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Abstract
Previous researches have confirmed that modified nanoscale carbon black (MCB) can decrease the bioavailability of heavy
metals in soil and accumulation in plant tissues, resulting in the increase of biomass of plant. However, as a nanoparticle, the
effects of MCB on plant cell morphology and microbial communities in Cd-contaminated soil are poorly understood. This study,
through greenhouse experiments, investigated the effects of MCB as an amendment for 5 mg·kg-1 Cd-contaminated soil on plant
growth, plant cellular morphogenesis, and microbial communities. Two types of plants, metal-tolerant plant ryegrass (Lolium
multiflorum), and hyperaccumulator plant chard (Beta vulgaris L. var. cicla) were selected. The results indicated that adding
MCB to Cd-contaminated soil, the dry biomass of shoot ryegrass and chard increased by 1.07 and 1.05 times, respectively,
comparing with control group (the treatment without MCB). Meanwhile, the physiological characteristics of plant root denoted
that addingMCB reduced the damage caused by Cd to plants. The acid phosphatase activity of soils treated withMBCwas higher
and the dehydrogenase activity was lower than control group during whole 50 days of incubation, while the urease and catalase
activity of soils treated with MBCwere higher than control group after 25 days of incubation. When compared with the treatment
without MCB, the abundances of nitrogen-functional bacteria (Rhodospirillum and Nitrospira) and phosphorus-functional
bacteria (Bradyrhizobium and Flavobacterium) increased but that of nitrogen-functional bacteria, Nitrososphaera, declined.
The presence of MCB resulted in increased microbial community abundance by reducing the bioavailability of heavy metals
in soil, while increasing the abundance of plants by increasing the amount of available nitrogen in soil. The result of this study
suggests that MCB could be applied to the in-situ immobilization of heavy metal in contaminated soils because of its beneficial
effects on plants growth, root cellular morphogenesis, and microbial community.
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Introduction

Heavy metal contamination of agricultural soils is becoming a
serious environmental issue because of an increase of indus-
trial activity, over-fertilization, and improper waste disposal
(Rodriguez et al. 2015). According to the National Soil
Pollution Investigation Bulletin issued by the Ministry of
Environmental Protection and the Ministry of Land and
Resources of China in 2014, 19.4% of farmland soil in
China exceeded the allowed standard maximum amount of
heavy metal contamination with heavy metal pollution by
Cd, Ni, and Cu being the most prominent. In China, the vast
majority of farmland soil contaminated by heavy metals is
slightly polluted by Cd (Zhao and Luo 2015). Zhao et al.
(2007) estimated that the area of farmland soil contaminated
by heavy metals in China is about 2 × 107 hm2; as much as

Responsible editor: Kitae Baek

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-020-08081-z) contains supplementary
material, which is available to authorized users.

* Jiemin Cheng
jmcheng2002@hotmail.com

Zihan Sun
1023001584@qq.com

Xinrui Li
824136790@qq.com

Yaqin Yu
1605850907@qq.com

1 College of Geography and Environment, Shandong Normal
University, Culture East Road No. 88, Jinan 250014, China

Environmental Science and Pollution Research (2020) 27:18423–18433
https://doi.org/10.1007/s11356-020-08081-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-020-08081-z&domain=pdf
http://orcid.org/0000-0003-4592-2159
https://doi.org/10.1007/s11356-020-08081-z
mailto:jmcheng2002@hotmail.com


1.2 × 107 t of grain was found to be contaminated every year,
with economic losses of 2 × 1010 RMB. A nationwide survey
revealed that cadmium (Cd) is the most frequently detected
heavy metals in soil (Yang et al. 2018). The excessive accu-
mulation of Cd in soils has led to phytotoxic metabolism and
inevitably poses risks to human health via food chain (Hu
et al. 2016). Long-term exposure to Cd not only contributed
to mental and behavioral disorders but also increased the risk
of cancer (Hartwig 2013). Therefore finding ways to remedi-
ate Cd pollution in farmland soils is very important to food
safety in China.

