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ABSTRACT 28 

Molybdenum (Mo) is an essential nutrient for almost all organisms. However, at high 29 

concentrations, it can be toxic to animals and plants. This study investigated the interactions of 30 

Mo(VI) with iron oxyhydroxides during ferrihydrite bioreduction in the presence of the Fe(III)-31 

reducing Geobacter sulfurreducens. Here we showed that Mo concentration controlled 32 

ferrihydrite phase transformation, leading to Mo release. With the biotic reduction of 33 

ferrihydrite and Fe(II) production, Mo(VI) reduction and Mo(IV)O2 formation were observed 34 

for the first time, which further immobilised Mo after surface adsorption of Mo(VI). At low 35 

Mo levels (Mo/Fe molar ratios of 1-2 %), sufficient Fe(II) adsorption onto ferrihydrite resulted 36 

in its transformation into magnetite nanoparticles (>80%, ~25 nm) which catalysed the 37 

reduction of Mo(VI) to form Mo(IV)O2 and immobilised Mo. Contrastingly, at high Mo 38 

concentrations (Mo/Fe molar ratios of 5-10%), Mo(VI)O4
2- adsorption onto ferrihydrite limited 39 

Fe(II) adsorption, subsequently less magnetite (<8-12%) formed while more goethite (~30-40 

50%, width & length > 15 & 100 nm, respectively) and siderite (~20-30%, width & length > 41 

100 & 200 nm, respectively) with larger particle sizes formed instead, causing Mo(VI) release 42 

due to lower Mo adsorption. This study provides a comprehensive understanding of the 43 

interaction mechanisms among Geobacter sulfurreducens, Mo(VI), and iron oxyhydroxides, 44 

enabling predictions and controls of long-term Mo mobility and Fe mineral transformation 45 

under a variety of biogeochemical scenarios.  46 

KEYWORDS: Molybdenum immobilisation, Geobacter sulfurreducens, ferrihydrite 47 

transformation, Mo(IV)O2, Mo(VI) and Fe(II) competitive adsorption  48 
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SYNOPSIS: This study fills the information gap of interactions of Mo(VI)-ferrihydrite-49 

Geobacter sulfurreducens ternary systems. Mo concentration controls ferrihydrite phase 50 

transformation, which controls Mo mobility in biogeochemical scenarios.  51 

 52 

INTRODUCTION 53 

Molybdenum (Mo) is an essential nutrient in biological systems 1-5, catalysing the global 54 

biogeochemical C, N, and S cycles and other important redox processes 1, 2, 6-8. Mo normally 55 

exists as highly soluble tetrahedrally-coordinated molybdate (Mo(VI)O4
2-), which can be 56 

reduced biologically (e.g. Mo-reduction bacteria) or abiotically (e.g. euxinic (sulphidic) 57 

environments) to insoluble octahedrally-coordinated Mo(IV)O2 
9-11. The changes in solubility 58 

of Mo(VI) to Mo(IV) underscore the significance of this study to understand the mobility of 59 

Mo in biogeochemical redox-active systems. 60 

Mo is found in residues from industrial processes, such as mine wastes 12, and can also be 61 

released from minerals (e.g. molybdenite) through oxidative weathering, which can result in 62 

Mo in surface and groundwaters exceeding 900 ppm 1, 8, 11, 13. Such high Mo concentrations can 63 

detrimentally affect environmental systems, such as by causing chlorosis in plants or 64 

molybdenosis in ruminants 1, 12, 14-16 and adverse reactions in microorganisms (e.g. 65 

Mo > 61 ppm for green algae) due to the importance of molybdoenzymes in cellular 66 

metabolism 12, 17. However, the impacts of high concentrations of Mo, such as in contaminated 67 

environments, on bacteria remain unclear. 68 

Iron oxides are ubiquitous in nature and represent a potential control on Mo mobility through 69 

adsorption 9, 18-29 and phase transformation in the presence of Fe(II) 30-36. With low and high 70 

adsorbed amounts of Fe(II) on ferrihydrite, goethite and magnetite have been reported as the 71 

transformation products of ferrihydrite, respectively 31, 37-39. In abiotic Mo(VI)-ferrihydrite-72 

Fe(II) systems, Fe oxyhydroxides were reported to transform to goethite and lepidocrocite 73 

without the reduction of Mo(VI) to Mo(IV), which may due to the low concentration of Fe(II) 74 

4, 31-33. The biogenic redox cycling of Fe oxyhydroxides was studied using the dissimilatory 75 

metal-reducing bacterium, Geobacter sulfurreducens 40, which can reduce ferrihydrite 76 

