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Abstract Crops grown in metal-rich serpentine soils
are vulnerable to phytotoxicity. In this study, Gliri-
cidia sepium (Jacq.) biomass and woody biochar were
examined as amendments on heavy metal immobi-
lization in a serpentine soil. Woody biochar was
produced by slow pyrolysis of Gliricidia sepium
(Jacq.) biomass at 300 and 500 °C. A pot experiment
was conducted for 6 weeks with tomato (Lycopersicon
esculentum L.) at biochar application rates of 0, 22, 55
and 110 t ha™'. The CaCl, and sequential extractions
were adopted to assess metal bioavailability and
fractionation. Six weeks after germination, plants
cultivated on the control could not survive, while all
the plants were grown normally on the soils amended
with biochars. The most effective treatment for metal
immobilization was BC500-110 as indicated by the
immobilization efficiencies for Ni, Mn and Cr that
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were 68, 92 and 42 %, respectively, compared to the
control. Biochar produced at 500 °C and at high
application rates immobilized heavy metals signifi-
cantly. Improvements in plant growth in biochar-
amended soil were related to decreasing in metal
toxicity as a consequence of metal immobilization
through strong sorption due to high surface area and
functional groups.

Keywords Soil amendment - Ca/Mg ratio -
Chemical stabilization - Black carbon - Charcoal

Introduction

Serpentine soil is characterized by a high natural
abundance of heavy metals such as Ni, Mn, Co and Cr
(Hsiao et al. 2009; Oze et al. 2004; Rajapaksha et al.
2012, 2013). Weathering and dissolution may trans-
port these toxic metals into surrounding environment.
The presence of excessive metal concentration in the
serpentine surroundings may reduce the agricultural
productivity and generate the phytotoxicity and
bioaccumulation in crops (Houben et al. 2013b). The
serpentine-associated soils subjected to agriculture
have shown high concentrations of metals in soil and
plants, in Northwestern Spain (Fernandez et al. 1999),
Canada (Baugé et al. 2013), Greece (Antibachi et al.
2012), Philippines (Susaya et al. 2010) and Japan
(Kayama et al. 2002).
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Conventional soil remediation techniques such as
excavation, soil washing, land filling, etc. are still
being used to remediate contaminated soils. However,
the techniques are mostly recognized as inappropriate
because of commotion in the environment, soil quality
and economical unfeasibility (Houben et al. 2013b).
Using soil amendments such as biosolid, animal
manure, compost and biochar has recently been
recognized as an alternative option, in order to reduce
the mobility of toxic metals in metal-polluted soils
(Hussain et al. 2016b; Zhang and Ok 2014).

Biochar is being considered as the latest promising
innovation due to its universal applications in metal
remediation, carbon sequestration, climate change
mitigation and many other functions (Mohan et al.
2014; Ok et al. 2015; Vithanage et al. 2014b). Further,
biochar has been evidenced to act as an efficient
sorbent of various organic and inorganic contami-
nants, because of its high surface area and unique
structural properties (Ahmad et al. 2014b; Tang et al.
2013). The addition of biochar as a soil amendment
may reduce the bioavailability and the mobility of
metal ions (Rajapaksha et al. 2016). Brennan et al.
(2014) reported that biomass of maize grown in metal-
contaminated soil was significantly increased by
adding biochar due to a reduction in the phytotoxicity
of Cu and As.

Heavy metals can be immobilized by biochar, and
the properties and structure of biochar play an
important role in this process. The characteristics of
biochar are highly influenced by pyrolysis conditions
and the feedstock type (Ahmad et al. 2014b; Wu et al.
2016). The pyrolysis temperature may affect several
physicochemical properties of the biochars, such as
the O/C ratio, surface area, cation exchange capacity,
zeta potential and surface acidic groups, so that
biochars possess different sorption abilities for the
immobilization of heavy metals (Ding et al.
2014, 2016; Rajapaksha et al. 2016).

Biochar is being extensively used to remediate
contaminated soils and waters (Hussain et al. 2016a;
Rizwan et al. 2016). For example, Vithanage et al.
(2014b) successfully immobilized sulfamethazine
from an agricultural soil using invasive plant (Sicyos
angulatus L.)-derived biochar. Moreover, biochars are
also capable of increasing the activities of soil
microorganisms such as mycorrhizal fungi, which
can improve soil aggregation as reported in some
recent studies (Ahmad et al. 2016b, c¢; Awad et al.
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2012; Lehmann and Joseph 2009). The porous struc-
ture of biochar is a highly suitable habitat for microbes
to colonize, grow and reproduce (Lehmann and Joseph
2009).

Gliricidia sepium (Jacq.) (Family Fabaceae, Legu-
minous tree with higher biomass production) plant has
found wide use as a green mulch, animal fodder and
cover crop planted as a plantation in Sri Lanka.
Therefore, it has good potential to produce biochar,
due to high abundance. Hence, the present study was
mainly focused on the characterization of biochar
produced by Gliricidia sepium (Jacq.) biomass at
different temperature and evaluation of the effect of
biochar on heavy metals immobilization and phyto-
toxicity reduction in the heavy metal-rich serpentine
soil.

Materials and methods
Soil sample collection and biochar preparation

Pre-characterized serpentine soil (Table 1) obtained
from Wasgamuwa (latitude 7°71'67"N and longitude
80°93'33”E), Sri Lanka, was used for this study
(Vithanage et al. 2014a). Soil samples were air-dried
and mechanically sieved to <2 mm of particle size
prior to the experiments. To produce biochar, Gliri-
cidia sepium (Jacq.) biomass was ground into small
pieces (2 cm) and air-dried for 2 weeks. The ground
biomass was placed in the muffle furnace (P300,
Nabertherm, Germany) to produce biochar at two
different temperatures viz 300 and 500 °C, respec-
tively, under limited oxygen environment. To achieve
slow pyrolysis, biomass was heated to the desired
temperature at the rate of 7 °C min~'. Holding
temperature was 3 h for each biochar. The produced

Table 1 Basic soil properties of serpentine soil

Parameter Value
pH 6.68 + 1.02
EC (dS/m) 0.26 £ 0.05
TOC (%) 1.92 £ 0.90
Total metal concentration (mg kg™ ")
Ni 6567 + 232.10
Cr 14,880 + 356.87
Mn 2609 + 267.18
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biochars were named as BC300 and BC500, respec-
tively. The biochars produced at different tempera-
tures were ground and sieved through 1 mm aperture
to achieve homogeneous particle size.

