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A three-year in situ remediation experiment was carried out to understand the effect of combined phytoremediation with
chemical materials on the bioavailability of heavy metals in soil. Indigenous weed (Setaria pumila), energy plant (Pennisetum sp.),
cadmium (Cd)-hyperaccumulator (Sedum plumbizincicola), and copper (Cu)-tolerant plant (Elsholtzia splendens) were used as
the phytoremediation plants aided by micron hydroxyapatite (1% wt). The bioavailability of Cu and Cd in soil was evaluated
during the three years. The results showed that the four plants combined with micron hydroxyapatite significantly increased soil
pH and soil organic carbon (SOC), and decreased Cu and Cd fractions extracted by CaCl, and diffusive gradients in thin films
(DGT) than the untreated soils, respectively. Because of the large biomass, the accumulation of Cu and Cd is the largest in
Pennisetum sp. followed by Elsholtzia splendens, Sedum plumbizincicola, and Setaria pumila. The bioavailability of Cu and Cd is
significantly negatively correlated with pH, soil organic carbon, available phosphorus, and available potassium. Moreover, the
correlation is mainly related to the addition of micron hydroxyapatite. The accumulation of Cu and Cd is the combined action of
the soil bioavailability of Cu, Cd, and biomass. Our results suggest that Pennisetum sp. can act as an appropriate remediation plant
for phytoremediation aided by amendments.

1. Introduction remediation process [4]. Therefore, the application of in-

organic and/or organic chemical materials to assist phy-

During the past few decades, elevating Cu and Cd con-
centrations in Chinese arable soils due to industrial and
agricultural activities represents a serious threat to humans
[1]. Thus, remediation of metal-contaminated agricultural
soils has been widely carried out in China [2]. Phytoex-
traction as an environmentally friendly and cost-effective
technique has been widely used to remediate the heavy
metal- contaminated soil [3]. However, excessive soil pol-
lutants with adverse physical and chemical properties in
seriously contaminated soil may lead to cause poisoning
symptoms of plants and inhibit its growth, so as to limit the

toremediation in heavy metal severely contaminated soil is
widely advocated [5] because this method can improve the
physicochemical and biological properties of soil and thus
promoting plant growth [6]. The objective of aiding phy-
toremediation is not only to remove heavy metals from soil
but also to decrease the bioavailability of heavy metals in soil,
so as to decrease their potential environmental risks [5].
Additionally, the bioavailability of heavy metals during the
phytoremediation is primarily associated with the phyto-
toxicity of trace metals in soil [7]. Therefore, it is of great
significance to accurately evaluate the bioavailability of
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heavy metals in soil during phytoremediation aided by soil
amendments.

It has been reported that some hyperaccumulator plants,
agricultural grasses, and energy plants with high produc-
tivity can be used for phytoremediation because they can
absorb heavy metals from soil [8]. However, high metal
availability, low soil pH, organic matter (OM) and nutrients,
and poor soil structure in contaminated soils could also
prevent plant establishment and growth [9]. Therefore,
appropriate soil amendments such as limestone, apatite, and
zeolite have been applied to enhance plant biomass pro-
duction [10]. For example, Gray et al. found that red fescue
(Festuca rubra) could be only established in heavy metal-
contaminated soil with the applications of lime and red mud
[11]. On the other hand, the process of plant uptake of heavy
metals in soil may be affected by the addition of chemical
materials, thus reducing the efficiency of phytoremediation
[12]. In phytoremediation, a great deal of studies suggested
that soil amendments play more important roles in de-
creasing the bioavailability of heavy metals compared with
plants [13, 14]. To date, however, it is not clear that the
bioavailability of heavy metals to different plant species
during phytoremediation aided by the same amendment. It
has been reported that micron hydroxyapatite has strong
fixation ability for heavy metals [15] and is widely used to
remediate heavy metal-contaminated soil. Although this
stabilizing remediation method cannot reduce the total
amount of heavy metals, it can combine with heavy metals or
transform them from active state to inactive state. In ad-
dition, some studies showed that hydroxyapatite had the
characteristics of low leaching rate and slow phosphorus
release compared with conventional water-soluble phos-
phate fertilizer, which made it a potential phosphate fer-
tilizer in China [16]. Therefore, the application of
hydroxyapatite in the red soil contaminated by heavy metals
in China can not only reduce the activity of heavy metals but
also promote the growth of crops.

