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1. Introduction

Effects of amendments on the bioavailability,
transformation and accumulation of heavy metals
by pakchoi cabbage in a multi-element
contaminated soil

Song Li, Xiangyang Sun, ®* Suyan Li, Yuanxin Liu, Qixue Ma and Wenjie Zhou

This study aims to assess the effect of green waste compost (GWC), biochar (BC) and humic acid (HA)
amendments of an alkaline heavy metal-contaminated soil. In this study, amendments with GWC, GWC
+ BC and GWC + HA were applied to the heavy metal-contaminated soil in four application rates (0, 1, 2
and 5%), and was aimed at substantially mitigating the bioavailability of heavy metals for pakchoi cabbage
from the sewage irrigation soils. The addition of different ratios of amendments can increase the pH of
the soil by 0.11-0.30 units and also increase the organic matter content by 3.1-35.1%. The concentration
of available arsenic (As), cadmium (Cd), zinc (Zn) and copper (Cu) in the CaCl, extract was decreased
effectively by all the amendments, except for the increase in the available concentration of As by
compost—humic acid (T8) in the soil. Compared with the control, the CaCl, extractable Cd was
decreased by 33-48% after the addition of different ratios of amendments in the soil. Moreover, by
increasing the content of compost and compost—biochar in combinations, easily exchangeable fractions
of As, Cd, Zn and Cu were decreased, while the oxidation fraction and residual fractions were increased.
When the soil amendments were applied, fresh weight of the root and shoot increased by 29-63% and
39-85%, respectively. Cd concentration in the roots and shoots of the pakchoi cabbage decreased by
21-44% and 26-53%, respectively, after adding different ratios of amendments. All the amendments
were effective in reducing the Cd, Zn and Cu uptake by the roots and shoots of the pakchoi cabbage,
and simultaneously reduce the absorption of As in the roots of pakchoi cabbage. As soil amendments,
GWC alone or GWC + BC/GWC + HA application can significantly reduce the heavy metal levels in
pakchoi cabbage while increasing the biomass production and higher application rate is more effective
than the lower application rate.

adverse effects, including non-carcinogenic and carcinogenic
risks.>®

Mining, fertilization and sewage irrigation lead to the accu-
mulation of heavy metals in agricultural soil, which makes
China one of the most widely and severely polluted countries
in the world with the heavy metals.’ In China, more than 36
million hectares of farmland are polluted by numerous heavy
metals," of which more than 10 million hectares are polluted
by cadmium (Cd).* In the past few decades, more than 100
tons of Cd has been accumulated into the soil through
sewage irrigation, resulting in severe Cd pollution in China.>
In addition, arsenic (As), copper (Cu) and zinc (Zn) also exist
in the soil, although the quantities and polluted areas are
lower than those of Cd. Excessive heavy metal can damage
human health, and Cd and As are the most typical and
representative elements, which can induce a variety of
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Vegetables are the most important components of food
intake worldwide. Leafy vegetables excessively accumulate
heavy metals as compared to other food crops, and the
consumption of leafy vegetables contaminated with heavy
metals is a major pathway of exposure for humans.”® In general,
70% of the total Cd accumulation in humans comes from leafy
vegetables.” Therefore, it is a very important task to reduce
excessive toxic heavy metals in vegetables, particularly leafy
vegetables.

Globally, the use of organic amendments to minimize the
heavy metal mobility and bioavailability in contaminated soils
has increased rapidly.***** Compared with other soil remedia-
tion agents, compost, biochar and humic acid have their own
advantages. Biochar can persist in the soil for hundreds or even
thousands of years.” It has highly porous structure, alkali and
cation exchange capacity, contains a large number of carboxyl
and hydroxyl groups, which can reduce the bioavailability of
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heavy metals, thus reducing plant absorption and food chain
transfer.'®'**®* However, biochar can not only immobilize heavy
metals, but simultaneously immobilize essential nutrients for
plants, leading to the deficiency of Ca, P, and N in plants, thus
affecting the plant growth.'” Compost is a cost-effective method
given the low price of residues and by-products that can be used
as soil amendments.'® The turnover of organic carbon in the
compost can be combined with heavy metals in a compost-
treated soil to stabilize heavy metals.>*® Green waste compost
(GWC), which has a low metal concentration and abundant
organic matter, has been used as organic mulch and plant
growth medium in recent years.**>* Humic acids exhibited high
microbiological stability in the studied contaminated soils, with
almost 95% of organic-C being resistant to decomposition.'®
Humic acid (HA) is the main component of organic matter,
which can promote the mineral nutrition absorption and plant
growth.” In the heavy metal-contaminated soil, it was found
that humic acid can immobilize Zn and Pb (increased propor-
tion of the residual fraction), thus decreasing heavy metal
extractable fractions.”® GWC, BC and HA have been researched
widely to restore soil in recent years. In order to reinforce the
effects of three effective soil repair agent, GWC, BC, and HA can
be mixed among each other thoroughly to improve each other's
properties.

