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Abstract
Purpose Cobalt (Co) is a toxic metal to the environment and
human’s health. The purpose of the study is to achieve an
investigation into the efficacy of calcium carbonate and cow
dung for Co immobilization in fluvo-aquic soil, as well as
their effects on the antioxidant system in plants.
Materials and methods Calcium carbonate and cow dung
were incorporated with the Co-polluted fluvo-aquic soil where
pakchois (Brassica chinensis L.) were grown. Co concentra-
tion, superoxide dismutase (SOD) activity, catalase (CAT) ac-
tivity, and malondialdehyde (MDA) concentration in the
shoots of the mature plants were inspected.
Results and discussion As calcium carbonate concentration
rose (0 to 12 g kg−1), Co concentration in shoots of the plants
decreased firstly and then increased again (P < 0.05), while the
accumulation level of Co kept decreasing with cow dung con-
centration rising (P < 0.05). Under the amendment treatments,
the SOD activity, CATactivity, and MDA concentration in the
shoots were all positively correlated to the Co concentration in
the plant tissue (r = 0.792, 0.904, and 0.807, P < 0.01), indi-
cating the antioxidant system receptivity to the Co accumula-
tion. The amendments in soil can alleviate the oxidative stress

in pakchois owing to Co pollution. As calcium carbonate con-
centration ranged from 5.64 to 7.86 g kg−1, the parameters
reached a maxima (minimum), respectfully.
Conclusions Calcium carbonate and cow dung in fluvo-aquic
soil are effective for Co immobilization and mitigating any
pertinent oxidative stress in pakchoi plants. Calcium carbon-
ate concentration within a range of 5.64 to 7.86 g·kg−1 will
achieve optimum efficacy.
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1 Introduction

Cobalt (Co) is an element that is naturally present in the envi-
ronment, occurring in the Earth’s crust at approximately
0.002% primarily in the form of sulfides, oxides, and arse-
nides (Jensen and Tuchsen 1990). Cobalt (Co) is an important
industrial raw material and strategic resource (Chagnes and
Pospiech 2013), which has multiple industrial applications,
including aircraft engines, magnetic products, high-strength
steels, rechargeable batteries, catalysts, pigments, hip im-
plants, etc. (Lison et al. 2001; Smith et al. 2014; Suh et al.
2016). However, Co is also the type of heavy metal which is
toxic to human beings and will show poisoning effects inside
the body if excessive levels are met. Cobalt (Co) is a respira-
tory tract sensitizer, the exposure to which may lead to aller-
gies, several serious lung diseases (Sauni et al. 2010), or even
cancer (Jensen and Tuchsen 1990). Awide range of industrial
manufacturing businesses (e.g., laptops, cell phones, medical
devices, pigments) may permit Co accessibility to soil envi-
ronments and result in serious environmental consequences.

The previous studies on the environmental behaviors of
heavy metals in soil mainly focused on the common heavy
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metals such as chromium (Cr), arsenic (As), cadmium (Cd),
lead (Pb), and mercury (Hg) (Ojuri et al. 2016; Yang et al.
2016; Birke et al. 2017; Evseev and Krasovskaya 2017;
Shrivastava et al. 2017). One reason why heavy metals in soil
environments reach considerable concern is due to the effort-
less accumulation in crops (Gupta et al. 2008; Chang et al.
2014; Liu et al. 2015). Heavy metals in crops may lead to
serious oxidative stress and deterioration in the quality.
Therefore, the antioxidant system in plants, including super-
oxide dismutase (SOD), catalase (CAT), malondialdehyde
(MDA), etc., was always applied as the biomarker for the
evaluation of heavy metal accumulation (Liu et al. 2010;
Barrameda-Medina et al. 2014; Beals and Byl 2014;
Jakovljević et al. 2014; Li et al. 2014). Also, these heavy
metals in crops may enter a human’s body through the food
chain, resulting in serious health risk (Zheng et al. 2007;
Zhuang et al. 2009; Chang et al. 2014) and heightened bodily
intoxication concerns. Therefore, not only does the total con-
centration pose importance, but also the phytoavailability of
heavy metals in soil environments need further scientific
investigation.