(Fe(III)(OH)3) to Fe(II) and form magnetite (Fe(II)Fe(III)2O4) 
39, 41-49. Further, the 77 

concentrations of anions could alter ferrihydrite phase transformation, as a previous study on 78 

V(V)-ferrihydrite-G. sulfurreducens reported goethite formation for samples with high V(V) 79 

concentration, and magnetite formation with low V(V) concentration 49. However, the 80 
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underpinning mechanisms are unclear. The varied mineral transformation pathways reported 81 

in these systems indicate important interactions between Mo(VI), ferrihydrite, and G. 82 

sulfurreducens.  83 

Here, we studied the Mo(VI)-ferrihydrite-G. sulfurreducens ternary system under varied Mo 84 

concentrations, aiming to understand the mechanisms of biotic-induced ferrihydrite phase 85 

transformation and its control on Mo(VI) mobility. We hypothesised that Mo concentration 86 

could control biotic-induced ferrihydrite phase transformation, either through concentration-87 

dependent adverse effects on bacteria or competitive adsorption with Fe(II); mineral 88 

transformation, in turn, could control the reduction and mobility of Mo. Such understandings 89 

can be used to predict the long-term stability of Fe oxyhydroxides and Mo sequestration. 90 

METHODS  91 

Production of Mo(VI)-adsorbed ferrihydrite. Ferrihydrite was synthesised by neutralising a 92 

0.4 M FeCl3 solution using 10 M NaOH and washing the resulting solid in deionised water six 93 

times by centrifugation to removal residual ions 50. To form Mo(VI)-adsorbed ferrihydrite, an 94 

experiment was performed by mixing washed ferrihydrite (10 mM as Fe), sodium acetate (10 95 

mM), sodium bicarbonate (10 mM, as a pH buffer), and sodium molybdate 96 

(Na2Mo(VI)O4•2H2O; 0.1, 0.2, 0.5, and 1.0 mM) to obtain suspensions with Mo/Fe molar ratios 97 

of 1, 2, 5, and 10%. Previous work reported that the concentration of Mo in groundwater can 98 

reach 25 ppm 12 and the tolerance of Mo for some freshwater organisms can be over 61 ppm 99 

17. Therefore, it is of environmental relevance to study Mo concentration from 0.1 mM (~10 100 

ppm) to 1.0 mM (~100 ppm), resulting in ratios of Mo and Fe of 1-10%, to investigate the 101 

effect of Mo concentration on microorganism activities and mineral phase transformation. 102 

Suspensions (pH 7) were degassed through sparging with N2-CO2 (80:20) gas and sealed in 103 

anaerobic bottles for five days (counted as Day -5 to Day 0). 104 

Metal reduction by Geobacter sulfurreducens. Geobacter sulfurreducens were obtained from 105 

the laboratory culture collection of the Geomicrobiology Group in the Department of Earth and 106 

Environmental Sciences, University of Manchester, UK. Cells were grown in modified fresh 107 

water medium under anaerobic conditions at 30 °C 42, with the addition of sodium acetate (20 108 

mM) as the electron donor and sodium fumarate (40 mM) as the electron acceptor. All 109 

manipulations were performed in an anaerobic chamber (95% N2 / 5% H2) or under N2-CO2 110 

(80:20) gas to provide O2-free conditions. G. sulfurreducens were harvested at late-log phase 111 

by centrifuging at 4960 g for 20 minutes at 4 °C, and then washed twice using 30 mM 112 
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bicarbonate buffer (NaHCO3) under an atmosphere of N2-CO2 (80:20). The optical density 113 

(OD600) was measured to determine the concentration of bacteria by UV-vis spectrophotometry 114 

(Jenway 6715 series) at 600 nm. G. sulfurreducens (OD600=0.4) were added to Mo(VI)-Fe 115 

oxyhydroxide suspensions and incubated at 30 °C.  116 

Bacteria addition to the system was defined as Day 0, and experiments lasted until Day 12. 117 

Comparison experiments were performed by mixing G. sulfurreducens (OD600=0.4) with 118 

aqueous Mo(VI) (0.1, 0.2, 0.5, and 1.0 mM) without the addition of ferrihydrite for 5 days to 119 

study the direct bacterial adsorption and redox capacity of G. sulfurreducens for Mo, as well 120 

as the toxicity of Mo to G. sulfurreducens 11, 51. Blank experiments were conducted by mixing 121 

ferrihydrite with G. sulfurreducens without the addition of Mo to compare with bio-induced 122 

mineral phase transformation. Additional abiotic experiments of Mo(VI)-magnetite and 123 

