Titanium Dioxide-Loaded Biochar Composite Simultaneously Reduces Arsenic Mobilization and Methane Emissions in Flooded Paddy Soils
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Text S1
Biochar modification generally involves pore activation, heteroatom doping, and metal loading. In Tables S1 and S2 below, we summarize research and review articles published in the Biochar journal in 2025 that utilized pore activators to prepare modified biochar. In most cases, heteroatom doping and metal loading are widely discussed, however, these modifications are typically built upon the foundation of pore activation, a process that is often overlooked. In fact, such pore-activated biochars can also be classified as activated carbons.
From a soil biogeochemistry perspective, unmodified biochar has a limited capacity to significantly influence the fate of arsenic during the flooding of paddy soil. Therefore, we evaluated the modification of biochar via pore activation and TiO2 loading to tune the behavior of arsenic and mitigate methane emissions. For the convenience of synthesizing TiO2-loaded biochar with a high specific surface area, the material was not directly derived from agricultural biomass and an activator. Instead, it was prepared by direct pyrolysis of a mixture of commercially available activated carbon and a titanium salt. The activated carbon used in this study was prepared through the activation of charcoal. We believe the findings of our study are applicable to guiding the remediation of soil arsenic contamination using pore- and metal-modified biochar.

Table S1 Recent published research articles that preparing modified biochar with pore-activator in Biochar journal.
	Research article No.
	Title
	Biomass
	Name
	Activator

	1
(Wang et al., 2025)
	P-modified biochar alters the microbial community in heavy metal-contaminated soils by regulating nutrient supply balance
	Apple tree branches
	Phosphorus-modified biochar
	K3PO4

	2
(Cong et al., 2025)
	Improved adsorption capacity of ammonium from aqueous solution by modified biogas residue biochar
	Distillery grains
	NaOH-modified biochar
	NaOH

	3
(Xu et al., 2025)
	Composite adsorbent material for the effective removal of benzaldehyde from Chinese spirit: synergistic adsorption behavior of AC-SiO2
	Distillery grains
	Silica removed activated carbon
	Steam

	4
(Ñanculeo et al., 2025)
	Development of hazelnut shell-derived biochar to support a bifunctional MoCo electrocatalyst for HER/OER in alkaline medium
	Hazelnut shells
	Molybdenum or cobalt supported biochar
	KOH

	5
(Cheng et al., 2025)
	Cobalt-based multicomponent embedded in biomass-derived porous biochar as a highly efficient oxygen reduction reaction electrocatalyst
	Wood biomass
	Cobalt embedded in N-doped biochar
	Zn2(OH)2CO3

	6
(Zhou et al., 2025)
	Unraveling the synergistic mechanism of urea and sodium carbonate during biochar modification and peroxymonosulfate activation for wastewater decontamination
	Corncobs
	Modified biochar
	Na2CO3

	7
(Atinafu et al., 2025)
	Sustainable thermal buffering of microencapsulated bio-phase change materials through an engineered biochar dopant
	Food waste
	Food-waste-derived engineered biochar
	KOH

	8
(Zhao et al., 2025b)
	Collaborative modification strategy to improve the formation of biochar-derived persistent free radicals for aniline removal via peroxymonosulfate activation
	Corncob
	Modified biochar
	Na2CO3





Table S2 Recent published review articles that addressing the importance of preparing modified biochar with pore-activator in Biochar journal.
	Review article No.
	Title
	Description

	1
(Sun et al., 2025)
	Preparation of bio-carbon by polymerization of bio-tar: a critical review on mechanisms, processes, and applications
	Adding chemical activators and heteroatom dopants is an effective method for improving the pore structure and functional group characteristics of bio-carbon.

	2
(Zhao et al., 2025a)
	Unlocking the potential of element-doped biochar: from tailored synthesis to multifunctional applications in environment and energy
	Pore size structure is a critical factor influencing biochar performance, and elemental doping serves as an effective modification method to significantly alter its pore characteristics, thereby enhancing its application potential.

	3
(Ye et al., 2025)
	The state-of-the-art review on biochar as green additives in cementitious composites: performance, applications, machine learning predictions, and environmental and economic implications
	In chemical activation, the activation of biomass is achieved using chemical reagents, including KOH, HNO3, Fe(NO3)3, CaCl2, Na2CO3, AlCl3, and FeCl3. Chemical activation introduces chemical precursors into biomass, which exhibits a higher specific surface area, a more porous structure, higher stability, and more functional groups after pyrolysis

	4
(Fakhar et al., 2025)
	Advancing modified biochar for sustainable agriculture: a comprehensive review on characterization, analysis, and soil performance
	The specific surface area (SSA) and pore structure of biochar play a significant role in adsorption and regulating the nature of biochar as hydrophilic or hydrophobic. The general purpose of modification in pristine biochar is to expand its surface area, which ultimately modifies its functional groups and enhances its magnetic performance and catalytic capacity

	5
(Li et al., 2025)
	Review of modified biochar for removing humic acid from water: analysis of structure-activity relationship
	Biochar is immersed in an acidic or alkaline solution, which increases its specific surface area, improves its pore structure, and introduces more surface functional groups while removing NOM.

	6
(Xiong et al., 2025)
	Remediation of uranium-contaminated water and soil by biochar-based materials: a review.
	The specific surface area was verified as the most vital parameter determining the adsorption efficacy of biochar, with an optimal range of 500-1200 m2 g-1.







Figure S1 Scanning electron microscopy images of PABC (a), Ti-PABC-1 (b), and Ti-PABC-2 (c). Energy dispersive X-ray spectroscopy mapping spectrum of Ti-PABC-3 (d).



Figure S2 Suspension Fe(II) percentage (a) and filtrate dissolved arsenite (b) and ferrous ion (c and d) during Shewanella oneidensis MR-1 (d) or abiotic (a-c) reduction of arsenite-bearing ferrihydrite in the absence and presence of PABC, Ti-PABC-1, Ti-PABC-2, and Ti-PABC-3, respectively.



Figure S3 X-ray diffractograms of the solid phases collected at 774 h during abiotic reduction of arsenite/arsenate-bearing ferrihydrite in the absence and presence of PABC and Ti-PABC-2, respectively.



Figure S4 Morphology of vivianite precipitated by drop-wise adding 0.05 M KOH to the mixture solution of 0.035 M H3PO4 and 0.05 M FeSO4 to a final pH of 6.00 in a glovebox.



Figure S5 Energy dispersive X-ray spectroscopy spectra of elements composition at different sites as noted in Figure 5a.



[bookmark: OLE_LINK3]Figure S6 Scanning electron microscopy-energy dispersive X-ray spectroscopy characterization of the morphology (a) and Fe (b), P (c), C (d), Ti (e), and As (f) elements distribution on the solid phase precipitates that generated during Shewanella oneidensis MR-1 reduction of arsenite-bearing ferrihydrite in the presence of Ti-PABC-2.



[bookmark: _GoBack]Figure S7 Energy dispersive X-ray spectroscopy spectra of elements composition at different sites as noted in Figure 6a.
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