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A B S T R A C T

Biochar can reduce the mobility and availability of potentially toxic elements (PTEs) in soils and improve soil
properties. However, immobilization efficiencies of biochar can be varied according to environmental condi-
tions, such as pH and redox potential (Eh), especially for soils under flood-dry cycles. In the current study,
biochar produced at 300 and 550 °C (referred as BC300 and BC550, respectively) and its feedstock (pine sawdust
biomass, BM) were used to amend a lead (Pb)-contaminated soil under pre-defined redox windows (from −300
to +250 mV). Key features of the soil-solution were evaluated in detail, including pH, dissolved organic carbon,
sulphate, and dissolved Al, Fe, and Mn. The BC550 reduced the amount of dissolved Pb and showed a different
pattern of Eh-pH in the soil slurry compared with BM and BC300. This might be attributed to its higher alkalinity
and surface area. The highest amount of dissolved Pb was found at slightly anoxic conditions (−100 to 0 mV) in
CS (control soil), S&BM (soil amended with BM), and S&BC300 (soil amended with BC300), which could be
associated with the dissolution of Fe/Mn oxides. Moreover, the fitting results of Pb X-ray absorption fine
structure (XAFS) indicated that the proportion of Pb(CH3COO)2 was decreasing when changing from anoxic to
oxic condition in S&BC300, while the Pb speciation pattern in soil was stable in S&BC550. These results sug-
gested that BC550 is more suitable amendment for Pb immobilization than BM and BC300 in this study. In
addition, biochar produced at higher temperatures can be more stable so it can be suitable for remediation of Pb-
contaminated soils which are frequently flooded.

1. Introduction

Organic amendments produced from waste materials (e.g. biochar
and biomass) have captured great interest in different areas, for ex-
ample, being as catalysts in biorefinery, adsorbents for removing con-
taminants in water, and immobilizers for potentially toxic elements
(PTEs) in contaminated soils (Ahmad et al., 2016a; Beiyuan et al.,
2017b; Sun et al., 2019; Yu et al., 2019). Large numbers of studies

found that biochar can decrease the mobility, leachability, and avail-
ability of the PTEs in contaminated soils (Beckers et al., 2019; Beiyuan
et al., 2018; Igalavithana et al., 2019), immobilize PTEs in residual soil
after washing (Shen et al., 2019b; Yoo et al., 2018), improve soil fer-
tility (El-Naggar et al., 2019a), reduce plant uptakes of PTEs (Xing
et al., 2020), and promote plant growth and yield (Rizwan et al., 2016).
The feedstock and pyrolysis temperature of biochar are the two sig-
nificant factors controlling its immobilization effects on PTEs (Jin et al.,
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2016; Li et al., 2016b). These two factors primarily determine the key
physiochemical characteristics of biochar, such as pH, cation exchange
capacity (CEC), surface area, micro-porous structure, organic carbon
content, surface functional groups, and inorganic minerals (Lu et al.,
2017; Mohan et al., 2014; Xiong et al., 2017). Notably, using the same
feedstock, biochar production with high pyrolysis temperatures
(i.e. > 500 °C) can decompose most of the organic components, leading
to biochar with a higher alkalinity and less oxygen-containing func-
tional groups (Rajapaksha et al., 2014).

Under varied environmental factors (e.g. pH, redox conditions (Eh),
temperature, and microbial activities), distribution and speciation of
the PTEs can be strongly influenced and subsequently affected their
mobility and availability (Beiyuan et al., 2016; El-Naggar et al., 2019b;
Shaheen et al., 2016). Among the factors, Eh is particularly significant
for determining the mobility and availability of PTEs, because it di-
rectly or indirectly influence pH, dissolved organic carbon (DOC), redox
chemistry of iron (Fe), manganese (Mn), sulfur (S), and nitrogen (N),
and microbial activities in a flooded soil system (Frohne et al., 2015;
Schulz-Zunkel et al., 2015). Most importantly, under anaerobic condi-
tions (i.e. low Eh), PTEs associated with Fe/Mn oxides (the relevant
standard redox couples are Fe(II)/Fe(III) and Mn(II)/Mn(IV)) release
because of the reduction-induced dissolution of the oxides (Antoniadis
et al., 2017; Du Laing et al., 2009a; Du Laing et al., 2009b). Besides,
under anaerobic conditions, the PTEs can be immobilized by forming
insoluble precipitates with sulfide which generated by reduction of
sulfate (SO4

