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Abstract Biochar is a carbon-rich solid material derived from
the pyrolysis of agricultural and forest residual biomass. Previous
studies have shown that biochar is suitable as an adsorbent for
soil contaminants such as heavy metals and consequently re-
duces their bioavailability. However, the long-term effect of dif-
ferent biochars on metal extractability or soil health has not been
assessed. Therefore, a 1-year incubation experiment was carried
out to investigate the effect of biochar produced from bamboo
and rice straw (at temperatures ≥500 °C) on the heavy metal
(cadmium (Cd), copper (Cu), lead (Pb), and zinc (Zn)) extract-
ability and enzyme activity (urease, catalase, and acid phospha-
tase) in a contaminated sandy loam paddy soil. Three rates (0, 1,
and 5 %) and two mesh sizes (<0.25 and <1 mm) of biochar
applications were investigated. After incubation, the physico-
chemical properties, extractable heavy metals, available phos-
phorus, and enzyme activity of soil samples were analyzed.

The results demonstrated that rice straw biochar significantly
(P<0.05) increased the pH, electrical conductivity, and cation
exchange capacity of the soil, especially at the 5 % application
rate. Both bamboo and rice straw biochar significantly (P<0.05)
decreased the concentration of CaCl2-extractable heavymetals as
biochar application rate increased. The heavymetal extractability
was significantly (P<0.01) correlated with pH, water-soluble
organic carbon, and available phosphorus in soil. The 5 % appli-
cation rate of fine rice straw biochar resulted in the greatest re-
ductions of extractable Cu and Zn, 97.3 and 62.2%, respectively.
Both bamboo and rice straw biochar were more effective at de-
creasing extractable Cu and Pb than removing extractable Cd and
Zn from the soil. Urease activity increased by 143 and 107 %
after the addition of 5 % coarse and fine rice straw biochars,
respectively. Both bamboo and rice straw biochars significantly
(P<0.05) increased catalase activity but had no significant im-
pact on acid phosphatase activity. In conclusion, the rice straw
biochar had greater potential as an amendment for reducing the
bioavailability of heavy metals in soil than that of the bamboo
biochar. The impact of biochar treatment on heavy metal extract-
ability and enzyme activity varied with the biochar type, appli-
cation rate, and particle size.

Keywords Applicationrate .Bioavailability .Biocharparticle
size . Contaminated soil . Heavymetal extractability . Soil
enzyme

Introduction

Waste emissions from industrial production, mining activities,
wastewater irrigation, and other activities have increased the
number of agricultural soils contaminated with heavy metals
in many parts of the world (Houben et al. 2013; Zhang et al.
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2013b). Heavy metals are non-degradable and easily accumu-
late in soils (Jiang et al. 2012a). Soils contaminated with
heavy metals pose a risk to the environment and to human
health (Jiang et al. 2012a; Lu et al. 2014) due to
biomagnifications. Recently, studies have paid considerable
attention to in situ remediation such as the addition of soil
amendments (Xu et al. 2014).

Biochar is a carbonaceous solid derived from the pyrolysis
of agricultural and forest residual biomass (Wang et al. 2010).
Biochar amendment has been investigated as a potential re-
mediation technology for heavy metal-contaminated soil
based on its properties, such as having a highly porous struc-
ture, the presence of various functional groups, as well as a
high surface pH and cation exchange capacity (Park et al.
2011; Jiang et al. 2012b; Zhang et al. 2013b, 2014). In addi-
tion, biochar has a potential use in long-term carbon seques-
tration (Lehmann 2007) and increasing soil fertility, as well as
promoting plant growth (Laird et al. 2010). Notably, the addi-
tion of biochar could increase the concentration of available
phosphorus (P) (Chintala et al. 2014) which is a vital nutrient
for improving crop yield (Parvage et al. 2013). Some studies,
at both lab-scale and field-scale, have demonstrated that bio-
char could significantly decrease the mobility and bioavail-
ability of heavy metals in the soil (e.g., Jiang et al. 2012a;
Abdelhafez et al. 2014; Lu et al. 2014). For example,
Ahmad et al. (2014a) reported that biochar is able to decrease
the bioavailability of lead (Pb) and Sb in contaminated soil.
However, long-term research is still lacking. Controlled labo-
ratory incubation study has been commonly used to evaluate
the interaction between amendments and contaminants in soils
effectively (e.g., Dai et al. 2013; Liang et al. 2014). Thus, this
1-year biochar incubation study was designed to examine the
changes in soil properties and the extractability of heavy
metals when heavy metal-contaminated soil was amended
with different types of biochar.

