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Titanium dioxide-loaded biochar composite ==

simultaneously reduces arsenic mobilization
and methane emissions in flooded paddy soils

Song Wu', Zhiyuan Zhu'?, Dunfeng Si®, Chuang Zhao*, Hai Feng', Qian Zhang'?, Juan Wang®,
Dongmei Zhou? and Yujun Wang"

Abstract

Arsenic (As) contamination and methane emissions from flooded paddy soils pose persistent challenges to food
safety and environmental sustainability. Biochar-based amendments have attracted increasing attention for their
capacity to regulate soil redox processes and associated biogeochemical cycling; however, achieving simultane-
ous mitigation of arsenic mobilization and methane emissions remains challenging. In this study, we developed

a titanium dioxide (TiO,)-loaded biochar composite and evaluated its effectiveness in controlling As mobilization
and methane production in flooded paddy soil. The TiO,-loaded biochar composite exhibited superior adsorption
capacity for arsenite [As(lll)] compared with arsenate [As(V)], even in the presence of competing anions. In laboratory
assays, the composite effectively captured As(lll) released during microbial reduction of ferrihydrite by Shewanella
oneidensis MR-1, while As(V) immobilization remained largely unchanged. When applied to flooded paddy sails,

the composite significantly reduced dissolved organic matter (DOM) concentrations, thereby disrupting its dual role
as an electron shuttle and microbial carbon source. This reduction suppressed Fe(lll) reduction and subsequent As
mobilization. Under methanogenic and sulfate-reducing conditions, where pore-activated biochar showed limited
effect, TiO,-loaded biochar composite decreased porewater As concentrations by 88.3% over 30 days and substan-
tially inhibited methane emissions. These results demonstrate that the TiO,-loaded biochar composite can simulta-
neously mitigate As mobilization and methane production by combining high As(lll) affinity with redox-mediated
regulation of soil microbial processes.

Highlights

- Ti-PABC efficiently adsorbed As(lll) in solutions with competing anions.

- Ti-PABC adsorbed As(lll) but not As(V) during microbial reduction of As(lll)-bearing ferrihydrite.

+ Ti-PABC inhibited soil Fe(lll) reduction by adsorbing DOM.

- Ti-PABC decreased soil As(lll) and dimethylarsenate release at varied microbial niches.

- Ti-PABC mitigated soil methane emission by blocking DOM electron shuttling and competitive electron storage.

Keywords Paddy soil, Arsenic, Methane emission, Biochar, Titanium dioxide, Dissolved organic matter, Electron
shuttle, Competitive electron acceptor
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1 Introduction

Rice paddies, which cover~9% of global cropland and
feed over half the world’s population, are characterized
by intense water management and serve as a model sys-
tem for studying soil biogeochemistry (Liu et al. 2021).
Under flooding conditions, a succession of microbial
niches develops, driven by the sequential utilization of
electron acceptors such as nitrate, Mn(IV), Fe(III), and
sulfate, ultimately leading to methane (CH,) emission
(Ge et al. 2024; Kogel-Knabner et al. 2010). Compound-
ing this complexity, geogenic high background values of
arsenic (As), along with ongoing human activities like
mining, pesticide usage, and industrial emissions, have
resulted in increasing As pollution in croplands world-
wide (Hou et al. 2025; Zhang et al. 2024b).

In flooded paddy soils, the fate of As is intimately
linked to key microbial processes. The reduction of arse-
nate (As(V)) to arsenite (As(III)), along with the meth-
ylation and thiolation of As species, is strongly coupled
with Fe(III) reduction and sulfate reduction, respectively
(Chen et al. 2019; Roberts et al. 2009). Furthermore, the
demethylation of methylated As is associated with CH,
production (Chen et al. 2023a). These processes, together
with efficient root uptake of inorganic As and foliar
translocation of methylated As to grains, lead to higher
As accumulation in rice than in other cereals, threatening
yield and safety (Gao et al. 2024; Wang et al. 2025; Wil-
liams et al. 2007). Rice paddies are also a major source of
greenhouse gases, contributing ~48% of cropland emis-
sions, with CH, emission alone accounting for 63.5% of
rice’s carbon footprint (Qian et al. 2023; Xia et al. 2023).

The close linkage between As biogeochemistry and
methanogenesis suggests the potential for co-managing
As contamination and CH, emissions.

Electron competition strategies, which leverage the
sequential utilization of electron acceptors during anaer-
obic decomposition, have been proposed to mitigate both
As mobilization and CH, emission. Introducing oxygen
into the plow layer through intermittent irrigation (Yang
et al. 2025), embedded oxygen-permeable silicone tubes
(Yuan et al. 2023a, 2023b), or amendments like calcium
peroxide and oxygen nanobubbles (Chen et al. 2023b;
Sha et al. 2020; Syu et al. 2020), has proven effective.
Biochar, containing redox-active functional groups and
a conductive carbon matrix, can function as an electron
shuttle or a competitive electron acceptor in anaerobic
biogeochemical redox reactions (Sun et al. 2017; Wu
et al. 2017). While it can mitigate CH, emissions by act-
ing as a competitive electron acceptor (Nan et al. 2025;
Sun et al. 2021; Xin et al. 2023), biochar also facilitates
Fe(IlT) reduction as an electron shuttle (Kappler et al.
2014), thereby mobilizing As (Wang et al. 2017; Wu et al.
2018). Notably, Fe(III) (oxyhydr)oxides serve not only as a
dominant electron acceptor in anaerobic respiration but
also play a key role in As immobilization in flooded soil
(Aeppli et al. 2022; Keiluweit et al. 2017; Roberts et al.
2009). Therefore, modifying biochar to regulate Fe(III)
reduction and As release, or to enhance As adsorption
under flooding, is essential for simultaneously addressing
As contamination and CH, emissions.

