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Abstract

Biochar-based sulfidized nano-sized zero-valent iron (SNZVI/BC) can effectively immobilize cadmium (Cd) in con-
taminated paddy soils. However, the synergistic effects between biochar and SNZVI on Cd immobilization, as well

as the underlying mechanisms remain unclear. Herein, a soil microcosm incubation experiment was performed

to investigate the immobilization performance of SNZVI/BC towards Cd in the contaminated paddy soil. Results
indicated that the addition of SNZVI/BC at a dosage of 3% significantly lessened the concentration of available Cd

in the contaminated soil from 14.9 (without addition) to 9.9 mg kg*1 with an immobilization efficiency of 33.3%,
indicating a synergistic effect. The sequential extraction results indicated that the proportion of the residual Cd

in the contaminated soil increased from 8.1 to 10.3%, manifesting the transformation of the unstable Cd fractions

to the steadier specie after application of SNZVI/BC. Also, the addition of SNZVI/BC increased soil pH, organic matter,
and dissolved organic carbon, which significantly altered the bacterial community in the soil, enriching the relative
abundances of functional microbes (e.g., Bacillus, Clostridium, and Desulfosporosinus). These functional microorganisms
further facilitated the generation of ammonium, nitrate, and ferrous iron in the contaminated paddy soil, enhancing
nutrients’ availability. The direct interaction between SNZVI/BC and Cd?", the altered soil physicochemical properties,
and the responded bacterial community played important roles in Cd immobilization in the contaminated soil. Over-
all, the biochar-based SNZVI'is a promising candidate for the effective immobilization of Cd and the improvement

of nutrients’ availability in the contaminated paddy soil.

Highlights

Biochar-based sulfidized nano-sized zero-valent iron (SNZVI/BC) synergistically immobilized Cd in the contami-
nated soil.

SNZVI/BC effectively enhanced nutrients'availability in the contaminated soil.

Nitrate-, Iron-, and sulfate-reducing bacteria were enriched in the SNZVI/BC-treated soil.
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- Precipitation and complexation played an important role in the immobilization of Cd.
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1 Introduction

Cadmium (Cd) is one of the most common potentially
toxic elements in arable soils. As a carcinogenic metal,
Cd is highly toxic and can be transformed to human body
through the food chain (Zhang et al. 2023e), which poses
a potential risk to human health. Therefore, Cd pollu-
tion in soils has attracted much attention from the pub-
lic. Moreover, it is also urgent to develop some feasible
technologies to remediate Cd-contaminated arable soils,
especially to accomplish the safe use goal of Cd-contam-
inated paddy soils (Xue et al. 2023). At present, reme-
diation technologies for Cd-contaminated soils mainly
include physical remediation, chemical remediation, bio-
logical remediation, and combined remediation (Zhang
et al. 2021b). No matter which technology, the main prin-
ciple is to either remove Cd or immobilize it. However,
compared with the methods of removing Cd (e.g., elec-
trokinetic remediation, chemical leaching, and hyper-
accumulator extraction), chemical immobilization has
shown excellent remediation effects (Zhang et al. 2023d),

such as simple technical difficulty (Kong et al. 2023a, b),
low economic cost, and high immobilization effective-
ness. Therefore, this technology was widely used to reme-
diate Cd-contaminated soils (Yang et al. 2023).

Biochar (BC) has been widely used in the immobiliza-
tion of potentially toxic elements in contaminated soils
due to the wide source of feedstocks (Loc et al. 2022),
large specific surface area (Shenk et al. 2022), abundant
oxygen-containing functional groups, high pH value, and
high cation exchange capacity. However, the immobi-
lization performance of the raw BC on potentially toxic
elements in contaminated soils is usually not satisfac-
tory, and thus it is necessary to modify BC to improve its
remediation performance for the contaminated soils. For
example, the combination of Paecilomyces paecilomyces
extracts and biochar can substantially reduce the con-
centration of available Cd in the surface soils (Guo et al.
2022). Moreover, applications of NH,Cl-modified corn
stalk-derived biochar (NBC) and micro-nano nitrogen-
doped biochar reduced the concentrations of available
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Cd by 1.3 and 1.4 times, respectively, compared to the
pristine corn stalk-derived biochar (CBC) treated soil
(Chen et al. 2023a).

In recent years, the emerging nanotechnology played
an important role in removing pollutants and remediat-
ing contaminated soils. For example, nano-sized zero-
valent iron (NZVI) owned high adsorption capacity, large
specific surface area, excellent reducibility (Yi et al. 2020),
low cost, and low toxicity, which made it a proper agent
to immobilize potentially toxic elements in contaminated
soils (Xu et al. 2021). However, NZVI is easy to aggre-
gate and form chain-like fine particles, thus weakening
its reactivity because of lessened active sites. To solve
this problem, BC could be used as a supporting material
that could not only inhibit the aggregation of NZVI, but
also increase the abundance of functional groups, thereby
significantly improving the remediation capacity of mate-
rials (Yan et al. 2017). Further, a reported study showed
that the sulfidized NZVI (SNZVI) had greater potential
in remediating Cd-contaminated soils than the pristine
NZVI, which is not only because the existence of FeS in
its shell can form insoluble cadmium sulfide by reaction
with Cd?** (Su et al. 2015), but also sulfurized modifica-
tion effectively improves the electron transfer efficiency
of NZVI. As a result, greater attention has been paid to
SNZVI about its application to environmental remedia-
tion such as immobilization of potentially toxic elements
(Song et al. 2023), 2,4,6-trichlorophenol dechlorination
(Wang et al. 2023a), degradation of Acid Red 73 (Ding
et al. 2023), and reductive transformation of tetrabro-
mobisphenol A (Gao et al. 2023). To be specific, a pro-
ton-buffering montmorillonite-supported SNZVI was
successfully prepared and its reduction efficiency toward
water-soluble Cr(VI) was greater than 99% (Zhang et al.
2023f). Moreover, rhamnolipid-coated SNZVI was suc-
cessfully synthesized and used to stabilize water-soluble
Pb, Cd, and As in multi-contaminated soils, achieving
the immobilization efficiencies of 88.8%, 72%, and 63%,
respectively (Song et al. 2023). A further study indi-
cated that the addition of BC, SNZVI, and biochar-based
SNZVI significantly lowered the proportion of HOAc-
extractable Cd in the contaminated soil after remedia-
tion of 49 days, by 15.9%, 25.5%, and 36.1%, respectively,
showing a synergistic effect (Xu et al. 2023a). However,
up to now the synergistic effect and mechanism between
biochar and SNZVI for the enhanced Cd immobilization
in the contaminated soil have not been investigated and
clarified in depth.