Mo(VI)-Fe(II) (1% Mo, 10 mM Fe(II), pH 7) binary systems and a Mo(VI)-Fe(II)-ferrihydrite 124 

(1 and 10% Mo, 10 mM Fe(II) and Fe(III), pH 7) ternary system were performed to characterise 125 

Mo(VI) reduction and ferrihydrite phase transformation. 126 

Analytical techniques. After different time intervals (from day -5 to 12), suspensions were 127 

centrifuged. Concentrations of dissolved Mo and Fe in solution were measured using 128 

inductively coupled plasma mass spectrometry (ICP-MS) (PerkinElmer Optima 5300 dual 129 

view) by filtering and acidifying supernatant using 0.22 μm filters and 2% HNO3, respectively. 130 

Fe(II) concentration (mmole Fe(II) per litre of slurry) was monitored using the Ferrozine assay 131 

by combining the slurry (a mixture of solution and solid) with 0.5 M HCl for 1 hour 45, 47, 52-54. 132 

This protocol can extract Fe(II) that is sorbed or extractable from reasonably labile Fe minerals 133 

(e.g. siderite). The concentration of aqueous Fe(II) in the supernatants was also measured and 134 

results showed no aqueous Fe(II) was detected. The concentration of Mo in solution decreased 135 

between Days 1-4 and then increased after Day 5. Therefore, solid samples were taken on Day 136 

5 after the addition of bacteria for further characterisation (XRD, ATR-FTIR, TEM, and XAS) 137 

to better understand the Mo concentration change in solution. Samples were prepared in a glove 138 

box (95% N2 / 5% H2) and were taken out and measured immediately for analysis, using sealed 139 

containers equilibrated with the glovebox atmosphere to facilitate sample transport. 140 

Powder X-ray diffraction (XRD, Bruker D8 Advance Diffractometer) and attenuated total 141 

reflectance-Fourier transform infrared spectroscopy (ATR-FTIR, Shimadzu IRTracer-100) 142 

were performed on samples with Mo/Fe molar ratios of 1, 2, 5, and 10% after 5 days of 143 

incubation with bacterial cells. XRD was also conducted for abiotic samples of 1% and 10% 144 

in the Mo(VI)-ferrihydrite-Fe(II) ternary system with an Fe(II):Fe(III) ratio of 1. Crystallite 145 
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sizes of newly formed sphere-shaped minerals were calculated by comparing the full width at 146 

half maximum (FWHM) using the Scherrer equation (Eq. 1) 55, 56.  147 

Dhkl =
Kλ

Bhkl cos θ
                                                                         (1) 148 

where: Dhkl is the crystallite size of the ordered domains; K is the crystallite-shape factor (0.9); 149 

λ is the X-ray wavelength; Bhkl is the FWHM of the XRD peaks after subtracting the 150 

instrumental broadening in radians; and θ is the Bragg angle 55, 56. 151 

Transmission electron microscopy (TEM, FEI Tecnai G2 F20) was carried out to image the 152 

morphology of solid samples with 1% and 10% Mo after 5 days incubation with bacterial cells, 153 

as well as for the samples from an abiotic experiment of 1% Mo(VI)-ferrihydrite-Fe(II) with 154 

an Fe(II):Fe(III) ratio of 1. Particles were washed twice to remove buffer solution and cells. 155 

Sample suspensions were dropped onto holey carbon coated copper grids before introduction 156 

to the microscope. Energy dispersive spectroscopy (EDS) and selected area electron diffraction 157 

(SAED) were also performed. Further details regarding data analysis of the SAED patterns are 158 

given in the supporting information (Text S1).  159 

X-ray Absorption Spectroscopy (XAS) analyses were conducted on Mo(VI)-Fe oxyhydroxide 160 

samples at 1-10% Mo after 5 days incubation with bacterial cells. X-ray Absorption Near Edge 161 

Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS) data were 162 

collected on beamline 12-BM at Advanced Photon Source (APS) and BL4-1 at Stanford 163 

Synchrotron Radiation Lightsource (SSRL), U.S., at the Mo (20 keV) and Fe (7.112 keV) K-164 

edge in fluorescence mode. Solid particles were pelleted and mounted to sample holder plates 165 

using Kapton tape. Spectra collected at SSRL and APS used Si(220) and Si(111) 166 

monochromators, respectively. Reference standards for Mo (molybdenum dioxide (Mo(IV)O2), 167 

sodium molybdate (Na2Mo(VI)O4•2H2O), bamfordite (FeMo(VI)2O6(OH3)•H2O), and 168 

heptamolybdate ((NH4)6Mo(VI)7O24)) and Fe (ferrihydrite, goethite, siderite, and magnetite) 169 

were prepared by diluting standard powders with cellulose to make pellets for XAS data 170 

collection at Mo and Fe K-edge, respectively, in transmission mode at room temperature. 171 

