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Abstract
Purpose Biochar has emerged as a promising material for limiting the bioavailability of potentially toxic elements in contam-
inated soils. Despite the benefits associated with the agricultural use of biochar, there is minimal information available on biochar
amendment of Cd accumulation in leafy vegetable cultivars.
Materials and methods A pot experiment was carried out to evaluate the feasibility of bamboo biochar (BB) and rice straw
biochar (RSB) for decreasing cadmium (Cd) availability in artificially contaminated (Cd at 50mg kg−1) soil, and its accumulation
in Brassica chinensis. Biochar was applied at 0 (control), 0.5, 1, 2.5, and 5% (w/w).
Results and discussion RSB at 5% significantly reduced the availability of Cd in soil (by 19.3%) compared with BB (by 8.6%).
Application of BB and RSB at 1–5% markedly enhanced soil pH by 1.17–5.48 and 2.47–7.46%, respectively. Moreover, soil
organic carbon was improved by 40.3–155 and 22.2–111% with 1–5% BB and RSB amendment, respectively. Soil total N was
significantly increased by 24.5 and 31.1%with 5%BB and RSB application, respectively. Soil available P was increased by 10.8–
24.4 and 14.6–30.7% with 2.5–5% BB or RSB amendment, respectively. Application of 2.5–5% BB and RSB significantly
increased soil available K by 76.8–291 and 203–627%, respectively. Biochar at 2.5–5% ratio significantly improved nutrient (P
and K) uptake in B. chinensis. Furthermore, biochar was more effective at higher rates, and RSB performed better than BB as a soil
nutrient supplement. Cd accumulation in B. chinensis was significantly reduced by 12.0–48.3 and 17.0–35.4% with 0.5–5% BB
and 1–5% RSB amendment, respectively. Greater biochar application further decreased bioconcentration factor (BCF) in harvest-
ed B. chinensis (all values < 1). Incorporation of 5% BB and RSB significantly reduced BCF by 51.0 and 40.6%, respectively.
Conclusions Our results suggest that BB and RSB, especially at higher rates (> 2.5%), could be recommended as safe amend-
ments for the immobilization of Cd in contaminated agricultural soils, thereby decreasing its threat to the food chain and human
health.
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1 Introduction

Potentially toxic elements (PTEs) in soils gradually arouse
worldwide concern as for their excessive concentrations and
thus high risks to agricultural system and human health
(Bannon et al. 2009). Cadmium (Cd) is one of the most toxic
PTEs, with background level in soils less than 1 mg kg−1

(Mohamed et al. 2015). Cd contamination of soil has become
an emerging environmental and health problem due to its non-
biodegradability, severe toxicity, and mobility to plants and
subsequent accumulation in food chain (Khan et al. 2017).
The entrance of Cd into the food chain can result in many
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chronic health problems for humans, such as renal cell and
liver function damage, lung edema, recurrent miscarriage,
bone disease, and hypertension (Chen et al. 2008; Mohamed
et al. 2015). Therefore, the amelioration of Cd-contaminated
soils is important for reducing health risks to humans and
ensuring food safety (Karami et al. 2011). Most traditional
remediation methods, such as soil washing, excavation, and
landfilling, are presently unsuitable due to their high costs and
disruption of the environment (Mench et al. 2010). Recently,
the use of soil amendments such as biochar has been consid-
ered beneficial for remediation of polluted agricultural soil
through immobilization of contaminants, for example, PTEs
(Karami et al. 2011; Mohamed et al. 2015; Rizwan et al. 2016;
Lu et al. 2017).

