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ARTICLE INFO ABSTRACT

Handling Editor: Yong-Guan Zhu The effect and mechanistic evidence of biochar on the (im)mobilization of potentially toxic elements (PTEs) in

multi-contaminated soils, with respect to the role of surface-functional groups and organic/inorganic compounds

Keywords: of biochar, are poorly understood. Herein, biochars produced from grass residues, rice straw, and wood were
B:Char lfeedS“’Ck applied to a mining-soil contaminated with As, Cd, Pb, and Zn for 473-d. Biochars did not reduce the mobili-
Charcoal

zation of Cd and Zn, whereas they simultaneously exhibited disparate effects on As and Pb mobilization. The
phenolic hydroxyl and carboxylic groups on the wood biochar’s surfaces promoted the conversion of Pb?* into
Soil remediation PbCO3/Pb(OH), and/or PbO, minimally by the rice and grass biochars. Rice and grass biochars led to the
XANES dissolution of scorodite and the formation of less stable forms of Fe-oxide-bound As (i.e., goethite and ferrihy-
XPS drite); furthermore, it resulted in the reduction of As(V) to As(III). The PTEs mobilization and phytoavailability
was mainly governed by the release of dissolved aliphatic- and aromatic-carbon, chloride, sulfur chemistry,
phosphate competition, and the electrostatic repulsion in biochar-treated soils. In conclusion, pristine-biochar
has a limited impact on the remediation of multi-contaminated soils, and the use of modified-biochar, pos-
sessing higher surface areas and functionality and active exchange sites, are preferred under such conditions.

Sustainable remediation
Soil contamination

Food safety

1. Introduction pose a major health concern when they are utilized in agricultural ac-

tivities and food production for human consumption (Masto et al., 2019;

The United Nations called for urgent action on remediation of the
contaminated ecosystems, in order to achieve the Sustainable Devel-
opment Goals (SDGs) (Hou et al., 2020). Mining and smelting activities
drive the prolonged environmental contamination of surrounding soils
due to the translocation of potentially toxic elements (PTEs) via airborne
mining dust, tailings, and surface runoff from mining drainage (Masto
et al., 2019). Consequently, contaminated soils adjacent to mining sites
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Monteiro et al., 2019). The high environmental risk further elevates with
the transfer of PTEs like As, Cd, Pb, and Zn, to groundwater, plants, and
the food chain (Rinklebe et al., 2019). Therefore, the in situ remediation
of such soils using cost-effective and eco-friendly amendments to
immobilize the PTEs in the soil has gained increasing interest within the
framework of the SDGs implementation (Monteiro et al., 2019; Pal-
ansooriya et al., 2020).
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A. El-Naggar et al.

Biochar has garnered significant attention for soil amendment,
owing to its role in environmental remediation, as confirmed by the
promising results of numerous studies (Ahmad et al., 2014; El-Naggar
et al., 2019a; Igalavithana et al., 2019; Shaheen et al., 2019; You
et al., 2017). The possible mechanisms for the immobilization of PTEs in
biochar-treated soils include: (1) electrostatic attraction of cationic/
anionic PTEs on biochar active sites, (2) physical adsorption on the in-
ternal surfaces of biochar pores, (3) surface (co)precipitation with the
elements contained in biochar, and (4) complexation with biochar
surface-functional groups, such as —COOH and —OH (Ahmad et al.,
2014; El-Naggar et al., 2018a; Rajapaksha et al., 2016; Sun et al., 2019;
Yuan et al., 2017). Therefore, the high porosity, large inner surface area,
and diverse surface-functional groups afford biochar the potential to
improve the remediation of contaminated soils near mining sites
through the immobilization of PTEs.

However, the application of biochar to multi-contaminated soils has
exhibited contrasting effects on remediating contamination. For
instance, the application of poultry litter and soybean stover biochar to
multi-contaminated soils decreased the mobility of Pb and Zn, but soy-
bean stover biochar increased that of As (Ahmad et al., 2017; Lu et al.,
2018); meanwhile, the application of peanut shell, eucalyptus wood,
and pine needle biochars did not affect the mobility of As, Pb, and Zn
(Ahmad et al., 2017; Lu et al., 2018). Many other recent studies reported
that biochar application increased the potential mobility and/or phy-
toavailability of As, Cd, Pb, and Zn in multi-contaminated soils (Awad
etal., 2018; Beiyuan et al., 2017; El-Naggar et al., 2019b; Shaheen et al.,
2018); therefore, the ability of biochar for PTE immobilization in multi-
contaminated soils remains to be fully elucidated.

