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Abstract 

Alternate wetting and drying (AWD) cycles significantly influence arsenic (As) mobility and 

sequestration in contaminated soils, yet the mechanisms underlying As immobilisation at iron-

manganese (Fe-Mn) mineral interfaces remain poorly characterised. This study investigates As 

entrapment within Fe-Mn mineral layers and evaluates long-term immobilisation stability 

when bioaugmented with Bacillus subtilis strain 168, a model arsenic-resistant bacterium. 

Batch incubation experiments were conducted under simulated AWD conditions, alternating 

between oxic and anoxic phases, to assess As speciation and mineral phase transformations. 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) and electron microscopy, coupled 

with energy-dispersive X-ray analysis, characterised As-binding mechanisms on ferrihydrite 

and manganese oxide surfaces. B. subtilis 168 biofilms were established on pre-equilibrated 

Fe-Mn mineral assemblages, and extracellular polymeric substances (EPS) were analysed for 

their role in As binding and stabilisation. Results demonstrated that Mn oxides catalysed 

oxidative transformation of As(III) to As(V), which subsequently adsorbed onto iron 

oxyhydroxides as bidentate binuclear complexes. Biofilm-derived EPS enhanced As 

immobilisation through multi-phase sorption mechanisms, reducing aqueous As concentration 

by 73% compared to abiotic controls. During redox fluctuations, bioaugmented systems 

exhibited significantly enhanced As stability, with <5% mobilisation over six wet-dry cycles, 

whereas non-bioaugmented treatments released 28% of sequestered As. These findings 

demonstrate that B. subtilis 168-mediated biofilms provide a sustainable approach to stabilise 

As immobilisation within Fe-Mn mineral matrices under variable hydrological conditions, with 

implications for climate-resilient soil remediation strategies. 
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Introduction 

Arsenic (As) contamination in soils and sediments poses severe threats to environmental and 

human health, particularly in regions with elevated geogenic As concentrations or 

anthropogenic contamination from mining and industrial activities (Liu et al., 2023; 

Valenzuela-García et al., 2025). The biogeochemical cycling of As is intrinsically linked to 

redox-sensitive iron (Fe) and manganese (Mn) minerals, which serve as critical sinks for As 

immobilisation through oxidation and adsorption processes (Zhang et al., 2014; Zhao et al., 

2024). Fe-Mn binary oxides exhibit synergistic functionality wherein Mn oxides catalyse the 

oxidation of the more mobile arsenite [As(III)] to arsenate [As(V)], which subsequently 

adsorbs onto Fe oxyhydroxides as stable inner-sphere complexes (Zhen et al., 2020; McCann 

et al., 2017). However, the stability of As sequestration at Fe-Mn mineral interfaces remains 

highly vulnerable to redox fluctuations induced by alternate wetting and drying (AWD) cycles, 

which are increasingly prevalent in agricultural systems as climate-adaptive water management 

strategies (Li et al., 2019; Carrijo et al., 2018). Under AWD conditions, oscillating redox 

potentials drive the reductive dissolution of Fe and Mn oxides during anoxic phases, potentially 

remobilising previously immobilised As into porewater (Yuan, 2020; Li et al., 2024). This As 

mobilisation poses significant risks for groundwater contamination and crop uptake in paddy 

rice systems, where AWD irrigation is widely implemented to reduce water consumption and 

methane emissions (Scott et al., 2024; Norton et al., 2013). While AWD has demonstrated 

efficacy in reducing grain As accumulation by 40-64% compared to continuous flooding 

through decreased As(III) availability in oxic periods (Linquist et al., 2015; Somenahally et al., 

2011), the long-term stability of As immobilisation during repetitive wet-dry cycles remains 

poorly characterised, particularly when integrated with sustainable bioaugmentation strategies. 

Bacterial bioaugmentation, particularly using arsenic-resistant strains capable of biofilm 

formation, represents a promising approach to enhance As immobilisation stability through 

multiple mechanisms (Kaushal et al., 2025; Zhu et al., 2024). Bacillus subtilis strain 168, a 

well-characterised Gram-positive soil bacterium, possesses robust arsenic resistance 

mechanisms encoded by the ars and ase operons, including arsenate reductase (ArsC), efflux 

pumps (ArsB, Acr3), and transcriptional regulators (Valenzuela-García et al., 2025). Beyond 



genetic resistance, B. subtilis produces copious extracellular polymeric substances (EPS) 

during biofilm formation, comprising polysaccharides, proteins, nucleic acids, and humic-like 

substances with abundant functional groups (carboxyl, phosphoryl, hydroxyl, amino) that 

facilitate metal binding through ion exchange, complexation, and electrostatic interactions 

(Olar et al., 2022; Mahto and Das, 2022). EPS-mediated metal immobilisation has been 

demonstrated for various heavy metals, including lead, copper, and chromium, where biofilm 

matrices provide mechanical stability and diffusion barriers that enhance contaminant retention 

even under dynamic environmental conditions (Qiao et al., 2019; Priester et al., 2006). 

However, the specific role of B. subtilis biofilms in stabilising As entrapment within Fe-Mn 

mineral layers under redox cycling remains unexplored, representing a critical knowledge gap 

for developing climate-resilient soil remediation technologies. The application of advanced 

surface-sensitive analytical techniques, particularly time-of-flight secondary ion mass 

spectrometry (ToF-SIMS), enables molecular-scale characterisation of As binding mechanisms 

and spatial distribution at Fe-Mn-biofilm interfaces (Leichty et al., 2022; Chelgani and Hart, 

2014). ToF-SIMS provides high spatial resolution (50-200 nm) chemical mapping of As 

speciation, mineral phase transformations, and organic-inorganic interactions, offering 

unprecedented insights into the mechanisms governing As stability during biofilm-mineral co-

precipitation and subsequent redox perturbations (Shen et al., 2024). 

Based on the identified knowledge gaps regarding As stability at biofilm-mineral interfaces 

under variable redox conditions, this study establishes four primary research objectives guided 

by the following research questions-  

Objective 1: Characterise As(III) oxidation and As(V) immobilisation mechanisms on Fe-Mn 

binary oxides under simulated AWD conditions. 

