations

Final concentration 
of M2+ in solution 
(mg/L)

M2+-removed
(%)

Calcium phosphate Cu2+ ≤0.01 ≥99.8
Ni2+ 0.08 98.4
Mn2+ 0.06 98.8
Zn2+ 0.06 98.8

Calcium carbonate Cu2+ 0.02 99.6
Ni2+ 1.46 70.8
Mn2+ 0.08 98.6
Zn2+ 0.19 96.2

Iron(II) sulfide Cu2+ 0.23 95.4
Ni2+ 2.08 58.4
Mn2+ 4.38 12.4
Zn2+ 3.37 32.6

aInitial concentration of M2+ in solution = 5.0 mg/L, M2+ = Cu2+, 
Ni2+, Mn2+, or Zn2+, amount of adsorbents = 0.1 g, total volume of 
solution = 50 mL, pH = 6–7, exchange time = 24 h, temperature = 
25°C; bThe grain-size was about 65–74 μm.
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The fixation of heavy metal cations by calcium phosphates 
can be severely influenced by complexing agents (cf. Tables 
S20 in SI). The pH can affect both the stability of the com-
plex and the precipitation of phosphates. Generally, as pH 
increases, more heavy-metal cations could be tightly held 
by the complexing agent, which adversely affects their 
removal by precipitation; as pH decreases, the concentra-
tion of PO4

3– species decreases, which also adversely affects 
the precipitation of heavy-metal cations as phosphates [37]. 

Cu2+ ions usually form stronger coordination bonds 
with many complexing agents than Cd2+, Ni2+, Mn2+ or Zn2+ 
ions [37]. Citrate is one of the strongest complexing agents 
among organic acids commonly existing in plants (cf. Tables 
S21 in SI). Thus, taking the removal of low concentration of 
Cu2+ as an example, the effect of pH on the removal of Cu2+ 
in the presence of citrate (Table 3) was investigated. 

As shown in Table 3, pH is surely a key factor for the 
removal of Cu2+ ions in the presence of a complexing agent. 
At an appropriate pH, the percentage of Cu2+ that were 
removed in the presence of a citrate could be as high as 
99.0% and the residual Cu2+ concentration could be as low 
as 0.05 mg/L. 

3.5. Removal of heavy-metal cations from aqueous solutions by 
the biomimetic composite

Some aquatic plants such as algae have been demon-
strated to be effective biosorbents for the removal of heavy 
metals [39–41]. However, their heavy-metal-binding capac-
ity (or their theoretical uptake per gram of mass) is obvi-
ously lower than that of synthetic sorbents. This is because 
heavy metals are not the biological components of organ-
isms. Hence the fixed amount of heavy metals by organisms 
is very limited. 

Based on the our results, we designed a biomimetic syn-
thetic sorbent (a composite) made of sodium alginate, a com-

plexing agent in alga (a sea-plant), and calcium-containing 
phosphate. The composite was prepared in the presence of 
Mg2+ and HCO3

– ions under near-physiological conditions 
of plants (25°C, pH 7.2−7.5). The obtained biomimetic com-
posite was expected to possess several heavy-metal-fixing 
groups, a large surface area, and good hydrophilicity and 
permeability. 

The FT-IR spectrum (Fig. 5) of the composite prepared 
under the conditions given in the Experimental Section 
showed a strong, broad band at 3423.1 cm–1 attributed to 
O-H stretching vibration, a band at 1635.4 cm–1 attributed 
to C=O asymmetric stretching vibration, two bands at 
1430.9 cm–1 and 1299.8 cm–1 assigned to coupled C-O 
stretching vibration and O-H deformation vibration of car-
boxyl group, and a strong band at 1062.6 cm–1 and a band at 
557.3 cm–1 assigned to PO4

3− stretching and bending vibra-
tion [42,43], suggesting that a composite material contain-
ing alginate and phosphate was formed. 

The surface morphology of the composite revealed that 
the composite is composed of nano-size particles with irreg-
ular shapes and little crystalline (Fig. 6). The size of the par-
ticles was mainly in the range of 20–30 nm. Some particles 
were smaller than 20 nm. The biomimetic sorbent had no 
apparent water absorbency, which was distinctly different 
from alginate hydrogel. This means that the composite has 
no apparent swelling behavior in aqueous solution, which 
makes it a potential bedding material. In addition, it pos-
sesses several heavy-metal-fixing groups, including car-
boxyl group and calcium-carbonate-containing phosphate. 
Thus, it is a more effective heavy-metal fixing agent com-
pared with those with only one type of function group.

Taking the removal of low concentration of Ni2+ ions as 
an example (compared with other cations, its removal effi-
cacy is low, as shown in Table 4), we found that the compos-
ite exhibits more effective Ni2+ removal than those with only 
one type of function group (Table 4). 

PO4
3− ions are more effective Ni2+ ion fixation species 

than HPO4
2− (The solubility product (Ksp) of Ni3(PO4)2 is 

4.74×10–32 [35]). The synergistic effects of several species or 
groups in the composite can be explained as follows: simi-
lar to the role of Mg2+ ions (cf. Section “Investigation of the 
Role of Mg2+ Ions), the presence of HCO3

– ions can also pre-
vent the formation of hydroxyapatite [36], lower the crys-

Fig. 4. XRD patterns of the collected calcium-containing phos-
phate precipitates (a) with Mg2+ and (b) without Mg2+.