Biochar characterization

Determination of pH and electrical conductivity (EC)
of biochars was done in 1:20 suspensions of biochar to
distilled water using digital pH (702SM Titrino,
Metrohm, Swiss) and EC (Orion 5 star meter, Thermo
Scientific) meters, respectively. Cation exchange
capacity (CEC) was measured following the ammo-
nium acetate extraction procedure described by
Anderson and Ingram (1989). The elemental compo-
sition (C,H,N,S and O) was determined by an
elemental analyzer (Vario MAX CN, elementar,
Hanau, Germany) (Rajapaksha et al. 2015). Surface
areas of biochars were measured from N, isotherms at
77 K using a gas sorption analyzer (NOVA-1200;
Quantachrome Corp, Boynton Beach, FL, USA). The
Barrett—Joyner—Halenda (BJH) method was used to
determine pore volume and pore diameter from the N,
adsorption data (Rajapaksha et al. 2015). Proximate
analysis, including moisture, mobile matter, ash and
residual matter contents, was determined according to
the modified thermal analysis methods of McCarl et al.
(2009). Briefly, proximate analysis, moisture, was
determined by calculating the weight loss after heating
the biochar at 105 °C for 24 h to a constant weight.
Mobile matter, reflecting the non-carbonized portion
in biochar, was determined as the weight loss after
heating in a covered crucible at 450 °C for 30 min.
Ash content was also measured as the residue
remained after heating at 700 °C in an open-top
crucible. The portion of the biochar that is not ash is
called as resident matter and was calculated by the
difference in moisture, ash and mobile matter. The
transmission spectra were obtained between 4000 and
400 cmfl, with 1 cm™! resolution and 128 scans
using Fourier transform infrared spectroscopy (FTIR)
(Nicolet 6700, USA) (Herath et al. 2015b).

Pot experiment

The pot experiment was conducted in a greenhouse
during January 29, 2014-March 12, 2014. Local
tomato (Lycopersicon esculentum L.) variety was
selected as the trial crop because it has received

numerous considerations due to crop growing in areas
close to serpentine outcrops worldwide including Sri
Lanka (Herath et al. 2015b; Kanellopoulos et al.
2015). Untreated soil (control) and soil amended with
three amended rates of biochar were used for this
experiment. The biochar was thoroughly mixed in
250 g of soil with four application rates, i.e., 0, 22, 55
and 110 t ha™' 0, 1.0, 2.5 and 5.0 % by mass,
respectively). All amended soils were thoroughly
homogenized in large plastic containers and individ-
ually prepared prior to use. Plastic pots (11.5 cm in
diameter and 10.5 cm in height) were filled with
~250 g of biochar-amended soil. After that, the pots
were placed in a dark room for the soil mixtures to
equilibrate over 2 weeks with 70 % of water-holding
capacity. Five seeds of tomato (Lycopersicon escu-
lentum L.) were sown in each pot, and plants were
grown for 6 weeks in the greenhouse. Each amend-
ment was performed in triplicate. The soil was
irrigated with an equal amount of tap water (30 ml)
three times per week to maintain soil moisture at 70 %
of the water-holding capacity. During the experiment
no fertilizer was added to soil amendments to enhance
the growth of plants. The treatments consisted of a
control soil without any amendment (S), biomass
amended rate of 22 tha™' (BM-22), biomass amended
rate of 55 t ha™! (BM-55), biomass amended rate of
110 tha~' (BM-110), 300 °C biochar amended rate of
22 t ha~! (BC300-22), 300 °C biochar amended rate
of 55 t ha™! (BC300-55), 300 °C biochar amended
rate of 110 t ha™' (BC300-110), 500 °C biochar
amended rate of 22 t ha~' (BC500-22), 500 °C
biochar amended rate of 55 t ha~' (BC500-55) and
500 °C biochar amended rate of 110 t ha~' (BC500-
110).

Meteorological parameters were collected daily by
thermometer, wet and dry bulb hydrometer and lux
meter installed in the greenhouse. During the exper-
iment, the minimum, maximum and the mean air
temperature was 22, 30 and 28 °C, respectively. The
mean relative humidity and light intensity was
observed 75 % and 400 lux respectively.

CaCl, extraction
The CaCl, extraction methods provide a proxy for
evaluating plant bioavailability of Ni, Mn and Cr in

serpentine soils (Rajapaksha et al. 2012). Therefore,
the bioavailability of metals in biochars-treated and
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biochars-untreated soils remained in pots after har-
vesting of plants was quantified by the CaCl, extrac-
tion method. It is considered to be a simple, cheap and
environment friendly method compared to the other
methods to evaluate the bioavailable fraction of metals
in soil (Ok et al. 2011; Rajapaksha et al. 2012). Hence,
1 g of air-dried soil was extracted with 10 ml of
0.01 M CaCl,. The solid solution was stirred for 2 h,
centrifuged and filtered through membrane filtration
(0.45 um pore size). The supernatant was analyzed via
atomic absorption spectrometer.

Fractionation of heavy metals

Sequential extraction of heavy metals was performed
using the method used by Rajapaksha et al. (2012).
Initial extraction was carried out using 1 g of soil. A
total of 3 replicate sequential extraction analyzes were
completed on the four soil amendment. Filtrate
followed by each extraction was analyzed for the
concentrations of Ni, Cr and Mn using atomic
absorption spectrophotometer (AAS). Consecutive
extractions were involved in the sequential extraction;
(1) exchangeable: soil was reacted at room temperature
for 1 h with 20 cm® of magnesium chloride solution
(1 M MgCl,, pH 7.0) with continuous agitation, (ii)
bound to carbonates: residue from (i) was leached at
room temperature for 2 h with 20 cm® of 1 M sodium
acetate (NaOAc) adjusted to pH 5.0 with acetic acid
(HOACc) and with continuous agitation.