While loading Fe(III) minerals onto biochar enhances
its As adsorption capacity (Wang et al. 2015), this benefit
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is compromised by the reductive dissolution of Fe(III)
minerals, leading to As release (Wang and Shang 2025;
Wu et al. 2018; Yin et al. 2017). An alternative approach
involves modifying biochar with a pore activator to pro-
duce pore-activated biochar, which can suppress Fe(III)
reduction and associated As release (Si et al. 2024; Zhang
et al. 2024a). Nevertheless, its effectiveness in suppress-
ing As release declines when the microbial niche shifts
from Fe(III) reduction to sulfate reduction and methano-
genesis. In contrast to Fe(III) minerals, titanium dioxide
(TiO,) is an effective As adsorbent that remains stable
under reducing conditions (Duan et al. 2024; Luo et al.
2018). Loading TiO, on pore-activated biochar improves
particle dispersion and enhances As removal efficiency
(Jing et al. 2012). Nevertheless, sulfate-reducing bacte-
ria can reduce As(V) adsorbed onto TiO,, promoting the
release of the more mobile As(III) (Luo et al. 2013, 2017).
Therefore, a comprehensive investigation into the effec-
tiveness of TiO,-loaded biochar composite in prevent-
ing As(III) release throughout the entire flooding period
is essential for developing reliable remediation strategies
for As-contaminated paddy fields.

In this study, TiO,-loaded biochar composite was fab-
ricated and evaluated for its capacity to adsorb As under
anaerobic conditions in the presence of co-occurring
anions. Subsequently, the fate of As was appraised dur-
ing the microbial reduction of As-bearing ferrihydrite
mediated by TiO,-loaded biochar composite. Finally,
the material was applied to a flooded paddy soil to elu-
cidate its influence on the dissolution and transforma-
tion of As, as well as on CH, emissions, throughout the
shift in microbial niches from Fe(III) reduction to sul-
fate reduction and methanogenesis. The findings of this
study contribute to the screening of agronomically appli-
cable adsorbent-modified biochar composite for reme-
diating As-contaminated rice paddies with low carbon
emissions.

2 Materials and methods
2.1 Preparation of TiO,-loaded biochar composite
and arsenic-bearing ferrihydrite

For the preparation of TiO,-loaded biochar with high
specific surface area, the material was not directly
derived from agricultural biomass and chemical activa-
tion. Instead, it was synthesized via direct pyrolysis of
a mixture of commercially available pore-activated bio-
char (activated carbon, CAS 7440-44-0, Sigma-Aldrich)
and a titanium precursor (titanium sulfate, CAS 12693-
11-3, Sinopharm, see Text S1 in the Supporting Infor-
mation). Specifically, 1, 2, or 4 g of titanium sulfate was
dissolved in 10 mL of Milli-Q water, followed by the
addition of 4 g of pore-activated biochar powder. The
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resulting mixture was ultrasonicated for 4 h, oven-
dried at 100 °C, ground into a fine powder, and subse-
quently calcined in a muffle furnace at 500 °C for 4 h to
obtain the TiO,-loaded biochar composite. The result-
ing TiO,-loaded biochar composites, prepared with
initial titanium sulfate to pore-activated biochar mass
ratios of 0:4, 1:4, 2:4, and 4:4, were designated as PABC,
Ti-PABC-1, Ti-PABC-2, and Ti-PABC-3, respectively.
After synthesis, the TiO,-loaded biochar composites
were washed and dried for further use. Their phys-
icochemical properties were characterized using X-ray
diffraction (XRD; Ultima IV, Rigaku, Japan), specific
surface area analysis (Micromeritics ASAP2020, USA),
and scanning electron microscopy with energy-disper-
sive X-ray spectroscopy (SEM-EDX; Sigma 500, Zeiss,
Germany). A wet-chemical method was employed to
assess the electron donating and accepting capacities
of the TiO,-loaded biochar composites, using ferricya-
nide as the oxidant and Ti(III) citrate as the reductant
(Si et al. 2023).

Arsenate- and arsenite-bearing ferrihydrite (As(V)-
FH and As(III)-FH) were synthesized by mixing 1 M
Fe(NO,); with either 4.66 g L™! Na,HAsO,7H,0O
or 1.94 g L' NaAsO, under continuous stirring at
600 rpm. A 1 M KOH solution was added dropwise to
adjust the pH to 7.5. The resulting precipitate was col-
lected by centrifugation at 4000 rpm, washed repeat-
edly with Millipore water to remove soluble ions, and
then resuspended in water to achieve a final Fe(III) con-
centration of 400 mM. The calculated As concentration
in the As(V)-FH or As(III)-FH suspension was 400 mg
L7!, although the actual value was likely lower due to
As desorption during the preparation and washing pro-
cesses. The suspension was purged with nitrogen gas
and stored in serum bottles until use.

