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A B S T R A C T

Exchangeable lead (Pb) extracted by ammonium acetate from three independent incubation studies was assessed
to understand the influence of feedstock, pyrolysis temperatures, and production conditions on Pb im-
mobilization capacities of different biochars. Vegetable waste biochar, pine cone, wood bark, cocopeat, red
pepper stalk, and palm kernel shell were used as feedstocks (food supply and agricultural wastes) to produce
biochars at 200–650 °C with and without N2/CO2. Biochars were applied at 5 and 2.5% (ww−1) to a Pb con-
taminated (i.e., 1445mg kg−1) agricultural soil collected near an old mine. Lead immobilization in biochar
treated soils at the end of incubation period was normalized per gram of biochar applied. Biochar produced from
vegetable waste at 500 °C showed the highest Pb immobilization (87%) and highest total exchangeable cations
(13.5 cmol(+) kg−1) at the end of the 45 d incubation period. However, on the basis of Pb immobilization per
gram of biochar, red pepper stalk biochar produced in CO2 at 650 °C was the best in Pb immobilization
(0.09mg kg−1 g−1 biochar) compared to the other biochars. The enhanced ability to immobilize Pb by biochar
produced in CO2 could be due to the presence of siloxanes (eSieOeSie) on biochar surface. Pearson correlation
analysis revealed that alkaline pH, ash%, and N% of biochars influence in Pb immobilization and exchangeable
cation availability in soil. Biochar production atmosphere considerably change its properties that influence Pb
immobilization. Further studies are needed on the modification of properties and Pb immobilization by biochars
produced from various feedstocks in CO2.

1. Introduction

Lead (Pb) is a highly toxic metal to both human and animals (Wu
et al., 2017). Lead contamination is often reported in soils worldwide
due to industrial, mining and agricultural activities (Ahmad et al.,
2016a; Beiyuan et al., 2016). Soil Pb contamination has received wide
global attention mainly due to high accumulation in plants and the high
risk of food chain contaminations. Hence, immobilization measures are
essential in contaminated soils to ensure human and animal health (Li
et al., 2016).

Biochar has been reported to efficiently immobilize Pb in various
soils through a number of distinct mechanisms (Beiyuan et al., 2017;
Cui et al., 2016; Li et al., 2013; Moon et al., 2013; Rinklebe et al.,
2016). Biochar is a carbon-rich sustainable byproduct of thermal con-
version of feedstocks under limited air, or inert (i.e., nitrogen) or re-
active atmospheres (i.e., carbon dioxide) (Igalavithana et al., 2018a,
2018b; Lehmann and Joseph, 2009). Changing soil pH to alkaline by
biochars is reported by authors as a promising mechanism of soil Pb
immobilization (Ahmad et al., 2014a; Zhang et al., 2013). Biochar pH
can vary from acidic to alkaline, but is generally reported to be alkaline
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(Igalavithana et al., 2018a). The high pH values of biochar increase the
soil pH and decrease the mobility of Pb in contaminated soils
(Igalavithana et al., 2017a). The exchange of Pb2+ ions with other
cations (e.g., Ca2+, K+, Na+, Mg2+) in biochars is another significant
mechanism of Pb immobilization (Ho et al., 2017; Wang et al., 2015).
Ion exchange enhances the binding of Pb on biochar surfaces and sig-
nificantly reduces its mobility (Ho et al., 2017). Moreover, Pb pre-
cipitation with common anions (e.g., PO4

3−, OH−, Cl−) and the for-
mation of stable Pb compounds such as hydroxyl pyromorphite on
biochar surfaces is identified as a vital mechanism of Pb immobilization
(Ho et al., 2017; Igalavithana et al., 2017a). In addition, Wang et al.
(2017) observed surface complexation with functional groups (e.g.,
eOH, eCOOH, eCH, eC]O, C]C) as one of the main mechanisms of
Pb immobilization by biochar in soils. Similarly, Vamvuka et al. (2018)
also reported the huge capacity of surface functional groups of biochars
in Pb immobilization. Furthermore, the electrostatic attraction between
biochar and Pb has considerable impact on soil Pb immobilization
(Igalavithana et al., 2018b; Shen et al., 2018). Several authors have
reported electrostatic attraction as an important mechanism to reduce
the Pb mobility in contaminated soils (Ahmad et al., 2016b; Mahmoud
et al., 2018). Biochar Pb immobilization mechanisms depend on the
biochar properties such as pH, ash content, aromaticity, surface area,
and surface functional groups. The dominant Pb immobilization me-
chanisms for each biochar vary with their properties (O'Connor et al.,
2018; Rajapaksha et al., 2016). Biochar properties depend on the
feedstock materials, pyrolysis conditions and pre- and post-treatments
(Igalavithana et al., 2018a).