In the case of bound to Fe—-Mn oxide (iii): Residue
from step (ii) was treated with 20 cm® of 0.04 M
hydroxylamine hydrochloride (NH,OH-HCI) in 25 %
(v/v) HOAc heated at 90 °C with slow continuous
agitation for 2 h. Bound to organic matter (iv) was
extracted from the residue of step (iii), treated with
3 ml of 0.02M HNO; and 5 cm? of 30 % H,0,
adjusted to pH 2 with HNOj and heated to 85 °C for
2 h with occasional agitation. A 3 cm? aliquot of 30 %
H,O, (pH 2 with HNO;) was added, and the sample
was heated again to 85 °C for 3 h with intermittent
agitation. After cooling, 5 cm® of 3.2 M NH4OAc was
added to 20 % (v/v) HNOj3, and the sample was diluted
to 20 cm® and agitated continuously. For Residual (v):
Residue from step (iv) was treated with a mixture of
10 cm® concentrated HF and 2 cm® concentrated
HCIO4 and heated to near dryness; then, 1 cm? of
HCIO," and 10 cm® of HF were added and heated
again to near dryness; 1 cm’ HCIO,4 was added, heated
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until the appearance of white fumes, and finally
dissolved with 12 N HC1 and diluted to 25 cm’ with
deionized water. Between each consecutive extraction
listed above [(ii) to (v)], the sample was centrifuged at
3500 rpm for 15 min. Additionally, the supernatant
was filtered using 0.45-pm filter paper prior to AAS
analysis.

Statistical analysis

All results were expressed as the mean values. The
differences between non-amended and biochar-
amended soils were analyzed by using a one-way
analysis of variance (ANOVA). The mean separation
was done using Duncan’s multiple range test (at
P = 0.05). All statistical analyzes were carried out
using statistical software package (SAS 9.1).

Results and discussion
Biochar characterization

Biomass showed an acidic pH value (6.05), whereas
biochars exhibited pH values ranging from weakly
acidic to alkaline, depending on pyrolysis temperature
(Table 2). The lowest pH value (6.71) was recorded
for BC300, which is produced at 300 °C. However, the
pH sharply increased and reached to 9.27 for BC500.
The increase in pH with increasing pyrolysis temper-
ature is mainly due to concentration of alkali salts and
the loss of acidic functional groups at high pyrolysis
temperatures (Al-Wabel et al. 2013; Vithanage et al.
2014b). It is speculated that biochars-induced pH will
greatly influence the mobility of metals (Ahmad et al.
2013, 2016a).

The EC values of biochars produced at 300 and
500 °C were 0.21 and 0.54 dS m™', respectively,
suggesting that biochars produced at high pyrolysis
temperatures increase in soil EC due to the accretion
of ashes containing soluble salts (Usman et al. 2016).
Compared to the biomass, CEC values of biochars
showed an increase with the increase in pyrolysis
temperature mainly due to the concentration of
cationic elements. Additionally, these elements might
not be lost by volatilization (Al-Wabel et al. 2013).

The yield of biochar was reduced with increasing
pyrolysis temperature, i.e., from 39.58 to 26.24 % at
300 and 500 °C, respectively. This decrease in the
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Table 2 Proximate and ultimate analyses of BM, BC300 and
BC500

Parameters BM BC300 BC500
pH 6.05 6.71 9.27
EC(dS/m) 0.09 0.21 0.54
CEC(cmol*/kg) 4.59 4.39 498
Proximate analysis
Yield (%) - 39.58 26.24
Moisture (%) 9.68 3.57 2.66
Mobile matter (%) 76.46 28.58 11.79
Ash (%) 2.37 6.03 14.70
Resident matter (%) 11.47 61.80 70.85
Ultimate analysis
C (%) 52.10 75.46 92.75
H (%) 7.03 4.76 3.55
O (%) 40.08 19.00 2.80
N (%) 0.72 0.72 0.84
S (%) 0.05 0.04 0.04
Molar H/C 0.13 0.06 0.04
Molar O/C 0.77 0.25 0.03
Surface area (m” g~ ') - 1.02 76.30
Pore volume (cm3 gfl) - 0.001 0.01
Pore diameter (nm) - 38.40 70.30

BM—Gliricidia sepium biomass
BC300—Biochar produced at 300 °C
BC500—Biochar produced at 500 °C

yield at high pyrolysis temperature could be due to a
greater loss of volatile matter at the higher temperature
(Ahmad et al. 2014a). Moisture and mobile matter
percentages were reduced with increasing pyrolysis
temperature. The high mobile matter is indicative of
high susceptibility toward biodegradation (Ahmad
et al. 2014a).

In contrast to mobile matter, the resident matter
indicating the fixed or non-biodegradable matter
increased with pyrolyzing temperature. The increase
was determined to account for 70.85 % of BC500
compared with 61.80 % of BC300 and 11.47 % of
biomass. This suggested that biochars have higher
fixed C contents compared to its biomass, making
them more stable and possibly more useful in seques-
tering C (Ahmad et al. 2014a; Rajapaksha et al. 2016).
The percentage of ash content was increased from
2.37 % for biomass to 6.03 and 14.68 in biochars
pyrolyzed at 300 and 500 °C, respectively. These are

