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A B S T R A C T

Biochar (BC) and magnesium ferrite (MF) have been used in effective adsorption of cadmium (Cd) in aqueous
environment, whereas little is known about the effect of their composite on Cd adsorption and Cd-contaminated
soil remediation. In this study, biochar (BC), magnesium ferrite (MF) and biochar assembled with magnesium
ferrite (MB) were prepared for Cd adsorption and then applied in soils (1–2% w/w) to investigate their effects on
Cd passivation by performing leaching experiments and early stage seeding growth test for packoi (Brassica
chinensis L.). Compared with the BC and MF, the MB showed greater adsorption property for Cd at aqueous
solution (31.3 mg/g) and amended soils (1.85 mg/g at 2% applied rate) based on the isotherms studies. Besides,
the MB performed the better passivation ability in reduction of the bioavailable Cd and seeding growth ex-
periment. Solid state analysis of the materials before and after leaching indicated that the passivation mechanism
may be dominated by ion exchange and surface complexation. Principal component analysis revealed that the
soil pH and adsorption capacity had the strong correlation with the contents of bioavailable-Cd and seedling
growth. These results indicated that MB could be used as an efficient amendment in Cd contaminated soil for
reducing bioavailable Cd concentrations and improving plant growth.

1. Introduction

Heavy metal (loid)s contamination in Chinese agricultural land has
received significant attention in recent years (Liu et al., 2019a; Yin
et al., 2019). For example, it has been reported that the mean con-
centration of cadmium (Cd), most toxic environmental pollutants, in
many southern provinces (e.g. Guangdong provinces (n= 1424) was
higher than the environmental quality standards (GB 15618-2018)
(Chen et al., 2015), and therefore it attracted more attentions owing to
accelerated pace of industrialization and increasing demand for che-
micals (Bashir et al., 2019; Liu et al., 2019b; Liu et al., 2019c). Ac-
cordingly, excessive Cd accumulation in soils caused adverse impact on
crop yield and quality, ultimately to the human beings through food
chain. There are various well-developed strategies to remediate the Cd-
polluted agricultural soils, e.g. phytoremediation, chemical im-
mobilization, microbial remediation (Garrido-Rodriguez et al., 2014;
Gong et al., 2018; Liu et al., 2019d; Xia et al., 2017). Among them, in
situ remediation techniques is a promising and cost-effective method in
this field due to its simple operation, little/no disruption to soils, wild

applicability and high efficiency. The mechanisms of the Cd passivation
in soil includes adsorption, binding and precipitation, which result in
the interruption of Cd transferring in soil-plant system.

Various amendments have been proposed for Cd-contaminated soil
remediation, such as lime (Pardo et al., 2018), clay mineral (Xu et al.,
2017), compost (Rehman et al., 2018) and biochar (Cui et al., 2019b; Li
et al., 2019). Biochars, the porous carbonaceous materials produced
from myriad of biomass after pyrolysis or gasification progress under
low/no oxygen condition (Beiyuan et al., 2017; Fang et al., 2016; Yoo
et al., 2018), have attracted considerable attention in soil amelioration
because of its distinctive and versatile characteristics including low-
cost, carbon sequestration, soil fertility/properties improvement and
immobilization/adsorption of pollutants. Recently, Cui et al. (2019b)
reported the wheat straw biochar reduced the Cd bioavailability up to
~90% as compared to control (2.5 mg Cd/kg) and exhibited stable
property based on the long-term incubation. Puga et al. (2016) reported
the sugarcane straw derived biochar effectively reduced the Cd, Pb and
Zn in the pore water under acidified soil and thus decreased their
mobility, and suggested that the metal adsorption on biochar was the
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primary mechanism. Moreover, the passivation efficiency of pristine
biochars could be enhanced through modification techniques through
impregnation with metals/metal oxide, etc (Wang et al., 2018a; Xiang
et al., 2019a). In order to improve the immobilization efficiency, var-
ious modification approaches have been proposed. For example, Wang
et al. (2019) showed the concentration of bioavailable Cd decreased
after addition of Mn–Fe-coated biochar by 76%, compared with pristine
biochar of 47.7%. Wu et al. (2019) indicated sulfur-iron modified
biochar could convert more bioavailable Cd to active stable complexes
in comparison with untreated biochar, resulted in significant reduction
of exchangeable-Cd fraction and higher bacterial abundances. Qiao
et al. (2018) reported the addition of zero valent iron (ZVI) and biochar
composites reduced bioavailable Cd in soil as well as rice tissue com-
pared to original biochar because of the synergistic effects of biochar
and ZVI.

