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Influence of biochar on the
partitioning of iron and arsenic
from paddy soil contaminated by
acid mine drainage

Chipeng Zhang®2*, Jianglan Luo', Wansheng Song?, Han Chen® & Shunyuan Zhang?

Paddy fields contaminated by arsenic-containing acid mine drainage (AMD) may also have rich iron

in soil. Whether this iron can be loaded onto biochar to passivate the dissolved arsenic is worth

further exploration. Soil was mixed with biochar prepared at 400, 550, and 700 °C and incubated
under alternating anaerobic and aerobic conditions. Soil, soil solution and biochar samples were
analysed using ICP-MS, FTIR, SEM, XPS, etc. The results showed that biochar prepared at lower
pyrolysis temperatures contained a higher number of functional groups. Under the combined action of
microorganisms, primarily from the Firmicutes phylum, biochar promoted the dissolution of arsenic-
containing iron oxides in soil, with the residual arsenic also undergoing transformation. The biochar
rapidly loaded dissolved iron onto its surface, likely in the form of Fe,O, and FeOOH, and adsorbed
arsenic primarily as As(lll). Although the iron oxides detached over time, they were more stable on the
biochar prepared at 400 °C compared to those prepared at higher pyrolysis temperatures. Meanwhile,
the arsenic content on the biochar increased, raising the As/Fe molar ratio to above that of the soil.
This study lays the foundation for further exploring the long-term use of biochar in AMD-contaminated
paddy fields.
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Mining activities are some of the most environmentally destructive anthropogenic practices and have led to
excessive levels of metal(loid)s in soil. Arsenic (As) contamination has attracted worldwide attention in recent
years due to its significant threat to the agricultural product quality and human health!2. Arsenic exposure
through the food chain can cause disorders of the blood vessels, reproductive system and nervous system®.
The application of stabilisation agents to soil is a commonly used As remediation technology. Among various
materials, biochar has attracted increasing interest due to its widespread sources, low cost and high stability.
Biochar contains alkaline salts, a substantial amount of dissolved organic carbon (DOC) and oxygen-containing
functional groups, and has a high specific surface area and porous structure®. All of these physiochemical
properties can change the environmental conditions of soil and influence the partitioning of As between solid
and liquid phases.

The application of biochar to soil has the potential to enhance the release of As, especially in paddy fields.
The porous structure of biochar is one of its most attractive features due to its ability to increase soil porosity®.
This may improve soil’s water-holding capacity and decrease the solid-liquid ratio. The addition of water helps
to enhance the dissolution of soil minerals and release trace elements, including heavy metals. Biochar also
has a liming effect because it contains negatively charged groups such as hydroxyl and carboxyl groups, which
can react with H*®, As soil pH increases, mineral particle surfaces will have greater negative charges and their
ability to adsorb anion ions like HAsO,*~ and HAsO,>~ will be weakened”. This will also promote the release of
As into soil solution. Additionally, some biochar functional groups—particularly hydroxyl (OH") groups—can
act as electron donors®. The functional groups of biochar vary with different pyrolysis temperatures, which can
influence the bioavailability of As’. Biochar can also provide organic carbon to promote anaerobic microbial
activity'?, leading to a reduction of oxidising minerals in the soil. It has been reported that biochar can decrease
redox potential (Eh) to —300 mV and enhance the release of iron (Fe) and As!'!!2,
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However, as raw biochar cannot generally be used as an amendment agent for As-contaminated paddy
fields, biochar is modified to improve its ability to passivate As. One modification method is to impregnate its
surface with metal oxides, of which iron oxide has attracted the most attention!?. This is because iron oxide is
environmentally friendly and can sequester As through inner-sphere complexation on its surface!*. Wu et al.'
showed that the application of iron-modified biochar to soil can increase microbial diversity, but the relative
abundance of different species may be positively or negatively affected'®”. However, variations in the microbial
community do not affect the ability of biochar to remediate As-contaminated paddy fields. Furthermore, it
has been shown that modified biochar can significantly reduce the bioavailability of As and its content in rice
grains!®!®. Functional groups such as C=0O can also decrease the bioavailability of As by acting as electron
acceptors to oxidise As(IIl) to the less mobile As(V)®. Once As is immobilised in the pores of biochar, its
stability increases. Even though iron oxides in soil shift between amorphous and crystalline phases, their ability
to adsorb dissolving As does not change significantly.