Many methods have been used to evaluate the bio-
availability of Cu and Cd, mainly including chemical ex-
traction and some other methods such as the diffusive
gradients in thin films (DGT). The dissolved part of heavy
metals in soil is considered to have the highest bioavailability
[17], 0.01 mol L™! CaCl, often be used to extract the dis-
solved part metal fraction in soil [18]. As a kinetically based
technique, DGT can reflect the soil metal desorption process
when metals in the soil solution are depleted at the interface
between the roots and the soil [19]. Meanwhile, the bio-
availability of heavy metals in soil always substantially af-
fected by soil physicochemical properties, and this effect is
not only reflected in the mobility of heavy metals in soil but
also reflected in the impact on plant growth and soil
structure, thus affecting the efficiency of phytoremediation
[20]. Among many physicochemical properties, the soil pH,
soil organic matter (SOM), nutritional status, and texture
play important roles in plant growth, thus affecting the
remediation efficiency [21-24]. The phytoremediation aided
by remediation materials will affect the bioavailability of
heavy metals in the soil and the soil physicochemical
properties, making the relationship between remediation
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efficiency and soil factors more complex. Thus, it is necessary
to find a method to describe quantitatively the contribution
of individual variables to Cu and Cd bioavailability and
remediation efficiency in the complex ecosystems of soils.
In the present study, a three-year field experiment was
conducted by adding micron hydroxyapatite into the co-
contaminated soil (Cu and Cd) and planting four plant
species. The aims were (i) to assess the bioavailability of Cu
and Cd to different plant species using two extraction
methods (0.01 mol L™ CaCl, and DGT), (ii) to quantify the
contribution rates of different soil properties to Cu and Cd
bioavailability, and remediation efficiency, and (iii) finally to
provide some suggestions for the practical use of heavy metal
accumulators aided by amendment in decontaminating
metal-contaminated agricultural soils in China.

2. Materials and Methods

2.1. Study Site. The field experiment was conducted in Guixi
City, Jiangxi Province, China (116°55' E, 28°12' N). Owing to
farmers using wastewater containing heavy metals dis-
charged by a copper smelter for irrigation and the atmo-
spheric metal depositions, and waste residue accumulation,
more than 130 hm® of surrounding farmland has suffered
heavy metal pollution (mainly Cu and Cd). The soil texture is
sandy loam, and the main soil properties are shown in
Table 1.

2.2. Reagent and Plants. Micron hydroxyapatite (purity
>96.0%, pH 7.71) was purchased from Emperor Nano
Material Co. Ltd (Nanjing, China), and the major properties
have been listed in our previous research [25]. The reme-
diation plants used in this study were Elsholtzia splendens,
Sedum plumbizincicola, Pennisetum sp., and an indigenous
weed (Setaria lutescens). These plant species were selected
because Sedum plumbizincicola is a Cd-hyperaccumulator
[26]; Elsholtzia splendens is a Cu-tolerant species [27],
Pennisetum sp. is high biomass species [28], and Setaria
lutescens is a native weed. Moreover, Sedum plumbizinci-
cola and Pennisetum sp. are perennial species, while
Elsholtzia splendens and Setaria lutescens are annual species.

2.3. Plot Design. The experiment included five treatments:
control soil without micron hydroxyapatite and plant (CK),
1% micron hydroxyapatite combined with native Setaria
lutescens and without manual planting (MW), 1% micron
hydroxyapatite and Elsholtzia splendens (ME) with planting
density of 20cm x20cm, 1% micron hydroxyapatite and
Sedum plumbizincicola (MS) with planting density of
20 cm x 20 cm, and micron hydroxyapatite and Pennisetum
sp. (MP) with planting density of 50 cm x 50 cm. Each plot
was 500 cm (length) x400cm (width) and received one
application of 1% micron hydroxyapatite (based on the
0-17 cm soil weight) and 834 kg ha™" fertilizer (the content
of N-15%, P,O5-15%, K,0-15%) on December 23, 2012, and
the micron hydroxyapatite and fertilizer fully mixed into the
soil by plowing. The plants were planted on April 26 each
year (2013, 2014, and 2015), and the micron hydroxyapatite
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TaBLE 1: Physicochemical properties of the tested soil.
_1 T- A- T- A- T- A- CEC T- T-
pH SOCg kg Ngkg! Nmgkg' Pgke' Pmgke' Kgkg' Kmgkg' cmolkg! Cumgkg' Cdmgkg™
4.24 16.5 1.08 54.0 0.190 89.4 2.02 51.1 8.31 666 0.412

SOC, soil organic carbon; T-N, soil total nitrogen; A-N, available nitrogen; T-P, soil total phosphorus; A-P, available phosphorus; T-K, total potassium; A-K,
available potassium; CEC, cation exchange capacity; T-Cu, total Cu; and T-Cd, total Cd.

was applied once in 2012, but fertilizer was added into soil
each year for the next three years.

2.4. Sample Collection. All the plants’ shoots were harvested
in December 15 each year except Sedum plumbizincicola,
which was harvested in July 15 each year. Five top-soil
samples (about 1 kilogram) near the plant rhizosphere were
collected from the 0-17 cm depth each year. Then, the five
samples were mixed and formed a composite sample for the
physicochemical analysis.