Various feedstocks are used to produce biochar, and continuously
testing the new feedstocks such as food wastes for biochar production
(Gupta et al., 2018; Igalavithana et al., 2018a). The pH and ash content
are high in biochars produced from manure as it contains a high
amount of minerals (Meier et al., 2015). In general, biochars produced
from woody feedstocks were reported to have high surface areas due to
their inherent porous structures (Abdel-Fattah et al., 2015). Biochar
surface functional groups are highly heat sensitive, hence, amount of
surface functional groups reduced with increased pyrolysis temperature
(Igalavithana et al., 2017a). However, biochar surface area, porosity,
pH, EC, and aromaticity increased with the increasing pyrolysis tem-
perature (Igalavithana et al., 2018a; Novak et al., 2009). Pre- and post-
treatments to alter biochar properties are routinely used to enhance
performance in different ways including Pb immobilization
(Arabyarmohammadi et al., 2018; Rajapaksha et al., 2016).

Scientists are continuously studying the efficiency of biochars for
soil Pb immobilization in the short and long terms, with a focus on long-
term immobilization. Even though the short term Pb immobilization
data might not provide clear evidence of the long term impacts, the
short-term effectiveness of biochar can help identify potential amend-
ments for long term evaluation. Hence, short term Pb immobilization
potential in a contaminated agricultural soil by eleven biochars pro-
duced from vegetable wastes, pine cone, and crop residues at 200, 500
and 650 °C was tested under laboratory conditions. Three independent

laboratory incubation studies were conducted under comparable ex-
perimental conditions and observed dissimilar Pb immobilization by
different biochars (Igalavithana et al., 2017a, 2017b, 2018b). There-
fore, this study was conducted: 1) to find out the best biochar in term of
short term Pb immobilization, 2) to evaluate the most important bio-
char properties influencing Pb immobilization, 3) to understand the
impact of biochars on soil nutrient status (i.e., exchangeable cations). In
order to achieve the above objectives, exchangeable Pb and ex-
changeable cations extracted with ammonium acetate (NH4OAc, 1M,
pH 7) in the soil after the incubation period of three independent in-
cubation studies were statistically evaluated.

2. Material and methods

2.1. Studied data

Data were obtained from three laboratory incubation studies (LIS-1,
LIS-2, LIS-3) conducted to evaluate Pb immobilization in a con-
taminated soil by biochars (Igalavithana et al., 2017b, 2017a, 2018b).
The soil was sampled from fallowed agricultural lands located near a
historical mining area that reported with high levels of Pb (i.e.,
1445mg kg−1), exceeding the Korean soil contamination warning
limits (Ministry of Environment Korea, 2016). Physicochemical prop-
erties of the test soil are listed in Table 1. The soil belonged to the sandy
loam textural class as per the USDA soil textural classification. Soil pH
was acidic (i.e., 5.1).

Eleven biochars were used in three laboratory soil incubation stu-
dies (Table 2). Pine cone, vegetable waste and vegetable waste+ pine
cone (1:1) biochars produced at 200 °C and 500 °C pyrolysis tempera-
tures (P200, P500, V200, V500, PV200 and PV500) were used in LIS-1.
Pyrolysis temperature was achieved at a 7 °Cmin−1 heating rate, and
held at the maximum temperature for 2 h. Biochars were produced
under limited oxygen (O2) in covered crucibles in a muffle furnace
(Igalavithana et al., 2017a). Biochars used in LIS-2 were produced from
wood bark, cocopeat and palm kernel shell were produced under pyr-
olysis conditions of heating temperature 500 °C, heating rate
10 °Cmin−1, and a holding time 1 h, and nitrogen (N2) purging rate
1.5 Lmin−1 (WB, CP and PKS, respectively) (Lee et al., 2013). In LIS-3
red pepper stalk biochar was produced at 650 °C by purging N2 or
carbon dioxide (CO2) at rates of 0.5 Lmin−1 (RPS-N and RPS-C) (Lee
et al., 2017). All the biochars were produced by slow pyrolysis heating
programs.

