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Abstract

Purpose The choice and stability of the immobilization
agents in in situ remediation of heavy metal-polluted soil is
particularly important. This study aimed at investigating the
rhizosphere effects of different plants on the immobilization
stability of Cd by modified nanoscale carbon black (MBC) in
contaminated soil.

Materials and methods Pot experiments using Cd-tolerant
plant ryegrass (Loliumperenne L.) and Cd hyperaccumulator
leaf red beet (Beta vulgaris var. cicla L.) were conducted. A
rhizobag was applied to investigate the rhizosphere effect on
the remediation of Cd by the MBC. After 60 days of cultiva-
tion, the pH, DTPA-extractable Cd concentrations, and the
fractionation of Cd of rhizosphere and bulk soil were deter-
mined. The dry biomass and the concentrations of Cd in the
shoots and roots of two plants were also measured.

Results and discussion The results indicated that the biomass
of ryegrass significantly increased by 63 and 65% in roots and
shoots, respectively, with the addition of MBC. Significant
change of the biomass of leaf red beet after adding MBC
was not seen. Addition of MBC led to the decreases of soil
pH, DTPA-extracted Cd in both rhizosphere and bulk soils,
and declined bioavailability of Cd cultivated with either rye-
grass or leaf red beet. Compared to the bulk soil, the
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concentration of DTPA-extracted Cd in rhizosphere reduced
by 8.91 and 0.66%, for ryegrass and leaf red beet, respectively,
and when MBC was added, decreased by 6.92 and 6.20%,
respectively.

Conclusions The rhizosphere process of ryegrass had a nega-
tive effect on the immobilization of MBC on Cd. However,
there was a promoting function of the immobilization by
MBC for Cd in the rhizosphere of leaf red beet. Thus, the
Cd-tolerant plant ryegrass should be avoided in the practical
application of MBC.

Keywords Cadmium - Immobilization - Nanoscale black
carbon - Rhizosphere - Soil

1 Introduction

Anthropogenic activities such as smelting, mining, and fertil-
izer and vehicle exhausts are the main sources of heavy metals
insoil (Lietal. 2009; Wang et al. 2015a, b). All these activities
have been accelerated during the past several decades leading
to extensively occurred soil contamination in China (MLR,
MEP 2014). According to the latest national survey, concen-
trations of heavy metals and many other pollutants in over
16% of soil exceeded the national soil environmental quality
standards. Soil contamination and subsequently food safety
are major concerned environmental issues in China
(Environmental Protection Ministry 2015).

Among various heavy metals and metalloids, cadmium
(Cd) is the most concerned contaminant in agricultural soils.
Results from the national soil quality survey showed that Cd
had the highest exceedance rate among all pollutants
(Environmental Protection Ministry 2015). Concentrations
of Cd in surface soil ranged from 0.003 to 9.6 mg kg 'in
146 cities of China (Wang et al. 2015a, b). Adverse impacts
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of Cd on plants, animals, and human beings have also been
well demonstrated (Doumett et al. 2008; Shi et al. 2009). It
was reported that the Cd concentrations of rice samples ranged
from 0.01 to 4.43 mg kg ' in Chenzhou of Southern China,
and for an adult, the mean dietary Cd intake from rice was
0.191 mg day ' (Zhai et al. 2008).

To remediate heavy metal-contaminated soils, a number of
technologies have been developed and applied (US EPA
1997; Ruttens et al. 2010; Sheoran et al. 2011). Among vari-
ous technologies, in situ immobilization technology aims to
reduce mobility and bioavailability of metals in soil so as to
prevent them to cause harmful impacts on soil biota, ground-
water, and crop quality. According to the results reported so
far, this method is a promising, practical, and economical one
(Brown et al. 2005; Xu et al. 2010). One of the remaining
issues in in situ immobilization technology is the re-
mobilization potential of the fixed metals as the soil condition
changes after the remediation. Therefore, the choice of the
immobilization agents is particularly important for in situ re-
mediation of heavy metal-polluted soil.

