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Effects of Biochar on Cadmium Accumulation in Rice
and Cadmium Fractions of Soil: A Three-Year Pot
Experiment

Tianyi He,? Jun Meng,*** Wenfu Chen,* Zungi Liu,? Ting Cao,? Xiaoyi Cheng,?
Yuwei Huang,? and Xu Yang ?

A three-year rice pot experiment was conducted to investigate the effects
of biochar on cadmium (Cd) accumulation in rice and Cd fractions of sail.
The biochar was derived from farmland waste and applied to
contaminated paddy soil at various application rates (0, 1, 2, and 4%).
The dry matter accumulations in rice, Cd contents of various rice organs,
and fraction distributions of Cd in soil were measured. In a 3-year
experiment, the results indicated that biochar treatments reduced the
exchangeable Cd concentrations by 28.5 to 59.4% in soil, the total Cd
accumulations in rice by 2.7 to 23.8%, and promoted rice growth by 0.7
to 3.9%. The application rates of 2% to 4% were considered to be
reasonable for both rice growth and remediation of Cd-contaminated soil.
Meanwhile, the Cd-contaminated biochar and straw were studied in the
above manner for two years. Contaminated biochar reduced the Cd
content of individual rice plants and ensured the normal growth of rice,
but it had little effect on the Cd contents in specific organs of rice and Cd
fractions of soil. However, this indicated that contaminated biomass
materials have the possibility to be reused after pyrolysis for remediation
of contaminated paddy soil.
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INTRODUCTION

Heavy metal pollution is a global environmental problem (Arunakumara et al.
2013; Toth et al. 2016) and causes concern in China regarding food security and public
health (Duan et al. 2016; Li et al. 2016; Wu and Sun 2016). Cadmium (Cd) is considered
the most toxic of the heavy metals (Wu et al. 2016). Liaoning province is one of three
provinces in Northeast China, which is the main grain-producing area of China; however,
with the rapid development of industry in the last century, large areas of paddy soil have
been contaminated by heavy metals because of sewage irrigation and rice is the most
planted crop in this contaminated soil (Jalali and Hemati 2013; Ke et al. 2015). Rice is a
staple food for nearly 60% of China's population and has very important planting status
in China. However, in recent years, it is not uncommon to find the reports that the
cadmium content of rice has exceeded the standard due to soil pollution (Liu et al. 2016a).
This study is from the perspective of practical production and application. Thus, local
contaminated soil and a local rice variety were selected as experimental materials to test
the biochar effects on Cd bioavailability of soil and Cd accumulation in rice.
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In recent years, many studies have shown that biochar can affect plant growth
(Major et al. 2010; Liu et al. 2013; Coumar et al. 2016; Ding et al. 2016). Novak et al.
(2016) pointed out that the effects of biochar on crop yield can be both positive and
negative because of differences in the initial soil properties. In addition, various articles
mention that biochar can reduce the phytoavailability of heavy metals in soil effectively
(Park et al. 2011; Zhang et al. 2013; Bian et al. 2014; Puga et al. 2015). In either plant
growth promotion or contaminated soil remediation, the application rate of biochar is
considered one of the key factors (Cui et al. 2011, 2012; Jeffery et al. 2011). This study
focuses on the biochar application rates for both rice production and remediation of Cd-
contaminated soil as a means to find a reasonable application rate range to ensure the
normal growth of rice, or even increase production, and to reduce the phytoavailability of
Cd in soil and Cd uptake by rice effectively.

The large amount of contaminated straw produced year after year from heavy
metal contaminated paddy soil is still an issue, even if biochar could effectively
remediate contaminated soil and reduce crop uptake. Previous studies have suggested
pyrolysis as a promising method for contaminated biomass disposal (Sas-Nowosielska et
al. 2004; Stals et al. 2010; Fletcher et al. 2014). Biendova et al. (2015) confirmed that
the metal sorption ability of biochar derived from contaminated biomass was not
significantly different from uncontaminated biomass; however, another study pointed out
that biochar made from waste wood increased concentrations of available Cu in soil and
led to significant uptake by crop (Jones and Quilliam 2014). Therefore, another research
focus of this study was the utilization of Cd-contaminated straw, to explore whether
contaminated straw can be charred to biochar and returned to the local soil for heavy
metal pollution management.

The bioavailability of heavy metals in soil depends not only on their total contents
but also on their forms (Hu et al. 2014). Heavy metals exist in various forms having
different bioavailabilities in soils (Jalali and Hemati 2013). The Tessier sequential
extraction method is commonly used to determine the forms of heavy metals in soil
(Wang et al. 2013); this method divides the total metals into five fractions: exchangeable
fraction (EXCH), carbonate-bound (CARB), Fe-Mn oxide bound fractions (Fe-Mn),
organic bound fraction (OM), and residual fraction (RES) (Tessier et al. 1979). Many
researchers have attempted to assess the phytoavailability of heavy metals in
contaminated soils using a sequential extraction procedure (Kashem et al. 2010). Thus, in
this study, the Tessier scheme is used for evaluating the effects of biochar on Cd
bioavailability in soil.

For studies of biochar affecting crop growth, the results of short-term and seeding
experiments tend to have good regularity, but they lack practical and instructive value.
Jeffery et al. (2011) suggested that pot experiments should be designed to summarize
laws and evaluate mechanisms in the long-term. Therefore, this experiment was designed
for three years, to allow a comprehensive determination of the effects of biochar on Cd
fractions in soil and rice Cd uptake.

In summary, this pot experiment lasted three years, and the main objective was to
use Cd contaminated soil to plant rice. The first part of treatment concerns various
biochar application rates, and the other part is about comparison of contaminated biochar
and straw. The main research method is to analyze the Cd forms in soil, as well as the Cd
contents and dry matter accumulation in rice. The purpose of this research is to make a
scientific evaluation of the effects of biochar on the process of Cd bioavailability changes
in soil and Cd uptake by rice.
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EXPERIMENTAL

Materials

Biochar for the experiment was provided by Liaoning Jinhefu Agriculture
Development Co., Ltd. Raw materials for pyrolysis were mixed farm residuals including
corn stalk, peanut hull, and rice hull. The pyrolysis condition was 450 °C for 1 to 2 h, and
the detailed charring method can be found in a China patent (publish number: CN
102092709 B) .

Yellow-brown surface soil (0 to 20 cm) was collected from a Cd-contaminated
site in Shenyang City, Liaoning Province, China, which was subjected to a long-term
irrigation by industrial waste water.

Shennong 265 (Oryza sativa L.) is a new variety of rice, planted widely as
classical super-high-yield japonica in northeast China.

The characteristics of the soil and biochar are shown in Table 1. The pH, CEC,
total and available element contents, and texture of soil were determined by referring to
Lu (2000). Total carbon, nitrogen, and sulfur contents of soil and biochar were
determined by dry combustion analysis using an Elementar (vario MACRO CNS;
Elementar, Germany). The specific surface area, total pore volume, and average pore
diameter of biochar were analyzed using a surface area and pore size analyzer (V-sorb
4800, JINAIPU, China).

Table 1. Characteristics of Soil and Biochar

Properties Soll Biochar
Cd (mg kg?) 3.98 + 0.09 -
pH (H20) 5.26 + 0.07 8.94 + 0.06
CEC (cmol kg'!) 11.89 £ 0.49 21.20+£0.77
Total C (%) 1.54 +0.02 42.85 + 1.52
Total N (%) 0.14 +0.01 1.40 +£0.02
Total P (%) 0.05 + 0.00 0.12 + 0.00
Total K (%) 0.13+0.00 0.08 +0.01
Total S (%) 0.09+ 0.01 0.30 + 0.00
CIN 11.00 £ 0.67 30.61 +0.69
Available N (mg kg™?) 144.75 £ 4.17 -
Available P (mg kg?) 30.42 +1.00 -
Available K (mg kg?) 89.15 +1.50 -
Silt 33.52+1.00 -
Texture (%) Clay 35.92 +1.33 -
Sand 30.56 + 0.83 -
Specific surface area (m? g2) - 28.14 + 0.46
Total pore volume (ml g?) - 0.05 + 0.00
Average pore diameter (nm) - 10.90 + 0.14

Experimental Design and Procedure

The three-year pot experiment from 2012 to 2014 was set up at Shenyang
Agricultural University.