Acid mine drainage (AMD) is a common source of pollution from mining activity and contributes greatly
to soil contamination. AMD is mainly generated from the oxidation of pyrite (FeS,). Its features include
a low pH and high concentrations of sulphate, heavy metals and metalloids?!. AMD into farmland leads to
significant physiochemical changes, including soil acidification, heavy metal enrichment and alterations to the
microbial community®2. In terms of metal enrichment, Fe generally increases the most. This usually results in
the generation of (hydro)oxides such as ferrihydrite, goethite and hematite, which are reduced by dissimilatory
iron-reducing bacteria under anaerobic conditions to release large amounts of ferrous ions (Fe(II)) into soil
solution?’. These cations can be readily adsorbed by the negatively charged functional groups of biochar?, as
in the preparation process of iron-modified biochar described previously?*, and are oxidised to Fe(III) under
aerobic conditions. Based on the above understanding, we hypothesised that biochar could load iron oxides and
effectively immobilise As in AMD-contaminated paddy fields with fluctuating redox conditions.

The objectives of this study were to (1) investigate the impact of biochar application on soil properties
with changes in anaerobic and aerobic conditions, (2) to understand the effect of biochar on soil Fe and As
transformation and release, and (3) to elucidate the partitioning process of the two elements on the biochar
surface. The research results will provide insight into the use of biochar for As immobilisation in AMD-
contaminated paddy fields.

Materials and methods

Preparation of soil and biochar

Soil samples were collected from paddy fields near a high-As coal mine in Jiaole, Guizhou Province, southwest
China. The soil at this site had been acidified by AMD, and its pH was about 4.8. Its Fe content was about
82 g kg, and its As content was about 65 mg kg™!, which exceeded China’s standard for soil (GB 15618-2008)
(30 mg kg1). This has influenced rice grain quality in the area®. The soil texture was silty clay loam. Other soil
characteristics were described in our previous publication?”. The samples were air-dried and then crushed to a
particle size of <0.4 mm for incubation experiments.

Eupatorium adenophorum is an invasive species in the study area. It was dried in an oven at 60 °C and used
to prepare raw biochar in a tubular carbonisation furnace. The pyrolysis temperature was a key parameter in
biochar production. Eupatorium adenophorum biochar is typically produced within the temperature range of
300-700 °C?%%. If the temperature is too high, the biochar surface may lack functional groups. Additionally,
the biochar produced at 300 °C is nearly neutral®® and does not provide advantages for remediating acidified
soil caused by AMD. Therefore, the pyrolysis temperatures of 400 °C, 550°C, and 700 °C were selected for this
study. The residence time in the reactor was 4 h, and the heating rate was 2.5 °C min~!. The biochar produced
at the different pyrolysis temperatures was denoted BC-400, BC-550 and BC-700. The biochar was washed with
ultrapure water before use to remove ash and soluble components.

Incubation experiment
Figure 1 presents a schematic diagram of the experimental setup, which was adopted to conduct a series of
bench-scale soil incubation experiments. The apparatus was a columnar Perspex reactor with a diameter of
12 cm, a height of 21 cm and a sealing cover at the top. A stirrer, pH and Eh probes, and an exhaust valve were
installed on it. One aeration disk was set at the bottom and connected to nitrogen and oxygen cylinders. The
sampling port was located at the lower part of the cylinder.

Portions of soil (30 kg) were mixed thoroughly with one of the biochar samples

According to our pot experiment®!, the biochar application rate was 3% (w/w). They were then placed into the
setup. Based on the biochar used, the experiments were divided into the BC-400, BC-550 and BC-700 groups,
and a control group (CK) without biochar was also included. Additionally, ultrapure water was added in a solid-
liquid ratio of 5:6, and the resulting suspension was stirred at 100 rpm. Nitrogen and oxygen were injected
in sequence to create an anaerobic or aerobic environment, with each period lasting for 15 days. The entire
experiment spanned 75 days, including three anaerobic periods (0-15 d, 30-45 d and 60-75 d) and two aerobic
periods (15-30 d and 45-60 d). The pH and redox potential (Eh) were measured using portable parameter
instruments. Each treatment was performed in triplicate.

Sample collection and determination

Aliquots of the soil suspension were collected into centrifuge tubes at the end of each period (15, 30, 45, 60 and
75 d). These samples were centrifuged at 5000 rpm for 20 min and the soil solution was filtered into centrifuge
tubes through a 0.45 pm filter membrane for the determination of total Fe, Fe(II), As and DOC. The remaining
soil and aged biochar samples were separated by the flotation method®2. The soil was freeze-dried to a constant
weight and ground through a 200-mesh quasi-sieve to determine the Fe and As content and the As form. The
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Fig. 1. Experimental setup for soil incubation.

biochar was washed using ultrapure water to remove soil adhered to its surface for the analysis of Fe and As
content, surface morphology and chemistry. Additionally, samples of fresh soil suspension were collected in the
second anaerobic and aerobic periods for the analysis of microorganisms.