Furthermore, there is increasing interest in the use of bio-
char to improve soil properties. Soil enzyme activity is an
important bio-indicator for soil quality (Paz-Ferreiro et al.
2014), especially for evaluating the impact of heavy metal
pollution in soil (Cui et al. 2013). Lehmann et al. (2011)
reviewed the effect of biochar on microbial activity in soil.
They stated that increasing microbial activity was mainly
due to the improvement of the physicochemical nature of the
soil. Cui et al. (2013) found that there was a correlation be-
tween the concentration of exchangeable heavy metals, soil
enzyme activity, and pH. Urease, acid phosphatase, and cata-
lase were used as bio-indicators in previous studies because
they were sensitive to the heavy metal stress (Papa et al. 2010;
Hu et al. 2014). Other studies have shown that heavy metal
pollution can result in reduced enzyme activity in the contam-
inated soil (Li et al. 2009; Papa et al. 2010). Application of
biochars from different feedstocks may result in different re-
sponses in soil enzyme activity due to their different

physicochemical properties. Therefore, enzyme activity in
heavy metal-contaminated soil, following the addition of bio-
chars from different feedstocks, was investigated in this study.

The objectives of our work were to determine the (1)
changes in heavy metal-contaminated soil caused by the ad-
dition of different rates of bamboo biochar or rice straw bio-
char; (2) influence of biochar particle size and application rate
on extractability of cadmium (Cd), copper (Cu), lead (Pb), and
zinc (Zn), and on the availability of phosphorus in contami-
nated soil; and (3) correlation between heavy metal concen-
tration and soil physicochemical properties, as well as the
correlation between enzyme activity and extractable heavy
metals.

Materials and methods

Soil and biochar characterization

Surface soil (0–0.15 m), naturally co-contaminated with Cd,
Cu, Pb, and Zn, was collected in June 2012 from an aban-
doned paddy field in the southwest of Hangzhou City,
Zhejiang Province, China. The soil had developed from allu-
vial material and was a dense sandy loam consisting of 51 %
sand, 38.9 % silt, and 9.6 % clay. It was classified as paddy
soil according to the Chinese soil classification (Gong 1999).
The bulk soil sample was air-dried and passed through a 2-mm
sieve prior to the incubation experiment. The selected physi-
cochemical properties of the soil are shown in Table 1.

Two biochar samples were investigated in this study; they
were bamboo biochar and rice straw biochar. The bamboo
biochar, purchased from a local producer, was produced via
pyrolyzing bamboo at approximately 750 °C for 3 h using a
batch pyrolysis facility. The rice straw biochar was produced
from rice straw pyrolyzed at a final temperature of 500 °C
with a retention time of 30 min using continuous slow pyrol-
ysis in the laboratory. The biochar samples were ground and
passed through 60- and 20-mesh sieves to obtain two different
size fractions to use: fine (<0.25 mm) and coarse (<1 mm).
The characteristics of the biochar samples are also presented
in Table 1.

Incubation experiments

The experiment was conducted to determine the effect of bio-
char on the extractability of heavy metals (Cd, Cu, Pb, and Zn)
and enzymatic activity in soil. It was performed with 2 kg of
air-dried co-contaminated sandy loam paddy soil enclosed in
plastic pots, which were 18 cm in diameter and 14 cm in
height. Different size fractions of bamboo or rice straw bio-
char were amended into the pot at the rate of 0, 1, and 5 % of
total dry soil weight and homogenously mixed. Four repli-
cates were run. A nutrient solution was mixed with deionized
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water and blended thoroughly with the solids to ensure the
base dose of N, P, and K at 156, 125, and 156 kg ha−1, respec-
tively. Then, deionized water was added to 70 % of the water-
holding capacity of the soil, and water was added every 5 days
to maintain constant moisture contents during the incubation
period (from July 12, 2012 to July 12, 2013). After 1 year of
incubation at 25 °C, the soil sample was retrieved from each
pot. Then, sub-samples (100 g) were air-dried and ground to
pass 20- and 100-mesh sieves for analysis.