2.5. Soil Physicochemical Analysis. Soil pH was measured
with a glass electrode in water: soil ratio of 2.5 : 1(PHS-2CW-
CN, Bante, Shanghai, China). Soil organic carbon (SOC) and
total nitrogen (TN) were determined according to Wal-
kley-Black [29]. Soil available phosphate (P) and nitrogen
(N) were measured in accordance with Holliday [30]. The
soil available potassium (K) was measured in accordance
with Olsen [31, 32]. The ammonium acetate method was
used to measure the soil cation exchange capacity (CEC)
[33].

2.6. Heavy Metal Analysis

2.6.1. Heavy Metals Concentrated by DGT. The technique of
diffusive gradients in thin films (DGT) continuously
removes metal to the resin sink after it diffuses through a
hydrogel [34]. It mimics the processes of metal uptake by
plants that occur in the rhizosphere including soil solution
metal resupply from the solid phase at the time scale of plant
metal uptake [35]. The DGT technique has been used for
several decades to study metal bioavailability, and good
correlations have been obtained between metal measured by
DGT and metal in metal-tolerant plants or crops. Standard
piston DGT devices (DGT Research, Lancaster, UK) were
prepared with a diffusion layer overlying a Chelex (Bio-Rad,
Hercules, CA) resin layer. The diffusion layer was composed
of a 0.8-mm-thick polyacrylamide gel with agarose deriv-
ative cross-linker and a 0.13-mm-thick 0.45-mm cellulose
nitrate filter. For DGT measurements, 30-g air-dried soil was
weighed into a small plastic beaker and maintained ap-
proximately 70% of the maximum water-holding capacity
for 48 h at 25°C in order to ensure sufficient moisture for the
assay. Then, the soil moisture content was adjusted to 100%
field capacity and the soil was mixed thoroughly using a
plastic spatula until a smooth paste was formed. The soil
paste was left to equilibrate for 1 day at room temperature
(18-20°C) before DGT deployment. The DGT devices were
placed carefully on the soil paste with slight pressure to
ensure complete contact between the filter membrane of

each device and the soil. The acid soils (DBS and HLD) were
deployed for 16 h at 19 + 1°C, and on the alkaline soil (where
the metals had low availabilities), DGT devices were
deployed for 24h. On retrieval, the surfaces of the DGT
devices were jet-washed with deionized water to remove soil
particles and then disassembled. 1 mL of HNO; (1 M) was
added in a closed microvial to elute the metal from the resin
gel. After retrieval of the DGT device, the paste soil was
stirred and centrifuged at 3000 rpm for 30 min to collect the
soil solution. The supernatant was syringe-filtered using
0.45-mm disposable polysulfone filter assemblies and
acidified using 10 mL of 5M HNOj; in 1 mL. Eluted metals
and metals in the soil solution were measured by atomic
absorption spectrophotometry (AAS, SpectrAA-220, Varian
Medical Systems, Palo Alto, CA, USA).

The mass of metal accumulated (M in mg) in the resin gel
layer of DGT was obtained by the following formula:

M= CE(VHNO3 + Vgel))
fe

where Cy is the concentration of metal in the 1 M HNO;
elution solution (ug L™"); VHNO3 is the volume of HNO;
added to the resin gel (1 mL); V, is the volume of the resin
gel, typically 0.15mL; and f, is the elution factor for each
metal, typically 0.8.

The flux of metal measured by DGT (F, in yg cm > s™')
and the concentration of metal at the interface of the DGT
device and the soil (Cpgr , in yg LY) were calculated as
follows:

(1)

M

F=ay @

FA
Cper = Tg) (3)

where f is the DGT deployment time (in sec); A is the
contact area between soil and diffusive layer, typically
2.54cm? Ag is the diffusive thickness (0.094 cm); and D is
the diffusion coeflicient of the metal in the gel (cm? s7h).

2.6.2. Heavy Metals Extracted by Chemical Agents. 5 g of soil
sample was weighed and added into 50-mL centrifuge tube,
and then, 25 mL of 0.01 mol L™ CaCl, solution was added
into the tube and shake at 25°C for 2 h, then centrifuged at
3500 rpm for 5min; subsequently, the supernatant was fil-
tered by 0.45-ym micron microporous filter membrane.
Atomic absorption spectrophotometry (AAS, SpectrAA-
220, Varian Medical Systems, Palo Alto, CA, USA) was used
to determine the Cu and Cd concentrations in the
supernatant.