2.2 Anoxic adsorption of arsenate and arsenite
by TiO,-loaded biochar composite

Given that biochar can oxidize As(III) under oxic con-
ditions across a range of pH levels (Si et al. 2023; Zhu
et al. 2022), adsorption experiments were conducted
under anoxic conditions in 50 mL Corning tubes inside
a glovebox (Etelux Lab2000, China). Specifically, 1 g
L7! of adsorbent (PABC, Ti-PABC-1, Ti-PABC-2, and
Ti-PABC-3) and 10 mg L™ of As(IIl) or As(V) were
spiked to Millipore water or to solutions containing
10 mM PO,*” or 10 mM SiO,*7, with a final volume of
40 mL. After rotating at 80 rpm for 5 h in the glovebox,
the filtrate was collected and analyzed for dissolved As
concentration using atomic fluorescence spectrometry
(AFS-230E, Haiguang, China).



Wu et al. Biochar (2026) 8:89

2.3 Microbial reduction of arsenic-bearing ferrihydrite
mediated by TiO,-loaded biochar composite
The experiment investigating the microbial reduction
of As(V)-FH or As(IIl)-FH mediated by TiO,-loaded
biochar composites was conducted in 100 mL serum
bottles. The medium contained the iron-reducing bacte-
rium Shewanella oneidensis MR-1, an adsorbent (PABC,
Ti-PABC-1, Ti-PABC-2, and Ti-PABC-3) at 1 or 2 g L™},
10 mM either As(III)-FH or As(V)-FH (with As concen-
tration less than 10 mg L), 10 mM sodium lactate, and
an anaerobic mineral medium (0.6 g L™! KH,PO,, 0.3 g
L' NH,C], 0.5 g L' MgSO,-7H,0, 0.1 g L™! CaCl,-2H,0,
and 30 mM NaHCO,). The pH of the medium was buff-
ered at 7.00. Shewanella oneidensis MR-1 was first cul-
tured in Luria—Bertani medium for 16 h. Bacterial cells
were then harvested by centrifugation, washed, and
resuspended in an equal volume of anaerobic mineral
medium. The anaerobic cultivation was initiated by inoc-
ulating 1 mL of this bacterial suspension or, for abiotic
controls, 1 mL of Millipore water. Each treatment was
performed in 3-6 replicates, and all serum bottles were
incubated in the dark at 28 °C with shaking at 150 rpm.
Samples were collected at specified intervals using a
syringe. For whole Fe(II) and Fe(III) analysis, 0.1 mL of
the suspension was mixed with 0.9 mL of 1 M HCl for 1 h
to determine ferrous and total iron content. For aqueous-
phase analysis, approximately 0.2 g of filtrate was com-
bined with 0.8 mL of 1 M HCl to measure dissolved Fe*,
As(III), and As(V) concentrations. Entire serum bottles
were sacrificially sampled at 120, 332, and 774 h to char-
acterize the mineralogical composition, morphology, and
elemental distribution of the solid precipitates.

2.4 Anaerobic soil microcosm incubation

with the application of TiO,-loaded biochar composite
An As-contaminated paddy soil was collected from a
mining area in Shangyu, Zhejiang, China. The soil was
air-dried and sieved through a 20-mesh sieve, with total
As and total iron content of 81.0 mg kg™! and 21.7 g kg™?,
respectively. An anaerobic soil microcosm incubation
was set up in 100 mL serum bottles containing 30 g of soil
and 60 mL of Millipore water, with or without the addi-
tion of 0.3 g of PABC or Ti-PABC-1. A parallel incubation
was conducted to monitor greenhouse gas emissions,
using bottles containing 15 g of soil, 30 mL of Millipore
water, and 0.15 g of PABC or Ti-PABC-1. All serum bot-
tles were purged with nitrogen gas for 30 min to establish
anoxic conditions, sealed with butyl rubber stoppers, and
incubated statically in the dark at 28 °C.

At predetermined times, soil slurry, porewater, and gas
samples were collected inside a glovebox. Specifically,
0.5 mL of slurry was mixed with 0.5 mL of 2 M anoxic
HCI and extracted for 5 h to quantify low-crystalline
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iron. Porewater was filtered through a 0.45 pm mem-
brane for analysis of dissolved As, iron, and dissolved
organic carbon (DOC). Following gas sampling, serum
bottles were opened in the glovebox, and the headspace
was replenished with nitrogen in the antechamber before
being resealed and returned to the incubator. Ferrous
and total iron were measured using a microplate reader
(HBS-1096A, Nanjing Defei Biotechnology Co., Ltd.,
China). CO, and CH, concentrations were analyzed by
gas chromatography (7890A, Agilent Technologies, Inc.,
USA). Dimethylarsenate (DMA) in the porewater was
quantified using high-performance liquid chromatog-
raphy-inductively coupled plasma mass spectrometry
(HPLC-ICP-MS, PerkinElmer NexION 2000, USA).