It is anticipated that elevated concentrations of various PTEs in soil
will drive a competition of toxic elements for the binding sites of biochar
surfaces; this will prove challenging for biochar because of its limited
adsorption capacity. Moreover, biochar-induced changes in the soil pH
and the dissolved aliphatic and aromatic carbon, Fe, Mn, P, and S in-
teractions are potential factors that might influence the geochemical
process. Consequently, this has an impact on the (im)mobilization of
PTEs in multi-contaminated soils. The evaluation of the efficacy of the
biochar produced from different feedstocks for remediating degraded
soils requires a better understanding of the controlling factors and
mechanisms involved in biochar-multi PTE interactions. Although some
studies have investigated the effects of biochar application on multi-
contaminated soils (Ahmad et al., 2017; Lu et al., 2018; Pukalchik
etal., 2018, 2017), few have studied the factors controlling the behavior
of PTEs (Awad et al., 2018; Beiyuan et al., 2017; El-Naggar et al.,
2019b). Moreover, the role of surface-functional groups of biochar
derived from different feedstocks on the (im)mobilization of PTEs in
multi-contaminated soils has not been systematically studied.

We hypothesized that: (1) the negatively charged acidic functional
groups (e.g., phenol hydroxyl and carboxyl) on biochar surfaces can
facilitate the dissolution of coprecipitated PTEs and exhibit competitive
sorption for the multi-contaminants in soil, leading to lower PTE-
retaining potential by the biochar in the soil; (2) biochar can increase
the soil capacity for accepting/donating electrons, thus influencing the
chemistry of Mn and Fe oxides, promoting their transformation to less
stable forms. This will lead to an increase in the release potential of
associated PTEs; (3) the potential mobility and phytoavailability of PTEs
are mainly governed by the release of dissolved organic (aliphatic and
aromatic) compounds, the strong association with S and P chemical
structure, and the changes induced by biochar in them. Meanwhile, the
hypothesis that the production of glomalin in biochar-treated soils might
constrain the potential mobility and phytoavailability of PTE needs to be
tested. In this study, we systematically elucidated the impact of biochars
produced from grass residues, rice straw, and wood on the geochemical
processes related to the potential mobility and phytoavailability of As,
Cd, Pb, and Zn after 473 d of biochar addition to a multi-contaminated
soil. The overall aim was to elucidate the controlling factors and
mechanisms involved in the (im)mobilization of As, Cd, Pb, and Zn in a
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multi-contaminated soil treated with biochar produced from different
feedstocks.

2. Materials and methods
2.1. Characterization of soil and biochar samples

A composite surface (0-20 cm) soil sample was collected from a
mining site in Chungcheongnam-do, South Korea. The soil sample was
air-dried, sieved (<2 mm), and characterized, as reported in El-Naggar
et al. (2020). In brief, the soil exhibited a sandy loam texture (sand =
60%, silt = 31%, and clay = 9%), pH = 7.1, electrical conductivity (EC)
= 0.1 dS m~?, and organic carbon = 1.1%. The concentrations of the
PTEs in the control with no biochar treatment (CK) were 1767.1, 14.5,
3121.2 and 1828.3 mg kg_1 for As, Cd, Pb, and Zn, respectively. The
concentrations exceeded their maximum allowable concentrations in
the soil by 88.4-time for As, 2.9-time for Cd, 10.4-time for Pb, and 6.1-
time for Zn, as indicated by Kabata-Pendias (2011). The mineral com-
ponents in the soil sample were studied using X-ray diffraction (XRD;
X’Pert PRO MPD, PANalytical, Netherlands).

Biochars produced from three types of feedstocks, amur silvergrass
(Miscanthus sacchariflorus), rice straw (Oryza sativa), and umbrella tree
wood (Maesopsis eminii), named GBC, RBC, and WBC, respectively, were
used in this study. The biochars were produced by slow pyrolysis at
500-600 °C, at a rate of 10 °C min~", and with a residence time of 1 h.
The biochars were finely ground and passed through a 2-mm stainless
steel sieve prior to characterization and application. More details on the
biochar production method and biochar properties are described (El-
Naggar et al., 2020). Furthermore, the mineral components of the bio-
char matrices were investigated using XRD. The surface functionalities
of the biochar samples were elucidated using X-ray photoelectron
spectroscopy (XPS, K-Alpha, ThermoFisher, USA). The biochar surface
morphology was investigated using scanning electron microscopy (SEM;
Hitachi S-4800, Japan) coupled with energy dispersive X-ray spectros-
copy (EDX). The results of the soil and biochar characterizations are
presented in Table S1, and detailed in the Supplementary Information.