Nanoscale black carbon, which widely occurs in soil at
relatively low content, has huge specific surface area and
active adsorption sites. The affinity to metals can be
strengthened after modification, which is due to the
changes in surface properties of black carbon (Borah
et al. 2009; Cheng et al. 2015). For example, the zeta
potentials of the modified nanoscale black carbon
(MBC) were lower than the unmodified one at the same
pH. The specific surface area, pore volume, and mean
pore size were obviously increased. The surface function-
al groups of C=C and O-H were not only significantly
increased but also C—O and CNO functional groups were
found, compared with the unmodified black carbon.
Therefore, the modified nanoscale black carbon (MBC)
has good potential to be used as an effective immobiliza-
tion agent. It was reported that the effectiveness of using
nanoscale black carbon for heavy metal fixation in soil
can be significantly enhanced by oxidation modification
(Zhou et al. 2010; Cheng et al. 2015). For example, it was
demonstrated that the sorption capacities of modified
black carbon (MBC) for Ni, Cd, and Cu can be clevated
by 25.0, 79.4, and 417%, respectively, compared to the
unmodified one (Liu and Cheng 2012; Cheng et al. 2015).

Various plants also response differently to the soil metal
contamination. This is particularly true for heavy metal-
tolerant plants and hyper-accumulating plants, which have
developed either tolerance or hyper-accumulation mecha-
nisms (McGrath et al. 2001; Mahar et al. 2016; Thakur et al.
2016). Rhizosphere soil play a key role in plant growth, and
behavior and bioavailability of heavy metals in soil are strong-
ly governed by soil properties such as pH, organic acid, mi-
crobial activity, etc. (Kim et al. 2010; Wei and Twardowska,
2013; Qasim et al. 2016).
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The main objective of this study is to investigate the change
of metal bioavailability in thizosphere of a Cd-contaminated soil
with MBC applied and to comparatively analyze the potential
rhizosphere effects of different plants on the immobilization
process. A cadmium-tolerant plant and a hyper-accumulator
were studied in order to achieve the above objectives.

2 Materials and methods
2.1 Soil sample and plant materials

The soil used in the study was brown earth collected from the
surface (0-20 cm) in the farm of Shandong Agricultural
University (Taian, Shandong Province, China), air dried and
ground, and sieved through a 20-mesh sieve prior to use.
Brown soil is one of the three main types of soil in Shandong
Province, and the Cd pollution of brown soil is serious in veg-
etable fields, especially in urban suburbs (Jia et al. 2015). The
physical and chemical properties of the soil are listed in Table 1,
as determined following the method of Lu rukun (2000).

Cd** was added to the soil described above by spiking with
CdCl,-2.5H,0 solution to contain 15 mg Cd kg ™', which is
the same as most of the literature (Li et al. 2007; Wei and
Twardowska 2013; Wang et al. 2015a, b). Adding deionized
water to soils achieved a moisture content of 70% field capac-
ity. To ensure even dispersion of various Cd fractions, the soils
were thoroughly mixed and equilibrated at room temperature
(at about 20 °C) for 2 months.

Ryegrass (Loliumperenne L.) and leaf red beet (Beta
vulgaris var. cicla L.) seeds used in the experiments were
purchased from Jinan Dajiang Seed Company, Shandong
Province, China. Ryegrass can grow in the environment with
high-level accumulation of heavy metals, belonging to the
“metal-tolerant plants.” Leaf red beet can accumulate large
quantities of Cd, belonging to the “Cd hyper-accumulator
plants”.

2.2 Preparation of the modified nanoscale black carbon

A commercial MBC with particle size of 2070 nm and the
specific surface areas of 1259 m” g ' was purchased from
Jinan Black carbon factory, Shandong Province, China. The
black carbon was washed with deionized water to remove the

Table 1 The physical
and chemical properties
of the soil for pot

Properties Values

Organic matter content (g-kg ') 0.92

experiment
pH 6.64
<0.01 mm clay content (%) 233
Total Cd (mg'kg ") 0.20

Available Cd (mgkg ™) 0.042
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surface impurity, dried to constant weight at 105—110 °C in a
vacuum oven (DHG-9245, Shanghai, China). This black car-
bon was further oxidized (following the method of Cheng
et al. 2015) with acidic KMnO,4 and 65% HNO; for modifi-
cation by refluxing 10 g of black carbon with 74 ml KMnO,
(0.3 mol L") and 36 ml HNO; (65%) added in order in a
conical flask, then sealed with plastic film and put into water
bath (SHA—C, Jintan, Jiangsu Province, China) at 90 °C for
180 min. The MBC was filtered, washed with deionized water
until the pH of the filtrate became stable (pH is about 5.5), and
finally dried to constant weight in a vacuum oven at 80 °C.
Characterizations of MBC were similar to those reported by
Cheng et al. (2015).