Bioinorganic Chemistry and Applications

(S0°0>d € =14) W) JWES Y} & SJUIU)BIT) UM SIOUIIPIP JUedYIUSIS JEDIPUT 19139 ISEITIMO]
juaraprq Aypedes adueyoxs wones HFD pue cwnissejod d[qereae Y-y snroydsoyd s[qerreae ‘J-y ‘uaSonu s[qerer N-y wmnissejod [e30) -7, ‘snioydsoyd [e303 ‘-], ‘waSontu [ejo) ‘N-J, ‘uoqred sruedio
[os DOS ‘ds wmastuudg + AnedefxorpAy = gN ejoonurziqunid wnpag + a)ededxorpAy =g ‘suspus[ds erzjjoysyq + AnedefxorpAy =gy ‘sua0san| eLrejag + AnedefxorpAy= M I0s pajearyun =D

q6180°0 +95°8 QeT'61 +S9L 2q8CT'0+0CC BTV FOTI1 BOVI°0 0550 BOOCTFG'SS qQeoLT 0+ SE'T 8LV O F S 61 BIL60°0 +L0'S dIN
900200+ €S8 BBOI + €66 qecee0’0+6¢€C BGITF6I1T BZOT'0+079°0 BSOTF TIPS qeISLO'0 +8T'T 60T 981 BIOT'0F€T'S SIN
BILO0F¥8'8 B6TI+ST6 qez080°0 +8€'C BOT'S ¥ 81T qezST0'0 ¥ 09%°0 B ITFL'T9 BOEF0'0 FOV'T BE6S0F 06T BCLTO+9TS N S10T
q6260°0 ¥ 15°8 BCI'S F €01 BGOTO'0FEV'C qe0L’Ss F0°'86 BOET'0+01S°0 BOL'E€ ¥ 689 BO6LEO'OFST'L q8S€0F 991 BLETO+€0'S MIN
90710 F9¢8 QLS EFTIS 267600 F20°C 90y F 768 qeST0'0F061°0 B00'LF0FS 40090°0 80°T qISy0F 691 q08T0 ¥ 0T'¥ 20
B90T'0+95°8 qQes'0c+0'¢L qQeL¥T'0+L0C ®LTECF 8L BZFT0F0€9°0 LY TFTTCS BISTOF LT ®BI¥S'0 F 881 BESTOF VIS dIN
BOBT'0FL¥'8 BEIF9'66 QePITOFIET B06'Y FCET ©8090°0 + 089°0 BLOTOF0ES BETTOF ST B6ET0 F 781 BSOT0FETS SN
BOTL0F¥9°8 qQe0'ST +0'%8 qe6ST0+9T'C B09'C FFET BF0¥0°0 ¥ 0250 BIFIF¥'99 BIITOF¢C'T BGTLOF V8T BIOTOF VTS AN y10T
BGRT'0F €S8 996 ¥ 0'86 B6€80°0 F €T BCOT +0¢T 9%9.L0°0 ¥ 029°0 B6LTF €99 BG0E0'0F0OV'L 98110 FC 91T BOETO+9T'S MIN
BH0%0°0 F 6€°8 q8TEF S'6¥ qITro+ 61 qe'sTF 188 96L£0°0 ¥ 061°0 B90'LF8CS B90€0'0FS0'T qQZLTOF 191 qQOITOF€TH 20
BGLS0F599'8 qQey' 0T+ L'1L BGET'O+L0T ©R'GT F6¥1 ®ZOT0F 0120 BIO'C +S°CS BELTOF LT B6E T F0°81 BGETO+ SIS dIN
BYL6'0FPY'L BOTI+L¥6 BIS80'0+TET B68'G FTST BETLO'0F08L°0 BOT'T+9'CS BFOT'0+9T'1 ®80S'0+ 08T BZOT0OF6T'S SIN
BST'T+¢9'8 qQeT'ST +¥'C8 BYOTOF V1T BZI'6 F0L1 ®90€0°0 F059°0 ®O'CI ¥8'SS ®0060°0 FCE'T BR6E0F LI BEOS0'0 F€€°S N €10T
BOVT'0+ 17°8 BLOEOFETO6 BO080'0 +ST'C qQ9T L+ 021 BCL80'0F 0290 BICT+87S ®9990°0 F9¢'L B8SY0'0 + €91 BRITO+ LIS MIN
BEST00FCE8 a86TF 9IS BOYT0F90°C PILTF698 900100 F061°0 BGRLFSTS B6LEOOFITT BI6T0F 91 qLOTOF¥T¥ 0
(8 Joun 3 8w 38 (8 8w 38 > 38 38 Hd Juswneal] swi,
040 AV J-L d-v d-L N-V N-L D0S

‘s1eaf 2211y ay) Surmp sawads juerd 1oy jo 3saArey oy} 19)e santadoid [ros soeyng iz a1av],



Bioinorganic Chemistry and Applications

750
700
—~ 2a aa
i a
B 1
o0
£
= 650
3
g
=
O
600
550 - L T
CK MW  ME MS MP
Treatment
H 2013
[ 2014
[ 2015

(a)

5
.50
45
— a
.I—Péb a a
g al |a
= .40 A
s
=
<
O
.35
.30 - T T
CK MW  ME MS MP
Treatment
H 2013
[ 2014
B 2015

(®)

Figure 1: Total Cu and Cd concentrations in five soils during 3 years. MW = Setaria lutescens, ME = Elsholtzia splendens, MS = Sedum
plumbizincicola, and MP = Pennisetum sp. Different lowercase letters indicate significant differences in the same treatment during the three

years (n=3, P <0.05).

