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a b s t r a c t

Effective and economically viable method to remove elevated metal(loid)s from farm and industrial lands
remains a major challenge. In this study, magnetic biochar-based adsorbents with Fe3O4 particles
embedded in a porous biochar matrix was synthesized via iron (Fe) treated biochar or thermal pyrolysis
of Fe treated cedar sawdust. Application and separation of the adsorbent to a multi-contaminated soil
slurry simultaneously removed 20e30% of arsenic, cadmium and lead within 24 h. Fast removal of multi-
metal(loid)s result from the decrease in all operationally defined fractions of metal(loid)s, not limited to
the exchangeable fraction. The direct removal of arsenic-enriched soil particles was observed via micro
X-ray fluorescence maps. Furthermore, through comparison of biochars with different production
methods, it has been found that magnetization after pyrolysis treatment leads to stronger metals/met-
alloids adsorption with a higher qe (bound sorbate) than other treatments but pyrolysis after magneti-
zation stabilized Fe oxides on the biochar surface, indicating a higher biochar recovery rate (~65%), and
thus a higher metal(loid)s removal efficiency. The stability of Fe oxides on the surface of biochar is the
determining factor for the removal efficiency of metal(loid)s from soil.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Metal(loid)s contamination in soil is a global problem (Komarek
et al., 2013; Toth et al., 2016). Due to mining activities, the appli-
cation of metal(loid)s-enriched products to soil, and atmospheric
deposition, toxic metal(loid)s have been released into the envi-
ronment (Chen et al., 2018a). Soil is an important sink of metal(loid)
s and one of the principal sources for their uptake in crops (Gil et al.,
2018). In addition, metal(loid)s in soil can be a source of water or air
pollution due to runoff and airborne dust, respectively (Rai et al.,
2019; Shajib et al., 2019; Tian et al., 2019). Arsenic (As), cadmium
(Cd) and lead (Pb) are three of the most concerning contaminants
due to their wide distribution and high toxicity (Kim et al., 2009; Li
et al., 2016; Norton et al., 2014).

A range of soil remediation technologies have been applied with
varying levels of success; either to remove metal(loid)s from the
contaminated medium or to reduce their bio-toxicity (Khalid et al.,
e by Philip Smith.
ences and Natural Resources
1, China.
.

2017). Among these technologies, phytoextraction and immobili-
zation are currently the most common, but also have substantial
drawbacks. Phytoextraction requires a long time (de Abreu et al.,
2012), and usually only removes one single element at one time
due to the specificity of hyperaccumulators to a certain element
(Kumar et al., 1995), although there are also exceptions which used
high-biomass plants to deal with multi-contaminated soil (de
Abreu et al., 2012). Immobilization is an economical and easy way
to decrease the bioavailability of metal(loid)s in soil; however, the
long-term effect of immobilizers application to soil and the po-
tential of contaminants release back to soil or water has not be fully
explored (Vitkova et al., 2017). New methods for the efficient
extraction of multiple inorganic contaminants simultaneously from
soil are required.

Despite potential drawbacks to biochar, if not used prudently
(Gelardi et al., 2019; Li et al., 2018), biochar still holds great po-
tential due to its potential of waste recycling, ease of production,
economic efficiency, and benefits for agronomic and environmental
applications (Gonçalves et al., 2018; Igalavithana et al., 2019). One
of the potential environmental functions is to decrease themobility
or bio-availability of heavy metals in soil or water systems, such as
Cd and Pb, depending on its high surface area, the cation exchange
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capacities (O’Connor et al., 2018; Palansooriya et al., 2020), and the
enrichment of some special metals stabilizing element such as
phosphorus (Netherway et al., 2019). However, the liming effect of
biochar usually increases the mobility of metalloids (Beesley and
Marmiroli, 2011; Beesley et al., 2011). The combination of biochar
with other soil amendments, or the modification of biochar with
novel structures and surface properties are strategies suggested to
improve the multi-metal(loid)s remediation efficacy (Beesley and
Marmiroli, 2011; Zhang et al., 2013). Among these combinations,
biochar/metal composite showed strong potential (Zhang et al.,
2020). An Fe and calcium modified magnetic biochar can remove
98% of Cd(II) and 85% of As(III) from an aqueous system (Wu et al.,
2018). The application of zero-valent iron and biochar effectively
immobilized metal(loid)s in paddy soil, decreasing the As concen-
tration in the rice grain by 61% (Qiao et al., 2018). Use of a magnetic
biochar reduced the acid-soluble concentrations of Cd, Zn and Cu
by 8e10%, 27e29%, and 59e63%, respectively (Lu et al., 2018). Such
mitigation of toxic elements accumulation in crops using biochar
has been further confirmed in field experiments (Xing et al., 2019).