2+/S2−) (Du Laing et al., 2009b).
Lead (Pb) is extremely toxic and it is classified as Class B2 (a

probable human carcinogen) according to the Integrated Risk
Information System of US EPA. Under dynamic Eh, the mobility of Pb in
soils is affected by the interaction with (1) Fe/Mn oxides by sorption
and/or co-precipitation (especially for Mn oxides); (2) carbonates and
phosphates; (3) clay minerals and soil organic matter (SOM) via sorp-
tion or complexation (Rinklebe et al., 2016b; Yang et al., 2018). Dif-
ferent types of biochar showed great capacity on Pb immobilization via
electrostatic interaction, cation exchange, complexation, and pre-
cipitation (Ahmad et al., 2016b; Igalavithana et al., 2019). The addition
of biochar can alter the speciation of Pb in soils and therefore change Pb
immobilization effects. For example, Moon et al. (2013) reported that
with the addition of soybean stover-derived biochar, the amount of Pb
in stable chloropyromorphite (Pb5(PO4)3Cl) form and Pb adsorbed on
kaolinite increased, while the amount of Pb adsorbed on humic acid
and ferrihydrites reduced. Netherway et al. (2019) also reported that
with the addition of P-rich biochar, increased amounts of Pb-phosphate
and pyromorphite with higher stability were found compared with the
control soil. A three-year paddy field study showed that wheat straw-
derived biochar significantly increased the alkalinity and total organic
carbon with a reduction of extractable Pb (Bian et al., 2014).

The surface oxygen-containing functional groups and minerals in
nano-structure of the biochar and/or biomass are responsible for the
immobilization of PTEs (Joseph et al., 2013; Xu et al., 2017). They are
also sensitive to the variation of Eh and may further influence the im-
mobilization effects. The oxygen-containing functional groups are es-
sential factors in the redox-related reactions as a buffer responding to
the variation of Eh (Yuan et al., 2017). For example, phenolic species
(hydroquinone) act as electron donating moieties while quinones and
polycondensed aromatic structures accept electrons and act as redox
buffers (Klüpfel et al., 2014). The redox feature of biochar caused by the
quinones and polycondensed aromatic structures are strongly affected
by the heating temperatures and feedstocks (Klüpfel et al., 2014). Be-
sides, the setup of pyrolysis systems, feedstock preparation, heating
rate, supply of oxygen, and retention time in the heating process are
also considered as the crucial factors for the redox properties of biochar
(Cantrell et al., 2012; Klüpfel et al., 2014).

As a result, variation of Eh can influence the immobilization effects
of PTEs by biochars. For instance, the dissolved phases of Cd, Cu, Ni,
and Zn in a paddy soil amended by rice hull biochar were increased

under oxic conditions, (El-Naggar et al., 2018). Nevertheless, the Pb
phytoavailability was slightly higher under oxic (200–250 mV) com-
pared to reducing conditions (Beiyuan et al., 2017a). However, the
mechanisms of Pb immobilization/dissolution by biochar under
changeable redox conditions and the associated speciation changes of
Pb in soil were still not fully clear.

Therefore, we aimed to evaluate the variation of the immobilization
effects of soluble Pb by biochar produced at two different temperatures
(300 and 550 °C) and its feedstock (pine sawdust biomass) under dy-
namic Eh conditions (from −300 to +250 mV). Key field-relevant en-
vironmental features of soil-solution system without or with different
amendments under such dynamic Eh conditions were scrutinized to
further understand the behaviors of Pb. The XAFS (X-ray absorption
fine structure) spectroscopy was also applied to elucidate the speciation
of Pb in soil samples under different treatments and Eh conditions.
These can advance our understanding of the underlying mechanisms on
biochar immobilization and proper application of biochar for Pb-con-
taminated soils under flooding conditions.

2. Materials and methods

2.1. Soil and soil amendments

Soil samples were collected from an upper soil layer (0–40 cm) of an
agricultural field which is close to a mine (Tancheon) in Gongju city,
Republic of Korea, thereafter, air-dried, removed debris, and sieved
(< 2 mm). The Tancheon mine was a gold mine, which was opened for
many years and closed in 2008. The soil texture of the collected samples
is sandy loam, according to our previous study (Igalavithana, et al.,
2017). Total contents of As and Pb (2047 and 1680 mg kg−1) were
determined in soil according to a measurement by inductively coupled
plasma optical emission spectrometry (ICP-OES, Horiba, Germany)
after acid digestion (USEPA, 1994). The feedstock of biochar, pine
sawdust biomass (BM), was collected from a sawmill company in Seoul,
Republic of Korea, air-dried after pre-washing by deionized water, and
sieved (< 1 mm). Two temperatures of biochar production were se-
lected, 300 and 550 °C; and the products were named BC300 and
BC550. A detailed pyrolysis procedure of the biochar was documented
in Lou et al. (2016a,b).