Research Question 1: How do alternating oxic-anoxic cycles influence As speciation 

transformations and the temporal stability of As binding to Fe and Mn mineral phases? 

Objective 2: Evaluate the role of Bacillus subtilis 168 biofilms and EPS in enhancing As 

immobilisation at Fe-Mn mineral surfaces. 

Research Question 2: What are the specific contributions of bacterial biofilms and EPS 

functional groups to As binding capacity and stability compared to abiotic mineral systems? 

Objective 3: Determine As mobilisation and retention patterns during repeated wet-dry cycles 

in bioaugmented versus non-bioaugmented Fe-Mn mineral systems. 



Research Question 3: Does biofilm-mediated encapsulation of Fe-Mn minerals provide 

sustained protection against As remobilisation during reductive dissolution events? 

Objective 4: Elucidate the spatial distribution and chemical speciation of As at biofilm-Fe-Mn 

mineral interfaces using ToF-SIMS. 

Research Question 4: How does the three-dimensional architecture of biofilm-mineral 

assemblages influence microscale As distribution and the formation of stable As-bearing 

mineral precipitates? 

These integrated objectives aim to provide mechanistic insights into sustainable 

bioaugmentation strategies for As remediation in agricultural soils subject to variable 

hydrological regimes, with direct implications for climate-adaptive water management and 

food security. 

Materials and Methods 

2.1. Study design and greenhouse experiment 

All experiments were conducted in a controlled greenhouse environment, maintaining 

consistent physicochemical conditions to minimise environmental variability and ensure 

experimental reproducibility. The greenhouse was equipped with automated climate control 

systems maintaining a constant temperature regime of 30 ± 2°C and relative humidity of 65 ± 

5%,. The experimental design consisted of a two-factor factorial arrangement with three 

replicates per treatment combination, arranged in a completely randomised design (CRD) 

within the greenhouse. The two primary factors were: (1) bioaugmentation treatment (two 

levels: bioaugmented with B. subtilis 168 biofilms, and non-bioaugmented negative control), 

and (2) AWD cycling protocol (Majumdar et al., 2024). All reactors were positioned on 

benches with randomised spatial distribution to eliminate positional bias, and their positions 

were rotated weekly to ensure uniform exposure to light and temperature gradients. Substrate 

and soil moisture conditions within reactors were regulated using calibrated gravimetric 

methods, with soil moisture monitored via Time Domain Reflectometry (TDR) probes (IMKO 

TRIME-PICO32) inserted to 5 cm depth in each reactor and logged automatically at 6-h 

intervals (Carrijo et al., 2018). This enabled precise control of flooding and drying phases and 

ensured consistent water status across all replicates. All procedural manipulations (sampling, 

water additions, reactor rotation) were performed following standard operating procedures 

(SOPs) documented in laboratory notebooks to maintain experimental integrity and allow 



traceability. The controlled greenhouse environment minimised external confounding factors 

such as temperature fluctuations, variable light regimes, and uncontrolled moisture changes, 

thereby isolating the effects of bioaugmentation and redox cycling on As immobilisation 

mechanisms and stability.  

2.2. Fe-Mn binary oxide synthesis 

Fe-Mn binary oxides containing ferrihydrite and birnessite phases were synthesised using a 

modified co-precipitation method adapted from Zhang et al. (2007) and Zhen et al. (2020). 

Briefly, Fe(NO₃)₃·9H₂O (0.1 M) and MnCl₂·4H₂O (0.01 M) were dissolved in 500 mL of 

deionised water, and the solution pH was rapidly adjusted to 7.0 ± 0.2 using 1 M NaOH under 

vigorous stirring at room temperature (Zhang et al., 2007; McCann et al., 2017). The resulting 

precipitate was aged for 24 h at 25°C, collected by centrifugation (8,000 × g, 15 min), and 

washed five times with deionised water until electrical conductivity fell below 20 μS cm⁻¹ 

(Zhen et al., 2020). The washed precipitate was freeze-dried (−50°C, <0.1 mbar) and stored at 

4°C in desiccated conditions until use. Mineral phase composition was confirmed by X-ray 

diffraction (XRD) using Co Kα radiation (λ = 1.789 Å) on a Bruker D8 Advance diffractometer 

operated at 40 kV and 40 mA, with scans conducted from 10° to 80° 2θ at 0.02° steps (Mos et 

al., 2018). Cobalt radiation was specifically chosen to minimise fluorescence interference from 

Fe-containing samples, ensuring unambiguous phase identification (Mos et al., 2018). Rietveld 

refinement was performed using TOPAS software to quantify ferrihydrite and birnessite mass 

fractions (Schulz et al., 2022). Specific surface areas were determined by N₂-BET analysis 

using a Micromeritics TriStar II 3020 instrument following degassing at 110°C for 12 h. 

2.3. Bacterial strain and biofilm cultivation 

Bacillus subtilis strain 168 was obtained from the laboratory stock collection. The strain was 

maintained on Luria-Bertani (LB) agar plates at 4°C and subcultured monthly. For biofilm 

cultivation, a modified MSgg medium optimised for robust EPS production was employed, 

containing (per liter): 5 mM potassium phosphate buffer (pH 7.0), 100 mM MOPS (pH 7.0), 2 

mM MgCl₂, 50 μM MnCl₂, 50 μM FeCl₃, 1 μM ZnCl₂, 2 μM thiamine, 0.5% (v/v) glycerol, 

0.5% (w/v) glutamate, and 50 μg mL⁻¹ tryptophan (Vlamakis et al., 2013; Dogsa et al., 2013). 

Biofilms were cultivated on sterile polycarbonate membrane filters (0.22 μm pore size, 47 mm 

diameter, Millipore) placed on MSgg agar plates, following the optimised protocol of Fuchs et 

al. (2017). A standardised spore suspension (10⁷ spores mL⁻¹) was prepared from 72-h 

sporulated cultures, heat-activated at 80°C for 20 min, and 5 μL aliquots were spot-inoculated 



onto membrane centres (Fuchs et al., 2017; Elsholz et al., 2014). Plates were incubated at 30°C 

for 48-72 h until mature biofilms with characteristic wrinkled morphology developed, 

indicating robust EPS production (Vlamakis et al., 2013). Biofilm viability and cell density 

were quantified by colony-forming unit (CFU) enumeration following mechanical disruption 

and serial dilution plating. 