Table 3 
Effect of pH on the removal of Cu2+ in the presence of citratea

pH of solution Final concentration of Cu2+ 
in solution (mg/L)

Cu2+-removed 
(%)

6–6.5 0.70 86.0
6.5–7.0 0.61 87.8
7.0–7.5 0.12 97.5
7.5–8.0 0.14 97.2
8.0–8.5 1.45 71.0
ca. 7.0b 0.05 99.0

 aInitial concentration of Cu2+ in solution = 5.0 mg/L, molar ratio 
of citric acid to Cu2+ = 10:1, amount of Ca(H2PO4)2∙H2O = 0.1 g, 
total volume of solution = 50 mL, exchange time = 24 h, tempera-
ture = 20°C. pH was adjusted with NaOH; bpH was adjusted with 
40 mg of Ca(OH)2 instead of NaOH.
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tallinity of calcium-containing phosphate, and thus enlarge 
the surface area of the material. Sodium alginate contains 
some carboxyl groups that are strong heavy-metal-bind-
ing groups. These carboxyl groups also provide the com-
posite good dispersity, hydrophilicity and permeability. 
Furthermore, sodium alginate, which is a polyprotic base, 
or an H+ acceptor, can serve as a buffer substance and help 
HPO4

2−, which is the main form of phosphates in the com-
posite under near-neutral conditions [37], to deprotonate 
smoothly.

4. Conclusions

In the present study, we found that the species contain-
ing CO3

2– and PO4
3– were the key Cd2+-fixing species, and 

Fe3+ ions played an auxiliary role in the precipitation of Cd2+ 
ions. The PO4

3–-containing species were also key species for 

the fixation of Cu2+, Mn2+, Ni2+ and Zn2+, and Ca2+ and HCO3
– 

ions aided the precipitation of these cations. In the presence 
of a complexing agent, pH can severely affect the removal 
of heavy metal cations. At pH 7–7.5 and in the presence of a 
citrate, 99.0% Cu2+ can be removed from the solution, with 
the residual Cu2+ concentration as low as 0.05 mg/L. Based 
on these results, we prepared a biomimetic composite con-
taining sodium alginate and calcium-containing phosphate 
via co-precipitation in the presence of Mg2+ and HCO3

– ions 
under near-physiological conditions of plants. The compos-
ite was excellent for removing low concentrations of heavy-
metal cations under near-neutral conditions.
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Fig. S1 shows the photograph of Sedum Spectabile. Table 
S1 shows the comparison of Cd contents in roots and leaves 
of Sedum Spectabile cultivated under Cd2+ stress. Table S2 
shows the formulations of four culture media in hydro-
ponic culture. Table S3 shows the instrumental parameters 
and operating conditions for ICP-OES. Table S4 shows the 
comparison of elemental contents in the roots of Sedum 
Spectabile cultivated under Cd2+ stress. Table S5 compares 
the elemental contents in the roots of Sedum Spectabile cul-
tivated under Cu2+ stress. Table S6 compares the elemental 
contents in the roots of Sedum Spectabile cultivated under 
Ni2+ stress. Table S7 compares the elemental contents in the 
roots of Sedum Spectabile cultivated under Mn2+ stress. Table 
S8 compares the elemental contents in the roots of Sedum 
Spectabile cultivated under Zn2+ stress. Table S9 compares 

Fig. 6. SEM photomicrograph of the composite.

Table 4 
Comparison of Ni2+ removal capacity between the composite 
and related adsorbentsa

Adsorbentsb Final concentration 
of Ni2+ in solution 
(mg/L)

Ni2+-removed 
(%)

Composite 0.06 98.8
Calcium-magnesium-
carbonate-containing 
phosphatec

0.10 98.0

Cross linked sodium 
alginate by calcium 

0.97 80.6

aAmount of adsorbents = 0.1 g, initial concentration of Ni2+ in 
 solution = 5.0 mg/L, total volume of solution = 50 mL, pH = 6–7, 
exchange time = 24 h, temperature = 25°C; bThe grain-size was 
about 65–74 μm; c It was obtained by a method similar to that for 
the preparation of the composite, except that no sodium alginate 
was added.

Fig. 5. FT-IR spectrum of the prepared biomimetic composite 
containing sodium alginate and calcium-containing phosphate.
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the Cd contents in the leaves of Sedum Spectabile cultivated 
under Cd2+ stress. Table S10 compares the growth status 
of sedum spectabile with and without Cd2+ stress. Table S11 
shows the results of simulated precipitation of cadmium 
in plant’s roots. Table S12 compares the growth status of 
sedum spectabile with and without Cu2+ stress. Table S13 
compares the Cu contents in leaves of sedum spectabile cul-
tivated under Cu2+ stress, Table S14 compares the growth 
status of sedum spectabile with and without Ni2+ stress. 
Table S15 compares the Ni contents in leaves of sedum spec-
tabile cultivated under Ni2+ stress. Table S16 compares the 
growth status of sedum spectabile with and without Mn2+ 
stress. Table S17 compares the Mn contents in leaves of 
sedum spectabile cultivated under Mn2+ stress. Table S18 
compares the growth status of sedum spectabile with and 
without Zn2+ stress. Table S19 compares the Zn contents in 
leaves of sedum spectabile cultivated under Zn2+ stress. Table 
S20 compares the Cu2+ adsorption in the presence of citrate. 
Table S21 compares some organic-acids commonly existing 
in plants in terms of dissolution of copper phosphate or 
nickel phosphate. 