The first part of the study was about biochar applications at different rates and
primarily examined the effects of the biochar application rate on the dry weights and Cd
contents of rice organs and the Cd fractions in soil. In 2012, biochar was incorporated
into the soil at five levels before rice transplantation: CK: 0%, C1: 0.5%, C2: 1%, C3:
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2%, and C4: 4%, and each pot contained 15 kg soil. Rice seedling culture was carried out
in a green house on April 28, 2012, and seedlings were transplanted to pots on May 23,
2012. Each pot contained four holes, with one rice seedling in each hole. Chemical
fertilizers were applied with 1 g of KH2PO4 pot™ and 1 g of CO(NH2)2 pot three times: 3
d before transplantation, 20 d after transplantation, and 5 d before heading. Water layer
depths were maintained at approximately 2 cm during the whole growth period. In 2013
and 2014, no more biochar was applied to the above treatments; the soil of each treatment
was remixed before rice transplantation, roots and residuals were eliminated, and rice
cultivation procedures were repeated. Soil and rice plant samples were collected after rice
harvests from 2012 to 2014.

The second part of the study was about contaminated biochar and primarily
examined the effects of biochar derived from Cd-contaminated rice straw on the dry
weights and Cd contents of rice organs, as well as the Cd fractions in soil. Contaminated
straw was obtained from the first part of the experiment after the rice harvest in 2012,
including leaf, sheath, and stem, and was dried and crushed before application and
pyrolysis. Contaminated biochar was prepared at the highest treatment temperature
(HTT) of 500 °C for 1 h. No application was named CK, contaminated biochar applied
treatment was CB, and contaminated straw applied treatment was CS; the application
rates of CB and CS were both 2%. The detailed cultivation methods were the same as in
the first part. Soil and rice plant samples were collected after rice harvests in 2013 and
2014.

All treatments were performed in a complete randomized design with three
replicates.

Sampling and Analysis Methods

For both parts, soil samples (0 to 20 cm) were collected after harvest each year.
Each pot took three points, mixed into one soil sample, and each treatment took soil
samples from three pots. Soil samples were ground after being air dried, then passed
through a 2-mm sieve for further analysis (Chen and Zheng 2000); plant detritus and any
visible fragments were removed. Three whole plant samples were collected randomly
from each treatment each year and oven-dried at 105 °C for 30 min, then further dried at
80 °C for 48 h. Rice plant samples were divided into leaf, stem, sheath, hull, and brown
rice, then crushed for further analysis.

The dry matter weights of rice organs were measured using an electronic balance
(BSA4202S, Sartorius, Germany) after plant samples were air dried completely.

The Cd contents of different rice organs were determined by graphite method
atomic absorption spectrophotometer (AA-7000, Shimadzu Inc., Japan) after digestion,
and the total accumulation of Cd in rice organs was obtained by multiplying the dry
matter weight and the corresponding Cd content.

The Cd fractions in soil samples from the pot experiment were analyzed using a
sequential extraction technique. The detailed procedure is found in Tessier et al. (1979).

Statistical Analysis

Data were summarized as means and standard deviation (SD) of the means using
Excel 2013 software (Microsoft, Redmond, WA). One-way analysis of variance
(ANOVA) was performed to determine the statistical significance (p<<0.05; n = 3) of the
treatment effects using SPSS version 13.0 (SPSS Institute, USA).

He et al. (2017). “Effect of biochar on soil Cd,” BioResources 12(1), 622-642. 625



PEER-REVIEWED ARTICLE b | oresources.com

RESULTS

Effects of Biochar on Dry Matter Accumulation in Rice
Figure 1A shows the effects of biochar application rate treatments on the total dry
weights of individual rice plants.
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Fig. 1. Effects of biochar application rate on dry matter accumulation in (A) individual plants, (B)
leaf, (C) stem, (D) sheath, (E) hull, and (F) brown rice. Different lower case letters represent
significant differences between the treatments in a single year (p<0.05; n=3); the same below.

In general, the total dry weights of rice increased gradually with increasing biochar
application; the total dry weight of C3 was the highest, while the total dry weight of C4,
as the highest amount of treatment, showed a decreasing trend. Specifically, in 2012,
although the results of C1, C2, and C3 were higher than CK, and showed a gradually
increasing trend, the differences were not significant. The total dry weight of C4 was
lower than that of CK, but showed no significant difference either. In 2013, the trend of
results was similar to 2012, but the difference between the total dry weights of C3 and
CK reached significant levels; the total dry weight of C3 was significantly higher than
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those of C1 and C4, and the total dry weight of C2 was also significantly higher than that
of C4. In 2014, the total dry weights of C2 and C3 were both significantly higher than
that of CK.

Figure 1B shows the results for the leaf. The trend of results in each year showed
slight fluctuations, but the results were very similar, and there was no significant
difference among all treatments.

Figure 1C shows the results for the stem. In 2012, the total stem dry weight of C4
was significantly lower than that of CK. In 2013, the total dry weights of C2 and C3 were
slightly higher than that of CK, the total dry weights of C1 and C4 were close to that of
CK, and there was no significant difference among all treatments. In 2014, the total dry
weight of C3 was significantly higher than that of CK.

Figure 1D shows the results for the sheath. In 2012 and 2014, there was no
significant difference among all treatments. In 2013, the total dry weight of C4 was
significantly lower than that of C3, and there were no significant differences among the
other treatments.

Figure 1E shows the results for the hull. In 2013, the total dry weight of C3 was
significantly higher than that of CK, and the total dry weights of C2 and C3 were
significantly higher than that of C4.
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Fig. 2. Effects of various contaminated material treatments on dry matter accumulation in (A)

individual plants, (B) leaf, (C) stem, (D) sheath, (E) hull, and (F) brown rice
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Figure 1F shows the results for brown rice. The dry weights of brown rice
increased gradually with increasing biochar application in general, but the highest amount
for treatment C4 decreased. However, the difference between each treatment did not
reach significance in 2012 and 2014. In 2013, the total dry weight of C3 was significantly
higher than that of CK, and the total dry weights of C2 and C3 were significantly higher
than that of C4; the total dry weight of C4 was the lowest, but differences with CK and
C1 were not significant.

Figure 2A represents the effects of contaminated biomass material treatments on
dry weight of single plant. In 2013, CK and CB were higher than CS significantly. In
2014, CB was higher than CS significantly.

Figure 2B represents the result of leaf. In 2013, CB was similar to CK, CS was
the lowest, there was no significant difference between CK and CB, but they were both
higher than CS significantly. In 2014, the results of three treatments were similar, and the
difference between each treatment did not reach significant level.

Figure 2C represents the result of stem. In 2013, CK and CB were significantly
higher than CS. In 2014, the differences among treatments were not significant.

Figure 2D is the result of sheath. In 2013, CB was higher than CS significantly.
In 2014, CS was lower than CK and CB significantly.

Figure 2E represents the result of hull. In 2013, CB was significantly higher than
CS. The differences among the three treatments did not reach a significant level in 2014.

Figure 2F is the result of brown rice. In 2013, CK and CB were significantly
higher than CS. In 2014, CB was higher than CS significantly.