2.4. EPS extraction and characterisation 

Extracellular polymeric substances were extracted from mature B. subtilis 168 biofilms using 

a cation exchange resin (CER) method modified from Dogsa et al. (2013) and Wu et al. (2021). 

Biofilms were carefully harvested from membrane filters using sterile spatulas, suspended in 

50 mM phosphate-buffered saline (PBS, pH 7.4) at a ratio of 1:20 (w/v), and homogenised 

using a Potter-Elvehjem tissue grinder on ice. Dowex Marathon C sodium form cation 

exchange resin (Sigma-Aldrich) was added at 70 g resin per gram dry biofilm, and suspensions 

were stirred gently at 4°C for 4 h to minimise EPS degradation (Dogsa et al., 2013). Following 

resin treatment, suspensions were centrifuged (12,000 × g, 20 min, 4°C) to pellet cells and 

resin, and supernatants containing solubilised EPS were filtered through 0.22 μm 

polyethersulfone membranes. EPS solutions were dialysed extensively against deionised water 

using 3.5 kDa molecular weight cutoff dialysis tubing (SpectraPor) with eight water changes 

over 72 h at 4°C, then concentrated by lyophilisation. Total carbohydrate content in EPS was 

determined by the phenol-sulfuric acid method using glucose as a standard, while protein 

content was quantified by the Bradford assay using bovine serum albumin as a standard (Dogsa 

et al., 2013). Nucleic acid content was estimated spectrophotometrically at 260 nm. Functional 

group composition of EPS was characterised by Fourier transform infrared (FTIR) 

spectroscopy using a Bruker Vertex 70 spectrometer in attenuated total reflectance (ATR) mode 

(Rehman et al., 2021; Ni et al., 2017). Spectra were acquired from 4,000 to 400 cm⁻¹ with 64 

scans at 4 cm⁻¹ resolution, and functional groups were assigned based on characteristic 

absorption bands: O-H/N-H stretching (3,600-3,200 cm⁻¹), aliphatic C-H stretching (2,960-

2,850 cm⁻¹), carboxyl C=O stretching (1,740-1,700 cm⁻¹), amide I and II bands (1,650 and 

1,550 cm⁻¹), and C-O stretching of polysaccharides (1,200-950 cm⁻¹) (Jiao et al., 2010; Rehman 

et al., 2021). 

2.5. Bioaugmentation of Fe-Mn mineral systems 

To establish biofilm-mineral assemblages, Fe-Mn binary oxides (2 g L⁻¹) were pre-equilibrated 

in modified MSgg medium without carbon sources for 24 h under sterile conditions. Pre-



washed B. subtilis 168 cells from mid-exponential phase cultures (OD₆₀₀ = 0.6-0.8) were 

inoculated at an initial density of 10⁶ CFU mL⁻¹ into mineral suspensions supplemented with 

0.5% glycerol to stimulate biofilm formation (Morris et al., 2022). Bioaugmented suspensions 

were incubated in 250-mL Erlenmeyer flasks on orbital shakers (120 rpm, 30°C) for 72 h to 

allow biofilm colonisation of mineral surfaces. Non-bioaugmented controls received heat-

killed cells (autoclaved at 121°C for 20 min) to account for abiotic cell material effects. Biofilm 

attachment to Fe-Mn oxides was confirmed by scanning electron microscopy (SEM) using a 

Zeiss Sigma 300 VP instrument operated at 5 kV following sample fixation in 2.5% 

glutaraldehyde, critical point drying, and Au/Pd sputter coating (5 nm). 

2.6. Alternate Wetting and Drying (AWD) simulation experiments 

Batch AWD simulation experiments were conducted in 500-mL wide-mouth polypropylene 

reactors modified from the field-scale protocols described by Majumdar et al. (2024) and 

Carrijo et al. (2018). Each reactor contained 50 g of synthetic contaminated soil matrix 

prepared by mixing quartz sand (70%, w/w), kaolinite clay (20%, w/w), and peat moss (10%, 

w/w) to simulate paddy soil texture, amended with sodium arsenite (NaAsO₂) to achieve an 

initial As concentration of 50 mg kg⁻¹. Fe-Mn binary oxides (5%, w/w) with or without 

established B. subtilis 168 biofilms were thoroughly mixed into the soil matrix. Each treatment 

was replicated in triplicate. AWD cycles were simulated by alternating between flooded 

(anoxic) and drained (oxic) phases over 12 weeks, with each complete cycle lasting 2 weeks 

(Carrijo et al., 2018; Li et al., 2019). During flooded phases, reactors were saturated with 

deionised water (200 mL) to maintain a 2-cm standing water layer, sealed with Parafilm to 

minimise O₂ intrusion, and incubated at 28°C in darkness. Redox potential (Eh) was monitored 

continuously using Pt electrodes connected to an Ag/AgCl reference electrode and logged at 

30-mins intervals using a Campbell Scientific CR1000 datalogger. Anoxic conditions (Eh < 

−100 mV) were typically established within 48-72 h of flooding. During drying phases, 

standing water was drained, and soil was air-dried at 28°C with moderate airflow until 

gravimetric moisture content decreased to 40-50% of water-holding capacity, re-establishing 

oxic conditions (Eh > +200 mV) (LaHue et al., 2016). Six complete AWD cycles were 

conducted to assess the long-term stability of As immobilisation. 

Porewater samples (5 mL) were collected at the end of each flooded and drained phase using 

Rhizon soil moisture samplers (0.15 μm pore size, Rhizosphere Research Products) inserted to 

5 cm depth. Porewater pH, dissolved oxygen (DO), and Eh were measured immediately using 



a multi-parameter probe (Hach HQ40d). Porewater samples were filtered (0.22 μm), acidified 

with 2% (v/v) HNO₃, and stored at 4°C until analysis. Total dissolved As was quantified by 

inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900) operated in collision 

cell mode using He as collision gas to minimise polyatomic interferences (Colman et al., 2024). 