Measurement of biochar properties

The pH was measured on a 1:20 (w/v) water suspension of the
biochar samples after stirring for 1 h. The electrical conduc-
tivity (EC) was measured using a 1:10 biochar:solution ratio
after shaking for 30 min at 25 °C. The cation exchange capac-
ity (CEC) was assessed using the compulsive exchange meth-
od with 1M ammonium acetate (pH 7). The biochar alkalinity
was determined with a back titration method (Lu et al. 2014).
The ash content of biochar was determined by following the
ASTM D1762-84 method. The total C, H, and N contents
were measured by an elemental analyzer (Flash EA1112,
Thermo Finnigan, Italy). The inorganic C concentration in
the biochar was determined by following the ASTM D4373-
02 method. Organic C was calculated from the inorganic C, as
described in the IBI (2013) Biochar Standards. Total P was
determined using the molybdate-ascorbic acid procedure at

700 nm (Lu 1999). The Brunauer–Emmett–Teller (BET) sur-
face area of the biochar was determined by N2 sorption anal-
ysis at 77 K in a surface analyzer (TristarII3020,
Micromeritica Instrument Corporation, USA) after degassing.
Two biochar samples were examined under the scanning elec-
tron microscope (SEM) (Sirion-100, FEI, Poland). X-ray dif-
fraction (XRD), which reflected the differences in mineral
crystals between the two biochars, was carried out on a
computer-controlled diffractometer (X'Pert PRO,
PANalytical, Netherlands). Chemical analysis of the biochars
was determined using the energy dispersive X-ray spectrom-
etry (EDS) elemental mapping. Functional groups on the bio-
char surface were identified by Fourier transform infrared
(FTIR) spectrometer. The KBr pellets, for FTIR, were pre-
pared with 2 wt% biochar.

Soil sample analyses

The pH and EC of the soil weremeasured in a soil/water slurry
at 1:2.5 (w/v) and 1:5 (w/v) ratio, respectively. The CEC of the
soil was determined by the ammonium acetate (pH 7.0) meth-
od. The available P was extracted using 0.5 M NaHCO3 and
measured by colorimeter (UVA 132122 spectrophotometer,
Thermo electron corporation, England) at 650 nm (Lu
1999). For the measurement of the water-soluble organic car-
bon (WSOC), 10 g of fresh soil sample (passed through a 2-
mm sieve) was extracted with deionized water at a 1:2 (w/v)
ratio and shaken for 2 h. The resulting water extract was trans-
ferred into a clean auto-sampler-fitted vial, and the WSOC
concentration was determined on a TOC-V CPH/CPN total
carbon analyzer (Shimadzu, Japan).

The total heavy metal content of the experimental soil and
biochars was determined by the HF–HClO4–HNO3 method
(Carignan and Tessier 1988). The samples were completely
dissolved with HF–HClO4–HNO3 and analyzed using an in-
ductively coupled plasma optical emission spectroscopy (ICP-
OES, Optima 2000, PerkinElmer Co., USA) after filtering.
The amount of 0.1 M CaCl2-extractable heavy metals was
determined in the soil samples collected from each pot. An
air-dried soil sample (1 g) was put into a plastic centrifuge
tube, shaken with 25 mL 0.1 M CaCl2 for 2 h on an orbital
shaker, and then centrifuged at 3500 rpm for 15 min. The
supernatant was filtered and collected in a plastic vial, then
analyzed for metals with ICP-OES.