In the current study, Fe oxide modified biochar was used to
remove multi-metal(loid)s from a soil slurry system. It is hypoth-
esized that magnetic biochar produced by Fe modification, which
takes merits of the unique properties of both biochar (high sorption
capacity for cations, e.g., Cd) and iron oxide (high sorption capacity
for As), can increase its sorption capacity of multi-metal(loid)s from
soils, given its success in aqueous experiments (Wu et al., 2018). In
addition, the magnetic property of Fe modified biochar may permit
the separation of biochar from soil, thus efficiently remove multi-
metal(loid)s.

Several biochars were produced through different procedures
and utilized as adsorbents in soil metal(loid)s removal experiment
and aqueous adsorption experiment. The relationship was to be
disclosed between the two involved processes (adsorption of multi-
metal(loid)s to biochar, and the separation of contaminants-
enriched biochar from soil) and the morphological and physio-
chemical properties of biochar, aiming to find the determining
factors for the metal(loid)s removal efficiency using magnetic
biochar, which can provide further guidance on the optimization of
magnetic biochar production procedure.

2. Experimental section

2.1. Soil and biochar

Soil samples were collected from the Providence QuartzMill Site
in Nevada City, California, (USA), with the center located at latitude
39.259�, and longitude �121.038�. Providence Mine operated be-
tween the 1860s and 1920. A total of over $20 million in gold was
produced by the mine in that period. With funding from Sierra
Nevada Conservancy Assessment Grant and a US EPA Brownfields
cleanup grant, this site was under a procedure to characterize and
mitigate recognized environmental conditions. This area has a
Mediterranean climate, with hot and dry summers, and is vege-
tated with fir, oak, cedar and pine trees and various underbrush
including honeysuckle, Himalayan blackberry and poison oak. The
geology is mainly quartz diorite and granodiorite. The soil at this
site is primarily (85%) mapped as the Musick Series (United States
Department of Agriculture [USDA] classification: fine-loamy,
mixed, semi active, mesic ultic haploxeralf). About 5 kg soil
(sandy loam to sandy clay loam) was taken from the upper layer
(0e30 cm) after removal of vegetation. Plantmaterial was removed,
and the remaining soil was homogenized on site and in the labo-
ratory. The soil was air-dried and sieved to 2 mm before further
experiment. Soil properties are provided in Table 1. To simulate
paddy soil, soil slurry was made by mixing soil with 18.2 MU-cm
water (Barnstead Nano pure; BNP) at a ratio of 3:2 (v/v) for one
month, and then freeze-dried for later incubation experiment and
chemical analysis. The total concentrations of As, Cd and Pb of the
soil were 47.3 ± 6.7 mg kg�1, 12.1 ± 4.4 mg kg�1, and
729 ± 92 mg kg�1, respectively, exceeding the DTSC-recommended
screening levels for residential soil (0.11mg As kg�1, 5.2 mg Cd kg�1,
and 80 mg Pb kg �1) established by the Department of Toxic Sub-
stances Control, California Environmental Protection Agency
(HERO, 2016).

Three production procedures were used to produce different
magnetized biochars: (1) pyrolysis before magnetizing the biochar
(indicated as PM treatment); (2) pyrolysis after magnetizing the
biomass (indicated as MP treatment); and (3) pyrolysis conducted
twice, once before magnetizing and again after magnetizing
(indicated as PMP treatment). The raw biochar without any
magnetizing process was indicated as P treatment. Biomass used in
the current study was red cedar (Thuja plicata) sawdust.

During the entire pyrolysis and cooling process, the furnace was
under N2 atmosphere. Furnace temperature was increased from
room temperature (24 ± 1 �C) to 300 �C at the rate of ~3 �C per min,
and then held at 300 �C for 2 h. The pyrolysis temperature was set
at 300 �C for two reasons: (1) the Curie temperature of Fe3O4 is
500e566 �C (Kolhatkar et al., 2017); (2) within the commonly used
pyrolysis temperatures lower than the Curie point of Fe3O4 (Li et al.,
2020), 300 �C showed a higher comprehensive removal rate of all
the three metal(loid)s in our preliminary experiments (Fig. S1).

During magnetization, 20 g biochar or biomass was suspended
in 200 mL BNP water, and then mixed with magnetizing solution
made by adding FeCl3∙6H2O (20 g) and FeSO4∙7H2O (11.1 g) with
600 mL BNP water. NaOH (10 M) was added dropwise into the
mixed suspension to adjust the pH to ~10. The mixed suspension
was boiled at 80 �C for 1 h, and then a magnet was used to separate
biochar or biomass from the suspension. The biochar or biomass
was rinsed with BNP water and ethanol three times and dried at
70 �C for 12 h. Properties of biochar are provided in Table 2. The
detailed analytical methods of biochar characteristics have been
presented elsewhere (Mukome et al., 2013).

