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Abstract 

Arsenic (As) detoxification in polluted soils by iron-based materials can be mediated by the endogenous soil organic 
matter (SOM), nevertheless the mechanisms remain unclear. Herein, endogenous SOM in a paddy soil was substan-
tially removed to understand its roles on As immobilization by biochar-supported zero-valent iron (ZVI/BC). The results 
demonstrated that ZVI/BC application significantly decreased As bioavailability by 64.2% compared with the control 
soil under the anaerobic condition. XPS and HR-TEM suggested As immobilization by ZVI/BC mainly invoked the for-
mation of ternary complexes (i.e., As-Fe-SOM). However, SOM depletion compromised the efficacy of ZVI/BC for As 
immobilization by 289.8%. This is likely because SOM depletion increased the fulvic acid and  OH− contents in soils. 
Besides, ZVI/BC increased the proportion of As(III) in available As fraction, but SOM depletion altered the mechanisms 
associated with As(V) reduction. That is, As(V) reduction resulted from the reductive capacity of ZVI in the pristine 
soil, but the As(V)-reducing bacteria contributed greater to As(V) reduction in the SOM-depleted soil. Additionally, 
SOM depletion boosted the abundances of Fe(III)- and As(V)-reducing bacteria such as Bacillus and Ammoniphilus 
in soils, which enhanced the dissimilatory arsenate reduction. Thus, this work highlighted the importance of SOM 
in the remediation of As-contaminated soils by ZVI/BC.

Highlights 

• Endogenous soil organic matter (SOM) was removed to understand its roles in arsenic (As) immobilization by ZVI/
BC.

• SOM depletion compromised the efficacy of ZVI/BC for As immobilization.
• As(V)-reducing bacteria contributed greater to As reduction in the SOM-depleted soil.
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Graphical Abstract

1 Introduction
Arsenic (As), a metalloid, exists mainly as a highly toxic 
inorganic anionic arsenate (As(V)) or arsenite (As(III)) in 
soil environments (Song et al. 2022). The elevated arsenic 
(As) levels in soils are often encountered resulting from 
the weathering of naturally-occurring As-bearing min-
erals and anthropogenic activities such as mining and 
industrial processes. Long-term exposure to As contami-
nated soils and ingestion of As-enriched foods are asso-
ciated with acute and chronic human health problems 
(Kaur et  al. 2023). The remediation of As-contaminated 
paddy soils is challenged by the fluctuating redox status, 
because As bioavailability is usually enhanced by low 
redox potential at the flooding stage (Wen et  al. 2021; 
Yang et al. 2023). Thus, enormous effects are devoted to 
seek for efficient practices to decontaminate As-contam-
inated paddy soils.

In decades, biochar, as a porous carbon-enriched mate-
rial produced by thermal decomposition of biomass 
under anoxic condition, has been widely used for soil 
detoxification (Yang et al. 2023), soil quality improvement 
(Nascimento et  al. 2023; Yuan et  al. 2023), and green-
house gas mitigation (Medaiyese et  al. 2023). However, 
biochar may enhance As mobility in flooded paddy soils 

by mediating reductive transformation of iron (Fe) oxides 
and As in soils (Medaiyese et  al. 2023). To improve As 
immobilization efficacy, biochar is often decorated with 
nanoscale zero-valent iron (NZVI) with excellent affinity 
to As that retains As oxyanions by corrosively-formed Fe 
oxides invoking such mechanisms as electrostatic attrac-
tion, surface complexation, reduction/oxidization, and 
(co)precipitation (Song et  al. 2022). The electron shut-
tling capacity and electrical conductivity of biochar favor 
electron transfer and confer improved reactivity of ZVI 
(Fan et  al. 2020). Further, the recent works found that 
biochar enhanced the reductive ability of ZVI which pro-
moted the reduction of As(V) to As(III) under the aero-
bic condition (Fan et al. 2020; Hu et al. 2023).

Soil organic matter (SOM) comprised small-molecu-
lar-size labile organic carbon and persistent humic sub-
stances such as fulvic acid and humic acid. Chemical 
composition and the abundance of SOM have exerted 
profound influences on As bioavailability. Overall, addi-
tion of SOM with high contents of labile aliphatic car-
bon and organic acids can accelerate the dissolution of 
As-bearing compounds in soils after flooding possibly 
resulting from the competitive desorption of negatively-
charged functional groups, but humic substance may 
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inhibit As release via As(III) immobilization (Fang et al. 
2022; Marzi et al. 2022). Besides, exogeneous humic sub-
stance can mediate the change in redox conditions, which 
may promote the reoxidation of As(III) to As(V) (Peng 
et al. 2022). On the other hand, SOM can catalyze phase 
and compositional transformation of Fe oxides, leading 
to As biogeochemical transformation and immobiliza-
tion because As immobilization is mainly associated with 
Fe oxides in soils. In a recent work, it was observed that 
exogenous SOM increased As release during the first 
15–20 days, while a decreased tendency was observed in 
the later-period, ascribing to the formation of secondary 
Fe precipitates (Feng et al. 2023). In the anaerobic condi-
tion, the reduced SOM moieties facilitated the reductive 
transformation of Fe oxides and accelerated mobiliza-
tion of Fe oxide-bound As (Tran et al. 2023). Moreover, 
the  transformation of As-bearing ferrihydrite to lepi-
docrocite and goethite resulted in As release owing to 
the decreased surface sites in spite of As sequestration 
into the newly-formed secondary Fe mineral phases 
(Stolze et al. 2019). In the soil system, Fe oxides existed 
mainly as organo-mineral complexes, and this associa-
tion can enhance As retention by the formation of SOM-
Fe oxide-As triple complexes (Liu et  al. 2011; Cai et  al. 
2022). However, recent research focuses  on introduc-
tion of exogenous SOM, which may confound the role of 
endogenous SOM, because exogenous SOM would surely 
result in alteration of endogenous carbon and Fe elemen-
tal cycling and soil microbial communities (Meng et  al. 
2022b; Qiu et al. 2022). In this work, endogenous SOM 
was removed by oxidation to mimic the carbon miner-
alization and decomposition in the harsh environmental 
conditions, which was not considered in previous stud-
ies. As a result, organic matter and iron oxide complexes 
may be disrupted which can expose more iron oxides as 
substrate, shifting the microbial community composition 
such as As(V) and Fe(III)-reducing bacteria (Cai et  al. 
2021) and hence influencing the redox transformation of 
As and Fe in soils. To date, few attempts have been avail-
able concerning the change of As availability as a func-
tion of altered soil properties induced by carbon removal 
in soils.