2.2. Pre-incubation experiment

The pre-incubation was conducted at 70% soil water holding ca-
pacity and 25 °C for a period of 105 days to have an ageing effect. The
BM, BC300, and BC550 were added into soil at a dosage of 5 wt%
(equal to 70 t ha−1) which is commonly used in biochar-amended soil
(Moon et al., 2013; El-Naggar et al., 2019a,b; Yang et al., 2018). The
soils after incubation are referring as S&BM, S&BC300, and S&BC550,
while a control sample (CS) without any amendment was prepared.
After pre-incubation, the soil samples (with or without amendments)
were air-dried and analyzed their physicochemical properties which are
documented in Table S1.

2.3. Experiment under pre-defined redox conditions

After passing through a sieve of 0.15 mm, 210 g of the pre-in-
cubated soil samples of CS, S&BM, S&BC300, and S&B550, respectively,
were mixed with 1680 mL tap water into one biogeochemical micro-
cosm system (MC). The intelligent MCs can mimic varying redox con-
ditions and automatically record pH and Eh values every 10 min. More
technical details were documented by Yu and Rinklebe (2011). At the
beginning of the experiment, the slurry was flushed with N2 to reach the
lowest Eh. Additionally, carbon sources for soil microorganisms, i.e.
wheat straw (15 g) and glucose (5 g), were added into MCs at the be-
ginning of experiment to reduce the Eh by activating the microorganic
activities to reduce the Eh as low as possible. Each amendment had four
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independent replications; therefore, the total number of the MCs was
16. Ten pre-defined redox windows, from −300 to +250 mV (initial,
−300, −200, −100, 0, 100, 200, 250, 200′, and 100′ mV), were ob-
tained by flushing the slurry with synthetic air or O2 to gradually in-
crease the Eh. These redox windows were selected based on a pre-
liminary experiment to study the possible redox conditions which might
be varied due to the soil properties. The lowest Eh values were ap-
proximately −300 mV for the CS, S&BC300, S&BC550, yet the Eh can
only reach around −200 mV as minimum for BM. Detailed Eh condi-
tions (maximum, minimum, and average) have been documented in
Beiyuan et al. (2017a).

After 1-h mixing of CS, S&BM, S&BC300, and S&BC550 in MCs, the

initial sampling was conducted. For selected redox windows, after the
adjustment of Eh, a 24-h maintenance by purging synthetic air or O2 to
the system was performed before sampling to have a better mixing of
the slurry. An approximately 70 mL of slurry sample was collected for
every MC, immediately centrifuged at 5000 rpm for 15 min, and
transferred to an anaerobic glovebox (Don Whitley Scientific, Shipley,
UK) to separate liquid and solid phases by 0.45-μm filter membranes
(Whatman Inc., Maidstone, UK). The glove box was purged by a gas
mixture (5% H2 and 95% N2) to control the oxygen concentration inside
within 0–0.1% (as anoxic conditions). After centrifugation, the filtered
supernatant was further separated to liquid sub-samples for different
analysis (metal(loid)s, total carbon (TC), DOC, dissolve inorganic

Fig. 1. Influence of dynamic redox conditions (Eh) on the variation of dissolved Pb, pH, sulfate (SO4
2−), chloride (Cl−), dissolved organic carbon (DOC), SUVA,

dissolved inorganic carbon (DIC), dissolved Fe, Mn, and Al in (a) a contaminated soil (CS), the contaminated soil amended with (b) pine sawdust biomass (S&BM), (c)
pine sawdust biochar produced at 300 °C (S&BC300), and (d) biochar produced at 550 °C (S&BC550). The same letters above the bars indicate that the results are not
significantly different according to the Tukey’s test (p < 0.05).
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matter (DIC), total nitrogen (TN), and anion groups), and stored in
refrigerators at 4 °C.

2.4. Analysis methods for metal, DOC, DIC, TN, and inorganic groups

The liquid sub-samples for metal analysis were firstly prepared by
adding concentrated nitric acid (HNO3) at a volumetric ratio of 1% (v/
v), and subsequently detected by ICP-OES. Total carbon, DOC, DIC, and
TN in the liquid samples were determined by a C/N-analyzer (Analytik
Jena, Germany). The specific ultraviolet absorbance (SUVA) values
were obtained by dividing the UV absorbance (at 254 nm) of liquid
samples with their DOC concentration (Weishaar et al., 2003). Con-
centrations of anion groups, such as nitrite (NO2

−), nitrate (NO3
−),

sulfate (SO4
2−), chloride (Cl−), and phosphate (PO4

3−), were mea-
sured by an ion chromatograph (Metrohm, Germany).