2.2. Metal(loid)s removal from soil and aqueous systems

In the soil experiment, magnetic biochar was mixed with the
soil slurry, with a water to solid ratio of 3:1 (w:w). In the solid, the
ratio of biochar to soil is 1:10 (w:w). After ~24 h, the biochar was
separated from soil suspension and rinsed three times with BNP
water and methanol. During the separation, a Grade N52 Neo-
dymium magnet (UNSPSC Code 24,100000) was applied to the
outside of the slurry container for 10 s. And then the magnet was
slowly lifted upwards, with the biochar particles within the
container moving upwards with the force from the outside magnet.
A plastic spoon was used to remove the biochar particles at the top
edge of the container. For each sample, this process was repeated
for three times. The separated biochar (recovery rate ranging from
45% to 65%) and the remaining soil fractions were freeze-dried for
the sequential extraction and total concentration analysis of As, Cd,
and Pb. There are three replicates for each treatment.

In the aqueous experiment, 0.01 g biochar (raw or magnetic)
was added to 20 mL solution containing single metal(loid) or
combination of metal and metalloid. Arsenic was added in form
NaAsO2 5H2O, Cd in form of CdCl2 2.5H2O, and Pb in form of
Pb(NO3)2 at the concentration of 8 mg L�1 individually for each
metal(loid). pH was adjusted to 6.0. The 50-mL centrifuge tubes
were placed on a rotating shaker and oscillated at 250 rpm for
different durations. After ~24 h, the biochar was separated from
solution using 0.45 mm filter. The filtrate was analyzed for the total
concentrations of metal(loid)s. There are three replicates for each



Table 1
Properties of soils used in the experiment.

Soil pH Sand (%) Silt (%) Clay (%) TOC (%) P (total, %) K (total,%) NH4eN (mg/kg) NO3eN (mg/kg) Bray-P (mg/kg) Olsen-P (mg/kg) SO4eS (mg/kg)

Before 5.4 54 26 20 2.8 0.12 0.16 2.2 1.8 3.9 3.9 143
After PM 5.8 55 27 18 3.3 0.12 0.14 3.5 0.8 3.2 4.5 121
After PMP 5.8 56 26 18 3.2 0.12 0.15 4.3 0.6 2.8 5.4 110
After MP 5.6 56 26 18 3.0 0.12 0.16 3.2 0.6 3.8 4.2 133

Before indicates the soil before the application of biochar; After PM, After PMP, and After MP indicate the soil after PM, PMP, and MP biochar adsorption and separation,
respectively. PM indicates the biochar produced by magnetization after pyrolysis; PMP indicates the biochar produced by pyrolysis twice, once before magnetizing and again
after magnetizing; MP indicates the biochar produced by pyrolysis the magnetized biomass. pH: reactivity in KCl; TOC: the organic carbon content [%].

Table 2
Properties of biochars produced in the experiment.

pH C(%) N(%) Ash(%) Fe(%) SBET(m2/g) Smic(m2/g) Vp(cm3/g) Vmic(cm2/g)

P 6.3 81.3 0.13 22.5 0.08 533 418 0.095 0.093
PM 9.7 62.1 0.16 26.9 27.9 370 288 0.077 0.070
PMP 10.3 53.9 0.30 36.8 37.5 343 266 0.062 0.059
MP 10.0 44.5 0.08 44.5 48.7 257 191 0.040 0.038

pH: reactivity in 0.1 M KCl; C, N: elemental composition [%]; Ash: ash content [%]; SBET: surface area; Smic: micropore area; Vp: total pore volume; Vmic: micropore volume. P
indicates the raw biochar without magnetization; PM indicates the biochar produced by magnetization after pyrolysis; PMP indicates the biochar produced by pyrolysis twice,
once before magnetizing and again after magnetizing; MP indicates the biochar produced by pyrolysis the magnetized biomass.
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treatment. A separate batch adsorption kinetics experiment was
conducted on the PM and PMP biochar, details of which are
described in the supplementary material.

2.3. Recovery of magnetic biochar from soil

The recovery rate of biochar was calculated by quantifying the
biochar content in the soil before and after its separation from soil
via a magnet. Specific markers for biochar, benzene polycarboxylic
acids (BPCAs), were used to estimate the biochar content within
soil (Li et al., 2018; Wiedemeier et al., 2013). In brief, soil with a
known total organic carbon content (TOC) was digested with nitric
acid (68e70%, 8 h at 170 �C). The resulting BPCA solution was
filtered, purified, and analyzed using HPLC. Biochar specific con-
version factor, the reciprocal of the ratio of BPCA carbon toTOC, was
adopted from an earlier study to calculate the content of biochar in
the soil (Li et al., 2018).