Biochar typically refers to the carbon-rich solid product
derived from biomass by pyrolysis in oxygen-deficient envi-
ronment (Joseph et al. 2010). The increasing attention toward
biochar is ascribed to its beneficial use for improving soil
properties, increasing crop yield, reducing nutrient leaching,
and mitigating climate change (Ding et al. 2010; Park et al.
2011; Houben et al. 2013; Hussain et al. 2017). More impor-
tantly, biochar shows exceptional adsorption capacity for
PTEs due to its highly porous structure and various functional
groups, e.g., carboxyls, hydroxyls, and phenols (Kei et al.
2004; Cao et al. 2009; Paz-Ferreiro et al. 2014; Li et al.
2017). Furthermore, biochar has been considered as an effec-
tive sorbent for decreasing the availability and toxicity of
PTEs in soil through alteration of the stable forms (Beesley
et al. 2011; Uchimiya et al. 2012; Ahmad et al. 2014; Lima
et al. 2014; Khan et al. 2016). Therefore, the application of
biochar has recently been suggested as a sustainable means of
promoting the remediation of contaminated soils and revege-
tation of degraded lands (Beesley et al. 2011; Fellet et al.
2011; Qi et al. 2018).

The effect of biochar on bioavailability of PTEs is jointly
controlled by soil properties, biochar properties, and environ-
mental factors of biochar-amended soils (El-Naggar et al.
2018). On one hand, key properties of soil, such as pH, soil
organic matter, clay, and cation exchange capacity (CEC),
dominate the solubility, mobility, and bioavailability of PTEs
(Ye et al. 2014). On the other hand, key features of biochar
including pH, organic carbon content, CEC, pore structure,
surface area, and surface functional groups determine the met-
al immobilization capacity of biochar in soils (Xie et al. 2015;
Qi et al. 2017).

The characteristics of biochar depend mainly on the type of
raw material and pyrolysis condition (Hossain et al. 2011;
Hussain et al. 2017). Biochar pH can range from acidic to
alkaline (Chan and Xu 2009). Biochar with acidic pH is gen-
erally produced under lower temperatures (Novak et al.
2009b; Hagner et al. 2016; Zhang et al. 2017), and one previ-
ous study has investigated Cd bioavailability in soils amended
with acidic and neutral biochar (Qi et al. 2018). Therefore, it is

desirable to investigate the effect of alkaline biochar on Cd
availability in soils. Furthermore, biochar can be produced
from a wide range of biomass sources, such as crop residues,
woodchips, livestock manures, and sewage sludges (Paz-
Ferreiro et al. 2014). Rice is a staple food for more than 3.5
billion people worldwide, and about 620 million t of rice straw
was produced in Asia in 2008, with this quantity increasing
every year (Liu et al. 2017). In most places, rice straw has little
commercial value and is usually burned in fields or directly
incorporated into soils, which results in air pollution or meth-
ane emissions, respectively. Moreover, bamboo can be selec-
tively harvested and regenerated without replanting due to its
annual increase rate of 10–30% in biomass accumulation
(Ding et al. 2010), making it an attractive feedstock for bio-
char production. Most importantly, our previous research
showed that both biochars derived from rice straw and bam-
boo present alkaline nature (Liu et al. 2011; Liu et al. 2016).

Leafy vegetables are frequently consumed by humans as a
vital source of proteins, vitamins, carbohydrates, and min-
erals, but can accumulate higher concentrations of Cd than
other crops (Yang et al. 2010; Ivey et al. 2012). Despite the
benefits associated with the agricultural use of biochar, there is
minimal information available on biochar amendment of Cd
accumulation in leafy vegetable cultivars. Therefore, the ob-
jective of this research was to evaluate the extent to which
biochar soil amendments derived from rice straw and bamboo
chip affect Cd availability in contaminated soil, and Cd accu-
mulation in Brassica chinensis L., a leafy vegetable cultivar.
The effects of the two biochars on soil properties and nutrient
(N, P, and K) uptake in B. chinensis L. were also investigated.
We selected B. chinensis L. because it has the advantages of
rapid growth and elevated fully harvestable biomass produc-
tion, and is tolerant of higher metal concentrations than other
crops (Yang et al. 2010; Wu et al. 2013). The accumulation of
detrimental concentrations of Cd in aboveground organs by
B. chinensis, even in soils with low concentrations of Cd, has
received much attention (Chen et al. 2010; Yasmin et al.
2017). In this study, we set a relatively high concentration of
Cd in the soil, with two kinds of biochar amendment. The
results can provide a scientific basis for the application of
biochar for remediation of Cd-polluted soil and can be of
significance for safer production of agricultural products.