The concentrations of total Fe and As in soil solution were determined by flame atomic absorption
spectrophotometry (FAAS) and inductively coupled plasma mass spectrometry (ICP-MS), respectively. The
concentration of Fe(II) was determined by the phenanthroline spectrophotometric method. The DOC was
analysed using a total organic carbon analyser (TOC-5000 A). The Fe and As content in soil and biochar were
determined using the above methods after digestion with aqua regia. The form of As in the soil was determined
by the modified Wenzel's method?® and was classified as non-specifically bound (F1), specifically bound (F2),
amorphous and poorly crystalline hydrous oxides (F3), well-crystallised hydrous oxides (F4) and residual phase
(F5). The microbial population structure in soil was investigated using high-throughput sequencing of 16 S
rRNA?*. The microbial biomass carbon (MBC) was measured via the substrate-induced respiration method*.
Fourier transform infrared spectroscopy (FTIR) was used to analyse the chemical properties of the raw biochar.
Scanning electron microscopy (SEM) was used to investigate the morphology of the aged biochars and X-ray
photoelectron spectroscopy (XPS) was used to determine their surface chemical properties.

Data processing

The XPS results were fitted using Avantage 5.9, where the standard peak for fitting the Cls spectrum was set
at 284.8 eV. The data from triplicates were averaged and standard deviations (SD) were calculated. Pearson
correlation analysis (p <0.05) was carried out to examine the relationship between different indicators. The
figures were produced using Origin 2021.

Results and discussion

Variation of environmental conditions

There were similar variation characteristics of the pH, Eh and DOC concentrations in soil suspensions among
groups during the anaerobic/aerobic periodic experiments (Fig. 2). The pH of the CK group was about 5.4 at
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Fig. 3. Microbial community composition and relative abundance at the phylum level in the anaerobic and
aerobic periods of each group.

0-45 d, decreased to 5.2 after the following aerobic period and changed minimally after the final anaerobic
period. The BC-400 group also experienced a significant decrease in pH after the second aerobic treatment and
was about 0.2 lower than the CK group, on average. The pH of both the BC-550 and BC-700 groups was lower
than that of the CK group throughout the entire experimental process, with the lowest pH being that of the BC-
550 group.

The Eh in each group showed an overall increasing trend during the experiment. The Eh ranged from 80 to
179 mV in the CK group. The Eh of the BC-400 group was consistently lower than that of the CK group, with a
minimum of 12 mV. Usually, iron oxides undergo reductive dissolution when the redox potential is below 200
mV and As is also released®. The DOC concentration in soil solution showed a decreasing trend in each group,
which indicated that DOC was continuously decomposed by microorganisms during the experiment. Except for
at 45 d, the DOC concentration in each BC group was lower than that in the CK group and the BC-400 group
was lowest at about 8.61 mg L™". This was because the cleaned biochar did not release DOC and probably had a
certain adsorption effect”’.

The amount of soil microbial biomass can be reflected by the MBC. The analysis results showed that the MBC
of the CK group was approximately 379 mg kg™' (dry soil) at the end of the experiment, while the MBC of the
BC-400, BC-550 and BC-700 groups decreased by about 76 mg kg! (dry soil), 6 mg kg™! (dry soil) and 183 mg
kg™! (dry soil), respectively. After anaerobic treatment, the main microbial species in each group were similar at
the phylum level, including Proteobacteria, Firmicutes, Acidobacteria and Chloroflexi with relative abundances
greater than 10%, followed by Bacilli, Chthonomonadetes etc. (Fig. 3). Proteobacteria genera Geobacterium and
Shewanella are typical dissimilatory iron-reducing bacteria®®. The Clostridium genus of Firmicutes also has iron-
reducing ability and the arrA gene it carries also reduces As?*. Additionally, the Acidobacteria phylum also
contains iron-reducing bacteria®®. After the aerobic treatments, the microbial species of each group did not
change at the phylum level. However, the relative abundance of Firmicutes decreased significantly, while the
relative abundance of Proteobacteria and Chloroflexi increased. There was a significant negative correlation
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between the relative abundance of Firmicutes and Chloroflexi (r = -0.80, p <0.05). The Proteobacteria genera
Alphaproteobacteria and Betaproteobacteria have Fe(II) oxidation ability*".