2.5 Chemical composition and electron shuttling capacity
of dissolved organic matter

Following the anaerobic soil microcosm incubation at
30 days, anaerobically released DOM was extracted
from the soil slurry inside a glovebox. The anaerobically
released DOM solutions derived from the control, PABC,
and Ti-PABC-1 treatments were designated as DOM-CK,
DOM-PABC, and DOM-Ti-PABC-1, respectively. Addi-
tionally, fresh DOM (DOM-fresh) was extracted from the
initial dry soil at a soil-to-water ratio of 1:2. After shak-
ing for 30 min (28 °C, 150 rpm), the solution was filtered
through a 0.45 pm membrane. The total organic carbon
content of the DOM solutions was quantified using a
TOC analyzer (Vario TOC cube, Elementar, Germany),
while their fluorescence characteristics were assessed by
excitation—emission matrix (EEM) spectroscopy (Hitachi
F-7000, Japan).

To evaluate the electron shuttling capacity of the anaer-
obically released and freshly extracted DOM samples, a
microbial ferrihydrite reduction assay was performed. An
As-free ferrihydrite was synthesized as described previ-
ously. The experiment was conducted in 20 mL of anaer-
obic mineral medium containing 10 mM sodium lactate,
10 mL of DOM solution, 10 mM ferrihydrite, and S. onei-
densis MR-1. Mineral suspensions were sampled at pre-
determined time intervals for the measurement of Fe(II)
and total Fe concentrations.

3 Results and discussion
3.1 TiO,-loaded biochar composite efficiently adsorbs
arsenite at anion co-occurred anoxic solutions

The XRD spectra of PABC, Ti-PABC-1, Ti-PABC-2, and
Ti-PABC-3 confirmed the successful loading of TiO,,
as evidenced by distinct anatase characteristic peaks at
25.3°,37.8°, 48°% 53.9°, and 55.1° (Fig. 1a). The specific sur-
face area, total pore volume, and micropore volume of
the composites decreased with increasing TiO, loading
(Figs. 1b, ¢, Table 1). SEM images showed no large TiO,
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Fig. 1 Structural and morphological characterization of the adsorbents. X-ray diffraction patterns

(a), nitrogen sorption—desorption isotherms
(b), and micropore-mesopore pore size distribution curves (c) of pore-activated biochar (PABC) and titanium dioxide-loaded biochar composites
(Ti-PABC-1, Ti-PABC-2, and Ti-PABC-3). Scanning electron microscopy image of Ti-PABC-3 (d) and the corresponding energy dispersive X-ray
spectroscopy elemental mappings for carbon (e), oxygen (f), and titanium (g)

Table 1 Material properties and arsenic immobilization performance. Specific surface area, total pore volume, micropore volume,
titanium content, and electron donating and electron accepting capacities (EDC and EAC) of pore-activated biochar (PABC) and
titanium dioxide-loaded biochar composites (Ti-PABC-1, Ti-PABC-2, and Ti-PABC-3)

Sample BET(m?g~') Total pore Micropore Tiloading EAC EDC As(lll) adsorbed (mg As(V) adsorbed (mg

volume (cm?®  volume (cm® rate(gg™") g g

-1 -1
g) g
mmol e"g~' H,0 POS~ Si0;> H,0 PO2 Si0g2”

PABC 1085 0.739 0.405 - 1.77 0.113 01717 0.111
Ti-PABC-1 801 0.549 0311 0.046 1.86 0.021 297 271 222 413 1.01 1.07
Ti-PABC-2 639 0.447 0.231 0.085 1.67 0.091 443 6.59
Ti-PABC-3 539 0.397 0.182 0.148 147 0.072 6.04 582 5.09 827 0.84 1.03

The sum of EAC and EDC is electron exchange capacity. The arsenite (As(lll)) and arsenate (As(V)) immobilization capacities were determined in Millipore water, 10 mM

phosphate, or 10 mM silicate solutions at pH 7.00

aggregates on Ti-PABC-1, Ti-PABC-2, and Ti-PABC-3
(Figs. Sla—c, Fig. 1d). Furthermore, SEM-EDX elemen-
tal mapping demonstrated the uniform distribution of
TiO, on Ti-PABC-3 particles (Figs. 1d—g, Fig. S1d). The
TiO,-loaded biochar composites showed electron accept-
ing capacities of 1.47-1.77 mmol e~ g~', with electron
donating capacities in the range of 0.021-0.113 mmol e~
g~ L. A slight decrease in electron exchange capacity was
observed with increasing TiO, loading.

At pH 7.00, As(Ill) exists predominantly as neutral
H;AsO; molecules, whereas As(V) is present as H,AsO,~
and HAsO,*" anions. The TiO,-loaded biochar com-
posites exhibited higher adsorption capacities for As(V)
than for As(III) in Millipore water. Specifically, the As(III)

adsorption capacities of Ti-PABC-1, Ti-PABC-2, and Ti-
PABC-3 were 2.97, 4.43, and 6.04 mg g™, respectively,
while their corresponding As(V) adsorption capacities
reached 4.13, 6.59, and 8.27 mg g~! (Table 1). This obser-
vation underscores the importance of developing meth-
ods to oxidize As(III) to As(V) for enhanced removal
(Duan et al. 2024; Fang et al. 2024).