Besides, ZVI can regulate the dynamics of endogenous 
carbon and Fe oxides. The Fe oxides originated from ZVI 
corrosion could alter the nucleation and dissolution of 
Fe oxides and thus inevitably affect the transformation 
of endogenous Fe oxides (Hu et  al. 2023). Reversely, Fe 
oxides such as goethite and ferrihydrite can change the 
mineralization and chemical composition of SOM (Liu 
et al. 2022). To the best of our knowledge, how the deple-
tion of SOM and the correspondingly changed soil prop-
erties and microbial community affect As immobilization 
and transformation in the presence of ZVI/BC under the 

anaerobic condition remains unknown. Hence, the pre-
sent study aims at: 1) investigating the changes of major 
soil physiochemical properties (pH, carbon content, 
Fe oxides, and soil microbes) and soil As bioavailability 
as SOM was partially oxidized; and 2) elucidating the 
effects and mechanisms of SOM on As immobilization 
and redox transformation by ZVI/BC in As-spiked soils 
with different SOM contents. This work can enhance the 
understanding of the roles of SOM and microorganisms 
in ZVI/BC-induced As transformation in paddy soils.

2  Materials and methods
2.1  Preparation of ZVI/BC and As‑contaminated soil
5 g of pinewood sawdust powder (20 mesh) was mixed 
with 1 g of hematite in a beaker with a volume of 100 mL 
and dispersed in 50 mL deionized water. The used hema-
tite (α-Fe2O3) was purchased from Shanghai Aladdin Bio-
chemical Technology Co., LTD. The mixture was placed 
in an oven and dried for 24 h at 60 ℃ after the ultrasound 
(the power of 100 W) for 1 h. The purpose of ultrasound 
was to make pinewood powder and hematite mixed 
evenly. The dried mixture was pyrolyzed in a nitrogen 
atmosphere (the flow rate of 40 mL  min−1) at 700 ℃ for 2 
h. In detail, the mixture was heated for 35 min to achieve 
200 ℃ at the speed of 5 ℃  min−1, maintained at 200 ℃ for 
1 h, heated for 100 min to reach 700 ℃ (i.e., the speed of 5 
℃  min−1), and kept at 700 ℃ for 2 h (Zhang et al. 2023b). 
The obtained material was labeled as ZVI/BC. The indi-
vidual pinewood sawdust powder was pyrolyzed at the 
same condition, and the obtained material was labeled as 
BC. The samples were washed for 3 times by deionized 
(DI) water and ethanol (volume ratio of 1:1) and vacuum 
dried for 24 h in the oven at 60 ℃.

The experimental soil was collected from the experi-
mental field of Yangzhou University, Jiangsu Province, 
China.  Na2HAsO4·7H2O was added into the soil and 
aged for 1 month to obtain the As-contaminated paddy 
soil. The As concentration in the contaminated soil was 
400 mg  kg−1. The soil pH value was 6.82, and the cation 
exchange capacity (CEC) was 21.15 cmol  kg−1, and the 
water holding capacity was 18.89%. The soil organic mat-
ter (SOM) concentration was quantified using the titra-
tion of  FeSO4 after the oxidation by  K2Cr2O7-H2SO4. 
The SOM concentration before and after being aged for 
1 month was 36.38 and 36.03 g  kg−1, respectively.