mainly due to the concentration of alkaline minerals
and organic matter residues with the removal of
organics. These results agreed with research findings
of Ahmad et al. (2014a) and Al-Wabel et al. (2013).
The results showed that the C, N and S contents
were increased in biochars as compared to the original
biomass, whereas O and H content decreased. The H/C
and O/C atomic ratios of the Gliricidia sepium (Jacq.)
biomass are 0.13 and 0.77, and the respective values
for biochars were reduced with increasing pyrolysis
temperature. This is due to the progressive dehydra-
tion and decarboxylation reactions, indicative of the
formation of condensed carbons such as the aromatic
rings (Ahmad et al. 2014a; Masto et al. 2013). Molar
O/C ratios, related to the degree of maturity, were
found to be 0.77, 0.25 and 0.03 for biomass, BC300
and BC500, respectively, suggesting a greater stability
of biochars produced at high pyrolysis temperatures.
Another manner of molar O/C ratio is its relationship
with polarity. Low O/C values betokened a lower
degree of polarity, which indicated that BC500 is less
polar or more hydrophobic than BC300 and biomass.
The broad peak at 3359 cm™' in the spectrum of
biomass indicates the presence of —OH stretching due
to strong hydrogen bonding (Fig. 1) (Al-Wabel et al.
2013). Wood cellulose is a polymer rich in hydroxide
groups, possibly water, that remains in the BC300
(Chia et al. 2012). However, the intensity of this peak
decreased with increasing pyrolysis temperature
(BC500), suggesting an ignition loss of —OH at high
temperature (Al-Wabel et al. 2013). The band at
2919 cm ™' of biomass can be attributed to aliphatic —
CH, stretching, and the presence of this band in
BC300 indicates that the cellulose has not been
entirely carbonized during pyrolysis (Chia et al.
2012). This band had disappeared completely in
BC500, suggesting the removal of polar functional
groups from biochars (Ahmad et al. 2014a). A peak at
1737 cm™" is due to C=O stretching. This peak
comprises a variety of C=0O containing functional
groups, including ketones, carboxylic acids esters and
anhydrides (Chia et al. 2012). The intensity of this
peak reduced with increasing temperature resulting in
a slight stretching frequency in BC500 due to loss of
volatile oxygenated groups with increasing pyrolysis
temperature. Biomass is characterized by the small
aromatic band at 1510 cm ™' originating from lignin
and lignocelluloses (Smidt and Meissl 2007). The
band at 1264 cm™' indicates the aromatic CO- and
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Fig. 1 FTIR spectra of
biomass, BC300 and BC500 3359

Absorbance (a.u)

2919

1056 1034
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1161
1635 1264
1465
1510
1737

BM
300BC N
s00BC 897

3800 3500

phenolic —OH stretching, and it is completely elimi-
nated in biochar (Chen et al. 2008). The bands due to
aliphatic C—O—C and alcohol-OH (1161-1034 cm ™)
in biomass indicate oxygenated functional groups
(Chen et al. 2008). The appearance of the peak at
897 cm ™' in BC300 and BC500 was assigned to the
aromatic —CH out-of-plane bending, predicting the
condensation of smaller aromatic units into larger
sheets (Ahmad et al. 2014a).

Effects of biochar on uptake of heavy metals
and growth of tomato plants

Serpentine soil is rich in Cr, Ni and Mn (Rajapaksha
etal. 2012, 2013) and low in plant nutrients (N, P and
K), and Ca/Mg quotients are <1, thereby limiting the
growth of plants (Vithanage et al. 2014a). Tomato
plants grown in control soil displayed low biomass
production compared to the plants that were grown in
biochar-amended soil. The phytotoxicity of heavy
metals on the growth of plants was also observed. Two
weeks after germination, signs of metal toxicity and
nutrients deficiency (leaf chlorosis, necrosis, leaf
epinasty and growth retardation) appeared in the
above-ground parts of tomato plants grown in control
soil and hence these plants were not able to survive
6 weeks after the germination of tomato seeds.
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Fig. 2 Relationship between mean plant height and uptake of
heavy metals. Error bars represent the standard deviation of the
mean (n = 3). Different letters mean statistically significant
differences (P < 0.05) between bars in each treatment

Figure 2 depicts the relationship between mean
plant height and uptake of heavy metals in control and
110 tha='  biochar-amended treatments. ~With
increasing pyrolytic temperature of the biochar, plant
uptake of Ni and Mn were significantly reduced. In the
presence of BC500-110, the reduction reached 66 %
and 82 % for Ni and Mn, respectively. The bioaccu-
mulation of Cr was not detected. The Cr consists of
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two stable oxidation states: trivalent Cr(III) and
hexavalent Cr(VI), and Cr(III) is considered as a more
stable ion in many soil systems (Herath et al. 2015a).
Therefore, Cr translocation is very low due to high
stable status in the soil system. Plants grown in
biochar-amended soils showed no toxicity symptoms
due to immobilization of toxic Cr, Ni and Mn and also
facilitated the uptake of essential nutrients (N, K, Na)
(Herath et al. 2015b). Moreover, due to the reduction
in bioavailability of toxic heavy metals the plant
height increased threefold in BC500-110 compared to
the control. Plant-available Mg is abundant in serpen-
tine soils and has been suggested as a major factor for
suppressing plant growth due to prohibiting Ca uptake
(Oze et al. 2008). It is clearly observed that with
increasing pyrolytic temperature and application rates
of biochar, soil Ca/Mg ratio significantly increased,
and the highest ratio was observed in BC500-110-
amended soil compared to the control (Fig. 3).
According to the biochar characterization, with
increasing pyrolysis temperature cationic ions con-
centration significantly increased. Other than soil
heavy metals reduction, biochar increased Ca/Mg
ratio in the serpentine soils. The heavy metals
exchange with Ca®", Mg®" and other cations associ-
ated with biochar attributing to co-precipitation and
inner sphere complexation with mineral oxides of
biochar (Zhang et al. 2013).

The growth of plants on biochar-amended soils is
mainly attributed due to the reduction in heavy metals

12 [ Plant height —m— Ca/Mg ratio

a :
b + 11.0

Jo.9
[*] [T] Jos
Jo7
{06
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=
o
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©
1

Mean plant height (cm)
Cal/Mg ratio

Fig. 3 Relationship between Ca/Mg ratio and growth of tomato
plants in different treatments. Error bars represent the standard
deviation of the mean (n = 3). Different letters mean statisti-
cally significant differences (P < 0.05) between bars in each
treatment

bioavailability, while increasing the soil fertility
status. Constructive effects on the biomass production
of plants after biochar application have been described
by several authors (Fellet et al. 2014; Graber et al.
2010; Saxena et al. 2013). Moreover, biochar may
have a powerful ability to remediate heavy metals
(Fellet et al. 2014) and provide a favorable environ-
ment for microbial growth (Rutigliano et al. 2014).