Promoting effect of biochar on iron and arsenic release

The environmental behaviour of As in soil is closely related to the presence of iron oxides. Throughout the
entire experimental process, the Fe concentration in soil solution showed high and low periodic variations
under anaerobic/aerobic operations, respectively (Fig. 4a). In the first anaerobic period (0-15 d), the total
Fe concentration in soil solution ranged from 45.30 to 69.60 mg L™ with the main speciation being Fe(II).
Although the BC-400 group had the lowest Eh, its Fe concentration was not significantly higher than that
of the CK group; however, in the second anaerobic period (30-45 d), the BC-400 group had the highest Fe
concentration, followed by the BC-550 group. The Fe concentration of the BC-700 group was slightly higher
than that of the CK group. These results indicated that after a certain period of interaction between biochar and
soil, iron release was significantly enhanced. It was also observed that the lower the pyrolysis temperature of
the biochar, the greater the Fe release. The analysis of the relationship with microorganisms revealed a positive
correlation between Fe(II) concentration and the relative abundance of Firmicutes (r=0.61, p=0.11) during the
second anaerobic and aerobic periods, while a significant negative correlation was observed with the relative
abundance of Proteobacteria (r = -0.76, p<0.05). This suggested that Firmicutes might play a key role in the
reductive dissolution of iron oxides, while Proteobacteria likely catalysed the dissimilatory oxidation of Fe(II),
promoting the formation of iron oxide precipitates.

The As concentration in soil solution also showed periodic variations with experimental conditions.
It decreased after entering the aerobic period (Fig. 4b) and was significantly positively correlated with Fe
concentration (r=0.66, p <0.01). In the first anaerobic period, As release was relatively weak and the concentration
was between 6.06 and 9.43 pug L1, with little difference among the groups. The average As/Fe concentration ratio
was 1.2x 107 The As concentration in the second anaerobic stage was about 2 to 4 times that in the first stage
and the As concentrations of the three BC groups—especially BC-400 and BC-550—were higher than that of
the CK group. This was because biochar could serve as an electron donor and shuttle to promote iron oxide
dissolution and As release?’. During this stage, the As/Fe concentration ratio increased to about 4.5x 107%. The
As concentration continued to decrease after the experiment progressed into the third anaerobic period (60-75
d). This may have been related to the continuous consumption of DOC (Fig. 2¢), which weakened the reduction
of iron oxides. Additionally, under anaerobic conditions, Fe(II) would have been oxidised by iron-oxidising
bacteria to generate secondary minerals such as ferrihydrite, with which As would have coprecipitated*!.

The DOC and functional groups contained in biochar can influence microbial activity and soil mineral
transformation!?. The biochar did not increase the DOC concentration in soil solution because of the pretreatment
(Fig. 2¢). As described above, the soil microbial biomass carbon and population structure of the BC-400 and
BC-550 groups were similar to those of the CK group, suggesting that their higher Fe release during the second
anaerobic period may not have been solely influenced by iron-reducing bacteria. Although the microbial biomass
of the BC-700 group was about half that of the CK group, the difference in Fe concentration between the two
groups was relatively small, which further confirmed this point. It is speculated that the different Fe release levels
between the BC and CK groups may be related to the differences in the functional groups of the biochar.

The results of biochar FTIR analysis are shown in Fig. 5. Compared with BC-700, BC-400 and BC-550
contained more functional groups. The characteristic peaks were mainly concentrated in the wavenumber range
of 750 to 3500 cm™!, indicating the presence of various functional groups on the biochar surfaces. Hydroxyl
groups exhibit stretching vibrations at 3420 cm™', C-H at 2920 cm™, C=C group at 2360 cm!™! and C=C/C=0
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Fig. 4. Changes in (a) iron and (b) arsenic concentrations in soil solution across CK, BC-400, BC-550 and BC-
700 over experimental time.
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Fig. 5. FTIR spectrum of biochar, including BC-400, BC-550 and BC-700, before interaction with soil.

|
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on the aromatic ring at 1567 cm!~11%42-44 This indicated that the biomass was not fully carbonised after pyrolysis
and there were many aromatic compounds in BC-400 and BC-500. Therefore, they likely contained phenolic
and alcohol compounds, with the oxygen atoms in the hydroxyl groups serving as electron donors*>. The
graphite-like aromatic structures could also serve as electron shuttles?’, thereby promoting the reduction and
dissolution of Fe(I1I) minerals. Kappler et al.*® and Xu et al.*’ also found that biochar promotes the dissolution of
weakly crystalline iron oxides (ferrihydrite) and crystalline iron oxides (haematite). As the pyrolysis temperature
increased, the number of electron donors contained in the biochar decreased®’; this resulted in a significant
decrease in Fe release for the BC-700 group compared with the other two BC groups.