2.2  Experimental design
The SOM was removed using 30%  H2O2 to obtain the 
OM-reduced contaminated soil (Molamahmood et  al. 
2020). The SOM content of the obtained OM-reduced 
soil was 8.01  g   kg−1, and the removal rate of SOM was 
77.8%. Arsenic was added into the soil before the removal 
of SOM. 0.25  g of BC or ZVI/BC was added into the 
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polyethylene bottle with 25  g of the pristine contami-
nated soil or the SOM-reduced soil (i.e., 1% dosage). The 
mixture was mixed homogeneously, and incubated for 
30  days. The two soils without any treatment served as 
the control groups. 37.5 g of DI water was supplemented 
into the polyethylene bottle to keep 150% moisture con-
tent of the soil to mimic the flooded anaerobic environ-
ment. There was no external microorganisms to be added 
into the soil during the entire incubation process. A pre-
vious study indicated that the bacterial community in the 
soil significantly changed after 7 days, since biochar was 
added into the soil (Chen et al. 2017). The soil moisture 
content was maintained by the weighing method every 
day. The experiment consisted of six treatments with 
three replicates of each treatment. For the pristine con-
taminated soil, the control group and treatments were 
marked as CK, BC, and ZVI/BC, respectively. Corre-
spondingly, they were marked as RCK, RBC, and RZVI/
BC, respectively for the OM-reduced soil. After the incu-
bation, a part of the soil was air-dried and passed through 
100 mesh to analyze the soil physicochemical properties 
including pH, dissolved organic carbon (DOC), fulvic 
acid carbon, humic acid carbon, ferrous iron, amorphous 
iron oxides, free iron oxides, available As, As fractiona-
tion, and the propotion of As(V) and As(III) in available 
As. About 3 g of the soil from every treatment was stored 
in a − 80 ℃ refrigerator to analyze the soil microbial 
community.

2.3  Analytical method of samples
The  (NH4)2SO4 solution (0.05  M) was used to extract 
the non-specific adsorbed fraction As and character-
ized as the available As in the soil (Fan et al. 2020). The 
Wenzel sequential extraction method was used to extract 
the different species of As in soils (Zhou et al. 2022). The 
detailed extraction procedure is shown in Additional 
file  1: Table  S1. The As concentrations in the extracts 
were measured using an inductively coupled plasma mass 
spectrometry (ICP-MS). The As(V) and As(III) concen-
trations in the  (NH4)2SO4 extract were analyzed using a 
high performance liquid chromatography-mass spec-
trometry (HPLC–MS) (Fang et al. 2022). The Fe(II) con-
centration in the soil was extracted using HCl solution 
(0.5 M) and measured by the 1,10-phenanthroline spec-
trometric method (Zhang et  al. 2023c). The amorphous 
iron oxides in the soil was extracted darkly using ammo-
nium oxalate solution (0.2  M) and measured using the 
spectrometric method (Chen et  al. 2020). The free iron 
oxide in the soil was extracted using sodium dithionite-
sodium citrate-sodium bicarbonate (DCB) solutions 
and determined by the spectrometric method (Liu et al. 
2023a).

Soil pH was measured with a pH meter based on DI 
water to soil ratio of 2.5:1 (Zhang et  al. 2023c). The 
DOC was extracted according to the DI water to soil 
ratio of 5:1 and measured by the TOC analyzer after 
passing through a 0.45 μm filter membrane (Zhang et al. 
2023a). The fulvic acid (FA) and humic acid (HA) in the 
soil were extracted according to the following method 
(Kou et  al. 2022). Briefly, 1.0 g of soil sample was 
weighed and transferred into a 50 mL centrifuge tube, 
and 12 mL DI water was added. After shaking for 1 h 
in a water bath at 70 ℃, the soil sample was centrifuged 
and the supernatant was discarded, and then washed 
with 20 mL DI water. Afterwards, 20 mL of 0.1 mol  L−1 
 Na4P2O7 and 0.1  mol  L−1 NaOH mixtures were added 
into a centrifuge tube with the washed soil, shaken for 
5 min and left for 14 h. After filtration, the filtrate pH 
value  was adjusted to 1.0–1.5 using HCl solution, and 
the obtained acidified solution was kept in a water bath 
at 70 °C for 2 h before standing overnight. Then, filtra-
tion was performed and the resulted solution was FA 
and the precipitate was HA. The HA concentration was 
determined by the potassium dichromate oxidation-
spectrophotometric method. The FA concentration was 
determined using a TOC analyzer.

The X-ray photoelectron spectroscopy (XPS) 
(ESCALAB250Xi, USA) was used to analyze the O 
and As binding form of the samples before and after 
adsorption of arsenate by ferrihydrite in the presence of 
humic acid (Xue et al. 2019). The high resolution-trans-
mission electron microscopy (HR-TEM) (Tecnai 12, 
Netherlands) was used to analyze the micro-regional 
elemental distribution (C, O, Fe, and As) of the result-
ant product of arsenate adsorbed by ferrihydrite in the 
presence of humic acid (Zhang et al. 2023c).

2.4  Bacterial community analysis
The bacterial community composition in different 
soil samples was analyzed using the high-throughput 
sequencing technology (Zhang et  al. 2023a). First, an 
E.Z.N.A.® soil DNA kit was used to extract the bacte-
rial DNA in soils based on the manufacturer’s instruc-
tions. The bacterial V3-V4 region of the 16S rRNA gene 
was amplified with the primers of 338F (5′-ACT CCT 
ACG GGA GGC AGC AG-3′) and 806R (5′-GGA CTA 
CHVGGG TWT CTAAT-3′) via polymerase chain reac-
tion (PCR) thermocycler. The PCR amplification of 16S 
rRNA genes and MiSeq sequencing were finished in 
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, 
China). The microbial-related figures were completed 
on the cloud platform provided by Majorbio Bio-Pharm 
Technology Co. Ltd.
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2.5  Statistical analysis
The data were presented as mean ± standard deviation. 
One-way analysis of variance analysis (ANOVA) was 
used to assess the differences between different treat-
ments using the SPSS 25.0 software, and the signifi-
cance level was set at 0.05. Operational taxonomic units 
(OTUs) were defined at a 97% sequence identity.