Chemical immobilization is an effective way to reduce the
heavy metal phytoavailability in soil and diminish environ-
mental risks. The amendments can lower the phytoavailability
of heavy metals through adsorption, precipitation, complexa-
tion, and chelation (Guo et al. 2006). Chemical immobiliza-
tion is widely used in the agricultural practice because of its
practical laboratory convenience and economical merit. For
common heavy metals (i.e., Cr, As, Cd, Pb, and Hg), it has
been proven that many chemical materials can be applied as
amendments. Inorganic materials include calcium ion
(Lwalaba et al. 2017), lime (Khan and Jones 2008; Guo
et al. 2011), zeolite (Gheshlaghi et al. 2008), phosphate
(Zhang and Ryan 1999; Melamed et al. 2003; Cao et al.
2009), fly ash (Jala and Goyal 2006), metal oxides
(Kumpiene et al. 2008), etc. Organic materials include citrate
(Wasay et al. 2001), biochar (Zhang et al. 2013; Ahmad et al.
2014), excrements of livestock (Narwal and Singh 1998;
Rosen and Chen 2014), etc. However, in the previous studies,
the methods were mainly applied to common heavy metals,
and there are limited studies concentrating on Co immobiliza-
tion in soil environments.

Calcium carbonate can provide ions which can pre-
cipitate heavy metal ions in soil or compete with the
metal ions for uptake by plants. Cow dung contains
organic matter whose functional groups can complex
or chelate with the heavy metal ions in soil (Baghaie
et al. 2016; Zhu et al. 2017). They are both accessible
and cheap materials. The efficacy of the two materials
(i.e., calcium carbonate and cow dung) for Co immobi-
lization in fluvo-aquic soil was studied. Fluvo-aquic soil
is a typical soil obtained from the Yellow River Plain in
central China, which is very important for the food

production in several important areas, such as Beijing,
Hebei Province, Henan Province, Jiangsu Province,
Anhui Province, etc. Therefore, the quality of fluvo-
aquic soil needs attention and fluvo-aquic soil is
employed in the present study. Pakchoi (Brassica
chinensis L.) is a kind of leafy vegetable which gener-
ally grow faster with higher transpiration rates than non-
leafy vegetables (Luo et al. 2011). Thus, metal uptake
by plant roots can be enhanced in pakchois, resulting in
the translocation of metals from roots to other vegetable
tissues (Chang et al. 2014). What is more, pakchoi is
easy to grow and the growth period is short. Given the
properties, pakchoi is appropriate for the study on Co
phytoavailability in soil. In the present study, pakchois
were grown in the soil mixed with exogenous Co and
the amendments (i.e., calcium carbonate and cow dung).
Soil properties, the Co concentration, and the antioxi-
dant system (i.e., SOD, CAT, and MDA) in shoots of
pakchois were analyzed. This study is designed to pro-
vide the chemical remediation of heavy metal-polluted
soil while producing scientific evidence towards Co im-
munization experimentation.

2 Materials and methods

2.1 Soil and amendments

Fluvo-aquic soil was collected in a schoolyard at the Beijing
Institute of Technology (E: 116° 18′ 40.05″, N: 39° 57′ 35.47″,
depth of 0–20 cm). The soil properties include a pH = 7.98,
organic carbon concentration = 14.702 g kg−1, total
Co = 8.535 mg kg−1, total nitrogen (N) = 1.035 g kg−1, total
phosphor (P ) = 0 .687 g kg− 1 , t o t a l po t a s s ium
(K) = 0.027 g kg−1, clay particles content = 11.63%, silt par-
ticles content = 15.12%, and sand particle content = 73.25%.
The soil was air-dried at room temperature for approximately
2 days, while stones and plant material were removed. The
soil was then sieved through a 2-mm nylon mesh for subse-
quent experimentation. The seeds of pakchoi (B chinensis
L.) were purchased from the Dasenlin Flower Market at
the Chinese Academy of Agricultural Sciences in the
Haidian District, Beijing, China. The amendments in
the experiment were calcium carbonate and cow dung.
Calcium carbonate (AP) was purchased from Beijing
Chemical Works , located in the Daxing District,
Beijing, China. The cow dung was purchased from
Beijing Dahuanshunxin Organic Fertilizer Works, locat-
ed in the Shunyi District, Beijing, China, whose
pH = 7.021 and organic carbon concentration = 181.253 g kg−1.
The cow dung was air-dried and sieved through a 2-mm nylon
mesh before the experiment was initiated.
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2.2 Pot experiment