Ferrites, with general formula MeFe2O4 (Me=Fe, Mg, Mn, etc.), are
generally served as an alternative material for water purification be-
cause of its easy separation, large adsorption capacity, high stability
and cost-efficiency (Gwenzi et al., 2017). It was also reported that
manganese ferrite immobilized Cr(V) (Eyvazi et al., 2019) and Cu, As,
Pb, Zn (Li et al., 2016) in the soil through the column leaching and
batch test, indicating its passivation potential towards heavy metal
polluted soil. Nevertheless, pure ferrites are frequently supported by
porous carbonaceous materials (e.g. activated carbon, biochar, meso-
porous carbon, etc.) to avoid the negative layers stacking effect.
Thereafter, the enhanced adsorption capacity of the ferrite modified
biochar were considerably recorded (Karunanayake et al., 2018; Lu
et al., 2018). So far, biochars and ferrites have been used for heavy
metal passivation in soil (Eyvazi et al., 2019; Lu et al., 2018; Qiao et al.,
2018), but the comparison study of immobilization effectiveness and
mechanism among ferrite modified biochar, biochar and ferrite in soil
condition has not been reported yet. Compared with other conventional
ferrites, the magnesium ferrite showed a better affinity for Cd in our
previous experiments and posed no secondary pollution for environ-
ment system (Jung et al., 2017). Hence, we the select the magnesium
ferrite to modify the pristine biochar and hypothesized that magnesium
ferrite modified biochar could perform better in reducing bioavailable
Cd and alleviating the Cd-stress on plant growth.

In this study, biochar (BC, produced from corn stalk), magnesium
ferrite (MF) and magnesium ferrite biochar (MB) were synthesized and
served as the soil amendments to evaluate their performance in Cd
remediation. In this study, the efficiency of the three materials was
compared by combining the batch experiments, solid-state analysis and
early stage growth seedling growth test. Our specific objectives are as
follows: (1) to investigate the effect of amendments on Cd passivation
efficiency and adsorption capacity at different application rates, (2) to
explore the immobilization mechanism in soil through microscopic
characterization and (3) to evaluate the effect of amendments on
seeding growth for packoi (Brassica chinensis L.) in natural Cd-con-
taminated soil.

2. Materials and methods

2.1. Preparation and characterization of three amendments

In this study, corn (Zea mays L.) stalk collected in Shangzhuang
Experimental Station, Beijing, was employed as biomass to produce
biochars. Before use, corn stalk was cleaned with deionized distilled
(DI) water several times and subsequently oven-dried at 60 °C over-
night, then crushed and sieved through 0.45mm pore size. All the
chemical reagents used to synthesize the materials were of analytical
grade and purchased from Sinopharm Chemical Reagent Co., Ltd.

BC was prepared by slow pyrolysis of corn stalk biomass in muffle
furnace (Tianjin Zhonghuan Experiment Electric Furnace Co., Ltd.) at
550 °C with 10 °C/min heating rate and 2 h retention time under limited
oxygen condition. After cooling to ambient temperature naturally, the

BCs were rinsed with DI water several times to remove impurities and
then oven-dried at 60 °C for future use.

MB was prepared by post-treatment method according to the
modified method reported by Jung et al. (2017). Specifically, biochar
slurry was prepared by mixing 10.0 g BC and 400mL DI water, ultra-
sonically reacting (SYU-10-200D TD, 40 KHZ, Zhengzhou Shengyuan
Instrument.) at 25 °C for 30min. 0.1 L mixed solution containing
0.022mol/L FeCl3·6H2O and 0.011mol/L MgCl2·6H2O (total metal:
biochar= 1.5 : 10, wt%) was added into the BCs slurry and then stirred
at 30 °C for 6 h to achieve the fully dispersed suspension. During the
stirring process, 5mol/L NaOH was added drop-wise (~3mL/min) to
adjust the suspension pH to 10.0. The precipitate was obtained by va-
cuum filtration and then continuously rinsed with DI water and ethanol
until the filtrate pH reached 7.0. After that, the resulting composites
were oven-dried at 60 °C overnight and then transferred into muffle
furnace immediately, kept at 350 °C for 2 h. Finally, the acquired
composites were repeatedly cleaned with DI water and oven-dried at
40 °C for 12 h. Before use, all samples were gently crushed and sieved
into 0.149mm. MF was also synthesized according to the same proce-
dure.