Effects of Biochar on Cd Concentration and Total Uptake of Rice

Table 2 shows the effects of biochar application rate on the Cd concentrations and
Cd accumulation in rice from 2012 to 2014. Cd concentration means the Cd content in a
unit weight of rice, and Cd accumulation means the total Cd content uptake by a single
plant or organ of rice.

Table 3 shows the effects of contaminated biomass material treatments on the Cd
contents and Cd accumulation in rice.
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Table 2. Effects of Biochar Application Rate on Cd Concentration and Uptake by

Rice

Cd concentration mg kg Cd uptake ug plant*

2012 2013 2014 2012 2013 2014
CK|223+0.05a |2.18+0.04a | 2.16+0.07a 100.98+2.09a | 103.89+2.59a | 101.04+2.54a
Cl | 2.12+0.05ab | 2.09+0.08a | 2.07+0.06ab 96.84+4.03ab | 99.41+5.29ab | 98.35+3.09a
C2 | 2.04+0.06b | 2.03+0.05a | 2.00+0.05hc 93.71+1.60bc | 99.54+3.23ab | 96.47+1.51ab

= | ©3 | 1.88£0.02b | 1.880.02b | 1.89:+0.03cd 87.68+2.57c | 92.30+1.84bc | 91.80+1.30b
& | C4 | 1.7520.03c | 1.76+0.05b | 1.76+0.01d 76.95:0.27d | 83.16+2.10c | 83.44+0.44c
CK|1.17+0.03a | 1.11+0.06a | 1.09+0.04a 4.99+0.10a 5.5+0.23a 4.39+0.26a
C1 |1.11:0.08ab | 1.02+0.08a | 1.08+0.16a 4.64+1.00ab | 5.00:0.54a | 4.11+0.83a
C2 | 1.03+0.21ab | 1.10+0.21a | 1.03x0.11a 4.4+0.28ab | 5.51+1.1a 3.77+0.51a
_ | ©3]0.93+0.03ab | 0.95+0.05a | 0.92+0.03a 4.03+0.29ab | 4.72+0.2a 3.63+0.02a
©
© | C410.86+0.04b | 0.92+0.04a | 0.89+0.04a 3.61+0.32b | 4.54+0.16a | 3.64:0.25a
CK|3.22#0.1a |3.15#0.06a | 3.11#0.12a 25.36+1.08a | 25.4+0.68a | 25.36x1.25a
Cl |3.17+0.11a |3.13+0.11a | 3.01+0.08ab 24.32+0.86a | 25.25+1.22a | 24.91%0.47a
C2 | 3.11+0.03ab | 3.04+0.11ab | 2.88x0.09abc | | 24.07+0.58a | 25.35+0.96a | 24.32+0.37a
e | C3 | 2.8820.11bc | 2.87£0.05bc | 2.76+0.12bc 22.62+1.4ab | 24.02+0.57ab | 23.47+1.13ab
7 | C4 | 2.75:0.08c | 2.75:0.08c | 2.620.07c 20.32+0.88b | 21.99+0.94b | 21.63+0.83b
CK]4.11+0.10a | 4.05:0.11a | 4.00£0.11a 36.8+1.04a | 38.71+1.38a | 38.23+1.44a
Cl | 3.88+0.07b | 3.83+0.12ab | 3.82+0.12ab 35.42+0.93a | 36.95+1.05ab | 37.28+0.77a
C2 | 3.68+0.07bc | 3.65+0.06bc | 3.68+0.08hc 33.42+0.17a | 35.85:0.38ab | 36.15+1.64a
% C3 | 3.53+0.08cd | 3.52+0.13c | 3.54+0.07cd 32.79+0.92a | 34.70+1.80bc | 34.98+0.39ab
& | ©4 | 335£0.06d |3.34:0.10c | 3.31x0.10d 29.08+0.51b | 31.69+1.19c | 31.98+1.08b
CK|1.19+0.03a | 1.18+0.06a | 1.11+0.09a 5.22+0.18a | 5.47+0.32a | 5.19+0.35a
Cl | 1.15+0.04a | 1.09+0.07ab | 1.05+0.09ab 5.10+0.29a | 5.09+0.31ab | 4.95+0.3ab
C2 | 1.11+0.06ab | 1.14+0.13a | 1.07+0.04ab 4.95+0.14a | 5.48+0.64a | 5.16+0.23a
C3 | 0.95+0.07bc | 0.95+0.03ab | 0.97+0.08ab 4.33+0.45a 4.59+0.18ab | 4.74+0.31ab
Z£ | €4 ] 0.90+0.05c | 0.90+0.07b | 0.89+0.03b 3.87+0.20a | 4.16+0.32b | 4.21+0.17b
CK'| 1.44+0.07a | 1.42#0.05a | 1.36+0.07a 28.62+1.20a | 28.81+1.19a | 27.83%0.78a
C1 | 1.35+0.09ab | 1.33+0.13ab | 1.3+0.09a 27.35¢2.10a | 27.12+3.1a | 26.85+1.98a
8 | €2 | 1.32+0.10ab | 1.31+0.08ab | 1.26+0.08ab 26.88+1.58a | 27.35+1.76a | 26.63%1.41a
S | C3 | 1.16+0.08bc | 1.15£0.06bc | 1.17+0.05ab 23.91+1.35ab | 24.28+1.07ab | 24.862+0.92ab
o
& | ©4 | 1.030.08c | 1.030.10c | 1.06+0.05b 20.07+1.29b | 20.78+1.76b | 21.98+1.08b

Different lower case letters represent significant differences between the treatments in a single year (p<<
0.05; n = 3); the same below.
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Table 3. Effects of Contaminated Biomass Treatment on Cd Concentration
and Uptake of Rice

Cd concentrations mg kg Cd uptake pg plant*
2013 2014 2013 2014

CK 2.18+0.04b 2.16+0.07b 103.88£2.59a 101.04+2.54a
- CS 2.19+0.06b 2.08%£0.1b 107.26+3.06a 100.64+3.7a
[
D—“f CB 2.47+0.08a 2.42+0.06a 107.43t£3.84a 107.94+3.84a

CK 1.11+0.06ab 1.09+0.04ab 5.5+0.23a 4.42+0.26ab

CS 1.08+0.08b 1.01+0.03b 5.4+0.38a 4.14+0.08b
¢ |[cs 1.26+0.06a 1.15+0.04a 5.7+0.1a 4.7+0.07a

CK 3.15+0.06b 3.11+0.12a 25.4+0.68a 25.36+1.25a
e CS 3.15+0.06b 3.08+0.19a 26.36x£0.53a 26.16x1.91a
% CB 3.44+0.06a 3.37+0.11a 26.25+0.42a 26.76x2.44a

CK 4.05+0.11b 4+0.11ab 38.71+£1.37a 38.23t£1.44a
f—é CS 4,1+0.11b 3.66+0.41b 40.28+1.87a 36.11+4.35a
% CB 4.63+0.08a 4.54+0.06a 40.18+2.93a 40.29+1.03a

CK 1.17+0.06b 1.11+0.09b 5.46+0.33a 5.19+0.35a

CS 1.2+0.11ab 1.16£0.17ab 5.74+£0.46a 5.5910.84a
§ CB 1.46x0.11a 1.44+0.07a 6.09+0.14a 6.15+0.21a
'g CK 1.42+0.05ab 1.36+£0.07ab 28.81+1.19a 27.83+0.78a
g CS 1.4+0.09b 1.35+0.07b 29.48+1.99a 28.63+1.06a
% CB 1.59+0.06a 1.55+£0.07a 29.21+1.26a 30.04+0.78a

Effect of Biochar on Contents and Distribution of Cd Fractions in Soil

Table 4 shows the effects of biochar application rate treatments on the contents of
Cd fractions in soil. Figure 3 shows the Cd contents of various fractions in soil; it is a
supplementary figure with specific data to facilitate understanding of Table 4.