Additionally, Mo(VI)-adsorbed ferrihydrite/goethite/magnetite reference materials were 172 

measured at Mo K-edge in fluorescence mode. Mo-incorporated goethite was cited from a 173 

previous publication 20 for linear combination fitting (LCF) to determine if Mo was 174 

incorporated into the goethite structure. Data analyses, including background subtraction, 175 

normalisation, and calibration, were performed using Athena and Artemis 37. Further details on 176 

the preparation of the reference materials, Mo and Fe K-edge XANES and EXAFS LCF 177 
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(including estimated errors), and Mo EXAFS shell-by-shell fitting are presented in the 178 

supporting information (Text S2&S3, Figure S8, & Table S2). 179 

RESULTS AND DISCUSSION 180 

Ferrihydrite reduction and Mo(IV)O2 formation. During abiotic adsorption (Figure 1a), 181 

rapid Mo adsorption onto ferrihydrite removed aqueous Mo to ~0.03-0.05 mM and ~0.2-0.5 182 

mM for samples with low (1% and 2%) and high (5% and 10%) initial Mo concentrations, 183 

respectively, and these values remained stable from Day -5 to -1. This is consistent with 184 

Ferrozine results (Figure 1b) where no Fe(II) was detected, indicating fast adsorption of Mo(VI) 185 

rather than reduction to Mo(IV) occurred at Step I.  186 

After adding G. sulfurreducens (Day 0), the concentration of Mo in solution further decreased 187 

to 0.1-0.3 mM and only ~0.01 mM for systems with high and low Mo concentrations by Day 188 

4 (Step II, Figure 1a), respectively. After Day 4 (Step III), for experiments with high Mo, the 189 

amount of Mo in solution began to increase to 0.2-0.5 mM by Day 12 (Step III, Figure 1a), 190 

while such increase was negligible for the low Mo experiments. 191 

  192 

Figure 1 Mo(VI) (a) concentration in solution and Fe(II) (b) concentration per litre slurry 193 

during abiotic adsorption onto ferrihydrite (Step I, Day -5 to -1) and bio-induced transformation 194 

at Day 0 to 12 (Step II: decreasing Mo(VI) concentration due to its reduction to Mo(IV) to form 195 

Mo(IV)O2 and increasing Fe(II) concentrations from the reduction of Fe(III) at Day 0 to 4; Step 196 

III: Mo(VI) release into solution and further Fe(II) increase in the slurry at high Mo 197 

concentrations (5% and 10%), and Mo immobilisation and stable Fe(II) levels in the slurry at 198 

low Mo concentrations (1% and 2%) at Day 5 to 12).  199 
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The decreasing concentration of Mo(VI) in solution after the addition of G. sulfurreducens in 200 

Step II may be related to three processes: (1) Mo adsorption/uptake by bacteria, (2) Mo(VI) 201 

reduction to form insoluble Mo(IV)O2 
57, 58, and/or (3) bio-induced coprecipitation of Mo and 202 

Fe. However, a comparison experiment with G. sulfurreducens and Mo (0.1-1 mM) without 203 

ferrihydrite showed no concentration change of Mo(VI) in solution over 5 days of incubation 204 

(Figure S1 in supporting information), indicating that the decrease in concentration of Mo(VI) 205 

in solution during Step II was not due to Mo adsorption/uptake by G. sulfurreducens, excluding 206 

the first hypothesis.  207 

The decreasing Mo(VI) levels in solution may be due to the reduction of Mo(VI) to form 208 

Mo(IV)O2, which has a lower solubility. TEM-EDS showed the formation of Mo(IV)O2 209 

precipitates, with substantial Mo enrichment alongside Fe depletion (Figure 2b, c) in the red 210 

rectangular area in Figure 2a. Interplanar spacings were measured (0.32 nm, Figure 2d), 211 

consistent with a previous study which indicated a (-111) crystallographic plane of monoclinic 212 

MoO2
 59. The corresponding selected area electron diffraction (SAED, Figure 2e) identified the 213 

(-101), (200), (-212), and (-321) planes of monoclinic MoO2 (JCPDS card no.32-0671), proving 214 

the second hypothesis.  215 
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  216 

Figure 2 TEM of Fe oxyhydroxides formed in 1% and 10% Mo solutions after bacteria addition 217 

at Day 5. EDS elemental mapping images for the sample with 1% Mo from the selected region 218 