Techniques used for characterizing the materials (BC, MF and MB)
included scanning electron microscopy-energy dispersive X-ray spec-
troscopy (SEM-EDX), X-ray diffraction (XRD), Fourier transform in-
frared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS)
analysis. Detailed information for the instruments is given in the
Supplementary Information (SI).

2.2. Soil characterization

The soil samples were collected from the surface layer of un-
contaminated arable land in Wushan, Guangzhou, China. The chemical
properties of lateritic red soil (sandy soil) were given as follow: pH of
5.62, organic matter contents of 18.21 g/kg, and total nitrogen, phos-
phorus, potassium, magnesium, calcium, iron and aluminum were 0.27,
0.37, 3.80, 0.03, 0.06, 32.26 and 153.4 g/kg respectively.

The air-dried soil was ground and sieved to a particle size inferior to
2mm, then spiked with cadmium (as CdCl2, analytical grade,
Sinopharm Chemical Reagent Co., Ltd) solution to achieve Cd con-
centration of 2.0mg/kg dry soil. The spiked soil was supplemented with
DI water until reached the 70% water holding capacity (WHC), and
mixed uniformly. After that, the soils were stored in the incubation
chamber for 21 days at 25 °C with relative humidity of 70%. The Cd
concentration in soil was selected referenced from the National en-
vironmental quality standards (GB 15618-2018).

2.3. Sorption experiments in aqueous solution

In batch experiments, 0.05 g of three amendments (BC, MF and MB)
were mixed with 20.0mL Cd (II) solution (pH=6.0) at the con-
centrations ranging from 5mg/L to 500mg/L into the 50mL glass. The
vials were shaken at 180 rpm and 25 °C for 24 h in a thermostat shaker.
Suspension was obtained and then filtered through 0.45 μm syringe
filters. The Cd concentrations were measured by the atomic absorption
spectrometry (AAS; Agilent 204 DUO, USA). The amount of adsorbed
Cd at equilibrium, qe (mg/g) was calculated by the following equation:

=
−q C C V
m

( )
e

e0
(1)

where C0 and Ce is the cadmium concentration (mg/L) at initial and
equilibrium; V (L) and m (g) refer to the solution volume and the ad-
sorbents dosage.

In this studies, Langmuir and Freundlich isotherm equations were
chosen to model the data (Xiang et al., 2019b). Two isotherm models
are expressed as follows:
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where qe is the amount of adsorbed cadmium at equilibrium (mg/g); Ce

is the cadmium concentration at equilibrium (mg/L); Qmax is the cad-
mium adsorption uptake at the maximum level (mg/g); b (L/mg), Kf

((mg/g) (L/mg)1/n) and 1/n are Langmuir, Freundlich constants and
adsorption intensity, respectively.

2.4. Incubation experiments

The effectiveness of BC, MF and MB on Cd passivation in Cd-spiked
soil (section 2.2) and Cd leaching were examined by leaching experi-
ments described by Hudcova et al. (2019). Before the incubation, three
holes (diameter: 10 mm) were created at the bottom of plastic pots and
then covered by nylon net filters (size: 0.074mm) and silica sand to
retain the soil during leaching experiment. BC, MF and MB were
transferred into plastic pots with the rate of 1% and 2%, respectively.
Two types of experiments (A, B) were conducted as shown in Fig. S1.
Specifically, for the experiment A, the Cd-spiked soil mixed with ma-
terials (total weight of soil and material mixture was fixed at 100 g)
homogenously and then placed above the nylon net filters. As for ex-
periment B, the materials were placed above the silica sand layer and
covered by the double-layered nylon net filters and then Cd-spiked soil.
Besides, a control variant (without passivation agents) for treatment A
and B were also provided. After covered with plastic films from the top,
all pots were randomly placed into the incubation chamber at 25 °C
with relative humidity of 70% for 30 days.