In 2012, the production of GWC in Beijing was 2.14 x 10°
tons per year, which increased year by year. The use of GWC
for soil heavy metal amendment can achieve the recycling
mechanism of “reduction”, “recycling” and “reuse” of GWC.
Abundant supply of GWC can better balance the relationship
between the remediation effect and cost control. Therefore,
in this study, we investigated the effects of GWC, GWC + BC
and GWC + HA in different ratios on the mobility and avail-
ability of metals aimed at (1) evaluating the changes in the
physicochemical properties of the soil amended by amend-
ments; (2) examining the effect of amendments on the
availability of arsenic (As), cadmium (Cd), zinc (Zn) and
copper (Cu) in the contaminated soil by the CaCl,-extraction
procedure; (3) using sequential extraction procedures to
evaluate the efficacy of various combinations of amendments
as immobilizing agents to reduce the mobility of these
elements in soil; and (4) the effects of amendments on the
growth and heavy metal accumulation of pakchoi cabbage.
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2. Materials and methods

2.1. Experimented materials

The soil source of this study is Laohekou town, Xiong'an
(115°42'18” E; 38°49'45" N). The site is located in the North
China Plain, which was irrigated with river sewage in the last
century, resulting in the farmland soil pollution. First, the top
litter on the surface was removed and 0-20 cm soil was
collected. The soil was room-dried at 25 °C for 4 weeks, sieved to
<2 mm, followed by the removal of the animal and plant debris.
The collected soil was a tidal soil with a total Cd concentration
of 4.19 mg kg~ " (Table 1), significantly exceeding the Ministry of
Ecology and Environment of the People's Republic of China
limit (Cd 0.6 mg kg™, pH > 7.5; GB 15618-2018).

Three soil amendments were utilized in this study including
green waste compost, fruit charcoal biochar and humic acid.
The green waste compost used in the experiment was from
a garden waste absorption center in Beijing. The raw materials
were mainly pruning residues or litter of wax, willow, weeds and
other plants. After crushing, the addition of microbial agents,
and primary and secondary fermentation, they are completely
decomposed under aerobic conditions. Fig. 1 shows the surface
morphology and chemical compositions of GWC examined by
a field emission electron microscope (FEI Nova NanoSEM 450)
equipped with an energy dispersive spectrometer (EDS). The
biochar used in the experiment is fruit charcoal (pyrolyzed for
5 h under high temperature anaerobic condition at 500 °C),
which is provided by Shaanxi Yixin Bioenergy CO., Ltd. Shaanxi
Province, China. Humic acid is provided by Dezhou Chemical
Products Co., Ltd. Shandong Province, China. The detailed
characteristics of three soil amendments, such as the pH and
total elemental concentrations, are presented in Table 1.

2.2. Experiment design

In order to investigate the effect of GWC, GWC + BC and GWC +
HA combinations on the mobility and availability of heavy
metals in the soil, different ratios of amendments were thor-
oughly mixed with the contaminated soil (Table 2).

After 2 weeks of soil balance, pakchoi cabbage seedlings
(Jingyan Yinong (Beijing) Seed Sci-tech Co, Ltd., China) were
planted from May 7, 2019 to June 17, 2019 (40 days). The pak-
choi cabbage seed was planted in the polluted soil. When the

Table 1 Selected physical and chemical properties of the raw materials used for the pot experiment®

Properties Units Soil Compost Biochar Humic acid
pH — 7.92 £ 0.02 8.38 £ 0.03 8.13 + 0.02 5.68 £ 0.03
EC pS em™* 331 £ 12 920 £ 12 225 £ 10 342 £9
cd mg kg ™! 4.19 + 0.05 ND ND ND