Urease activity in the soil was determined by spectropho-
tometry at 578 nm as the NH4–N released from 1.0 g of soil
after a 24-h incubation at 37 °C with 10 % (w/v) urea solution,
in 20 mL of 1 M citrate buffer at pH 6.7 (Kandeler and Gerber
1988). Catalase activity in the soil was measured by back
titration residual H2O2 added to soil with 0.1 M KMnO4 de-
scribed by Xu and Zheng (1986). Acid phosphatase activity
was measured by spectrophotometer at 400 nm of the p-
nitrophenol released from 1.0 g of soil after a 60-min

Table 1 Physicochemical properties of the soil and biochars

Property Soil Bamboo
biochar

Rice straw
biochar

Olsen-P (mg kg−1) 18 – –

Total P (mg kg−1) – 2.3 2.6

Electrical conductivity (ds m−1) 0.02 0.08 0.18

pH (H2O) 5.7 9.5 10

Total C (g kg−1) – 860 508

Total N (g kg−1) 2.5 4.5 16.6

Total H (g kg−1) – 14.9 17.2

Corg (g kg−1) 8.7 839 470

Corg/N – 186 28

Atomic H/Corg – 0.21 0.44

Ash (%) – 11.9 42.7

Cation exchange capacity
(cmol kg−1)

5.3 15 45

Surface alkalinity (cmol kg−1) – 123 152

Specific surface area (BET) (m2 g−1) – 907.4 36.7

Total Cd (mg kg−1) 1.4 Not detected Not detected

Total Cu (mg kg−1) 693 19 47

Total Pb (mg kg−1) 527 Not detected 4.8

Total Zn (mg kg−1) 1471 33 197

– not measured
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incubation at 37 °C with a 0.025 M p-nitrophenyl phosphate
substrate, in 4 mL of 0.17 M universal buffer at pH 5
(Tabatabai and Bremner 1969).

Statistical analysis

A SPSS 17.0 statistical package program was used to perform
statistical analysis of the data. One-way analysis of variance
(ANOVA) and Duncan’s multiple range tests were used to
assess the statistical significance of the biochar treatment
based on soil properties, solubility of heavy metals, and enzy-
matic activity. Variability in the data was expressed as the
standard error, and the level of significance was set at P value
<0.05. The correlation matrix between the extractable heavy
metal concentrations, the enzymatic activity, and available P
was based on the Pearson’s correlation coefficients (P<0.01
and P<0.05), and the significant correlation coefficients are
reported.

Results and discussion

Characteristics of the biochar

The biochars had high C contents, and most of the carbon was
classified as organic carbon; the content of N and H was rel-
atively low in both biochars (Table 1). The rice straw biochar
had a slightly higher pH of 10.0, compared to bamboo biochar
of 9.5. Rice straw biochar had a slightly higher EC and surface
alkalinity than bamboo biochar and had a CEC three times that
of the bamboo biochar. The H/C of 0.02 and 0.04, respectively
for bamboo biochar and straw biochar, indicated that the bio-
chars formed a highly aromatic structure with the carboniza-
tion (Chun et al. 2004). The ash content of straw biochar was
approximately four times that of the bamboo biochar, which
was related to the feedstock. There is abundant lignin in bam-
boo, while rice straw mainly consists of hemicellulose and
cellulose (Yang et al. 2007).

The XRD spectrum (Fig. 1a) demonstrated that there was
SiO2 or other silicon oxides in the bamboo biochar. There was
also silicon oxide observed in the XRD spectrum of straw
biochar, and the presence of sylvite, quartz, cristobalite, and
calcite was confirmed by the peaks in the spectrum. Figure 1b
shows that the rice straw biochar had relatively higher con-
tents of Si, K, Cl, Na, Mg, and Fe when compared with bam-
boo biochar. According to the previous studies, the presence
of P, Si, Al, and O in soil may be associated with the immo-
bilization of Pb (Ahmad et al. 2012a; Moon et al. 2013). The
carbonate and chloride from straw biochar may contribute to
the formation of stable CdCO3 (Mousavi et al. 2010), PbCO3

(Cao et al. 2002), and pyromorphite-like phases (Moon et al.
2013). The FTIR spectrum of the biochars (Fig. 1c) contained
a number of adsorption peaks; the peak at 798.80 cm−1 for

bamboo biochar and at 794.58 cm−1 for rice straw biochar
were assigned to C–H bending aromatic CH out-of-plane de-
formation (Wu et al. 2012). The peaks around 1100 cm−1 were
assigned to out-of-plane bending of carbonates (CO3

2−) (Yuan
et al. 2011) or C–OH and C–C stretching, and the band around
1590 cm−1 to –COO− anti-symmetric stretching (Yuan et al.
2011) or aromatic C=C (Luo et al. 2011). The band intensities
at 3400 cm−1 indicated the presence of hydroxyl (–OH)
groups (Chen et al. 2008). In general, the intensity of these
peaks was stronger for the rice straw biochar than those of
bamboo biochar. The SEM of the biochars (Fig. 1d) showed
many porous structures on their surface, but the sizes and
shapes were different, which indicated potentially different
capabilities for adsorption (Jiang et al. 2012a). The bamboo
biochar had a much larger BET surface area of 907.43 m2 g−1

than rice straw biochar of 36.70 m2 g−1, which indicated dif-
ferent surface areas for different feedstocks and different py-
rolysis conditions (Park et al. 2011).