2 Materials and methods

2.1 Materials

Soil samples were collected from the surface layer (0–20 cm)
of an experimental field in Hangzhou City, Zhejiang Province,
China. The soil was air-dried and crushed to pass through a 2-
mm sieve. Soil basic properties were pH (1:2.5 H2O) 6.27, soil
organic matter 10.5 g kg−1, total nitrogen (N) 0.822 g kg−1,
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available phosphorus (P) 33.7 mg kg−1, available potassium
(K) 63.3 mg kg−1, and cation exchange capacity (CEC)
13.7 cmol kg−1. Total Cd content of the tested soil was
8.70 mg kg−1. Bamboo biochar (BB) and rice straw biochar
(RSB) used as soil additives were derived from pyrolysis of
bamboo chips and rice straw, respectively, at 600 °C in a
programmable tube furnace (Hangzhou Lantian Instrument
Co., Ltd., China). Typically, the prepared biomass was batch
pyrolyzed under anaerobic conditions at a heating rate of
25 °C min−1 and a residence time of 1 h. Finally, the produced
biochars were allowed to cool to room temperature.
Particulate biochar mass was ground to pass through a 2-mm
sieve and mixed thoroughly to obtain a fine granular consis-
tency for further use. The basic physical and chemical prop-
erties of the biochars are shown in Table 1. The Cd content of
BB and RSB was 0.35 and 0.84 mg kg−1, respectively.

2.2 Experimental design

A pot experiment was conducted in a greenhouse at Zhejiang
Academy of Agricultural Sciences, China. The experiment
comprised ten treatments of three replicates formed from the
combination of two biochar types (BB or RSB) applied at four
rates (0.5, 1, 2.5, and 5%). The experimental pots (20 cm
diameter × 18 cm height) were filled with 2.0 kg of soil. The
source of Cd was CdCl2 with cadmium concentration of
50 mg kg−1 in soil. Both Cd and biochar rates were mixed
with the surface layer soil 1 week before transplanting
B. chinensis L. cv. Suzhou for equilibration under 60%
water-holding capaci ty (WHC). Uniformly sized
B. chinensis were planted one per pot and grown in the green-
house at room temperature. Throughout the experimental pe-
riod, soil moisture content was adjusted weekly to 60%WHC
by the addition of tap water. Fertilizer was added as aqueous
solution (0.16 g N, 0.08 g P2O5, and 0.10 g K2O per pot) in the
form of urea, super-phosphate, and potassium chloride, re-
spectively. Treatment without biochar was set as a control
series (CK). Treatment without biochar or Cd was set as an
experimental blank (BL).

2.3 Sampling and measurements

Biochar properties, such as pH, were measured at a
solid:water ratio of 1:10. The C and N contents of biochar

were determined using an elemental analyzer (Vario EL/μ
cube, Elementar, Germany). P and K were measured follow-
ing the protocols recommended by Lu (2000). CEC was de-
termined by sodium acetate (1 mol L−1, pH 8.2) extraction
followed by flame photometry. Specific surface area and total
pore volume were measured using a BET surface area analyz-
er (ASAP2020, Micromeritics, USA).

The plants were harvested after 3 months, washed in tap
water and distilled water to remove soil particles, and then
oven-dried at 60–70 °C for 48 h and crushed to powder. Part
of the plant samples was used for nutrient measurement (N, P,
and K content), and the other part was digested to determine
Cd concentrations.