Moisture, mobile matter (or volatile matter or labile matter), and
ash content of biochars were determined as explained in Ahmad et al.
(2012c) at 105, 450 and 750 °C using a muffle furnace (LT, Nabertherm,
Germany), and resident matter (or fixed matter) was calculated as ex-
plained in Igalavithana et al. (2018a). The elemental composition (i.e.,
C, H, O, and N) of biochars were analyzed using an elemental analyzer
(EuroEA, EA, Italy). A ratio of 1 g: 20 mL soil-to-deionized water was
used to determine biochar pH and EC (Inyang et al., 2012). Biochar
surface area was calculated using the Brunauer–Emmett–Teller (BTE)

Table 1
Physicochemical properties of soil.

Land use Sand
%

Silt
%

Clay
%

Soil texture OCa

%
pHb ECb

dSm−1
Exchangeable cations Total

Ca K Mg Na Pb

cmol(+) kg−1 cmol(+) kg−1 cmol(+)

kg−1
cmol(+)

kg−1
mg kg−1

Fallowed upland agriculture (Igalavithana
et al., 2017a)

79.9 9.2 10.8 sandy loam 5.8 4.9 0.1 0.1 0.04 0.04 0.01 1445

Soil contamination warning limit Korea (Ministry of Environment Korea, 2016).
a Organic carbon.
b 1:5 soil to deionized water ratio.
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method, and the average pore volume and diameter were calculated
using the Barret–Joyner–Halender (BJH) method using nitrogen ad-
sorption-desorption isotherms.

Biochar application rates were 5% (w w−1) in LIS-1 and LIS-2, and
2.5% (w w-1) for LIS-3. Biochar was mixed well with soil, and the soil
water content was maintained at 70% water holding capacity during
the incubation period. Incubation was carried in an incubator (MIR-
554, SANYO Electronic, Co., Ltd., Tokyo, Japan) at 25 °C. LIS-1 and LIS-
2 soils were incubated for 45 days, and 30 days for the LIS-3. When
considering the incubation conditions, only the number of days and the
biochar application rates were different in LIS-1, LIS-2 and LIS-3.

Ammonium acetate (NH4OAc, 1M, pH 7, 1:10; soil to solution)
extractable Pb concentrations in biochar treated and control soils after
the incubation period of LIS-1 were determined, and previously de-
termined NH4OAc extractable Pb in LIS-2 and LIS-3 were considered in
this study to evaluate the biochar performance in Pb immobilization.
Ammonium acetate extracts weakly bound and exchangeable Pb that
can be easily released and mobilized (Anjos et al., 2012; Ure, 1996).
Moreover, acetate prevents the reabsorption and precipitation of re-
leased Pb ions (Ure, 1996). As weakly bound and exchangeable Pb are
generally considered the mobile fractions, NH4OAc extraction was used
to evaluate the Pb immobilization capacity of the biochar treatments.
Also, exchangeable cations extracted from 1M NH4OAc at pH 7 and
measured using an inductively coupled plasma optical emission spec-
trophotometer (ICP-OES; Optima 7300 DV, Perkin-Elmer, USA) were
used to assess the effect of biochar on soil cation availability. Soil pH
and electrical conductivity (EC) values determined in 1:5 soil to deio-
nized water ratio were also monitored (Igalavithana et al., 2018b,
2017b, 2017a). Three replicates were used for all the analyses, and the
instruments were calibrated after every ten samples.

2.2. Data analysis

Data obtained from three independent laboratory incubation studies
were analyzed without data normalization by using one-way analysis of
variance (ANOVA) and Tukey's honestly significant difference (HSD)
test at probability (p) level of< 0.05. Lead immobilization percentage
in biochar treated soil was calculated relative to the control for each
respective study. Lead immobilization by biochar was further analyzed
to remove the differences in biochar application rates. Immobilization
of Pb in each treatment was calculated as mg kg−1 g−1 biochar relative
to the respective control.

Calculated data were statistically analyzed (ANOVA and HSD) to
understand the biochar capacity to immobilize Pb in the soil. Pearson
correlation analysis (Pearson correlation coefficient: r) was conducted
among all obtained and calculated data, and soil and biochar

properties. SAS statistical software was employed for ANOVA, HSD, and
Pearson correlation analyses (SAS, Cary, NC, USA).