2.6.3. Determination of Heavy Metals in Soil and Plant
Sample. Total soil Cu and Cd in soil and plant were mea-
sured by atomic absorption spectrophotometry (AAS,
SpectrAA-220, Varian Medical Systems, Palo Alto, CA,
USA). Standard soil samples (GBW07405, National Re-
search Center for Certified Reference Materials, Beijing,
China; GBW07401, Institute of Geophysical and Geo-
chemical Exploration, Langfang, Hebei Province, China)
were used to verify data reliability.

2.7. Statistical Analysis. All the data were presented as mean
standard error and were estimated using one-way ANOVA
at a significance level of 0.05 using SPSS 20.0 (IBM SPSS,
Somers, NY, USA) when necessary and the Pearson’s cor-
relation also be analyzed by SPSS 20.0. All the graphics in
this article were made with SigmaPlot 12.5.

3. Results and Discussion

3.1. Surface Soil Properties. The soil pH was significantly
increased from 4.24 to 5.17 after the applying of micron
hydroxyapatite in the first year (Table 2). This might be due
to the high pH (8.40) of micron hydroxyapatite, and the
result was consistent with Cui et al., who found that the soil
pH could be improved because of the addition of micron
hydroxyapatite [36]. However, just as the CK whose pH
decreased from 4.24 to 4.20 during the three years (Table 2),
the effect of micron hydroxyapatite on the improving soil pH
also decreased year by year (Table 2). This might be related to

the fact that our experimental area was located in a typical
acid rain area in southern China; with a large number of H"
entering the soil, the soil pH decreased slightly over time.
Although the plants might have secreted some weak organic
acid ions, amino acids, vitamins, and inorganic ions
(HCO37, OH", and H") by the roots, which could change the
soil pH [37], there was no significant difference in soil pH
among different plant treatments, implying that the addition
of micron hydroxyapatite played a decisive role in the soil
pH during the remediation of this contaminated soil. The
SOC could be increased significantly by the combined effect
of micron hydroxyapatite and Elsholtzia splendens, Sedum
plumbizincicola, and Pennisetum sp. in 2014 and 2015
(Table 2). However, only adding micron hydroxyapatite
without artificial planting plants (MW) did not significantly
improve SOC applying hydroxyapatite alone (MW). This
was mainly because the growth of plants increased the input
of litter and the number of plant fine roots, which changed
the structure of soil aggregates. Soil aggregates had physical
protection effect on SOC and reduced the mineralization
and decomposition of organic carbon, resulting in the in-
crease of SOC [38]. Because of the addition of micron
hydroxyapatite, the total phosphorus and available phos-
phorus were significantly increased in all the treatments. The
soil phosphorus content in southern China is low, which
usually made it a limiting factor for plant growth [39], and
the addition of micron hydroxyapatite had a significant
effect on alleviating the phosphorus shortage in this con-
taminated soil. Additionally, the addition of micron hy-
droxyapatite could not significantly increase the content of
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F1GURE 2: CaCl,-extractable Cu and Cd and CDGT Cu and Cd in soils during 3 years. MW = Setaria lutescens, ME = Elsholtzia splendens,
MS =Sedum plumbizincicola, and MP = Pennisetum sp. Different lowercase letters indicate significant differences in the same treatment

during the three years (n=3, P <0.05).

total N, total K, and available N; however, there were sig-
nificant change observed among different treatments in
terms of available K.

3.2. Total and Available Metals and Metals’ Supply. The Cu
and Cd concentrations in the soils without phytoextraction
(CK) and the soils after different phytoextractions are shown
in Figure 1. Both soil Cu and Cd did not decrease signifi-
cantly after remediation in the first 2 years; however, the
total Cu and Cd in soil were significantly reduced by all the
phytoremediation except Setaria lutescens after the third
year of remediation. This might be due to the decrease of

biological activity of Cu and Cu in the soil after the addition
of micron hydroxyapatite, which reduced the absorption of
Cu and Cd by the plants [40]. Therefore, the total Cu and Cd
in the soil were not significantly reduced in the remediation
in the first 2 years. With the progress of remediation, the
stabilization effect of the hydroxyapatite on Cuand Cd in the
soil decreased, the biological activity of Cu and Cd in the soil
increased, and the absorption of Cu and Cd by plants in-
creased, which significantly improved the remediation effect,
so that the concentration of total Cu and Cd in the reme-
diation soil was significantly lower than that in CK [41]. The
largest decrease of Cu and Cd occurred in Elsholtzia
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splendens (ME), Sedum plumbizincicola (MS), and Penni-
setum sp. (MP), respectively. And after phytoextraction, the
decreases in Cu and Cd were from 10.0 to 52.0 and 0.017 to
0.056 mg kg, respectively.