As mg kgﬁl 24.7 + 0.54 3.67 £ 0.16 2.88 £ 0.11 3.07 £ 0.11
Cr mg kg71 41.7 £ 0.32 16.60 £ 0.81 7.25 £ 0.56 26.88 £ 0.52
Fe mg kgﬂ 20 861 + 659 3767 £ 30 932 £ 19 2779 £+ 42
Pb mg kg71 388 £ 4.3 11.45 £ 0.34 13.29 £ 0.84 18.85 £ 0.32
Zn mg kg71 243 £ 5.23 37.07 £ 1.53 15.61 £ 0.51 12.95 £ 0.28
Cu mg kg71 196 + 1.27 12.20 £ 0.57 5.50 £ 0.32 13.12 £ 0.11

“ ND = below the limit of detection.
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40, \ y
MAG: 2016 x_HV: 20.0.kV

Element C o Ca K Si Mg S Al Cd

Cnorm. (wt.%) 4307 3635 816 1.82 167 148 090 072 0.00

40 C Atom.  (at.%) 2661 3586 321 073 094 096 044 042 0.00

Fig. 1 SEM photomicrograph of GWC (A and B) and BC (C and D), EDS analyses of GWC (E and F).

pakchoi cabbage grew upto 10 cm, three seedlings with uniform
growth were kept. According to the need of the pakchoi
cabbage, water was added three times a week to maintain the
soil water holding capacity of 60% (w/w), and grown to harvest
in a greenhouse at 20-30 °C.

2.3. Soil sampling and analysis

After the pakchoi cabbage harvest, the soil was taken from each
pot and its physical-chemical properties were measured. The
pH value of the soil was measured by an automatic pH meter in
a1 : 5 (w/v, soil/water) soil water suspension. The content of the
organic matter was determined by the hydrothermal method.
The HF-HCIO,~HNO; method was used to determine the
total heavy metals in the soil samples.** Heavy metal availability
in every soil treatment was evaluated via CaCl, extraction. With

© 2021 The Author(s). Published by the Royal Society of Chemistry

this four-step sequential extraction, the mobilities of As, Cd, Zn
and Cu in the soil samples were evaluated.>® Four metal frac-
tions namely: exchangeable fraction (acid soluble/
exchangeable, 0.11 M HOAc), reduction fraction (Fe and Mn
bound oxides and hydroxides, 0.5 M NH,OH), oxidation frac-
tion (organic matter-bound, NH,OAc), residual fraction (aqua
regia) were determined.

2.4. Plant sampling and analysis

The pakchoi cabbage was harvested after 40 days. First, it was
washed with distilled water, and then immersed in 20 mM
Na,EDTA for 15-20 min to eliminate heavy metals from the root
surface. Finally, it was cleaned with distilled water, and the
surface moisture was removed and weighed. In order to deter-
mine the heavy metal content in roots and shoots, samples were

RSC Adv, 2021, N1, 4395-4405 | 4397
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Table 2 Treatments of experiments
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Treatments Description of treatments Treatment assembly
TO 3000 g soil (control) S

T1 2970 g soil + 30 g compost (1% w/w) SG1
T2 2940 g soil + 60 g compost (2% w/w) SG2
T3 2850 g soil + 150 g compost (5% w/w) SG5
T4 2970 g soil + (24 g compost + 6 g biochar) (1% w/w) SGB1
T5 2940 g soil + (48 g compost + 12 g biochar) (2% w/w) SGB2
T6 2850 g soil + (120 g compost + 30 g biochar) (5% w/w) SGB5
T7 2970 g soil + (24 g compost + 6 g humic acid) (1% w/w) SGH1
T8 2940 g soil + (48 g compost + 12 g humic acid) (2% w/w) SGH2
T9 2850 g soil + (120 g compost + 30 g humic acid) (5% w/w) SGH5

prepared by microwave digestion, and the content was deter-
mined by inductively coupled plasma mass spectrometry (ICP-
MS).

2.5. Statistic analysis

The data were checked by the one-way analysis of variance
(ANOVA) with the LSD test at significant level of P < 0.05 by the
SPSS (version 22.0) software. A two-way analysis of variance was
conducted to test the effects of the type and rate of organic
amendment on the root heavy metals, shoot heavy metals and
availability of heavy metals in the soil. Sigmaplot software v.
12.5 was used for graphical work. Correlations between
different parameters were established using Pearson's correla-
tion coefficients for SPSS (version 22.0).