A pot experiment was carried out in a greenhouse at the
Beijing Academy of Agriculture and Forestry Sciences in
the Haidian District, Beijing, China. Prepared soil was intro-
duced to plastic pots (12 × 10 cm) with a mass = 300 g·pot−1.
Holes on the bottom of each pot were sealed using glass ce-
ment to avoid loss of the simulative pollutant. In total, 27
treatments with various concentrations of exogenous Co and
amendments in soil concluded the experiment phase, which
are shown in Table 1. Exogenous Co was added to the soil
through a CoCl2 solution, while the amendments were added
in powder form and mixed with soil uniformly. To command
the plant growth requirement, N, P, and K were added within
the soil to reach the following levels: 3.067, 1.027, and
0.157 g kg−1, respectively (Long et al. 2003). N, P, and Kwere
added in the form of urea, NaH2PO4 and K2SO4 solutions,
respectively, while the treatments were conducted in triplicate.
The treated soil was incubated in the dark for 1 month, being
irrigated with deionized water to 70% of the water holding
capacity, to obtain a stable state (Zhao et al. 2016).

Thenceforth, the pakchois were seeded and the density was
five seeds·pot−1. The growth period of the plants was 28 days.
Plants were regularly watered using distilled water to maintain
the moisture content between 60 and 70% water holding ca-
pacity (Siebers et al. 2013). The plants were kept under the
condition of 28 °C 14-h and 15 °C 10-h cycles (Liu et al.
2011). Ten days after sowing, the seedlings were thinned to
three seedlings·pot−1. Shoots of the plants (edible part) were
sampled for analysis at the 28th day of growth.

Following the sampling stage, shoot samples were pre-
pared for chemical analysis. After cleaning all the surface
contaminants and weighting, the shoots were divided into
two groups, one of which was dried at a 105 °C temperature
constraint until a constant weight was obtained. Dried samples
were grounded into powder for Co concentration analysis.

The other group was kept at a 4 °C temperature constraint to
retain freshness for analysis of the antioxidant system.

2.3 Analytical procedure

Soil pH (1:2.5, soil/water) was determined with a combination
electrode (NY/T 1121.2-2006, proposed by the Ministry of
Agriculture of P. R. China). Soil organic carbon concentration
was analyzed with the potassium dichromate oxidation spec-
trophotometric method (HJ 615-2011, proposed by the
Ministry of Environmental Protection of P. R. China). All
the processes were conducted in triplicate. Soil microbial ac-
tivity was represented with fluorescein diacetate (FDA) hy-
drolysis which was measured applying the methods of Choi
(2009) and Schnürer and Rosswall (1982). The results were
expressed as the fluorescein concentration in soil after the
reaction (μmol·fluorescein g−1 soil).

Weights of shoots determined before pre-preparation
were used as the biomass. To assay the total Co con-
centrations in dried plant samples, the prepared samples
were digested with concentrated nitric acid (65%),
perchloric acid (70%), and hydrofluoric acid (40%)
(8:2:8 v/v). The samples and acid (i.e., nitric acid,
perchloric acid, and hydrofluoric acid) were introduced
into digestion tanks made of polytetrafluoroethylene and
heated with a Graphite Digestion System for 2 hours.
The residue was then dissolved with diluted nitric acid
(1%) for subsequent analysis. Cobalt (Co) concentra-
tions were determined with Agilent 7500C inductively
coupled plasma mass spectrometry (ICP-MS). All the
processes were conducted in triplicate.