3  Results
3.1  Characterization of materials
The specific surface areas, total pore volumes, and pore 
sizes of the obtained BC and ZVI/BC were shown in 
Additional file  1: Table  S2. The specific surface area of 
BC (372.6  m2  g−1) was higher than that of ZVI/BC (198.1 
 m2   g−1) which can be attributed to the blockage of BC’s 
channel by the generated ZVI particles. The previous 
study also achieved the analogous result (Zhang et  al. 
2023c). Similarly, the total pore volume of ZVI/BC (0.11 
 cm3   g−1) was lower than that of BC (0.16  cm3   g−1). The 
XRD spectrum of the obtained BC and ZVI/BC was indi-
cated in Additional file 1: Fig. S1. The characteristic dif-
fraction peaks at 2θ = 44.7° and 65.2° were observed in 
the XRD spectrum of ZVI/BC, which indicated the suc-
cessful synthesis of ZVI. The generation of ZVI mainly 
depended on the reaction of reductant gas (CO,  H2, and 
 CH4) from the pyrolysis of biomass and hematite at the 
high temperatures (700–850  °C for CO, 700–825  °C for 
 CH4, and 200–500  °C for  H2) (Liu et  al. 2023b) and the 
phase transformation order of α-Fe2O3 is α-Fe2O3-Fe3O4-
FeO-ZVI (Zhang et  al. 2022). Also, the characteristic 
peak at 2θ = 24.8° in the XRD spectrum of BC indicated 

the amorphous carbon structure of pristine BC which 
agreed with the previous study (Zhang et  al. 2022). In 
the SEM image of BC, the obvious pore structure was 
observed (Additional file 1: Fig. S2A). In the SEM image 
of ZVI/BC, the ZVI particles were mainly distributed at 
the surface of BC (Additional file 1: Fig. S2B). Addition-
ally, the size of ZVI particles in ZVI/BC was lower than 
1.0 μm according to the SEM image of ZVI/BC. Overall, 
the above-mentioned result indicated that ZVI/BC was 
successfully prepared.

3.2  Availability and fractionation of As in soil
The change in concentration of available As in the soil 
and the fraction of As for different treatments are shown 
in Fig.  1. Obviously, the available As concentrations in 
the OM-reduced soils (RCK, RBC, and RZVI/BC) were 
significantly higher than those in the pristine soils (CK, 
BC, and ZVI/BC) no matter immobilizers were added or 
not (Fig.  1A). Moreover, biochar addition significantly 
increased available As concentrations in two soils com-
pared with the respective control soils (P < 0.05) (Fig. 1A). 
On the contrary, available As concentrations in the soil 
were significantly reduced by 64.2% and 5.1%, respec-
tively for the pristine and OM-reduced soils treated by 
ZVI/BC (i.e., ZVI/BC and RZVI/BC treatments) com-
pared to the respective control group (CK and RCK) 
(P < 0.05). Further, adding biochar had different effects 
on the redox transformation of As in the available As 
extracted from the two soils. In the OM-reduced soil, 
biochar addition (RBC treatment) improved the propor-
tion of As(V) from 49.7% (control) to 89.7%, whereas its 

Fig. 1 (A) Changes in available As concentration and (B) the fractions (F1, F2, F3, F4, and F5) of As in two soils without treatment (CK) and treated 
by biochar (BC) and biochar-supported zero valent iron (ZVI/BC). RCK, RBC, and RZVI/BC represent the respective soils (CK, BC, and ZVI/BC) 
with the organic matter being removed. Different lowercase letters represent significant differences between treatments (P < 0.05). F1 means 
the non-specifically adsorbed As. F2 means the specifically adsorbed As. F3 means the amorphous and poorly-crystalline hydrous oxides of Fe 
and Al bonded As. F4 means the well-crystallized hydrous oxides of Fe and Al bonded As. F5 means the residual As
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proportion slightly decreased for the pristine soil (BC 
treatment). Differently, ZVI/BC addition significantly 
increased the proportion of As(III) as available As in the 
soil regardless of soil type. Specifically, the proportion 
of As(III) increased from 50.3% to 79.9% for the OM-
reduced soil (RZVI/BC treatment) and from 38.4% to 
81.9% for the pristine soil (ZVI/BC treatment).

The results of Wenzel sequential extraction indicated 
that the non-specifically adsorbed As (F1) in the soil 
slightly increased for the two soils treated with biochar 
(BC and RBC treatments) in comparison to the respec-
tive control group (CK and RCK) (Fig. 1B). By contrast, 
ZVI/BC addition decreased the proportion of non-spe-
cifically adsorbed As (F1) in the two soils (ZVI/BC and 
RZVI/BC treatments) compared with the respective con-
trol group (CK and RCK). Correspondingly, the specifi-
cally-adsorbed As (F2) decreased from 52.8% to 49.9% for 
the pristine soil (BC treatment) and the amorphous and 
poorly-crystalline hydrous oxides of Fe and Al bonded As 
(F3) descended from 34.1% to 31.2% for the OM-reduced 
soil (RBC treatment) after the supplementation of bio-
char. Regarding ZVI/BC addition, the proportion of F3 
portion increased from 29.9% to 42.5% for the pristine 
soil (ZVI/BC treatment), and the proportion of well-crys-
tallized hydrous oxides of Fe and Al bonded As (F4 por-
tion) increased from 5.7% to 6.7% for the OM-reduced 
soil (RZVI/BC treatment).