2.5. XAFS study for Pb speciation after pre-incubation in soil

Lead LIII-edge XAFS measurements were performed at the BL07A
beamline in the National Synchrotron Radiation Research Center
(NSRRC) in Taiwan. The wet soil samples collected under different
redox conditions and treatments were sealed and prepared in acrylic
holders in 2-mm thickness by Kapton tape to avoid desiccation and
oxidation in an O2-free glove box. The samples were stored in a zip bag
from which air was removed. Thereafter, the zip bags were stored in a
freeze box which was filled with dry ice, and transferred to NSRRC
directly. A number of Pb-containing reference standards were included,
such as Pb adsorbed on humic acid, PbS, PbCO3, PbO, PbO2, PbSiO3,
Pb3(PO4)2, Pb(CH3COO)2, and Pb(OH)2. The XAFS data were processed
using the Athena 0.9.25 package (Ravel and Newville, 2005). Solid
samples by different amendments were analysed by linear combination
fitting (LCF) which was conducted on the X-ray absorption near-edge
structure (XANES) data (Kameda et al., 2017; Li et al., 2016a). The best
LCF result we obtained was used in this study, after trying all the binary
combinations of the reference materials. Table S2 shows the computed
proportions of Pb speciation of the best LCF results. The details of
XANES analysis in NSRRC and LCF were documented in Supplementary
Information (SI).

2.6. Statistical analysis

Average of the replicated data collected from the MCs were present
for 6 h prior to sampling were calculated and used. The significance
levels (p < 0.05) for each treatment in Fig. 1 were analyzed by Tukey’s
multiple range tests. Pearson’s correlation analysis and factor analysis
among Pb and other environmental factors of Eh, pH, DOC, DIC, SUVA,
Cl−, SO4

2−, Al, Fe, Mn, and S were conducted by IBM SPSS Statistics
version 22.0.

To study the connections among the key features and complex
cause-and-effect interaction of the solubility of Pb in the systems of CS
and amended with BM and biochar, factor extraction by Principal
Component Analysis for factor analysis was performed. We aim to
identify the linkage of factors (i.e. Eh, pH, DOC, DIC, SUVA, Cl−, SO4

2−,
Al, Fe, and Mn) which are thought to have an effect on Pb behavior.
Also, cause-and-effect interrelationships among the measured factors
under dynamic Eh conditions should be identified. The Varimax-rota-
tion procedure of the factor analysis, with a limited interaction calcu-
lation number of 25, was selected. Canonical discriminant analysis
(CDA) was also conducted of all analyzed factors in Section 2.4 by SPSS
to determine the differentiation among groups (untreated soil and the
soil amended with BM, BC300, and BC550) (Shaheen et al., 2017).

3. Results and discussion

3.1. Variation of pH, DOC, DIC, SUVA, Al, Fe, Mn, and anion groups under
dynamic Eh conditions with interactions by biomass and biochar

The soil pH of CS (i.e., without the amendments) ranged from 4.5 to
5.5 under various redox windows (Fig. 1a). The soil pH was greatly
reduced from 5.5 to 4.7 after the second sampling (the lowest redox
window: −300 mV) with the start of purging oxygen-containing syn-
thetic air to increase the Eh. This might be due to the CO2 and organic
acids generated from the degradation of organic matter by microbial
activities under anoxic conditions (Rinklebe and Shaheen, 2017;
Shaheen et al., 2014; Wang et al., 2012). By contrast, negative re-
lationships of soil pH and Eh were commonly reported, which was as-
sociated with the demand of anoxic protons for reducing NO3

−, Mn
(VI), and Fe(III) (Frohne et al., 2014; Frohne et al., 2011).

The pH of the soil slurry ranged from 5.0 to 6.7 in the case of S&
BC550 under various Eh conditions, while the pH stayed in the range of
4.5 to 5.5 in the cases of S&BM and S&BC300, respectively. This could
be attributed to the higher alkalinity of BC550 (7.4), although the pH
values of BM (5.1) and BC300 (5.9) were only slightly higher than the
soil pH (4.2) (Beiyuan et al., 2017a). The pH variation pattern of S&
BC550 differentiated from the other three systems, i.e., the pH in-
creased after purging oxygen/synthetic gases.

The pH of the slurry system of S&BC550 boosted sharply in the Eh
windows of +100 to 250 mV and reached at a peak of 6.7 at the 200′
mV Eh window, which was even higher than the pH at the beginning of
the experiment (Fig. 1d). This might be associated with the redox re-
actions of BC550. Biochar originates from the same feedstock but pro-
duced at intermediate temperature (400–500 °C) have higher quinone
moieties than those produced at low temperature (< 400 °C) (Klüpfel
et al., 2014). In our case, there could be more quinone moieties, which
can act as major electron acceptors, generated from the BC550 than
BC300 and BM. The increase of pH starting at the +200 mV Eh window
was probably because the quinone moieties were reduced to hydro-
quinone under oxic conditions with consumptions of H+.