It is known that the toxicity of heavy metals in soil
mainly depends on its bioavailability, and CaCl,-extractable
heavy metals have been used to evaluate the bioavailability of
heavy metals in soil [42]. The CK had the highest CaCl,
extract ability among all the treatments (Cu 81.6 mg-kg™"
and Cd 0.125 mg-kg ™" in 2013). The CaCl, extract ability had
been significantly reduced because of the addition of micron
hydroxyapatite; the lowest CaCl,-extractable Cu was found
in Sedum plumbizincicola plots (22.8 mgkg™ in 2013;
26.0mg-kg™' in 2014; and 43.5mgkg ' in 2015) and the
lowest CaCl,-extractable Cd was found in Sedum plumbi-
zincicola plots in 2013 and 2014 (0.066 mgkg™' and
0.068 mg-kg™") but was found in Pennisetum sp. plots in
2015 (0.089 mg~kg_1) (Figures 2(a) and 2(b)). The results
implied that the bioavailability of Cu and Cd could be
significantly reduced by the application of micron hy-
droxyapatite. Meanwhile, different plants had different ef-
fects on the bioavailability of Cu and Cd in soil during the
combined remediation, which could not be ignored.

The results of DGT analysis showed that the addition of
micron hydroxyapatite could significantly reduce the DGT
concentration of Cu and Cd in soil (Figures 2(c) and 2(d)).
The reduction range for Cu and Cd in different years was
46.4%-74.8% and 50.3%-63.3%, respectively. Treatment
with the greatest decreased percent for Cu and Cd was
Elsholtzia splendens (ME: 74.8%, 2013) and Sedum plum-
bizincicola (MS: 63.3%, 2013), respectively. However, al-
though different plants had different effects on the DGT
concentration of Cu and Cd, there was no significant dif-
ference among the different plant treatments. It is note-
worthy that the concentrations of available Cu and Cd in soil
increased gradually with the passage of time. Due to the
changes of soil physical and chemical properties, the re-
mediation effect of the amendment will gradually decrease
over time, and the heavy metals originally fixed by the
amendment or inactive heavy metals in the soil would be
released again. This might be due to the influence of acid
deposition in this area, which reduced the soil pH value and
weakened the adsorption capacity of soil minerals to heavy
metals [43]. Other types of research also found that the
stabilizing effect of amendment on heavy metals decreased
gradually with the passage of time through the simulation
test of 6 years [44, 45].

Through the analysis of Cu and Cd extracted by CaCl,
and DGT in soil, it was found that the bioavailability of Cu
and Cd in soil is significantly reduced after the soil is
remediated by micron hydroxyapatite. This phenomenon
may be related to four mechanisms: firstly, phosphate in-
duces heavy metal adsorption. On variable charge soil,
because it is rich in iron oxide, alumina, and kaolinite, it can
specifically adsorb phosphate, resulting in the increase of
negative charge on the soil surface and/or the increase of
solution pH, so as to induce the increase of heavy metal
adsorption and reduce the bioavailability of soil heavy metals
[15, 46, 47]. Secondly, in most soils with high content of

heavy metals, the addition of micron hydroxyapatite can
form heavy metal phosphate precipitation or minerals with
heavy metals in the soil, so as to reduce the bioavailability of
heavy metals in the soil [48, 49]. Thirdly, the micron hy-
droxyapatite added to the soil directly adsorbs heavy metals.
Because the solubility of micron hydroxyapatite is small and
the specific surface area of micron hydroxyapatite is large,
after adding to the soil, some heavy metal ions will be
adsorbed on the surface of micron hydroxyapatite, thus
reducing the bioavailability [50, 51]. Additionally, four plant
species may also stabilize Cu and Cd by their absorption and
accumulation in roots [52].