As(III) and As(V) speciation was determined by high-performance liquid chromatography 

coupled to ICP-MS (HPLC-ICP-MS) using a Hamilton PRP-X100 anion exchange column 

with 20 mM phosphate buffer (pH 6.0) as mobile phase, following the method of Watts et al. 

(2007). Quality control included analysis of certified reference materials (NIST SRM 1640a 

Trace Elements in Natural Water) and procedural blanks with each analytical batch, achieving 

recoveries of 95-105% for all As species. 

2.7. Sequential extraction and As fractionation 

At the end of the AWD experiment (after six complete cycles), soil samples from bioaugmented 

and non-bioaugmented treatments were subjected to the modified Wenzel sequential extraction 

procedure (SEP) to determine operationally defined As fractions (Li et al., 2019; Wan et al., 

2017). The Wenzel SEP was selected over the classical Tessier method due to its superior 

extraction efficiency for oxyanion elements, particularly As associated with Fe and Mn 

(hydr)oxides (Li et al., 2019; Wan et al., 2017). The five-step extraction protocol was performed 

on 1 g of air-dried soil samples in 50-mL polypropylene centrifuge tubes as follows: 

F1 - Non-specifically adsorbed As: 25 mL of 0.05 M (NH₄)₂SO₄ for 4 h at 25°C with continuous 

shaking (200 rpm) 

F2 - Specifically adsorbed As: 25 mL of 0.05 M NH₄H₂PO₄ for 16 h at 25°C with continuous 

shaking 

F3 - Amorphous Fe-Mn oxyhydroxides-bound As: 25 mL of 0.2 M NH₄⁺-oxalate buffer (pH 

3.25) for 4 h in darkness at 25°C with continuous shaking 

F4 - Crystalline Fe-Mn oxides-bound As: 25 mL of 0.2 M NH₄⁺-oxalate buffer (pH 3.25) + 0.1 

M ascorbic acid for 30 min at 96°C in darkness with intermittent shaking 

F5 - Residual As: Digestion of remaining solid in 9 mL HNO₃ + 3 mL HCl using microwave-

assisted acid digestion (CEM MARS 6, 180°C, 15 min) 

After each extraction step, suspensions were centrifuged (4,000 × g, 20 min), supernatants were 

filtered (0.45 μm), acidified, and stored at 4°C until ICP-MS analysis. Residual solids were 



washed twice with 10 mL of deionised water before proceeding to the next step. Extraction 

recovery was calculated as the sum of As in all fractions divided by pseudo-total As (aqua regia 

digestion), with acceptable recoveries ranging from 90-110%. 

2.8. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) analysis 

Spatial distribution and chemical speciation of As at biofilm-Fe-Mn mineral interfaces were 

characterised using ToF-SIMS (TOF.SIMS 5, ION-TOF GmbH, Münster, Germany) following 

established protocols for biological-mineral systems (Bonnin et al., 2020; Leichty et al., 2022). 

Biofilm-mineral aggregates sampled at the end of AWD experiments were gently washed three 

times with ultrapure water to remove salts, deposited onto cleaned silicon wafers, and air-dried 

in a laminar flow hood to prevent contamination (Bonnin et al., 2020). Samples were further 

dried under vacuum (10⁻² mbar) for 12 h and mounted on sample holders using carbon tape. 

ToF-SIMS analysis was performed using a Bi₃⁺ liquid metal ion gun as primary ion source 

operated at 25 keV with 0.3 pA pulsed beam current, providing lateral resolution of 

approximately 200 nm (Bonnin et al., 2020; Shen et al., 2024). High-resolution chemical maps 

(256 × 256 pixels) were acquired over 200 × 200 μm² areas in positive and negative ion modes 

to maximise detection of both cationic (Fe⁺, Mn⁺, Ca⁺, Na⁺) and anionic (AsO⁻, AsO₂⁻, AsO₃⁻, 

PO₃⁻, CN⁻) secondary ions. For organic biomarkers, characteristic fragment ions including 

CN⁻, CNO⁻, C₂H₄N⁺, and phosphocholine (m/z 184⁺) were monitored to map biofilm 

distribution (Bonnin et al., 2020). Depth profiling was conducted using a C₆₀⁺ sputter source 

(10 keV, 0.5 nA) alternating with Bi₃⁺ analysis to generate three-dimensional chemical 

information from biofilm-mineral interfaces to depths of 500-1,000 nm. Mass spectra and ion 

images were processed using SurfaceLab 7 software (ION-TOF GmbH). Secondary ion 

intensities were normalised to total ion counts to minimise matrix effects, and co-localisation 

analysis was performed by calculating Pearson correlation coefficients between ion intensity 

distributions for As-bearing species (AsO⁻, AsO₂⁻) and Fe/Mn oxides (FeO⁻, MnO⁻), as well as 

organic biomarkers (Bonnin et al., 2020). Regions of interest (ROIs) were defined based on 

high CN⁻ signal intensity (biofilm zones) and high Fe/Mn signal (mineral zones) to 

quantitatively compare As accumulation in biofilm-associated versus mineral-only domains. 

2.9. Statistical Analysis 

All experiments were conducted in triplicate, and data are presented as mean ± standard 

deviation. Statistical significance of differences between bioaugmented and non-bioaugmented 

treatments was assessed by two-way analysis of variance (ANOVA) with treatment and AWD 



cycle as factors, followed by Tukey's honestly significant difference (HSD) post-hoc test. 

Porewater As mobilisation kinetics were analysed using repeated measures ANOVA. 

Correlation analyses between EPS compositional properties and As immobilisation efficiency 

were performed using Pearson correlation coefficients. All statistical analyses were conducted 

using R software (version 4.3.0) with a significance threshold set at α = 0.05. 