The concentration of dissolved Fe of CS was significantly higher
under anoxic conditions (<+100 mV) than oxic conditions
(>+100 mV), especially in the redox windows of −200 to 100 mV
(Fig. 1a). The results were strongly associated with the redox chemistry
of Fe oxides (Fe(II)/Fe(III)). Iron oxides can be dissolved as Fe(II) under
anoxic conditions, while Fe presumably re-crystallized as oxides under
oxic conditions (Takeno, 2005). However, large amounts of dissolved
Fe were reduced starting at 200 mV, though the slurry pH was acidic.
The phenomenon was not fully consistent with the Eh-pH diagrams
(Takeno, 2005). This might be due to additional interactions with the
aromatic dissolved organic matter (DOM, indicated by SUVA in this
study), Mn2+, Pb2+, and Cl−, according to the results of Pearson’s
correlation analyses (Table S3). The concentration of dissolved Fe was
suppressed by the amendments with an order of BM > BC300 >
BC550 (Fig. 1). The dissolution pattern of Fe under different redox
windows are similar for all four soil-slurry systems. The Pearson’s
correlation analyses suggested that Fe had strong connections between
pH and Eh (p < 0.01) for BM, SUVA, Eh, Al, and Cl for BC300, and Mn,
pH, Eh, Cl, Al, and TN for BC550 (Table S3-6).

The Mn mostly existed in a dissolved form under various Eh con-
ditions (from −270 to +250 mV) due to the acidic conditions of CS
(Fig. 1a) (Mn(II)/Mn(IV)). Higher concentrations of Mn were observed
under oxic conditions. This result was consistent with the Mn Eh-pH
diagram (Takeno, 2005). The amount of dissolved Mn was significantly
limited by the amendment of BC550, especially under oxic conditions
(from redox windows of 200 to 100′ mV, Fig. 1d), while it was slightly
inhibited by the addition of BM and BC300. This phenomenon might be
associated with the increase of pH by the amendments. Also, the
Pearson’s correlation analyses supported that the Mn concentration was
strongly related to pH, DOC, and Fe (Table S3-6).
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The DOC decreased after purging with O2, which could be asso-
ciated with the addition of O2 for aerobic microbes to consume the DOC
and reduce the high Eh at the initial redox window (Fig. 1). In general,
opposite performance of Eh and DOC was found, which corroborated
that complex organic matter can be decomposed to DOC through re-
ductive hydrolysis in anoxic environment (Frohne et al., 2014; Husson,
2013; Yu et al., 2007). The DOC was significantly associated with Cl−,
TN, pH, Mn and S, according to the results of Pearson’s correlation
analyses for CS. Unexpectedly, the addition of BM and BC300 only
caused negligible effects on DOC, i.e., the variation of DOC of CS, S&
BM, and S&BC300 were similar (Fig. 1). The amount of DOC was
greatly reduced by adding BC550, in comparison with other scenarios,
especially under oxic conditions (from +200 mV to +100′ mV win-
dows).

The initial concentration of SO4
2− in CS was the lowest after the 1-h

initial mixing under oxic conditions (SO4
2−/S2−). The sulfate con-

centration increased after reaching the lowest Eh condition (−300 mV
redox window), and it gradually increased with rising the Eh until
reaching the maximum Eh. The variation pattern of SO4

2− can be af-
fected by the variation of DOC and pH (Rinklebe et al., 2016a). The
addition of amendments slightly increased SO4

2− which was probably
associated with the change of DOC and pH by adding the biomass and
biochar in the present study.

3.2. Dynamics of Pb under various soil Eh conditions with interactions by
biomass and biochar

The dissolved Pb concentration of CS was in the range of
0.01–0.17 mg L−1 under various examined Eh windows (Fig. 1a). The
dissolved Pb was remarkably reduced by the addition of BC550 (under
0.01 mg L−1 for all Eh windows, Fig. 1d), while it was slightly reduced
by the amendment of BM and BC300 to the ranges of 0–0.13 and
0–0.12 mg L−1, respectively (Fig. 1b & c). A similar trend of Pb phy-
toavailability was observed in our previous study (Beiyuan et al.,
2017a). The intensive reduction on dissolved Pb can probably be re-
lated to the higher alkalinity of BC550 (pH = 7.4) compared to BM
(pH = 5.1) and BC300 (pH = 5.9). The mobility of Pb can be sig-
nificantly affected by pH as the solubility of Pb was reduced with an
increasing pH (Dong et al., 2000). Significant change of pH was found
with the assistance of BC550 as discussed in the previous section, which
presumably is one of reasons leading to the Pb immobilization, which is

consistent with previous finding (Ahmad et al., 2012; Ahmad et al.,
2014a; Shen et al., 2019a,b). The enrichment of alkalinity by BC550
increased negative charge of the soil surface, which might also lead to
higher adsorption affinity of Pb (Ahmad et al., 2014b).