Among many remediation technologies used for mild
heavy metal contamination in soils, the technology of in-situ
chemical immobilization of metals appears to be superior
(Singh and Prasad 2015). The principle method involves ap-
plying chemical materials to soil to reduce the bioavailability
of heavy metals by absorbing, chelating, and intercepting
metals in soil, thus reducing the toxicity of metals in plants
and organisms in the soil (Liu et al. 2008). In-situ chemical
immobilization has recently been gaining prominence owing
to its cost-effectiveness, elimination of toxic metallic ions, and
environmental sustainability. A large number of amendments
have been synthesized and tested for the in-situ remediation of
heavy metal contaminated soils (Cao 2018). The effectiveness
of remediation that employs in-situ chemical immobilization
is greatly dependent on the physicochemical properties of the
chemical immobilization materials. In other words, the mate-
rials are required not only to have a strong capacity to immo-
bilize heavy metals in soil but also to have a few effects on
plants and microorganisms in soil (Li et al. 2014).

Carbon black (CB) nanoparticles have been applied to the
remediation of heavy metals contaminated soils due to their
large surface areas, highly active reaction sites, as well as their
strong adsorption and chelating abilities. Modified carbon
black nanoparticles (MCB) that have been modified by the
application of nitric acid have a relatively negative zeta poten-
tial, larger number of functional groups, and a relatively het-
erogeneous pore structure used for the exchange and complex-
ation of cations when compared with CB (Zhou et al. 2010).
The MCB can decrease the bioavailability and accumulation
of heavy metals in plant tissues and increase plant biomass as
reported by Cheng et al. (2015, 2019).

An evaluation of in-situ immobilization remediation tech-
nologies involves not only the analyses of the fractionations of
heavy metals in soil, plant growth, and uptake of heavy metals
but also the assessment of the restoration of soil habitat func-
tioning by biological methods (Sun et al. 2016). An effective
remediation using immobilization must maintain reasonably
low solubility and bioavailability of heavy metal, healthy
plant growth, and normal soil biological indices (Ruttens
et al. 2010). Over the past 15 years, a number of patents and
products that incorporate nanomaterials into agricultural prac-
tices have been developed (Servin et al. 2015), and negative

and positive impacts of engineered nanomaterials (ENMs) on
plant growth have been well reviewed (Kumar et al. 2018,
2019a, b). It is very important to evaluate the effects of nano-
scale materials on plant cellular morphogenesis because of the
very small size of the nanoscale materials (Jeon et al. 2015).
The collective goal of all of these studies is to enhance the
efficiency and sustainability of agriculture (Hao et al. 2017).
When nanomaterials are used for remediation of heavy metal
contaminated soils, the jointed biotoxicity of nanomaterials
and heavy metals should be research, besides investigating
the alleviation of heavy metals biotoxicity and the reducing
of heavy metals uptake by plants (Ji et al. 2017).

The major objective of this study was to investigate the
effects of MCB used as an amendment for Cd-contaminated
soil on plant growth and cellular morphogenesis, as well as on
the microbial community. The effectiveness of MCB remedi-
ation in different plant-soil systems was investigated by using
two types of plants: a hyper-accumulator plant-chard (Beta
vulgaris L. var. cicla) (Lyv et al. 2018) and a metal-tolerant
plant-ryegrass (Lolium multiflorum) (Chu et al. 2018). The
goal is to provide confirmation that the application of the
MCB for in-situ immobilization remediation of Cd-
contaminated soils is effective.

Materials and methods

MCB, soil, and plant seeds

Carbon black with a particle size of 20–70 nm was purchased
from the Jinan Tyrone Rubber Company (Jinan, China).
Modified Carbon black (MCB) was synthesized bymodifying
it with nitric acid and potassium permanganate. The surface
area of MCB was 1114.23 m2·g-1, determined by the
Brunauer–Emmer–Teller method. The details of the synthesis
of MCB amendments have been published in our previous
study (Cheng et al. 2015), and the basic properties of CB
and MCB are shown in Table S1.

Cinnamon soil samples (0–20 cm) were collected from the
prefecture-level city of Liaocheng in Shandong Province. The
soil samples were air-dried and sieved using a 2 mm mesh.
The general properties of the soil were pH 7.68, conductivity
0.703 us·cm-1, cation exchange capacity 8.29 cmol·kg-1, or-
ganic matter content 39.7 g·kg-1, clay content < 24% (<
0.002 mm), total Cu 25.13 mg·kg-1, Zn 48.25 mg·kg-1, Pb
26.42 mg·kg-1, and Cd 0.278 mg·kg-1. Before use, the soils
were spiked with 5.0 mg·kg-1 Cd to mimic Cd-contaminated
soils. Then, the soils were incubated for 50 days to age the soil
and to make sure the Cd had time to pre-equilibrate in the soil
before plant growth began.