Microbia plays an important role in elemental biogeo-
chemical cycling in soils. The addition of some materials
can change the physicochemical properties of potentially
toxic element-contaminated soils, and in turn alter soil
microbial communities. These responded microbial
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communities could be conducive to immobilization of
potentially toxic elements via microbial adsorption and
accumulation (Zhang et al. 2023c). For example, the
application of nitrated hydrochar stimulated the abun-
dances of Proteobacteria and Firmicutes in soils, promot-
ing their proliferation, which played important roles in
immobilizing Cd in contaminated soils (Wu et al. 2023a).
Moreover, a recent research showed that the addition of
SNZVI increased the abundance of Protobacteria, while
reduced the abundances of Actinobacteria and Firmi-
cute in the contaminated soil (Liu et al. 2023a). Further-
more, Han et al. (2022) reported that the co-application
of Bacillus and ferrihydrite could immobilize more Cd
as compared to the mono-application of either Bacillus
or ferrihydrite. Similarly, as an immobilization carrier
of microorganism, biochar can facilitate Cd immobiliza-
tion via promoting the growth of phosphate solubiliz-
ing bacteria (Qi et al. 2023). Additionally, biochar and
sulfate-reducing bacteria can synergically improve the
immobilization of cadmium, lead, and zinc, because bio-
char can provide attachment sites for sulfate-reducing
bacteria, and enhance the reduction efficiency of sulfate
and the generation of metal sulfides (Wu et al. 2022; Ke
et al. 2023; Si et al. 2023). The addition of SNZVI also
increased the abundance of Gammaproteobacteria and
decreased the abundance of Bacteroidia in the soil (Hui
et al. 2022). However, to the best of our knowledge, stud-
ies about soil microbial response to application of the
biochar-based SNZVI remain relatively limited. Moreo-
ver, there is also a lack of in-depth understanding of the
biogeochemical transformation process of corresponding
nutrients in the contaminated soil.

Therefore, the current study aimed to (1) investigate the
immobilization performance of biochar-based SNZVI
(SNZVI/BC) towards Cd in contaminated paddy soils,
(2) elucidate the changes in physicochemical properties,
available nutrients, and microbial community in soils,
and (3) clarify the immobilization mechanisms of Cd by
biochar-based SNZVI in contaminated soils. The current
study can provide a deeper insight into the immobiliza-
tion process of Cd on the biochar-based nano-sized zero-
valent iron, as well as the underlying mechanisms in a
Cd-contaminated soil.

2 Materials and methods
2.1 Preparations of BC, SNZVI, SNZVI/BC,

and Cd-contaminated soil
First, pinewood sawdust was used as feedstock to fabri-
cate BC in a tube furnace under the limited oxygen con-
dition at 700 °C. A previous study indicated that biochars
produced at 700 °C performed better in decreasing the
concentration of bioavailable Cd in the sediment (Zhang
et al. 2020). SNZVI was synthesized via one-step liquid
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phase reduction procedure based on the reported litera-
ture (Liang et al. 2020). Moreover, the composite SNZVI/
BC was fabricated using the same method as SNZVI and
keeping the S to Fe molar ratio of 0.75 and the SNZVI to
BC mass ratio of 1:2. Further, the original Cd-free soil was
collected from Xingren City, Guizhou Province, China.
The soil type is ultisol and was formed from the weather-
ing of karstic carbonate rocks. The Cd-spiked contami-
nated paddy soil was prepared by adding CdCl, solution
(soil:solution=1:2) to the original soil. The mixture was
stirred well, and the contaminated soil was gained after
aging for 1 month. The concentration of total Cd in the
simulated Cd-contaminated soil was 30 mg kg™'. The
physicochemical properties of the obtained Cd-contam-
inated paddy soil used in the present study are shown in
Table S1.

2.2 Experimental design

Fifty grams of the Cd-contaminated soil were added into
polyethylene bottles, and SNZVI, BC, and biochar-based
SNZVI were added to the polyethylene bottles with con-
taminated soils according to the mass ratios of 1%, 2%,
and 3%, respectively. These ratios were set for easy com-
parison considering the mass ratio of SNZVI to biochar
(i.e., 1:2) in the biochar-based SNZVI. After mixing the
soil and materials thoroughly, 60 mL of deionized (DI)
water (120%) was used to maintain the flooded anaero-
bic condition. For the experimental control group, the
same amount of DI water was added into soils. Tripli-
cates were run for all treatments, and then cultured for
60 days at room temperature. The polyethylene bottles
were weighed and DI water was added daily to the bot-
tles to maintain a constant weight. After 60 days, the soil
samples were retrieved, freeze-dried, ground, and passed
through a 100-mesh nylon sieve prior to analysis. Before
drying process, soil sub-samples were collected and
stored at —80 °C for the analysis of microbial community.

2.3 Soil analysis and characterization of immobilization
efficiency

The analytical methods of soil parameters, including soil
pH, electrical conductivity (EC), dissolved organic carbon
(DOC), soil organic matter (SOM), CaCl,-extractable
Cd concentration, available phosphorus (AP), available
potassium (AK), nitrate, ammonium, sequential extrac-
tion procedure for Cd fractionation, and HCl-extracta-
ble Fe(II) concentration, are presented in Text S1 of the
Supplementary Materials. The characterization methods
of immobilization performance of Cd in soils are dis-
played in the Supplementary Materials (Text S2). Since
the soil is a complex system, the relatively simple batch
adsorption experiment was used to study the interaction
between Cd and SNZVI/BC. Furthermore, to clarify the
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immobilization mechanisms of Cd by SNZVI/BC, the
crystal structures of SNZVI/BC and reacted products
were determined using X-ray diffraction (XRD) (Rigaku
Ultima IV, Japan) in the range of 10-70° (2 theta). Moreo-
ver, the probable forms of various elements in the surface
of materials after reaction were characterized by X-ray
photoelectron spectrometer (XPS) (K-Alpha+, Thermo
Scientific, USA).