2.2. Incubation experiment

Each biochar was applied to 100 g of soil at the rate of 22.2 g kg%,
equivalent to 30 t ha! (assuming a 10-cm incorporation depth and 1.35
g cm ™2 of soil bulk density), along with the control CK, in a high-density
polyethylene bottle. The experimental units were replicated thrice.
Different treatments were mixed to ensure homogeneity, and the sam-
ples were incubated at 25 °C for 473 d in an incubator (MIR-554; SANYO
Electronics, Co., Ltd., Tokyo, Japan). The soil moisture level was
adjusted to 70% of the soil water-holding capacity by the periodic
addition of deionized water during the experiment. At the end of the
incubation period, the soil samples were collected, and a portion was
immediately stored at —20 °C for glomalin analysis. The remaining soil
samples were air-dried, ground, and sieved to <2 mm.

2.3. Geochemical fractionation of the studied elements

The geochemical fractions of As, Cd, Pb, and Zn in addition to Fe, Mn,
Al, and S were analyzed in all samples, according to the 8-step sequential
extraction procedure described by El-Naggar et al. (2018b) The extrac-
ted fractions and the extraction solutions and conditions are presented in
Table S2. Approximately 2 g of each air-dried soil sample was mixed
with 50 mL of extractant, shaken at 20 rpm, centrifuged at 1957g for 10
min, and filtered through 0.45 pm membrane filters. The soil samples
were digested using a microwave digestion system (Milestone; ETHOS
EASY, Germany) according to standard EPA methods (US EPA, 2007),
for pseudo-total element concentrations. The filtrates were preserved by
adding 0.10 mL of 65% HNO3 until analysis using inductively coupled
plasma with optical emission spectrometry (ICP-OES; Ultima 2, Horiba
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Jobin Yvon, Unterhaching, Germany).
2.4. Phytoavailability, potential mobility tests, and total glomalin content

The phytoavailability and potential mobility of As, Cd, Pb, and Zn
were tested according to the rhizosphere-based extraction method pro-
posed by Feng et al. (2005) and a synthetic precipitation leaching
method (Hageman et al., 2000), respectively. The same procedures have
been used in recent studies of contaminated soils (Beiyuan et al., 2017;
El-Naggar et al., 2019b). For the phytoavailability test, a 10-mM
extraction solution containing acetic, lactic, citric, malic, and formic
acids (molar ratio: 4:2:1:1:1, respectively) was prepared. A 2-mL
extraction solution was added to 20 mL of each soil sample, shaken
for 16 h using an end-over-end shaker, and centrifuged at 1254g for 10
min. The samples were then filtered using disposable syringes with a
0.45-pm membrane filter and preserved by adding drops of concentrated
HNOj3 until analysis. For the potential mobility test, the extraction so-
lution was a diluted mixture of nitric and sulfuric acids (60/40 wt%)
with a pH of 4.20 + 0.05. The extraction solution was added to the soil
samples at a soil-to-solution ratio of 1:20 (w:v), shaken for 18 h using an
end-over-end shaker, and centrifuged at 1254g for 10 min. After the
extractions, the samples were filtered using 0.45-ym membrane filters.
The phytoavailable and potential mobile concentrations were then
analyzed using the ICP-OES described above.

Total glomalin was quantified in fresh soil samples following the
sodium pyrophosphate extraction method (Wright et al., 2006), using a
spectrophotometer (UV-1800, Shimadzu Co., Kyoto, Japan).

2.5. X-ray absorption fine structure spectroscopy

X-ray absorption fine structure (XAFS) measurements were carried
out for As at the TLS 07A1 beamline in the National Synchrotron Ra-
diation Research Center (NSRRC) in Taiwan, and Pb at the 7D beamline
in the Pohang Accelerator Laboratory (PAL) in South Korea. XAFS
analysis was used to investigate the speciation of As and Pb in the
control and the biochar-treated soils to elucidate the mechanisms
involved in As and Pb release in different treatments. The samples were
sieved through <200 mesh (0.074 mm) and distributed evenly on a
Kapton tape (~4 x 2 cm) as a thin layer. Similarly, all reference com-
pounds of As and Pb were placed on the Kapton tape for XAFS analysis.
The obtained XANES data were analyzed, and the best linear combina-
tion fitting was obtained using the Athena 0.9.25 package (Ravel and
Newville, 2005). The computed proportions of As and Pb speciation of
the best linear combination fitting results are presented in Table S3.