Chard (Beta vulgaris L. var. cicla) seeds used in this study
were obtained from the Academy of Agricultural Sciences
Research in Jinan, Shandong Province, P. R. China, and
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ryegrass (Lolium multiflorum) seeds were purchased from the
Valley Plant Company in China. The surfaces of the seeds
were sterilized by NaClO and then the seeds were placed on
moist gauze and germinated for about one week in a dark
environment prior to the greenhouse experiments.

Pot experimental designs and procedures

Two percent MCB was added into the soil (5 mg·kg-1Cd)
based on previous research(Cheng et al. 2015, 2019; Lyv
et al. 2018), mixed thoroughly and placed in pots (1.5 kg soil
per pot). For each pot, 0.33 g urea and 0.35 g K2HPO4 were
added as fertilizer and mixed thoroughly. A total of four plant-
ing treatments in Cd contaminated soil were set up: ryegrass
with or without MCB and chard with or without MCB. There
were three replicates for each treatment. All pots were adjust-
ed regularly to 70% of field water capacity using deionized
water. Five well-germinated chard seeds and ten ryegrass
seeds were sown into each pot. The plants were harvested after
a growth period of 7 weeks. At the end of the experiment, the
shoot and root tissues were separated, washed, and weighed
after adhering water was removed with filter paper. The dry
weight of root and shoot samples were determined after drying
at 70 °C overnight before grinding to pass through a 0.25 mm
sieve. Soil subsamples were air-dried and ground to pass
through a 1-mm sieve.

Analytical methods

Physical and chemical properties of the soil

The air-dried soil samples were tested for pH (using a DZS-
706 pH meter, INESA Scientific Instrument Co., Ltd.,
Shanghai, 10 g soil in 10 ml 0.01 M CaCl2), organic matter
(wet combustion method, using H2SO4-K2Cr2O7), and total
Zn, Cu, Pb, as well as Cd (by HNO3-HClO4-HF extraction)
and available Cd (by DTPA [pH = 7.3] extraction). The heavy
metal concentrations were analyzed using TAS-990 atomic
adsorption spectroscopy.

Soil enzyme activities

The catalase activity was analyzed by titration with 0.1 mol·
L-1 KMnO4, expressed as mL·g-1. Urease activity was deter-
mined by a colorimetric method, expressed as NH4-N mg·g-1.
Ac id phospha t a s e ac t i v i t y was de t e rm ined by
phenylenedisodium phosphate colorimetry method, expressed
as P2O5 mg·g-1. Dehydrogenase activity was determined by
using a sucrose solution at 37 °C for 24 h and measuring the
glucose production with a colorimetric method, expressed as
μg·g-1·h-1.

Heavy metal content in plants

Each dry-milled plant sample (0.5–1.0 g) was placed in a
conical beaker, soaked in concentrated nitric acid (25 mL),
and held overnight (18 h). Next, each beaker was placed on
a hot plate and heated at 100 °C for 0.5 h. After cooling,
added 5 mL perchloric acid into each beaker; then, each
beaker was heated again until the solution was colorless,
transparent, and evaporated to a final volume of 2 ml.
Finally, two drops of concentrated nitric acid were added
to each solution. The heavy metal concentrations were an-
alyzed using TAS-990 atomic adsorption spectroscopy
(Purkinje General, Beijing, China).

SEM and TEM and analysis

At the end of exposure period, fresh plant samples were
washed with deionized water to remove any impurities adher-
ing to the roots. The plant roots were fractured at the tips with
a razor blade by applying a slight pressure to the top 1–2 cm of
the root. The samples were steeped in deionized water at 4 °C,
and then were fixed and dehydrated in serial concentration
gradients of ethanol from 50% to 100%. The samples were
further dried by the CO2 supercritical fluid drying method
known as HCP-2. Then the samples were sputter-coated with
gold before Scanning Electron Microscope (SEM, Inspect
S50, FEI, USA) observation.

Fresh root samples were fixed with 4% osmic acid and
2.5% glutaraldehyde in 0.2 mol·L-1 phosphate buffer at
pH 7.3. They were then dehydrated in a graded acetone series
and embedded in Spurr’s resin, cut into ultrathin sections
(70 nm), and collected on Ni grids, which was described as
the process of Transmission Electron Microscope (TEM,
H-800, Hitachi, Japan).