2.4 Bacterial community and diversity analysis

For DNA extraction from soil samples and high-through-
put sequencing of bacterial 16S rRNA genes, the detailed
information is given in the Supplementary Materials
(Text S3).

2.5 Statistical analysis

Excel 2016 was used to sort the experimental data.
Analysis of variance (ANOVA) and Duncan’s multiple
comparison test were used to analyze the significance of
differences between various treatments based on IBM
SPSS statistic (version 27). The significance level (« value)
was set as 0.05. The relevant data statistics of the micro-
bial community in the soil was completed using the cloud
platform provided by Majorbio (Shanghai, China). Origin
2021 and Coreldraw 21.0 were used for graphic plotting.

3 Results and discussion
3.1 Bioavailability and fractionation of Cd
in the contaminated soil

The results of material characterization have been dis-
played in our previous study (Zhang et al. 2023c). The
bioavailability, species distribution, and transforma-
tion of Cd in contaminated paddy soils after addition of
BC, SNZVI, and SNZVI/BC are shown in Fig. 1. As can
be seen, applications of individual SNZVI and biochar
non-significantly altered the concentrations of avail-
able Cd in the treated soils. However, the addition of the
composite biochar-based SNZVI significantly lowered
the concentration of available Cd in contaminated soils
from 14.9 (control group) to 9.9 mg kg™! (P<0.05) with
an immobilization efficiency of 33.3%, which indicated
that a synergistic effect occurred. Further, the sequen-
tial extraction result indicated that the proportion of
the exchangeable part of Cd in soils decreased from
50.3% to 48.4-46.5% with the addition of SNZVI, BC,
and SNZVI/BC. The composite SNZVI/BC preformed
best in terms of reducing the exchangeable Cd concen-
trations in soils. Uniformly, the carbonate-bound and
residual Cd concentrations in the soils treated by SNZVI/
BC also increased the greatest in the treatments. To be
specific, the proportions of the carbonate-bound and
residual Cd in soils increased from 20.1 to 20.9% and
from 8.1 to 10.3%, respectively, when compared with
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the control group. These results indicated that use of
SNZVI/BC can facilitate the transformation of the labile
Cd fraction to the more stable fraction in contaminated
soils, in favor of remediation of Cd-contaminated paddy
soils. Similarly, the percentage of exchangeable fraction
in total Cd also decreased by 24.2%, yet percentages of
other fractions in total Cd enhanced after sulfur-iron co-
modified biochar was applied into the non-rhizosphere
soil (Rajendran et al. 2019). Moreover, amendment of
sulfur-iron functionalized biochar weakened the available
Cd (i.e., diethylenetriaminepentaaceticacid-extractable
Cd) concentrations in soils by 70.3% for the simulated
Cd-contaminated soil (Qu et al. 2022). Overall, the bio-
char-based SNZVI can effectively immobilize Cd in con-
taminated soils and performed better than the individual
BC and SNZVI, showing a synergistic effect.

3.2 Change in soil physicochemical properties

The addition of immobilization materials also resulted
in the change in the soil physicochemical properties,
which had an indirect influence on the bioavailable Cd
concentration in soils (Zhang et al. 2023a). Therefore,
the changes in soil physicochemical properties after
remediation were studied, and the results are shown in
Fig. 2. It can be seen that soil pH significantly increased
from 6.33 +0.02 (the control group) to 6.86 + 0.04 for the
SNZVI-treated soil, to 6.46 +0.01 for the BC-treated soil,
and to 7.47 +0.02 for the SNZVI/BC treatment (Fig. 2A).
The increasing effect of biochar can be mainly due to its

own alkaline substance. For the SNZVI and SNZVI/BC
treatments, the increase in soil pH could be ascribed to
the interaction of NZVI with O, and H,O, producing
OH™ via Eq. (1) and thus increased soil pH (Liu et al.
2022).

2Fe® + Oy + 2H,0 — 2Fe?T +40H™. (1)

As can be seen from Fig. 2B, the addition of SNZVI
and SNZVI/BC significantly improved EC values from
13.37£0.56 pS cm™! to 29.07+1.76 pS cm™' and to
95.87+2.64 uS cm™!, respectively, indicating that their
supplementation significantly increased contents of sol-
uble nutrients in soils and provided beneficial nutrient
conditions to crops (Wang et al. 2021b, c). BC treatment,
on the other hand, reduced EC value in soils, which can
be attributed to the lower EC values in pinewood-derived
biochars (Zhang et al. 2023a). For the change in contents
of SOM, the addition of BC and SNZVI/BC significantly
increased the concentrations of SOM from 3.08 to 3.41%
and to 3.43%, respectively, which was because biochar is
a carbonaceous material (Fig. 2C). Moreover, the concen-
trations of CEC of stabilization materials can reflect its
absorption ability to cationic pollutants e.g. Cd(II), and
the higher CEC is conducive to stabilization of potentially
toxic elements in soils (Song et al. 2017). The addition of
SNZVI and biochar-based SNZVI significantly increased
contents of CEC in soils from 30.64+0.19 cmol kg™ to
33.8720.17 cmol kg™' and to 41.29+0.65 cmol kg™,
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Fig. 2 The changes in physicochemical properties in soils after remediation by sulfidized nano-sized zero-valent iron (SNZVI), biochar (BC),
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respectively (Fig. 2E), which may be caused by the release
of ferrous and ferric Fe from the surface of SNZVI (Liu
et al. 2021) and production of ammonium.