3. Results

3.1. The scanning electron microscopy with energy
dispersive spectroscopy (SEM-EDS) analysis of GWC

The scanning electron microscopy with energy dispersive
spectroscopy (SEM-EDS) analysis of GWC is shown in Fig. 1.
Fig. 1A and B are the SEM images of GWC before and after
comminution. Fig. 1C and D are the SEM images of BC before
and after comminution. The surface of BC and GWC is uneven,
with an irregular pore structure and a certain amount of mes-
opores on the channel, which is conducive to the intercalation
coordination of metal ions. According to the EDS (Fig. 1E and F)
analysis, C and O are the important elements of GWC, with the
mass ratio of C and O being 43.07% and 36.35%, respectively.
These elements can form alkyl and aromatic structures in the
GWC. In addition, GWC also contains nutrients such as K, Ca,
Mg, S and Fe, but No Cd was found by the EDS analysis.

3.2. Properties of soil treated with or without amendments

The pH value, EC value and organic matter content of the
contaminated soil changed obviously after adding different
proportion of the compost-biochar and compost-humic acid
(Fig. 2). Compost and biochar are alkaline, while humic acid is
acidic. Because the proportion of the compost is larger than that
of biochar and humic acid, the pH value of all the treated soil
increases. GWC, GWC + BC and GWC + HA increased the soil

4398 | RSC Adv, 2021, 11, 4395-4405

pH by 0.13-0.26, 0.16-0.30 and 0.11-0.25 units, respectively.
Simultaneously, the EC value of the soil was also increased by
increasing the soil amendment amount. Compared with the
unamended soil, organic matter increased significantly with the
addition of different remediation materials. GWC, GWC + BC
and GWC + HA increased the soil organic matter by 3.1-16.5%,
5.7-21.1% and 8.8-35.1%, respectively. Among them, the
combination of GWC and HA is the most conducive for
increasing the organic matter content because humic acid is the
main component of the organic matter. In addition, according
to the Chinese soil environmental quality standard (GB 15618-
2018), the contaminated soil was heavily polluted (Table 1).

3.3. Changes of available Cd, Zn, Cu and As in the soil after
the pakchoi cabbage harvest

The effect of GWC, GWC + BC and GWC + HA on the availability
of As, Cd, Zn and Cu in the contaminated soil was measured by
CacCl, extraction (Fig. 3). The available concentration of each
heavy metal is far lower than its total concentration. Compared
to the untreated soil, all the modifiers effectively reduced the
content of available Cd, Zn and Cu in the soil. Compared with
the control, CaCl, extractable Cd and Zn in the soil decreased by
33-48%, 36-48%, 35-42% and 38-39%, 37-50%, 15-33%, when
the application amounts of the compost, compost-biochar and
compost-humic acid were 1%, 2% and 5%, respectively. The
reduction rate of the effective state of Cu is less than that of Cd
and Zn for all the amendments. The application of compost and
compost-biochar can effectively reduce the available concen-
tration of As in the soil; however, different from the compost
and compost-biochar, the change of availability of As was
increased by compost-humic acid (T8) in the soil. The results of
two-way ANOVA (Table 6) test showed that the amount of
organic amendments had a significant effect on the content of
available of heavy metals (P < 0.01), while the types of organic
amendments had significant effects only on the available Zn
and As (P < 0.01). There was significant interaction between the
types and rates of organic amendments on the available Zn
content (P < 0.05) of the soil, but there was no significant
interaction on the available Cd, Cu and As content in the soil.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 pH, EC and organic matter changes after treatment with various amendments. Error bars are the SD of the means (n = 3) and (p < 0.05).
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3.4. Sequential extraction of Cd, Zn, Cu and As

The effects of sequential extraction on the As, Cd, Zn and Cu
contents in the contaminated soil by the addition of amend-
ments with different ratios are summarized in Fig. 4. From the
results of sequential extraction for Cd, after the incorporation of
amendments, easily exchangeable fraction was reduced
remarkably with remarkable increase in reduction fraction, in
which the easily exchangeable fraction decreased gradually and
the reduction fraction also increased gradually with the
increase of addition of the amendments. The oxidation fraction
and residual fraction also increased slightly with the increase in
the content of amendments. The easily exchangeable fraction
decreased from 29.4% to 20.9% in the T3 treatment and from
29.4% to 18.7% in the T6 treatment. The effect of GWC and the
GWC + BC combination is found to be better than that of GWC +
HA, and greater the amount of amendments, the more obvious
is the effect. For Zn, the easily exchangeable fraction and
reduction fraction decreased with the addition of amendments,
and the oxidation fraction and residual fraction increased with
the increase in the content of amendments. For Cu, it has
a strong combination in all soil samples due to its over 95% of
the total content in reduction fraction, oxidation fraction and
residual fraction. Compared to the control, with the increase in
the content of amendments, the easily exchangeable fraction