Effect of biochar on soil properties

Changes in the physicochemical properties of soils, after in-
cubation with bamboo biochar and rice straw biochar at two
different particle sizes and two application rates, are presented
in Fig. 2. The addition of rice straw biochar significantly
(P<0.05) increased the soil pH (Fig. 2a). Compared to the
control, the addition of coarse rice straw biochar at 1 and
5 % application rates increased soil pH by 0.4 and 0.6 units,
respectively. However, in the case of fine rice straw biochar,
the soil pH increased by 0.7 and 0.8 units, respectively. Soil
pH increased with increasing addition rate of rice straw bio-
char, and the fine rice straw biochar was more effective at
increasing soil pH than the coarse one, which is in agreement
with Lu et al. (2014). However, application of bamboo bio-
char made no significant difference in the soil pH compared
with control. This result is not unexpected as the rice straw
biochar had a higher pH, ash content, and surface alkalinity
than bamboo biochar (Table 1). The results indicate that rice
straw biochar could be used as a substitution for lime material
to increase soil pH value. It is also likely that an increased pH
affects the metal mobility in soil (Lu et al. 2014), by promot-
ing the formation of precipitates, such as CdCO3 (Mousavi
et al. 2010), Cu(OH)2, and Pb5(PO4)3OH (Cao et al. 2011).
Compared to the control, the electrical conductivity (EC) of
the soil did not increase significantly in the bamboo biochar
treatments (Fig. 2b). The EC values of two fine rice straw
treatments at 1 and 5 % application rates were significantly
greater than that of the control, whereas there were no signif-
icant differences between the coarse rice straw biochar
treatments and the control. This indicates that EC increased
with the increasing application rate of rice straw biochar, and
the fine particle size was more effective. The results were in
line with Abdelhafez et al. (2014) who found that soil EC
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increased with increasing application rate of biochar and that
biochar derived from different materials had a distinct effect
on soil EC. Rice straw biochar was more effective in increas-
ing soil EC than bamboo biochar at the same application rate,
which was mostly related to the higher ash content and surface
alkalinity of the rice straw biochar. WSOC is the most mobile
fraction of organic ligands and may promote the formation of
heavy metal-organic complexes (Cao et al. 2003). Biochar is
known to have a high content of WSOC. However, as Fig. 2c
shows, only the coarse straw biochar treatment at 5 % amend-
ment rate significantly increased the WSOC content in soil;
the other treatments had no significant effect on WSOC. This
result may be due to the WSOC released by biochar being
adsorbed by soil during the incubation experiment. When
Kuiters and Mulder (1993) added WSOC to the soil, they
found that the amount of WSOC decreased by more than
80 % after 4 weeks. With respect to the CEC for bamboo
biochar treatments (Fig. 2d), only the fine biochar treatment
at 5% amendment rate significantly increased the CEC of soil.
Whereas in the case of rice straw biochar treatments, only the

1% fine biochar treatment rate had no significant effect on soil
CEC. The CEC increased with the increasing addition rate of
rice straw biochar, and overall, the fine particle size treatments
were more effective than coarse ones. Previous studies indi-
cated that soil CEC increases with biochar addition (Ahmad
et al. 2012b; Almaroai et al. 2014; Beesley et al. 2010; Zhang
et al. 2013b). The pH, EC, WSOC, and CEC were key factors
in evaluating the quality of soil and affected the heavy metal
behavior in soil.