3.3  Changes in iron species in the soil
Amorphous Fe (oxyhydr) oxide is an important bonding 
site to As in soils. Figure 2 shows the changes in Fe(II), 
free Fe oxide, and amorphous iron oxide concentrations 
in two soils under different treatments. To be specific, 

biochar or ZVI/BC addition had no effect on the HCl-
extractable Fe(II) concentration in the OM-reduced 
soil. However, ZVI/BC addition significantly increased 
the HCl-extractable Fe(II) concentration in the pristine 
soils in comparison to the control soil (Fig. 2A). In addi-
tion, biochar supplementation significantly improved 
the free Fe oxides concentration in the OM-reduced soil 
(P < 0.05), whereas it had no significant effect on that in 
the pristine soil (P > 0.05). Differently, ZVI/BC addition 
significantly improved the free Fe oxides concentration 
from 20.1 to 36.5 g  kg−1 for the pristine soil and from 19.6 
to 36.8 g  kg−1 for the OM-removed soil (Fig. 2B). Similar 
to the free Fe oxides in the soil, the amorphous iron oxide 
contents in the soil significantly increased from 13.6 to 
27.8  g  kg−1 for the pristine soil and from 17.3 to 27.1  g 
 kg−1 for the OM-reduced soil after ZVI/BC was added 
(Fig.  2C). Nevertheless, the individual biochar applica-
tion showed no significant effect on the amorphous iron 
oxide contents in the two soils compared to the respec-
tive control soil (P > 0.05).

3.4  Changes in soil pH and organic carbon in soils
The different carbon contents of the two soils and the 
change in soil pH are shown in Fig.  3. The addition of 
biochar and ZVI/BC had no significant effect on soil 
pH compared to the corresponding control group. The 
removal of organic matter significantly increased soil pH 
(Fig.  3A). In addition, compared with the correspond-
ing control soil, the application of biochar into the pris-
tine soil reduced the DOC content in the pristine soil, 
but increased the DOC content in the OM-reduced soil 
(Fig.  3B). ZVI/BC addition significantly reduced the 
DOC content in the pristine soil (P < 0.05), while it  had 

Fig. 2 (A) Changes in concentrations of Fe(II), (B) free Fe oxide, and (C) amorphous Fe oxide in the soils without treatment (CK) and treated 
with biochar (BC) and biochar-supported zero valent iron (ZVI/BC). RCK, RBC, and RZVI/BC represent the respective soils (CK, BC, and ZVI/BC) 
with organic matter being removed. Different lowercase letters represent significant differences between treatments (P < 0.05)
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no significant effect on that in the OM-reduced soil 
(P < 0.05). The application of biochar and ZVI/BC had no 
significant effect on the FA carbon content in the pris-
tine soil. The removal of soil organic matter significantly 
increased the FA carbon content in the soil (P < 0.05). 
Furthermore, the FA carbon content in the OM-reduced 
soil significantly increased with the application of biochar 
and ZVI/BC (P < 0.05). The individual BC addition had 
better effect on enhancing the FA carbon content than 
the ZVI/BC addition, which can be related to the higher 
dosage of biochar (Fig. 3C). Both removal of OM and sta-
bilizers addition had no significant effect on the HA car-
bon contents in the two soils (P > 0.05).

3.5  Microbial community characteristics
The abundances of soil bacterial communities on the dif-
ferent taxonomic levels (phylum, class, and genus) and 
the beta diversity of soil bacteria communities are shown 
in Fig.  4. The result on the phylum level indicated that 
the composition of bacterial communities was very sus-
ceptible to SOM (Fig. 4A). Specifically, the reduction of 
SOM increased the relative abundance of Proteobacteria 
(from 8.95% to 11.3%), Firmicutes (from 8.95% to 11.3%), 
and Spirochaetota (from zero to 4.15%) in the soil. On 
the contrary, the abundance of Cyanobacteria, Actino-
bacteriota, and Bacteroidota decreased. In the pristine 

soil, both biochar and ZVI/BC addition increased the 
relative abundance of Cyanobacteria, but decreased the 
abundance of Bacteroidota. For the OM-reduced soils, 
the abundances of Proteobacteria and Actinobacteriota 
increased after biochar and ZVI/BC were applied. To be 
specific, the abundance of Proteobacteria increased from 
11.3% to 51.69% for biochar and 61.8% for ZVI/BC. The 
abundance of Actinobacteriota increased from 1.59% to 
10.63% for biochar and 10.92% for ZVI/BC. However, the 
abundance of Firmicutes decreased by 2.4 and 3.3 times, 
respectively, compared to the control group.