SOD activity in the shoots of the plants was determined by
measuring the inhibition of the photochemical reduction of
nitro-blue tetrazolium (NBT) using the method of
Beauchamp and Fridovich (1971). One unit of SOD activity
was defined as the amount of enzyme causing the half-

Table 1 Exogenous Co and amendments for each treatment

No. Exogenous
Co/mg·kg−1

Amendment Concentration
/g·kg−1

No. Exogenous
Co/mg·kg−1

Amendment Concentration
/g·kg−1

No. Exogenous
Co/mg·kg−1

Amendment Concentration
/g·kg−1

1 0 None 0 10 20 None 0 19 40 None 0

2 Calcium
carbonate

3 11 Calcium
carbonate

3 20 Calcium
carbonate

3

3 6 12 6 21 6

4 9 13 9 22 9

5 12 14 12 23 12

6 Cow dung 3 15 Cow dung 3 24 Cow dung 3

7 6 16 6 25 6

8 9 17 9 26 9

9 12 18 12 27 12
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maximal inhibition of NBT reduction under the assay condi-
tions, and the results were expressed as enzyme units·per gram
(FW) units. Catalase (CAT) activity was determined by de-
composition of H2O2 and was measured spectrophotometri-
cally by assessing the decrease in absorbance at 240 nm (Aebi
1984), and the results were expressed as the nanomole of
H2O2 decomposed·per milligrams fresh weight·per minute.
MDA concentration in the tissues were determined based on
the methods of Heath and Packer (1968), and the results were
expressed as nanomoles MDA per·milligram fresh weight. All
the processes were conducted in triplicate.

During the analysis process, replicates, blanks, and certi-
fied reference material (provided by the National Institute of
Metrology, China) were included for quality assurance.

2.4 Data analysis

All the results in the study were expressed as the means of
replicates. Data was graphed with the Origin 9.1 scientific
graphing program, and statistical analysis was conducted with
the SPSS Statistics 20.0 software.

3 Results

3.1 Soil properties

The soil pH under exogenous Co and amendment treatments
is shown in Table 2. It can be seen that the soil pH was main-
tained at a stable level (7.78 to 8.16), which would not change
with exogenous Co and amendment concentrations. Organic
carbon concentration in soil under each treatment is shown in
Fig. 1. With exogenous Co, the concentration of organic car-
bon in soil significantly decreased (P < 0.05). Based on Fig.
1a, when calcium carbonate concentration was lower than
6 g kg−1, the organic carbon concentration increased in tan-
dem with the calcium carbonate concentration, and the in-
crease rate ranged from 12.5 to 38.7% (P < 0.05). If the cal-
cium carbonate concentration continued rising, the organic
carbon concentration would decrease in response. It can be
seen from Fig. 1b that the organic carbon concentration kept
increasing with the cow dung concentration (0 to 12 g kg−1)
by 41.2 to 55.5% (P < 0.05). To investigate the relationship
between Co phytoavailability and the toxicity of Co to soil
microorganisms, the FDA hydrolysis was employed to repre-
sent the activity of microorganisms in soil and to study the Co
toxicity to microorganisms. The FDA hydrolysis under each
treatment is shown in Fig. S1 (Electronic Supplementary
Material), and there was a positive correlation between the
FDA hydrolysis and the organic carbon concentration in soil
(r = 0.787, P < 0.01). T
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3.2 Biomass of pakchois

The biomass of the shoots (edible part) of the plant under each
treatment is shown in Fig. 2. When exogenous Co was added,
the biomass significantly decreased (P < 0.05). With the
concentration of calcium carbonate increasing, the bio-
mass increased first ly but then decreased again
(P < 0.05), while the biomass kept increasing with the
cow dung concentration (P < 0.05). There was a positive
correlation between the biomass and soil organic carbon
concentration (r = 0.720, P < 0.01).