Leaching experiments were conducted with 3 days interval by
adding 30mL DI water uniformly each time from top of the pot and
collected the leachate after 12 h (preliminary experiments showed that
the volume of leachate remained the same after 8 h). The leachate of
each treatment was collected and filtered with 0.45 μm syringe filter.
And the pH, EC and Cd concentrations were measured subsequently.
After the 30 days incubation, the air-dried soils of treatment A were
ground and sieved to a particle size inferior of 2mm for measuring the
pH, EC and the bioavailable Cd by 0.01M CaCl2 extraction method
(Houba et al., 2008; Lu et al., 2017). The extraction procedure was
conducted in triplicates. Materials from the treatment B (2% w/w) were
collected from the double layered nylon net filters for further char-
acterization (same as the part 2.1.) to explore the immobilization me-
chanism.

2.5. Soil adsorption study

Soil adsorption experiments were performed using the method de-
scribed by Khan et al. (2018) with some modifications. Briefly, after 30
days incubation and treatment described in “section 2.4”, 0.8 g of air-
dried soil samples from experiment A was transferred into the 50mL
glass vial containing 20mL Cd (II) solution (pH=6.0), with con-
centration ranging from 5 to 500mg/L. To better understand the
change of the sorption affinity towards Cd, higher concentration (i.e.
500mg/L) was selected according to the relevant work (Khan et al.,
2018; Loganathan et al., 2012; Shi et al., 2007). The rest of the ex-
periment procedures and data analysis was the same as “section 2.3”.

2.6. Early stage seeding growth bioassay

To further confirm the impact of BC, MF and MB on Cd phytotoxi-
city as well as plant growth, early-stage seeding growth bioassay ex-
periment for packoi (Brassica chinensis L.) were conducted in natural
Cd-polluted soil. After 30 days stabilization of amended natural soil, 30
packoi seeds were sown on the 30 g natural contaminated soil (sampled
from surface layer of paddy soil at Liaoyuan village, Zhuzhou, Hunan,

China, pH of 4.5, total cadmium: 2.66mg/kg) mixed with amendments
(application ratio was same with section 2.4) in the Petri dish (dia-
meter: 90 mm) in triplicate. During the experiments, the petri dishes
were placed in a thermostatic chamber with temperature of 25 °C and
daily weighted to maintain 70% WHC by supplementing DI water. After
3 days of incubation, the seed germination rates were counted and each
germinated seed was collected to determine the total root/shoot length
using a caliper ruler. Significant protrusion was recognized as the cri-
terion for germination (Wang et al., 2018b).

2.7. Statistical analysis

The statistical analysis was performed using SPSS 20.0 (SPSS Inc.,
USA). The significant differences in the leachate of pH, EC, Cd con-
centration and soil properties, bioavailable Cd and roots/shoots length
among different treatments were evaluated using Duncan's multiple
range tests and One-way analysis of variance (ANOVA) (P < 0.05).
Principle component analysis (PCA) was carried out to identify the soil
and seeding characteristics among the treatments using the Canoco 5.0.

3. Results and discussion

3.1. Characterization of newly synthesized materials

The XRD patterns (Fig. 1a) of synthesized MF and MB are similar
with the common XRD pattern of the pure magnesium ferrite. The
corresponding diffraction peaks can be indexed by a JCPDS X-ray
powder diffraction file of No. 73–2211, which indicated that the BC was
successfully modified by MF and provided more active adsorption sites
for contaminants. Besides, the silicon dioxide (JCPDS X-ray powder
diffraction file of No. 78–1253) existed at the surface of the BC and MB
which can be ascribed to the strong absorption capacity of gramineae
plants to Si and the silica inside the biomass was transformed to silicon
oxide after pyrolysis (Yang et al., 2018).

The SEM images (Fig. 2) displayed the morphological properties of
the materials. As for the magnesium ferrite (Fig. 2c), the corresponding
image revealed that the each grain is spherical and very small, leading
easily to form agglomeration (Mahato et al., 2017). As shown in Fig. 2a
and b, biochar with and without modification presented distinctive
porous structure and small canals because of the release of the volatile
matter during the pyrolysis process. Compared to the BC, the MB sur-
face appeared to be coarser after the introduction of the MF, implying
the successful loading of the irregular MF particles on the biochar
surface. Additionally, the SEM/EDX analysis of MB consisted of the
higher contents of the alkaline metal (especially for Mg) and Fe than
that of BC, confirmed by the corresponding peaks observed in the MB,
which also supported the incorporation of magnesium ferrite particles.