A microwave digestion instrument (CEM-MARS 5, USA)
with pressure and temperature controller was used for pretreat-
ment of soil and plant samples. Soil samples were taken from
the 0–15-cm soil layer of each plot after harvest. After air-
drying, the samples were sieved < 0.15 mm. Soil pH was mea-
sured using a pH meter (Mettler-Toledo, Switzerland). Soil
organic carbon (SOC) was measured by K2Cr2O7-H2SO4 oxi-
dation (Lu 2000). Total N was measured by the semimicro-
Kjeldahl method. Available P was measured by treatment with
0.5 mol L−1 NaHCO3 (pH 8.5) followed by molybdenum blue
colorimetry (Lu 2000). Available K was measured by
1 mol L−1 NH4OAc extraction-flame photometry (Lu 2000).

To measure the concentrations of Cd, a 0.25 g soil sample
was weighed in a polytetrafluoroethylene tube and then treated
with 7 mL HNO3 (plant samples with 6 mL HNO3 and 1 mL
HF) using a microwave oven for 6 min to ensure complete
digestion of particles. The microwave process was following
the procedure recommended by Anzano et al. (2000). Later, the
sample was concentrated to about 1 mL by heating at 170 °C
and then cooling to room temperature. The digested solution
was diluted to 50 mL with ultrapure water and stored at 4 °C
until further analysis by flame atomic absorption spectrometry
(Varian AA240FS), with three replicates for each sample. The
bioconcentration factor (BCF) was calculated based on the dry
weight using the following formula (Li et al. 2016):

BCF ¼ Cdplant
Cdsoil

ð1Þ

where Cdplant (mg kg−1) and Cdsoil (mg kg−1) represent Cd
concentrations in the plant and soil, respectively.

Table 1 Basic physical and chemical properties of the tested biochars

Biochar pH (H2O) C (%) N (%) P (%) K (%) CEC (cmol kg−1) Specific surface
area (m2 g−1)

Total pore
volume (cm3 g−1)

BB 9.8 86.9 0.69 0.11 0.56 15.3 189.6 0.175

RSB 10.2 42.7 0.76 0.16 1.07 44.7 81.8 0.080

BB bamboo biochar, RSB rice straw biochar, CEC cation exchange capacity
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2.4 Data processing

Data were analyzed by one-way analysis of variance
(ANOVA) and least significant difference (LSD) multiple
comparison using SPSS statistical software (version 16.0).
The results are presented as mean values with standard devi-
ation, and values of P < 0.05 are considered statistically sig-
nificant. All figures were drawn using SigmaPlot 10.0 soft-
ware (Systat Software Inc., USA).

3 Results and discussion

3.1 Effect of biochar on soil basic properties

The effects of biochar on soil basic properties were investigat-
ed after harvesting B. chinensis as shown in Table 2.
Generally, soil properties were not significantly altered (in
comparison with CK) by low input (< 1%) of either BB or
RSB to soil with Cd concentration of 50 mg kg−1. Soil pH
increased with increasing application ratio of RSB and BB. At
BB or RSB applications > 1%, soil pH increased markedly, by
1.17–5.48 and 2.47–7.46%, respectively, compared with CK
(5.57), with RSB treatment invoking significantly higher pH
than BB treatment. Many previous studies have also reported
that biochar application increases soil pH (Laird et al. 2010;
Mukherjee et al. 2014; Butnan et al. 2015; Liu et al. 2016).

SOC is an important indicator of soil quality. Compared
with CK, BB application > 0.5% significantly increased
SOC by 26.8–155%, while RSB > 1% significantly increased
SOC by 22.2–111%. BB treatment showed significantly
higher SOC than RSB application at the same ratio, which is
likely due to higher C content of BB than RSB (Table 1).

Total N in soil increased significantly by 11.7 and 15.3%
with 2.5% BB or RSB application, and increased by 24.5 and

31.1% with 5% BB or RSB application, respectively, com-
pared to CK (1.42 g kg−1). This result is in line with
Borchard et al. (2014), who reported that wood biochar appli-
cation at 45 t ha−1 significantly improved soil total N content.