Results and Discussion 

3.1. Model compounds of Fe-Mn-associated As within soil minerals 

The diverse Fe-Mn-As mineral structures illustrated in Figure 1 represent thermodynamically 

stable ternary phases that form through intimate molecular-scale associations in redox-dynamic 

soil environments (Borch et al., 2010; Wang et al., 2015). The binary Fe-Mn oxide frameworks 

(Mn₃Fe, MnFe₃) provide the structural foundation for subsequent arsenic incorporation, 

wherein Mn oxides catalyse As(III) oxidation to As(V), which subsequently binds to Fe 

oxyhydroxide surfaces with enhanced affinity (Zhang et al., 2014; Zhen et al., 2020). The 

progression to ternary MnFeAs complexes demonstrates synergistic As immobilisation 

exceeding individual metal oxide capacities, attributed to cooperative surface site availability 

and redox coupling between Mn(IV) reduction and As(III) oxidation (Lafferty et al., 2010). 

The FeAs and FeAs₂ structures reveal how arsenate ions occupy octahedral and tetrahedral 

coordination sites within iron oxide lattices, establishing bidentate binuclear (²E) and 

monodentate inner-sphere complexes with As-Fe bond distances of 3.2-3.6 Å characteristic of 

scorodite-like precipitation (Dixit and Hering, 2003; Farquhar et al., 2002). These 

crystallographically defined coordination geometries explain the exceptional stability of As 

immobilised within natural ferrihydrite-birnessite assemblages, particularly under alternate 

wetting-drying conditions where biofilm-derived extracellular polymeric substances enhance 

interfacial interactions through ternary EPS-As-metal bridging analogous to these mineral 

phases (Qiu et al., 2024; Chen et al., 2023). The structural models provide mechanistic insight 

into long-term As sequestration in bioaugmented remediation systems. 

3.2. Characterisation of  mineral associated Fe-Mn binary oxides 

The co-precipitation synthesis method successfully produced Fe-Mn binary oxides with a 

heterogeneous composition comprising predominantly ferrihydrite (2-line) and birnessite 

phases. X-ray diffraction analysis (Figure 2a) revealed characteristic broad diffraction peaks 

at 2θ = 35.2° (d-spacing = 2.55 Å) and 61.8° (d = 1.50 Å), confirming the presence of poorly 



crystalline 2-line ferrihydrite, consistent with synthetic ferrihydrite standards (Cismasu et al., 

2011; Schulz et al., 2022). The diffraction pattern also exhibited a sharp reflection at 2θ = 12.4° 

(d = 7.1 Å), corresponding to the (001) basal plane of hexagonal birnessite, along with 

additional peaks at 37.2° and 65.8° attributable to birnessite (002) and (020) planes, 

respectively (Gao et al., 2015; Wang et al., 2019). Rietveld refinement quantified the mineral 

composition as 73.2 ± 3.1 wt% ferrihydrite and 26.8 ± 2.9 wt% birnessite, yielding an Fe:Mn 

molar ratio of 9.8:1. This composition is ideal for As immobilization, as birnessite provides 

catalytic oxidation capacity for As(III) while the dominant ferrihydrite phase offers abundant 

high-affinity sorption sites for As(V) (Zhang et al., 2009; Zhen et al., 2020). Energy dispersive 

X-ray spectroscopy (Figure 2b) quantifies elemental composition as O (31.0 wt%, 57.12 

atom%), Fe (41.21 wt%, 18.31 atom%), Mn (10.80 wt%, 7.33 atom%), Si (12.79 wt%, 12.57 

atom%), and As (4.20 wt%, 4.67 atom%). The Fe:Mn molar ratio of 2.5:1 falls within the 

optimal range for synergistic As(III) oxidation (Mn oxides) coupled with As(V) adsorption (Fe 

oxides) (Zhang et al., 2014; Zhen et al., 2020). 

The ternary phase diagram (Figure 2c) illustrates compositional relationships within the Mn-

Fe-As system, positioning the synthesized material in the MnFeAs stability field (pink region) 

between end-member phases (Mn, Fe, FeAs, FeAs₂, MnAs). This intermediate composition 

represents a metastable ternary oxide wherein As is incorporated through both surface 

complexation and structural substitution within mixed Fe-Mn oxide frameworks (Borch et al., 

2010; Lafferty et al., 2010). The "above hull" designation indicates slightly elevated Gibbs free 

energy relative to pure phase assemblages, suggesting kinetically stabilized phases formed 

through rapid co-precipitation rather than equilibrium crystallization (Sun et al., 2016). 

Chemical potential diagrams (Figure 2d) reveal thermodynamic stability fields for different 

mineral assemblages as functions of μFe-μAs (x-axis) and μMn-μAs (y-axis). The MnFeAs 

central field demonstrates that ternary phases are stable over relatively narrow chemical 

potential windows, requiring balanced Fe-Mn activities to prevent disproportionation into 

binary FeAs₂ or MnAs end-members (Bai et al., 2017). The overlapping stability domains 

suggest that under environmental conditions (variable Eh and pH during alternate wetting-

drying cycles), As partitioning among multiple mineral phases occurs dynamically, with 

biofilm-derived extracellular polymeric substances potentially stabilizing metastable ternary 

configurations through surface complexation and kinetic inhibition of phase transformations 

(Qiu et al., 2024; Chen et al., 2023). 

3.3. Characterisation of extracted EPS and application with soil minerals  



The cation exchange resin (CER) method successfully extracted EPS from 72-h mature B. 

subtilis 168 biofilms with high efficiency (87.3 ± 4.2%), yielding 142.6 ± 8.5 mg EPS per gram 

biofilm dry weight. This extraction efficiency is comparable to previously reported values 

for Bacillus species using CER methods (70-90%) and substantially exceeds physical 

extraction methods such as centrifugation or sonication, which typically achieve only 30-45% 

efficiency (Pan et al., 2010; Cho et al., 2012). The CER method minimises cell lysis through 

gentle cation exchange rather than mechanical disruption, thereby reducing contamination 

from intracellular materials and preserving the native EPS structure (Dogsa et al., 2013). Time-

course analysis revealed that EPS production increased progressively during biofilm 

maturation, reaching maximum yield at 72 h (Figure 3a), consistent with the late exponential-

to-stationary phase transition when B. subtilis upregulates the eps operon and matrix gene 

expression (Vlamakis et al., 2013; Dogsa et al., 2024). Compositional analysis demonstrated 

that B. subtilis 168 EPS was predominantly comprised of carbohydrates (65.8 ± 3.4%) and 

proteins (28.7 ± 1.8%), with minor contributions from nucleic acids (4.2 ± 0.6%) and humic-

like substances (1.3 ± 0.3%). The carbohydrate-to-protein ratio of 2.29 ± 0.15 indicates a 

polysaccharide-rich matrix, characteristic of robust biofilm formers (Oliva et al., 2025; Marvasi 

et al., 2010). Carbohydrate content (658 ± 34 µg mg⁻¹ EPS) primarily derives from the EpsA-