2.3 Pot experiments

In the pot experiments of this study, a rhizobag method was
conducted to investigate the rhizosphere effect on the remedi-
ation of Cd of the MBC. The rhizobag was a cylindrical water-
permeable nylon 500-mesh bag (C =16 cm, H = 12 cm) ap-
plied to keep the rhizosphere soil separate from the bulk soil.
There were a total of four treatments, including control of two
plants without MBC addition (CK), and treatments adding 2%
MBC compared with control (MBC). The experiments were
made in three replicates.

In each pot, there was 1.5 kg of soil in total; therein, 0.2 kg
was placed in the rhizosphere zone. For each pot, 1.317 g
K,;HPO, and 0.644 g urea were added as fertilizer and mixed
thoroughly. The plants of all pots were watered by deionized
water to keep the soil at 70% of field water holding capacity
throughout the growth period of 60 days.

For the treatment groups, based on our previous studies on
the passivation effect of different concentrations of MBC from
0.5 to 5% (Wang et al. 2009; Cheng et al. 2015), 2% MBC was
added into soil, mixed thoroughly. After 1 week, two kinds of
plant seeds were sowed into the rhizosphere zone of each pot,
respectively. Fifteen seedlings of ryegrass and five of leaf red
beet were persisted for each pot, respectively, after seed
germination.

At the end of the experiment, all plants in each pot were
harvested, removed adhering soil thoroughly, washed careful-
ly, and separated into roots and shoots, then oven-dried at
105 °C for 30 min and weighed regularly until constant
weight. Dried plant shoots and roots were weighed respective-
ly. The soil subsamples distinguished as the rhizosphere and
the bulk were air-dried and ground to pass through a 10-mesh
nylon sieve prior to use.

2.4 Sample analysis
Soil pH was measured in deionized water extracts (1:2.5 w/A)

by a DZS-706 multi-parameter analyzer (Shanghai, China).
Soil organic matter was determined by H,SO4—K,Cr,O; with

external heating using total organic carbon analyzer (TOC-
VCPH, Shimadzu, Japan). The soil samples to analyze avail-
able Cd content were mixed into diethylenetriaminepentaacetic
acid (DTPA) (1:2 w/v) and shaken at 180 rpm at 25 °C for 2 h,
then filtered with filter paper, the filtrate was analyzed by atom-
ic absorption spectrophotometer (AAS, TAS-990, Beijing,
China) (Shi 1996). Total Cd concentrations were determined
by HNOs—HCIO4—HF extraction, followed by AAS. The frac-
tions of Cd in soil were performed following the Tessier meth-
od (1979). Oven-dried plant samples were digested with con-
centrated HNO; and 60% of HC1O, (5:1, by volume), analyzed
for Cd concentration of shoots and roots using AAS. All re-
agents in this study were of analytical grade purchased from
Sinopharm Chemical Reagent Co., Ltd.

2.5 Data analysis

The results were calculated using Microsoft EXCEL, presented
as means * standard deviations. One-way analysis of variance
and bivariate correlation analysis were performed using SPSS
v.13.0 (SPSS Inc., USA) at a significance level of 0.05.

3 Results and discussion
3.1 Changes of soil pH in the bulk and rhizosphere soils

Soil pH is often under influences of plant growth through
various processes such as respiration, absorption, and secre-
tion, as well as activity of root system-associated microorgan-
isms (Luo et al. 2000; Hinsinger et al. 2005). On the other
hand, any change in soil pH can affect fractionation and con-
sequently bioavailability of trace metals in soil (Fitz et al.
2003; Gonzaga et al. 2009).