However, it is found that planting different plants in the
soil with remediated by micron hydroxyapatite has no
significant difference in the bioavailability of soil Cu and Cd,
which is different from other research results. For example,
Li et al. found that continuous planting of Sedum plum-
bizincicola in Cd polluted soil can reduce the CaCl,-ex-
tractable Cd and DGT Cd by 60% and 82%, respectively [53].
This may be because in our study, micron hydroxyapatite
was added for remediation to reduce the toxicity of Cu and
Cd in soil, and then, different plants were planted. The
addition of hydroxyapatite reduces the bioavailability of Cu
and Cd in soil, thus reducing the ability of plants to absorb
and accumulate for Cu and Cd. This also led to no significant
difference in the effects of different plants on the bioavail-
ability of Cu and Cd in soil. The phytoremediation using
different plants aided by micron hydroxyapatite, which
seems to reduce the phytoremediation efficiency, but it is of
great significance to the ecological restoration of heavy
metal-contaminated areas.

3.3. Plant Biomass and Metal Concentrations in Plants.
The native grass Setaria lutescens and three phytoextractors
could grow normally after the application of micron hy-
droxyapatite; however, there was no plant growth in CK
treatment without micron hydroxyapatite. There were sig-
nificant differences in the biomass of the four plants, the
largest was found in Pennisetum sp., and biomass of
Elsholtzia splendens was smaller than that of Pennisetum sp.
but significantly higher than that of Setaria lutescens and
Sedum plumbizincicola (Table 3). In the enrichment ca-
pacity of Cu and Cd, Sedum plumbizincicola and Setaria
lutescens showed the highest and lowest absorption capacity
for Cu and Cd, respectively. The Cu and Cd concentrations
in Sedum plumbizincicola were 451.5mgkg ' and Cd
13.7 mg-kg ™", which were 13.8 and 11.8 times that in Setaria
lutescens, respectively (Figure 3).

As an effective and widely used remediation measure of
soil heavy metal contamination, phytoremediation is con-
sidered to be an effective method to reduce the total amount
of soil heavy metals over time [54]. Thus, “removal effi-
ciency” always be used to evaluate the remediation capability
during the phytoremediation, which could be calculated
using tissue concentration and biomass produced [55].
Therefore, the removal efficiency of different plants was not
only related to the concentration of heavy metals in plants
but also depends on the biomass of plants. After considering
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TaBLE 3: Shoot biomass and Cu and Cd accumulation in each plant during phytoextraction.
. 5 Metal accumulation (g-hm™2)
Shoot biomass (t-hm™)
Treatment Cu cd
2013 2014 2015 2013 2014 2015 2013 2014 2015
CK — — — — — — — —
MW 101£491bc  8.55+1.52bc  5.20%0.560c 236 £ 148¢ 285£20.5b 224+93.2b 104£3.96b  103:427b  6.50+2.23c
ME 151+417ab  12.6+138b  14.4+422b  274x103+437a 254x103+75% 2.93x103+1.28x103a  39.2+150a  32.1+8.59a  37.6+8.49
MS 225+0365c  210£0210c  2.70+0.468c  1.03x103 +266¢ 910+92.8b 1.28x103+395ab  29.8+3.94ab  29.5+110a  38.1%5.15ab
MP 223+336a 29246102  37.7+414a  1.88x103+353b 2.98x103:+949a 3.81x103+1.40x103a 29.1+4.46ab 39.8+897a  52.0%3.94a

CK = untreated soil, MW = hydroxyapatite + Setaria lutescens, ME = hydroxyapatite + Elsholtzia splendens, MS = hydroxyapatite + Sedum plumbizincicola,
MP = hydroxyapatite + Pennisetum sp. Different lowercase letters indicate significant differences between treatments in the same year (n=3, P <0.05). —

indicates no plant growth.

———1+a
MP ————ab
I———T})

—a

a

MS

Treatment
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F1Gure 3: Concentrations of (a) Cu and (b) Cd in the shoots of each plant. MW = Setaria lutescens, ME = Elsholtzia splendens, MS = Sedum
plumbizincicola, MP = Pennisetum sp. Different lowercase letters indicate significant differences in the same treatment during the three

years (n=3, P <0.05).

biomass and Cu and Cd concentrations, Pennisetum sp.
showed the greatest Cu and Cd removal efficiency, with the
three-year cumulative amounts of 8.67x103g hm™> and
121 g hm™>, respectively (Table 3). Although the concen-
trations of Cu and Cd in Elsholtzia splendens and Sedum
plumbizincicola were quite different, they had similar re-
moval efficiency of Cu and Cd after integrating the biomass.
Because of the low biomass and Cu and Cd concentration in
Setaria lutescens, the accumulation of Setaria lutescens for
Cu and Cd was the lowest, which implied that this native
plant species had poor removal efficiency during the phy-
toremediation aided by micron hydroxyapatite. According
to our study results and the living habits of different plants,
we suggest that the intercropping of Sedum plumbizincicola
and Pennisetum sp. or Elsholtzia splendens can be an ef-
ficient way of phytoremediation aided by amendments.
However, this assumption needs to be verified by further
field experiments.