Acknowledgment

This work was financially supported by National Nat-
ural Science Foundation of China (20976134), Natural 
Science Foundation of Tianjin (14JCYBJC19800 and 12JCY-
BJC13700), and Training Project of Innovation Team of Col-
leges and Universities in Tianjin (TD13-5020).

References 

[1] T.A. Kurniawan, G.Y.S. Chan, W.H. Lo, S. Babel, Physico-chem-
ical treatment techniques for wastewater laden with heavy 
metals, Chem. Eng. J., 118 (2006) 83–98.

[2] M. Wu, J. Liang, J. Tang, G. Li, S. Shan, Z. Guo, L. Deng, Decon-
tamination of multiple heavy metals-containing effluents 
through microbial biotechnology, J. Hazard. Mater., 337 (2017) 
189–197.

[3] F.P. Camargo, P.S. Tonello, A.C.A. dos Santos, I.C.S. Duarte, 
Removal of toxic metals from sewage sludge through chem-
ical, physical, and biological treatments–a review, Water Air 
Soil Poll., 227 (2016) No. 433.

[4] E. Bazrafshan, A.A. Zarei, F.K. Mostafapour, Biosorption of 
cadmium from aqueous solutions by Trichoderma fungus: 
kinetic, thermodynamic, and equilibrium study, Desal. Water 
Treat., 57 (2016) 14598–14608.

[5] F.G. Acien, C. Gomez-Serrano, M.M Morales-Amaral, J.M. Fer-
nandez-Sevilla, E. Molina-Grima, Wastewater treatment using 
microalgae: how realistic a contribution might it be to signif-
icant urban wastewater treatment, Appl. Microbiol. Biot., 100 
(2016) 9013–9022.

[6] K. Kipigroch, M. Janosz-Rajczyk, B. Skowron-Grabowska, 
The use of algae in the removal of Cd and Cu in the pro-
cess of wastewater recovery, Desal. Water Treat., 57 (2016) 
1508–1514.

[7] A. Sahmurova, N. Balkaya, Enteromorpha compressa mac-
roalgae as biosorbent for heavy metal removal: a prelimi-
nary economical evaluation, Desal. Water Treat., 57 (2016) 
2597–2603.

[8] A. Parzych, Z. Sobisz, M. Cymer, Preliminary research of 
heavy metals content in aquatic plants taken from surface 
water (Northern Poland), Desal. Water Treat., 57 (2016) 1451–
1461.

[9] Y. Wang, S.-H. Ho, C.-L. Cheng, W.-Q. Guo, D. Nagarajan, N.-Q. 
Ren, D.-J. Lee, J.-S. Chang, Perspectives on the feasibility of 

using microalgae for industrial wastewater treatment, Biore-
source Technol., 222 (2016) 485–497.

[10] R. Flouty, Effect of environmental conditions on bio uptake 
of Cu and Pb from natural freshwaters by Chlamydomonas 
reinhardtii: a case study, Litani River, Lebanon, Desal. Water 
Treat., 57 (2016) 24498–24508.

[11]  S. Asgarzadeh, R. Rostamian, E. Faez, A. Maleki, H. Daraei, 
Biosorption of Pb(II), Cu(II), and Ni(II) ions onto novel low 
cost P. eldarica leaves-based biosorbent: isotherm, kinetics, 
and operational parameters investigation, Desal. Water Treat., 
57 (2016) 14544–14551.

[12] M.M. Brzóska, J. Rogalska, E. Kupraszewicz, The involvement 
of oxidative stress in the mechanisms of damaging cadmium 
action in bone tissue: A study in a rat model of moderate and 
relatively high human exposure, Toxicol. Appl. Pharm., 250 
(2011) 327–335.

[13] S. Nemmiche, D. Chabane-Sari, M. Kadri, P. Guiraud, Cad-
mium chloride-induced oxidative stress and DNA damage in 
the human Jurkat T cell line is not linked to intracellular trace 
elements depletion, Toxicol. In Vitro., 25 (2011) 191–198

[14] J. Wang, C. Chen, Biosorbents for heavy metals removal and 
their future, Biotechnol. Adv., 27 (2009) 195–226.

[15] Y.-H. Wang, S.-H. Lin, R.-S. Juang, Removal of heavy metal ions 
from aqueous solutions using various low-cost adsorbents,  
J. Hazard. Mater., 102 (2003) 291–302.