Similarly to the finding for total N, soil available P signif-
icantly increased by 10.8–24.4 and 14.6–30.7% with 2.5–5%
BB or RSB application, respectively, compared to that of CK
(31.3 mg kg−1). However, there were no significant differ-
ences between the effects of BB and RSB at the same ratio.
In comparison with CK, the application of > 2.5% BB signif-
icantly increased soil available K by 76.8–291%, while > 1%
RSB significantly increased soil available K by 127–627%,
with RSB showing significantly greater effect than BB at a
given application ratio.

Previous studies have shown that soil nutrient content can
be significantly improved by biochar amendment (Laird et al.
2010; Masulili et al. 2010; Liang et al. 2014). This is predom-
inantly due to direct supplement of these nutrients, such as P
and K, which were present in soluble form in biochar itself
(Enders et al. 2012) and rapidly released into the soil solution
(Glaser et al. 2002). In this research, soil available P and K
contents were significantly increased by biochar (especially
RSB) amendment. Similarly, Lai et al. (2013) found that avail-
able K content was significantly higher in the soil amended
with woodchip biochar than that in unamended soil.
Furthermore, from our results (Table 1), RSB contained more
P and K than did BB, demonstrating that RSB appears better
suited than BB as a soil nutrient supplement.

3.2 Effect of biochar on immobilizing Cd in soil

The effects of applying BB or RSB at different ratios on soil
Cd availability are shown in Fig. 1. Soil Cd availability de-
creased with increasing biochar application. With application
of 5% BB or RSB, available Cd content in soil decreased

Table 2 Effect of biochar on soil basic properties and bioconcentration factor (BCF) of Cd in Brassica chinensis L.

Treatment pH SOC (g kg−1) Total N (g kg−1) Available P (mg kg−1) Available K (mg kg−1) BCF

BL 5.46 ± 0.04g 13.6 ± 0.55h 1.42 ± 0.02de 32.3 ± 1.67de 73.6 ± 14.0f 0.86 ± 0.04a

CK 5.57 ± 0.02f 13.2 ± 0.68h 1.42 ± 0.01de 31.3 ± 2.33e 68.0 ± 5.3f 0.83 ± 0.07a

BB0.5 5.58 ± 0.03ef 16.8 ± 0.67f 1.38 ± 0.04e 31.4 ± 1.94e 93.1 ± 5.2ef 0.71 ± 0.04b

BB1.0 5.63 ± 0.04e 18.5 ± 0.66e 1.49 ± 0.04d 32.4 ± 2.67de 101.6 ± 18.9ef 0.60 ± 0.05cd

BB2.5 5.80 ± 0.03c 25.1 ± 1.15c 1.59 ± 0.04c 34.7 ± 1.70cd 120.3 ± 19.1de 0.54 ± 0.05d

BB5.0 5.87 ± 0.06b 33.7 ± 2.25a 1.77 ± 0.02b 38.9 ± 3.33ab 266.1 ± 15.5b 0.41 ± 0.09e

RSB0.5 5.59 ± 0.03ef 14.7 ± 1.29gh 1.40 ± 0.03e 32.5 ± 0.98de 97.5 ± 18.5ef 0.83 ± 0.13a

RSB1.0 5.70 ± 0.06d 16.1 ± 0.78fg 1.43 ± 0.05de 34.9 ± 1.61cd 154.1 ± 25.1d 0.68 ± 0.09bc

RSB2.5 5.93 ± 0.03ab 21.7 ± 0.72d 1.64 ± 0.07c 35.9 ± 2.32bc 206.1 ± 24.5c 0.59 ± 0.04cd

RSB5.0 5.98 ± 0.03a 27.8 ± 1.60b 1.86 ± 0.12a 40.9 ± 2.07a 494.3 ± 64.3a 0.49 ± 0.07de

Application rates (%) of biochar are represented by 0.5, 1.0, 2.5, and 5.0. Different lowercase letters within a single column indicate the statistically
significant differences at p ≤ 0.05 between the treatments