CaCl,-extractable heavy metals concentrations

The CaCl, extractability of Ni, Mn and Cr signifi-
cantly decreased after the incorporation of biochar.
The reduction in metal bioavailability significantly
increased with the biochar preparation temperatures
and their rates of application. The most effective
amendment for metal removal was BC500-110 as
indicated by the removal efficiencies for Ni, Mn and
Cr that were 68, 92 and 42 %, respectively, compared
to the control. With increasing application rate of
biochar, bioavailable concentrations of Ni had reduced
by 17-68 %, for Mn; it was 40-92 % and for Cr; it was
1642 % in BC500 amendment compared to the
control.

Reduction in heavy metal concentrations mainly
attributes to the BET surface area and surface
functional groups of the biochar. The BET surface
area of BC300 and BC500 was 1.02 and 76.30 m* g™,
respectively. These results implied that the bioavail-
ability of these metals is decreased significantly with
the concentration of biochar amendment and their
pyrolyzing temperatures. Furthermore, Ni showed the
highest CaCl, extractability, and hence, the bioavail-
ability of Ni, Mn and Cr in both biochar-amended and
biochar-unamended serpentine soil was in the order of
Ni > Mn > Cr. Heavy metal immobilization ability of
biochar increased with the increase in pyrolyzing
temperature and application rate (Herath et al. 2015b),
and it is mainly due to the increasing surface area and
the pore volume under higher production temperature.

Environmental risks inherent to the presence of
heavy metals in soils are mainly dependent on their
bioavailable concentrations (Houben et al. 2013a).
The application of biochar could change soil physio-
chemical properties by increasing the pH, surface area,
and cation exchange capacity (CEC) of soil. Both soil
pH and CEC increased with pyrolysis temperature and
rate of amendments (Table 3). The interactions of
cationic metals with biochar generally depend on its
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Table 3 Effects of biomass and BC amendments on pH, CEC
and TOC in serpentine soil

Treatments pH CEC (cmol+/kg) TOC (%)

S 575+ 026 3.74 £+ 0.35 1.6 = 0.15
1 % BM 5.80 £ 043 4.21 £ 0.53 242 £0.21
1% BC300 5.87 £0.44 4.34 £+ 0.56 2.10 £0.25
1 % BC500 590 £0.51 5.21 &+ 0.68 243 £0.19
2.5 % BM 594 £0.12 432 4+ 0.34 3.63 £0.23
2.5 % BC300 599 4+ 0.34 5.62 &+ 0.38 271 £0.18
2.5 % BC500 6.15 & 0.51 7.13 &+ 0.42 2.42 + 0.15
5 % BM 6.14 + 0.53 6.02 + 0.71 4.29 £ 0.35
5% BC300 620 £0.42 7.88 £0.22 3.44 £ 0.27
5 % BC500  6.50 £0.16 9.75 £ 0.25 248 £0.22

CEC which tends to be increased with raising pH of
the system. Hence, the bioavailable concentrations of
Ni, Mn and Cr implied that the bioavailability of these
metals decreased significantly with the biochar appli-
cation rates and their pyrolyzing temperatures. How-
ever, considering the upper limits of Ni, Mn and Cr (1,
800 and 30 mg kg™, respectively) in non-polluted soil
environment (Christofaki 2011), the highest amount of
exchangeable Ni above the upper limit still indicated
the threat of Ni phytotoxicity to tomato plants, which
can be overcome by using a higher application rate of
BC500. The data of CaCl,-extracted metals implied
that the reduction in exchangeable fractions of all
these metals is mainly due to the immobilization of Ni,
Mn and Cr depending on biochar application rates and
their pyrolyzing temperatures, thereby reducing the
uptake of these metals from serpentine soil to tomato
plants.

Heavy metals in different soil fractions

Figure 4 illustrates the effects of different biochar
amendments on the distribution of Ni, Mn, and Cr in
sequential extractions. Characteristically metals of
anthropogenic inputs tend to exist in the first four
fractions (Ratuzny et al. 2009), and the residual
fraction is associated with silicates as well as with
other primary oxides and natural occurrence in the
parent rock (Rajapaksha et al. 2012).

The concentration of Ni, Mn and Cr in the
exchangeable fraction of serpentine soil decreased
significantly with the application rates as well as the
pyrolyzing temperatures of biochar compared to the
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control soil. With increasing application rates of
biochars, exchangeable Ni, Mn and Cr concentrations
were reduced by 19-30, 58-60 and 1-50 %,
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respectively, in BC500 treatment compared to the
control. Application of biochar alters the metals in
different fraction, and carbonate-bound Mn and Cr
were 42 and 76, while Ni decreased 26 % in BC500-
110 amendment compared to the control. Fe—-Mn oxide
fraction is a potential major source of Mn in serpentine
soil, and addition of BC500-110 to serpentine soil
resulted in 5, 21 and 35 % decrease in Fe—Mn oxide
fractions of Ni, Mn and Cr, respectively, compared to
the control soil. The organic matter-bound Ni, Mn and
Cr was increased 13, 15 and 13 % compared to that in
control soil. With regard to BC500-110-amended
serpentine soil, the order of individual geochemical
fractions of Ni, Mn and Cr, greatest to least are
residual > Fe-Mn oxide bound > organic matter
bound > carbonates bound > exchangeable; Fe—Mn
oxide bound > residual > organic matter bound >
carbonates bound > exchangeable; residual > or-
ganic matter bound > Fe—Mn oxide bound > carbon-
ates bound > exchangeable, respectively.