Normal distribution of calculated Pb immobilization data (i.e.,
percentage and mg kg−1 g−1 biochar) was analyzed using Minitab 16
statistical software at 95% confident interval (CI). Principal component
analysis (PCA) evaluating biochar treatment properties (i.e., soil pH and
EC, NH4OAc extractable Pb, calculated Pb immobilization values, bio-
char application rate and incubation period) was conducted using the
same statistical software.

3. Results and discussion

3.1. Biochar properties

Biochar carbon can be classified into two groups as mobile matter
(or volatile matter or labile matter) and resident matter (or fixed
matter) based on their stability. Mobile matter mainly consists of ali-
phatic and small aromatic carbon structures, and resident matter con-
sists of large aromatic carbon structures (Ahmad et al., 2012b; Mia
et al., 2017). Mobile matter content in biochars decreased with in-
creasing pyrolysis temperature from low temperature (i.e., 200 °C) to
high temperatures (i.e., 500 and 650 °C) as expected. The highest mo-
bile matter contents were found in P200, PV200, and V200 (i.e., 62.35,
58.37 and 56.44%), and the lowest were reported in P500 and PV500
(i.e., 10.01 and 10.33) (Table 3). Resident matter (or fixed matter), ash
and carbon (C) contents in biochars increased with increasing pyrolysis
temperature. The highest and lowest resident matter (or fixed matter)
contents were detected in PKS and V200 (i.e., 80.85% and 25.76%)
respectively. The V500 (36.67%) had the highest ash content, and P200
had the lowest (i.e., 0.77%). The carbon content in biochars produced
at 500 and 650 °C was> 80% except in V500 and P500. Those two
biochars showed higher oxygen (O%) (i.e., V500: 16.81% and P500:
20.94%) than the other biochars produced at 500 and 650 °C, which
had O% in a range of 8.14–11.36%. However, O% in V500 and P500
was lower than the V200 and P200 (i.e., 36.02 and 27.09%) which were
produced from same feedstocks at low temperature (i.e., 200 °C).

A Van Krevelen diagram of the studied biochars (Fig. 1) showed
very low O/C and H/C ratios in PV500, CP, WB, PKS, RPS-N and RPS-C,
which corresponds to the high dehydrogenation and deoxygenation
from feedstock during the biochar production (Van Poucke et al.,
2015). The V500 showed high dehydrogenation and deoxygenation
compared to the V200. However, P500 did not show a significant re-
duction in O/C and H/C ratios compared to the P200. Decreased H/C
and O/C ratios indicate an increase of aromaticity in biochar and a
reduction of surface polarity (Wiedner et al., 2013; Xiao et al., 2016).
The International Biochar Initiative (IBI) suggests a maximum value for

Table 2
Biochar production conditions.

Biochar Production method Pyrolysis temperature
°C

Heating rate
°Cmin−1

Holding time
h

Purged gas Purging rate
Lmin−1

V200a Slow pyrolysis 200 7 2 – –
P200a Slow pyrolysis 200 7 2 – –
PV200a Slow pyrolysis 200 7 2 – –
V500a Slow pyrolysis 500 7 2 – –
P500a Slow pyrolysis 500 7 2 – –
PV500a Slow pyrolysis 500 7 2 – –
WBb Slow pyrolysis 500 10 1 N2 1.5
CPb Slow pyrolysis 500 10 1 N2 1.5
PKSb Slow pyrolysis 500 10 1 N2 1.5
RPS-Nc Slow pyrolysis 650 10 1 N2 0.5
RPS-Cc Slow pyrolysis 650 10 1 CO2 0.5

V, Vegetable waste; P, Pine cone; PV, Vegetable waste+ Pine cone (1:1); WB, Wood bark; CP, Cocopeat; PKS, Palm kernel shell; RPS, Red pepper stalk.
a Igalavithana et al. (2017a).
b Lee et al. (2013).
c Lee et al. (2017).
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the H/C ratio in biochar of 0.7, but there is no limit for O/C ratio (IBI,
2015). Hence, V200 and PV200 which have>0.7 H/C ratios cannot be
considered as biochars, and we reported them as torrefied biomass in
our previous study (Igalavithana et al., 2017a). In contrast, P200 can be
considered as a biochar according to the IBI regulation even though the
pyrolysis temperature was very low (i.e., 200 °C).