Notably, the presence of competing anions signifi-
cantly influenced As adsorption. Coexisting phosphate
and silicate reduced the As(V) adsorption capacity of
the TiO,-loaded biochar composites by 74.1-89.9%,
whereas the reduction for As(III) was only 3.64—
25.3%. This finding aligns with previous studies, which
reported higher As(III) removal efficiency than As(V)
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on TiO, in anion-rich solution (Cui et al. 2015; Hu et al.
2015; Jegadeesan et al. 2010). On the one hand, this
can be attributed to the similar dissociation constants
between H;AsO; (pK, 9.22) and H,SiO; (pK, 9.77),
as well as between H;AsO, (pK,; 2.2, pK,, 6.98) and
H,PO, (pK,; 2.12, pK,, 7.2), leading to stronger com-
petition for As(V) adsorption sites (Yan et al. 2016). On
the other hand, the adsorption of As(III) on materials-
loading TiO, showed higher resist to competing anions
than that on pure TiO, (Niu et al. 2009). From a soil
chemistry perspective, inhibiting the release of As(III)
under flooded conditions is key to preventing As con-
tamination (Zhao and Wang 2020). These results col-
lectively demonstrate the applicability of TiO,-loaded
biochar composite for efficient As(III) removal in
reducing environments with coexisting anions.
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3.2 TiO,-loaded biochar composite alleviates arsenite

release while facilitating microbial reduction

of As-bearing ferrihydrite as an electron shuttle
During S. oneidensis MR-1 reduction of As(V)-FH, the
addition of PABC and Ti-PABC-2 increased the Fe(II)
generation rate from 0.071 mmol L™ h™! to 0.346 and
0.345 mmol L™ h™!, respectively (Fig. 2a). This was in
accordance with the previous studies that PABC and bio-
char were electron shuttles for facilitating S. oneidensis
MR-1 reduction of ferrihydrite (Kappler et al. 2014; Wu
et al. 2017). The accelerated ferrihydrite reduction pro-
moted the immobilization of dissolved As(V) (Fig. 2b),
with no significant difference observed between PABC
and Ti-PABC-2. In abiotic controls, PABC and Ti-
PABC-2 did not significantly alter dissolved As concen-
trations compared to the control (Fig. 2b). Phosphate and
bicarbonate were present at 4.41 and 30 mM in the cul-
ture medium, respectively, which are the main competing

4
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Fig. 2 Temporal changes in suspension Fe(ll) percentage (a, ¢) and filtrate dissolved arsenic concentrations (b, d) during the reduction
of arsenate-bearing (As(V)-FH, a, b) or arsenite-bearing (As(ll)-FH, ¢, d) ferrihydrite in the absence and presence of pore-activated biochar (PABC)
and titanium dioxide-loaded biochar composites (Ti-PABC-1, Ti-PABC-2, and Ti-PABC-3)
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anions for As(V) adsorption (Deng et al. 2010). This
explained the insignificant adsorptive removal of As(V)
with the addition of Ti-PABC-2.

During S. omneidensis MR-1 reduction of As(III)-
FH, both PABC and TiO,-loaded biochar composites
enhanced Fe(II) production. However, higher TiO, load-
ing resulted in a slower Fe(II) production rate (Fig. 2c), as
reflected in the reduced electron shuttling efficiency for
ferrihydrite reduction. This decrease can be explained
by the combined effect of a lower electron exchange
capacity and impeded electron transfer due to TiO, cov-
erage. Increasing the Ti-PABC-3 dosage from 1 to 2 g
L7! further elevated the Fe(II) generation rate (1.10 vs.
0.597 mmol L™! h™1). The absence of S. oneidensis MR-1
resulted in no significant release of As(IIl) or Fe** (Figs.
S2a-c, SI). While PABC accelerated microbial reduc-
tion of ferrihydrite and promoted As(III) release (reach-
ing 3.38 mg L™! at 272 h compared to 1.74 mg L ™! in the
control), TiO,-loaded biochar composites significantly
suppressed As(III) release despite also facilitating Fe(III)
reduction (Fig. 2d). A higher TiO, loading rate resulted in
a slower As(III) release rate. At the end of the incubation,
dissolved As(III) concentrations in the Ti-PABC-1 (3.41
mg L), Ti-PABC-2 (1.89 mg L™}), Ti-PABC-3 (1.48 mg
L), and 2 g L™! Ti-PABC-3 (0.675 mg L™!) treatments
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were all lower than those in the control (5.17 mg L™!) and
PABC (4.84 mg L™!) treatments. This inhibition of As(III)
release is likely attributable to the adsorption of As(III)
by the loaded TiO,.

3.3 Selective immobilization of arsenite in TiO,-loaded
biochar composite while facilitating microbial
reduction of As-bearing ferrihydrite

During S. oneidensis MR-1 reduction of As(III)-FH and

As(V)-FH, PABC and Ti-PABC-2 accelerated the sequen-

tial precipitation of vivianite and siderite but did not

alter the types of secondary minerals formed (Figs. 3a, b).