The relative abundances of soil bacterial communities 
on the class level indicated that Bacilli and Clostridium 
were the most abundant in the OM-reduced control soil 
(Fig. 4B). Both Bacilli and Clostridium belong to the phy-
lum Firmicutes (Li et  al. 2020b). Moreover, the relative 
abundances of Cyanobacteriia and Actinobacteria in the 
pristine soil were higher than those in the OM-reduced 
soil. In addition, the abundances of Gammaproteobac-
teria, Alphaproteobacteria, and Actinobacteria were 
significantly increased when biochar and ZVI/BC were 
applied to the OM-reduced soil. These results were con-
sistent with the taxonomic results on the phylum level. 
Furthermore, the abundances of class Desulfitobacteriia 
and Desulfotomaculia associated with sulfate reduction 
were the highest in the OM-reduced soil treated by ZVI/

Fig. 3 (A) Changes in soil pH, (B) dissolved organic carbon (DOC) content, (C) fulvic acid carbon content, and (D) humic acid carbon content 
in the soil treated by biochar (BC) and biochar-supported zero valent iron (ZVI/BC). RCK, RBC, and RZVI/BC represent the respective soil with organic 
matter being removed. Different lowercase letters represent significant differences between treatments (P < 0.05)
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BC. However, these two classes were not detected in the 
pristine soil treated by ZVI/BC. This can be attributed 
to the fact that the high FA carbon concentration in the 
OM-reduced soil can serve as microbial carbon source.

In addition, the organic matter removal caused some 
shifts to the microorganisms at the genus level (Fig. 4C). 
Specifically, the relative abundances of Synechococ-
cus_CC9902, Candidatus_Aquiluna, Delftia, and cyano-
bium_PSC-6307 decreased. Synechococcus_CC9902 
was reported to own the assimilation function of nitrite 
at high ammonium content. Candidatus_Aquiluna 
can participate in the organic matter degradation and 
anaerobic ammonia-oxidation process (Lukwambe 
et  al. 2020). A previous study indicated that Delftia, as 

a denitrifying phosphate-accumulating organism, pos-
sessed high removal efficiencies of  NO3

−-N and  PO4
3−-P 

(Li et  al. 2020a). However, the relative abundance of 
Pseudomonas, Bacillus, Symbiobacterium, and Arthor-
bacter increased after the removal of organic matter. In 
the OM-reduced soil, ZVI/BC addition made the relative 
abundance of Pseudomonas increase from 9.3% (control) 
to 36.6% (RZVI/BC treatment).

The results of principal component analysis (PCA) 
at the phylum level showed that the first two principal 
components accounted for 84.38% of the total variation 
(Fig.  4D). Further, the distance between samples in the 
pristine soil group was smaller than that between the 
samples in the OM-reduced soil group, indicating that 

Fig. 4 (A) Relative abundance of soil bacteria for different treatments on phylum level, (B) class level, (C) genus level, and (D) the principal 
component analysis (PCA) of soil bacterial community based on the phylum level. CK means control group, and BC means the soil treated 
by biochar (BC), and ZVI/BC means the soil treated by biochar-supported zero valent iron (ZVI/BC). RCK, RBC, and RZVI/BC represent the respective 
soil with the organic matter being removed
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the removal of SOM treatment had a significant effect 
on the microbial community in the soil. In addition, the 
addition of biochar and ZVI/BC significantly affected the 
soil microbial community structure for the OM-reduced 
soil.

3.6  Correlations of environmental characteristics 
with microbial communities

The results of RDA and Pearson correlation analysis 
between environmental factors and the relative abun-
dance of bacteria on phylum level are shown in Fig.  5. 
According to the RDA results (Fig.  5A), the content of 
available As in soils was positively correlated with soil 
pH and FA content, but negatively correlated with HA 
and Fe(II) contents. Available As, soil pH, and FA mainly 
affected the bacterial community in the OM-reduced soil. 
Moreover, according to the results of correlation analysis 
(Additional file 1: Table S3), the amorphous Fe oxide con-
centration was significantly negatively correlated to the 
DOC content (P < 0.05).

According to Fig.  5B, the content of available As, soil 
pH, and FA content were positively correlated with the 

relative abundances of plylum Firmicutes, Proteobacteria, 
Chloroflexi, and Desulfobacterota, respectively. Moreo-
ver, amorphous Fe oxide and free Fe oxide concentrations 
were also positively correlated with the relative abun-
dances of plylum Proteobacteria.

3.7  Functional prediction of soil bacteria communities
The functional prediction of soil bacterial community 
based on the FAPROTAX database can reflect the ele-
mental biogeochemical cycling. The results of functional 
predictions for different treatment groups are shown in 
Fig. 6. The relative abundances of some community func-
tions such as dissimilatory arsenate reduction, aromatic 
compound degradation, and arsenite oxidation detoxi-
fication were the highest for the RZVI/BC treatment. 
This result can indirectly prove that arsenic immobiliza-
tion by ZVI/BC was affected by the arsenic redox asso-
ciated microbes in the OM-reduced soil. This could also 
indicate that the reductive transformation of arsenate in 
available As was affected by not only ZVI but also the 
As(V)-reducing bacteria in the OM-reduced soil. How-
ever, in the pristine soil, the relative abundances of these 

Fig. 5 (A) Redundancy analysis (RDA) and (B) Pearson correlation analysis between environmental factors and the relative abundance of soil 
bacteria on phylum level. DOC means dissolved organic carbon, and FA means fulvic acid, and HA means humic acid. * means P < 0.05. ** means 
P < 0.01
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three community functions were relatively low, implying 
that the high proportion of arsenite from the available 
As in the soil treated by ZVI/BC can be ascribed to the 
reduction effect by ZVI.