Biochar pH increased with increasing pyrolysis temperature, and
V500, PV500, WB, CP, RPS-N and RPS-C had alkaline pH values in a
range of 9.5–12.19. The remaining biochars had neutral or acidic pH
values in the range of 4.15–6.90. The RPS-N and P200 had the highest
and lowest pH values of 12.19 and 4.15, respectively. High pyrolysis
temperatures increased the ash content in biochar which is responsible
for the high pH (McBeath et al., 2014). High-temperature biochar can
be beneficial in acidic soil applications to increase the soil pH

(Lehmann and Joseph, 2009). The P500, PKS and RPS-C had the highest
surface areas respectively as 193, 191, and 109 m2 g−1. The highly
porous structures in pine cone and palm kernel shell may have opened
at a comparatively high pyrolysis temperature of 500 °C due to the
volatilization of mobile matter (Igalavithana et al., 2017a). The CO2

induced reactions with tar enhanced the pore spaces in the RPS-C
biochar (Lee et al., 2017).

3.2. Lead immobilization

All biochars except P200 and P500 decreased the NH4OAc ex-
tractable Pb in soil compared to the control (Fig. 2a). Application of
P200 (i.e., 5%) increased the NH4OAc extractable Pb in soil while P500
did not show significant difference with the control (C1). The V500
showed the lowest concentration of NH4OAc extractable Pb (i.e.,
0.47 mg kg−1) followed by RPS-C and WB (i.e., 1.21 and 1.23mg kg−1).

Increased pH in soil (Table 4) due to biochar application might be
the main mechanism for the reduced NH4OAc extractable Pb in soil.
The Pearson correlation analysis supported those results; NH4OAc ex-
tractable Pb and soil pH showed a strong negative correlation
(r=−0.9428, p < 0.0001). When increasing the soil pH, the density
of negatively charged sites in soils also increases, which may have fa-
cilitated immobilization of the cationic Pb (Pb2+) in soil (Ahmad et al.,
2012a). In addition, biochar ash and N% showed negative correlations
to the NH4OAc extractable Pb (ash: r=−0.7866, p=0.0041; N%:
r=−0.6674, p=0.0248). Biochar ash might have induced the co-
precipitation of Pb with cations and anions such as Ca2+, Mg2+, PO4

3−

(Ahmad et al., 2014b; Liang et al., 2014; Park et al., 2011). Nitrogen
containing surface functional groups, amine (-NH2) in particular, might
have facilitated Pb immobilization by strong covalent bonding. The
presence of amino groups on the biochar surface increases the number
of cation exchangeable sites (Singh et al., 2015). Yang and Jiang (2014)
observed enhanced Cu2+ adsorption by biochar due to the increased
–NH2 surface functional groups by amino modification. None of the
other biochar properties showed any significant correlation to the
NH4OAc extractable Pb in the soil.

The highest Pb immobilization percentage was accomplished by the
V500 application (i.e., 87.0%), followed by WB, RPS-C and PV500 with
66.1, 64.5 and 62.6% of Pb immobilization, respectively (Fig. 2b).

Table 3
Biochar properties.

Biochar Pyrolysis
temp.
°C

Purged gas Moisture
%

Mobile
matter
(volatile
matter)
%

Resident
matter
(fixed
matter)
%

Ash
%

Cd

%
Hd

%
Nd

%
Od

%
H/C O/C pHe ECe

dS m−1
Surface areaf

m2 g−1
APVg

×10−3 m3 g−1
APDg

nm

V200a 200 – 1.20 56.44 25.76 16.59 52.89 6.90 4.20 36.02 1.56 0.51 5.95 0.041 0.36 2.59 43.24
P200a 200 – 1.27 62.35 35.60 0.77 69.74 2.13 1.03 27.09 0.37 0.29 4.15 0.001 0.47 2.38 45.13
PV200a 200 – 1.00 58.37 32.72 7.91 54.66 5.91 0.57 38.85 1.30 0.53 5.26 0.000 0.44 0.43 23.27
V500a 500 – 0.72 12.43 50.17 36.67 74.71 3.08 5.41 16.81 0.49 0.17 11.23 0.121 1.16 2.42 22.80
P500a 500 – 1.42 10.01 79.60 8.96 74.64 2.62 1.81 20.94 0.42 0.21 6.77 0.001 192.97 10.2 2.44
PV500a 500 – 1.07 10.33 70.53 18.06 83.85 2.70 3.71 9.73 0.39 0.09 10.39 0.045 50.26 3.22 54.61
WBb 500 N2 0.36 18.14 68.66 12.84 84.84 3.13 1.83 10.20 0.44 0.09 9.6 – 13.6 – 109.9
CPb 500 N2 2.55 14.30 67.25 15.90 84.44 2.88 1.02 11.67 0.41 0.10 10.3 – 13.7 – 24,310
PKSb 500 N2 0.00 12.29 80.85 6.86 87.85 2.91 1.11 8.14 0.40 0.07 6.9 – 191 – 57.2
RPS-Nc 650 N2 2.52 22.04 66.14 9.30 86.63 2.42 2.62 8.34 0.33 0.07 12.19 0.20 32.46 0.02 3.79
RPS-Cc 650 CO2 3.33 22.71 62.05 11.91 83.85 2.22 2.56 11.36 0.32 0.10 9.50 0.11 109.15 0.09 2.64