Figure 1 shows pH values in both bulk and rhizosphere
soils after 60 days of cultivation of either ryegrass or leaf red
beet with or without MBC spiked. The measured pH values of
the bulk soils cultivated with either ryegrass or leaf red beet
for 60 days increased significantly from 6.64 + 0.04 of the raw
soil to 7.49 £ 0.04 and 7.42 £ 0.02 (p < 0.05). Compared with
the bulk soil, the pH changes in rhizosphere soils were even
larger and the measured pH values in the rhizosphere soils
were 7.75 + 0.05 and 7.51 £ 0.01 for the ryegrass or leaf red
beet grown soils, which were not only significantly higher
than that of the raw soil but also higher than corresponding
bulk soils after the cultivation (p < 0.05 for ryegrass and
p <0.10 for leaf red beet). The stronger effect on rhizosphere
soils, which were under direct influence of root system,
was well expected. For instance, Kim et al. (2010) found
that soil solution pH increased by 1.4 U in acidic soil
growing Indian mustard. It was often reported the influence
of roots are limited to several millimeters of rhizosphere soil
(Weng et al. 2014).
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Fig. 1 Soil pH values in both 8.0
rhizosphere and bulk soils after B Rhizosphere soil 8 Bulk soil
60 days of cultivation of ryegrass a
and leaf red beet with or without 781
MBC spiked (the results are
shown as means and standard 76
deviations. *Significantly % b a
different from the CK (p < 0.05). = * a *
Different letters over column bar A g, b a *
indicate significant differences a
between rhizosphere and bulk soil
(p < 0.05) (same below)) 72

7.0

CK MBC ‘ CK MBC
Ryegrass ‘ Leaf red beet

For the two plants, the pH changes in both rhizosphere and

prevent the absorption by activating Cd in soils. It was re-

Soil pH was also affected strongly by the MBC. In all cases
bulk soils cultivated with ryegrass were larger than those cul-  of both bulk and rhizosphere soils with ryegrass or leaf red
tivated with leaf red beet (p < 0.05). Such a strong influence  beet cultivated, pH increase during the cultivation was weak-
on soil pH could be facilitated by the stress of the Cd added.  ened by the addition of MBC (p < 0.05). This is particularly
The effect of Cd stress on the secretion of protons by plant  true for rhizosphere soil of ryegrass grown soil, and the in-
roots has been reported previously. Since metal solubility can  crease in pH was reduced from 7.75 + 0.05 to 7.43 £ 0.08. Liu
be generally reduced in alkaline condition, the slowing down  and Cheng (2012) tested the effect of MBC on pH of a brown
of the proton release from plant roots under Cd stress is be-  soil and found similar trend of reducing pH change. It was
lieved to be a function to alleviate the rhizosphere acidifica-  believed that MBC has lower negative zeta potential, which
tion process (Tu et al. 1989). It appears that under Cd stress,  augments the electrostatic adherence with cation (Zhou et al.
Cd-tolerant ryegrass can respond better than leaf red beet ~ 2010). Such an effect can be explained by the abundance of
could to reduce Cd solubility in soil. On the other hand, the =~ oxygen-containing functional groups on the surface of the
strategy of leaf red beet, as a Cd hyperaccumulator, is not to ~ MBC (Borah et al. 2008).

vealed that the hyperaccumulator can often secrete proton or 3.2 The DTPA extractable Cd in the soils

organic acid to acidify the rhizosphere soil (Kinnersley 1993;

Yang et al. 2002). Unfortunately, controlled experiment with- ~ The measured concentrations of DTPA extractable Cd, as in-
out Cd spiking was not conducted in this study and it is im-  dicators of bioavailable fraction of Cd in the soil, are shown in
possible to distinguish the influence of Cd stress from the  Fig. 2 for two plant-cultivated soils with or without MBC

physiological effect of plant root.

spiked, including rhizosphere and bulk soils. It appears that

Fig. 2 DTPA-extractable Cd 2 60 |
concentrations in rhizosphere and E‘) O Rhizosphere soil 8 Bulk soil
bulk soils for two plant-cultivated P
soils with or without MBC spiked g 7 b
B=
g
£ 50
S a a a *
S 45 - + b
s
_% a
o 40
Q
<
=]
q§ 35 1
£
A 30
CK MBC CK MBC
Ryegrass ‘ Leaf red beet
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compared with the soils grown leaf red beet, soil cultivation
with ryegrass resulted in higher concentration of the DTPA
extractable Cd in the bulk soil, and the difference is significant.