120

>

100 -

Distribution ratio of As (%)

TO T1 T2 T3 T4 T5 T6 T7 T8 T9

c 120
100 -
80
60

40

Distribution ratio of Cu (%)

20 A

TO T1

T2 T3 T4 T5 T6 T7 T8 T9

El Exchangeable fraction

I Oxidation fraction

View Article Online

Paper

decreased slightly, the reduction fraction decreased signifi-
cantly, and the oxidation fraction and residual fraction also
increased significantly. For As, the GWC and GWC + BC
combination decreased the easily exchangeable fraction and
reduction fraction, increased the residual fraction, and the
trend was more obvious with the increase in the additional
amount of the amendments. The GWC + HA combination
initially increased and then decreased the easily exchangeable
fraction, reduced the reduction fraction and residual fraction,
and increased the oxidation fraction.

3.5. Growth and heavy metal accumulation of the pakchoi
cabbage

The yield in the pakchoi cabbage under all the treatments was
significantly higher than the control, and the pakchoi cabbage
yield increased by 30-65% (Table 3). Compared to the control,
the fresh weight of the root increased by 29-63% and fresh
weight of the shoot increased by 39-85%. The selected heavy
metal limit in leafy vegetables set by the State Environmental
Protection Agency (SEPA, China) is given in Table 4. All the
amendments were effective in reducing the Cd uptake by the
pakchoi cabbage, and the greater the amount of amendments
added, the more obvious the effects were (Table 3). The Cd
concentration in the roots of the pakchoi cabbage was reduced
by 31-44%, 24-38%, and 21-33% with GWC, GWC + BC and
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Fig. 4 Speciation of heavy metal in soils amended with different proportion amendments.
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Table 4 China limits of the selected heavy metals in leafy vegetables

Element Leafy vegetables limit Detail

cd 0.2 mg kg ! GB2762-2017
As 0.5 mg kg™’ GB2762-2017
Cu 10 mg kg ™' GB15199-1994
Zn 20 mg kg ! GB13106-1991

GWC + HA, respectively. The Cd concentration in the shoots of
the pakchoi cabbage was reduced by 27-51%, 31-48%, and 26—
53% with GWC, GWC + BC and GWC + HA, respectively. The Cd
concentrations in the pakchoi cabbage under all the treatments
were still above the permissible limits of SEPA (0.2 mg kg™ ).
The application of amendments also decreased the concentra-
tions of Zn and Cu in the pakchoi cabbage compared to the
control. The Zn and Cu concentrations in the pakchoi cabbage
under all the treatments were below the permissible limits of
SEPA (20 mg kg™ " and 10 mg kg™ '). Among the amendments,
GWC was found to be the most effective in reducing the Zn
uptake by roots (34-36%), and GWC + BC was the most effective
in reducing the Zn uptake by the shoots (14-30%). For the
amendments, the mean concentration of Cu in the roots and
shoots decreased by 36-60% and 42-67%, respectively.
Although all the treatments reduced the absorption of As by
roots, the concentration of As in the roots of the pakchoi
cabbage under all the treatments was still above the permissible
limits of SEPA, China (0.5 mg kg™ "). All the amendments had no
significant effect on the concentration of As in the shoots of the
pakchoi cabbage, and the content was far lower than 0.5 mg kg™ ™.
The results of the two-way ANOVA (Table 6) test showed that the
types and rates of organic amendments had significant (P < 0.01)
effects on the heavy metals present in the roots of the pakchoi
cabbage. The rates of organic amendments also had a significant
effect on the heavy metals present in the shoots of the pakchoi
cabbage, while the types of organic amendments only had signif-
icant effects on the contents of Cu and As, but had no significant
effects on Cd and Zn. There was no significant interaction between
the types and rates of organic amendments on the Cd content of
the roots and shoots of the pakchoi cabbage, but it was significant
for the Zn, Cu and As contents.