Influence of biochar on P availability

Phosphorus is an essential macronutrient for plants in soil. In
general, the concentration of available P would increase after
the addition of biochar, because abundant soluble P was
forming during the biochar process (Angst and Sohi 2013),
and the P can be released when biochar was used as soil
amendment. In our study, compared to the control, the appli-
cation of both fine and coarse rice straw biochar at 5% amend-
ment rate led to a significant (P<0.05) increase of available P

Fig. 1 X-ray diffraction (XRD) (a), energy dispersive X-ray spectrometry (EDS) (b), Fourier transform infrared (FTIR) spectrometry (c), and scanning
electron microscope (SEM) (d) results of bamboo and rice straw biochars
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in the soil, as the former had a slightly higher concentration
than the latter (Fig. 3). Overall, the high application rate (5 %)
and fine size (<0.25 mm) were more effective in increasing
soil P availability for rice straw biochar. The application of
fine bamboo biochar at the rate of 5 % increased the available
P by 13.8 %. Considerable research (DeLuca et al. 2009;
Chintala et al. 2014) has been conducted to find the potential
mechanism of biochar on the availability of P in soil but the
mechanisms remain unclear. It has been reported that biochar
can enhance the availability of P through surface adsorption
(Chintala et al. 2014) and also by increasing the pH and CEC
of soil (DeLuca et al. 2009). Addition of rice straw biochar,
with its higher pH and CEC was more effective than bamboo
biochar in enhancing the availability of P.

Effect of biochar on heavy metal extractability

The concentrations of CaCl2-extractable Cd, Cu, Pb, and Zn in
soil were determined after 1 year of incubation (Fig. 4). The
concentration of CaCl2-extractable heavy metals decreased
significantly (P<0.05) with an increasing addition of both
bamboo biochar and rice straw biochar. Compared to the con-
trol, only coarse and fine rice straw biochar at the 5 % addition
rate significantly reduced the concentration of extractable Cd,
17.7 and 25.8 %, respectively. In addition, both bamboo bio-
char and rice straw biochar were effective in reducing the
concentration of extractable Cu and Zn in the soil. For the soil
amended with bamboo biochar, the concentration of extract-
able Cu decreased by 26.8 and 47.7 % for coarse treatment,
31.9 and 66.0 % for fine treatment, with 1 and 5 % of addition

rate, respectively. Whereas, for the soils amended with rice
straw biochar, the highest reductions of extractable Cu
(97.3 %) and Zn (62.2 %) were achieved with the 5 % appli-
cation rate for fine particle size. The coarse rice straw biochar
treatment, at the same addition rate, decreased the Cu and Zn
extractability by 94.8 and 52.9 %, respectively. There was no
significant effect on extractable Pb with the addition of bam-
boo biochar at a dose of 1 %, while the extractability of Pb in
soil amended with coarse and fine rice straw biochar (at the
same dose) decreased by 29.0 and 48.1 %, respectively. By
increasing the application rate of bamboo and rice straw
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biochar to 5%, the concentration of Pb significantly decreased
by 20.1 and 81.9 % for coarse treatments and 28.1 and 97.9 %
for fine treatments, respectively. In short, after incubation,
there was almost no significant difference between CaCl2-ex-
tractable Cd and Pb concentrations in soil amended with 1 %
bamboo biochar relative to the untreated soil, whereas a sig-
nificant effect was observed at the higher dose of bamboo
biochar. Application of rice straw biochar significantly altered
the extractability of heavy metals; the higher application rate
and finer particle size were more effective because of the
higher surface area. The presence of both bamboo biochar
and rice straw biochar was more effective in decreasing ex-
tractable Cu and Pb than Cd and Zn in soil, and rice straw
biochar was more effective than bamboo biochar.

The results above were consistent with a previous report,
that the application of rice straw biochar resulted in a more
significant effect than bamboo biochar on toxicity character-
istic leaching procedure (TCLP)-extractable heavy metals in a
pot experiment (Lu et al. 2014). Previous studies also investi-
gated the transformation of heavy metals, in the contaminated
soil, after the addition of biochar derived from a variety of
biomasses at different application rates (Jiang et al. 2012a;
Houben et al. 2013; Xu et al. 2014). Xu et al. (2014) conclud-
ed that enhancement of Cd adsorption by sandy soil amended
with swine manure-derived biochar increased with increasing
biochar addition. The effect was attributed to the different
composition of surface functionalities in biochar and biochar
amended soil. Jiang et al. (2012a) added rice straw biochar to
three different kinds of soils at different application rates.
They demonstrated that the reduction of available Pb

increased with increasing rice straw biochar addition rate,
and the addition of biochar was more effective on the immo-
bilization of Cu and Pb than that of Cd (Jiang et al. 2012b),
which is similar to our study. Moreover, a recent study report-
ed that the reduction of CaCl2-extractable Cd, Pb, and Zn
reached 71, 92, and 87 %, respectively, in the presence of
10 % Miscanthus biochar (Houben et al. 2013).