[16] B. Sun, Z.T. Mi, G. An, G. Liu, J.J. Zou, Preparation of biomi-
metic materials made from polyaspartyl polymer and chi-
tosan for heavy-metal removal, Ind. Eng. Chem. Res., 48 (2009)  
9823–9829.

[17] D. Mohan, Jr C.U. Pittman, Arsenic removal from water/
wastewater using adsorbents—A critical review, J. Hazard. 
Mater., 142 (2007) 1–53.

[18] B. Sun, Z.T. Mi, G. An, G. Liu, Binding of several heavy metal 
ions by polyaspartyl polymers and their application to some 
Chinese herbal medicines, J. Appl. Polym. Sci., 106 (2007) 
2736–2745.

[19] P. Atkins, J. De Paula, Physical Chemistry, 8th ed. Oxford Uni-
versity Press, Oxford, 2006, pp. 200–215

[20] L. Taiz, E. Zeiger, Plant Physiology, 3rd ed. Sinauer Associates, 
Inc. Sunderland, MA, 2002, pp. 67−75, 272−275.

[21] P. Raven, G. Johnson, Biology, 6th ed. McGraw-Hill Science, 
New York, NY, 2001, pp. 777−792.

[22] B. Sun, H. Zhai, L.-B. Zhang, C.-X. Zhang, X.-S. Wu, Removal of 
trace arsenic based on biomimetic separation, Ind. Eng. Chem. 
Res., 54 (2015) 396–403.

[23] K. Jomova, M. Valko, Advances in metal-induced oxidative 
stress and human disease, Toxicology, 283 (2011) 65–87.

[24] B. Messner, D. Bernhard, Cadmium and cardiovascular dis-
eases: cell biology, patho physiology, and epidemiological rel-
evance, Biometals., 23 (2010) 811–822.

[25] M. Dary, M.A. Chamber-Pérez, A.J. Palomares, E. Pajuelo, “In 
situ” phytostabilisation of heavy metal polluted soils using 
Lupinus luteus inoculated with metal resistant plant-growth 
promoting rhizo bacteria, J. Hazard. Mater., 177 (2010) 323–
330.

[26] N. Suchkova, E. Darakas, J. Ganoulis, Phytoremediation as a 
prospective method for rehabilitation of areas contaminated 
by long-term sewage sludge storage: A Ukrainian–Greek case 
study, Ecol. Eng., 36 (2010) 373–378.

[27] C. Lomonte, D. Gregory, A.J.M, Baker, S.D. Kolev, Comparative 
study of hotplate wet digestion methods for the determination 
of mercury in biosolids, Chemosphere, 72 (2008) 1420–1424.

[28] C. Yafa, J.G. Farmer, A comparative study of acid-extractable 
and total digestion methods for the determination of inorganic 
elements in peat material by inductively coupled plasma-op-
tical emission spectrometry, Anal. Chim. Acta, 557 (2006) 
296–303.

[29] D. Gasparatos, C. Haidouti, A comparison of wet oxidation 
methods for determination of total phosphorus in soils, J. Plant 
Nutr. Soil Sci., 164 (2001) 435−439.

[30] K. Higuchi, A. Saito, Y. Mikami, E. Miwa, Modulation of macro 
nutrient metabolism in barley leaves under iron-deficient con-
dition, Soil Sci. Plant Nutr., 57 (2011) 233–247.



X-F. Pei et al. / Desalination and Water Treatment 113 (2018) 131–147140

[31] V. Fernández, T. Eichert, V.D. Río, G. López-Casado, J.A. Here-
dia-Guerrero, A. Abadía, A. Heredia, J. Abadía, Leaf structural 
changes associated with iron deficiency chlorosis in field-
grown pear and peach: physiological implications, Plant Soil, 
311 (2008) 161–172.

[32] R. Belkhodja, F. Morales, M. Sanz, A. Abadía, J. Abadía, Iron 
deficiency in peach trees: effects on leaf chlorophyll and nutri-
ent concentrations in flowers and leaves, Plant Soil, 203 (1998) 
257–268.

[33] V.G. Ladygin, Changes in the biochemical composition, 
structure, and function of pea leaf chloroplasts in iron defi-
ciency and root anoxia, Appl. Biochem. Micro., 40 (2004) 
506–516.

[34] M.J. Hawkesford, L.J. De Kok, Managing sulphur metabolism 
in plants, Plant Cell Environ., 29 (2006) 382–395.

[35] J.G. Speight, Lange’s Handbook of Chemistry, 16th ed. McGraw-
Hill, Inc., New York, 2005, p. 1333−1342. 

[36] B Sun, H.-Y. Tian, C.-X. Zhang, G. An, Preparation of biomi-
metic-bone materials and their application to the removal of 
heavy metals, AIChE J., 59 (2013) 229–240.

[37] G.D. Christian. Analytical Chemistry, 6th ed. John Wiley & Sons, 
Inc., New York, 2004, p. 243–248, 298–303, 313–334, 339–352.

[38] R.Z. LeGeros, R. Kijkowska, C. Bautista, J.P. Legeros, Synergis-
tic effects of magnesium and carbonate on properties of bio-
logical and synthetic apatites, Connect. Tissue Res., 33 (1995) 
203–209.