2.6. X-ray photoelectron spectroscopy

At the end of the incubation period, the surface functional groups
and chemical composition of soil samples were elucidated using X-ray
photoelectron spectroscopy (XPS, K-Alpha, ThermoFisher, USA). In
addition, Fe functional groups in the bulk soils were also investigated. As
XPS is a surface-sensitive technique, strict sample preparation was fol-
lowed to avoid surface contamination. To assure the quality of analysis,
the binding energies of different elements were calibrated. OriginPro 9.1
software (OriginLab Corporation, Northampton, USA) was used for the
smoothing of raw data of XPS results. The baseline background was
subtracted to estimate the relative proportions of the chemical state
likely to be present. Thereafter, the peak fitting procedure was per-
formed using XPSPEAK41 software for spectral interpretation based on
the Gaussian-Lorentzian sum function.

2.7. Quality control and data analysis
Analytical grade reagents were purchased from Sigma Aldrich for use

in the analysis. Triplicate measurements were employed and values with
RSD greater than 5% were excluded. The means of variables were
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subjected to one-way analysis of variance (ANOVA), followed by Dun-
can’s multiple-range test at significance level of 0.05. The results of
some soil parameters (pH, EC, available and water extractable PO?’;’,
Ccl, SO?{, dissolved organic carbon (DOC), dissolved aromatic carbon
(DACQ), cation exchange capacity (CEC), and organic carbon) at the end
of this incubation experiment were reported in a previous study (El-
Naggar et al., 2020). In the current study, we employed Pearson’s cor-
relation coefficient (r) to explore the underlying effects of the soil pa-
rameters as well as soil glomalin and the total Al, S, Fe, and Mn on the
potential mobility, phytoavailability, and mobilization of the studied
PTE:s at significance levels of 0.01 and 0.05. All statistical analyses were
conducted using IBM SPSS Statistics 24 (NY, USA).

3. Results and discussion
3.1. Geochemical fractions of As, Cd, Pb, and Zn

The mobile fractions (2F1-F2) accounted for 45.1% in Cd, while they
were 8%, 6.8%, and 0.01% for Pb, Zn, and As, respectively, of their
summation contents in the CK. The non-residual fractions (XF1-F7,
considered as potential mobile fractions (PMF); El-Naggar et al., 2018b),
were dominated by Cd and Pb, accounting for 80.9% and 61.9%,
respectively, of their summation contents in the CK. Meanwhile, it
accounted for only 36.3% and 43.0%, respectively, of the summation
contents of As and Zn (Fig. 1). The high summation content as well as the
relatively high PMF of the four PTEs pose a risk of environmental
pollution in the study area.

Among the PMF of As, the amorphous and crystalline Fe oxides (F6
+ F7) were the most predominant in the CK and the soils treated with
different biochars. This can be attributed to the high affinity between As
and Fe oxides. Pb showed the highest association with the organic
matter fraction (F4) in the CK and the soils treated with different bio-
chars among the other studied PTEs. This is ascribed to the greater
adsorption of Pb by soil organic matter and its high potential to form
inner-sphere metal surface complexes (Kabata-Pendias, 2011). In the
case of Cd, the soluble and exchangeable fraction (F1) and the easily
mobilizable fraction (F2) were the most abundant in the soils with or
without biochars. The elevated mobility and easy uptake of Cd by plant
roots create a potential health threat arising from the advent of toxic

elements into the food chain. It might also indicate that the Cd
content could be mainly ascribed to anthropogenic origins, rather than
pedogenic origins in the studied soil.

The application of biochar to the soil led to disparate changes in the
geochemical fractions of PTEs. The application of RBC to the soil
increased the PMF of As, Cd, Pb, and Zn by 10.3%, 3.5%, 2.5%, and
2.1%, respectively, compared to the CK. The application of GBC signif-
icantly decreased the PMF of As, Cd, Pb, and Zn by 6.0%, 3.6%, 0.5%,
and 2.8%, respectively; it also led to a decrease in the soluble and
exchangeable fraction (F1) of Cd and Pb by 5.4% and 9.6%, respectively,
compared to the CK. While the application of WBC increased the PMF of
As by 16.2%, it decreased the PMF of Cd and Pb by 5.4% and 4.0%,
respectively, compared to the CK. The governing factors for the changes
in the PTE geochemical fractions in the treated and untreated soils in-
fluence several aspects, which will be further discussed in Sections 3.3
and 3.4.