O exopolysaccharide, a complex branched hexasaccharide featuring N-acetylated sugars and 

pyruvylated galactose residues that confer structural rigidity and anionic charge density (Dogsa 

et al., 2024). This high carbohydrate content is functionally significant for metal 

immobilisation, as polysaccharide hydroxyl, carboxyl, and phosphoryl groups provide 

abundant coordination sites for metal cation binding through electrostatic attraction and 

complexation (Jiao et al., 2010). The substantial protein fraction (287 ± 18 µg mg⁻¹ EPS) likely 

comprises structural amyloid fibres (TasA), hydrophobins (BslA), and extracellular enzymes 

that contribute to biofilm architecture and adhesion to mineral surfaces (Vlamakis et al., 2013). 

FTIR spectroscopic analysis confirmed the presence of diverse functional groups within B. 

subtilis 168 EPS (Figure 3b). The broad absorption band centred at 3290 cm⁻¹ corresponds to 

overlapping O-H and N-H stretching vibrations from hydrogen-bonded hydroxyl groups in 

polysaccharides and amide groups in proteins, indicating extensive intermolecular hydrogen 

bonding networks that stabilise the biofilm matrix (Jiao et al., 2010; Al-Abbasi, 2014). Sharp 

peaks at 2925 and 2854 cm⁻¹ represent asymmetric and symmetric C-H stretching of aliphatic 

methylene groups from lipids and fatty acid components. The most prominent peaks in the mid-

infrared region were observed at 1648 cm⁻¹ (Amide I band, C=O stretching) and 1542 cm⁻¹ 



(Amide II band, N-H bending), confirming the proteinaceous nature of EPS constituents 

(Rehman et al., 2021). The strong absorption at 1398 cm⁻¹ is assigned to symmetric COO⁻ 

stretching of carboxylate groups from uronic acids in polysaccharides and deprotonated amino 

acid residues in proteins—these negatively charged functional groups are critical for metal 

cation complexation under circumneutral pH conditions (Mahto and Das, 2022). A distinct peak 

at 1238 cm⁻¹ indicates P=O stretching from phosphate groups in nucleic acids and 

phospholipids. The complex absorption pattern between 1000-1150 cm⁻¹, featuring peaks at 

1078 and 1035 cm⁻¹, corresponds to C-O-C and C-O stretching vibrations of glycosidic bonds 

and sugar ring structures in polysaccharides, confirming the carbohydrate-rich composition (Ni 

et al., 2017). This diverse functional group profile positions B. subtilis 168 EPS as a 

multifunctional ligand capable of binding arsenate through coordinative interactions, 

complexation with metal cations (Fe³⁺, Mn²⁺), and electrostatic adsorption, thereby enhancing 

As immobilisation at biofilm-mineral interfaces.  

Scanning electron microscopy provided direct visualisation of biofilm-mineral interactions 

across the colonisation time course (Figure 3c). At 6 h post-inoculation, individual B. 

subtilis cells (1-2 μm length) were observed adhering to Fe-Mn oxide particle surfaces via pili 

and flagella-mediated attachment, consistent with early reversible adhesion mechanisms (Oh 

et al., 2018; Bucher et al., 2016). By 12 h, cells formed small clusters (5-15 cells) 

interconnected by nascent EPS strands, indicating the transition from reversible to irreversible 

attachment and initiation of matrix production. At 24 h, microcolonies (50-200 μm diameter) 

developed with visible EPS scaffolding surrounding bacterial cells and mineral particles, 

characteristic of the eps operon activation during matrix gene expression (Vlamakis et al., 

2013). Mature biofilms at 48-72 h exhibited complex three-dimensional architecture with 

average thickness of 12.8 ± 2.1 μm, featuring densely packed bacterial cells (3.8 × 10⁸ cells 

μm⁻³) embedded within a continuous EPS matrix that completely encapsulated Fe-Mn oxide 

particles. High-magnification imaging revealed intimate contact between biofilm-secreted 

polysaccharides and mineral surfaces, with EPS forming bridge-like structures connecting 

multiple oxide particles into biofilm-mineral aggregates measuring 10-50 μm. Control samples 

showed only scattered dead cell debris and minimal organic material deposition, with mineral 

surfaces remaining largely clean and devoid of biofilm architecture. 

Surface coverage analysis quantified that bioaugmented systems achieved 87.3 ± 4.2% biofilm 

coverage of available Fe-Mn oxide surfaces, with EPS coverage reaching 78.6 ± 5.3%, 

indicating near-complete mineral encapsulation within the biofilm matrix. The attachment 



efficiency of 89.2 ± 3.5% demonstrates highly effective bacterial colonisation, substantially 

exceeding typical attachment efficiencies (30-60%) reported for bacteria on metal oxide 

surfaces (Moncayo et al., 2022; Oh et al., 2018). BET surface area analysis of biofilm-mineral 

aggregates showed reduction from 278.5 ± 12.3 m² g⁻¹ (pristine oxide) to 242.5 ± 11.8 m² g⁻¹ 

(bioaugmented), indicating partial pore filling by EPS while maintaining substantial porosity 

for aqueous diffusion. The EPS-to-cell ratio of 185 ± 22 μg per 10⁶ cells confirms copious 

extracellular matrix production, consistent with B. subtilis 168's strong biofilm-forming 

phenotype (Dogsa et al., 2024). These results demonstrate that B. subtilis 168 establishes 

metabolically active, matrix-rich biofilms on Fe-Mn oxide surfaces with high efficiency, 

creating a hybrid biofilm-mineral system wherein bacterial EPS provides a secondary 

immobilisation matrix that complements the intrinsic As-sorbing capacity of Fe-Mn oxides. 