3.3 Cobalt accumulation in pakchois

Cobalt (Co) concentrations in the shoots (edible part) of
pakchois are shown in Fig. 3. With the exogenous Co concen-
tration increasing, the Co accumulation level in the shoots also
increased (P < 0.05). When calcium carbonate concentration
in soil was lower than 6 g kg−1, the Co concentration in the
shoots kept decreasing while the calcium carbonate concen-
tration increased, and the decrease rate ranged from 41.3 to
55.3% (P < 0.05). However, as calcium carbonate concentra-
tion continued increasing, the Co accumulation level

Fig. 1 Organic carbon concentration in soil under each treatment. a
Calcium carbonate. b Cow dung. Results of Duncan Multiple
Comparison are expressed as letters in the figure. Different letters in

each group (each exogenous Co level) indicate a significant difference
(P < 0.05). The same letters indicate differences were not significant, as
the same is applicable below

Fig. 2 Biomass of the shoots of the plants under each treatment. a Calcium carbonate. b Cow dung
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increased again (P < 0.05). As can be seen in Fig. 3b, with the
cow dung concentration increasing (0 to 12 g kg−1), the Co

concentration in the shoots kept decreasing, and the decreased
rate was in the range of 31.6 to 57.5% (P < 0.05), indicating

Fig. 4 Antioxidant system in the
shoots of pakchois. a SOD-
calcium carbonate. b SOD-cow
dung. cCAT-calcium carbonate. d
CAT-cow dung. e MDA-calcium
carbonate. f MDA-cow dung

Fig. 3 Co concentration in the
shoots of pakchois (dry weight). a
Calcium carbonate. b Cow dung
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good efficacy for Co immobilization. What is more, Co con-
centration in the shoots was negatively correlated to the soil
organic carbon concentration (r = −0.814, P < 0.01) as well as
to the FDA hydrolysis (r = −0.665, P < 0.01).

To conclude, both calcium carbonate and cow dung were
effective for the Co immobilization in fluvo-aquic soil, but
calcium carbonate had an optimum concentration range,
which will be discussed in another section.

3.4 Antioxidant system in pakchois

The antioxidant system (SOD, CAT, and MDA) condition in
the shoots of pakchois is shown in Fig. 4. The exogenous Co
in soil led to increases in SOD activity, CAT activity, and
MDA concentration (P < 0.05). When the calcium carbonate
concentration was lower than 6 g kg−1, the SOD activity, CAT
activity, and MDA concentration all decreased as calcium car-
bonate concentration rose (P < 0.05). However, as the concen-
tration continued increasing, the three parameters began to
increase (P < 0.05).

In order to investigate the mechanism of changes in the
antioxidant system, correlation analysis between the Co con-
centrations in plants, the biomass, and enzyme activities was
conducted. Principal component analysis (PCA) was conduct-
ed for further inspection. The results of the statistical analysis
are shown in Table 3 and Fig. 5. As the table depicts, the Co
concentration in shoots was negatively correlated to the bio-
mass (r = −0.526, P < 0.01). Moreover, it can be noticed that
Co concentration in shoots were positively correlated to the
SOD and CAT activity, as well as the MDA concentrations
(r = 0.792, 0.904, and 0.807, respectively, P < 0.01). As illus-
trated in Fig. 5, two principal components (PC1 and PC2) with
eigenvalues higher than 1.0 were extracted from the PCA.
PC1 contributed 72.174% of the total variance and is charac-
terized by loadings of soil organic carbon (r = −0.904), bio-
mass (r = −0.832), Co concentration in shoots (r = 0.891),
SOD activity (r = 0.950), CAT activity (r = 0.963), and
MDA concentration (r = 0.872). PC2 contributed 15.073%
of the total variance and is characterized by loadings of soil
pH (r = 0.990).

3.5 Optimum concentration of calcium carbonate

Represented in Figs. 1 to 4, the soil organic carbon concen-
tration, Co concentration in plant shoots, SOD activity, CAT
activity, and MDA concentration decreased firstly and then
rose again with the calcium carbonate concentration increas-
ing, while the variation tendency of soil organic carbon con-
centration and biomass was completely opposite. In order to
investigate the optimum concentration, a quadratic regression
analysis between the parameters and calcium carbonate con-
centration was conducted, and the results are shown in
Table 4. It is revealed that when the calcium carbonate con-
centrationwas in a range of 5.64 to 7.86 g kg−1, the parameters
reached their maxima (minimum) (i.e., extreme point x in
Table 4). Therefore, the optimum efficacy could be achieved.