The FTIR spectra of the materials were presented in Fig. 1b. For the
ferrite materials (i.e. MF and MB), the broad absorption bands ranged
from 520 cm−1 to 800 cm−1 was associated with the metal-oxygen
bonds (Fe/Mg–O and O–Fe/Mg–O) (Mahato et al., 2017; Yang et al.,
2019), which is absent in the untreated biochar, suggesting the im-
pregnation of MF on the biochar matrix. As for the biochar samples, the
absorption band around 1600 cm−1 and 2900 cm−1 could be assigned
to the C]C and C–H stretching vibration, respectively (Yin et al.,
2018). The band around 1020 cm−1 was ascribed to the C–O stretches,
indicated the presence of various functional groups including ester,
hydroxyl, and carboxylate moieties (Yang et al., 2018; Yin et al., 2018).
Thus, the synthesized magnesium ferrite biochar possesses abundant
and diverse surface oxygen-containing functional groups, metal-oxygen
bonds as well as amorphous ferrite structure, which may provide extra
adsorption sites and promote the formation of Cd-ligand complexes,
thus leading the higher adsorption (Trakal et al., 2016).
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3.2. Cadmium adsorption isotherm in aqueous condition

The cadmium sorption isotherms fitted with Langmuir and
Freundlich onto three materials were shown in Fig. 3a, while the cor-
responding parameters data was plotted in Table S1. Langmuir model
better fitted with isotherm data for all materials indicated that the
cadmium sorption process took place on monolayer and single-mole-
cule of those materials. According to the Langmuir fitting, the max-
imum cadmium adsorption capacity of BC, MF and MB reached 20.86,
17.33 and 31.27mg/g, respectively. Compared to the BC and MF, the
MB exhibited relatively higher ability to adsorb Cd.

The phenomenon that ferrite biochar has a higher adsorption cap-
ability towards heavy metals than pure ferrite could be due to the fol-
lowing reasons. The BC and MB have the same biochar functional
group. The enhanced adsorption ability might be attributed to the
extra/secondary positive sites of metal-oxygen bond and additional
portion of its surface area induced by the precipitated MF
(Karunanayake et al., 2018). Similarly, Peng et al. (2019b) highlighted
the importance of the prevention of stacking effecting by biochar car-
rier, which promoted the well-dispersion of the MF, leading greater
adsorption performance for heavy metal.

3.3. The pH and Cd concentration in the leachate

The pH increased most significantly by applying MB, which was
obtained at both application rates (1% and 2%) (Fig. 4). The elevated
leachate pH by biochar and metal oxides in the acidic soil was largely
reported (Beesley and Marmiroli, 2011; Hudcova et al., 2019; Yin et al.,
2016) which is probably caused by the dissolution of the alkaline
components (e.g. primary functional groups and ash contents on the
biochar) and H+ consumption/replacement for the MF (Liu et al., 2018;
Puga et al., 2016). The pH of leachate in 1% and 2% MB increased most
significantly may be ascribed to the following reasons. First, the acid-
catalyzed effect caused by the oxidation of the iron-based materials
accelerated the neutralizing process (Peng et al., 2019a), which may
play a crucial role in acidity alleviation. Second, the formation of a
complex between iron-based particles and biochar with metal ions may
facilitate the reduction of H+ in the leachate (Cui et al., 2019a). Gen-
erally, the MB exhibited the very similar alkaline pH with BC while the
ferrite showed the circumneutral characteristics, thus the chemical
properties combined with strong complexation effects ultimately at-
tributed to the highest increase of the leachate pH.

However, Cd was not detected in leachate among all treatments.
This phenomenon may be due to relatively low Cd contents in soil
(2 mg/kg) as compared to (Puga et al., 2016) and (Qin et al., 2018) of
which the Cd contents in the tested soil were higher than 10mg/kg and
extremely low Cd concentration in the leachate was obtained.