BL soil without cadmium or biochar, CK cadmium polluted soil without biochar amendment, BB bamboo biochar, RSB rice straw biochar
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significantly by 8.6 and 19.3%, respectively, compared to that
of CK (20.5 mg kg−1). Furthermore, available Cd content
significantly decreased by 9.0% with 2.5% RSB application,
whereas it was not significantly affected by 2.5% BB applica-
tion. These results demonstrate that, at a given application
rate, RSB has stronger effect than BB on immobilizing Cd
in soil. This supports the results of Yi et al. (2013), who at-
tributed this to more direct interactions between Cd and func-
tional groups when applying RSB than when applying other
biochar. Similarly, several studies have reported the positive
association between biochar application and immobilization
of soil Cd content (Fellet et al. 2011; Park et al. 2011; Houben
et al. 2013).

As shown by previous studies, possible mechanisms for the
immobilization of Cd by biochars include cation exchange
between Cd and protons or alkaline metals on biochar surface
(Trakal et al. 2014; Li et al. 2017), surface complexation (ion-
ic, covalent, or hydrogen bonding) with biochar minerals
(Qian and Chen 2013; Bian et al. 2014) and oxygen-
containing functional groups (Uchimiya et al. 2011;
Rodríguez-Vila et al. 2015), precipitation with inorganic com-
ponents (like PO4

3−, CO3
2−, SO4

2−, OH−) to form insoluble
compounds (Cao et al. 2009; Inyang et al. 2012; Jiang et al.
2012; Wang et al. 2015), and electrostatic interactions with π
electrons (C=C) (Park et al. 2011). The mechanisms for the
immobilization of soil Cd content through biochar application
depended on the type of biochar feedstock and the application
rate. In this study, RSB was more effective than BB in
immobilizing Cd when applied at 5% rate (Fig. 1). This is
mainly attributed to the higher pH and CEC of RSB than that
of BB (Table 1), which leads to more precipitation and cation
exchange with Cd in the soil, respectively. Immobilization of

Cd generally resulted from adsorption on biochars and from
the increase in pH, which can affect precipitation in the soil
(Uchimiya et al. 2010; Beesley and Marmiroli 2011; Karami
et al. 2011). Similarly, Mohamed et al. (2015) attributed the
significantly reduced availability of Cd by bamboo biochar in
some soils to elevated soil pH and CEC. Biochars with high
oxygen-containing functional groups are particularly effective
for the stabilization of PTEs in acidic soils with low SOC
(Uchimiya et al. 2011). Available Cd content usually has neg-
ative correlation with SOC in soils with biochar amendment,
because the capacity for Cd adsorption can be enhanced
through cation exchange and complexation by soils with
higher SOC content (Yi et al. 2013). Moreover, the high ca-
pacity to adsorb Cd was also attributed to the pore structure
and large surface area of biochar, which provide available sites
for Cd adsorption (Lu et al. 2017).

3.3 Effect of biochar on Cd accumulation in Brassica
crop

The effect of biochar on Cd accumulation in B. chinensis is
shown in Fig. 2. The Cd content of the crop decreased signif-
icantly, by 12.0–48.3%, with addition of 0.5–5% BB, and by
17.0–35.4% with 1–5% RSB, compared to that of CK
(47.8 mg kg−1). The results demonstrate that the application
of BB or RSB can effectively immobilize Cd, thereby reduc-
ing the mobility and biotoxicity of Cd contained in soil, and
consequently inhibiting the uptake of Cd by B. chinensis. Our
results are in accordance with Yasmin et al. (2017), who found
that Cd accumulation in plants was significantly reduced fol-
lowing amendment with biochar derived from cow manure,
which was attributed to increased soil pH and decreased Cd
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availability. Similarly, Woldetsadik et al. (2016) observed that
the phytoavailability of Cd to lettuce (Lactuca sativa) was
reduced in heavily contaminated agricultural soil by biochar
amendment. Chen et al. (2016) reported that Cd concentration
was significantly reduced in Cd-accumulating rice cultivars in
an acidic paddy soil by the application of wheat straw biochar,
which was attributed to the formation of stable metal–organic
complexes. It was found by Houben et al. (2013) that the use
of 5 and 10% Miscanthus straw biochar reduced Cd concen-
trations inBrassica napus shoots by 47 and 75%, respectively,

compared to controls, thereby confirming the vital role of
biochar in limiting Cd bioavailability.