For As(III)-FH reduction, vivianite was detected earlier

(120 h) in PABC and Ti-PABC-2 treatments compared

to the control (322 h). By 774 h, both vivianite and sider-

ite were present in all treatments, with stronger siderite
peaks in the PABC and Ti-PABC-2 treatments. A simi-
lar pattern was observed for As(V)-FH reduction, with
siderite formation occurring faster in the PABC treat-
ment. No crystalline secondary minerals were detected
in abiotic controls (Fig. S3, SI). The anatase peaks of Ti-
PABC-2 remained unchanged throughout the incubation.
SEM-EDX analysis of solid precipitates from the

As(III)-FH reduction after 774 h revealed flake-shaped

minerals (>10 pm) and cubic-shaped minerals (3-5 pm)

As(lll)-FH As(V)-FH
a I ik Ti-PABC-2 774 h b I ol Ti-PABC-2 774 h
,I A .,|,|,L et +JPABC 774 h ,’l TN VY EABC774h
. I YN U PO Biotic kontrol 774 hi I A Biotic control 774 h
- -
- Ti-PABC-2332h| 3 Ti-PABC-2 332 h
(4] (4]
~ PABC 332 h] ~— PABC 332 h
b l ioti "? Bioti trol 332 h
= L A Biotic control 332 h 2 1 ) iotic contro
C .
_.q__? J ek ok & Ti-PABC-2 120 h| _9 J T TEY WU O Ti-PABC-2 120 h|
c c
- J e A s Aana JPABC 120 h] — _J JESTTOEN U U PABC 120 h
N Biotic control 120 h Biotic control 120 h
Reference diffraction patterns] Reference diffraction patterns
Anatase Siderite Quartz Anatase Siderite Quartz
| S NN T T P T : e il oy
10 20 30 40 50 60 70 10 20 30 40 50 60 70

26 (°)

26 (°)

Fig. 3 X-ray diffractograms of solid phases collected at 120, 332, and 774 h. The patterns correspond to the reduction of arsenite-bearing (As(Ill)-FH
a) and arsenate-bearing ferrihydrite (As(V)-FH b) by Shewanella oneidensis MR-1, conducted in the absence and presence of PABC or Ti-PABC-2,

respectively
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in the control (Fig. 4a). Elemental mapping identified
the flakes as vivianite [Fe;(PO,),], containing Fe, P, and
O (Figs. 4b—d), and the cubes as siderite (FeCOj), con-
taining Fe and O. The addition of PABC and Ti-PABC-2
caused the stacking of vivianite flakes and reduced the
size of siderite crystals to below 0.5 um (Figs. 4e-l).
This accelerated Fe*" release from enhanced ferrihydrite
reduction (Fig. S2d, SI) likely promoted vivianite precipi-
tation and stacking.

S. oneidensis MR-1 reduces Fe(III) in As(V)-FH but
not As(V). Both PABC and Ti-PABC-2 promoted As(V)
fixation during As(V)-FH reduction. SEM—EDX mapping
showed As(V) enrichment in flake-shaped vivianite but
not associated with Ti-PABC-2 or siderite (Fig. 5). EDX
point scans confirmed a distinct As signal in vivianite but
not in TiO,-loaded biochar composite (Figs. 5g, h, S5,
SI), consistent with known preferential immobilization of
As(V) in vivianite over siderite (Muehe et al. 2013; Wu
et al. 2018). Given Ti-PABC-2’s negligible As(V) adsorp-
tion in the culture medium abiotically (Fig. 2b, SI), we
conclude that vivianite formation was primarily responsi-
ble for As(V) immobilization.

In contrast, during As(III)-FH reduction, As(III)
release in the control and PABC treatments indicated
that neither vivianite nor siderite effectively immobi-
lized As(III), consistent with previous findings (Wu et al.

‘ SlderltE‘

200 nm

\. :
3 »
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2018). SEM-EDX mapping showed no significant accu-
mulation of As(III) on Ti-PABC-2 particles (Fig. S6, SI).
However, weak As signals were detected on Ti-PABC-2
particles by EDX point analysis, but not in vivianite (Fig.
S7, SI). This was likely due to the uniform dispersion of
TiO,, low Ti content (0.085 g g™* in Ti-PABC-2), and low
As loading (<4.43 mg g~' in Ti-PABC-2) in the compos-
ite. In summary, TiO,-loaded biochar composite served
as an efficient electron shuttle for the microbial reduction
of As-bearing ferrihydrite, the mitigated risk of As(V)
was due to its immobilization in vivianite, while the
reduced risk of As(III) was caused by adsorption onto the
TiO,-loaded biochar composite.