2.4. Characteristics analysis of biochar

Biochar samples before the experiment and separated from the
soil and aqueous experiments were characterized for the
morphology, porosity, and magnetic property. Physical analysis of
the biochar was conducted by Micromeritics’ Particle Testing Au-
thority by performing CO2 adsorptione desorption isotherms at
273.15 K using a TriStar II Plus 3.00 according to ISO9277. The
specific surface area (SBET) of the biochar was determined according
to the Brunauer e Emmett e Teller isotherm. The microscopic
features of the biochar were characterized by a scanning electron
micro-scope (FEI Scios DualBeam FIB/SEM, USA) equipped with an
Oxford X-Max Energy Dispersive X-ray Spectroscopy (EDS) Detec-
tor. The X-ray diffraction (XRD) analysis was conducted to identify
crystallographic structures of the samples using an X-ray diffrac-
tometer (UltimaIV, Japan) using a Cu X-ray source at 40 kV and
40 mA. Biochar samples were ground to the size of <40 mm before
analysis. The samples were scanned from 3 to 65� with the scan
speed of 2� min�1. MDI Jade 6.5 software with PDF 2 database was
used to analyze the XRD data. Attenuated total reflectance (ATR)
Fourier transform infrared (FTIR) spectroscopywas used to evaluate
the chemical properties of the raw and magnetized biochar on a
Thermo Nicolet 6700 spectrophotometer with a single bounce
diamond ATR accessory (GladiATR, PIKE Technologies, Madison,
WI) and DTGS detector at ambient temperature (23 ± 1 �C). The
magnetic moment versus magnetic field hysteresis loops of
different biochars were measured with a Magnetic measuring
system (MPMS-3, Quantum Design Company, America) at ambient
temperature (23 ± 1 �C).

2.5. Chemical analysis methods

The aqua regia method was used to digest soil samples, for the
measurement of the total As, Cd, and Pb concentrations before and
after the application of biochar. Digestion blanks and a loam soil
reference material (ERM CC141) were carried through the digestion
process for quality control and recovery assurance. The concen-
trations of total As, Cd, and Pb were determined by ICP-MS (Per-
kinElmer 600X, USA). Calibration curve accuracy was confirmed by
certified reference material (1640a). Sequential extraction of As
from soil samples before and after the experiment was conducted
using five-step sequential extraction method according to Wenzel
et al. (2001); sequential extraction of Cd and Pb was conducted
according to Tessier et al. (1979).

Synchrotron radiation (SR) based micro X-ray fluorescence
(XRF) mapping was used to obtain the micro-distribution of As on
biochar, compared with the distribution of Fe. Based on the results
of micro-XRF, As K-edges X-ray absorption near edge structure
(XANES) was conducted on regions of elevated As, to obtain As
speciation. Experiments were conducted on beamline 10.3.2,
Advanced Light Source, Lawrence Berkeley National Laboratory, US.

2.6. Statistics

PASW® Statistics 18.0 was used to statistically analyze data.
Significance level was set at an error probability of 0.05. Origin 9.0
was used to make the graphics. Differences in metal(loid)s removal
rate among treatments were tested using ANOVAs (Tukey). Values
represent mean ± standard deviation (n ¼ 3).

3. Results

3.1. Removal of metal(loid)s by magnetized biochar from soil and
aqueous system

After incubation with the magnetized biochars for 24 h,
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followed by the separation of biochar from soil using a magnet, the
total concentrations of As, Cd and Pb significantly decreased
(Fig. 1a). PMP treatment showed the highest removal rate of 28%,
25% and 32% for As, Cd and Pb, respectively. PM treatment also
indicated high removal rate for As and Pb, being 23% and 24%,
respectively, but removed less Cd (16.9%). MP treatment decreased
the Cd concentration by ~23% but removed less As (4.7%) and Pb
(15.1%).

In comparison with the soil experiments, aqueous experiments
revealed that MP had the highest As removal among the three
magnetic biochar treatments (Fig. 1b), in accordance with the
highest Fe content of MP treatment (Table 2). PM treatment showed
the highest Cd and Pb removal (Fig. 1b), in accordance with its
highest carbon content (C%) and highest BET surface area (Table 2).
All the three magnetic biochar showed higher metal(loid)s removal
than the raw biochar (P treatment) with much lower pH value.
Batch adsorption kinetics experiment found that the magnetized
biochar showed a faster and stronger adsorption of Cd and Pb than
Fig. 1. Removal rates of As, Cd and Pb by biochars from soil (a) and aqueous (b) system.
P indicates the raw biochar without magnetization; PM indicates the biochar produced
by magnetization after pyrolysis; PMP indicates the biochar produced by pyrolysis
twice, once before magnetizing and again after magnetizing; MP indicates the biochar
produced by pyrolysis the magnetized biomass. Different letters indicate significant
differences in the same metal(loid)s removal rate among biochar treatments (n ¼ 3,
p < 0.05).
As, indicated by higher adsorption capacity and shorter equilibrium
times (Figs. S2eS4, Table S1). Compared to the respective PMP
treatment, PM treatment showed a ~65% higher adsorption ca-
pacity of As (Table S1). The co-existence of As in the dual-adsorbate
system decreased the adsorption of Cd to magnetic biochars,
compared to the single-adsorbate system of Cd (Fig. S2). However,
such negative effect of As on the adsorption of Pb, or the negative
effect of Cd or Pb on the adsorption of As was not observed.