3.2. Phytoavailability and potential mobility of As, Cd, Pb, and Zn

The phytoavailability and potential mobility of the four PTEs showed
that Zn had the highest phytoavailability, followed by As, Pb, and Cd.
Meanwhile, Pb had the highest potential mobility, followed by Zn, As,
and Cd. The potentially mobile concentrations of As, Cd, and Zn were
lower than their phytoavailable concentrations (Fig. 2). This could be
attributed to the differences in pH, as the extraction solution used in the
phytoavailability test had a lower pH (1.20) than that used in the po-
tential mobility test (pH = 4.20) and thus a stronger chelating ability for
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Fig. 1. Geochemical fractions of As, Cd, Pb, Zn in soils with or without different biochars. CK: control, GBC: grass biochar, RBC: rice straw biochar, WBC: wood
biochar. F1: soluble + exchangeable, F2: carbonate, F3: manganese oxide, F4: organic matter (OM), F5: sulfide, F6: amorphous iron oxide, F7: crystalline iron oxide,
and F8: residue. Error bars indicate the standard deviation of the mean. Different lowercase letters indicate significant (p < 0.05) differences in fractions among the
same treatment, while uppercase letters indicate significant (p < 0.05) differences in the same fraction among different treatments.

the PTEs. In contrast, the phytoavailability of Pb was lower than its
potential mobility. In general, Pb is known to be the least mobile
element among the PTEs in the soil, and its solubility is strongly influ-
enced by the formation of complexes with organic matter, apart from
being highly dependent on the extraction solution (Kabata-Pendias,
2011). In our study, soil organic matter was the major sink of Pb;
therefore, it had a major influence on its bioavailability. Consequently,
the formation of Pb-organic complexes and the presence of hydroxy
species of Pb (e.g., PbOH" and Pby (OH,)4) was higher when extracted
with the potential mobility solution (with a higher pH), compared to
that with the phytoavailability extraction solution.

The phytoavailability and potential mobility of the different ele-
ments indicated that the application of biochar to the contaminated soil
did not aid in contamination remediation (Fig. 2). Among the different
biochar treatments, only the WBC significantly reduced (P < 0.05) the
phytoavailability of Zn by 16.6% compared to the CK, but this biochar
had minimal effects on decreasing the phytoavailability of Cd, and Pb.
This could be attributed to the high surface area (315.7 m? g7},
Table S1), and aromatic nature of the WBC. The aromatic carbon (C=C)
was the dominant C form in the WBC (62.6%), compared to other C-
bonding states (Fig. 3). After biochar application to soil, O-containing
functional groups (e.g., carboxyl and hydroxyl) were enriched in soils
treated with WBC than that for RBC and GBC (Fig. S2), which could form
surface complexes with divalent elements. On the other hand, the RBC
enhanced (P < 0.05) the phytoavailability and potential mobility of As
(by 50.4% and 61.7%, respectively), and the potential mobility of Pb
and Zn (by 66.8 and 35.0%, respectively), compared to the CK. The RBC
contained higher aliphatic C content as demonstrated by its high ash
content (52.37%, Table S1), low fixed C (39.1%, Table S1), and high
C—C/C—H (aliphatic/aromatic C) functional groups (34.6%, Fig. 3).
The higher ash and aliphatic components in the RBC compared to other
biochars, stimulated the release of elements associated with DOC in soil

(discussed in Section 3.4).

It is worth noting that the assumed phytoavailable and potential
mobile concentrations accounted for only 0.15% and 0.1% for As, 7.3%
and 2.7% for Cd, 0.1% and 0.1% for Pb, and 3.7% and 0.2% for Zn,
respectively. The small phytoavailable and potential mobile portions
compared to the elevated total concentrations of the PTEs may reflect
low ecological risk (Wang et al., 2020). However, the elements’ high
PMF (2F1-F7), obtained from sequential extraction results, demon-
strated that there is high potential for considerable portions of total PTEs
to be mobilized, as a response to changes in any of biogeochemical
factors.