pH is an important parameter controlling CaCl2-extractable
heavy metals in soil (Rieuwerts et al. 2006). Uchimiya et al.
(2010) reported that addition of biochar could decrease the
adsorption of Cd and Ni through increasing the pH of the soil.
Therefore, in our work, the decrease in concentrations of ex-
tractable heavy metals may bemainly attributed to the increas-
ing soil pH due to the addition of rice straw biochar (Table 2).
There were strong and significant (P<0.01) negative correla-
tions between extractable heavy metal concentrations and soil
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Fig. 4 Effect of biochar addition
on the concentration of
extractable heavy metals: Cd (a),
Cu (b), Pb (c), and Zn (d) in soil.
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straw biochar (SB) with two
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indicate significant differences
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Table 2 Correlation coefficients between soil physicochemical
properties and concentrations of extractable heavy metals

CaCl2-extractable heavy metals

Cd Cu Pb Zn

pH −0.749b −0.464b −0.920b −0.953b

WSOC −0.408a −0.464b −0.568b −0.558b

Available P −0.462b −0.631b −0.894b −0.922b

WSOC water-soluble organic carbon
a Correlation is significant at the 0.05 level
b Correlation is significant at the 0.01 level
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pH, indicating that pH is an important factor in decreasing
extractable heavy metals in soil. The biochars were alkaline,
thereby able to exert a liming effect when amended in soil
(Ahmad et al. 2014b). Interestingly, a significant negative
correlation was found between extractable heavy metal con-
centrations and WSOC, which was in contrast to previous
studies (Beesley et al. 2010; Park et al. 2011). In addition,
Table 2 showed the negative correlation between the content
of extractable heavy metals and available P. Increasing avail-
able P induced by biochar led to a reduced extractability of
heavy metals, potentially by precipitation and complexation
with phosphate (Ahmad et al. 2014b). Besides the three
factors above, the higher surface alkalinity, Si content (Lu
et al. 2014), and O-containing functional groups in the biochar
(Ahmad et al. 2014a, b) made rice straw biochar more effec-
tive than bamboo biochar at heavy metal immobilization.

Effect of biochar on enzyme activities

It is well-established that the enzyme activity is one of the
most important indicators to monitor the effect of soil man-
agement, agricultural practices, or contamination on soil
health (Oleszczuk et al. 2014). Enzyme activity also reflects
the capacity to self-purify the soil contamination indirectly
(Cui et al. 2013). Thus, after incubation with the bamboo
biochar and rice straw biochar, urease, catalase, and acid phos-
phatase activities of soil samples were measured in our study,
and the results are shown in Fig. 5.

Urease plays an important role on the transformation of soil
nitrogen. A previous study indicated that urease activity relat-
ed to soil pH and soil texture (Makoi and Ndakidemi 2008). In
our study, after incubation, the activity of urease significantly
(P<0.05) increased with the 5 % addition rate of rice straw
biochar, and the fine biochar treatment was more effective
than the coarse one. The urease activity increased by 143
and 107 % respectively, compared to the control. Wang et al.
(2007) showed that reduction in the availability of heavy
metals enhances the growth of soil microorganisms and thus
results in an increase in enzyme activity per gram of soil.
Catalase is an important enzyme for indicating the
oxidation-reduction potential of soil (Cui et al. 2013).
Compared to the control, the catalase activity was significant-
ly increased for all eight biochar treatments, regardless of
whether they were coarse or fine biochar treatments. Themax-
imum catalase activity (as measured byKMnO4 consumption)
was 0.63 mL g−1 with 5 % coarse rice straw biochar addition,
which was 2.2 times greater than the control treatment. In a
similar study by Masto et al. (2013), catalase activities in-
creased significantly with an increasing dose of biochar. In
addition, phosphatase, another important enzyme, was evalu-
ated. Phosphatase is an enzyme involved in the mineralization
of organic P (Spiers and McGill 1979). The acid phosphatase
activity decreased significantly with the application of

bamboo biochar at the 5 % level. For rice straw biochar, a
marked increase was observed only in the 1 % fine biochar
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fine). Error bars are standard error of the means (n=4). Different letters
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Table 3 Correlation coefficients between concentrations of extractable
heavy metals and enzyme activities