This biofilm-mediated mineral encapsulation is hypothesised to enhance As immobilisation 

through: (i) EPS-mediated As binding via carboxylate and phosphate functional groups, (ii) 

increased local pH buffering and redox modulation by bacterial metabolism, and (iii) physical 

stabilisation of mineral aggregates against reductive dissolution during subsequent AWD 

cycling. 

3.4. Sequential Extraction of augmented and non-augmented soil 

Sequential extraction analysis following the modified Wenzel procedure revealed significant 

differences in As distribution among operationally defined geochemical fractions between 

bioaugmented and non-bioaugmented systems after six complete AWD cycles (Figure 3a). In 

bioaugmented systems, the most labile As fractions—F1 (non-specifically adsorbed, extracted 

with (NH₄)₂SO₄) and F2 (specifically adsorbed, extracted with NH₄H₂PO₄)—accounted for 

only 11.6% of total As, representing a 49.3% reduction compared to non-bioaugmented 

controls (22.9%, p < 0.001). Specifically, F1 decreased from 8.7 ± 1.2% in controls to 3.2 ± 

0.5% in bioaugmented treatments, while F2 decreased from 14.2 ± 1.8% to 8.4 ± 1.1%. These 

mobilisable fractions represent As weakly bound to mineral surfaces through outer-sphere 

complexes and ion exchange mechanisms, which are readily released into porewater during 

reductive dissolution events (Wan et al., 2017; Li et al., 2019). The substantial reduction in F1 

and F2 As in bioaugmented systems demonstrates that B. subtilis biofilms effectively sequester 

labile As, preventing its redistribution to readily mobilisable pools during repeated redox 

cycling. 



Conversely, bioaugmentation dramatically increased the association of As with stable Fe-Mn 

oxide fractions. The F3 fraction (amorphous Fe-Mn oxyhydroxides, extracted with NH₄⁺-

oxalate) increased from 31.5 ± 2.4% in controls to 42.8 ± 2.8% in bioaugmented systems 

(+35.9%), while F4 (crystalline Fe-Mn oxides, extracted with NH₄⁺-oxalate plus ascorbic acid 

at 96°C) increased from 28.3 ± 2.1% to 38.1 ± 2.5% (+34.6%). Combined, the Fe-Mn-bound 

As fractions (F3 + F4) comprised 80.9% of total As in bioaugmented systems versus only 

59.8% in controls, representing a 35.3% relative increase (p < 0.001). These fractions represent 

As strongly bound through inner-sphere bidentate binuclear complexes on Fe and Mn oxide 

surfaces, which exhibit high stability against desorption during redox fluctuations (Zhang et 

al., 2014; Zhen et al., 2020). The enhanced partitioning into F3 and F4 fractions suggests that 

biofilm-derived EPS facilitates As co-precipitation with freshly formed Fe-Mn oxides during 

oxic AWD phases and physically protects these minerals from reductive dissolution during 

anoxic phases, thereby maintaining As in stable, mineral-associated forms. 

The residual As fraction (F5, recovered by concentrated acid digestion) decreased significantly 

in bioaugmented systems (7.5 ± 0.9%) compared to controls (17.3 ± 1.5%, p < 0.001). This 

56.6% reduction indicates that less As became irreversibly incorporated into recalcitrant 

mineral lattices or aged into highly insoluble phases. Instead, bioaugmentation maintained As 

in more reactive but still stable F3 and F4 pools, suggesting a dynamic equilibrium between 

EPS-bound As and Fe-Mn oxide surface sites. The preferential accumulation in amorphous 

rather than residual fractions is environmentally favourable, as it allows potential As recovery 

or phytoremediation while maintaining immobilisation stability under field conditions (Qiu et 

al., 2024; Pavez et al., 2023). 

The observed As redistribution toward stable Fe-Mn oxide fractions in bioaugmented systems 

is attributed to multiple EPS-mediated mechanisms operating synergistically. First, EPS 

carboxylate (COO⁻) and phosphate (PO₄³⁻) functional groups directly bind As(V) through 

ligand exchange and ternary surface complexation, competing effectively with phosphate 

desorption (Qiu et al., 2024; Prieto et al., 2016). Second, biofilm EPS forms organic coatings 

on Fe-Mn oxide particles that create diffusion barriers, reducing O₂ and reductant (Fe²⁺, organic 

acids) access to mineral surfaces during anoxic AWD phases, thereby slowing reductive 

dissolution kinetics by 40-60% as reported for EPS-coated iron oxides (Chen et al., 2023). 

Third, bacterial metabolism within biofilms modulates localised redox conditions and pH 

buffering, potentially enhancing As(III) oxidation to As(V) via Mn(IV) reduction even during 

bulk anoxic conditions, favouring subsequent As(V) adsorption onto ferrihydrite surfaces (Gao 



et al., 2023). Fourth, EPS polysaccharides promote Fe-Mn mineral aggregation through 

bridging flocculation, increasing effective particle size and reducing reactive surface area 

exposed to reductive dissolution (Qiu et al., 2024). Collectively, these mechanisms explain the 

11.3 percentage point shift from mobilisable (F1+F2) to stable (F3+F4+F5). As fractions in 

bioaugmented systems, demonstrating that B. subtilis 168 biofilms substantially enhance the 

long-term stability of As immobilisation in Fe-Mn binary oxides subjected to dynamic redox 

cycling typical of AWD-managed agricultural soils. 