The immobilization effect caused by oxygen-containing functional
groups was not obvious in comparison with the alkalinity in this study,
though biochar with high oxygen-containing functional groups is ex-
pected to be able to effectively immobilize metals, especially for soft
Lewis acids such as Pb2+ (Ahmad et al., 2016c; Uchimiya et al., 2011).
Marginal difference on the dissolved Pb caused by the addition of BM
and BC300 was found, despite BM has a higher O/C ratio (BM = 0.66
and BC300 = 0.33) resulted in reduced oxygen-containing functional
groups followed the increased pyrolysis temperatures (Awad et al.,
2018).

The amount of dissolved Pb reached the highest under slightly an-
oxic conditions (at the redox windows of −100 to 0 mV) with or
without the addition of BM and BC300. This might be mainly attributed
to the dissolution of Fe/Mn oxides under reducing conditions which
thereafter lead to a release of co-precipitated and adsorbed Pb (Du
Laing et al., 2009b). This can be further supported by the fact that
higher amounts of dissolved Fe and Mn (more obviously for Fe) were
found at similar Eh windows (−100 to 0 mV, Fig. 1). In addition, the
geochemical fractionation results indicated that Pb in the soil was
mainly bound to the residue, crystalline iron oxide, and carbonated
fractions (Beiyuan et al., 2017a).

A decreasing trend of dissolved Pb started at −100 mV to 100 mV
for all cases (except S&BC550), which might be associated with the
formation of Fe/Mn oxides. These generated Fe/Mn oxides have a
higher cation exchange capacity and surface area which are favorable
for the adsorption of Pb ions (Antic-Mladenovic et al., 2017). In addi-
tion, the results of Pearson’s correlation analysis further supported that
Mn, pH, Al, Fe, and SO4

2− were the most significant features influen-
cing the amount of soluble Pb in the four scenarios (p < 0.01)
(Table 1), whereas DOC and SUVA also played important roles in
controlling the solubility of Pb (p < 0.05).

3.3. Speciation of Pb in soil phase by XANES analysis

Fig. 2 shows the LCF results of Pb XANES spectra of soil samples
collected from both anoxic (the lowest Eh) and oxic conditions (the
highest Eh) of all four scenarios, respectively. The results indicated that

Table 1
Pearson’s correlation relation among Pb and environmental factors (Eh, pH, DOC, SUVA, Fe, Mn, Al, DIN, Cl, and Sulphate) in the control contaminated soil (CS), the
contaminated soil amended with pine sawdust biomass (S&BM), pine sawdust biochar produced at 300 °C (S&BC300), and biochar produced at 550 °C (S&BC550)
(n = 40).

pH Pb DOC SUVA Fe Mn Al DIC Cl Sulphate

CS
Eh n.s. n.s. −0.315* −0.412** −0.628** n.s. n.s. −0.640** 0.464** n.s.
pH 1 −0.781** 0.684** −0.378* −0.343* −0.858** −0.403** n.s. −0.420** n.s.
Pb 1 −0.391* n.s. 0.470** 0.788** 0.588** n.s. n.s. 0.423**

S&BM
Eh n.s. n.s. n.s. n.s. −0.433** n.s. n.s. −0.594** 0.449** n.s.
pH 1 −0.845** 0.605** n.s. −0.572** −0.838** 0.374* n.s. n.s. n.s.
Pb 1 −0.455** n.s. 0.688** 0.772** n.s. n.s. n.s. n.s.

S&BC300
Eh n.s. n.s. n.s. −0.414** −0.574** n.s. 0.571** −0.783** 0.531** n.s.
pH 1 −0.755** 0.784** −0.402* −0.364* −0.941** n.s. 0.365* −0.517** −0.483**

Pb 1 −0.505** 0.331* 0.406** 0.791** n.s. n.s. n.s. 0.423**

S&BC550
Eh 0.565** n.s. n.s. n.s. −0.640** −0.449** 0.353* n.s. 0.489** n.s.
pH 1 0.379* n.s. 0.373* −0.644** −0.852** 0.561** 0.564** 0.467** n.s.
Pb 1 n.s. n.s. −0.387* −0.422** 0.517** n.s. n.s. n.s.