Enzyme activities

Urease Catalase Acid phosphatase

Cd −0.448a −0.632a 0.182

Cu −0.669a −0.810a −0.052
Pb −0.705a −0.648a −0.258
Zn −0.664a −0.668a −0.216

a Correlation is significant at the 0.01 level
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treatment; increasing by 26.09 %. Kumar et al. (2013) ob-
served a decreased acid phosphatase activity after the dose
of Parthenium hysterophorus biochar was increased. In the
present study, both bamboo biochar and rice straw biochar
significantly increased catalase activity. Bamboo biochar
was more effective at increasing the activity, which may be
attributed to bamboo biochar having a lower pH, EC, and
CEC than rice straw biochar (Fig. 1a). Whereas acid phospha-
tase activity decreased with the addition of 5 % bamboo bio-
char, which may be due to the increase in soil pH (Acosta-
Martínez and Tabatabai 2000). Chen et al. (2013) also found
that increased soil pH led to increasing alkaline phosphatase
but decreasing acid phosphatase activities. However, enzyme
activity may also change under heavy metal stress (Zhang
et al. 2013a). In our study, the addition of biochars may
change the heavy metal stress level in the soil, which is an-
other factor that can influence enzyme activity.

Table 3 shows the Pearson’s correlation coefficients be-
tween enzyme activity and the concentration of extractable
Cd, Cu, Pb, and Zn. The activities of urease and catalase were
negatively correlated (P<0.01) with extractable heavy metals
in soil. Urease and catalase activities increased with the de-
creasing concentrations of extractable heavy metals. These
results were in line with previous studies that reported that
heavy metal content may affect soil enzyme activity by direct
and indirect mechanisms (Cui et al. 2013; Hu et al. 2014; Li
et al. 2009; Papa et al. 2010). For instance, Ahmad et al.
(2012a) found that there was a negative correlation between
enzyme activities and concentration of TCLP-Pb. The signif-
icant negative correlation between activities of urease and
catalase and content of heavy metals was also reported by
Hu et al. (2014). However, the responses of different enzymes
to heavy metals have been shown to vary (Li et al. 2009). In
this study, in contrast to urease and catalase, the acid
phosphatase activity showed no significant correlation with
the concentration of extractable heavy metals. Hu et al.
(2014) also observed that acid phosphatase activity was only
slightly affected by heavy metal pollution in the paddy field.
Based on urease and catalase activity, we can conclude that the
application of biochars, in particular, rice straw biochar, dur-
ing the 1-year period incubation, improved soil microbial ac-
tivity and soil quality.

Conclusions

Our incubation experiment clearly showed significant
(P<0.05) changes in soil properties, including increases in soil
pH, EC, CEC, and available P, after application of rice straw
biochar, especially at the higher application rate and finer par-
ticle size. Significant increases in the soil CEC and available P
were also observed at the 5 % fine bamboo biochar addition
rate. These results indicated that rice straw biochar was more

suitable as a soil amendment than bamboo biochar. Rice straw
biochar wasmore effective than bamboo biochar in decreasing
extractable heavy metals in soil, which were significantly
(P<0.01) correlated with soil pH, WSOC, and available P.
In addition, the biochars investigated in this study also had
the potential to significantly affect the activities of urease and
catalase in the contaminated soil. Significant correlations were
observed between the concentration of extractable heavy
metals and activity of enzymes. Overall, the influence of bio-
char on heavy metal extractability and enzyme activity varied
owing to the feedstock, application rate, and particle size of
the biochars. In the present study, biochar derived from rice
straw was more effective in improving soil quality than bam-
boo biochar; the higher application rate and finer particle size
were more effective than the lower application rate and coars-
er particle size of the biochar.
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