Overall, the present study revealed that both BC300
and BC500 can effectively immobilize the bioavail-
able Ni, Mn and Cr in the exchangeable phase of
serpentine soil. Immobilization of Ni, Mn and Ni in
serpentine soil by biochar is likely to be due to several
sorption mechanisms, including (i) organometallic
interactions, (ii) sorption via © electron donor—accep-
tor interaction and (iii) pore diffusion (Ahmad et al.
2014b; Tang et al. 2013). The Ni, Mn and Cr are
considered as transition metals possessing an excel-
lent coordination affinity to bond with deferent
functional groups of biochar surfaces such as OH,
C=0, —-COOH and C=N. The O and N atoms of these
groups can act as ligands which tend to be donating
their lone pairs of electrons to electron-deficient metal
centers forming strong organometallic interactions.
The presence of oxygenated functional groups on the
surfaces of both BC300 and BC500 is evident with the
FTIR data. On the other hand, aromatic structure of
the biochar surface, particularly in BC500, promote
the sorption of metals via © electron donor—acceptor
interactions, because aromatic carbons containing
double and triple bonds are a pool of m electrons
which can readily donate electrons to the metal ions,
thereby creating 1 electron donor—acceptor interac-
tions (Herath et al. 2015a); (Ahmad et al. 2016b, c;
Awad et al. 2012; Lehmann and Joseph 2009). The
diffusion of elemental metals preliminary takes place
through the pores of biochar surface which is

encouraged by physical characteristics such as surface
area, pore volume and pore size. Compared to the
BC300, BC500 showed high surface area and pore
size; it facilitates higher diffusion and sorption of
heavy metals onto biochar (Table 2). However, the
sorption may also be limited due to organic carbon
present in the soil and many organic carbon (i.e.,
humic substances, water-soluble carbon) (Karabcova
et al. 2015) can readily be attached to the BC surface,
causing inner pores unavailable for metal diffusion
(Herath et al. 2015a). Hence, a molecular level
understanding within microscopic evidences for these
sorption mechanisms is urgently needed to be
addressed by future researches.

Conclusions

The present study was conducted to investigate the
effect of woody biochar on soil quality by evaluating
the bioavailability and phytotoxicity of heavy metals
in serpentine soil. Pyrolysis temperature greatly
influenced the physicochemical properties of biochar.
Application of biochar to serpentine soil increased
tomato plants growth associated with increased plants
biomass mainly due to the immobilization of heavy
metals and increasing Ca/Mg ratio. Immobilization of
Ni, Mn and Cr was observed in biochar-amended
serpentine soil. The decrease in exchangeable metals
concentrations primarily causes a reduction in their
bioavailability, thus alleviating the phytotoxicity.
Furthermore, the present study shows that the appli-
cation of Gliricidia sepium (Jacq.) biochar to heavy
metal-rich serpentine soil may immobilize heavy
metals in soil, reduce a bioavailable heavy metal
fraction, and thereby reducing translocation and
accumulation in plants.

Acknowledgments The biochar characterizations were partly
performed at the Central Laboratory of Kangwon National
University, Korea Basic Science Institute (KBSI) and the
National Center for Inter-University Research Facilities of
Seoul National University in Korea.

References

Ahmad, M., et al. (2013). Biochar as a sorbent for contaminant
management in soil and water: A review. Chemosphere,
99, 19-33.

@ Springer



Environ Geochem Health

Ahmad, M., et al. (2014a). Production and use of biochar from
buffalo-weed (Ambrosia trifida L.) for trichloroethylene
removal from water. Journal of Chemical Technology and
Biotechnology, 89, 150-157.

Ahmad, M., et al. (2014b). Biochar as a sorbent for contaminant
management in soil and water: A review. Chemosphere,
99, 19-33.

Ahmad, M., Lee, S. S., Lee, S. E., Al-Wabel, M. 1., Tsang, D. C.,
& Ok, Y. S. (2016a) Biochar-induced changes in soil
properties affected immobilization/mobilization of metals/
metalloids in contaminated soils. Journal of Soils and
Sediments, 1-14.

Ahmad, M., et al. (2016b). Impact of soybean stover-and pine
needle-derived biochars on Pb and As mobility, microbial
community, and carbon stability in a contaminated agri-
cultural soil. Journal of Environmental Management, 166,
131-139.

Ahmad, M., et al. (2016c). Lead and copper immobilization in a
shooting range soil using soybean stover-and pine needle-
derived biochars: Chemical, microbial and spectroscopic
assessments. Journal of Hazardous Materials, 301,
179-186.

Al-Wabel, M. 1., Al-Omran, A., El-Naggar, A. H., Nadeem, M.,
& Usman, A. R. (2013). Pyrolysis temperature induced
changes in characteristics and chemical composition of
biochar produced from conocarpus wastes. Bioresource
Technology, 131, 374-379.

Anderson, J. M., & Ingram, J. (1989). Tropical soil biology and
fertility. Wallingford: CAB International.

Antibachi, D., Kelepertzis, E., & Kelepertsis, A. (2012). Heavy
metals in agricultural soils of the Mouriki-Thiva area
(central Greece) and environmental impact implications.
Soil and Sediment Contamination: An International Jour-
nal, 21, 434-450.

Awad, Y. M., Blagodatskaya, E., Ok, Y. S., & Kuzyakov, Y.
(2012). Effects of polyacrylamide, biopolymer, and bio-
char on decomposition of soil organic matter and plant
residues as determined by 14C and enzyme activities.
European Journal of Soil Biology, 48, 1-10. doi:10.1016/j.
ejsobi.2011.09.005.

Baugé, S., Lavkulich, L., & Schreier, H. (2013). Serpentine
affected soils and the formation of magnesium phosphates
(struvite). Canadian Journal of Soil Science, 93, 161-172.

Brennan, A., Jiménez, E. M., Puschenreiter, M., Alburquerque,
J. A., & Switzer, C. (2014). Effects of biochar amendment
on root traits and contaminant availability of maize plants
in a copper and arsenic impacted soil. Plant and Soil, 379,
351-360.

Chen, B., Zhou, D., & Zhu, L. (2008). Transitional adsorption
and partition of nonpolar and polar aromatic contaminants
by biochars of pine needles with different pyrolytic tem-
peratures. Environmental Science & Technology, 42,
5137-5143.

Chia, C. H., Gong, B., Joseph, S. D., Marjo, C. E., Munroe, P., &
Rich, A. M. (2012). Imaging of mineral-enriched biochar
by FTIR, Raman and SEM-EDX. Vibrational Spec-
troscopy, 62, 248-257.

Christofaki, M. I. (2011). Effect of heavy metal stress in plant
metabolism of solanaceous plant species with emphasis on
nitrogen assimilation. Ph.D. Thesis. School of Health,
University of Cranfield.