Results

Effects of MCB on plant growth

Plant growth rate

Figure 1 shows the growth rate of shoot of ryegrass and chard
during 50 days cultivation. On 21 days after planting, the
biomass of ryegrass in Cd-contaminated soil treated with
MCB was significantly higher than that treated without
MCB. On 41 days, the biomass of chard in Cd-contaminated
soil treated with MCB was significantly higher than that treat-
ed without MCB. This result indicates that adding MCB to
Cd-contaminated soil can promote plant growth; the benefi-
cial effect of MCB on the growth of a heavy metal tolerant
plant-ryegrass was greater than that on a heavy metal hyper-
accumulating plant-chard.

Environ Sci Pollut Res (2020) 27:18423–18433 18425



Biomass of plant roots and shoots

The dry biomass of ryegrass and chard shoot and root from the
treatment with MCB in Cd-contaminated soil were signifi-
cantly higher than those without MCB after 50 days planting
(Fig. S1). Compared with the biomass in treatments without
MCB, the dry biomass of shoot and root of ryegrass increased
by 1.07 and 0.70 times, and the dry biomass of chard shoot
and root increased by 1.05 and 0.67 times, respectively.

Effects of MCB on root physiological characteristics

Root morphological characteristics

As shown in SEM images, morphology of the plant roots
varied among different treatments. The surfaces of ryegrass
and chard roots in non-polluted soil were smooth and flat. The
root tip cells were detected with regular shapes and arranged
closely (Fig. 2 a-1, b-1). While the surfaces of roots in Cd-
contaminated soil became rough, shrunken, and partly

fractured. The root tip cells were heterogeneous in size and
shape, exhibiting cell shrinkage, irregular shapes, and disor-
dered arrangements (Fig. 2 a-2, b-2). The results suggested
that these changes were caused by the cadmium. The plants
in Cd-contaminated soils with MCB (Fig.2 a-3, b-3), the sur-
faces of the plant roots were either smooth or slightly concave
with no structural damage. These results suggested that MCB
reduced the damage caused by Cd2+ to plants.

Root cellular morphogenesis

The TEM images of the plant root cells for different treatments
are shown in Fig. 3. The normal ryegrass root cells were de-
tected with regular cellular structure and rich organelles
(Fig. 3 a-1). The cellular ultrastructure of the ryegrass root
cells in Cd-contaminated soil was clearly different when com-
pared with those of the control plants. The cell walls were
irregularly thickened, and plasmolysis had occurred.
Specifically, some of the organelles showed irregularities, in-
cluding vacuolation and other cytopathic effects (Fig. 3 a-2).

Fig. 2 SEM images (400x) of
normal ryegrass root (a-1), rye-
grass root is polluted by Cd2+ (a-
2), ryegrass root repaired byMCB
(a-3), normal chard root (b-1),
chard root is polluted by Cd2+ (b-
2), chard root repaired by MCB
(b-3)
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Fig. 1 Plant growth rate. The growth rate was calculated using r ¼ G2−G1
t2−t1 ,

where G1and G2 represent the dry biomass of the plant shoot tissue at
times t1 and t2 (g), t1 and t2 are the plant growth time (d), and r is the

average growth ra te (g /d) . The compar i son uses “Ful ly
Factorial(M)ANOVA”(SYSTAT).In a column, means with the same
letter are not significantly different at p< 0.05 in different treatments
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However, when the Cd-contaminated soils were remediated
with MCB (Fig. 3 a-3), the cell walls became thinner, while
the protoplasts and organelles recovered gradually. These re-
sults suggested that Cd2+ can enter and damage plant root
cells. The cellular ultrastructure of the chard root cells polluted
with Cd2+ had similar abnormal changes of ryegrass (Fig.3 b-
2). The ultrastructural features of the chard root cells polluted
with Cd2+ are shown in Fig. 3 b-2. Significantly, organelle
damage, disintegration, malformation, and cellular vacuola-
tion were observed in plant root cells. Meanwhile, the cellular
structure also improved when the Cd2+ polluted soils were

remediated with MCB (Fig. 3 b-3), which indicated that
MCB nanomaterials adsorb Cd2+ from soils and protect
plants.