3.3. Speciation of As and Pb in biochar-treated soils

3.3.1. As

The XPS full spectrum revealed the presence of As (As3d) in the soils
treated with different types of biochar (Fig. 4). The As3d spectra were
deconvoluted into multi-Gaussian fitting peak components (Fig. 5a-d):
As(III) when binding energy ranged between 43.7 and 44.5 eV (Navar-
athna et al., 2019; Wang et al., 2019) and 44.9 eV (Bang et al., 2005;
Yang et al., 2017), whereas it is defined as As(V) when it ranged between
47.7 and 47.9 eV or 49.7-49.9 eV (Czanderna et al., 2002; Panda et al.,
2020). As(V) was the predominant species (76.4%) at binding energies
of 49.7 and 47.8 eV, while As(III) accounted for only 23.6% of its con-
tent in the CK at a binding energy of 44.5 eV. Considerable portions of
the As(V) species were reduced to As(IIl) in the soil treated with bio-
chars. For instance, the reduction ratio of As(V) to As(III) was 14.8% and
4.7% in the soil treated with RBC and WBC, respectively. Such trans-
formations of As(V) to As(IIl) in the soils treated by biochar increase the
mobility of As in the soil, as As(III) is more toxic and less stable than As
(V) (Xiu et al., 2016).

The comparison of the XANES spectra of the As standards (scorodite,
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arsenopyrite, goethite-As(V), goethite-As(III), ferrihydrite-As(V), and
ferrihydrite-As(III)) with those of the samples was carried out using
target transformation in the Athena software. It was observed that the
spectra of scorodite, goethite-As(V), and ferrihydrite-As(III) were well-
matched with those of the soil samples; therefore, they were selected
for linear combination fitting (Fig. 6, Table S3). The linear combination
fitting of the As-XANES spectra demonstrated that As in the CK was
mainly dominated by scorodite; As(V) was adsorbed to goethite, while
ferrihydrite-bound As was not detected (Table S3). The presence of
goethite and scorodite in the CK was confirmed by the results of the XRD
analysis (Fig. 4a) and the XPS spectra of Fe 2p (Fig. 4d). In the biochar-
treated soils, As(III) adsorbed to goethite increased by 3-4 folds
compared to the CK; in addition, significant amounts of As(III) adsorbed
onto ferrihydrite were found in the soils treated with biochars (RBC:
35%, WBC: 26%, GBC: 17%).

The XANES results revealed that mineralogical transformations of Fe
(hydr)oxides occurred in the biochar-treated soils, which governed the
mobilization of As. In particular, the presence of biochar in the soil led to
the dissolution of scorodite and the formation of less stable forms of Fe
(hydr)oxides-bound As (with goethite and ferrihydrite). The presence of
goethite in the soil significantly reduces the stability of scorodite and
promotes its dissolution to less stable forms (Harvey et al., 2006). When

the soil samples were treated with the biochars, they potentially pro-
moted the reduction of As(V) to As(II) due to the presence of electron-
donor functional groups on the surfaces of the biochar and/or in the
biochar-derived DOC, such as eCOOH and phenolic OH (Niazi et al.,
2018). Hence, the results of XPS and XANES consistently confirmed the
reduction of As(V) to As(IIl) in the biochar-treated soils. This was
especially true in the soil treated with RBC, which increased the po-
tential mobility and phytoavailability of As (Fig. 2).

3.3.2. Pb

The high-resolution Pb 4f XPS spectra was deconvoluted into peak
components (Fig. 5e-h) (Tan et al., 2019; Yang et al., 2018; Zhang et al.,
2019). The fitted curve for the XPS spectra of samples from the CK
treatment revealed several Pb(II) functional groups, such as PbCO3/Pb
(OH), (137.7-138.2 eV, 37.3%), Pb3t (139.3-139.9 eV, 16.4%), and
PbO (142.8-143.1 eV, 46.3%). In soils treated with biochar, Pb%>* was
converted to O-containing functional groups (PbO, PbCO3/Pb(OH)5);
Pb2* accounted for 16.4% in CK, but only accounted for 4.1%, 4.8%, and
0% in the soils treated with GBC, RBC, and WBC, respectively. This
reduction in Pb?* was in line with the increase of other Pb species (PbO,
PbCO3/Pb(OH)5). The XPS data of Cls for the three types of biochar
samples showed the presence of C=0 and C—0/0O—H on the biochar
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surface, especially the GBC, which contained the highest ratio (34.2%)
of both forms (Fig. 4c-e). Therefore, we concluded that the phenolic
hydroxyl and carboxylic groups of biochar surfaces promoted the con-
version of Pb from Pb?* into PbCO3/Pb(OH), and/or PbO. The role of
the phenolic hydroxyl and carboxylic groups in the transformation of Pb
(ID) in the soil has been previously reported (Zhang et al., 2017). Pb
species in soils with and without biochar was further determined using
Pb L3-edge XANES spectroscopy (Fig. 6b). The linear combination fitting
results of Pb-XANES spectra demonstrated that Pb in the CK was mainly
adsorbed on humic acid (88.5%, Table S3). Pb had a high binding af-
finity with organic matter in the studied soil, as recorded from the
sequential extraction (Fig. 1). In addition, the dissolved organic matter
in the studied soil originated from humic-like substances (El-Naggar
et al., 2020). Apart from humic acid, Pb was also bound to cerussite