For exchangeable fraction, except C1 in 2012, the results of biochar applied
treatments were all significantly lower than CK in three years. For carbonate bound
fraction, there was no significant difference among treatments in three year. For Fe-Mn
oxide bound fraction, the results of biochar applied treatments were all higher than CK in
three years, however, only the difference between C3 and CK in 2014 reached significant
level. For organic bound fraction, in 2012, C2 and C3 were higher than CK, and the
difference of C3 reached significant level; in 2013, the results of biochar applied
treatments were all higher than CK, in which C3 and C4 were significantly higher than
CK; in 2014, all biochar applied treatments were significantly higher than CK. For
residual fraction, there was no significant difference among treatments in three years.
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Table 4. Effects of Biochar Application Rate on Contents of Cd Fractions (mg/kg)

Fraction Treatment 2012 2013 2014
CK 0.69+0.14 a 0.48+0.06a 0.43x0.07a
- Cl 0.50+0.03ab 0.32+0.02b 0.22+0.03b
£ C2 0.4620.04 b 0.3320.04b 0.240.01b
- C3 0.40+0.04 b 0.31+0.01b 0.17+0.04b
C4 0.42+0.03 b 0.26+0.03b 0.23+0.06b
CK 0.07+0.01 a 0.07+0.03 a 0.08+0.00 a
m Cl 0.06+0.00 a 0.050.01 a 0.060.01 a
% C2 0.07+0.01 a 0.080.03 a 0.05+0.00 a
C3 0.07+0.01 a 0.07+0.02 a 0.05+0.00 a
C4 0.09+0.01 a 0.0620.03 a 0.080.03 a
CK 2.23+0.20 a 2.34+0.12a 2.35+0.04b
c Cl 2.46+0.12 a 2.47+0.07a 2.40+0.09ab
% c2 2.44+0.11a 2.46+0.15a 2.49+0.05ab
. C3 2.51+0.06 a 2.42+0.08a 2.53x0.07a
C4 2.44+0.13 a 2.44+0.09a 2.44+0.04ab
CK 0.28+0.01ab 0.36+0.03 b 0.35+0.04 b
Cl 0.25+0.03 b 0.4+0.01ab 0.45+0.02 a
2 c2 0.29:+0.02ab 0.37+0.01 b 0.42+0.01 a
C3 0.31+0.01 a 0.44+0.01 a 0.46+0.02 a
C4 0.27+0.02ab 0.4620.01 a 0.44+0.01 a
CK 0.65+0.13a 0.61+0.13a 0.61+0.08a
" Cl 0.63+0.09a 0.61+0.06a 0.7+0.09a
L c2 0.63+0.12a 0.61+0.08a 0.68+0.06a
C3 0.61+0.10a 0.6+0.05a 0.630.09a
C4 0.67+0.08a 0.59+0.09a 0.650.05a

Different letters in the table denote significant difference at 0.05 level; the same below.

He et al. (2017). “Effect of biochar on soil Cd,” BioResources 12(1), 622-642.

631




PEER-REVIEWED ARTICLE b | oresources.com

Y AUELUEER

0% L o
60% I
50%
40% |
30% | e
20% |l

Percentages %

10%
0%

ckjaaja(ca|daljck|jaja|ca|ja(ck|{ajc)c|)dc
2012 2013 2014
BEIEXCH (17.6(12.7]11.7)10.3]10.7|12.5|8.38(8.65(8.16]6.70|11.0|5.865.12|4.50| 6.04
BMCARB [1.7511.46(1.87(1.84]2.34]11.7111.4012.12(1.75|1.70(2.03|1.49]1.42]11.30| 2.15
B Fe-Mn(56.7(63.1]|62.7|64.3]62.7|60.7|64.1(63.7(63.0]63.9|61.0|62.5|64.8|65.8|63.4
BOM |7.25|16.53(7.39(7.86]6.92]19.23]110.219.62(11.3|12.1(9.04|11.7]11.0]12.0|11.4
BRES [16.6|16.1(16.2(156]17.2|15.7]15.8|159(15.7|155(16.8|183]17.6]16.3|16.9

Fig. 3. Effects of biochar application rate on distribution of Cd fractions in soil

Table 5 shows the effects of contaminated biomass on Cd fractions in soil. Figure
4 is the Cd contents of various fractions in soil; it is a supplementary figure with specific
data to facilitate understanding of Table 5.

For the exchangeable fraction, CS was the highest, CK was the second and CB
was the lowest, but only the difference between CB and CS in 2013 reached a significant
level. For carbonated bound fraction, only CS was significantly higher than CK in 2013,
and there was no significant difference among other treatments. For Fe-Mn oxide bound
fraction, CB was the highest, the results of CS and CK were close, and there was no
significant difference among treatments in two years. For organic bound fraction, CS was
the highest in two years, CB was lower than CK in 2013, while CB was higher than CK
in 2014, but there was no significant difference among treatments in two years. For
residual fraction, the results of treatments were close and had no significant difference.
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Table 5. Effects of Contaminated Biomass Materials on Contents of Cd Fractions

(mg/kg)
2013 2014
CK 0.48+0.06ab 0.42+0.07a
é CS 0.54+0.05a 0.51+0.06a
W | cB 0.41+0.02b 0.4+0.05a
CK 0.07+0.03b 0.08+0a
g CS 0.13+0.04a 0.1+0.02a
© |cB 0.07+0.02ab 0.1+0a
. Lex 2.34+0.12a 2.32+0.04a
% CS 2.30+0.05a 2.27+0.07a
L CB 2.53+0.10a 2.48+0.14a
CK 0.36+0.03a 0.34+0.04a
s |cCs 0.44+0.07a 0.4+0.02a
O |cB 0.33+0.04a 0.38+0.04a
CK 0.61+0.13a 0.6+0.08a
@ |cs 0.54+0.06a 0.62+0.06a
T |cB 0.56+0.06a 0.50+0.10a

Fig. 4. Effects of contaminated biomass treatments on distribution of Cd fractions in soil
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DISCUSSION

Changes in Dry Matter Accumulation in Rice, Cd Uptake by Rice, and Cd
Fractions in Soil

The total dry weight of rice increased gradually with increasing biochar
application; this result is similar to Liu et al. (2016b). Their study suggested that the
application of rice straw biochar can enhance soil properties, improve rice yield, and
improve crop nutrient uptake in paddy soils. However, in this study, the highest biochar
application treatment decreased the total dry weight of rice (Fig. 1). This result suggested
that the dry matter accumulation of rice could not always be promoted by increasing
biochar application; this may be due to the fact that biochar application had a negative
impact on the uptake of soil nutrients by rice (Peng et al. 2007; Qiao et al. 2013; Ye et
al. 2013).

Suitable soil pH is necessary for rice growth (Figueiredo et al. 2015; Minasny et
al. 2016); we measured the pH of soil samples from three years (Fig. 5) and found that
the biochar application increased soil pH effectively, while the increase in soil pH by
biochar could affect the supply of soil nutrients to plants indirectly (Liu et al. 2016b). Xu
et al. (2016) indicated that biochar amendments may decrease the availability of
nutrients other than metals, which could result in plant deficiency. Thus, we suggest that
excessively high biochar application inhibited the growth of rice because of the high pH
and adsorption capacity of biochar.

8.0
78 }
76
74
7.2
70 }
68 |
6.6
6.4
6.2

6.0

OCK OC1 mC2 mC3 mC4

pH

]

2012 2014

Fig. 5. Effects of biochar application rate on pH of soil

The rice Cd uptake decreased gradually with increasing biochar application. This
result is similar to that of Bian et al. (2013), who indicated that biochar effectively
immobilized Cd and greatly reduced rice Cd uptake in long-term contaminated rice
paddies; biochar amendment at 40 t ha* could even allow rice Cd levels to meet the
guideline limit of 0.4 mg/kg suggested by the CAC (Codex Alimentarius Commission),
FAO (Food and Agriculture Organization of the United Nations), and WHO (World
Health Organization) (2005).