In addition, the supplementation of SNZVI and bio-
char-based SNZVT significantly increased the concentra-
tions of DOC in soils (P<0.05) from 347.7 +31.4 mg kg™
(control group) to 657.1+425 mg kg' and
1161.0+14.0 mg kg™!, respectively (Fig. 2D). This may
be due to an increase in soil pH induced by SNZVI and
biochar-based SNZVI, which promoted the desorp-
tion of DOC molecules from the surface of soil particles
(Hanke et al. 2013). The increase in DOC can provide
available carbon resource to soil microorganisms and
promote their growth, improving nutrient cycling in con-
taminated soils. On the contrary, the supplementation
of BC significantly decreased the DOC concentrations
from 347.27+31.42 to 272.73+24.28 mg kg~!, which
can be because of the adsorption of BC considering its
high preparation temperature (700 °C). It was reported
that high-temperature biochars had greater sorption
capacities for DOC than biochars prepared at lower

temperatures (Eykelbosh et al. 2015). It is also possible
that the application of biochar into soils stimulated the
growth of microorganisms, promoting the decomposi-
tion and mineralization of DOC by microorganisms, thus
reducing the DOC contents in soils.

As can be seen in Fig. 2F, the concentrations of available
Fe(II) in soils were significantly greater than those in the
control group after addition of three materials (P<0.05).
Similarly, addition of biochar enhanced the available
Fe(II) contents in paddy soils (Li et al. 2023). Moreover,
the higher available Fe(II) contents for supplementation
of SNZVI and biochar-based SNZVI can be because
of the stimulation of iron-reducing bacteria in soils by
SNZVI and biochar-based SNZV], facilitating the reduc-
tion of Fe(IlI) minerals by microorganisms in soils (Liu
et al. 2022). The greatest content of available Fe(II) for
SNZVI/BC treatment can be resulted from the graphitic
carbon matrix of biochar, as an electron shuttle, promot-
ing the extracellular electron transfer of iron-reducing
bacteria to Fe(Ill) oxide minerals including oxidative
products of zero-valent iron and the endogenous Fe(III)
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oxides minerals in soils (Liu et al. 2022; Zhang et al.
2022b, 2023a). It was reported that poorly crystalline sec-
ondary Fe(II)-containing minerals played an important
role in immobilizing Cd in soils (Muehe et al. 2013; Liu
et al. 2022).

3.3 Change in available nutrients in soils

The effects of SNZVI, BC, and biochar-based SNZVI
on the concentrations of available nutrients in soils are
shown in Fig. 3. The addition of SNZVI, BC, and biochar-
based SNZVI significantly increased the concentration
of NH," in soils (P<0.05). To be specific, the content of
NH,* in contaminated soils increased by 64.9%, 20.0%,
and 114.2%, respectively, in comparison to the con-
trol group (Fig. 3A). The reason could be the coupling
of microbial reduction of Fe(IlI) minerals and nitrogen
fixation mediated by microorganisms (e.g., Clostridiales)
(Masuda et al. 2021). Moreover, microbial mineraliza-
tion of dissolved organic nitrogen may also contribute
to the production of NH,* in soils (Liu et al. 2023b). In
addition, the dissimilatory nitrate reduction to ammo-
nium (DNRA) process affected by Bacillus could also
contribute to the production of NH," because the cou-
pled application of biochar and ZVI can synergistically
facilitate the DNRA process (Yuan et al. 2022; Chen et al.

200
= |w
X
)
£ 160
%
(2]
£ 120
z
S
=)
& 80
IS
(S
<
40-
SNzVI SNzVI/BC
12
. 1(©)
2104
(o))
E
= 84
o
n
£
o 64
Q@
e
S
i 44
>
<
24
SNZVI SNzVI/BC
Fig. 3 The changesin ava|lab\e nutrients [ammonium (A), nitrate (B

), available phosphorus

Page 7 of 17

2023b). On the other hand, the contents of nitrate in soils
were significantly improved after supplementation of
SNZVI and biochar-based SNZVI (P<0.05) in compari-
son to control group (Fig. 3B). Specifically, the increase
amplitude of NO;~ contents in soils were 65.7% and
140.2%, respectively. Generally, NZVI added into soils
can be completely oxidized to iron oxides, e.g., crystal-
line maghemite (y-Fe,O;) and magnetite (Fe;O,) (Wang
et al. 2021a). In this regard, ferrihydrite, lepidocroc-
ite, goethite, and magnetite as the oxidative products of
NZVI were identified in the same proportions, which had
no concern with the amount of the oxidized NZVI (Liu
et al. 2023a, b; Mitzia et al. 2023). The improved contents
of nitrate can be resulted from the coupled reaction of
microbial reduction of Fe(III) minerals with the anaero-
bic oxidation of ammonium (Xu et al. 2020) and the tra-
ditional nitrification process of NH," in soils (Ma et al.
2021). Moreover, biochar-based SNZVI performed bet-
ter, probably attributed to the mediation role of biochar
as an electron shuttle in the redox transformation of Fe
and N in soils (Hu et al. 2021).

Moreover, supplementation of SNZVI significantly
decreased the content of available P in soils from
5.81+0.22 to 4.05 +0.38 mg kg, which can be explained
by the formation of iron phosphate minerals (Zhang

25
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et al. 2022¢). On the contrary, input of biochar signifi-
cantly increased available P concentrations in soils from
5.81£0.22 to 7.68+1.14 mg kg' under the anaerobic
condition (Fig. 3C). This can be because biochar appli-
cation resulted in significant improvement of the rela-
tive abundance of phosphorus-solubilizing bacteria (Sui
et al. 2022). Furthermore, the formation of iron phos-
phate minerals compromised the enhancement effect
of biochar towards available P in soils, which led to the
non-significant change for the available P content in the
SNZVI/BC treatment. On the other hand, the addition of
three immobilization materials unaffected significantly
available K contents in contaminated soils, which is
inconsistent with the previous study (Zhang et al. 2023c).
This could be related to the inherent difference of soil
type. Overall, the biochar-based SNZVI performed bet-
ter in terms of the improvement of available nutrients,
especially ammonium and nitrate in soils than individual
SNZVI and BC, which was conducive to crop growth.