n.s. non-significant.
* p < 0.05.
** p < 0.01.
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the speciation of Pb changed from an anoxic to oxic condition, which
was mainly contributed to Pb(CH3COO)2 and PbCO3. The results
showed a decrease of the proportion of PbCO3 for CS (Fig. 2a & b) and S
&BM (Fig. 2c & d). It is possible that the decrease of PbCO3 in CS and S&
BM was mainly caused by the reduction of pH instead of an increased
amount of Pb(CH3COO)2. PbCO3 is a stable compound with low solu-
bility (Ksp(PbCO3) = 7.45 × 10−14). However, the decreasing pH can
lead to enhanced hydrolysis of CO3

2− to HCO3
− and H2CO3, which

reduce the amount of PbCO3 and increases the amount of Pb2+. A de-
crease of pH (from ~5.5 to 4.8 and 5.0 to 4.5, respectively, for CS and S
&BM) with a growing amount of free Pb2+ ions were observed that
under the same Eh conditions (−300 and 250 mV, respectively; Fig. 1).
Besides, organic matter can become less electronegative caused by the
reduction of alkalinity under oxic conditions (Grybos et al., 2007),

which could lead to a decreasing amount of Pb adsorbed on humic acid.
However, the variation of the proportion of Pb adsorbed on humic acid
was not obvious for all analyzed samples based on our LCF results.

Unlike S&BM, an obvious increase in the proportion of PbCO3 was
found for S&BC300 (Fig. 2e & f); however, the solubility of PbCO3 is
expected to increase under such a decrease of pH from ~5.5 to 4.8. In
addition, an increased amount of dissolved Pb of S&BC300 was ob-
served from anoxic to oxic conditions (Fig. 1). This might suggest a
significant decreasing amount of Pb(CH3COO)2 which probably lead to
increasing Pb mobility, leachability, and availability. Though a similar
immobilization effect on Pb caused by the rich oxygen-containing
functional groups on the surface of BM and BC300 was suggested, the
functional groups after pyrolysis (i.e., BC300) are presumably more
sensitive to the variations of Eh. With a pyrolysis temperature range of

Fig. 2. Linear combination fitting of Pb-XANES results of a contaminated soil (CS), the contaminated soil amended with pine sawdust biomass (S&BM), pine sawdust
biochar produced at 300 °C (S&BC300), and biochar produced at 550 °C (S&BC550) under anoxic ((a) CS; (c) S&BM; (e) S&BC300; and (g) S&BC550) and oxic
conditions ((b) CS; (d) S&BM; (f) S&BC300; and (h) S&BC550).
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200 to 350 °C, functional groups like the carboxyl C]O, aromatic C]C,
and C]O of conjugated ketones and quinones are generated/increased
(Uchimiya et al., 2011). This suggested that biochar produced at 300 °C
contains higher amounts of carboxyl groups which can contribute to Pb
immobilization. Besides, some of the functional groups are redox-sen-
sitive (can be act as electronic donor or acceptor and therefore affecting
their Pb immobilization capacity), specially for carboxyl groups in this
study (Klüpfel et al., 2014; Yuan et al., 2017). These contributed to the
different redox behaviors of BM and BC300, even though they have
similar immobilization effects without affecting by Eh. In addition, the
change of pH caused by BM should be considered.

Subtle changes of Pb speciation were observed under varied redox
conditions for S&BC550 (Fig. 2g & h), which might be attributed to the
high alkalinity of BC550. This further proves our hypothesis that the
pyrolysis process under higher temperatures makes the organic
amendment more stable and resistant in a redox-sensitive environment.

3.4. Principle component analysis and canonical discriminant analysis
statistical analysis

The statistical results supported that the system was complex and
the factors (i.e. Eh, pH, DOC, DIC, SUVA, Cl−, SO4

2−, Al, Fe, and Mn)
were strongly influenced by each other. Two controlling components
are presented in Fig. 3. The total explained variance of the two top
components in CS is 64.19% (37.70% Component 1 and 26.49%

Component 2), in S&BM is 68.88% (42.89% Component 1 and 25.67%
Component 2), in S&BC300 is 73.54% (41.94% Component 1 and
31.60% Component 2), and in S&BC550 is 61.63% (38.62% Component
1 and 23.00% Component 2). More than two components were
achieved in the factor analysis of the four different systems, i.e., a
complex system was established under flooding conditions.

The results of factor analysis in CS suggest that the dissolved Pb was
rather associated with Mn than other factors, which indicates similar
geochemical behaviors of dissolved Pb and Mn under the pre-set vari-
able Eh windows (Fig. 3a), which is consistent with the dissolved con-
centration of Pb and Mn (Fig. 1a). The result is consistent with previous
studies which suggested a higher affinity of Pb to Mn oxides than Fe
oxides (up to 40 times) (Rinklebe et al., 2016b). By contrast, the be-
havior of Fe was largely associated with SUVA (Fig. 3a). In addition, the
results also support that the most significant factors for Component 1
were pH, Pb, and Mn followed by DOC, while Eh and Fe were the most
crucial elements followed by Cl, SUVA, and DIC (Table S7).