@ Springer

Ding, W., Dong, X., Ime, I. M., Gao, B., & Ma, L. Q. (2014).
Pyrolytic temperatures impact lead sorption mechanisms
by bagasse biochars. Chemosphere, 105, 68-74. doi:10.
1016/j.chemosphere.2013.12.042.

Ding,Z., Wan, Y., Hu, X., Wang, S., Zimmerman, A. R., & Gao,
B. (2016). Sorption of lead and methylene blue onto
hickory biochars from different pyrolysis temperatures:
Importance of physicochemical properties. Journal of
Industrial and Engineering Chemistry,. doi:10.1016/j jiec.
2016.03.035.

Fellet, G., Marmiroli, M., & Marchiol, L. (2014). Elements
uptake by metal accumulator species grown on mine tail-
ings amended with three types of biochar. Science of the
Total Environment, 468-469, 598-608. doi:10.1016/].
scitotenv.2013.08.072.

Fernandez, S., Seoane, S., & Merino, A. (1999). Plant heavy
metal concentrations and soil biological properties in
agricultural serpentine soils. Communications in Soil Sci-
ence and Plant Analysis, 30, 1867-1884.

Graber, E. R., et al. (2010). Biochar impact on development and
productivity of pepper and tomato grown in fertigated
soilless media. Plant and Soil, 337, 481-496.

Herath, 1., et al. (2015a). Bioenergy-derived waste biochar for
reducing mobility, bioavailability, and phytotoxicity of
chromium in anthropized tannery soil. Journal of Soils and
Sediments, 1-10.

Herath, I., Kumarathilaka, P., Navaratne, A., Rajakaruna, N., &
Vithanage, M. (2015b). Immobilization and phytotoxicity
reduction of heavy metals in serpentine soil using biochar.
Journal of Soils and Sediments, 15, 126—138.

Houben, D., Evrard, L., & Sonnet, P. (2013a). Beneficial effects
of biochar application to contaminated soils on the
bioavailability of Cd, Pb and Zn and the biomass produc-
tion of rapeseed (Brassica napus L.). Biomass and Bioen-
ergy, 57, 196-204.

Houben, D., Evrard, L., & Sonnet, P. (2013b). Mobility,
bioavailability and pH-dependent leaching of cadmium,
zinc and lead in a contaminated soil amended with biochar.
Chemosphere, 92, 1450-1457. doi:10.1016/j.
chemosphere.2013.03.055.

Hsiao, K. H., Bao, K. H., Wang, S. H., & Hseu, Z. Y. (2009).
Extractable concentrations of cobalt from serpentine soils
with several single-extraction procedures. Communica-
tions in Soil Science and Plant Analysis, 40, 2200-2224.

Hussain, M., et al. (2016a). Biochar for crop production:
Potential benefits and risks. Journal of Soils and Sediments,
1-32.

Hussain, M., et al. (2016). Biochar for crop production:
Potential benefits and risks Journal of Soils and Sedi-
ments.,. doi:10.1007/s11368-016-1360-2.

Kanellopoulos, C., Argyraki, A., & Mitropoulos, P. (2015).
Geochemistry of serpentine agricultural soil and associated
groundwater chemistry and vegetation in the area of Ata-
lanti. Greece Journal of Geochemical Exploration, 158,
22-33. doi:10.1016/j.gexplo.2015.06.013.

Karabcova, H., Pospisilova, L., Fiala, K., Skarpa, P., & Bjelk-
ova, M. (2015). Effect of organic fertilizers on soil organic
carbon and risk trace elements content in soil under per-
manent Grassland. Soil and Water Research, 10, 228-235.

Kayama, M., Sasa, K., & Koike, T. (2002). Needle life span,
photosynthetic rate and nutrient concentration of Picea


http://dx.doi.org/10.1016/j.ejsobi.2011.09.005
http://dx.doi.org/10.1016/j.ejsobi.2011.09.005
http://dx.doi.org/10.1016/j.chemosphere.2013.12.042
http://dx.doi.org/10.1016/j.chemosphere.2013.12.042
http://dx.doi.org/10.1016/j.jiec.2016.03.035
http://dx.doi.org/10.1016/j.jiec.2016.03.035
http://dx.doi.org/10.1016/j.scitotenv.2013.08.072
http://dx.doi.org/10.1016/j.scitotenv.2013.08.072
http://dx.doi.org/10.1016/j.chemosphere.2013.03.055
http://dx.doi.org/10.1016/j.chemosphere.2013.03.055
http://dx.doi.org/10.1007/s11368-016-1360-2
http://dx.doi.org/10.1016/j.gexplo.2015.06.013

Environ Geochem Health

glehnii, P. jezoensis and P. abies planted on serpentine soil
in northern Japan. Tree Physiology, 22, 707-716.

Lehmann, J., & Joseph, S. (2009). Biochar for environmental
management: Science and technology. London: Earthscan.

Masto, R. E., Kumar, S., Rout, T. K., Sarkar, P., George, J., &
Ram, L. C. (2013). Biochar from water hyacinth (Eichor-
nia crassipes) and its impact on soil biological activity.
Catena, 111, 64-71. doi:10.1016/j.catena.2013.06.025.

McCarl, B. A., Peacocke, C., Chrisman, R., Kung, C.-C., &
Sands, R. D. (2009). Economics of biochar production,
utilization and greenhouse gas offsets. In J. Lehmann & A.
S. Joseph (Eds.), Biochar for Environmental Management:
Science and Technology (pp. 341-358). London:
Earthscan.

Mohan, D., Sarswat, A., Ok, Y. S., & Pittman, C. U. (2014).
Organic and inorganic contaminants removal from water
with biochar, a renewable, low cost and sustainable
adsorbent—A critical review. Bioresource Technology,
160, 191-202.

Ok, Y. S., Chang, S. X., Gao, B., & Chung, H.-J. (2015).
SMART biochar technology—A shifting paradigm
towards advanced materials and healthcare research. En-
vironmental Technology & Innovation, 4, 206-209.

Ok, Y.S., Lim, J. E., & Moon, D. H. (2011). Stabilization of Pb
and Cd contaminated soils and soil quality improvements
using waste oyster shells. Environmental Geochemistry
and Health, 33, 83-91.