Analysis of arsenic transformation in soil

The content and form of As in the soil were influenced by the interaction between biochar and soil (Fig. 6).
Compared with the CK group, the As content in the soil of all three BC groups decreased at the end of the
experiment. The lower the pyrolysis temperature, the lower the As content in the soil, with a decrease of
approximately 10.5 mg kg™! in the BC-400 group compared with the CK group. The large specific surface area
and abundant functional groups of biochar meant that it not only promoted the reduction and dissolution of
As and Fe in soil but also caused coprecipitation of the two elements on its surface!®, resulting in a significant
decrease of soil As content. The main forms of As in the CK group soil were F4 and F5, accounting for 29.5%
and 48.4%, respectively. The soil As forms in BC-400, BC-550 and BC-700 were similar but their F5 content
was significantly decreased compared with the CK group, by about 12.0, 7.2 and 7.3 mg kg™!, respectively. The
phenomenon of residual As decrease was consistent with the findings of Cai et al.> and Jiang et al.*. Additionally,
the content of F4 increased by about 1.1 mg kg™! in the BC-400 group but decreased by about 2.4 mg kg™! in the
BC-550 group. This may have been due to the fragmentation of soil particles and a decrease in particle size under
an anaerobic environment™, which meant that the As bound to iron oxides that were encapsulated by other
minerals would be released and further transformed. In addition, the contents of F1 increased in the BC groups,
particularly in the BC-400 and BC-550 groups, where it rose by approximately 3 and 5 times, respectively. In
contrast, Wei et al.>* conducted a meta-analysis and found that iron-modified biochar reduced the content of
F1. The discrepancy suggested that raw biochar might utilize the functional groups to enhance the mobility and
repartition of As in soil.

Iron and arsenic loading on biochar

The variations in Fe and As content on biochar differed from those in soil solution and did not show periodic
variations with changes between anaerobic to aerobic conditions (Fig. 7). For the three types of biochar, the
Fe loading mainly occurred in the first anaerobic period. Additionally, the lower the pyrolysis temperature
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Fig. 7. Changes in (a) iron and (b) arsenic content on biochar across BC-400, BC-550 and BC-700 over
experimental time.

when forming the biochar, the more Fe was loaded. This may have been because biochar prepared at lower
temperatures has a greater abundance of functional groups®’, such as -OH, which can bind with Fe?*¢, The Fe
content of biochar in the BC-400 group was relatively high throughout the experiment and showed a decreasing
trend over time. This may have been due to the action of dissimilatory iron-reducing bacteria on iron oxides
with lower crystallinity (such as ferrihydrite), causing them to detach, similar to iron plaque on rice roots®”.
The other two groups also displayed this phenomenon but at different times. It was also observed that the Fe
content of biochar in the BC-550 group was lower than in the other two groups after the second aerobic period
(45-60 days). This could be attributed to its lowest relative abundance of Proteobacteria (Fig. 3), which resulted
in more Fe(II) remaining in the soil solution (Fig. 4). In contrast to Fe content variation, the amount of As
loaded on biochar in each group showed an overall increasing trend over time. This indicated that, although As
was mainly combined with iron oxides, the loading capacity of biochar for As did not weaken as the Fe content
decreased. The first 30 days were the primary period for biochar to adsorb As, and the As content on biochar was
significantly positively correlated with the As concentration in the soil solution (r=0.86, p <0.05). Based on the
significant positive correlation between As and Fe concentrations in the soil solution, it was believed that As on
biochar primarily originated from the dissolution of As-containing iron oxides.
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Surface morphology analysis using SEM showed that the pores were filled after the interaction between
biochar and soil and that the minerals therein were in a cemented state (Fig. 8). This was because biochar had a
larger specific surface area and higher surface energy, which could promote the aggregation of mineral particles
on its pore surface, thereby reducing surface energy. In the high-resolution Fe 2p XPS spectrum of biochar,
peaks at 710.40-711.00 eV (Fe 2p3/2) and 723.89-724.32 eV (Fe 2p1/2) were observed (Fig. 8). The single peaks
at binding energies of 711.00, 710.40 710.76, 723.89 and 724.32 eV corresponded to Fe,0,°*~%? and the peak at
724.30 eV corresponded to FeOOH®. The iron oxides carried by biochar had a strong adsorption capacity for
As. The characteristic peaks of As(III) at 43.40-43.80 eV were detected on the biochar surface®*®. These findings
suggested that the biochar mainly adsorbed As(III) on its surface and formed inner-sphere complexes through
ligand exchange between arsenite anions and the hydroxyl functional groups of iron (hydr)oxide®®-7°. There was
no evidence that Fe(III) oxidised As(III).