With the amendment of BM, the dissolved Pb was relatively asso-
ciated with mineral elements such as Mn and Fe more than other fea-
tures in this system (Fig. 3b), which differed from the results of CS. By
contrast, the change of S&BC300 was smaller compared with CS. After
incubation with BC300, the release pattern of the dissolved Pb in soils
was relatively similar to Mn and sulfate, while the behavior of dissolved
Fe was relatively linked to SUVA. The factor analysis results also sug-
gest that dissolved Pb of S&BM and S&BC300 mainly contributed to

Fig. 3. Factor analysis of dissolved Pb, Eh, pH, sulfate (SO4
2−), chloride (Cl−), dissolved organic carbon (DOC), SUVA, dissolved inorganic carbon (DIC), dissolved Fe,

Mn, and Al in (a) a contaminated soil (CS), (b) the contaminated soil amended with pine sawdust biomass (S&BM), (c) amended with pine sawdust biochar produced
at 300 °C (S&BC300), and (d) biochar produced at 550 °C (S&BC550).

J. Beiyuan, et al. Environment International 135 (2020) 105376

7



Component 1 including pH, Mn, and organic components (DOC and
DIC), while the Component 2 included Fe and Eh (Table S7). However,
for S&BC550, dissolved Pb contributed to Component 1 and 2 almost
equally, where Component 1 mainly contained pH, Fe, and Mn and
Component 2 included DOC, SUVA, and Al (Table S7). The results could
further indicate that the mechanism of influencing the behaviors of Pb
by BM and BC300 were different, which is consistent with our previous
XANES analysis results. Secondly, the behavior of Pb was affected by
BC550 and differ significantly from the CS and BC300, while Pb was
completely immobilized by BC550 under various Eh conditions.

The results of the canonical discriminant analysis (CDA) in Fig. 4
illustrate that CS, S&BM, S&BC300, and S&BC550 could be clearly
discriminated. This means that the geochemical behavior of the release
of Pb and the controlling factors are significantly different due to the
different treatments. The S&BC550 showed significantly a different
behavior from CS, S&BM, and S&BC300, as only a small overlap was
found including all dissolved analytical data. Overall, the similarity of
CS and S&BC300 was higher than CS and S&BM according to some
overlaps. A slight overlay also existed between S&BM and S&BC300.
Function 1 can contribute to 69.4% of variability of the four types of
soils, while function 2 was able to explain 29.2%. Function 1 dis-
criminated the soils into two groups: 1) CS, S&BM, and S&BC300, and
2) S&BC550; whereas function 2 discriminated the soils into two groups
of 1) CS, S&BC300, and S&BC550, and 2) S&BM. The higher dis-
crimination was found based on function 1.

Standardized canonical discrimination coefficients (listed in Table
S8) results indicated that DOC, Pb, Cl, Fe, and SO4

2− were able to
explain the discrimination of the samples according to function 1, while
Mn, pH, TN, Al, and DOC were able to explain the discrimination based
on function 2. The major difference between S&BC550 and the other
three systems was in the features of DOC, Pb, Cl, Fe, and SO4

2−. Those
finding demonstrated that the application of BC550 significantly altered
the Pb behavior and contributed to its Pb immobilization effects.

4. Conclusions

The dissolved Pb from the contaminated soil was almost completely
hampered by the application of BC550, while it was limitedly im-
mobilized by BM and BC300. The Pb immobilization by all amendments
was significantly affected by the variation of Eh. In summary, the pos-
sible mechanisms of the dynamic Eh on affecting the Pb immobilization
effects by BM, BC300, and BC550 are: (1) influences on the release and
resorption of soil dissolved Pb by altering the redox chemistries of pH,
Fe, Mn, Al, DOC, SUVA, and S and (2) influences on the Pb im-
mobilization effects by complexation of the functional groups and
precipitation. Our XANES results also suggested that biochar produced
at higher temperatures can be more suitable for immobilization of Pb
under dynamic Eh conditions, and it is more stable and reluctant to the
variation of Eh. Further investigations on the detailed change of func-
tional groups caused by the dynamic Eh are needed, especially for those
are responsible for Pb immobilization. Given the significant implication
of Pb, future studies on other PTEs-contaminated paddy soils amended
by biochar should be conducted, especially for redox-sensitive PTEs.
Also, the gained results should be verified under field conditions in
future. This can contribute to the application of biochar in con-
taminated paddy soils for rice which is popular in Asian countries.
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