(11.5%) in the CK, as indicated by the linear combination fitting results.
Additionally, the presence of cerussite in the studied soil was supported
by the X-ray diffractogram (Fig. 4b). In general, cerussite is stable and
has low solubility (Ksp(PbCO3) = 7.45 x 10~1%) (Beiyuan et al., 2020).
However, PbCO3 decreased significantly in the soil treated with GBC,
accounting for a meager 6.2%, while the content of hydrocerussite was
14.6%. This could be attributed to the presence of large amounts of
carbonyl and hydroxyl groups on the surfaces of GBC, which enhanced
the CO3™ hydrolysis. In the soil treated with RBC, the Pb bound to
cerussite was reduced to 7%, while the Pb adsorbed on humic acid
increased to 93%. This might be because the soil treated with RBC had
the highest terrestrial humic-like substances compared to GBC and WBC,
as reported by El-Naggar et al. (2020). In contrast, the soil treated with
WBC exhibited the highest cerussite ratio (19.2%), compared to the soils
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treated with GBC and RBC, thus demonstrating a greater stability of Pb
with the WBC treatment. This result agrees with the Pb4f XPS spectra
(Fig. 5h), which exhibited higher proportions of PbCO3/Pb(OH) and
PbO in the soil treated with WBC compared to the CK, resulting in lower
phytoavailability and potential mobility compared to the other biochar
treatments (Fig. 1).

3.4. Factors controlling As, Cd, Pb, and Zn behavior in biochar-treated
soils

The phytoavailability and potential mobility of As were positively
correlated with DOC (r = 0.903 and 0.846, respectively, P < 0.01) and
DAC (r = 0.880 and 0.878, respectively, P < 0.01) (Fig. 7; Table S4).
Moreover, the ratio of the mobile fraction to the summation (MF/SUM)
of As was positively correlated with DOC (r = 0.739, P < 0.01) and DAC
(r = 0.818, P < 0.01); additionally, the ratio of PMF to the summation

(PMF/SUM) of As was positively correlated with DOC (r = 0.597, P <
0.05). These relationships demonstrate the vital role of biochar-derived
DOC and DAC in enhancing the mobilization and phytoavailability of
As, especially in the soils treated with RBC and GBC. As has affinity with
organic matter components to form complexes via Fe bridging; there-
fore, we hypothesized that the release of DOC and DAC prompted the
conversion of As into more available forms and their subsequent release.
This explains the role of biochar in enhancing As mobilization, partic-
ularly in the RBC treated soil, which contained the highest contents of
ash and aliphatic functional groups. Furthermore, the As phytoavail-
ability, potential mobility, and MF/SUM exhibited positive relationships
with CI~ and SO%’ (r ranged between 0.662 and 0.909, P < 0.05). This
suggests that the increased concentrations of CI~ and SO7™~ in biochar-
treated soils led to higher mobility of As in the soil solution, as previ-
ously reported (Ahmad et al., 2017). The available phosphorus (A-POQ*)
and water extractable phosphorus (WE-PO3 ) were positively correlated

As Ccd Pb Zn
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Fig. 7. Heatmap of the association between phytoavailability (PA), potential mobility (PM), ratio of potential mobile fractions (XF1-F7) to summation of the eight
geochemical fractions (PMF/SUM), ratio of mobile fractions (F1 + F2) to SUM (MF/SUM) of the elements and the relevant controlling factors. The pH, EC, available
phosphorus (A-PO3"), water extractable phosphorus (WE-PO37), Cl-, SOZ~, dissolved organic carbon (DOC), dissolved aromatic carbon (DAC), cation exchange
capacity (CEC), and organic carbon (OC) data are from a previous study (El-Naggar et al., 2020).* Correlation is significant at the 0.05 level. ** Correlation is

significant at the 0.01 level.
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with the As phytoavailability, potential mobility, and MF/SUM (r ranged
from 0.797 to 0.927, P < 0.01). Competition between As and PO~ for
sorption sites has already been reported in soils treated with biochar
(Igalavithana et al., 2017). The RBC had the highest P content compared
to GBC and WBC (Table S1), thus enhancing the mobilization and
phytoavailability of As. In addition, the pH was negatively correlated
with the As phytoavailability, potential mobility, and MF/SUM (r ranged
from —0.630 to —0.716, P < 0.05). It has been reported that the nega-
tively charged acidic functional groups on biochar surfaces may facili-
tate the dissolution of As and stimulate the release of As into the soil (El-
Naggar et al., 2019b).