3.4. Effect of the amendments on cadmium bioavailability

In general, three materials significantly (P < 0.05) reduced the
CaCl2-extractable Cd concentration and exhibited greater performance
at 2% application rate (Fig. 5). Furthermore, MB was more effective in
reducing the bioavailable-Cd than BC and MF, which decreased the
bioavailable-Cd by 98.0% at 2% application rate. This result indicated
that the incorporation of three materials facilitated Cd retention in soil.
Previous studies also proved the Cd passivation effectiveness of the
biochar (Qin et al., 2018), ferrite (Li et al., 2016) and ferrite biochar (Lu
et al., 2018), which could be explained by the material-induced soil pH
increase as well as soil adsorption capacity for Cd (Qin et al., 2018). In
this study, a significant correlation between soil pH and Cd con-
centrations was observed (see PCA results in 3.8), indicating the soil pH
was a critical factor in cadmium passivation. The result was consistent
with the Lu et al. (2017), who demonstrated that the significantly ne-
gative correlation between soil pH and CaCl2-extractable Cd. Generally,
the increased soil pH promoted the precipitation of Cd hydroxides and
carbonates phases and led to deprotonation of the soil surface, which
could generate more negative surface charge and increase the affinity
towards the Cd (Yin et al., 2016). Apart from the pH, the elevated
adsorption ability of amended soils could be considered as another
factor of the bioavailable Cd reduction, which will be further discussed
in section 3.5.

3.5. Effect of the amendments on cadmium adsorption of soil

The cadmium adsorption isotherms of soil with and without
amendments were shown in (Fig. 3b and c), while the fitted data were
presented in (Table 1). The related parameters of isotherm models in-
dicated that the Cd adsorption process of soil was well fitted by Lang-
muir model with higher R2 value and the sorption capacity increased
after the addition of amendments (Table 1), suggesting the monolayer
and homogenous adsorption sites existed on the surface of the red soil
and it provided additional adsorption sites for Cd. Similarly, the con-
stants of two models (b and n for Langmuir and Freundlich, respec-
tively) were much greater for amended-soils as compared to control,
indicating the higher sorption capacity and stronger affinity towards
Cd. With the introduction of 2% MB, it exhibited the greatest im-
provement for Cd sorption affinity and significantly increased the Cd

Fig. 1. XRD (a) and FTIR (b) spectra of MB, BC and MF.
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adsorption capacity, adsorption constants (b and n) by 2.1, 3.6 and 1.38
folds as compared to control, respectively. It demonstrated that the low-
affinity sorption sites elevated after the incubation with the amend-
ments, which in turn promoted the adsorption of the Cd ions through
specific adsorption process (e.g. chelated with Cd (Khan et al., 2018))
and effectively reduced the bioavailable-Cd. The enhanced adsorption
affinity of MB-amended soil to Cd could be attributed to the evaluated
soil pH and organic matter since the tested soil had a lower pH Table 2
and extra adsorption sites provided by the functional groups (e.g. hy-
droxyl, carboxyl and metal-oxygen bond) which is in favor of the for-
mation of the stable Cd-complexes/precipitates (Wu et al., 2019).

3.6. Passivation mechanism

The surface characterizations of BC/MF/MB after leaching experi-
ments were also performed to better understand the Cd passivation
mechanism. The strong impurity peaks in XRD patterns of silicon di-
oxide and sodium chloride weaken or disappeared among all treatments
(Fig. S2). It may be attributed to the dissociation and ion exchange
(such as Na+, Ca2+ and Mg2+) between soil-amendments matrix and
Cd2+ (Igalavithana et al., 2017) which corresponded to the EC analysis
(Table S2). However, no strong peak in regarding to cadmium com-
pound was found on the surface of these samples due to the low Cd
content in leachate.

The strong absorption band from 520 cm−1 to 800 cm−1 in FTIR
spectra (Fig. S3), corresponding to metal-oxygen bond (Yang et al.,
2019), significantly strengthen after the leaching experiment, sug-
gesting the Cd2+ could be absorbed via metal-oxygen bond
(Ouředníček et al., 2019). The shifts at 2900 cm−1 and 1020 cm−1,
belonged to binding vibration of C–O and C–H, respectively, indicated

that the functional groups on the biochar, such as hydroxyl, carboxylate
and phonic hydroxyl, also played an essential role during passivation
process via Cd-ligands coordination bonds.