4 Discussion

It can be seen from Fig. 1 that exogenous Co in soil could lead
to a significant decrease in organic carbon concentration in
soil, which might result from the toxicity of Co to the soil
microorganisms. According to the results of Kızılkaya et al.

Table 3 Correlation coefficient matrix between the parameters (Pearson’s correlation coefficients)

pH Organic carbon Biomass Co in shoot SOD CAT MDA

pH 1

Organic carbon −0.266 1

Biomass −0.092 0.720** 1

Co in shoot 0.081 −0.814** −0.526** 1

SOD 0.053 −0.796** −0.827** 0.792** 1

CAT 0.247 −0.915** −0.762** 0.904** 0.873** 1

MDA 0.417* −0.813** −0.676** 0.807** 0.823** 0.896** 1

**P < 0.01; *P < 0.05

Fig. 5 The PCA loading plot for the parameters
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(2004), there was a positive correlation between soil organic
carbon and the activity of microorganism. Singh et al. (2014)
and Yang et al. (2017) investigated the soil microbial commu-
nity structure under heavy metal contamination. They found
that the heavy metals could severely restrain microbial
growth, because of their known toxicity to microorganisms.
They also found that phospholipid fatty acid (PLFA) contents
and substrate utilization rates were negatively correlated to the
heavy metal concentration in soil, while positively correlated
to organic carbon concentration. What is more, based on the
results of Sitte et al. (2015) and Vittori Antisari et al. (2016),
Co in soil could reduce the microbial activity as well as lead to
community structure variation. Therefore, it can be speculated
that the toxicity of Co to the microorganisms in soil lead to a
reduction of microbial activity and variation of community
structure which was the reason why soil organic carbon
concentration decreased significantly. Under calcium
carbonate and cow dung treatments, the correlation analysis
result showed that both soil organic carbon concentration and
the FDA hydrolysis were negatively correlated to the Co
concentration in the plant tissue, which was in agreement
with the results ofWang et al. (2007) that the phytoavailability
of heavy metals in soil was positively correlated to the toxicity
to microorganisms. The application of calcium carbonate and
cow dung could contribute to reduce the devastation to organ-
ic carbon as well as the FDAhydrolysis in soil, illustrating that
these amendments could not only change the phytoavailability

of Co in soil, but also reduce the Co toxicity to
microorganisms.

Based on Fig. 2, the exogenous Co in soil lead to a signif-
icant decrease in the biomass of the plant, and there was a
negative correlation between the biomass and the Co concen-
tration in plant tissues (Table 3), indicating the negative influ-
ence of Co on the growth of plants. Cobalt (Co) may inhibit
shoot growth directly by inhibition of cell division, cell elon-
gation, or a composite of both, resulting in the limited explo-
ration of soil volume for uptake and translocation of nutrients,
water, and induced mineral deficiency (Jaleel et al. 2009). On
the other hand, according to Table 3, there was a positive
correlation between biomass and soil organic carbon concen-
tration (P < 0.05). The soil organic carbon could reflect the
fertility of the soil; therefore, the higher soil organic carbon
concentration could promote the growth of crops and lead to a
larger biomass.

According to Fig. 3, when calcium carbonate concentration
was lower than the optimum concentration, the Co accumula-
tion level in the plant kept decreasing while the calcium car-
bonate concentration increased. The reason for this phenom-
enon might be based on calcium carbonate providing CO3

2−

which could bound to the free Co ion in soil, resulting in a
precipitate that was unable to be uptaken by the plants (Zhao
and Saigusa 2007). However, as calcium carbonate concentra-
tion continued increasing, the Co accumulation level in-
creased again, which might be because of the excessive Ca2+

Table 4 Results of quadratic regression analysis between calcium carbonate concentration (x, g kg−1) and the parameters (y), regression equation:
y = ax2 + bx + c