Effects of MCB on soil enzymatic activity

Soils were characterized by their levels of urease, acid phos-
phatase, dehydrogenase, and catalase activity (Fig. 4). After
50 days of incubation in greenhouse, the urease, acid phos-
phatase, and catalase activity of soils treated with MCB were
higher than those without MCB while the dehydrogenase

(A: Cell nucleus; B: Vacuole C: Mitochondria; D: Cell wall.)

Fig. 3 TEM images (10,000x) of
normal ryegrass root (a-1),
ryegrass root is polluted by Cd2+

(a-2), ryegrass root repaired by
MCB (a-3), normal chard root (b-
1), chard root is polluted by Cd2+

(b-2), chard root repaired by
MCB (b-3)
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Fig. 4 Effect of MCB on enzyme
activity in 5mgCd/kg contamina-
tion soil, (a) urease (b) dehydro-
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catalase in different treatments as
a function of exposure time
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activity was lower. The urease and catalase activity of soils
treated with MBC were higher or lower, respectively, than
without MCB treatment during 50 days of incubation. After
25 days, the urease and catalase activities of soils treated with
MCB were higher than those without MCB. During the entire
50-day incubation period, the acid phosphatase activity in
soils treated with MCB was always higher than those without
MCB treatment, which denoted that MCB is advantageous to
the activation of phosphatase. Meanwhile, the dehydrogenase
activity of soils treated with MCB was always lower than
those without MCB treatment; the present results suggested
that MCB materials restricted the dehydrogenase activity.

Effects of MCB on soil microbial community

Soil microbial community

High-throughput sequencing technology was used to analyze
the soil microbial community of five sample groups: CK, rye-
grass without MCB, ryegrass withMCB, chard withoutMBC,
and chard with MCB. The species and relative abundance of
bacteria in different sample groups are shown in Fig. 5. Thirty-
nine genera were found in five sample groups (Fig. 5), and
there were the same number of genera and different relative
abundances. The predominant bacteria of the five treatment
groups were unclassified_c_Betaproteobacteria, which are
associated with nitrogen transformation in soil. The abun-
dance values of CK, ryegrass without MCB, ryegrass with
MCB, chard without MBC, and chard with MCB were
3.36%, 4.24%, 6.86%, 4.63%, and 6.03%, respectively. It
can be seen that growing plants can increase the abundance

of unclassified_c_Betaproteobacteria, and MCB can further
increase the abundance of these bacteria.

Among the five treatment groups, three nitrogen-functional
bacterial groups were detected, including Rhodospirillum,
Nitrospira, and a Nitrososphaera (Fig. 6). The abundance
values of Rhodospirilla and Nitrospira were the highest in
the treatments of plants grown with MCB and were the lowest
in the control. Meanwhile, the Nitrososphaera was the lowest
in the treatments of growing plants withMCB, and the highest
in the control. No significant difference was observed between
the abundance values of the heavy metal tolerant plant, rye-
grass, and hyper-accumulative plant, chard. This indicated
that MCB promotes Rhodospirilla and Nitrospira and inhibits
Nitrososphaera.

Among the five treatment groups, two phosphorus-
functional bacteria were detected, including Bradyrhizobium
and Flavobacterium (Fig. 6). The abundances values of both
Bradyrhizobium and Flavobacterium were the highest in the
treatments of plants growing with MCB and the lowest in the
control. The abundance of Bradyrhizobium was much higher
than that of Flavobacterium. No significant difference was
observed in the abundance of the heavy metal tolerant plant,
ryegrass, and hyper-accumulative plant, chard.

Principal component analysis

Figure S4 demonstrates the results of principal component
analysis (PCA) of the soil microbial community in different
treatments after 50 days of cultivation. The contributions of
the four principal components (PCs), DTPA-Cd (bioavailable
Cd), available N, available P, and available K in soil, to the
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Fig. 5 Microbial community
barplot analysis in soil
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variance in the soil microbial community were 0.7053, 0.2657,
0.0154, and 0.0136, respectively. Based on the results of PCA,
principal components 1 (PC1) and 2 (PC2) explained 97.10% of
the variation in the data. In addition, PC1 and PC2 mainly
reflected the influence of DTPA-Cd and available N content in
soil on the microbial community, respectively. The microbial
community changed significantly in different treatments and
was separated into three groups (CK, ryegrass and chard growth
without MCB, and ryegrass and chard growth with MCB). A
positive correlation was observed between the microbial genome
composition abundance and available N content in the treatments
of CK and growing plant, and the abundance did not exhibit a
positive correlationwith them in the treatments ofMCB-growing
plants. A negative correlation was observed between the micro-
bial genome composition abundance and DTPA-Cd content in
the treatments of ryegrass and chard growth with MCB. The
result suggests that the application of MCB resulted in increased
microbial community abundance by mainly reducing the bio-
availability of heavy metals in soil, because PC1 and PC2
accounted for 70.53% and 26.57% of the variation in the data.