[39] A.K. Zeraatkar, H. Ahmadzadeh, A.F. Talebi, N.R. Mohei-
mani, M.P. McHenry Potential use of algae for heavy metal 
bioremediation, a critical review, J. Environ. Manage., 181 
(2016) 817–831.

[40] H. Asnaoui, M. Khalis, Determination of diffusion parameters 
and biosorption of cadmium in aqueous solution using algae 
biomass, Sep. Sci. Technol., 52 (2017) 13–20.

[41] B. Henriques, L.S. Rocha, C.B. Lopes, P. Figueira, A.C Duarte, 
C. Vale, M.A. Pardal, E. Pereira, A macroalgae-based biotech-
nology for water remediation: Simultaneous removal of Cd, Pb 
and Hg by living Ulva lactuca, J. Environ. Manage., 191 (2017) 
275–289.

[42] S.J. Joris, C.H. Amberg, The nature of deficiency in nonstoichio-
metric hydroxyapatites. II: spectroscopic studies of calcium and 
strontium hydroxyapatites, J. Phys. Chem., 75 (1971) 3172–3178.

[43] W.W. Simons, The Sadtler handbook of infrared spectra. Bio-
Rad Laboratories, Inc., Informatics Division, Philadelphia, 
2004, pp. 118, 145–147.



X-F. Pei et al. / Desalination and Water Treatment 113 (2018) 131–147 141

Supporting_Information

Fig. S1. Sedum spectabile for our experiment

Table S1
Comparison of Cd contents in roots and leaves of Sedum Spectabile cultivated under Cd2+ stressa

Duration of the cultivation
(week)

Cd content in root cultivated under Cd2+ stress 
(mg/g)

Cd content in leaves cultivated under Cd2+ 
stress (mg/g)

9 23.70 ≤0.05 

aS. spectabile was cultivated in culture medium A (see below), the duration of the cultivation is 9 week (without Cd2+ stress in the first week), 
15–25°C, total volume of culture solution is 200 mL. Every 7 days, about 10 mg of Pb2+ ions was added into the culture medium, and totally 
80 mg of Pb2+ ions was added.

Culture medium Ca(NO3)2

(mg/L)
KNO3

(mg/L)
NH4H2PO4 
(mg/L)

MgSO4

(mg/L)
NH4Cl
(mg/L)

MgCl2

(mg/L)

A 820 607 115 241 – –

Table S2
Formulations of four culture media in hydroponic culture

Cultural
 Medium

Ca(NO3)2

(mg/L)
KNO3

(mg/L)
NH4H2PO4 
(mg/L)

MgSO4

(mg/L)
NH4Cl
(mg/L)

MgCl2

(mg/L)

A 820 607 115 241 – –
B 820 607 – 241 93 –
C 820 607 115 – – 190
D – – – – – –
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Table S3
Instrumental parameters and operating conditions for ICP-OES

Radio frequency (R.F.) power 1.2 kW

Plasma gas flow rate 15 L/min
Flow rate of Argon auxiliary 1.5 L/min
Nebulizer gas flow rate 0.9 L/min
Precision (general) 1–3%
Ca analytical line (λ) 396.8 nm (detection limit 0.003 mg/L)
Mg analytical line (λ) 279.6 nm (detection limit 0.02 mg/L)
P analytical line (λ) 213.6 nm (detection limit 0.1 mg/L)
Cd analytical line (λ) 226.5 nm (detection limit 0.003 mg/L)
Cu analytical line (λ) 324.75 nm (detection limit 0.005 mg/L)
Mn analytical line (λ) 257.61 nm (detection limit 0.005 mg/L)
Zn analytical line (λ) 213.9 nm (detection limit 0.005 mg/L)
Ni analytical line (λ) 231.60 nm (detection limit 0.01 mg/L)
Fe analytical line (λ) 259.94 nm (detection limit 0.002 mg/L)
Mo analytical line (λ) 202.03 nm (detection limit 0.004 mg/L)
Co analytical line (λ) 228.62 nm (detection limit 0.005 mg/L)

Table S5
Comparison of elemental contents in the roots of Sedum Spectabile cultivated under Cu2+ stressa

Elementsb Contents of elements in Sedum Spectabile’s roots 
cultivated under Cu2+ stress (mg/g)c

Contents of elements in Sedum Spectabile’s roots 
cultivated without Cu2+ stress (mg/g)

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Cu 3.60 2.40 4.86 4.71 0.08 0.05 0.04 0.04
Ca 11.89 8.74 15.16 12.64 10.76 9.34 10.56 6.19
Mg 4.00 2.34 5.39 3.08 2.99 2.64 2.90 2.15
P 4.98 2.96 6.32 4.52 4.77 3.78 4.96 3.78
Fe 0.61 0.82 0.93 0.86 1.43 1.35 1.07 1.31
Mn 0.08 0.02 0.04 0.08 0.05 0.03 0.03 0.05
Ni 0.01 0.03 0.04 0.06 0.37 0.40 0.07 0.09

aThe duration of the cultivation is 9 weeks, 25–35°C, and total volume of culture solution is 200 mL. 
bThe contents of Zn, Mo, Co, etc, in roots were comparatively low, and not listed in the table. 
cEvery one week, 20 mg of Cu2+ ions was added into the culture medium, and totally 160 mg of Cu2+ ions was added. 