3.4 Response on microbial community after remediation

In Sects. 3.2 and 3.3, we assumed that the changes in
available nutrients and physicochemical properties in
soils can be related to the response on microbial commu-
nity. Therefore, the microbial community and diversity in
all soils were investigated to elucidate the role of micro-
organism in changes in available nutrients, physicochem-
ical properties, and immobilization of Cd in soils after
the application of SNZVI, BC, and SNZVI/BC. The alpha
richness and diversity indices of bacterial 16S rRNA gene
in soils are showed in Fig. S1. The addition of SNZVI
and BC non-significantly affected on the richness and
diversity of bacteria in soils. However, the supplementa-
tion of biochar-based SNZVI significantly reduced the
Ace, Chao, and Simpson indices (P<0.05), indicating the
decrease in the richness and diversity of bacterial com-
munity in soils (Lyu et al. 2022). The decrease in abun-
dance and diversity may be due to the toxicity of iron ion
released from NZVI to bacteria in soils (Cai et al. 2019).
Moreover, the biochar-based SNZVI-induced decrease
in the richness and diversity of bacterial community in
soils can be because the SNZVI/BC significantly stimu-
lated specific bacteria in the soils and improved their
relative abundances via competition with other bacte-
ria (Xue et al. 2022). Furthermore, some reported works
demonstrated that soil bacteria can participate in Cd
immobilization in soils, and stabilization materials can
indirectly affect bioavailability of Cd via impacting the
bacterial community (Liu et al. 2021; Xu et al. 2022; Xue
et al. 2022). Therefore, we further analyzed the compo-
sition of soil bacterial community at phylum and genus
levels to identify the role of soil bacteria in the change in
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soil physicochemical properties, nutrient biogeochemical
cycling, and Cd immobilization.

On the phylum level (Fig. 4A), the dominant bacterial
phyla in the control group were Actinobacteriota, Bac-
teroidota, and Firmicutes, and their relative abundances
were 17.79%, 25.33%, and 29.04%, respectively, which
agrees with the previous study (Liu et al. 2020). The sup-
plementation of SNZVI and SNZVI/BC increased the
relative abundances of Firmicutes and Halanaerobiae-
ota. To be specific, the relative abundance of Firmicutes
enhanced from 29.04 to 42.53% for the SNZVI treat-
ment and to 63.53% for the SNZVI/BC treatment. The
relative abundance of Halanaerobiaeota improved from
0.01 to 2.24% and 4.34% for SNZVI and SNZVI/BC treat-
ments, respectively. Phylum Firmicutes carries a variety
of potentially toxic elements resistance genes, which is
conducive to their rapid reproduction in potentially toxic
element-polluted environments (Liu et al. 2021). In addi-
tion, Firmicutes is also the dominant taxonomic phylum
of Fe(IIl)-reducing bacteria in anoxic soils (Zhang et al.
2023b). Halanaerobiaeota could enhance the nitrog-
enous substance metabolic pathway and decrease NH,
emission (Xu et al. 2023c). SNZVI and SNZVI/BC treat-
ments reduced the abundance of Proteobacteria com-
pared to the control group from 6.04 to 3.54% and 2.72%,
respectively. Phylum Proteobacteria is one of the domi-
nant bacteria in contaminated sediments and has been
shown to be involved in the immobilization of potentially
toxic elements (Liu et al. 2020). SNZVI/BC treatment
resulted in a 76.07% decrease compared to the control
group with the relative abundance of 25.33% for phylum
Bacteroidota. Supplementation of biochar-based SNZVI
lowered the abundance of Bacteroidota and Proteobacte-
ria can be because of the competition for nutrients from
the fast-growing Firmicutes.

At the genus level (Fig. 4B), the supplementation of
biochar-based SNZVI significantly reduced the relative
abundance of wnorank f _Bacteroidetes_vadinHA17,
which is consistent with the variation of the abundance
of phylum Bacteroidota. In comparison to the con-
trol group, the addition of SNZVI and biochar-based
SNZVI significantly increased the relative abundance of
Lentimicrobium, Clostridium_sensu_stricto_10, Rumin-
iclostridium, Lutispora, Oxobacter, norank f Halo-
bacteroidaceae, Sedimentibacter, Desulfitobacterium,
Bacillus, and Desulfosporosinus. Genus Lentimicro-
bium was reported as key species metabolizing both
nitrogen and DOM in sediments (Wang et al. 2022),
hydrolytic acid-producing bacteria (Xu et al. 2023b),
and denitrifying bacteria (Wang et al. 2023c). Rumini-
clostridium was an anaerobe found in decayed plants
and could decompose hemicellulose, thus increasing
the DOC concentration (Aksorn et al. 2022). Lutispora,
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a protein-degrading anaerobes, can decompose pro-
tein to yield volatile fatty acid (e.g., acetate, isobutyrate,
and propionate), ammonium, and hydrogen sulfide
(Chen et al. 2018). The increase in abundance of genera
Oxobacter can explain the enhancement of butyrate,
propionate, and caproate concentrations in anaero-
bic digestion (Zhang et al. 2022a). Halobacteroidaceae
bacteria were previously discovered in saline sediments
or soils, and confirmed as moderate halophilic bacte-
ria that can ferment glucose into volatile fatty acid (Ali
et al. 2022). The bacterial genera Clostridium_sensu_
stricto_10 and Sedimentibacter were reported to be
responsible for most long-chain fatty acids degradation

to biomethane precursors (Usman et al. 2022). More-
over, supplementation of biochar-based SNZVI
increased the relative abundance of Bacillus. Bacillus
has also been reported to own multiple functions, such
as potentially toxic element-resisting and immobiliz-
ing traits, dissimilated Fe(III) reduction, dissimilatory
nitrate reduction to ammonium, and nitrogen fixa-
tion (Han et al. 2022). In addition, addition of biochar
significantly increased the relative abundance of Cit-
rifermentans and Fonticella by 44.3% and 31.8% with
the comparison to control group. Citrifermentans and
Fonticella could contribute to phosphate dissolution
as phosphate-solubilizing bacteria, which is consistent
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with the increase available P in soils (Qi et al. 2023;
Teng et al. 2023).