Sequential extraction results indicated that all the five fractions
of Cd and Pb in the experimental soil decreased to a certain extent,
with extractable fraction (F1) being the main removed fractions
(Fig. 2). The F1 fractions of Cd decreased by 29.3% and 41.0% by PM
and PMP treatment after the removal experiment. The F1 fractions
of Pb decreased by 61.7% and 63.9% by PM and PMP treatment after
the removal experiment. The fractions of Cd and Pb bound to car-
bonates (F2) also showed apparent decrease. Arsenic showed
different extents of decrease in all five fractions. PM treatment
showed the biggest reduction in the non-specifically sorbed frac-
tion (F1), while PMP treatment showed no significant difference
among different fractions.
3.2. Separation efficiency of magnetic biochar from soil

Separation of biochar from soil under magnetic field was mainly
determined by the magnetism of biochar. Before the application to
soil, the saturation magnetizations of three magnetized biochar
were in the order of MP > PM > PMP (Fig. 3a), which changed to
MP > PMP > PM after the soil removal experiment (Fig. 3b). The
saturation magnetizations of the MP and PM biochars separated
from soil significantly decreased, while the saturation magnetiza-
tion of PMP biochar remained relatively unchanged.

The separation efficiency of biochar from soil was evaluated via
the recovery rate of biochar (Fig. 3c) and the change in soil prop-
erties after the separation of biochar (Table 1). The highest recovery
rate of magnetic biochar was ~65%, with PMP > PM > MP. This
indicated that after the separation, the biochar: soil ratio decreased
to ~3:100, and the Fe: soil ratio was ~1.2%. The properties of soil
after the application and thereafter the separation of the magnetic
biochar have been changed slightly, mainly in terms of clay content,
TOC, nitrogen and phosphorus (Table 1).
3.3. Characteristics of the synthesized biochar

All these biochar samples possess the hierarchical porous
structure, exhibiting the micro/mesopores-dominant nature of the
samples (Fig. S5). The magnetizing processes led to a decrease in
the surface area, which was observed for all the different pore sizes.
Both the total pore volume and the micropore volume were in the
order of P > PM > PMP > MP, in the same order with the carbon
content, and opposite to the order of the iron content (Fe%)
(Table 2).

XRD spectrum clearly indicated that Fe3O4 (magnetite) was
incorporated on the surface of the biochar particles (Fig. 4). Peaks at
30.3�, 35.5�, 43.3�, 56.9� and 62.7� are characteristics of cubic
magnetite that is described with the standard Powder Diffraction
File (PDF 99-0073). PMP treatment showed the existence of a small
amount of g-Fe2O3 (maghemite), suggested by its brown color,
unlike Fe3O4 (magnetite) which is black (Schwertmann and Cornell,
2000).

SEM images indicated both tubular and circular microstructures
of the raw biochar (Fig. S6). After magnetization, Fe particles can be
found on the surface of the three magnetic biochars. PMP treat-
ment, after twice pyrolysis, showed a blurred edge on the tubular
structure.



Fig. 2. Sequential extraction of As, Cd and Pb from soil under different treatments. The As fractions were categorized as F1: non-specifically sorbed; F2: specifically-sorbed; F3:
amorphous and poorly-crystalline hydrous oxides of Fe and Al; F4: well-crystallized hydrous oxides of Fe and Al; and F5: residual phases. The Cd and Pb fractions were categorized
as F1: extractable metals; F2: metals bound to carbonates; F3: metals bound to FeeMn oxides; F4: metals bound to organic matter and F5: residual phases. CK indicates the
treatment with only soil, no biochar; PM indicates the biochar produced by magnetization after pyrolysis; PMP indicates the biochar produced by pyrolysis twice, once before
magnetizing and again after magnetizing.
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3.4. Changes in biochar characteristics after adsorption experiment

SEM-EDS further disclosed the chemical composition of biochar
and Fe oxide particles on the biochar surface (Fig. 5). Before the
application to soil, the PM biochar surface without Fe showed the
main composition of carbon and oxygen, while the surface covered
by Fe oxides showed the main composition of iron, carbon and
oxygen. After the application and separation from soil, the biochar
surface without Fe attached still showed a primary composition of
carbon and oxygen, with some attached soil particles, evidenced via
Al, Si, and a small amount of Cd and Pb. The Fe-oxides attached to
the surface of the biochar had a primary composition of iron and
oxygen, with attached Al, Si, and a small amount of As, Cd and Pb.