Cationic PTEs (Cd, Pb, and Zn) exhibited analogical interactions with
the potential controlling factors. The potential mobilities of Cd, Pb, and
Zn were positively correlated with DOC, and the potential mobilities of
Cd and Pb were positively correlated with DAC. These relationships
confirm the role of dissolved organic compounds in the release of Pb into
the soil solution, based on the sequential extraction and XANES results.
Recent studies reported the influence of DOC and DAC on the (im)
mobilization of Pb (Beiyuan et al., 2020) as well as Cd and Zn (El-Naggar
et al., 2018b). The release of dissolved aromatic and aliphatic com-
pounds into the soil facilitates the mobilization of associated cationic
PTEs. Furthermore, the potential mobility (PM) of Cd and Zn exhibited a
positive correlation with Mn, suggesting that the dissolution of Mn ox-
ides may lead to the release of adsorbed and coprecipitated Cd and Zn.

Interestingly, the results of the Pearson’s correlation analysis showed
negative correlations between S and the PM of Cd, Pb, and Zn, while
SO%~ exhibited positive correlations with Pb and Zn. This suggests that
when sulfides are transformed to sulfates in the soil, the associated el-
ements are released into the soil solution. Notably, A-PO§~ and WE-
PO3™ also showed positive correlations with the PM of Cd, Pb, and Zn,
suggesting that the three cations were associated with PO3~; thus, its
release into the soil solution led to the release of the toxic elements. This
clarifies the elevated PM of Cd, Pb, and Zn in the soil treated with RBC
compared to the other treatments, which can be attributed to the greater
total P content in the RBC. The phytoavailability of Cd and Pb was
negatively correlated with glomalin. Our results also showed that the
biochar-induced increase in glomalin was associated with a decrease in
the phytoavailability of Cd and Pb, as indicated by the negative corre-
lations. Glomalin, which is produced by the hyphae of arbuscular
mycorrhizal fungi, is known to sequester PTEs, reducing their uptake by
plant roots (Gonzalez-Chavez et al., 2004). This could explain the
enhanced performance of biochar in reducing the phytoavailability of
the elements instead of their mobility (Fig. 2). Remarkably, the phy-
toavailability of Pb and Zn exhibited positive correlations with the CEC;
this was contradictory to the expected behavior. One of the key prop-
erties of biochar, which increases its potential to immobilize the cationic
elements, is promoting the CEC in soil, which in turn affords an
enhanced capacity for PTE adsorption (El-Naggar et al., 2018a; Zama
et al., 2018). This anomalous behavior (positive correlation with CEC)
could be explained by the competitive sorption of the different cationic
contaminants on the exchange sites of the biochar surfaces; this led to
the lower retaining potential in multi-contaminated soils.

4. Conclusions

The studied soil was highly multi-contaminated, with high potential
mobile fractions of Cd and Pb, and low potential mobile fractions of As
and Zn. The potential of the three studied biochars, having a wide range
of differences in their properties, to remediate the multi-contaminated
soil was low. Different biochars produced from different feedstocks
behave distinctively for the (im)mobilization of toxic elements in multi-
contaminated soils. A number of factors control the (im)mobilization of
toxic elements in soils. These factors include the release of DOC, DAC,
Cl™, Fe, and Mn, S-SO3~ chemistry, phosphate competition, electrostatic
repulsion, and kinetics of mineral dissolution and the release of associ-
ated elements into less stable forms. Moreover, different multi-cationic
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toxic elements compete for the exchange sites of biochar surfaces; this
leads to a decreased potential for retaining the elements in multi-
contaminated soils. Additionally, the negatively charged acidic func-
tional groups on biochar surfaces play a crucial role in the dissolution of
coprecipitated toxic elements as they act as electron donors and, for
instance, promote the transformation of As (V) to As (III), and Pb2* to
PbCO3/Pb(OH), and/or PbO. Therefore, the application of biochar to
soils with a high mobilization potential of multi-contaminants remains a
challenge for the biochar field applications. Based on our results that
show that none of the applied biochar had positive effects on detracting
the mobilization of the elements, the application of such pristine biochar
to remediate such soils with elevated concentrations of multi-
contaminants is not recommended. Therefore, the optimization of bio-
char properties by designing higher surface area and functionality, and
provision of active sites for capturing PTEs is essential before it is suit-
able for application in multi-contaminated soil remediation.
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