In this study, carbonate-bound fractions and residual fractions were changed
slightly by biochar application. The residual fraction is a fraction that may be held by
crystal structure, and this fraction is not expected to be released in solution over a
reasonable time span under the conditions normally encountered in nature (Tessier et al.
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1979), so it is believed to be the most stable fraction in soil (Huang et al. 2012; Quan et
al. 2014; Lee et al. 2015). The variation tendency of the Fe-Mn oxide bound fraction is
increasing, and part of the results in the final year reached significance (Table 4). In the
Fe-Mn oxide fraction, it is well established that iron and manganese oxides exist as
nodules, concretions, cement between particles, or simply as coatings on particles, and
these oxides are excellent scavengers for heavy metals and are thermodynamically
unstable under anoxic conditions (Tessier et al. 1979). The exchangeable fractions of
biochar treatments were all significantly lower than that of CK (Table 4); this reflected
the ability of biochar to adsorb and retain heavy metal cations in soil (Beesley et al.
2015). It is noteworthy that there were no significant differences among biochar
treatments. One possible reason is rice cultivation; the soil samples were collected after
the rice harvest. The rice uptake and root exudates can both affect the Cd content of the
exchangeable fraction in soil during the whole growth season, which may reflect the fact
that the exchangeable Cd content in soil cannot completely indicate the rice Cd uptake.
Cd may be bound to various forms of organic matter (Tessier et al. 1979). The Cd content
of the organic bound fraction increased gradually during the three years of the study
(Table 4), reflecting the long-term stability of the strong specific adsorption of biochar.

Reasonable Amount of Biochar Application

There is more than one way to evaluate a reasonable biochar application rate
(Jano$ et al. 2010; Yang et al. 2012; Mahar et al. 2015, 2016) for remediation of Cd-
contaminated paddy soil. In this study, we evaluated the suitable application rate from
three points of view: the first is Cd accumulation in rice, the second is dry matter
accumulation in rice, and the third is Cd fractions in soil. We suggest that these three
points have certain reference values; the first consideration is whether the biochar
application rate can reduce the Cd accumulation in rice effectively, because no matter
what soil amendments are used, reduced plant uptake of heavy metals is the ultimate
objective (Chen et al. 2014; Yang et al. 2014), and it is also an important indicator to
verify whether the amendment works (Hashim et al. 2011; Yao et al. 2012; Venegas et
al. 2016). The second consideration is dry matter accumulation in rice, dry matter
accumulation is related to the growth and development of rice, and we suggest that a
suitable application rate should ensure good growth and development of rice, which
proves that the amendment can alleviate the toxicity of heavy metals and also show that
the amendment itself has no significant inhibitory effect on plant growth. In addition, in
China, rice is an important food crop (Che et al. 2015), and farmland is very scarce
(Zhang et al. 2015; Liang et al. 2015). Even though the rice fields are slightly polluted,
agricultural production is still being carried out (Hu et al. 2016); therefore, the guarantee
of rice growth by the amendment can achieve better ecological, social, and economic
benefits. Finally, the changes in the Cd fractions in soil, and the harm of Cd to plants,
does not depend on the total amount, but the content of the available part in soil (Lee et
al. 2015), so a reasonable application rate of biochar should be able to not only reduce
available Cd content, but also ensure the stability of total Cd in soil (Beesley et al. 2011).
We suggest that evaluation of Cd fractions in soil could achieve this objective.

From the perspective of Cd accumulation in rice, for the purposes of this study,
we suggest that higher biochar application rates are better for reducing Cd accumulation
in rice. As shown in Table 2, almost all the results of the Cd contents and accumulations
in rice were gradually reduced with increasing biochar application: 2% and 4%
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applications could more effectively reduce the Cd content and accumulation in rice
compared with CK, especially the 4%.

With respect to dry matter accumulation in rice, this study suggests that 0.5%
application of biochar affected rice dry matter accumulation weakly, 1% to 2%
application of biochar was suitable for increasing dry matter accumulation, and 4%
application of biochar inhibited accumulation slightly. Specifically, the results of 0.5%
application were all similar to CK, and the changes were weak and showed no significant
difference; the results for 1% and 2% were above CK in general, and part of the
differences reached significant levels (for instance, the total dry weight of 2% application
in 2013). Although 4% showed some inhibitory effect, the gap between it and CK was
very small, and only the dry weight of the stem in 2012 and total dry weight in 2013 were
significantly lower than those in CK.

Regarding the Cd fractions in soil, as mentioned above (Fig. 3 and Table 4),
biochar application could reduce the exchangeable fraction, increase the Fe-Mn oxide and
organic bound fractions, and affect the carbonate bound and residual fractions weakly.
However, the changes in these fractions did not have a set trend with respect to the
increase in biochar application, and there were no significant differences among biochar
applications. Therefore, we suggest that 0.5% to 4% application rates are all reasonable
for reducing available Cd content and ensuring the stability of whole Cd in soil.

In summary, taking the intersection of these three suitable ranges, we suggest that
2% to 4% applications of biochar are reasonable rates for remediation of Cd
contaminated paddy soil. The 2% application, under the premise of a guarantee of both
reducing Cd uptake by rice and positive changes in the Cd fractions in soil, is more
conducive to dry matter accumulation, and 4% application can achieve better effects of
reducing Cd accumulation in rice and stabilizing the Cd fractions in soil, while slightly
inhibiting rice dry matter accumulation.

Evaluation of the Utilization of Cd Contaminated Biomass Materials

Similar to the evaluation of a reasonable biochar application rate, we evaluate the
utilization of Cd-contaminated biomass materials from the same three viewpoints.

For the dry matter accumulation, the result of contaminated biochar was higher
than CK, but the difference did not reach significant levels, while contaminated straw
reduced dry matter accumulation in rice significantly in the main. Visibly, contaminated
biochar has the potential to promote the dry matter accumulation of rice (Nzihou and
Stanmore 2013), and contaminated straw has an inhibitory effect on dry matter
accumulation of rice.

For Cd uptake by rice, contaminated straw increased the Cd content in rice
significantly; we suggest that this is due to the additional Cd brought by contaminated
straw returning, and we also think that contaminated straw inhibited rice dry matter
accumulation, hence the total Cd accumulation amounts did not increase significantly.
Contaminated biochar has no significant effects on Cd contents and accumulation in rice.

The effects of contaminated biomass materials on Cd fractions are focused on the
exchangeable Cd fraction. In 2013, contaminated biochar reduced the exchangeable
fraction significantly compared with contaminated straw; in 2014, this difference did not
reach a significant level. This condition has been mentioned above, and there are some
different changing trends between the results in rice Cd uptake and Cd fractions in soil;
here, we also suggest the effects of rice growth.
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In general, the performances of contaminated biochar are better than straw as both
soil amendments. That is to say, pyrolysis is a potential way to deal with contaminated
farm residuals. The ultimate goal is to use contaminated biochar as an ideal amendment
to reduce the bioavailability of Cd in the soil and ensure or promote crop production.
However, the results of this experiment were promising but not optimal. Biochar
properties should be modified through some creative ways either before, during, or after a
pyrolysis process, and such materials can be applied to other crops, in order to achieve
better results.