Partition analysis of iron and arsenic in soil

As and Fe are closely related in soil and are simultaneously partitioned to soil solution and biochar under
flooding conditions. This process is influenced by physiochemical environmental conditions. The As/Fe molar
ratio in soil solution exhibited fluctuating characteristics (Fig. 9). Except for the late period for the CK group,
the As/Fe molar ratio increased after entering aerobic conditions. This indicated that, although the As and Fe
that were released under anaerobic conditions underwent coprecipitation upon the introduction of oxygen,
the proportion of As precipitation was relatively low. This suggested that As may have stronger mobility than
Fe. It may also be due to the weaker secondary adsorption ability of iron oxides for As under the action of
microorganisms”'. During the experimental process, the As/Fe molar ratio of biochar prepared at different
temperatures showed an increasing trend. In the first anaerobic period, the As/Fe molar ratio was lower than
that of the soil, which indicated that Fe in soil was more easily partitioned to biochar than As. The gradual
increase in the ratio suggested that the adsorption capacity of biochar for As was continuously enhanced (Fig. 7).
By the end of the experiment, the As/Fe molar ratio was greater than that of the soil. This further indicated that
the partitioning of As from soil to biochar was enhanced, resulting in a larger proportion of As in the soil being
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Fig. 8. (a-c) SEM image and (d-i) high-resolution Fe2p and As3d XPS spectra of biochar from the BC-400,
BC-550 and BC-700 at the end of the experiment.
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Fig. 9. Molar ratio of As and Fe in soil, soil solution and biochar across CK, BC-400, BC-550 and BC-700 over
experimental time.

enriched on biochar. Therefore, it is speculated that when biochar was applied to As-polluted paddy fields, Fe
preferentially attached to it and its capacity to load As was enhanced after cycles of wet-drought.

Practical implications

AMD pollution in paddy fields can cause soil acidification and the accumulation of Fe and As. Biochar made
from Eupatorium adenophorum may help improve contaminated soil. Fe and As will be released and mainly
immobilized in the pore structure of biochar as redox conditions fluctuate in paddy fields. Applying biochar
prepared at lower temperatures (400 °C and 550 °C) will be more effective in dissolving As-containing iron
oxides in soil, while biochar prepared at 400 °C has abundant functional groups and is relatively more stable for
immobilizing Fe and As. As trapped in the pores of biochar may not be easily released back into the soil solution
under fluctuating redox conditions. The stability of surface As may be influenced by the transformation of iron
oxide crystal structure. Eupatorium adenophorum is a powerful invasive plant found worldwide, which is both
inexpensive and easy to obtain®®. Using it as feedstock can help reduce the production cost of biochar. After
biochar application in paddy fields, grain yield may increase with improvements in soil quality’>. However, it
should be noted that biochar may introduce organic and inorganic contaminants into soil, potentially causing
phytotoxicity, cytotoxicity, and neurotoxicity’®. The microbial population structure in AMD-contaminated fields
will change in response to shifts in soil environmental conditions.

Conclusion

Biochar had the potential to remediate AMD-contaminated paddy fields, with its functional groups playing a
key role in the process. When prepared at lower pyrolysis temperatures, biochar contained a range of functional
groups. In synergy with microorganisms, these functional groups could facilitate the dissolution of As-containing
iron oxides produced by AMD, and some of the residual As could also undergo transformation. The dissolved Fe
and As in soil solution would be rapidly adsorbed by biochar. Biochar prepared at lower pyrolysis temperatures
exhibited a greater capacity to adsorb them, with Fe forming secondary oxides on its surface. While the iron
oxides desorbed with fluctuations in redox conditions, the adsorption of As steadily increased. The As/Fe molar
ratio on biochar could exceed that of the soil. To be practically applied, field-scale experiments are necessary to
further investigate whether the functional groups of biochar degrade and affect the stability of adsorbed Fe and
As under repeated wet-dry cycles in paddy fields.

Data availability
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