The concentrations of DTPA extractable Cd in rhizo-
sphere soil cultivated with ryegrass significantly reduced
by 8.91% compared with those in bulk soils. This finding
was similar to those reported previously in the literature.
For instance, Weng et al. (2014) also observed that the
content of the DTPA-extractable Cd decreased significantly
in the rhizosphere of Kandelia obovata (S., L.) Yong, com-
pared to those in the bulk soil. On the other hand, only slightly
non-significant difference of the DTPA-extractable Cd be-
tween rhizosphere and bulk soil was observed for the leaf
red beet cultivated soil. Taking into consideration that the
planned leaf red beet absorbed more Cd from the soil (will
be discussed in the back section), largely from the rhizosphere,
than the ryegrass did, the difference between the two plants
was more obvious.

Such changes appears to be pH dependent. The 60 days of
cultivation led to pH increase in the soil and decrease in bio-
available fraction of Cd. The effect was stronger in the rhizo-
sphere, which was under direct effect of root system, than that
in the bulk soil. The similar trend was found for other soils,
either acidic or alkaline. The increase of pH after plant growth
reduced the Cd solubility, in particular, stable Cd-DOC com-
plexes formed DOC excreted by plant roots with Cd resulted
in the reduction of free Cd ions in soil (Kim et al. 2010; Qasim
et al. 2016). A number of the processes involved in bioavail-
ability reduction of heavy metal are adsorption on soil parti-
cles, precipitation as phosphates or hydroxides, or formation
of the complex, which are positively promoted by alkalization
(Luster et al. 2008).

As shown in Fig. 2, the bioavailability of Cd in the soil was
significantly reduced by addition of the MBC, for both rhizo-
sphere and bulk soils, cultivated with either ryegrass or leaf
red beet. This shows that MBC has a better immobilization
effect on Cd in soil. In the meantime, the difference between
the bulk soil and rhizosphere of ryegrass was lower than that
without MBC added, i.e., the concentrations of the bioavail-
able Cd in the rhizosphere soils decreased by 6.92% compared
with those in the bulk soils (p < 0.05). For leaf red beet, the
bioavailable Cd concentrations of the rhizosphere significant-
ly lower than those in bulk soils with MBC added (p < 0.05).
And, this difference increased from 0.66% without MBC to
6.20% with MBC added.

As discussed before, addition of the MBC brought down
soil pH due to the existence of oxygen-containing functional
groups on the surface of the MBC (Borah et al. 2008), which
can reduce bioavailability of Cd by facilitating the binding of
the free metal ions (Liu and Cheng 2012). Navari-Izzo and
Quartacci (2001) also suggested that the complexation of
metals with organic ligands secreted from the plant roots is
one of the important mechanisms of the plant to avoid

overstressing. More specifically, oxalic acid was found to be
the dominant organic acid secreted from ryegrass roots and the
quantity of the secretion was correlated with its Cd stress
tolerance (Xie et al. 2009; Lou et al. 2015). In fact, chelation
of metals by oxalic acid to form stable Cd**-chelate complex
can prevent Cd ions into the root cell (Nazar et al. 2012) and
avert the combination with MBC, which had a negative effect
on the immobilization process of MBC on Cd ions.

However, for hyperaccumulator plants such as the leaf red
beet, small molecular weight organic acids secreted from roots
can also chelate metals to increase metal solubilities and facil-
itate the accumulation process of plants on metal ions
(Kinnersley 1993; Yang et al. 2002). This may also facilitate
the combination of cadmium with MBC. Therefore, the rhi-
zosphere process of leaf red beet had a positive effect on the
immobilization by MBC on Cd in this study.

3.3 Fractionation of Cd in the soils

In addition to the DTPA-extractable fraction, Cd fractionation
in the studied soil samples were characterized by sequential
extraction according to Tessier et al. (1979), and five frac-
tions were extracted for both bulk and rhizosphere soil
samples. The relative contributions of the five fractions
to the total Cd concentrations in the soil are shown in
Fig. S1 (Electronic Supplementary Material) for both the
rhizosphere and the bulk soils cultivated with either rye-
grass or leaf red beet and with or without the MBC added.
In general, the fractionation of Cd in the samples was
similar to one another, no matter which plants were culti-
vated or which samples were collected from the rhizo-
sphere or bulk soil, or whether the MBC was added or
not, and the concentrations of Cd in each fraction are
given in Table 2.