The XPS surveys of BC, MF, and MB before and after leaching ex-
periments were showed in Figs. S4 and S5. The C1s peaks at binding
energies of 286.1, 288.9 and 288.0 eV corresponding to C–O, O]C–O
and C]O in the BC and MB were shifted to 288.2, and 286.7 eV, re-
spectively. Furthermore, the O1s peaks at binding energies of 532.5 and
532.0 eV corresponding to O]C were reduced by 0.2–0.5 eV, meaning
the hydroxyl and carboxylic groups may take part in the Cd passivation
process (Chen et al., 2018; Wan et al., 2019). Fig. S5a’’’–d’’’ showed that
the peak intensity of 711.2 eV (2p 3/2), 724.8 eV (2p 1/2) of Fe2p
(Mittal et al., 2004; Xiong et al., 2019) decreased by 0.2–0.5 eV, which
could be ascribed to the Cd2+ bound on the surface of the Fe-oxides or
the formation of Fe–O–Cd complexes (Trakal et al., 2016). In the Mg1s
spectra, a typical MgFe2O4 peak of Mittal et al., 2004 was shifted to
1303.6 eV (corresponding to Mg–O), suggesting the Cd passivation oc-
curred through aging process and interaction between the Mg2+ and
Cd2+ (Igalavithana et al., 2017).

Based on the analysis above, the mechanism of the Cd passivation of
BC/MF/MB may mainly consist of the outer-sphere surface complex
and ionic exchange. The Cd could be coordinated with oxygen-con-
taining functional groups and Mg/Fe oxides composites on MB to form
stable chelate complex (e.g. O]C–O–Cd, -C-O-Cd, (Mg/Fe-R-O)2-Cd
(Lin et al., 2018)). The cation (e.g. Ca2+, Mg2+), induced by the de-
composition of the amendments, may be also involved in the adsorption
process through ion exchange with Cd2+. More exchangeable ions and
abundant functional groups served as the sorption/replacement sites for
Cd, which attributed to good dispersion of the MF particles on the
biochar matrix, were responsible for the elevated adsorption ability of

Fig. 2. SEM and EDS images of MB (a), BC (b) and MF (c).
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MB. Along with the significant increasement of pH, and consequently
the higher passivation efficiency was obtained with MB-amended soil.

3.7. Early stage seeding growth bioassay

Previous researchers reported the effect of cadmium-induced stress
on seeds germination as well as early-stage plant growth (Bai et al.,
2014). However, the result of germination rate showed no variation
among all treatments included soil without amendments (data not
given here), implying no visible inhibition effect for pakchoi germina-
tion in the tested soil. Nevertheless, the root length increased drama-
tically after amendments by 1.22–3.98 folds (P < 0.05) (Fig. 6, Fig.
S6), whereas the changes in shoot length were not significantly dif-
ferent for all treatments. Given the primary side effects of Cd on seed
roots suggested previously (Lin et al., 2012; Lux et al., 2011), the results

Fig. 3. Cadmium adsorption isotherms fitted with Langmuir and Freundlich
models for BC, MF and MB in aqueous condition (a); amended-soils with 1%
application rate (b) and 2% application rate (c). (cadmium concentration range:
5–500mg/L, solution pH=5.0, sorbent dosage for materials alone: 2 g/L,
shaking speed= 180 rpm, equilibrium time= 24 h, temperature=25 °C,
n= 3).

Fig. 4. The pH of the leachate in the different treatments over 30 days. (a total
of 10 leaching events with three days intervals were performed. Treatments:
CK: soil without amendment, 1% BC: soil amended with 1% BC, 1% MF: soil
amended with 1% MF, 1% MB: soil amended with 1% MB, 2% BC: soil amended
with 2% BC, 2% MF: soil amended with 2% MF, 2% MB: soil amended with 2%
MB).

Fig. 5. The CaCl2–Cd content of different treatments after 30 days incubation
(different letters indicate significant differences among treatments at the
P < 0.05 level.).
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further supported the effective passivation of bioavailable Cd.