Deficiencies of this Study and Suggestions for Future Research

In this article, we primarily studied the effects of biochar on Cd fractions in soil
and Cd accumulation in rice, and through the analysis of the above data, we attempted to
analyze a reasonable biochar application rate, which could not only ensure rice growth,
but also remedy the Cd-contaminated soil. Although we have tried to make a detailed
analysis, we recommend using these results as reference under certain conditions, as only
one kind of biochar and one kind of soil were used in this study, and it was a pot
experiment. The test results could be complicated by the variety of soil, biochar,
environment, etc. (Jeffery et al. 2011; Omondi et al. 2016), and under the same test
conditions, the results for a pot experiment and field experiment may vary (Friesl et al.
2006). In future studies, we propose that a wide variety of representative biochar and
soils should be used, meaning the results would have better guiding significance.

This is only a preliminary and exploratory study on whether or not Cd-
contaminated biomass materials can be used in the field after pyrolysis. This part of the
research is related to the utilization of contaminated materials (Sas-Nowosielska et al.
2004; Chen et al. 2012; Syc et al. 2012) and the evaluation of biochar environmental
safety (Stals et al. 2010; Fletcher et al. 2014; Biendova et al. 2015). Therefore, in future
studies, we suggest that more contaminated bioresources should be used, the process of
preparing biochar from contaminated biomass materials should be studied and optimized,
the stability of heavy metals in contaminated materials should be evaluated, and
reasonable application rates should be set and discussed.

CONCLUSIONS

1. Biochar application reduced the bioavailability of Cd in soil, primarily through
reducing the exchangeable fraction and increasing the organic bound fraction.

2. Biochar application reduced the Cd accumulation in rice, and the dry matter
accumulation in rice did not always increase with increasing biochar application rate;
2% to 4% was determined to be a suitable application rate for biochar.

3. Contaminated biochar reduced the Cd content of individual rice plants and ensured
the normal growth of rice, but had little influence on the Cd fractions in soil.

ACKNOWLEDGMENTS

This study was financially supported by the National Natural Science Foundation
of China (41201317), the Special Fund for Agro-Scientific Research in the Public Interest

He et al. (2017). “Effect of biochar on soil Cd,” BioResources 12(1), 622-642. 637



PEER-REVIEWED ARTICLE b | oresources.com

(201303095), the Liaoning S&T project (2014215019), and the Shenyang S&T project
(F15-199-1-19).

REFERENCES CITED

Arunakumara, K. K. I. U., Walpola, B. C., and Yoon, M.-H. (2013). “Current status of
heavy metal contamination in Asia’s rice lands,” Rev. Environ. Sci. Bio. 12(4), 355-
377.DOI: 10.1007/s11157-013-9323-1

Beesley, L., Moreno-Jiménez, E., Fellet, G., Melo L., and Sizmur, T. (2015). “Biochar
and heavy metals,” in: Biochar for Environmental Management, J. Lehmann, and S.
Joseph (eds.), Routledge, New York, NY, pp. 563-594.

Beesley, L., Moreno-Jiménez, E., Gomez-Eyles, J. L., Harris, E., Robinson, B., and
Sizmur, T. (2011). “A review of biochars’ potential role in the remediation,
revegetation and restoration of contaminated soils,” Environ. Polllut. 159(12), 3269-
3282. DOI: 10.1016/j.envpol.2011.07.023

Bian, R., Chen, D, Liu, X,, Cui, L., Li, L., Pan, G., Xie, D., Zheng, J., Zhang, X., Zheng,
J., etal. (2013). “Biochar soil amendment as a solution to prevent Cd-tainted rice
from China: Results from a cross-site field experiment,” Ecol. Eng. 58(13), 378-383.
DOI: 10.1016/j.ecoleng.2013.07.031

Bian, R., Joseph, S., Cui, L., Pan, G, Li, L., Liu, X., Zhang, A., Rutlidge, H., Wong, S.,
Chia, C., et al. (2014). “A three-year experiment confirms continuous immobilization
of cadmium and lead in contaminated paddy field with biochar amendment,” J.
Hazard. Mater. 272(4), 121-128. DOI: 10.1016/j.jhazmat.2014.03.017

Biendova, K., Tlustos, P., and Szakova, J. (2015). “Can biochar from contaminated
biomass be applied into soil for remediation purposes?” Water Air Soil Poll. 226(6),
1-12. DOI: 10.1007/s11270-015-2456-9

Che, S., Zhao, B., Li, Y., Yuan, L., Li, W, Lin, Z., Hu, S., and Shen, B. (2015). “Review
grain yield and nitrogen use efficiency in rice production regions in China,” J. Integr.
Agr. 14(12), 2456-2466. DOI: 10.1016/S2095-3119(15)61228-X

Chen, H. M., and Zheng, C. R. (2000). “Analysis of inorganic pollutants in soil,” in: Soil
and Agro-Chemical Analysis Methods, R. K. Lu (ed), Agricultural Science and
Technology Press, Beijing, China, pp. 205-266.

Chen, H.,, Yan, S., Ye, Z., Meng, H., and Zhu, Y. (2012). “Utilization of urban sewage
sludge: Chinese perspectives,” Environ. Sci. Pollut. Res. 19(5), 1454-1463. DOI:
10.1007/s11356-012-0760-0

Chen, Z., Ai, Y., Fang, C., Wang, K., Li, W, Liu, S., Li, C., Xiao, J., and Huang, Z.
(2014). “Distribution and phytoavailability of heavy metal chemical fractions in
artificial soil on rock cut slopes alongside railways,” J. Hazard. Mater. 273(6), 165-
173. DOI: 10.1016/j.jhazmat.2014.03.042

Codex Alimentarius Commission (CAC), 2005. Joint FAO/WHO Food Standards
Programme Codex Alimentarius Commission. In: Report of the Twenty-eighth
Session. ALINORM 05/28/12. FAO, Rome.
(http://www.fao.org/UNFAO/Bodies/codex/28/index_en.html)

Coumar, M. V., Parihar, R. S., Dwivedi, A. K., Saha, J. K., Lakaria, B. L., Biswas, A.
K., Rajendiran, S., Dotaniya, M. L., and Kundu, S. (2016). “Pigeon pea biochar as a
soil amendment to repress copper mobility in soil and its uptake by spinach,”
BioResources 11(1), 1585-1595. DOI: 10.15376/biores.11.1.1585-1595

He et al. (2017). “Effect of biochar on soil Cd,” BioResources 12(1), 622-642. 638



PEER-REVIEWED ARTICLE b | oresources.com

Cui, L., Li, L., Mail, A. Z., and Pan, G. (2011). “Biochar amendment greatly reduces rice
cd uptake in a contaminated paddy soil: a two-year field experiment,” BioResources
6(3), 2605-2618. DOI: 10.15376/biores.6.3.2605-2618

Cui, L., Pan, G., Li, L., Yan, J., Zhang, A., Bian, R., and Chang, A. (2012). “The
reduction of wheat Cd uptake in contaminated soil via biochar amendment: A two-
year field experiment.” BioResources 7(4), 5666-5676. DOI:
10.15376/biores.7.4.5666-5676

Ding, Y., Liu, Y., Liu, S, Li, Z,, Tan, X., Huang, X., Zeng, G., Zhou, L., and Zheng, B.
(2016). “Biochar to improve soil fertility. A review,” Agron. Sust. Dev. 36(2), 1-18.
DOI: 10.1007/s13593-016-0372-z

Duan, Q., Lee, J., Liu, Y., Chen, H., and Hu, H. (2016). “Distribution of heavy metal
pollution in surface soil samples in China: A graphical review,” Bull. Environ.
Contam. Tox. 97(3), 303-309. DOI: 10.1007/s00128-016-1857-9

Figueiredo, N., Carranca, C., Goufo, P., Pereira, J., Trindade, H., and Coutinho, J.
(2015). “Impact of agricultural practices, elevated temperature and atmospheric
carbon dioxide concentration on nitrogen and pH dynamics in soil and floodwater
during the seasonal rice growth in Portugal,” Soil Till. Res. 145, 198-207. DOI:
10.1016/j.still.2014.09.017