Venn diagrams can be used to display the number
of common or unique species in different treatments.
The results indicated that the addition of SNZVI and
biochar-based SNZVI lowered the total species of soil
microorganisms (Fig. 4C), with the number of specific
bacterial genera in SNZVI/BC and CK treatments being
36 and 41, respectively, and the number of unique spe-
cies in SNZVI/BC treatment being lower than that in
the control group, which may be due to the enrichment
of some functional microorganisms in soils owing to the
supplementation of biochar-based SNZVI. In addition,
the results of PCA indicated that the first two principal
components accounted for 58.8% of the total variation.
Further, the distance of inter-treatments was significantly
higher than the distance of intra-treatments according
the scatter plot of samples’ scores (Fig. 4D), showing that
the supplementation of SNZVI, BC, and biochar-based
SNZVI had significant effects on soil microbial commu-
nity structure and composition.

3.5 Relationship between environmental factors

and microbial communities
Changes in soil physicochemical properties induced by
remediation materials may have an important impact
on the microbial community composition in soils. As
feedback, the changed microbial community can play an
important role in influencing physicochemical properties
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in soils, such as immobilization of potentially toxic ele-
ments, nutrient availing and cycling, and changes in
physicochemical properties in soils. RDA and Pearson
correlation analysis were used to investigate the rela-
tionships among physicochemical properties, bioavail-
able Cd, and microbial communities in soils (Fig. S2).
The results indicated that the microbial community in
soils was significantly impacted by soil pH (R*=0.96,
P=0.001), CEC (R*=0.95, P=0.001), EC (R*=0.97,
P=0.002), DOC (R*=0.98, P=0.001), nitrate (R*=0.97,
P=0.001), ammonium (R*=0.84, P=0.002), and avail-
able Cd (R?’=0.91, P=0.001). Therefore, the above-
mentioned soil parameters (i.e. soil pH, CEC, EC, DOC,
nitrate, ammonium, and available Cd) had important
effects on the microbial community in soils.

The results of Pearson correlation analysis between
soil parameters and the relative abundance of microor-
ganism on phylum or genus levels are showed in Fig. 5.
At the phylum level (Fig. 5A), the abundances of Firmi-
cutes and Halanaerobiaeota were significantly positively
correlated with ammonium, EC, CEC, available Fe(II),
DOC, pH, and nitrate in soils, respectively (P<0.05). On
the contrary, the significant negative correlation between
available Cd concentration and the abundances of Fir-
micutes or Halanaerobiaeota were observed (P<0.05).
At the genus level (Fig. 5B), the significant positive cor-
relations between available Fe(II) concentration and
respective abundances of Clostridium_sensu_stricto_8,
Clostridium_sensu_stricto_9, and Bacillus in soils were
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@ Lo

norank_f__norank_o__C0119
norank_f_norank_o_norank_c__ TK10
norank_f__Heliobacteriaceae
norank_f__norank_o__Gaiellales
norank_{_Roseiflexaceae
Anaeromyxobacter

Bryobacter
norank_f__Bacteroidetes_vadinHA17
BSV13

Citrifermentans

Nocardioides
norank_f_JG30-KF-AS9
norank_{_Symbiobacteraceae

unclassified_f_Intrasporangiaceae
norank_f_67-14

Mycobacterium
unclassified_f__Micromonosporaceae
norank_f__JG30-KF-CM45

Bacillus

Clostridium_sensu_stricto_1

1
norank_{_Halobacteroidaceae .0_5

-0
N
-1

Oxobacter
Clostridium_sensu_stricto_9
unclassified_f_Hungateiclostridiaceae
norank_f_norank_o_norank_c_ BRH-c20a
Ruminiclostridium
Micromonospora
Conexibacter
Sporosarcina
Paenibacillus

Clostridium_sensu_stricto_10
Clostridium_sensu_stricto_8

Desulfosporosinus
WCHB1-32
norank_f_norank_o__OPB41

Fig. 5 Pearson correlation analysis between physicochemical properties of soils and the relative abundance of bacteria at phylum level (A)
and genus level (B). Fe(ll) concentration of HCl-extractable ferrous Fe, EC electrical conductivity, CEC cation exchange capacity, DOC dissolved
organic carbon, AP available phosphorus, AK available potassium, SOM soil organic matter, ACd the concentration of available Cd in soils. P<0.05 (¥);

P<0.01 (**); P<0.001 (**¥)



Zhou et al. Biochar (2024) 6:55

observed (P<0.05), which could imply that these gen-
era participated in the reduction of Fe(IlI) minerals by
microorganisms (Xue et al. 2022). The abundances of
Lutispora, norank_f_Halobacteroidaceae, and Lentimi-
crobium were significantly positively correlated with
ammonium and nitrate concentrations in soils, respec-
tively, indicating that they can be involved in nitrogen
transformation (e.g., denitrification, nitrogen fixation,
and degradation of dissolved organic nitrogen) (Chen
et al. 2018; Chi et al. 2021; Zhao et al. 2022). The signifi-
cant positive correlation between the DOC concentra-
tion in soils and the abundance of Ruminiclostridium was
observed (P<0.05). Ruminiclostridium was reported as
an anaerobic, cellulose- and hemicellulose-decomposing
bacterium capable of degrading and catabolizing several
different polysaccharides (Kampik et al. 2020). This sug-
gested that an improvement in the abundance of Rumini-
clostridium can increase the DOC content in soils, which
also supported the result of Sect. 3.2. On the contrary,
the available Cd concentration was significant negative
correlated to the abundances of Lutispora, norank f__
Halobacteroidaceae, Lentimicrobium, Ruminiclostridium,
Clostridium_sensu_stricto 9, Bacillus, Oxobacter, and
Sedimentibacter, Clostridium_sensu_stricto_8, respec-
tively (P<0.05). This observation is consistent with the
results of phylum, possibly implying that the supplemen-
tation of biochar-based SNZVI reduced the bioavail-
ability of Cd and thus lowered its toxicity to microbes
in soils, which promoted the growth and proliferation
of these bacteria in soils (Xue et al. 2022; Zhang et al.
2023a). Overall, the enriched beneficial microorganisms
made an important contribution to the transformation
of nitrogen, carbon metabolism, Cd immobilization,
reduction of ferric iron minerals, and the change in phys-
icochemical properties in soils. Further, the supplemen-
tation of biochar-based SNZVI significantly changed the
soil physicochemical properties, and then changed the
bacterial community composition in soils, which enabled
the enrichment of Bacillus with Cd immobilization abil-
ity, and thus promoted stabilization of Cd in contami-
nated soils.