3.8. Multivariate statistical analysis

The principle component analysis was carried out to investigate the
relationship among the various parameters as affected by the treat-
ments (Fig. 7). The results revealed the soil pH had more strong relation
with bioavailable Cd than adsorption capacity of amended soil. The
length of roots and shoots showed a very close correlation by clearly
clustering in the other spot opposite to bioavailable Cd. Basically, the
soil pH and Cd adsorption capacity of amended soil govern the contents
of bioavailable Cd. The mitigation of Cd-induced stress after incubation
and the highest immobilization capacity of MB was confirmed since the
2% MB treatment and length of shoots/roots were clustered together.

4. Conclusions

The biochar, magnesium ferrite and magnesium ferrite biochar had
been utilized to assess its immobilization effectiveness of Cd through
sequential leaching, batch experiments, and early stage seeding
bioassay experiments. The magnesium ferrite biochar presented the
most promising adsorption/passivation ability than the pure biochar
and ferrite. The elevated soil pH and adsorption capacity were ascribed
to the synergistic effects between biochar and ferrite and hence it fa-
cilitated the Cd immobilization ability by magnesium ferrite biochar. In
addition, Cd-induced stress in plant growth can be effectively alleviated
by magnesium ferrite biochar application. Herein, the ferrite biochar
composite could be used as a potential passivator for Cd-polluted soil.
The suitability of the engineered biochars for different soils and con-
taminants will be tested to facilitate their future scale-up applications.
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Table 1
Isotherm parameters for cadmium adsorption by BC, MF, and MB and its
amended soil fitted with Langmuir and Freundlich models.

Adsorbents/
Treatments

Medium Langmuir Freundlich

Qmax

(mg/g)
b (L/mg) R2 Kf 1/n R2

BC Aqueous 20.9 0.116 0.983 2.87 0.250 0.970
MF Aqueous 17.3 0.428 0.968 5.21 0.139 0.950
MB Aqueous 31.3 0.589 0.986 10.9 0.160 0.951
CK Soil 0.594 0.00244 0.997 0.0079 0.645 0.983
1% BC Soil 0.858 0.00376 0.995 0.0148 0.619 0.951
1% MF Soil 0.768 0.00321 0.992 0.0129 0.639 0.942
1% MB Soil 1.03 0.00396 0.989 0.0185 0.597 0.952
2% BC Soil 1.71 0.00802 0.983 0.0364 0.489 0.968
2% MF Soil 1.59 0.00606 0.975 0.0280 0.544 0.952
2% MB Soil 1.85 0.00869 0.989 0.0385 0.468 0.949

Adsorbents: BC (biochar), MF (magnesium ferrite) and MB (magnesium ferrite
biochar).
Treatments: CK: soil without amendment, 1% BC: soil amended with 1% bio-
char, 1% MF: soil amended with 1% magnesium ferrite, 1% MB: soil amended
with 1% magnesium ferrite biochar, 2% BC: soil amended with 2% biochar, 2%
MF: soil amended with 2% magnesium ferrite, 2% MB: magnesium ferrite
biochar.

Table 2
The pH and EC under different treatments in soil after 30 days incubation.

Treatments pHa ECa (μS/cm)

CK 5.62 ± 0.01 g 272 ± 2.00 d
BC 1% 6.19 ± 0.02 d 197 ± 2.52 f
MF 1% 5.88 ± 0.03 f 288 ± 1.53 c
MB 1% 6.63 ± 0.03 b 209 ± 2.31 e
BC 2% 6.51 ± 0.02 c 209 ± 1.73 e
MF 2% 5.94 ± 0.01 e 362 ± 2.08 a
MB 2% 6.75 ± 0.04 a 318 ± 2.31 b

Data is expressed as mean ± SD (n= 3). Means followed by the same letters
within the same column are not significantly different.

a pH and EC were measured using a 1:2.5 soil: water ratio.

Fig. 6. Root and shoot length of packoi seeds as affected by different treatments
from the natural Cd-polluted soil. (the error bars represent the standard de-
viation of the mean and same letters above the bar indicate that the results are
not significantly different).

Fig. 7. Principle component analysis based on the soil/seeding parameters of
different treatments. (parameters: soil pH: pH of amended soil; Cd adsorp: Cd
adsorption capacity of amended soil; Bioav Cd: bioavailable-Cd content of
amended soil; Root Leng: length of roots; and Shoot Leng: length of shoots.)
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