Table S4
Comparison of elemental contents in the roots of Sedum Spectabile cultivated under Cd2+ stressa

Elementsb Contents of elements in Sedum Spectabile’s roots 
cultivated under Cu2+ stress (mg/g)c

Contents of elements in Sedum Spectabile’s roots 
cultivated without Cu2+ stress (mg/g)

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Cd 23.70 8.03 5.51 14.19 0.25 0.06 0.04 0.10
Ca 21.85 19.76 13.22 14.42 14.58 10.55 10.96 10.40
Mg 9.45 5.27 4.22 3.59 5.86 3.98 2.68 3.07
P 6.04 2.71 2.04 2.41 5.21 2.64 1.27 2.23
Fe 2.53 1.19 1.02 1.39 ≤0.01 ≤0.01 ≤0.01 ≤0.01

aThe duration of the cultivation is 9 weeks, 25–35 °C, and total volume of culture solution is 200 mL. 
bThe contents of Zn, Cu, Mo, Ni, Mn and Co, etc, in roots were comparatively low, and not listed in the table. 
cEvery 7 days, 10 mg of Cd2+ ions was added into the culture medium, and totally 80 mg of Cd2+ ions was added.
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Table S6
Comparison of elemental contents in the roots of Sedum Spectabile cultivated under Ni2+ stressa

Elementsb Contents of elements in Sedum Spectabile’s roots 
cultivated under Ni2+ stress (mg/g)c

Contents of elements in Sedum Spectabile’s roots 
cultivated without Ni2+ stress (mg/g)

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Ni 21.46 6.14 8.39 10.35 0.37 0.40 0.07 0.09
Ca 23.29 19.97 25.22 11.05 10.76 9.34 10.56 6.19
Mg 6.02 4.06 5.75 2.39 2.99 2.64 2.90 2.15
P 8.21 6.91 6.17 3.87 4.77 3.78 4.96 3.78
Fe 1.28 1.44 1.09 0.85 1.43 1.35 1.07 1.31
Mn 0.07 0.09 0.03 0.03 0.05 0.03 0.03 0.05
Cu 0.05 0.03 0.05 0.04 0.08 0.05 0.04 0.04

aThe duration of the cultivation is 9 weeks, 25–35 25–35°C, and total volume of culture solution is 200 mL. 
bThe contents of Zn, Mo, Co, etc, in roots were comparatively low, and not listed in the table. 
cEvery one week, 20 mg of Ni2+ ions was added into the culture medium, and totally 160 mg of Ni2+ ions was added. 

Table S7
Comparison of elemental contents in the roots of Sedum Spectabile cultivated under  Mn2+ stress a

Elements b Contents of elements in Sedum Spectabile’s roots 
cultivated under Mn2+ stress (mg/g) c

Contents of elements in Sedum Spectabile’s roots 
cultivatedd without Mn2+ stress (mg/g)

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Mn 4.01 7.00 4.54 4.89 0.05 0.03 0.03 0.05
Ca 15.07 16.93 13.50 13.37 10.76 9.34 10.56 6.19
Mg 2.86 4.02 3.05 2.83 2.99 2.64 2.90 2.15
P 5.26 4.90 5.44 5.05 4.77 3.78 4.96 3.78
Fe 1.14 1.06 0.91 0.69 1.43 1.35 1.07 1.31
Cu 0.10 0.08 0.06 0.06 0.08 0.05 0.04 0.04

aThe duration of the cultivation is 9 weeks, 25–35°C, and total volume of culture solution is 200 mL. 
bThe contents of Zn, Ni, Mo, Co, etc, in roots were comparatively low, and not listed in the table. 
cEvery one week, 20 mg of Mn2+ ions was added into the culture medium, and totally 160 mg of Mn2+ ions was added.

Table S8
Comparison of elemental contents in the roots of Sedum Spectabile cultivated under  Zn2+ stressa

Elementsb Contents of elements in Sedum Spectabile’s roots 
cultivated under Zn2+ stress (mg/g)c

Contents of elements in Sedum Spectabile’s roots 
cultivated without Zn2+ stress (mg/g)

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Zn 6.23 1.93 3.33 2.34 ≤0.02 ≤0.02 ≤0.02 ≤0.02
Ca 11.54 11.68 15.25 14.60 10.76 9.34 10.56 6.19
Mg 3.30 3.20 3.94 3.08 2.99 2.64 2.90 2.15
P 5.58 4.65 5.08 5.17 4.77 3.78 4.96 3.78
Fe 0.91 0.77 0.67 0.73 1.43 1.35 1.07 1.31
Mn 0.03 0.09 0.05 0.02 0.05 0.03 0.03 0.05
Cu 0.07 0.01 0.04 0.05 0.08 0.05 0.04 0.04

aThe duration of the cultivation is 9 weeks, 15–25°C, and total volume of culture solution is 200 mL. 
bThe contents of Ni, Mo, Co, etc, in roots were comparatively low, and not listed in the table. 
cEvery one week, 20 mg of Zn2+ ions was added into the culture medium, and totally 160 mg of Zn2+ ions was added. 
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Table S9
Comparison of Cd contents in the leaves of Sedum Spectabile cultivated under Cd2+ stressa