4. Discussion
4.1. Effects of amendments on soil chemical characteristics

Results of this study demonstrated that the soil properties were
obviously enhanced by the application of amendments,
including the increase in the pH, EC and organic matter
content, and greater the application amount, more obvious the
effect (Fig. 2). The EC value was significantly increased by GWC,
GWC + BC and GWC + HA, but the EC cannot cause saline
conditions. Increasing soil pH and organic matter, which is
beneficial for heavy metal retention.**'>** With the increase in
the soil pH, available forms of heavy metals are transformed
into hydroxide precipitation, which combines with carbonate,
thus reducing the mobility and biological toxicity effect of the
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Table 5 Pearson's correlation coefficients between the parameters®
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pH Organic matter Available As Available Cd Available Zn Available Cu Shoot As Shoot Cd Shoot Zn Shoot Cu
pH 1.000
Organic matter ~ 0.706* 1.000
Available As —0.501 0.004 1.000
Available Cd —0.907** —0.554 0.622 1.000
Available Zn —0.855%* —0.316 0.513 0.843** 1.000
Available Cu —0.746*  —0.296 0.821%* 0.849** 0.716* 1.000
Shoot As 0.451 0.780%* 0.304 —0.272 —0.059 —0.063 1.000
Shoot Cd —0.951** —0.676* 0.502 0.957** 0.829%** 0.762* —0.397 1.000
Shoot Zn —0.942%*  —0.706* 0.491 0.926** 0.738* 0.710* —0.526 0.961%* 1.000
Shoot Cu —0.867** —0.593 0.553 0.948%** 0.809** 0.812%* —0.289 0.928**  0.856**  1.000

“ Significance between the parameter are indicated by *p < 0.05, **p < 0.01 level.

heavy metals in the soil.**” The most significant factor affecting
the mobility of Pb and As in the soil is the increase in the soil pH
value caused by the biochar.*®*®* In general, the soil with
a higher organic matter content can reduce the concentration of
Pb, Cu and Zn in the plants than the soil with a lower organic
matter content.”® Average changes in the Cd and Zn concen-
trations in pakchoi cabbage shoots showed significantly nega-
tive variation in relation to the soil organic matter content
(Table 5).

4.2. Effects of amendments on the availability of Cd, Zn, Cu
and As

According to Fig. 1 (SEM), the surface of BC and GWC has an
irregular pore structure, in which the micropores and meso-
pores can adsorb the heavy metals.” Different mechanisms of
BC dominate the sorption of As (complexation and electrostatic

interactions), Cd and Pb (complexation, cation exchange, and
precipitation).* The adsorption of Cu**, Zn** and Cd** on HA
has a significant electrostatic interaction.*" In this study, all the
amendments significantly reduced the concentration of avail-
able Cd, Zn and Cu in the contaminated soil, and GWC and
GWC + BC were more beneficial to reduce the metal mobility
(especially for Cd and Zn) (Fig. 3). The solubility and mobility of
Cd and Zn were significantly negatively correlated with the soil
pH (Table 5). The interaction of biochar and compost increased
the soil pH, thus reducing the content of extractable metal
containing CaCl,.***® The addition of compost produced from
maize straw, sewage sludge and biochar to the soil significantly
reduced the contents of mobile Cu and Cd in the soil.** In the
first year, the concentration of CaCl, extractable Cd and Cu in
the soil decreased by 57.9% and 63.8%, respectively. In the third
year, 5% of the corn straw biochar reduced the CaCl, extractable

Table 6 The two-way ANOVA results on effects of type and rate of organic amendment on roots heavy metals, shoots heavy metals and

available of heavy metals in soil

Type of organic

Type of organic

Rate of organic amendment x rate of

amendment amendment organic amendment
Heavy metals concentration F )4 F P F )4
Roots heavy metals
Cd 10.84 <0.01 218.97 <0.01 1.95 0.11
Zn 236.68 <0.01 832.54 <0.01 67.43 <0.01
Cu 114.59 <0.01 4268.09 <0.01 78.94 <0.01
As 45.41 <0.01 586.30 <0.01 32.36 <0.01
Shoots heavy metals
Cd 1.05 0.37 129.45 <0.01 0.32 0.92
Zn 2.14 0.14 724.13 <0.01 9.72 <0.01
Cu 17.05 <0.01 2112.61 <0.01 19.71 <0.01
As 58.12 <0.01 39.11 <0.01 8.21 <0.01
Available of heavy metals in soil
Cd 1.94 0.17 194.04 <0.01 0.81 0.57
Zn 15.84 <0.01 81.94 <0.01 2.96 0.03
Cu 1.92 0.17 20.77 <0.01 1.32 0.29
As 6.39 <0.01 10.98 <0.01 2.40 0.06
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Cd and Cu by 53.6% and 66.8%, respectively.** GWC and GWC +
BC can effectively reduce the available concentration of As in
the soil, while GWC + HA (T8) can increase the availability of As.
It was found that the presence of humic acid promoted the
formation of a humic acid iron water complex and prevented
the formation of iron hydroxide, thus increasing the availability
and mobility of As in the tailings.**