Oze, C., Fendorf, S., Bird, D. K., & Coleman, R. G. (2004).
Chromium geochemistry of serpentine soils. International
Geology Review, 46, 97-126.

Oze, C., Skinner, C., Schroth, A. W., & Coleman, R. G. (2008).
Growing up green on serpentine soils: Biogeochemistry of
serpentine vegetation in the Central Coast Range of Cali-
fornia. Applied Geochemistry, 23, 3391-3403.

Rajapaksha, A. U., Vithanage, M., Ok, Y. S., & Oze, C. (2013).
Cr(VI) formation related to Cr(III)-muscovite and birnes-
site interactions in ultramafic environments. Environmen-
tal Science and Technology, 47, 9722-9729.

Rajapaksha, A. U., Vithanage, M., Oze, C., Bandara, W., &
Weerasooriya, R. (2012). Nickel and manganese release in
serpentine soil from the Ussangoda Ultramafic Complex,
Sri Lanka. Geoderma, 189, 1-9.

Rajapaksha, A. U., et al. (2015). Enhanced sulfamethazine
removal by steam-activated invasive plant-derived bio-
char. Journal of Hazardous Materials, 290, 43-50.

Rajapaksha, A. U, et al. (2016). Engineered/designer biochar
for contaminant removal/immobilization from soil and
water: Potential and implication of biochar modification.
Chemosphere, 148, 276-291. doi:10.1016/j.chemosphere.
2016.01.043.

Ratuzny, T., Gong, Z., & Wilke, B.-M. (2009). Total concen-
trations and speciation of heavy metals in soils of the

Shenyang Zhangshi Irrigation Area, China. Environmental
Monitoring and Assessment, 156, 171-180.

Rizwan, M., Alj, S., Qayyum, M. F., Ibrahim, M., Zia-ur-Reh-
man, M., Abbas, T., & Ok, Y. S. (2016). Mechanisms of
biochar-mediated alleviation of toxicity of trace elements
in plants: A critical review. Environmental Science and
Pollution Research, 23, 2230-2248.

Rutigliano, F. A., Romano, M., Marzaioli, R., Baglivo, ., Bar-
onti, S., Miglietta, F., & Castaldi, S. (2014). Effect of
biochar addition on soil microbial community in a wheat
crop. European Journal of Soil Biology, 60, 9-15. doi:10.
1016/j.ejsobi.2013.10.007.

Saxena, J., Rana, G., & Pandey, M. (2013). Impact of addition of
biochar along with Bacillus sp. on growth and yield of
French beans. Scientia Horticulturae, 162, 351-356.

Smidt, E., & Meissl, K. (2007). The applicability of Fourier
transform infrared (FT-IR) spectroscopy in waste man-
agement. Waste Management, 27, 268-276.

Susaya, J. P., Kim, K.-H., Asio, V. B., Chen, Z.-S., & Navarrete,
I. (2010). Quantifying nickel in soils and plants in an
ultramafic area in Philippines. Environmental Monitoring
and Assessment, 167, 505-514.

Tang, J., Zhu, W., Kookana, R., & Katayama, A. (2013).
Characteristics of biochar and its application in remedia-
tion of contaminated soil. Journal of Bioscience and Bio-
engineering, 116, 653-659. doi:10.1016/j.jbiosc.2013.05.
03s.

Usman, A. R. A, et al. (2016). Conocarpus biochar induces
changes in soil nutrient availability and tomato growth
under saline irrigation. Pedosphere, 26, 27-38.

Vithanage, M., Rajapaksha, A. U., Oze, C., Rajakaruna, N., &
Dissanayake, C. (2014a). Metal release from serpentine
soils in Sri Lanka. Environmental Monitoring and
Assessment, 186, 3415-3429.

Vithanage, M., Rajapaksha, A. U., Tang, X., Thiele-Bruhn, S.,
Kim, K. H,, Lee, S.-E., & Ok, Y. S. (2014b). Sorption and
transport of sulfamethazine in agricultural soils amended
with invasive-plant-derived biochar. Journal of Environ-
mental Management, 141, 95-103.

Wu, M., Han, X., Zhong, T., Yuan, M., & Wu, W. (2016). Soil
organic carbon content affects the stability of biochar in
paddy soil. Agriculture, Ecosystems & Environment, 223,
59-66. doi:10.1016/j.agee.2016.02.033.

Zhang, M., & Ok, Y. S. (2014). Biochar soil amendment for
sustainable agriculture with carbon and contaminant
sequestration. Carbon Management, 5, 255-257. doi:10.
1080/17583004.2014.973684.

Zhang, X., et al. (2013). Using biochar for remediation of soils
contaminated with heavy metals and organic pollutants.
Environmental Science and Pollution Research, 20,
8472-8483.

@ Springer


http://dx.doi.org/10.1016/j.catena.2013.06.025
http://dx.doi.org/10.1016/j.chemosphere.2016.01.043
http://dx.doi.org/10.1016/j.chemosphere.2016.01.043
http://dx.doi.org/10.1016/j.ejsobi.2013.10.007
http://dx.doi.org/10.1016/j.ejsobi.2013.10.007
http://dx.doi.org/10.1016/j.jbiosc.2013.05.035
http://dx.doi.org/10.1016/j.jbiosc.2013.05.035
http://dx.doi.org/10.1016/j.agee.2016.02.033
http://dx.doi.org/10.1080/17583004.2014.973684
http://dx.doi.org/10.1080/17583004.2014.973684

	Efficacy of woody biomass and biochar for alleviating heavy metal bioavailability in serpentine soil
	Abstract
	Introduction
	Materials and methods
	Soil sample collection and biochar preparation
	Biochar characterization
	Pot experiment
	CaCl2 extraction
	Fractionation of heavy metals
	Statistical analysis

	Results and discussion
	Biochar characterization
	Effects of biochar on uptake of heavy metals and growth of tomato plants
	CaCl2-extractable heavy metals concentrations
	Heavy metals in different soil fractions

	Conclusions
	Acknowledgments
	References