Elements Contents of elements in Sedum Spectabile’s leaves 
cultivated under Cd2+ stress (mg/g) b 

Contents of elements in Sedum Spectabile’s leaves 
cultivated without Cd2+ stress (mg/g)

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Cd ≤0.05 ≤0.02 ≤0.02 ≤0.05 ≤0.02 ≤0.02 ≤0.02 ≤0.02

aThe duration of the cultivation is 9 weeks, 25–35°C, and total volume of culture solution is 200 mL. 
bEvery 7 days, 10 mg of Cd2+ ions was added into the culture medium, and totally 80 mg of Cd2+ ions was added. 

Table S10
Comparison of growth status of Sedum Spectabile with and without Cd2+ stressa

Cultural environment Culture medium Height of the plant before cultivation (cm) Height of the plant after cultivation (cm)

With Cd2+ stressb A 40 44
B 38 43
C 41 43
D 38 42

Without Cd2+ stress A 27 31
B 30 33
C 32 35
D 30 33

 aThe duration of the cultivation is 9 weeks (without Cd2+ stress in the first week), and total volume of culture solution is 200 mL. 
 bEvery 7 days, about 20 mg of Cd2+ ions was added into the culture medium, 25–35°C, and totally 160 mg of Cd2+ ions was added. 

Table S11
Results of simulated precipitation of cadmium in plant’s roots 

Species in simulated system b Molar ratio of Cd to other 
species (mol/mol)

Final concentration of elements in solution 
(mg/L) 

Cd2+ -precipitated 
(%)

Cd P Fe Ca

Cd2+ (pH 7–7.5) – 16.05 – – – 55.5
Cd2+/(H2PO4

– + HPO4
2–) 3:2 0.73 3.24 – – 98.0

Cd2+/HCO3
– 1:1 0.15 – – – 99.6

Cd2+/HS– 1:1 1.29 – – – 97.0
Cd2+/(H2PO4

– + HPO4
2–) /Ca2+ 3:2:3 0.66 2.49 – 9.15 98.2

Cd2+/HCO3
–/Ca2+ 1:1:1 0.12 – – 6.57 99.7

Cd2+/(H2PO4
– + HPO4

2–) /Fe3+ 3:2:2 0.48 1.06 ≤0.01 – 98.7
Cd2+/HCO3

–/Fe3+ 3:3:2 0.08 – ≤0.01 – 99.8

aInitial concentration of Cd2+ = 36.05 mg/L, total volume of solution = 250 mL, pH 6–7 (except specified), temperature = 30°C, settlement 
time = 24 h
bNa+ H+, OH– or NO3

– balancing charges are not listed.
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Table S12
Comparison of growth status of Sedum Spectabile with and without Cu2+ stressa

Cultural  
environment

Culture  
medium

Height of the plant before cultivation  
(cm)

Height of the plant after cultivation  
(cm)

With Cu2+ stressb A 27 31
B 29 31
C 28 30
D 27 28

Without Cu2+ stress A 30 34
B 29 33
C 30 36
D 30 36

aThe duration of the cultivation is 9 weeks (without Cu2+ stress in the first week) , 25–35°C, and total volume of culture solution is 200 mL. 
bEvery 7 days, about 20 mg of Cu2+ ions was added into the culture medium, and totally 160 mg of Cu2+ ions was added. 

Table S13
Comparison of Cu contents in the leaves of Sedum Spectabile cultivated under Cu2+ stressa

Elements Contents of elements in Sedum Spectabile’s leaves 
cultivated under Cu2+ stress (mg/g) b 

Contents of elements in Sedum Spectabile’s leaves 
cultivated without Cu2+ stress (mg/g)

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Cu ≤0.02 ≤0.02 0.03 ≤0.02 ≤0.02 ≤0.02 ≤0.02 ≤0.02

aThe duration of the cultivation is 9 weeks, 25–35°C, and total volume of culture solution is 200 mL. 
bEvery one week, 20 mg of Cu2+ ions was added into the culture medium, and totally 160 mg of Cu2+ ions was added. 

Table S14
Comparison of growth status of Sedum Spectabile with and without Ni2+ stressa

Cultural environment Culture medium Height of the plant before cultivation (cm) Height of the plant after cultivation (cm)

With Ni2+ stressb A 38 40
B 35 40
C 36 39
D 37 39

Without Ni2+ stress A 30 34
B 29 33
C 30 36
D 30 36

aThe duration of the cultivation is 9 weeks (without Ni2+ stress in the first week), 25–35°C, and total volume of culture solution is 200 mL. 
bEvery 7 days, 20 mg of Ni2+ was added into the culture medium, and totally 160 mg of Ni2+ was added. 