FTIR spectra indicated that for the raw biochar, peaks at
1593 cm�1 is characteristic for C]C in aromatic structures (Fig. 6);
the band at 1030 cm�1 and 1053 cm�1 indicates the stretching vi-
brations of CeOeC and OeH. After the impregnation of iron oxide
(PM treatment), new peaks occurred at 552 cm�1 and
627 cm�1,corresponding to the FeeO stretching vibration of high-
spin Fe3þ complex in Fe3O4. The disappearance of the peak at
1030 cm�1 for the PMP treatment indicated that some hydroxyls
might have been lost during the second-time pyrolysis. After the
soil experiment, for all the three magnetic biochars, peaks at
1030 cm�1 and 1007 cm�1 accorded with the SieO stretching vi-
bration of kaolinite, while peak at 910 cm�1 accorded with the
Al2OH bending band of kaolinite.
3.5. Micro-distribution of As on the biochar surface

XRF map found that both PM and PMP biochar separated from
the As enriched solution showed an uniform distribution of Fe and
As on the surface, indicating a high adsorption capacity of Fe oxides
to As in the solution (Fig. 7a and c); whereas biochar separated from
soil showed an uneven distribution of Fe and As (Fig. 7b and d).
Additionally, a large soil particle enriched with As can be clearly
seen in the XRF map of PMP biochar separated from the soil
(Fig. 7d).

On As-enriched spots of untreated soil (Fig. S7a) and the soil
after PMP treatment (Fig. S7b), m-XANES spectra were obtained.
Results indicated that As in the soil particles was a combination of
As(III) and As(V) while the As adsorbed on the surface of biochar
was mainly As(V) (Fig. S7).



Fig. 3. Magnetic moment versus magnetic field of the magnetic biochar before (a) and
after soil experiment (b), and the recovery rate of biochar from soil under magnetic
field (c). PM indicates the biochar produced by magnetization after pyrolysis; MP in-
dicates the biochar produced by pyrolyzing the magnetized biomass; PMP indicates
the biochar produced by pyrolysis twice, once before magnetizing and again after
magnetizing. Different letters indicate significant differences in the same metal(loid)s
removal rate among biochar treatments (n ¼ 3, p < 0.05).

Fig. 4. XRD of the raw and magnetic biochar, and the synthesized Fe3O4. P indicates
the biochar produced by pyrolysis only; PM indicates the biochar produced by
magnetization after pyrolysis; MP indicates the biochar produced by pyrolysis the
magnetized biomass; PMP indicates the biochar produced by pyrolysis twice, once
before magnetizing and again after magnetizing.
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4. Discussion

4.1. Removal of metal(loid)s by magnetized biochar from soil is
applicable

Biochars produced by incorporating magnetic Fe oxides on the
surface of biochar can simultaneously remove multiple metal(loid)
contaminants from soil. In accordance with the proposed hypoth-
esis, the incorporation of Fe on the biochar surface enabled the
adsorption of As to biochar, and the separation of biochar from soil
undermagnetic field. One of themost surprising findings is that the
Fe modified biochar not only removed soluble or exchangeable
fractions of metal(loid)s from the soil, but also removed other
fractions. This was evidenced both by the sequential extraction
result (Fig. 2) and the SR based m-XRF analysis (Fig. 7). As far as the
authors know, this is the first report on the utilization of magnetic
biochar to remove contaminants from a soil system.

One of the most used farmland remediation technology that can
remove metal(loid)s from soil is phytoextraction. The reported
highest As removal efficiency is ~17% per year (Chen et al., 2018b),
while the Cd removal efficiency is even lower (McGrath et al.,
2006). And phytoextraction usually removes one element at one
time. In the current study, after incubation with the magnetized
biochar for 24 h, followed by the separation of biochar from soil
using a magnet, the total concentrations of As, Cd and Pb in soil
decreased by 28%, 25% and 32%, respectively. Therefore, if simul-
taneous removal of multi-contaminants from soil is the final target,
the magnetic biochar indicated a strong application potential.

Another widely used soil remediation technology is immobili-
zation, which does not remove contaminants but decreases its
transfer to other environmental media like plants and water sys-
tems. The reported immobilization ratio without affecting the
growth of crops can be high for Cd but ~50% for As (Basta and
McGowen, 2004; Sarkar et al., 2007). In the current study, the
decrease extent of the F1 and F2 fractions of multi-metal(loid)s
reached 41e64% after 24 h (Fig. 2). Therefore, the metal(loid)s
immobilization efficacy of this method is also comparable to the
existing technology. Unaltered biochar is a commonly used
immobilizer for Cd and Pb, remaining stable even under acid rain
(Lu et al., 2015). Themagnetic biochar which was not removed from
the soil can serve as an immobilizer for metals.