3.4 TiO,-loaded biochar composite simultaneously
mitigates As mobilization and CH, emissions

During the 30-day anaerobic soil incubation, both
PABC and Ti-PABC-1 inhibited Fe(III) reduction, the
release of dissolved Fe?*, total As, As(III), DMA, and
DOC, as well as the emissions of CO, and CH, (Fig. 6).
The application of PABC and Ti-PABC-1 significantly
reduced key parameters: the Fe(III) reduction rate
decreased from 1.41 to 1.21 and 0.977 g kg™ soil d7%;
the total As release rate dropped from 0.727 to 0.535
and 0.084 mg L' d7; and the DOC concentration
declined from 152-176 to 69.7-71.6 and 79.9-93.2 mg

Fig.4 Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) characterization of the morphology and elemental
distribution of secondary minerals formed during the microbial reduction of arsenic-bearing ferrihydrite. Images were obtained from experiments
with no amendment (a-d), PABC (e, f, i, j), or Ti-PABC-2 (g, h, k, I), during the reduction of arsenite-bearing (e-h) or arsenate-bearing (i-l) ferrihydrite
by Shewanella oneidensis MR-1. The areas within the red boxes in panels e, g, i, and k are shown at higher magnification in panels f, h, j, and |,

respectively
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Fig. 5 Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) characterization of the solid phase precipitates formed
during the reduction of arsenate-bearing ferrihydrite by Shewanella oneidensis MR-1 in the presence of Ti-PABC-2. The figure shows the overall
morphology (a) and the corresponding elemental distribution maps for Fe (b), P (c), C (d), Ti (e), and As (f). Panels (g) and (h) present the EDX
spectra detailing the elemental composition at specific sites marked in the SEM image

L7}, respectively. Although TiO, loading slightly weak-
ened the inhibitory effect of PABC on Fe(III) reduction
and DOC release, it significantly enhanced the suppres-
sion of As release throughout the incubation.

PABC initially inhibited As release primarily by
delaying Fe(IIl) reduction. However, once soil Fe(II)
content plateaued on day 30, PABC lost its effectiveness
(porewater As: 4.86 vs. 5.33 mg L™! in control), whereas
Ti-PABC-1 continued to reduce As release by 88.3% on
day 30. As(III) was the dominant species, constituting
53.3-105% of total porewater As (Fig. 6d). Both PABC
and Ti-PABC-1 also decreased DMA concentrations.
On day 6, before significant CH, emission, DMA con-
centrations were 11.5 and 7.86 pg L™! in the control
and Ti-PABC-1 treatments, respectively (Fig. 6e). By
day 15, with the onset of significant methanogenesis,
DMA concentrations decreased to 5.15 and 0.927 pg

L7}, likely due to demethylation by methanogens (Chen
et al. 2023a).

The CO, emission rates were 2.17, 1.89, and
1.98 mmol kg™ soil d™!, and CH, emission rates were
1.68, 1.04, and 1.09 mmol kg_1 soil d7! for the control,
PABC, and Ti-PABC-1 treatments, respectively (Figs. 6g,
h). Cumulative emissions from the control were 68.6 mmol
CO, kg™* and 42.2 mmol CH, kg™*. PABC and Ti-PABC-1
reduced cumulative CO, emissions by 12.7% and 8.32%,
and CH, emissions by 39.3% and 37.1%, respectively, with
no significant difference between the two amendments.

3.5 Mechanism for reduced Fe(lll) reduction, As
mobilization, and CH, emissions by TiO,-loaded
biochar composite application in paddy soil

Biochar exhibits redox properties that enable it to

serve as an electron shuttle and a competitive electron
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Fig. 6 Anoxic microcosm incubation of paddy soil amended with PABC or Ti-PABC-1. The panels display: 1 M HCl-extracted Fe(ll) in the solid phase
(a); dissolved ferrous ion concentration (b); solution-phase concentrations of total arsenic (TAs, c), arsenite (As(lll), d), dimethylarsenate (DMA, e),
and dissolved organic carbon (DOC, f); and cumulative emissions of carbon dioxide (CO,, g) and methane (CH,, h)

acceptor, thereby facilitating various anaerobic micro-
bial respiration processes (Cornell et al. 2025; Hudson
and Tratnyek 2025; Sun et al. 2017). Its electron-shut-
tling capability facilitates As release in paddy soils and
sediments (Chen et al. 2016; Wang et al. 2017; Yang et al.
2022), rendering it unsuitable for controlling As con-
tamination. PABC, as a pore-activated biochar, contains
redox-active functional groups and conductive carbon
matrix, allowing it to similarly serve as an electron shut-
tle (Wu et al. 2017, 2021). While PABC acted as an effi-
cient electron shuttle to accelerate ferrihydrite reduction
by S. oneidensis MR-1, it inhibited Fe(IlI) reduction in
paddy soil. This contrasting behavior likely stems from
the fact that both PABC and native soil DOM can shut-
tle electrons for soil Fe(III) reduction, whereas DOM was
absent in the S. oneidensis MR-1 system (Bai et al. 2023;
Wu et al. 2017).