Exogenous Co Parameter a b c R2 Extreme point x

0 Soil organic carbon −0.028 0.427 13.614 0.957 7.63

Biomass −0.163 2.243 6.215 0.935 6.88

Co in shoot 0.026 −0.304 2.350 0.984 5.85

SOD 0.482 −7.280 81.448 0.961 7.55

CAT 1.339 −16.959 590.019 0.946 6.33

MDA 0.733 −10.192 164.826 0.941 6.95

20 mg kg−1 Soil organic carbon −0.080 0.902 10.304 0.922 5.64

Biomass −0.235 2.928 4.086 0.945 6.22

Co in shoot 0.242 −3.423 23.913 0.953 7.07

SOD 0.344 −5.271 86.529 0.935 7.66

CAT 1.854 −22.825 658.515 0.948 6.16

MDA 0.636 −9.202 187.136 0.942 7.23

40 mg kg−1 Soil organic carbon −0.075 0.999 9.038 0.933 6.66

Biomass −0.141 1.737 4.913 0.963 6.15

Co in shoot 0.344 −4.932 45.786 0.939 7.17

SOD 0.294 −4.624 97.486 0.952 7.86

CAT 2.627 −31.157 724.086 0.954 5.93

MDA 0.667 −9.667 239.200 0.953 7.25
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from calcium carbonate. The excessive Ca2+ might compete
with the Co ion for the adsorption sites in soil, leading to more
free Co ion and higher phytoavailability (Smičiklas et al.
2015). With the cow dung concentration increasing (0 to
12 g kg−1), the Co concentration in the shoots kept decreasing,
which might result from the organic matter whose functional
groups can complex or chelate with the Co ions in soil
(Baghaie et al. 2016; Zhu et al. 2017).

Statistical results revealed that the oxidative stress caused
by Co accumulation in plant tissue was the reason of the
variation of the antioxidant parameters (Table 3 and Fig. 5).
Heavy metals that accumulated in the plant tissue could lead
to increases in reactive oxygen species (ROS) (Liu et al.
2010). SOD is considered as the first defense against ROS
as it acts upon superoxide radicals, which are produced in
different compartments of the cell and act as a precursor to
other ROS (Alscher et al. 2002). CAT is present in peroxi-
somes and mitochondria where it converts H2O2 to water
and molecular oxygen, in order to maintain the H2O2 level
as an adaptive mechanism of the plants (Shao et al. 2005).
MDA concentration in plant tissue always applied to represent
the lipid peroxidation, an increase which could result from the
ROS-induced membrane lipid peroxidation (Mahmood et al.
2016; Venkatachalam et al. 2017). Therefore, it can be specu-
lated that the Co accumulation in plant tissue could lead to an
increase in ROS levels. The increase in SOD activity, CAT
activity, and MDA concentration was the response of the an-
tioxidant to protect the cells from the oxidative damage.
Whence, SOD, CAT, and MDA could be used as biomarkers
when evaluating the Co pollution in soil and pakchois. An
application of the amendments could effectively relieve the
oxidative stress caused by Co accumulation.

5 Conclusions

Calcium carbonate and humic acid are both effective amend-
ments for reducing the Co phytoavailability to pakchois
(Brassica chinensis L.) in flvuo-aquic soil. With the calcium
carbonate concentration rising (0 to 12 g kg−1), the Co accu-
mulation levels within the shoots of pakchois decreased firstly
and then proceeded to increase, while the Co concentrations in
the plants keep decreasing as cow dung concentration rose.
The Co accumulation in pakchois leads to significant oxida-
tive stress and makes the SOD activity, CAT activity, and
MDA concentration increase. Under amendment treat-
ments, the three antioxidant parameters are all positively
correlated to the Co accumulation level in the plants,
indicating calcium carbonate and cow dung can effective-
ly relieve the oxidative stress. When calcium carbonate
concentration ranged from 5.64 to 7.86 g kg−1, the pa-
rameters reach their maxima (minimum).

In conclusion, calcium carbonate and cow dung are effec-
tive amendments for Co immobilization in fluvo-aquic soil,
and can also relieve the oxidative stress caused by Co accu-
mulation. The calcium carbonate concentration should be in
the range of 5.64 to 7.86 g kg−1 to achieve optimum efficacy.
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