It is generally believed that among the five fractions ex-
tracted, the first two, e.g., exchangeable and carbonate, are
indicators to the bioavailable fractions (Lee et al. 2011;
Wang et al. 2014; Rosado et al. 2016). As shown in Fig. 3,
the total concentrations of the exchangeable and the carbonate
fractions in the rhizosphere significantly decreased compared
to that in bulk soils for all cases except the leaf red beet cul-
tivated samples with the MBC added (p < 0.05). On the other
hand, there were no significant differences in the total concen-
trations of these two fractions between the soils cultivated
with different plants. Zhang et al. (2014) found that the bio-
available fraction in the rhizosphere soil of two ecotypes of
A. wardii was lower than in the bulk soil or soil before plant-
ing under different Cd levels. In contrast, in the soil spiked
with different doses of Cd, the bioavailable fraction of Cd
hyperaccumulator Rorippaglobosa rhizosphere was higher
than in non-accumulator Rorippapalustris and the bulk soil
(Wei and Twardowska 2013).
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Table 2 The concentrations of Cd in each fractionation in the bulk and rhizosphere soils of ryegrass and leaf red beet and with or without the MBC
added (mgkg ")
Fractionation EXC CARB Fe/Mnox OM R
Treatment
Ryegrass CK Bulk 3.99 £0.03 4.03 +£0.03 271 +0.04 0.66 + 0.04 3.61 +£0.05
Rhizosphere 3.40+0.01 4.01+0.03 2.65+0.05 0.64 £ 0.03 430+0.13
MBC Bulk 346+0.15 3.79 £0.10 2.95+0.19 0.70 + 0.04 4.10+0.27
Rhizosphere 3.36 £0.03 3.18 £0.30 3.00+0.15 0.74 +0.03 472 +0.44
Leaf red beet CK Bulk 3.94+0.07 4.18 £0.06 2.81+0.08 0.75 +0.06 3.33+£0.28
Rhizosphere 3.84 +£0.05 3.95+0.06 2.85+0.07 0.81 +0.05 3.54+0.23
MBC Bulk 3.49+0.13 3.71 £0.07 3.07+0.26 0.78 +0.00 3.95+0.32
Rhizosphere 3.02+0.18 3.75+0.03 3.19+0.16 0.79 £0.01 4.24 +0.30

EXC exchangeable, CARB carbonate, Fe/Mnox Fe/Mn oxides, OM organic matter, R Residual

Addition of the MBC to the soil can also alter the total
concentrations of the exchangeable and the carbonate frac-
tions. Statistically significant decrease of the bioavailable
fractions in soils, both bulk and rhizosphere, was caused
by the addition of the MBC. This is again similar the
DTPA extraction.

3.4 Absorption and accumulation of Cd by the plants

The measured concentrations of Cd in the shoots and roots of
both ryegrass and leaf red beet cultivated for 60 days in Cd-
contaminated soils are shown in Fig. 4. The results are pre-
sented for both experiments with or without the MBC spiked.
The result of an analysis of variance indicates significant dif-
ferences between the shoots and the roots, between the two
plants, and between the two experiments with or without the
spiking (p < 0.05). In the case that no MBC was added, rye-
grass can absorb a relatively large amount of Cd in its roots
(158.76 + 3.86 mg kg '), compared with that of leaf red beet
(56.60 + 3.25 mg kg '). One main reason is different root
systems of these two plants. The surface area of the taproot

of leaf red beet is much smaller than that of the fibrous root of
ryegrass. The large surface areas of the root system not only
allow faster absorption but also provide large specific area for
adsorption, which cannot be ruled out in this study. Another
reason for the significant difference is the fact that the trans-
location of Cd from the roots to the shoots of leaf red beet was
much faster than that of ryegrass. In fact, the total con-
centrations of Cd in leaf red beet are significantly higher
than that in ryegrass. As a Cd hyperaccumulator, leaf red
beet can accumulate an enormous amount of the metal.
For example, in soil spiked by 20 mg kg ' Cd, the Cd con-
centration in shoot of B. vulgaris var. cicla L (leaf red beet)
was up to 159.79 mg kg '(Li et al. 2007). In this study, Cd
concentration in the shoots of leaf red beet reached
223 mg kg ', which was 3.93-fold higher than that in the roots
and 10.13 times of that in the ryegrass shoots, indicating
strong accumulation potential. In fact, the concentration was
more than two times higher than 100 mg kg ', the critical
threshold defined for Cd hyperaccumulator plants (Baker
and Brooks 1989). Different mechanism may be involved in
the accumulation. For example, the results of several studies