3.6 Functional prediction of bacterial communities

Results of functional prediction of bacterial communities
in soils can further validate their role in element biogeo-
chemical cycling and toxic metal stabilization. The heat
map of bacterial community function predicted accord-
ing to FAPROTAX database is shown in Fig. 6. The
results indicated that the functional abundances of iron
respiration, sulfur respiration, thiosulfate respiration,
sulfite respiration, sulfate respiration, sulfur-containing
compound respiration, and fermentation were higher in
the SNZVI- and biochar-based SNZVI-treated soils than
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those in the control and BC-treated soils. Moreover, bio-
char-based SNZVI treatment significantly improved the
abundances of some functions e.g., nitrogen respiration,
nitrate respiration, nitrite respiration, nitrate denitrifica-
tion, nitrite denitrification, and nitrous oxide denitrifica-
tion. In this regard, a previous study indicated that the
addition of SNZVI/BC could provide a large number of
electron donors for the denitrification reaction, which
promoted the complete denitrification and reduced the
fluxes of N,O (Kong et al. 2023a, b). Moreover, NZVI can
inhibit the N,O production during denitrification and
promoted the N,O biological consumption via regulat-
ing the activities of soil nitrate reductase (Nar), nitrite
reductase (Nir), nitric oxide reductase (Nor), and nitrous
oxide reductase (Nos) under the control of functional
genes (narG, nirS/nirK, norB, and nosZ) (Su et al. 2023).
Furthermore, the addition of biochar resulted in a higher
ratio of nosZ/(amoA + nirS +nirK), leading to decreased
N,O emission (Liao et al. 2021), In addition, ferrous
sulfide can supply electrons for NO, N and N,O reduc-
tions by stimulating more abundant sulfur-oxidizing
denitrifiers (e.g., Thiobacillus) (Wang et al. 2023a, b, c, d).
This further supported the results of available nutrients
and physicochemical properties in the SNZVI and bio-
char-based SNZVI treatments.

3.7 Mechanism of Cd immobilization
3.7.1 Adsorption of SNZVI/BC
Biochar-based SNZVI can synergistically immobilize
Cd in contaminated paddy soils. Therefore, the involved
immobilization mechanism was further clarified. The
XPS spectra of C, O, Fe, S, and Cd before and after
immobilization of Cd by SNZVI/BC are shown in Fig. 7.
The fine spectrum of C 1 s before immobilization could
be disassembled into C=C/C-C (283.92 eV), C-O-
H/C-O (284.85 V), C=0 (286.30 eV), and ~COOR
(288.28 V) (Yin et al. 2023) (Fig. 7B). After immobiliza-
tion, the positions and areas of these characteristic peaks
experienced slight variation. Similarly, the spectrum of
O 1 s was deconvoluted into O>~ (FeOOH) (530.20 eV),
C-0 (531.40 eV), and C=0 (532.42 eV) before immobili-
zation (Zhou et al. 2018) (Fig. 7C). The slight alteration of
these characteristic peaks was observed after immobili-
zation. These results indicated that the functional groups
with oxygen on the surface of biochar-based SNZVI par-
ticipated in Cd immobilization via surface complexation.
Further, five deconvoluted characteristic peaks were
observed for the spectrum of Fe 2p at 707.00, 710.30,
711.98, 723.53, and 724.96 eV, matching NZVI, fer-
rous iron of Fe 2p,),, ferric iron of Fe 2p;,, ferrous iron
of Fe 2p,;,, and ferric iron of Fe 2p,,, before adsorp-
tion (Tian et al. 2023). After adsorption, the positions
and areas of these characteristic peaks underwent slight
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Fig. 6 The function heatmap of microbial community predicted according to FAPROTAX database after application of sulfidized nano-sized
zero-valent iron (SNZVI), biochar (BC), and biochar-based sulfidized nano-sized zero-valent iron (SNZVI/BC)

shift, indicating that functional groups with Fe partici-
pated in Cd stabilization (Zhang et al. 2023c). Before
immobilization, the spectrum of S 2p was divided into
S?” (161.01 eV), S,>~ (163.03 eV), S,>~ (164.21 eV), and
SO42_ (168.10 eV). After immobilization, three sub-
peaks were observed at 161.30, 162.95, and 168.14 eV,
respectively, which were confirmed as CdS, FeS,, and
SO,>", respectively (Yin et al. 2023). This indicated that
the displacement reaction between Cd(II) ion and iron
sulfide and the formation of CdS precipitate effectively
facilitated Cd immobilization. For the spectrum of Cd 3d,
two sub-peaks were observed at 404.96 and 411.71 eV,
respectively, which were identified as Cd-iron oxides/
CdS/CdCO,4 and Cd-O binding (Yin et al. 2023; Zheng
et al. 2023). This indicated that adsorption of iron oxides
and precipitation participated in Cd immobilization. Fur-
ther, the XRD spectrum of SNZVI/BC after adsorption
of Cd indicated that the formation of CdS and CdCO,
precipitates was involved in Cd immobilization (Fig. S4),
which was in agreement with the result of XPS analysis.