Discussion

Effects of MCB on the plants growth

When metal-tolerant plant-ryegrass and hyperaccumulator plant-
chard were stressed by cadmium, the morphology of the plant
roots varied which can be observed by SEM (Fig. 2 a-2, b-2).
The plant roots showed an increase in surface roughness, appar-
ently the result of cadmium absorption (Rodrigo et al. 2013).
However, the level of damage caused to the roots of chard was
more serious than that caused to the roots of ryegrass, suggesting
that their detoxification mechanisms were different (Qin et al.
2018). The damage of ultrastructure of plant root cells by Cd2+

observed using TEM was mainly characterized by the cell walls
irregularly thickened, plasmolysis and the organelles vacuolation,
etc. (Fig. 3 a-2, b-2). The effect of cadmium on plant growth has

beenwell documented (Rizwan et al. 2017). Bouzon et al. (2012)
found the cell wall of Hypnea musciformis thickening treated
with different concentrations of Cd2+. This is due to the fact that
the sulfated polysaccharide contained in the cell wall forms small
vesicles with Cd and thenmerges into the cell wall. Rodrigo et al.
(2013) reported that cadmium also caused changes in the ultra-
structure of cortical and subcortical cells, including increased cell
wall thickness and vacuole volume, as well as the destruction of
chloroplast internal organization and increased number of
plastoglobuli. Costa et al. (2017) observed that major alterations
of Sargassum cymosum exposed to cadmium were disorganiza-
tion of cell wall fibrils. The surfaces of the plant roots were either
smooth or slightly concave with no structural damage in Cd-
contaminated soils and the cellular structure also improved when
the Cd polluted soils were remediated with MCB (Fig. 2 a-3, b-
3). The result suggested that MCB could tremendously reduce
the Cd toxicity.

The effects of carbon nanomaterial on plant growth have been
found in previous experiments (Kumar et al. 2019b). Hao et al.
(2018) found that after 30 days of exposure in 50 or 500 mg/kg
doses, fullerene(C60), reduced graphene oxide (rGO), and multi-
walled carbon nanotubes (MWCNTs), negatively affected the
shoot height and root length of rice, significantly decreased root
cortical cells diameter and resulted in shrinkage and deformation
of cells. Most studies found an increase in plant growth and yield
at lower concentration of carbon nanomaterials, but a decrease in
these observes (Kumar et al. 2019b). The present experiment
showed that 2%MCB addition resulted in enhanced growth rate
of ryegrass and chard (Fig. 1) and increased biomass of plant root
and shoot in Cd-contaminated soil (Fig. S1). This result can be
attributed to the reduction of Cd bioavailability caused by adding
MCB to soil, the addition ofMCB alleviated the toxicity of Cd to
plants, thus promoting plant growth (Mohamed et al. 2017). Ji
et al. (2017) also found that Cd had significant toxicity to the
plant growth by observing the plant height, biomass, and root
length, but nanoparticles TiO2 exhibited the potential ability to
alleviate the Cd toxicity. Konate et al. (2017) reported that addi-
tion of nanoparticles Fe3O4 (2000 mg/L) in Cu or Cd solution
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(1 mM) significantly decreased the growth inhibition induced by
heavy metals in the wheat seedlings. The beneficial effect of
MCB on a heavy metal tolerant plant-ryegrass was greater than
that on a heavy metal hyper-accumulating plant-chard. This re-
sult may be explained by the different tolerance and enrichment
mechanisms of Cd2+ in these two plant species (Ma et al. 2005;
Mohtadi et al. 2012). It may also explained that chard as a typical
hyper-accumulator plant can accumulate a large quantity of Cd in
its shoot while causing very weak physiological influences in-
cluding biomass change (Lyv et al. 2018).

It is notable that addition of 2%MBC inCd-contaminated soil
(5 mg kg-1), the protoplasts of root cells were filled with many
nano-sized particles (black spots in TEM graph). These particles
may be MBC, because previous studies reported that nanoscale
particles enter the root relatively easily via transpiration and other
metabolic functions (Corredor et al. 2009; Wang et al. 2012).
Thus, MCB themselves may have negative effects on plant, but
it is not clear at present and need to be study in the future.