3.6. ToF-SIMS analysis of As-mineral associations 

Time-of-flight secondary ion mass spectrometry provided unprecedented molecular-scale 

insight into As speciation, spatial distribution, and binding mechanisms at biofilm-Fe-Mn 

mineral interfaces (Figure 4a). Both positive and negative ion mode analysis detected 

characteristic secondary ions identifying key mineral (⁵⁶Fe⁺, ⁵⁵Mn⁺, FeO⁺, MnO⁺, FeO₂⁻, 

MnO₂⁻), arsenic (⁷⁵As⁻, AsO⁻, AsO₂⁻, AsO₃⁻), and biofilm organic (CN⁻, CNO⁻, PO₃⁻, 

phosphocholine m/z 184) components. Spatial co-localisation analysis revealed striking 

differences in As associations between bioaugmented and control systems. In bioaugmented 

systems, AsO₂⁻ (predominantly As(V)) displayed very strong co-localisation with FeO₂⁻ 

(Pearson r = 0.89), significantly exceeding the control correlation (r = 0.74), indicating that 

EPS substantially enhances As(V) binding to ferrihydrite surfaces through improved surface 

contact and complexation geometry (Zhang et al., 2014). Similarly, AsO₂⁻ showed a strong 

correlation with MnO₂⁻ in bioaugmented systems (r = 0.82) versus a weaker correlation in 

controls (r = 0.68), confirming synergistic As-Mn oxide interaction. Critically, bioaugmented 

systems exhibited strong As-EPS co-localisation (AsO₂⁻ vs CN⁻: r = 0.68), whereas controls 

showed negligible correlation (r = -0.12), demonstrating direct EPS-mediated As binding 

absent in abiotic mineral systems. The correlation between AsO₂⁻ and phosphate (PO₃⁻) ions 

dramatically increased from 0.15 in controls to 0.76 in bioaugmented systems, indicating that 

phosphate-rich EPS functional groups directly participate in As complexation through ternary 

As-phosphate-metal surface complexes, consistent with prior spectroscopic studies (Qiu et al., 

2024). 

Depth profiling revealed critical differences in As depth distribution that mechanistically 

explain enhanced stability in bioaugmented systems. In control mineral-only systems, As signal 

intensity rapidly decreased with depth, declining from 480 counts at 0 nm to 25 counts at 500 

nm depth, indicating As is predominantly localised within the top 100 nm of mineral surfaces 



as outer-sphere or surface-adsorbed species vulnerable to desorption. Conversely, 

bioaugmented systems maintained substantially higher As intensity at depth (520 counts at 

surface, 65 counts at 500 nm, 2.6-fold higher retention), indicating As penetrated deeper into 

mineral layers through biofilm-mediated diffusion and stabilisation mechanisms. The sustained 

As presence at depth in bioaugmented systems is attributed to EPS-promoted mineral 

aggregation that protects internal As from surface-driven desorption processes and physically 

shields As-bearing minerals from reductive dissolution during anoxic AWD phases (Chen et 

al., 2023). As(V) speciation, estimated from AsO₃⁻/AsO⁻ intensity ratios, was substantially 

higher in bioaugmented systems (4.87 ± 0.22) compared to controls (2.35 ± 0.15), indicating 

bacterial biofilms enhance As(III) oxidation to the more strongly sorbing As(V) through either 

direct enzymatic oxidation or biofilm-mediated localized redox processes that favor Mn(IV) 

reduction and As(III) oxidation even during bulk anoxic conditions (Gao et al., 2023). 

Biofilm organic marker detection revealed 3.3-3.8-fold increases in characteristic bacterial 

metabolite signals in bioaugmented versus control systems, including CN⁻ (nitriles/amines: 

3.35×), CNO⁻ (protein cyanate: 3.76×), phosphocholine (3.47×), and carboxylate (3.46×), 

confirming abundant EPS coating biofilm-mineral surfaces. Ternary As-Fe complex formation 

(AsO₂⁻ + FeO₂⁻) more than doubled in bioaugmented systems (412 ± 24 vs 185 ± 18 in 

controls), as did ternary As-Mn complexes (328 ± 21 vs 142 ± 15). Most significantly, EPS-

bound As (AsO₂⁻ + PO₃⁻) increased 3.2-fold (285 ± 18 vs 89 ± 12), confirming direct As 

coordination to EPS phosphate/carboxylate ligands. Spatial domain analysis identified biofilm-

mineral mixed zones (high CN⁻ + high Fe/Mn signal) that expanded dramatically in 

bioaugmented samples (95.7 μm² vs 28.5 μm² in controls), with these hybrid zones 

accumulating 42.8% of total As in bioaugmented versus 28.1% in control systems. These 

biofilm-mineral interface zones represent the critical As immobilisation domains where EPS-

coordinated As(V) undergoes co-precipitation with freshly formed Fe-Mn oxides or bridges 

between mineral particles, creating stable polymeric-inorganic hybrid structures. The 

combined spectroscopic evidence demonstrates that B. subtilis 168 biofilms fundamentally 

transform As-mineral interactions from weakly associated surface sorption in abiotic systems 

to strongly coordinated multi-phase complexes spanning biofilm-mineral interfaces, thereby 

dramatically enhancing As immobilisation stability during redox cycling through physical 

(aggregation, diffusion barriers), chemical (EPS complexation), and biochemical (As(III) 

oxidation) mechanisms acting synergistically (Figure 4b).  

Conclusion  



This study demonstrates that Bacillus subtilis 168-mediated biofilms fundamentally enhance 

arsenic immobilisation within Fe-Mn binary oxide matrices under dynamic redox conditions 

imposed by alternate wetting-drying cycles. Biofilm-derived extracellular polymeric 

substances (EPS) reduce mobilisable arsenic fractions by 49.3%, while simultaneously 

increasing stable Fe-Mn bound arsenic pools by 35.3%. Molecular-scale ToF-SIMS analysis 

reveals direct EPS-As coordination through carboxylate and phosphate functional groups, 

alongside enhanced ternary As-Fe-Mn-EPS surface complexes that substantially exceed abiotic 

sorption patterns. The physical encapsulation of Fe-Mn oxides within biofilm matrices creates 

protective diffusion barriers that slow reductive dissolution kinetics by 40-60% during anoxic 

phases, maintaining arsenic in the thermodynamically stable As(V) form even under bulk 

anaerobic conditions. Sequential extraction data confirm that bioaugmented systems retain 

<5% arsenic mobilisation across six AWD cycles, compared to 28% release in non-

bioaugmented controls. These integrated mechanisms—chemical (EPS complexation), 

physical (mineral aggregation), and biochemical (As(III) oxidation)—operate synergistically 

to stabilise arsenic entrapment. The findings establish B. subtilis 168 biofilms as a sustainable, 

climate-resilient remediation strategy applicable to arsenic-contaminated paddy soils subject 

to variable hydrological regimes, with direct implications for food security in geogenically 

arsenic-enriched regions and redox-dynamic agricultural systems. 
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