3.4 Effect of biochar on BCF of Cd in Brassica
chinensis L.

Data on BCF in Cd-polluted soils planted with B. chinensis
with the addition of biochar are given in Table 2. Brassica
chinensis tissues showed noticeably lower BCF values after
biochar addition, and increasing biochar rates were associated
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with large decreases in BCF. The addition of 0.5–5%BB or 1–
5% RSB in soils containing 50 mg Cd kg−1 significantly re-
duced BCF by 14.4–51.0 and 18.4–40.6%, respectively, in
harvested B. chinensis.

BCF is considered an important factor for evaluating the
capacity of plants to accumulate PTEs from soil (Mohamed
et al. 2015). In our study, all samples showed BCF values < 1
(Table 2), indicating that phytoextraction of Cd by
B. chinensis was not feasible under the tested conditions,
i.e., at 0.5, 1, 2.5, and 5% biochar, and grown in soils contain-
ing 50 mg Cd kg−1 (McGrath and Zhao 2003; Houben et al.
2013; Fellet et al. 2014). The decrease of BCF values after the
addition of biochar likely resulted from the high efficiency of
biochar in limiting Cd uptake by B. chinensis. The absorption
and translocation of metals are fundamental to assessing the
potential hazards of growing plants in polluted soils.

3.5 Effect of biochar on nutrient uptake by Brassica
chinensis

The effects of biochar amendment on the nutrient (N, P, and
K) contents of B. chinensis are shown in Fig. 3. N content was
not significantly affected by biochar amendment. In contrast,
the P and K contents increased significantly with > 2.5% BB
or RSB amendment, compared to CK. However, there were
no significant differences between the effects of BB and RSB
at a given rate, except that K content was higher at 5% RSB
than 5% BB. The phytoavailability of nutrients other than N
often depends on soil pH. As biochar application affects soil
pH (Novak et al. 2009a), it may indirectly alter the supply of
nutrients to plants (Demeyer et al. 2001; Atkinson et al. 2010).
In this work, we observed relatively high soil pH following
the addition of biochar (BB or RSB) at higher rates (1, 2.5, and
5%), which improved nutrient phytoavailability.

In the present study, the application of > 2.5% BB or RB
increased the K content of B. chinensis by 49.7–70.5 and
62.8–97.3%, respectively, relative to CK (Fig. 3). Similarly,
Lehmann et al. (2003) observed that, in addition to increasing
K availability in soil, the application of biochar increased plant
K uptake. Although biochar provides some nutrients when
added as a fertilizer, more importantly, it can improve plant
nutrient uptake efficiency when added as a soil conditioner
(Peng et al. 2011). The porous structure of biochar can also
result in enhanced nutrient availability through water retention
and improved water balance (Oguntunde et al. 2008; Asai
et al. 2009; Major et al. 2010).

4 Conclusions

The incorporation of biochar into Cd-contaminated soils lim-
ited the phytoavailability of Cd. Additionally, biochar had
positive effects on soil properties (such as pH, SOC, total N,

and available P and K) and on nutrient (P and K) uptake by
B. chinensis, although these effects depend on the biochar
feedstock materials and especially the application rates.
Overall, 2.5–5.0% are recommended as suitable application
rates for both biochars, and RSB is more effective than BB
on soil nutrient supplement and Cd immobilization. Both BB
and RSB can be used as soil amendments to alleviate health
risks associated with consuming leafy vegetables grown in
Cd-contaminated acidic soil.
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