4  Discussion
4.1  Transformation of As
According to Sect.  3.1, biochar addition into soil 
increased the As availability, which was consistent with 
the results of previous studies (Wang et  al. 2017; Fan 
et al. 2020). This can be mainly attributed to the soil pH 
increase induced by biochar, enhancing the electrostatic 
repulsion, thus facilitating As desorption from soil parti-
cles (Fan et al. 2020). Although the formation of dissolved 
complexes of dissolved organic matter (DOM) with As 
and the competition effect from DOM molecules for 
adsorption sites could also improve the lability and avail-
ability of As in the soil (Aftabtalab et al. 2022), DOM may 
not be the key factor influencing available As in the soil 
according to the results of correlation analysis (R = 0.068) 

(Additional file 1: Table S2) in the present study. ZVI/BC 
addition decreased the As availability in comparison to 
the respective control soil. These can mainly be ascribed 
to the increased concentration of amorphous iron oxide 
(Fig. 2C), which facilitated the immobilization of As via 
adsorption and co-precipitation (Manning et al. 2002). It 
was reported that ferrihydrite, magnetite, lepidocrocite, 
and goethite were formed as the oxidative products of 
ZVI in the realistic soil, and these iron oxides have strong 
affinity to arsenite or arsenate (Hui et  al. 2022; Mitzia 
et al. 2023), immobilizing As(V) and As(III). The result of 
Wenzel sequential extraction experiment indicated that 
ZVI/BC addition could facilitate the transformation of 
the labile As species in the two soils to the more stable As 
species. However, the application of individual biochar 
can increase the release of As in the two soils (Fig. 1B). 
This result was also in line with the previous study (Fan 
et  al. 2020). ZVI/BC addition increased the As(III) pro-
portion in the available As, which could be ascribed to 
the reductive transformation of As(V) to As(III) by ZVI 

Fig. 6 Functional predictability of soil bacterial community based on the FAPROTAX database. CK means control group, and BC means the soil 
treated by biochar (BC), and ZVI/BC means the soil treated by biochar-supported zero valent iron (ZVI/BC). RCK, RBC, and RZVI/BC represent 
the respective soil with organic matter being removed
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(Fan et  al. 2020). However, the generated As(III) can 
also be immobilized by the amorphous iron oxide or the 
secondary iron minerals in the soils, though As(III) was 
more toxic than As(V) (Chen et al. 2023).

4.2  Effects of soil physicochemical properties on As 
availability

A previous study indicated that the amorphous Fe oxide 
can play an important role in immobilizing As in the soil 
(Liu et  al. 2015). Therefore, ZVI/BC addition can facili-
tate the immobilization of As, probably resulting from 
the  increased amorphous Fe oxide in the soil. Further, 
after adding ZVI/BC, the amorphous Fe oxide contents 
in the pristine soil was significantly higher than that in 
the OM-reduced soil (P < 0.05), which supported  the 
result of available As in the soil (Fig.  1A). Higher soil 
pH made  OH− compete with anionic As for adsorption 
sites, which was not conducive to immobilization of As 
in the soil. In this study, Fe(II) concentration was nega-
tively correlated to available As (Fig. 5A), indicating that 
Fe(II) generation was a necessary process for As immo-
bilization in soil by ZVI/BC. Moreover, HA content was 
negatively correlated to available As, indicating that HA 
could be in favor of As immobilization (Fang et al. 2022). 
The result indicated that the oxidation, destruction, and 
decomposition of soil organic matter by the oxidizing 
agent (i.e., hydrogen peroxide) resulted in the destruc-
tion of the organic-mineral complexes in the soil and 
the increase of FA carbon content with small molecu-
lar weight and strong mobility (Fig.  3C). Previous stud-
ies have shown that the presence of humic substance 
decreases the adsorption capacity of Fe(OH)3 towards 
arsenate, and the competition effect of FA was stronger 
than that of HA (Saldaña-Robles et al. 2017; Marzi et al. 
2022). In addition, the positive correlation between FA 
carbon content and available As indicated that FA could 
compete with arsenate or arsenite for the adsorption site 
in soil. Overall, the effect of SOM removal mainly influ-
enced the soil pH and FA carbon content in soil to alter 
As availability in soil. Previous studies have also indicated 
that these two parameters have important influences on 
the immobilization of As on Fe oxides in the soil (Du 
et al. 2014; Yang et al. 2022a).

4.3  Effects of microorganism on As transformation
It was reported that Pseudomonas could reduce arsenate 
to arsenite, which also supported the result of Sect.  3.1 
(Liao et  al. 2011). Bacillus and Arthorbacter were func-
tionally classified as toxic element-resistant bacteria 
due to substrate stimulation (i.e., more available arse-
nic). Both biochar and ZVI/BC addition stimulated the 
growth of Ammoniphilus that was reported as iron-
reducing bacteria (Luo et al. 2021). Similarly, the relative 

abundance of Acinetobacter was also the highest, which 
may be resulted from Fe oxides from the oxidation of 
ZVI as an electron acceptor, facilitating the proliferation 
of Acinetobacter as iron-reducing bacteria (Yang et  al. 
2022b). On another hand, Pseudomonas, Acinetobacter, 
and Bacillus can be also arsenite-oxidizing bacteria that 
can transform arsenite to arsenate by using either  O2 as 
a terminal electron acceptor (TEA) under the oxic condi-
tion or  NO3

−,  NO2
−, and  SeO3

2− as an TEA under the 
strict anoxic condition. Therefore, these arsenite-oxidiz-
ing bacteria also participated in As transformation in the 
current condition. A previous study also indicated that 
low dosage addition of ZVI/BC can stimulate the growth 
of sulfate-reducing bacteria in an anaerobic matrix (Liu 
et al. 2021).  OH− ion and FA molecules can increase the 
quantity of negative charge on the surface of soil colloids, 
facilitating desorption and release of As (Meng et  al. 
2022a). This indicated that more  OH− and more FA did 
not favor As immobilization in the soil. Previous studies 
had indicated that Ammoniphilus and Bacillus can par-
ticipate in the reduction of Fe(III) and As(V) in the soil 
(Wang et  al. 2023). Therefore, the more As(III) in the 
available As in the OM-reduced soil can be generated by 
the microbial reduction of As(V) after ZVI/BC addition, 
while the more As(III) in the available As in the pristine 
soil mainly derive from the reduction of ZVI.