Based on this study, in the practice of phytoremediation
aided by chemical materials, plant species with high biomass

are recommended as remediation plants in some special
areas, where the pollutants cannot be cut off. The rationality
is that most of the hyperaccumulators behave low biomass
production and are difficult to rapidly remove pollutants
than plants with high biomass [56]. If the toxicity of heavy
metals in soil is low in areas without foreign pollutant input,
hyperaccumulator plants can certainly be used as the pre-
ferred plants to remove more trace metals. Otherwise, plants
with easy cultivation, rapid growth, and large biomass may
be suitable for phytoremediation aided by amendments such
as the energy plants [57]. These energy plants with high
biomass have the benefit for ecology and economy through
providing a good habitat for soil animals, birds, snakes, etc.,
and even generating electricity through biomass combustion
[58]. Therefore, we recommend the energy plants such as
Pennisetum sp. can be used as the remediation plants for
phytoremediation aided by soil amendments. In order to
further improve the remediation efficiency, it can be
intercropped with hyperaccumulators such as Sedum
plumbizincicola.
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3.4. Correlation between Metal Bioavailability and Environ-
mental Factor. In order to obtain the influencing factors of
bioavailability of Cu and Cd and plant accumulation of Cu
and Cd, we analyzed the correlation between CaCl,-Cu,
CaCl,-Cu, DGT-Cu, DGT-Cd, shoots Cu and Cd, and the
environmental factors. The results of correlation analysis
showed that the bioavailability of Cu and Cd was signifi-
cantly negatively correlated with pH, SOC, T-P, A-P, and
A-K (Table 4). This may be due to the addition of micron
hydroxyapatite to the contaminated soil, which not only
increases the content of soil total phosphorus and available
phosphorus but also improves soil pH, and the increase of
pH can reduce the bioavailability of Cu and Cd in the soil,
thus reducing the Cu and Cd concentrations in plants [59].
Therefore, the bioavailability of Cu and Cd in the soil is
mainly related to the addition of micron hydroxyapatite.
After the contaminated soil is remediated by micron hy-
droxyapatite and planting different plants, the vegetation
restoration leads to a large number of dead branches and
leaves enter the soil every year, after microbial decompo-
sition, more humus is formed, thus increasing soil organic
matter [60]. Although the vegetation restoration cannot
increase the absolute content of soil potassium, the growth of
grass, rhizosphere microbial activities, and decomposition of
organic residues will form a large number of organic acids,
phenolic substances, and inorganic acids, which can ac-
celerate the transformation of insoluble K into available K
and increase the content of available K in soil [61]. Therefore,
SOC and available K are significantly correlated with the
bioavailability of Cu and Cd, but this correlation does not
indicate that they can affect the bioavailability of Cu and Cd
in soil. The biomass of plants was significantly negatively
correlated with the bioavailability of Cu and Cd in soil but
significant positive correlated with soil pH and SOC (Ta-
ble 4). The addition of micron hydroxyapatite to the con-
taminated soil can reduce the bioavailability of Cu and Cd
and increase the soil pH, which promote the growth of
plants, thus promoting the accumulation of SOC. The ac-
cumulation of Cu and Cd is the result of the combined action
of the soil bioavailability of Cu and Cd and biomass.

SOC, soil organic carbon; T-N, soil total nitrogen; A-N,
available nitrogen; T-P, soil total phosphorus; A-P, available
phosphorus; T-K, total potassium; A-K, available potassium;
CEC, cation exchange capacity; T-Cu, total Cu; T-Cd, total
Cd; C-Cu, CaCl,-extractable Cu; C-Cd, CaCl,-extractable
Cd; D-Cu, DGT-extractable Cu; D-Cd, DGT-extractable Cd;
P-Cu, Cu in plant; P-Cd, Cd in plant; A-Cu, plant Cu ac-
cumulation; and A-Cd, plant Cd accumulation. All samples
of all plots included in these correlation analyses (n=45).
P <0.05 correlation is significant at the 0.01 level; * corre-
lation is significant at the 0.05 level.

4. Conclusion

Results showed that the addition of micron hydroxyapatite
promoted the growth of Setaria pumila, Pennisetum sp.,
Sedum plumbizincicola, and Elsholtzia splendens. At the
same time, four plants combined with micron hydroxyap-
atite significantly increased soil pH, SOC, and decreased Cu

Bioinorganic Chemistry and Applications

and Cd fractions extracted by CaCl, and diffusive gradients
in thin films (DGT) than the untreated soils, respectively.
Moreover, Pennisetum sp. has the maximum reduction for
bioavailable Cu, Cd, and largest accumulation of Cu and Cd
compared with other three plants. In general, the bio-
availability of Cu and Cd in Pennisetum sp. treatment was
the lowest than the other treatments. Thus, Pennisetum sp.
(an energy plant) with high biomass is recommended as
phytoremediation aided by soil amendments.
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