Fletcher, A. J., Smith, M. A., Heinemeyer, A., Lord, R., Ennis, C. J., Hodgson, E. M.,
and Farrar, K. (2014). “Production factors controlling the physical characteristics of
biochar derived from phytoremediation willow for agricultural applications,”
Bioenerg. Res. 7(1), 371-380. DOI: 10.1007/s12155-013-9380-x

Friesl, W., Friedl, J., Platzer, K., Horak, O., and Gerzabek, M.H. (2006). “Remediation
of contaminated agricultural soils near a former Pb/Zn smelter in Austria: Batch, pot
and field experiments,” Environ. Pollut. 144(1), 40-50. DOI:
10.1016/j.envpol.2006.01.012

Hashim, M. A., Mukhopadhyay, S., Sahu, J. N., and Sengupta, B. (2011). “Remediation
technologies for heavy metal contaminated groundwater,” J. Environ. Manage.
92(10), 2355-2388. DOI: 10.1016/j.jenvman.2011.06.009

Hu, B., Liang, D., Liu, J., Lei, L., Yu, D. (2014). “Transformation of heavy metal
fractions on soil urease and nitrate reductase activities in copper and selenium co-
contaminated soil,” Ecotoxicol. Environ. Saf. 110, 41-48. DOI:
10.1016/j.ecoenv.2014.08.007

Hu, Y., Cheng, H., and Tao, S. (2016). “The challenges and solutions for cadmium-
contaminated rice in China: A critical review,” Environ. Int. 92-93, 515-532. DOI:
10.1016/j.envint.2016.04.042

Huang, Z., Qin, D., Zeng, X., Li, J., Cao, Y., and Cai, C. (2012). “Species distribution
and potential bioavailability of exogenous Hg (I1) in vegetable-growing soil
investigated with a modified Tessier scheme coupled with isotopic labeling
technique,” Geoderma 189-190(6), 243-249. DOI: 10.1016/j.geoderma.2012.05.018

Jalali, M., and Hemati, N. (2013). “Chemical fractionation of seven heavy metals (Cd,
Cu, Fe, Mn, Ni, Pb, and Zn) in selected paddy soils of Iran,” Paddy Water Environ.
11(1-4), 299-309. DOI: 10.1007/s10333-012-0320-8

Janos, P., Vavrova, J., Herzogova, L., and Pilafova, V. (2010). “Effects of inorganic and
organic amendments on the mobility (leachability) of heavy metals in contaminated
soil: A sequential extraction study,” Geoderma 159(3-4), 335-341. DOI:
10.1016/j.geoderma.2010.08.009

He et al. (2017). “Effect of biochar on soil Cd,” BioResources 12(1), 622-642. 639



PEER-REVIEWED ARTICLE b | oresources.com

Jeffery, S., Verheijen, F.G.A., van der Velde, M., and Bastos, A.C. (2011). “A
quantitative review of the effects of biochar application to soils on crop productivity
using meta-analysis,” Agr. Ecosyst. Environ. 144(1), 175-187. DOI:
10.1016/j.agee.2011.08.015

Jones, D. L., and Quilliam, R. S. (2014). “Metal contaminated biochar and wood ash
negatively affect plant growth and soil quality after land application,” J. Hazard.
Mater. 276(9), 362-370. DOI: 10.1016/j.jhazmat.2014.05.053

Kashem, M. A., Kawai, S., Kikuchi, N., Takahashi, H., Sugawara, R., Singh, B.R.
(2010). “Effect of Iherzolite on chemical fractions of Cd and Zn and their uptake by
plants in contaminated soil,” Water Air Soil Poll. 207(1), 241-251. DOI:
10.1007/s11270-009-0132-7

Ke, S., Cheng, X., Zhang, N., Hu, H., Yan, Q., Hou, L., Sun, X., and Chen, Z. (2015).
“Cadmium contamination of rice from various polluted areas of China and its
potential risks to human health,” Environ. Monit. Assess. 187(7), 1-11. DOI:
10.1007/s10661-015-4638-8

Lee, P., Choi, B., and Kang, M. (2015). “Assessment of mobility and bio-availability of
heavy metals in dry depositions of Asian dust and implications for environmental
risk,” Chemosphere 119, 1411-1421. DOI: 10.1016/j.chemosphere.2014.10.028

Li, P., Li, X., Meng, X., Li, M., and Zhang, Y. (2016). “Appraising groundwater quality
and health risks from contamination in a semiarid region of Northwest China,”
Exposure Health 8(3), 361-379. DOI: 10.1007/s12403-016-0205-y

Liang, C., Penghui, J., Wei, C., Manchun, L., Liyan, W., Yuan, G., Yuzhe, P., Nan, X,,
Yuewei, D., and Qiuhao, H. (2015). “Farmland protection policies and rapid
urbanization in China: A case study for Changzhou City,” Land Use Policy 48, 552-
566. DOI: 10.1016/j.landusepol.2015.06.014

Liu, X., Tian, G., Jiang, D., Zhang, C., and Kong, L. (2016a). “Cadmium (Cd)
distribution and contamination in Chinese paddy soils on national scale,” Environ.
Sci. Pollution Res. 23(18), 17941-17952. DOI: 10.1007/s11356-016-6968-7

Liu, X., Zhang, A., Ji, C., Joseph, S., Bian, R., Li, L., Pan, G., and Paz-Ferreiro, J.
(2013). “Biochar’s effect on crop productivity and the dependence on experimental
conditions—A meta-analysis of literature data,” Plant Soil 373(1-2), 583-594. DOI:
10.1007/s11104-013-1806-x

Liu, Y., Lu, H., Yang, S., and Wang, Y. (2016b). “Impacts of biochar addition on rice
yield and soil properties in a cold waterlogged paddy for two crop seasons,” Field
Crop. Res. 191, 161-167. DOI: 10.1016/j.fcr.2016.03.003

Mahar, A., Wang, P., Li, R., and Zang, Z. (2015). “Immobilization of lead and cadmium
in contaminated soil using amendments: A review,” Pedosphere 25(4), 555-568.
DOI: 10.1016/S1002-0160(15)30036-9

Mahar, A., Wang, P., Ali, A., Awasthi, M. K., Lahori, A. H., Wang, Q., Li, R., and
Zhang, Z. (2016). “Challenges and opportunities in the phytoremediation of heavy
metals contaminated soil: A review,” Ecotoxicol. Environ. Saf. 126, 111-121. DOI:
10.1016/j.ecoenv.2015.12.023

Major, J., Rondon, M., Molina, D., Riha, S. J., and Lehmann, J. (2010). “Maize yield and
nutrition during 4 years after biochar application to a Colombian savanna oxisol,”
Plant Soil 333(1), 117-128. DOI: 10.1007/s11104-010-0327-0

Minasny, B., Hong, S. Y., Hartemink, A. E., Kim, Y. H., and Kang, S. S. (2016). “Soil
pH increase under paddy in South Korea between 2000 and 2012,” Agr. Ecosyst.
Environ. 221, 205-213. DOI: 10.1016/j.agee.2016.01.042

He et al. (2017). “Effect of biochar on soil Cd,” BioResources 12(1), 622-642. 640



PEER-REVIEWED ARTICLE b | oresources.com

Novak, J. M., Ippolito, J. A,, Lentz, R. D., Spokas, K. A., Bolster, C. H., Sistani, K.,
Trippe, K. M., Phillips, C. L., and Johnson, M. G. (2016). “Soil health, crop
productivity, microbial transport, and mine spoil response to biochars,” Bioenerg.
Res. 9(2), 454-464. DOI: 10.1007/s12155-016-9720-8