V, Vegetable waste; P, Pine cone; PV, Vegetable waste + Pine cone (1:1); WB, Wood bark; CP, Cocopeat; PKS, Palm kernel shell; RPS, Red pepper stalk.
APV, average pore volume; APD, average pore diameter.

a Igalavithana et al. (2017a).
b Lee et al. (2013).
c Lee et al. (2017).
d Moisture and ash free.
e 1:20 ratio of biochar to deionized water.
f Brunauer-Emmett-Teller (BTE) method.
g Barret-Joyner-Halender (BJH) method.
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Fig. 1. Van Krevelen diagram for considered biochars. H/C and O/C ratio were
obtained from Table 3. V, Vegetable waste; P, Pine cone; PV, Vegetable waste +
Pine cone (1:1); WB, Wood bark; CP, Cocopeat; PKS, Palm kernel shell; RPS,
Red pepper stalk. 200 and 500 denote the pyrolysis temperatures of 200 and
500 °C. eN and eC represent the purged gas of N2 and CO2. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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However, when considering the Pb immobilization per gram of biochar
applied, RPS-C obtained the highest capacity, followed by the RPS-N
and V500 (Fig. 3). Even though the V500 showed the highest im-
mobilization percentage of Pb at the end of the incubation period, the
biochar application rate of V500 to soil was 5%, but it was 2.5% for
RPS-N and RPS-C. Normalized data clearly demonstrated that RPS-C
has the highest capacity to immobilize Pb in soils, followed by RPS-N
and V500 (Fig. 3). We observed oxygen-containing functional groups of
aldehydes (eCeC]O) and siloxanes (eSieOeSie) on RPS-C surface
but not on RPS-N surface in our previous study (Igalavithana et al.,
2018b). The enhanced ability of RPS-C to immobilize Pb might be due
to the presence of siloxanes which have a higher affinity to retain ca-
tionic metals.

The NH4OAc extractable Pb was increased in the P200 treatment
(Fig. 3). Obviously, Pb cannot be retained by this biochar in comparison
to the control. Possible reasons for this can be the comparatively low pH
of P200 (i.e., 4.15) (Yin et al., 2016). In addition, the leached Pb might
be associated with dissolved organic matter (DOM) via complexation as
described earlier by Weng et al. (2002). Li et al. (2013) observed Pb
complexation with DOM in the rhizosphere and increased mobility.
However, the PV200 treatment, produced from incorporating vegetable

waste at a 1:1 ratio with pine cone at a pyrolysis temperature of 200 °C,
showed significant Pb immobilization in the soil. The high soil pH in-
crease (i.e., 6.52) and ash content (i.e., 16.6%) of V200 compared to the
P200 might be the reason for the high Pb immobilization. Hence, this
suggests the ability to improve Pb immobilization capacity by blending
feedstock materials (e.g., vegetable waste) before pyrolysis. This is an
important finding in biochar production for cationic metal im-
mobilization in soil. Further studies are needed to understand the me-
chanisms.

Biochars produced at high temperatures always showed higher Pb
immobilization than those produced at low temperatures (Fig. 3). When
considering the feedstock, production of biochar from red pepper stalk,
vegetable waste, vegetable waste + pine cone (1:1) and wood bark
might be more beneficial in immobilizing soil Pb, which showed the
highest Pb immobilization capacity as observed in the current study.
Moreover, biochar production in CO2 at 650 °C provided an enhanced
capacity of Pb immobilization, presumably due to the high surface area,
pH and surface functional groups, and formation of new surface func-
tional groups of siloxane compared to the biochar produced at 650 °C in
N2 from red pepper stalk. Moreover, biochar produced in CO2 increases
the aromatic carbon structures more than the biochars produced in N2
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as reported by Lee et al. (2017). Those aromatic carbon structures may
have increased the biochar surface negativity and increased the Pb
adsorption to the biochar surface. Further studies are needed to better
understand the soil Pb immobilization capacity of biochars produced in
CO2 with other feedstocks at high temperatures.