Overall, the removal of SOM compromised the immo-
bilization of arsenic by ZVI/BC. This is mainly due to 
the significant increase in soil pH and fulvic carbon con-
tent after the removal of SOM. In addition, the removal 
of SOM may lead to the fragmentation of iron oxides-
organic matter complexes, exposing more iron oxides, 
thus stimulating the proliferation of the bacteria affili-
ated with Firmicutes and Proteobacteria. Pseudomonas 
belonged to Proteobacteria can reduce As(V) to As(III), 
possibly improving the migration ability of As, and Bacil-
lus can reduce Fe(III) minerals, probably enhancing the 
release of As bound to iron minerals though they can 
also oxidize As(III) to As(V). Therefore, the removal of 
SOM was not conducive to the immobilization of arse-
nic in soils by ZVI/BC. Moreover, the anaerobic micro-
bial reduction of Fe-As minerals due to the stimulation 
of ZVI/BC to Fe(III)- and As(V)-reducing bacteria could 
play an important role in the increased proportion of 
As(III) in the available fraction (Cai et  al. 2021), espe-
cially in the OM-reduced soil.

4.4  Mechanism of As immobilization and transformation
Although high fulvic acid contents are not in favor of the 
immobilization of As, ZVI/BC can significantly reduce 
the available As concentration in the soils compared to 
the respective control soil. It was indicated that ZVI that 
was added into soils can be transformed to γ-Fe2O3 and 
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 Fe3O4, which occurred in the form of Fe oxides-organic 
matter aggregates (Wang et al. 2021). In order to further 
elucidate the mechanism of As immobilization by ZVI/
BC in the SOM-reduced soil, the XPS spectra of O and 
As of the reacted products after adsorption of As by ferri-
hydrite in the presence of humic acid were analyzed. The 
results of O 1 s peak showed that the proportion of Fe-
O-As bond increased from 26.5% (Fe-O-H) to 36.1% after 
adsorption (Additional file 1: Fig. S1C), which indicated 
that ferrihydrite can also immobilize a part of As in the 
presence of humic acid. The adsorbed As mainly existed 
in the form of arsenate (Additional file 1: Fig. S2D). Pre-
vious studies have indicated that formation of ternary 
complexes (i.e., As-Fe(III)-OM complexes) is the main 
interaction mechanism of As, Fe, and OM under oxidized 
or reducing conditions (Mikutta and Kretzschmar 2011; 
Hoffmann et al. 2013). Further, the high-resolution TEM 
mapping images showed that the distribution tendencies 
of C, O, Fe, and As were coincident (Fig. 7). Collectively, 
the formation of ternary complexes i.e., As-Fe(III)-OM 
complexes could be the mainly mechanism of As immo-
bilization by ZVI/BC in the SOM-reduced soil.

Overall, in the pristine soil, ZVI/BC mainly increased 
the content of amorphous Fe oxide in soil to immobilize 
As. The elevated proportion of arsenite was mainly due 
to the reduction of ZVI. However, in the OM-reduced 
soil, immobilization of As by ZVI/BC was inhibited by 
the increase of soil pH and the high content of FA caused 

by the oxidative reduction of SOM. The migration of As 
was enhanced by Fe(III)-reducing bacteria and As(V)-
reducing bacteria stimulated by more iron oxides expo-
sure after reducing SOM. Therefore, in the OM-reduced 
soil arsenate reduction was affected by not only ZVI but 
also the Fe/As biogeochemical cycle associated microbes.

5  Conclusion
This study investigated the influence of SOM depletion 
on the remediation of As-contaminated paddy soil by 
ZVI/BC. Biochar addition significantly increased avail-
able As concentrations in the two soils. However, avail-
able As concentrations in pristine and OM-reduced 
soils treated by ZVI/BC were reduced by 64.2% and 
5.1%, respectively, ascribing to the increase of amor-
phous iron oxide. ZVI/BC supplementation facilitated 
the transformation of labile As to a more stable fac-
tion, thus benefiting As immobilization. The removal 
of SOM compromised the remediation efficiency of As 
by ZVI/BC, attributing to the increased soil pH and FA 
carbon concentration. The removal of SOM also stimu-
lated the proliferation of the bacteria such as Bacillus 
and Ammoniphilus. The addition of ZVI/BC improved 
the proportion of As(III) in available As in two soils. 
The removal of SOM increased the contribution of arse-
nic/iron-reducing bacteria to As(V) reduction in soils; 

Fig. 7 High-resolution transmission electron microscopy images and elemental mapping of the reacted product of ferrihydrite with arsenate 
in the presence of humic acid
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however, As(V) reduction process may be mainly con-
trolled by ZVI in the pristine soil.
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