Unlike biochar, microporous PABC and Ti-PABC-1 are
strong DOM adsorbents. Their application reduced pore-
water DOC concentrations from 152-170 mg L™" (con-
trol) to 69.7-71.6 mg L™! (PABC) and 79.9-93.1 mg L™
(Ti-PABC-1) (Fig. 6f). The DOM released under anaer-
obic conditions consisted mainly of humic-like and
fulvic-like components (Figs. 7a—c). Both PABC and Ti-
PABC-1 significantly reduced the fluorescence intensity
of humic-like components, consistent with their higher
affinity for high-molecular-weight humic substances
(Ateia et al. 2017). Both the anaerobically released and

freshly extracted DOM were effective electron shuttles
for ferrihydrite reduction, with efficiency positively cor-
related with DOC concentration (Figs. 7e, f). DOM can
diffuse through soil aggregates, enabling long-distance
electron transfer via electron hopping (Bai et al. 2020,
2023), a capability not shared by non-diffusible PABC
particles. Furthermore, freshly extracted DOM contained
protein-like and soluble microbial byproduct-like com-
ponents (Fig. 7d), which are readily biodegradable (Qiao
et al. 2020; Yang et al. 2023; Zhou et al. 2018). The inhibi-
tion of Fe(IlI) reduction further restricted the release of
mineral-associated organic matter for microbial utiliza-
tion (Martens et al. 2023; Zhang et al. 2025). Therefore,
sequestering DOM in PABC and Ti-PABC-1 not only
inhibited its electron-shuttling function but also limited
its role as a microbial carbon source, thereby delaying soil
Fe(III) reduction and CO, emissions.

Once Fe(IIl) reduction stabilized, PABC alone did
not significantly reduce As release into porewater.
However, TiO,-loaded biochar composite decreased
As release, which could be ascribed to the adsorption
on TiO,. In contrast to the transient effect of PABC
on total As, its sustained suppression of DMA release
is attributed to the complex interplay between As
methylation and demethylation under sulfate-reduc-
ing and methanogenic conditions, respectively (Dai
et al. 2025). The role of redox-active biochar/PABC in
methanogenesis is context-dependent. It can promote
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and ferrihydrite reduction rate (f)

CH, production by facilitating direct interspecies elec-
tron transfer in microbial carbon source-rich envi-
ronments, such as some anaerobic digestion systems
(Chen et al. 2014; Liu et al. 2012; Xu et al. 2025) and
methanogenic enrichment culture system of paddy
soils (Yuan et al. 2018; Zhang et al. 2021). In con-
trast, it suppresses CH, production in microbial car-
bon source-limited environments like peat soils (Sun
et al. 2021) and paddy soils (Nan et al. 2025; Si et al.
2024), as well as in some anaerobic digestion systems
(Xin et al. 2023). The observed decrease in CH, emis-
sions in this study can be explained by the limited sup-
ply of microbial carbon sources, delayed establishment
of methanogenic niches (resulting from slower Fe(III)
reduction), and electron competition from sulfate
reduction and methanogenesis (i.e., competitive elec-
tron storage in electron-accepting functional groups of
PABC) (Si et al. 2024; Sun et al. 2021; Xin et al. 2023).
The comparable electron accepting capacity values of
PABC and Ti-PABC-1 explain the negligible difference
observed in soil CH, emissions (25.6 vs. 26.6 mmol
CH, kg™).

4 Conclusions

This study presents a synergistic strategy that integrates
the robust As(III) adsorption capacity of TiO, (even
with competing anions present) with PABC’s ability
to inhibit soil Fe(III) reduction, As release and meth-
ylation, and CH, emissions. TiO,-loaded biochar com-
posite adsorbed As(III) more effectively than As(V) in
anion-rich solutions. This resulted in reduced As(III)
mobility but minimally affected As(V) fate during the
PABC-promoted microbial reduction of As-bearing
ferrihydrite. In flooded paddy soil, PABC delays Fe(III)
reduction and As release by adsorbing DOM, thus sup-
pressing DOM-driven electron shuttling. As microbial
niches shift from Fe(III) reduction to sulfate reduction
and methanogenesis, PABC alone becomes ineffective
at curbing porewater As, while TiO,-loaded biochar
composite maintains strong suppression. Both materi-
als effectively limited DMA release across these shifting
microbial niches. Notably, TiO,-loaded biochar com-
posite also acted as a competitive electron acceptor,
diverting electrons from methanogenesis and reducing
CH, emissions. Since PABC'’s electron-shuttling role is
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limited in soils, future work should prioritize its func-
tion as a competitive electron acceptor.

Controlling As pollution in paddies remains a criti-
cal challenge due to dynamic redox fluctuations, As
mobility, and efficient rice uptake. Assessing adsorbent
performance under different microbial niches provides
a practical basis for material selection in remediation.
Both commercial PABC and TiO, are readily available.
However, the relatively high cost of PABC (3 to 10 times
more expensive than unmodified biochar) limits its
agricultural use. In contrast, the estimated low applica-
tion rate (1725 kg ha™') and affordable price (approxi-
mately ¥10,000 per ton) of TiO, make it a more feasible
option for field applications. To reduce overall material
costs, either loading TiO, onto unmodified biochar or
applying TiO, directly can be considered. Nevertheless,
the remediation effectiveness of these alternative mate-
rials requires further evaluation. More importantly,
besides short-term soil microcosm studies, long-term
assessments are essential to examine the stability of
these materials under alternating wet and dry cycles in
paddy soils. Further pot and field trials remain crucial
to verify the potential of these materials for simultane-
ously reducing As accumulation in rice grains and CH,
emissions.
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