The proposed removal of metal(loid)s via magnetic biochar also
has shortcomings. One of the shortcomings is that when removing
the magnetic biochar from soil, some clay materials such as
kaolinite were also removed. According to the FTIR spectra of bio-
char after soil experiment (Fig. 6), peaks at 1030 cm�1 and
1007 cm�1 accorded with the SieO stretching vibration of kaolinite,
while peak at 910 cm�1 accorded with the Al2OH bending band of
kaolinite (Madejov�a, 2003). The overall clay content decreased from
20% to 18% in all the three magnetic biochar treatments (Table 2).
Although this decrease is not large, further studies are needed to
evaluate the impact of this change in soil properties. Another issue
is that it may be desirable to decrease the Fe dosage, considering
the potential secondary contamination caused by excess Fe. In the
current study, the remaining Fe content in the soil was about 1.2%
by weight, which is within the range of commonly used dosages of
Fe applied to soil as an As immobilizer (Fajardo et al., 2019; Zhang
et al., 2010). However, toxicity symptoms of plants have been found
when applying a dosage of goethite nanospheres higher than 1% by
weight (Baraga~no et al., 2020). Therefore, further study enabling a



Fig. 5. SEM photo and chemical composition of PM biochar before (a) and after (b) application to soil. PM indicates the biochar produced by magnetization after pyrolysis.
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decrease in the left Fe content in soil might be helpful. In addition,
the efficiency of this method to soils with different contamination
extents, and the possibility of a circulation process, i.e.
magnetization-adsorption- demagnetization - recovery e magne-
tization, might worth further study.

Regardless of these issues, as a very short-term and easy-to-
apply scenario, we suggest this as proof of concept for a potential
contaminant removal technology.
4.2. The stability of Fe oxides on the surface of biochar determines
the metal(loid)s removal efficiency

The determining factors of the metal(loid)s removal are classi-
fied into two groups, one impacting the adsorption capacity and the
other related to the separation.
The adsorption of Cd and Pb depends primarily on the surface
area and the pH of biochar. From the current study, it seems that pH
plays a more important role than the surface area, in accordance
with earlier literature (Houben et al., 2013). Although prior studies
revealed that due to the catalytic effect of iron particles (Thines
et al., 2017), more dehydration and decomposition of volatile
matter during the pyrolysis can increase the surface area of biochar
(Salimi et al., 2019), the current study found that all the three
magnetizing processes decreased the surface area. The Fe particles
attached to the biochar or biomass may have blocked some pores,
thereby decreasing the volume of CO2 adsorbed by the biochar in
the adsorption experiment (Li et al., 2020). However, such decrease
in surface area did not lower the cations adsorption capacity of
biochar. On the contrary, the addition of magnetized biochar (pH
ranging from 9.7 to 10.3) increased the pH value of the adsorption



Fig. 6. FTIR spectra of biochar before and after the application of the magnetic biochar
to soil. P indicates the raw biochar without magnetization; PM indicates the biochar
produced by magnetization after pyrolysis; PMP indicates the biochar produced by
pyrolysis twice, once before magnetizing and again after magnetizing; MP indicates
the biochar produced by pyrolysis the magnetized biomass.
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solution, thereby leading to a higher adsorption ability to Cd and Pb
by the magnetic biochar than the raw biochar (Fig. 1b, Table 2). And
based on the XRF map, there was also Cd and Pb attached to the Fe
oxides. The adsorption of Asmainly depends on the incorporated Fe
content. Raw biochar (P treatment) can adsorb limited amount of
As. The incorporation of Fe oxides on the biochar surface signifi-
cantly increased the absorbed amount of As, and higher Fe content
of the biochar corresponds to higher adsorption capacity of As
(Fig. 1b, Table 2). Therefore, the adsorption of these three elements
to magnetic biochars was in accordance with earlier literature (Wu
et al., 2018). Arsenic was mainly adsorbed to Fe oxides due to
electrostatic and specific adsorptions, whereas Cd/Pb was adsorbed
to both Fe oxides and biochar, via electrostatic and physical ad-
sorptions, respectively.