4.3. Effects of amendments on the speciation distribution of
Cd, Zn, Cu and As

The inactivation of heavy metals is usually evaluated by two
methods: morphological analysis of heavy metals and absorp-
tion of heavy metal during plant growth.?”*® The existing form
of heavy metals in soil is an important indicator of their
migration, transformation and bioavailability. The internal
properties of heavy metals, physical and chemical properties of
the soil (pH, organic matter, etc.) and environmental factors
(moisture, foreign heavy metals, etc.) all affect the distribution
of heavy metals in the soil."»'*** Different proportions of all
amendments can reduce the exchangeable fraction of Cd, Zn
and Cu, and increase the oxidation fraction and residual frac-
tion (Fig. 4). The increase in pH will promote the immobiliza-
tion of Cd and Zn."»">* The pH value of soil is increased with
the addition of amendments, which reduced the exchangeable
fraction and promote the immobilization of Cd and Zn. With
the application of rice husk-derived biochar and steel slag, the
pH value of soil increases. Calcium carbonate and oxides on the
surface of rice husk-derived biochar and steel slag tend to form
CdCOj; and Cd-oxide compounds, which cause the adsorption
and precipitation of CdCO; and reduce the exchangeability of
Cd in the polluted soil.>** Biochar and compost increase the
content of the organic matter in the soil, and enhance the
adsorption of heavy metals and organic pollutants.”*° It is re-
ported that the low content of the soil organic matter and the
weak binding capacity of soil Cd may lead to the reduction or
even absence of the Cd residual fraction in the soil.*** Compost
and biochar (particularly 3% biochar) reduced the water-soluble
and exchangeable components of heavy metals, and increased
the residual fraction of the treated soil. Compared to the
untreated control the residual amounts of Sb, As, Cr and Ni
increased by 48, 56, 66 and 68%, respectively, in the treated
soil.*®* The interaction of oxygen-containing groups on the
surface of biochar with As results in the formation of As
carbonate, which reduces the exchangeability of As in the
s0il.*»* In addition, Ca®*, Mg®" and other cations in the soil
exchange with the heavy metals, which increases the concen-
trations of reduction fraction, oxidation fraction and residual
fraction of the heavy metals but decreases the easily exchange-
able fraction.””** In addition, by reducing the mobile and
exchangeable heavy metals while increasing the soluble nutri-
ents, green waste compost-biochar is more efficient in reducing
soil toxicity."»***” In general, compared to the control, different
proportions of GWC and GWC + BC significantly improved As,
Cd, Zn and Cu from the effective fraction to ineffective fraction

(Fig. 4).
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4.4. Effects of amendments on the pakchoi cabbage growth
and heavy metal accumulation

The biomass of the pakchoi cabbage was significantly increased
by adding GWC, GWC + BC and GWC + HA. The EDS patterns
(Fig. 1) demonstrated that some nutrient elements such as K,
Ca, Mg, S and Fe were observed in GWC, thus promoting the
growth of the pakchoi cabbage. One of the main objectives of
adding compost to the soil is to improve the nutritional levels of
plants when growing in low-fertility soils.'>*>*® Biochar contains
numerous hydroxyl, carboxyl and aromatic groups, which
increase the ion exchange point and may affect the absorption
of nutrients by plants.®** Therefore, the addition of GWC to the
soil can significantly enhance the Miscanthus yield, but the
addition of biochar will not.** Humic acid contains a lot of
organic matter and improves the ability of nitrogen fixation,
phosphorus decomposition (promote the transformation of soil
organic phosphorus to available phosphorus) and potassium
fixation in the soil, so humic acid promotes the absorption of
nitrogen, phosphorus and potassium by the plants and is
conducive to the growth of plants.*® The effect of GWC + BC and
GWC + HA on the biomass of pakchoi cabbage is slightly better
than that of GWC. The reason is that the compost usually
cannot provide all the nutrients for the plant growth, so
compost-biochar or compost-humic acid can help it overcome
the nutrient limitation.'®** However, because GWC, GWC + BC
and GWC + HA can vividly enhance the pakchoi cabbage yields,
harvestable amounts of heavy metals were only significantly
reduced by the amendments, which reduced the shoot heavy
metal levels to the maximum. The accumulation of heavy metals
in the plants is different with soil properties, amendment types,
plant species and heavy metal pollutants. The concentrations of
heavy metals in the plants were positively correlated with the
bioavailability of the metal measured via numerous extraction
methods and soil extractants (such as CaCl,, NH,NO;,
DTPA).»"*?**3 The bioavailability of Cd, Zn and Cu in the soil
was significantly positively correlated with the content of heavy
metals in the shoot of the pakchoi cabbage (Table 5). The results
showed that the bioavailability of heavy metals in the soil
decreased with the addition of GWC, GWC + BC and GWC + HA,
and the concentration of heavy metals in the shoots and roots of
the plants was also decreased significantly (Table 3).