3.7.2 Effect of soil physicochemical properties

Addition of functional materials induced changes in
soil physicochemical properties, which can indirectly
influence bioavailable Cd concentrations in soils (Ma
et al. 2023). The results of Pearson correlation analysis
indicated that EC, soil pH, DOC, Fe(lI), CEC, nitrate,
and ammonium were inversely proportional to availa-
ble Cd in soils, respectively (Fig. S3). Increase in soil pH
can facilitate the deprotonation of oxygen-containing
functional groups of surface of soil particles, enhancing
the electrostatic attraction between Cd** and soil parti-
cles (Ma et al. 2023). Moreover, the increase in soil pH
from 6.33 to 7.47 was also in favor of the generation of
Cd carbonate precipitates (CdCO;), lowering the avail-
able Cd in soils (Lu et al. 2022), which was consistent
with the result of the fraction’s transformation. In this
regard, although the carbonate bound Cd is sensitive
to pH changes, there was only a 0.8% increase in car-
bon bound Cd (Fig. 1) when the pH ranged from 6.33
to 7.47. The reason can be that the solubility constant
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(KSP) of Cd sulfide (7.9%107%) is lower than that of
CdCO; (5.2 % 10712), which facilitates the transforma-
tion of CdCO; to CdS considering the abundant sul-
fur in the soil under the current anaerobic condition.
The inverse correlation between Fe(II) concentration
and available Cd concentration and Cd immobilization
could imply that secondary iron minerals formed from
microbial reduction of ferric iron minerals participated
in the immobilization of Cd in soils (Muehe et al. 2013;
Zhang et al. 2023b). The negative correlation between
available Cd and nitrate/ammonium could indicate
that SNZVI/BC addition reduced bioavailability of Cd
in soils, ameliorated the toxicity of Cd to soil microor-
ganism, increased the abundance of nitrogen cycling
associated bacteria, and thus facilitated the soil nitro-
gen cycling e.g., denitrification, nitrogen fixation, and
Feammox (Chi et al. 2021; Xue et al. 2022; Chen et al.
2023b). Overall, addition of SNZVI/BC could also
immobilize Cd in contaminated soils via enhancing soil
pH and facilitating the formation of secondary iron
minerals.

3.7.3 Effect of microorganism

Microorganisms can immobilize Cd in soils, mainly
through bioadsorption, bioaccumulation (Wang et al
2023b), and microbes-induced formations of phosphate
precipitates (Zhang et al. 2021a), carbonate precipitates
(Wu et al. 2022), and sulfide precipitates (Wu et al. 2022).
Supplementation of biochar-based NZVI increased the
relative abundance of Bacillus by 32.6% compared with
that in the control soil. A reported work showed that the
two synergistic strategies (i.e., extracellular chemisorp-
tion and intracellular bioaccumulation) were involved
in the removal of Cd(Il) by Bacillus (Wang et al. 2023b).
Moreover, addition of SNZVI enhanced the relative
abundances of Desulfosporosinus and Desulfitobacterium
by 50.7 and 4.4 times, respectively. In the soil treated by
biochar-based SNZVI, the relative abundances of Desul-
fosporosinus and Desulfitobacterium were enhanced by
20.6 and 1.8 times when compared with the control soil.
Desulfosporosinus and Desulfitobacterium were reported
as sulfate-reducing bacteria (SRB) that can reduce
SO,* to S*7, which favored the formation of Cd sulfide
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precipitate (Wu et al. 2022, 2023b). Additionally, SO,*
as one of the aged products of SNZVI and substrate of
SRB can be formed after applying SNZVI into soils
(Hui et al. 2022). Therefore, these stimulated functional
microbes (Bacillus, Desulfosporosinus, and Desulfitobac-
terium) could also play a key role in immobilizing Cd in
polluted soils.

3.7.4 Effect of interaction between SNZVI and BC

Since the synergistic effect between SNZVI and biochar
was observed, and the effect of the interaction between
them on Cd immobilization in soils was further dis-
cussed. Firstly, biochar as a dispersant can efficiently
inhibit aggregation of SNZVI, improving the magni-
tude of interaction sites between SNZVI and Cd ion in
soils (Gao et al. 2023). Secondly, given high fabrication
temperature of biochar (700 ‘C), it can be used as an
electron shuttle to promote the microbial reduction of
Fe(III) oxides minerals formed from corrosion of ZVI
by iron-reducing bacteria, facilitating the production of
secondary iron minerals (Zhang et al. 2023b). The newly-
produced secondary iron minerals can effectively immo-
bilize Cd through structural incorporation of minerals
and surface adsorption (Muehe et al. 2013). Thirdly, bio-
char as an immobilization carrier can provide attachment
sites to sulfate-reducing bacteria and iron-reducing bac-
teria for their survivals (Liu et al. 2023a; Si et al. 2023).
This further promoted the microbial reduction of sulfate
to S*~ and the formation of Cd sulfide precipitate, thus
facilitating immobilization of Cd.

4 Conclusion

In the present work, biochar-based SNZVI was used to
remediate Cd-contaminated paddy soils. The compos-
ite biochar-based SNZVI effectively immobilized Cd in
the contaminated paddy soil with an immobilization effi-
ciency of 33.3% better than individual biochar or SNZVI,
exhibiting a synergistic effect. The composite SNZVI/
BC also facilitated the transformation of the labile Cd
forms in the polluted soil to the more stable species.
Moreover, the composite SNZVI/BC also increased soil
pH, organic matter, cation exchange capacity, dissolved
organic carbon, ammonium, nitrate, and available Fe(II)
concentrations in the polluted soil. Furthermore, the
addition of SNZVI/BC altered the bacterial community
in soils, increasing the relative abundance of Bacillus,
Clostridium, and Desulfosporosinus. The direct interac-
tion of SNZVI/BC with Cd, the altered soil physicochem-
ical properties, and the changed bacterial community
played important roles in Cd immobilization in the con-
taminated paddy soil. The further pot experiment is rec-
ommended to verify the immobilization efficiency of
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SNZVI/BC towards Cd in the contaminated soil in future
works.
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