Fig. 3 The bioavailable Cd 12
concentrations (i.e., the sum of the
exchangeable and the carbonate
fractions) in the rhizosphere and
bulk soils cultivated with either
ryegrass or leaf red beet and with
or without the MBC added

Concentrations of the bioavailable
Cd, mg/kg

ORhizosphere soil @ Bulk soil
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Fig. 4 The Cd concentrations in 250
the shoots and roots of two plants, 200 -
with or without the MBC added
150 -
100 -

50

* Oshoots

The Cd concentrations in plants, mg/kg

a
0
b
50
100
150 -

T % ©

a
* b
b

Broots

revealed that metal in forms of ions or metal chelates can be
transported into shoots via root symplastic pathway and spe-
cific or universal ion carrier channel proteins through the xy-
lem (Tester and Leigh 2001; Ghosh and Singh 2005; Saxena
and Misra 2010). In addition, plants might reduce metal up-
take by means of the chelation with PCs and compartmenta-
tion into cytosol and the remaining metal in the root cell wall
or/and transporting metal from the cell wall to the soil
(Nishizono et al. 1987; Cobbett and Goldsbrough 2002). In
case of leaf red beet, the translocation towards shoots appears
to be the dominant process (Li et al. 2007).

The metal accumulation in plants can be characterized by
calculating enrichment factors, which is defined as the ratio of
metal concentration in the shoots to that in soil (Wei et al.
2005). Translocation factor, the ratio of element concentration
in the shoots to that in the roots, is also used to indicate the
transport capacity of plants to metal element (Ladislas et al.
2012). As shown in Fig. 5, for the two plants studied, the Cd
enrichment factor was 1.46 for ryegrass, slightly greater than 1
and significantly lower than that (14.83) for leaf red beet

CK

‘ MBC ‘ CK MBC

Leaf red beet

Ryegrass ‘

(» < 0.05). On the other hand, the Cd translocation factors
were 0.14 and 3.93 for ryegrass and leaf red beet, respectively,
showing again a significant difference between the two
plants. Although the Cd enrichment factor of the ryegrass
was slightly greater than 1, the Cd translocation factor
was below 1, suggesting that this plant is not a Cd
hyperaccumulator plant. On the other hand, for leaf red
beet, both factors of the Cd enrichment and translocation
well exceeded 1 and the accumulated Cd concentration in
plant shoot was as high as 223 mg kg ', exhibiting typical
hyper-accumulation behavior of the plant for Cd. This
result agree with what was found by Li et al. (2007),
who reported Cd accumulation by B. vulgaris var. cicla L (leaf
red beet) using a pot experiment.

With the MBC added in the Cd-contaminated soil at the
rate of 15 mg kg ', Cd concentrations in the shoots and roots
of’both ryegrass and leaf red beet were reduced compared with
those without the addition (p < 0.05). Although the addition of
the MBC brought pH down in both the bulk and rhizosphere
soils, which is favorable for metal absorption by the plants

Fig. 5 Enrichment factor (EF) 2.0
and translocation factor (TF) for
ryegrass and leaf red beet after the
60 days of cultivation with or
without the MBC added
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(Kinnersley 1993), strong affinity of the added MBC to Cd
competed effectively with plant root absorption. It appears
that the former (pH reduction effect) was totally suppressed
by the latter (MBC adsorption), leading to a remarkable re-
duction in plant accumulation. As a result, the Cd enrichment

factors were reduced from 1.46 to 0.66 and from 14.83 t0 6.73
for ryegrass and leaf red beet, respectively (Fig. 5). Kim et al.
(2010) have demonstrated negative correlation between the
Cd uptake by plants and the rhizosphere pH in the alkaline
soils. In this study, however, no dependence of absorption on
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absorption of Cd by the plants
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pH was found. The bioavailability is primarily associated with
Cd fractionation.