The effects of biochar application rate on Pb immobilization were
further demonstrated by probability distribution plots of Pb im-
mobilization (i.e., percentage and mg kg−1 g−1 biochar) data (Fig. 4).
Lead immobilization (i.e., percentage and mg kg−1 g−1 biochar) ap-
proximately followed the straight lines, the p values were > 0.05, and
the Anderson-Darling statistic (AD) is low (Fig. 4a and b). Therefore,
the calculated values from three incubation studies are normally dis-
tributed. The Pb immobilization in mg kg−1 g−1 biochar showed better
normal distribution as observed from the AD values. The AD value of Pb

immobilization mg kg−1 g−1 biochar was lower than that of in Pb im-
mobilization percentage. Hence, it is clear that the biochar application
rate has a clear impact on the Pb immobilization in the soil.

The PCA of biochar properties (i.e., mobile matter%, resident matter
%, ash%, H%, N%, O%, H/C ratio, O/C ratio, pH and surface area), soil
pH and EC after the incubation period, Pb immobilization percentage,
Pb immobilization in mg kg−1 g−1 biochar, incubated days and biochar
application rate showed a clear separation of biochars into four clusters
(Fig. 5). Biochars grouped in clusters illustrated similar Pb im-
mobilization in soils under similar experimental conditions. Biochar
RPS-C, RPS-N, and V500, which showed the highest Pb immobilization
capacity, were clustered together. Therefore, the principal component
analysis shows that two biochars produced from red pepper stalk and
V500 might be the best for immobilizing Pb in contaminated soils.

Table 4
Soil chemical properties after the incubation period. Data represent as mean (standard deviation). Different letters after the parentheses represent the statistically
significant differences at p < 0.05 (Tukey's HSD test).

Biochar K Ca Mg Na Total (sum of K, Ca and Mg) pHd ECd

cmol(+) kg−1 cmol(+) kg−1 cmol(+) kg−1 cmol(+) kg−1 cmol(+) kg−1 dS m−1

LIS-1 C1a 0.44 (0.01) f 1.63 (0.07) gh 0.61 (0.03) g 0.03 (0.00) e 2.68 (0.12) f 5.01 (0.00) f 0.12 (0.00) ef
V200a 4.61 (0.08) b 2.95 (0.01) c 1.90 (0.03) a 1.03 (0.00) b 9.46 (0.08) b 6.52 (0.22) bcd 0.98 (0.05) b
P200a 0.47 (0.00) f 1.96 (0.03) ef 0.70 (0.01) ef 0.03 (0.00) e 3.13 (0.05) f 5.30 (0.03) ef 0.06 (0.01) e
PV200a 2.25 (0.03) d 2.41 (0.05) d 1.25 (0.00) c 0.48 (0.02) d 5.91 (0.04) d 5.96 (0.05) de 0.42 (0.01) d
V500a 9.05 (0.12) a 2.90 (0.03) c 1.53 (0.07) b 1.81 (0.03) a 13.48 (0.19) a 7.97 (0.26) a 2.02 (0.02) a
P500a 0.51 (0.01) f 1.83 (0.04) fg 0.63 (0.01) fg 0.04 (0.00) e 2.96 (0.06) f 5.24 (0.01) f 0.09 (0.00) ef
PV500a 4.45 (0.36) b 2.14 (0.12) de 0.90 (0.04) d 0.60 (0.05) c 7.49 (0.42) c 6.76 (0.24) bc 0.78 (0.05) c

LIS-2 C2b 0.44 (0.01) f 1.63 (0.07) gh 0.61 (0.03) g 0.03 (0.00) e 2.68 (0.12) f 5.01 (0.00) f 0.12 (0.00) ef
WBb 1.07 (0.00) e 4.11 (0.02) a 0.72 (0.01) e 0.03 (0.00) e 5.91 (0.03) d 6.91 (0.17) bc 0.14 (0.00) e
CPb 3.54 (0.17) c 1.43 (0.05) h 0.57 (0.02) g 1.75 (0.08) a 5.53 (0.23) de 6.32 (0.57) cd 0.79 (0.03) c
PKSb 0.56 (0.03) f 1.61 (0.11) gh 0.57 (0.03) g 0.03 (0.00) e 2.74 (0.18) f 5.38 (0.34) ef 0.06 (0.00) e