Effects of MCB on soil enzymatic activity

Soil enzymatic activity was studied as an indicator of the effec-
tiveness of soil rehabilitation treatments aswell as the functioning
of soil ecosystems (Gucwa-Przepiora et al. 2016). The activities
of urease, acid phosphatase, dehydrogenase, and catalase of soil
significantly decreased while heavy metal concentration in-
creased (Angelvicova et al. 2014; Minnikova et al. 2017).
Recent studies showed that carbon nanomaterials themselves
had also influence on the enzyme activity. Jin et al. (2013) found
that high concentrations of single-walled carbon nanotubes re-
duced the enzyme activity of cellobiohydrolase. Hao et al. (2018)
reported that at the high-exposure dose of MWCNTs and C60,
activities of the antioxidant enzymes in roots increased signifi-
cantly. In our experiment, the acid phosphatase activity of soils
treated with MBC was higher (Fig. 4c) and the dehydrogenase
activity lower (Fig. 4b) than without MCB treatment during
whole 50 days of incubation, while the urease and catalase ac-
tivity of soils treatedwithMBCwere higher than the control after
25 days of incubation (Fig. 4a and d). Generally, significant
reductions in enzymatic activities occur in soils contaminated
with heavy metals and metals are more toxic to intra-cellular
enzyme activities (e.g., dehydrogenase) than extra-cellular activ-
ities (e.g., phosphatase). Hu et al. (2014) indicated that the activ-
ities of dehydrogenase, urease, catalase and acid phosphatase
were 25.2%, 49.3%, 52.4%, and 94.7% of the controls in paddy
soils heavily polluted by Cu, Zn, and Cd. The result of Hu et al.
(2014) suggested that heavy metal had the greatest impact on
dehydrogenase and minimal impact on acid phosphatase. In this
work, the dehydrogenase activity in the treatments with MCB
averaged approximately 71.31%of the control and the acid phos-
phatase activity 126.9% of the control (Fig. 4), and it confirmed
thatMCBhad a beneficial effect on acid phosphatase activity and
inhibitory effect on dehydrogenase activity in soil.

This result, which the urease and catalase activity of soils treat-
ed with MBC were higher than the control group after 25 days of
incubation, might be explained in two aspects. On the one hand,
the urease and catalasewas very sensitive to the excessive levels of
Cd in soil (Yang et al. 2006). With an increase of incubation time,
Cd in soil was gradually bound on MBC, and thereby the
biological toxicity of Cd in soil reduced and the activity of
urease and catalase increased. It was reported by Minnikova
et al. (2017) that inverse correlations were observed between the
content of loosely bound metals and the activity of urease in allu-
vial and meadow-alluvial. However, it was need to takes time that
the loosely bound heavy metals in soil move to the MCB surface
and that ion exchange reaction, chelation reaction, etc. occur on the
surface of MCB (Cheng et al. 2014). Konate et al. (2017) sug-
gested that addition of Fe3O4 nanoparticles reduced the toxicity of
heavy metals and increased the activity of superoxide dismutase
and peroxidases, which was related to the adsorption of heavy
metals in the soil by Fe3O4 nanoparticles. On the other hand,
MCBas sources ofC for the soilmicrobial community contributed
to recover enzyme activity to some extent with an increase of
incubation time (Lejon et al. 2010).

Effects of MCB on soil microbial community

In soil ecosystem, heavy metals exhibit toxicological effects
on soil microorganism that may lead to the decrease of their
numbers and activities (Khan et al. 2010). The pollution of
heavy metal in soil significantly decreased abundance of bac-
teria and fungi and also changed their community structure
(Deng et al. 2015). The impact of engineering nanomaterials
on soil microbial communities was poorly understood.
Existing research showed that the carbon nanomatericals (nat-
ural nanostructured material-biochar, industrial carbon black,
three types of multiwalled carbon nanotubes-MWCNTs, and
graphene) only moderately affected dry soil microbial com-
munities, even after 1-year exposure (Ge et al. 2016). ZnO and
CeO2 nanoparticles hindered thermogenic metabolism, re-
duced numbers of soil Azotobacter, P-solubilizing, and K-
solubilizing bacteria; TiO2 nanoparticles decreased the abun-
dance of functional bacteria; and SiO2 nanoparticles slightly
boosted the soil microbial activity (Chai et al. 2015).