By increasing the soil alkalinity and organic matter content
resulted in greater decrease in the heavy metal uptake of the
plant.**** GWC, GWC + BC and GWC + HA increased the soil pH
and organic matter content significantly, resulting in the
reduction of Cd, Zn and Cu concentration in the root and shoot
of the pakchoi cabbage, respectively. Biochar has a high pH
value and increases the organic matter contents in the soil,
resulting in 38%, 39%, 25% and 17% reduction in the average
concentrations of Cd, Pb, Cu and Zn in plant tissues.”® The
application of biochar produced from the waste materials
significantly reduced the Cd concentrations in the shoots of the
Chinese cabbage plants by 34% to 80%.” All the amendments
were effective in reducing the Cd uptake by the pakchoi
cabbage; however, the Cd concentrations in the shoot of the
pakchoi cabbage under all the treatments were still above the
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permissible limits of SEPA, China (0.2 mg kg™ '). The applica-
tion of the hardwood biochar decreased the concentrations of
Zn and Cu, in cilantro by 37.1% and 42.5%, respectively as
compared to the control.” The application of all the amend-
ments decreased the concentrations of Zn and Cu in pakchoi
cabbage, which was below the permissible limits of SEPA (20 mg
kg ' and 10 mg kg ). The application of low-dose biochar and
biochar combined with a silicate fertilizer reduced the As level
in grain (brown rice) by 14-16%, but did not decrease the As
level in rice straw and root.’* Although the concentration of As
in the shoots of the pakchoi cabbage was not significantly
affected by all treatments, which was due to the small changes
in As mobility/phytoavailability in the amended soil, the As
content of the shoots was far lower than the permissible limits
of SEPA, China (0.5 mg kg™"). The application of amendments
significantly reduced the uptake of heavy metals by pakchoi
cabbage, which might be another reason for enhancing the
biomass production as compared to the control.>* Leafy vege-
tables have a high transfer rate of heavy metals,” and GWC,
GWC + BC and GWC + HA efficiently inhibit these heavy metal
uptake, thereby reducing the daily intake and thus health risks.
In our study, the types and rates of organic amendments had
significant effects on the content of available heavy metals in the
soil and the accumulation of heavy metals in the plants. The cost
of biochar and humic acid production is higher than that of the
garden waste compost. It costs 631.49 US dollars to produce 540 kg
biochar, which is thousands of US dollars per ton.*® This will
directly affect the remediation effect and cost control. Therefore, it
is necessary to further adjust the types and rates ratio of organic
amendments to achieve economic and effective effect.

5. Conclusions

This study provides an effective and inexpensive material-GWC
for the in situ amendment of the multi metal contaminated
agricultural soils. The addition of different ratios of the
amendments has the potential to reduce Cd, Zn and Cu accu-
mulation in the pakchoi cabbage and promote the pakchoi
cabbage yield by 30-65%, which may provide a feasible option
for the safe cultivation of heavy metal contaminated soil.
Applying GWC individually and in combination of GWC + BC,
GWC + HA to the contaminated soil could increase the soil pH
and organic matter content, which would reduce the heavy
metal mobility and decrease in the available concentration of
the heavy metals. Compared to the control, all the amendments
could improve the stability of As, Cd, Zn and Cu from the
effective fraction to ineffective fraction. However, in order to
balance the relationship between the remediation effect and
cost control, it is still necessary to further adjust the additive
ratio between GWC, BC and HA, so as to reduce the accumu-
lation of heavy metals in pakchoi cabbage and reduce the cost
as much as possible.
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