LIS-3 C3c 0.43 (0.03) f 1.74 (0.10) fg 0.56 (0.03) fg 0.02 (0.00) e 2.77 (0.16) f 5.11 (0.02) f 0.12 (0.01) ef
RPS-Nc 0.99 (0.04) e 3.69 (0.20) b 0.63 (0.04) g 0.04 (0.00) e 5.31 (0.29) e 6.57 (0.02) bcd 0.13 (0.00) ef
RPS-Cc 1.06 (0.02) e 4.26 (0.12) a 0.61 (0.01) g 0.05 (0.00) e 5.93 (0.15) d 7.00 (0.06) b 0.13 (0.01) e

LIS, Laboratory incubation study.
V, Vegetable waste; P, Pine cone; PV, Vegetable waste+ Pine cone (1:1); WB, Wood bark; CP, Cocopeat; PKS, Palm kernel shell; RPS, Red pepper stalk, C1, Control 1;
C2, Control 2 and C3, Control 3.

a Igalavithana et al. (2017a).
b Igalavithana et al. (2017b).
c Igalavithana et al. (2018b).
d 1:5 soil to deionized water ratio.
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3.3. Availability of exchangeable cations

The V500 treated soil showed the highest amount of total ex-
changeable cations (sum of K, Ca and Mg), followed by V200, PV500,
PV200, RPS-C, and RPS-N. Incorporation of biochars produced from
vegetable wastes into soil may be advantageous to increase the plant
availability of nutrients. Moreover, incorporation of vegetable wastes
into feedstock during the biochar production may improve its ability to
enrich the exchangeable cations in soils as observed in biochar pro-
duced from vegetable waste + pine cones (1:1). The increased ex-
changeable cation availability in soil might be a result of the higher ash
contents as observed from the strong positive correlation of total ex-
changeable cations and ash% in biochar (r=0.9170, p < 0.0001). Ash
is the inorganic component of the biochar which consist of residual
minerals, i.e., salts (Ronsse et al., 2013). They can be dissolved in soil
and provide cations to the soil and exist as exchangeable cations at
surface sites (Enders et al., 2012; Igalavithana et al., 2015).

Also, biochar N% (r=0.8596, p=0.0007), soil pH (r=0.8600,
p=0.0007) and EC (r=0.9231, p < 0.0001) were strongly correlated
to the total exchangeable cations. The N% in biochars is usually very
low due to the low amount of N in the production feedstocks, and the
loss of N due to volatilization during the pyrolysis process (Spokas
et al., 2012; Yuan et al., 2010). Even though the N% is low, the results
indicate that N% is related to the increase in exchangeable cations in
the soil. Increased soil pH increases the negatively charged sites in soils,
and thereby it facilitates the retention of cations in the exchangeable
sites (Ahmad et al., 2012a; Rajkovich et al., 2012). Biochar with high
ash and N%, and a high pH may increase plant nutrients in soils (Buss
et al., 2019; El-Naggar et al., 2019; Igalavithana et al., 2015).

4. Conclusions

Production of biochar in CO2 increased the Pb immobilization ca-
pacity, presumably due to the formation of new siloxane surface func-
tional groups. Moreover, high temperature produced biochars (i.e., 500
and 650 °C) were performed better for the immobilization of soil Pb
than biochars produced at lower temperatures (i.e., 200 °C), regardless
of the production feedstocks. Biochars with alkaline pH, high ash% and
N% proved more efficient in Pb immobilization and increasing ex-
changeable cations in the soil. Hence, these biochars may provide ad-
ditional benefits, such as increasing soil nutrient availability and mi-
crobial functions in addition to the immobilization of Pb in
contaminated soils. Further studies are needed on soil Pb immobiliza-
tion with biochars produced from other feedstocks in CO2. Moreover,
biochar application rates and incubation periods need further evalua-
tion to optimize their application in different Pb contaminated soils.
More research is needed on biochars produced from feedstock mixtures;
as observed from P200, V200 and PV200 there is a possibility of im-
proving the ability of biochars to immobilize Pb in soils by mixing
feedstocks. Biochar produced in CO2 could be a good candidate for
water/wastewater treatment and other advanced applications, which
warrant future investigations.
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