Due to high cost and low repeatability of biological exper-
iments, chemical approaches are often used as a fast screening
method to mimic plant absorption (Bacon et al. 2005;
Antoniadis et al. 2008). It was well established that the levels
of bioavailable rather than the total concentrations of the
metals in soil are key to the plant absorption (Kim et al.
2010). This is well demonstrated in this study as well.
Although the total concentrations were identical across the
experiments, adsorptions of Cd by the plant vary extensively
between the plants and are significantly affected by the addi-
tion of the MBC. To address the influence of metal fraction-
ation on the bioavailability, both DTPA extraction and the
five-step sequential extraction methods were adopted to inves-
tigate bioavailability of Cd in the studied soil and adsorption
potential of Cd by the two plants. As discussed above, there
were significant differences in the quantities of Cd extracted
by either simple DTPA extraction or the first two steps of the
sequential extraction between the two plants tested and be-
tween the rhizosphere and bulk soils. Differences were strong-
ly associated with the absorption of Cd by the plants. As
shown in Fig. 6, the absorption of Cd by the plants depend
positively on the bioavailable fractions of Cd in the rhizo-
sphere, the sum of the exchangeable and carbonate fractions,
characterized by either the exchangeable fraction or the
DTPA-extractable fraction. Among the three, the first two
steps of the sequential extraction appear to be a better indicator
to the bioavailability, while the DTPA-extractable fraction was
not normally distributed.

3.5 Impact of Cd contamination on plant growth

Among various adverse impacts of metals on plant, growth
reduction is a critical one, which can be characterized by plant
biomass (Lou et al. 2013). For ryegrass and leaf red beet
cultivated in this study, the dry biomass of the harvested

plants, both aboveground and belowground tissues, were
weighted after the 60 days of cultivation. The results for those
with or without addition of the MBC are shown in Fig. 7.

With the addition of the MBC, the biomass of both roots
and aboveground tissues of the ryegrass increased 63 +9 and
65 £ 11%, respectively, and the differences were statistically
significant (p < 0.05). On the other hand, the difference of the
biomass of leaf red beet with or without MBC spiking was not
significant at the level of 0.05, even though a slight increase in
root (13%) and aboveground tissue (15%) biomass was ob-
served. It appears that the growth inhibition of ryegrass caused
by Cd was alleviated significantly by the MBC, which com-
petes with root for Cd in soil. The phenomenon was not ob-
served for the leaf red beet as a Cd hyperaccumulator. Similar
results have been previously reported for ryegrass and leaf red
beet. For instance, it was reported that heavy metals including
Cd can cause plant dwarfism and biomass decline of Italian
ryegrass (Juknys et al. 2012; Zhu et al. 2015). On the other
hand, the results of a cultivation experiment conducted by Li
et al. (2007) also suggested that leaf red beet as a typical
hyperaccumulator plant can accumulate a large quantity of
Cd in its shoot while causing very weak physicological influ-
ences including biomass change.

4 Conclusions

The present study demonstrated the significant effects of
MBC on soil pH, the fractionation and bioavailability of Cd,
plant biomass, and the uptake of Cd by the two plants in
contaminated soil. The results evidenced the effect of MBC
as immobilization agent and the effect of rhizosphere on Cd
immobilization by MBC. As a hyperaccumulator, the rhizo-
sphere process of leaf red beet had a positive effect on the
immobilization of MBC on Cd. However, for Cd-tolerant
plants, a negative effect on immobilization for Cd by MBC
was revealed in the rhizosphere of ryegrass. Therefore, it is

Fig. 7 Dry biomass of ryegrass 0.10
and leaf red beet after the 60 days I
of cultivation with or without 0.08
addition of the MBC
2006
= f . =
B 004 , a ¥
5
g 0.02 a a Oshoots
o
A 000 T b * T b - b Broots
L L
T b
(0.02)
(0.04)
CK MBC CK MBC

Ryegrass Leafred beet
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suggested that the Cd-tolerant plants should be avoided in the
practical application of MBC. These findings are of impor-
tance for a better understanding of the immobilization effect
of MBC on Cd and for future application of MBC in contam-
inated soil remediation.
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