Table S15
Comparison of Ni contents in the leaves of Sedum Spectabile cultivated under Ni2+ stressa

Elements Contents of elements in Sedum Spectabile’s leaves 
cultivated under Ni2+ stress (mg/g)b 

Contents of elements in Sedum Spectabile’s leaves 
cultivated without Ni2+ stress (mg/g)

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Ni 0.24 0.06 0.05 ≤0.02 ≤0.02 0.03 ≤0.02 ≤0.02

aThe duration of the cultivation is 9 weeks, 25–35°C, and total volume of culture solution is 200 mL. 
bEvery one week, 20 mg of Ni2+ ions was added into the culture medium, and totally 160 mg of Ni2+ ions was added. 
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Table S16
Comparison of growth status of Sedum Spectabile with and without Mn2+ stress a

Cultural environment Culture medium Height of the plant before cultivation (cm) Height of the plant after cultivation (cm)

With Mn2+ stress b A 34 35
B 34 37
C 33 37
D 32 32

Without Mn2+ stress A 30 34
B 29 33
C 30 36
D 30 36

aThe duration of the cultivation is 9 weeks (without Mn2+ stress in the first week), 25–35°C, and total volume of culture solution is 200 mL. 
bEvery 7 days, 20 mg of Mn2+ was added into the culture medium, and totally 160 mg of Mn2+ was added. 

Table S18
Comparison of growth status of Sedum Spectabile with and without Zn2+ stressa

Cultural environment Culture medium Height of the plant before cultivation (cm) Height of the plant after cultivation (cm)

With Zn2+ stressb A 28 33
B 29 30
C 27 33
D 27 28

Without Zn2+ stress A 30 34
B 29 33
C 30 36
D 30 36

aThe duration of the cultivation is 9 weeks (without Zn2+ stress in the first week), 25–35°C, and total volume of culture solution is 200 mL. 
bEvery 7 days, about 20 mg of Zn2+ ions was added into the culture medium, and totally 160 mg of Zn2+ ions was added. 

Table S17
Comparison of Mn contents in the leaves of Sedum Spectabile cultivated under Mn2+ stressa

Elements Contents of elements in Sedum Spectabile’s leaves 
cultivated under Mn2+ stress (mg/g)b 

Contents of elements in Sedum Spectabile’s leaves 
cultivated without Mn2+ stress (mg/g)

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Mn 0.10 0.03 0.34 0.05 ≤0.02 ≤0.02 ≤0.02 ≤0.02

aThe duration of the cultivation is 9 weeks, 25–35°C, and total volume of culture solution is 200 mL. 
bEvery one week, 20 mg of Mn2+ ions was added into the culture medium, and totally 160 mg of Mn2+ ions was added.

Table S19
Comparison of Zn contents in the leaves of Sedum Spectabile cultivated under Zn2+ stressa

Elementsb Contents of elements in Sedum Spectabile’s leaves 
cultivated under Zn2+ stress (mg/g)c

Contents of elements in Sedum Spectabile’s leaves 
cultivated without Zn2+ stress (mg/g)

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Cultural 
medium A

Cultural 
medium B

Cultural 
medium C

Cultural 
medium D

Zn ≤0.02 ≤0.02 ≤0.02 ≤0.02 ≤0.02 0.03 ≤0.02 ≤0.02

aThe duration of the cultivation is 9 weeks, 15–25°C, and total volume of culture solution is 200 mL. 
bEvery one week, 20 mg of Zn2+ ions was added into the culture medium, and totally 160 mg of Zn2+  ions was added.
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Table S20
Comparison of Cu2+ adsorption in the presence of Citratea

Adsorbentsb Final concentration of Cu2+ in solution (mg/L) Cu2+ -removed (%)

Calcium phosphate 2.04 59.2
Calcium carbonate 4.37 12.6
Iron(II) sulfide 2.38 52.4
Cysteine 3.49 30.2
Cystine 0.06 98.8

 0.42 c  91.6c

aInitial concentration of Cu2+ in solution = 5.0 mg/L, molar ratio of citric acid to Cu = 5:1, amount of adsorbents = 0.1 g, total volume of 
solution = 50 mL, pH = 7–7.5, exchange time = 24 h, temperature = 20°C
bThe grain-size was about 65–74 μm
cMolar ratio of citric acid to Cu = 10:1

Table S21
Comparison of some organic-acids commonly existing in plants in terms of dissolution of copper phosphate or nickel phosphatea

Organic-Acids pH Final concentration of Cu2+ in solution (mg/L) Final concentration of Ni2+ in solution (mg/L)

Citric acid 3–3.5 565.5 401.8
8–8.5 376.1 293.4

Tartaric acid 3–3.5 507.5 325.4
8–8.5 276.8 147.5

Malic acid 3–3.5 505.8 369.4
8–8.5 290.4 208.8

aAmount of copper phosphate (Cu2+ content in it = 34.6 wt %) or nickel phosphate (Ni2+ content in it = 22.9 wt %) is 0.1 g, molar ratio of an 
organic-acid to Cu2+ or Ni2+ is 5:1, total volume of solution is 60 mL, dissolution time is 24 h, temperature is ca. 25°C.