Nzihou, A., and Stanmore, B. (2013). “The fate of heavy metals during combustion and
gasification of contaminated biomass—A brief review,” J. Hazard. Mater. 256-257,
56-66. DOI: 10.1016/j.jhazmat.2013.02.050

Omondi, M. O., Xia, X., Nahayo, A., Liu, X., Korai, P. K., and Pan, G. (2016).
“Quantification of biochar effects on soil hydrological properties using meta-analysis
of literature data,” Geoderma 274, 28-34. DOI: 10.1016/j.geoderma.2016.03.029

Park, J. H., Choppala, G. K., Bolan, N. S., Chung, J. W., and Chuasavathi, T. (2011).
“Biochar reduces the bioavailability and phytotoxicity of heavy metals,” Plant Soil
348(1), 439-451. DOI: 10.1007/s11104-011-0948-y

Peng, X., Liu, Y., Luo, S., Fan, L., Song, T., and Guo, Y. (2007). “Effects of site-
specific nitrogen management on yield and dry matter accumulation of rice from
cold areas of Northeastern China,” Agr. Sci. China 6(6), 715-723. DOI:
10.1016/S1671-2927(07)60104-7

Puga, A. P., Abreu, C. A., Melo, L. C. A, and Beesley, L. (2015). “Biochar application
to a contaminated soil reduces the availability and plant uptake of zinc, lead and
cadmium,” J. Environ. Manage. 159, 86-93. DOI: 10.1016/j.jenvman.2015.05.036

Qiao, J., Yang, L., Yan, T., Xue, F., and Zhao, D. (2013). “Rice dry matter and nitrogen
accumulation, soil mineral N around root and N leaching, with increasing application
rates of fertilizer,” Eur. J. Agron. 49(4), 93-103. DOI: 10.1016/j.eja.2013.03.008

Quan, S., Yan, B., Lei, C., Yang, F., Li, N., Xiao, X., and Fu, J. (2014). “Distribution of
heavy metal pollution in sediments from an acid leaching site of e-waste,” Sci. Total
Environ. 499(1), 349-355. DOI: 10.1016/j.scitotenv.2014.08.084

Sas-Nowosielska, A., Kucharski, R., Matkowski, E., Pogrzeba, M., Kuperberg, J. M.,
and Krynski, K. (2004). “Phytoextraction crop disposal—An unsolved problem,”
Environ. Pollut. 128(3), 373-379. DOI: 10.1016/j.biombioe.2014.02.027

Stals, M., Carleer, R., Reggers, G., Schreurs, S., and Yperman, J. (2010). “Flash
pyrolysis of heavy metal contaminated hardwoods from phytoremediation:
Characterisation of biomass, pyrolysis oil and char/ash fraction,” J. Anal. Appl.
Pyrol. 89(1), 22-29. DOI: 10.1016/j.jaap.2010.05.001

Syc, M., Pohotely, M., Kamenikova, P., Habart, J., Svoboda, K., and Pun¢ochaf, M.
(2012). “Willow trees from heavy metals phytoextraction as energy crops,” Biomass
Bioenerg. 37, 106-113. DOI: 10.1016/j.biombioe.2011.12.025

Tessier, A., Campell, P. G. C., and Bisson, M. (1979). “Sequential extraction procedure
for the speciation of particulate trace metals,” Anal. Chem. 51(7), 844-851. DOI:
10.1021/ac50043a017

Toth, G., Hermann, T., Szatmari, G., and Pésztor, L. (2016). “Maps of heavy metals in
the soils of the European Union and proposed priority areas for detailed assessment,”
Sci. Total Environ. 565, 1054-1062. DOI: 10.1016/j.scitotenv.2016.05.115

Venegas, A., Rigol, A., and Vidal, M. (2016). “Changes in heavy metal extractability
from contaminated soils remediated with organic waste or biochar,” Geoderma 279,
132-140. DOI: 10.1016/j.geoderma.2016.06.010

Wang, X., Ding, W., Nan, Z., Liao, Q., and Wu, W. (2013). “Fraction of Cd in oasis soil
and its bioavailability to commonly grown crops in Northwest China,” Environ.
Earth Sci. 70(1), 471-479. DOI: 10.1007/s12665-013-2374-3

He et al. (2017). “Effect of biochar on soil Cd,” BioResources 12(1), 622-642. 641



PEER-REVIEWED ARTICLE b | oresources.com

Wu, J., and Sun, Z. (2016). “Evaluation of shallow groundwater contamination and
associated human health risk in an alluvial plain impacted by agricultural and
industrial activities, Mid-west China,” Exposure Health 8(3), 311-329. DOI:
10.1007/s12403-015-0170-x

Wu, Z., Wang, F., Liu, S., Du, Y., Li, F., Du, R., Wen, D., and Zhao, J. (2016).
“Comparative responses to silicon and selenium in relation to cadmium uptake,
compartmentation in roots, and xylem transport in flowering Chinese cabbage
(Brassica campestris L. ssp. chinensis var. utilis) under cadmium stress,” Environ.
Exp. Bot. 131, 173-180. DOI: 10.1016/j.envexpbot.2016.07.012

Xu, P., Sun, C., Ye, X., Xiao, W., Zhang, Q., and Wang, Q. (2016). “The effect of
biochar and crop straws on heavy metal bioavailability and plant accumulation in a
Cd and Pb polluted soil,” Ecotoxicol. Environ. Saf.132, 94-100. DOI:
10.1016/j.ecoenv.2016.05.031

Yang, M., Xiao, X., Miao, X., Guo, Z., and Wang, F. (2012). “Effect of amendments on
growth and metal uptake of giant reed (Arundo donax L.) grown on soil
contaminated by arsenic, cadmium and lead,” T. Nonferr. Metal Soc. 22(6), 1462-
1469. DOI: 10.1016/S1003-6326(11)61342-3

Yang, L., Huang, B., Hu, W., Chen, Y., Mao, M., and Yao, L. (2014). “The impact of
greenhouse vegetable farming duration and soil types on phytoavailability of heavy
metals and their health risk in eastern China,” Chemosphere 103(5), 121-130. DOI:
10.1016/j.chemosphere.2013.11.047

Yao, Z., Li, J., Xie, H., and Yu, C. (2012). “Review on remediation technologies of soil
contaminated by heavy metals,” Seventh International Conference on Waste
Management and Technology (ICWMT 7) 16(4), 722-729. DOI:
10.1016/j.proenv.2012.10.099

Ye, Y., Liang, X., Chen, Y., Liu, J., Gu, J., Guo, R., and Li, L. (2013). “Alternate
wetting and drying irrigation and controlled-release nitrogen fertilizer in late-season
rice. Effects on dry matter accumulation, yield, water and nitrogen use,” Field Crop.
Res. 144(6), 212-224. DOI: 10.1016/j.fcr.2012.12.003 224.

Zhang, Z., Solaiman, Z.M., Meney, K., Murphy, D.V., and Rengel, Z. (2013). “Biochars
immobilize soil cadmium, but do not improve growth of emergent wetland species
Juncus subsecundus in cadmium-contaminated soil,” J. Soil Sediment 13(1), 140-
151. DOI: 10.1007/s11368-012-0571-4

Zhang, Q., Xiao, H., Duan, M., Zhang, X., and Yu, Z. (2015). “Farmers’ attitudes
towards the introduction of agri-environmental measures in agricultural
infrastructure projects in China: Evidence from Beijing and Changsha,” Land Use
Policy 49, 92-103. DOI: 10.1016/j.landusepol.2015.07.021

Article submitted: September 4, 2016; Peer review completed: November 9, 2016;
Revised version received and accepted: November 17, 2016; Published: November 29,
2016.

DOI: 10.15376/biores.12.1.622-642

He et al. (2017). “Effect of biochar on soil Cd,” BioResources 12(1), 622-642. 642