In this work, the same thirty-nine genera and different relative
abundances were found in five sample groups (CK, ryegrass
without MCB, ryegrass with MCB, chard without MBC, and
chard with MCB) (Fig. 5), and the predominant bacteria of the
five treatment groups were unclassified_c_Betaproteobacteria.
The abundances value of predominant bacteria was higher in
the treatments of plant with MCB than that without MCB. In
particular, three nitrogen-functional bacterial, Rhodospirilla and
Nitrospira and inhibitsNitrososphaera,were detected among the
five treatment groups (Fig. 6). The higher the abundance values
ofNitrospira associatedwith nitrification (Daims et al. 2015) and
Rhodospirilla associated with nitrogen fixation (Madigan et al.
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1984) are, the more beneficial it is to nitrogen conversion and
plant growth in soil. On the contrary, the higher the abundance
values of the Nitrososphaera associated with nitrosation (Liang
et al. 2014) is, theworse it is for plant growth. In our experiments,
the addition of MCB to Cd-contaminated soil promoted nitrifi-
cation and fixation of nitrogen and inhibited the nitrosation of
nitrogen, and apparently promoted plant growth (Fig. 1).
Similarly, the addition of MCB increased the abundances value
of two phosphorus-functional bacteria, Bradyrhizobium and
Flavobacterium (Fig. 6), and Bradyrhizobium played an impor-
tant role in phosphorus transformation in soil, because the abun-
dance of Bradyrhizobium was much higher than that of
Flavobacterium. The results of PCA also indicated that the ap-
plication of MCB resulted in increased microbial community
abundance by mainly reducing the bioavailability of heavy
metals in soil (Fig. S4).

Overall, the effect mechanisms of adding MCB to Cd-
contaminated soil on plant growth mainly includes the applica-
tion of MCB resulted in increased microbial community abun-
dance by reducing the bioavailability of heavy metals in soil,
while increasing the biomass of plants by increasing the available
nitrogen in soil (Fig. 7). Therefore, we confirmed this assertion
that the addition ofMCB reduced the bioavailability of Cd in soil
(Fig. S2) and modified the microbial community (Fig. 6) and
enzymatic activity (Fig. 4), and thereby promoted plant growth
(Fig. 1) in soil.

But according to our experiment, the influence of MCB
alone on plant growth was poorly understood.

Conclusions

This study clearly shows that the application of nanoscale carbon
black modified by HNO3-KMnO4 (MCB) can result in the in-
crease of plant biomass in two species planted in Cd-
contaminated soil, and the effect of MCB on the growth rate of
a heavy metal-tolerant plant-ryegrass was greater than the effect
of MCB on that of heavy metal hyper-accumulating-chard.
Meanwhile, the physiological characteristics of plant roots dem-
onstrate that the application of MCB reduced the damage caused
by Cd to plants. Addition of MCB to Cd-contaminated soil can

improve the activity of the urease, acid phosphatase, and catalase
enzymes and restrict the dehydrogenase activity. When com-
pared with the CK treatment, the abundances of the nitrogen-
functional bacteria (Rhodospirillum and Nitrospira) and the
phosphorus-functional bacteria (Bradyrhizobium and
Flavobacterium) increased, while the abundance of the
nitrogen-functional bacteria (a Nitrososphaera cluster) reduced
in the treatments withMCB. The application ofMCB resulted in
increased microbial community abundance by reducing the bio-
availability of heavy metals in soil, while the biomass of plants
increased because of the increase of available nitrogen in soil.
This result is attributed to the reduction of Cd bioavailability
caused by adding MCB to soil. Adding MCB alleviates the
toxicity of Cd to plants and microorganisms, thus promotes their
growth and reproduction. Modified nanoscale carbon black
might be applied for the in-situ immobilization of heavy metal
and remediation of contaminated soils because of its beneficial
effects on plant growth, root cellular morphogenesis, and the
microbial community in Cd-contaminated soil in the future.
However, before MCB can be used for remediation of heavy
metal contaminated soil, in addition to analyzing the feasibility
of economic cost and engineering technology, it is very necessary
to understand MCB itself biological toxicity because we have
observed a fact that MCB entered root cells of ryegrass and
chard.
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