The separation of biochar from soil depends primarily on the
magnetization ability and its stability, i.e., themagnetism of biochar
after adsorption. After 24 h contact with soil, Fe oxides on the
surface of PMP biochar remained magnetic while for the other two
magnetic biochars, there was an apparent decrease in magnetiza-
tion (Fig. 3). Among the three different magnetic biochars, PMP
treatment did not have the strongest metal(loid)s adsorption ca-
pacity (Fig. 1, Figs. S2eS4), but it showed the highest removal ef-
ficiency for all the three metal(loid)s from soil slurry, which mainly
came from its high stability in the soil system (Fig. 1a). Therefore,
the stability of Fe oxides on the surface of biochar during soil
experiment is a determining factor for the removal efficiency of
metal(loid)s from soil. Iron is a redox active element in the soil, and
can cycle through reduced (Fe2þ) and oxidized (Fe3þ) forms with
wet-dry cycles, leading to its dissolution and re-precipitation,
respectively (Suda and Makino, 2016; Yamaguchi et al., 2011).
Such cycle of dissolution and re-precipitation may have decreased
its separation efficiency with soil. The pyrolysis after magnetization
may somehow retain magnetic Fe oxide particles in the pores of
biochar, thereby preventing the loss of magnetism. In addition,
there was a transformation of Fe3O4 to g-Fe2O3 during the second
pyrolysis of the PMP treatment, suggested by its brown color
(Schwertmann and Cornell, 2000). Although the furnace was filled
with N2 atmosphere, perhaps there was some oxidation reactions
during themagnetizing and drying process. Considering the similar
magnetic properties of g-Fe2O3 with Fe3O4 and the better chemical
stability of g-Fe2O3 than Fe3O4 (Sun et al., 2004), such trans-
formation might also contribute to the higher stability of Fe oxides
in the PMP treatment.

The micro-XRF map of biochar separated from soil experiment
found an As-enriched soil particle (Fig. 7). Due to the significant
correlation between soil magnetic susceptibility and soil heavy
metal content under many cases (Ayoubi and Karami, 2019), mag-
netic susceptibility can indirectly reflect the heavy metal contam-
ination of soil as it is influenced both anthropogenically and
naturally by lithological and pedological heavy metal content (Liu
et al., 2016). In the soil, a considerable amount of metal(loid)s
was attached to Fe/Mn oxides (Sungur et al., 2014). Percentage of
As, Cd and Pb attached to Fe/Mn oxides in the current soil was
about 26%, 25% and 31%, respectively (Fig. 2). Therefore, it is sug-
gested that due to the common source of heavy metals and Fe/Mn
oxides and their strong tendency to combine with each other, some
solid particles containing high concentrations of As were directly
attached to magnetic biochars, favoring its removal.

m-XANES revealed that after the soil experiment, As on the
biochar surface was only As(V) while before the soil experiment
there was a mix of As(III) and As(V). (Fig. S7). This could be
attributed to the selective adsorption of Fe oxides to As(V) and the
oxidation reaction of As(III) to As(V) on the surface of the biochar.
Under reducing conditions, the dissolution and re-precipitation
process of Fe often leads to the formation of amorphous Fe ox-
ides, which can adsorb an increased amount of As from soil (Liu
et al., 2015). Therefore, we suggest three possible processes
attaching As in soil to the magnetic biochar: (1) direct attachment
of As-enriched magnetic soil particles; (2) dissolution of Fe and the
associated oxidization of As(III) to As(V), and (3) adsorption or
precipitation of As(V) to amorphous Fe oxides under reducing
conditions.

The Fe/C ratio of the three magnetic biochars was different,
which came from both the pyrolysis and the magnetifying pro-
cedures, including the pyrolysis time, and the initial input of
biomass and Fe oxides. The comparison with an increased number
of treatments considering more affecting factors, might be helpful
to optimize the producing procedures of magnetic biochar. Pyrol-
ysis temperature is another factor impacting the adsorption of
metal(loid)s to biochar. Generally, higher pyrolysis temperature
increases the biochar surface area, favoring the adsorption of con-
taminants, such as Cd and Pb in form of cations (Li et al., 2020).
Biochars produced under high pyrolysis temperature of 600 �C, or
higher, have been found to efficiently remove metals or degrade
organics from water (Sun et al., 2019; Yang et al., 2018). However,
for As oxyanions, the liming effect brought in by high pyrolysis
temperature decreased the As adsorption. In the current study, low
pyrolysis temperature favoring As adsorptionwas adopted (Fig. S1).
Further optimization of pyrolysis temperatures of the two pyrolysis
reactions during producing processes of PMP treatment might
further improve the metal(loid)s removal efficiency.

5. Conclusions

Magnetic biochar with benefits of both biochar and Fe oxides
can simultaneously remove multiple metal(loid) contaminants
from soil. After the application and separation of the magnetic



Fig. 7. XRF map of PM biochar separated from aqueous system (a) and soil system (b), and PMP biochar separated from aqueous system (c) and soil system (d). PM indicates the
biochar produced by magnetization after pyrolysis; PMP indicates the biochar produced by pyrolysis twice, once before magnetizing and again after magnetizing.
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biochar, the total concentrations of As, Cd and Pb in soil decreased
by 28%, 25% and 32%, respectively. Not only the soluble and
exchangeable fractions of metal(loid)s can be removed, the solid
fractions can also be directly adsorbed to biochar. In addition, un-
like water treatment, the stability of the magnetic biochar is a
determining factor for soil treatment. Further study on the dynamic
change in Fe speciation after the application of Fe modified biochar
to soil, and its relationship with the speciation of As, may further
aid the optimization of adsorbents producing procedures.
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