(a) for Mo (b) and Fe (c). HRTEM image (d) and SAED pattern of MoO2 (e). TEM images for 219 

the sample with 1% Mo (f and g (zoomed in)) and 10% Mo (h and i (zoomed in)). 220 

XANES data (Figure 3) were consistent with the TEM results (Figure 2). As XANES at the 221 

Mo K-edge (Figure 3a) showed, all samples at Day 5 displayed weaker intensities for the pre-222 

edge peaks (20004 eV) than the starting material (Na2Mo(VI)O4•2H2O tetrahedral compounds), 223 

better corresponding to the Mo(IV) reference standard that lacks a pre-edge peak. The strong 224 

pre-edge transition in the Mo(VI) reference arises from overlap between the vacant 4d and 5p 225 

states owing to the lack of inversion/centrosymmetry in the Mo tetrahedron, while the Mo(IV) 226 
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reference, which is octahedral with comparatively higher symmetry, has a small pre-edge 227 

feature that is smoothed out due to broadening effects in the spectrum 60. The pre-peak intensity 228 

of the samples indicated Mo(VI)O4
2- may reduce to Mo(IV) in the solid 9.  229 

The relative proportions of Mo(IV) were quantified through linear combination fitting. XANES 230 

LCF (Figure S2a & Table S1) showed that over 50% of the total Mo in the solid can be 231 

represented by Mo(IV)O2 for samples at low Mo levels (1% and 2%) and less than 30% for 232 

samples with high Mo levels (5% and 10%). For samples with high Mo concentrations (5% 233 

and 10%), EXAFS LCF (Figure S2c& Table S1) showed good fittings, and the results were 234 

consistent with XANES LCF (Figure S2a & Table S1) that 20-30% Mo(VI) was reduced to 235 

Mo(IV). For samples with low Mo levels (1% and 2%), although EXAFS LCF did not 236 

adequately fit the data (i.e., misfits at k = 5.5-8 Å-1, indicating the existence of some potential 237 

unknown species), these results remained consistent with those of the XANES LCF, which 238 

showed that over 50% Mo(VI) was reduced to Mo(IV). Both XANES and EXAFS LCF further 239 

confirmed the TEM-EDS/SAED result that Mo(VI) was reduced to Mo(IV) and formed 240 

Mo(IV)O2. 241 

A previous abiotic study reported the formation of bamfordite (Fe(III)Mo(VI)2O6(OH3)•H2O) 242 

in the Mo(VI)-ferrihydrite-Fe(II) system 4. The coprecipitation of Mo with Fe to form new 243 

minerals, such as bamfordite, could lead to a decrease of Mo(VI) in solution. However, the 244 

LCF result (Table S1) indicated no bamfordite formation in our biotic system (Mo(VI)-245 

ferrihydrite-G. sulfurreducens), excluding the third possibility. 246 
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       247 

Figure 3 Mo (a) and Fe (b) K-edge XANES (inserts are zoomed-in figures of the pre-edge 248 

region) show Mo(VI) reduction (a) and ferrihydrite transformation (b) for samples with 1-10 % 249 

Mo at Day 5. Reference standards for Mo (Mo(IV)O2, Na2Mo(VI)O4·2H2O, 250 

(NH4)6Mo(VI)7O24, Mo(VI)O3, and FeMo(VI)2O6(OH3)·H2O) and Fe (magnetite, siderite, 251 

goethite, and ferrihydrite) are also presented in (a) and (b), respectively. 252 

In summary, following Mo adsorption onto ferrihydrite, further Mo concentration decrease was 253 

observed after the addition of bacteria, which was found to be due to Mo(VI) reduction and the 254 

formation of insoluble Mo(IV)O2. To understand the mechanism, two comparison experiments 255 

with Mo(VI)-G. sulfurreducens and Mo(VI)-Fe(II) binary systems were conducted. These 256 

results showed no changes in the concentration of aqueous Mo(VI) (Figure S1), demonstrating 257 

that G. sulfurreducens or Fe(II) alone was not able to reduce Mo(VI) to form Mo(IV)O2 in the 258 

absence of ferrihydrite and indicating potential effects of newly formed Fe oxide phases from 259 

ferrihydrite transformation. The following two subsections will discuss ferrihydrite phase 260 

transformation controlled by Mo concentration, and the reduction of Mo(VI) to Mo(IV)O2 by 261 

newly formed Fe oxide phases. 262 
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Mo concentrations control ferrihydrite phase transformation. After the addition of bacteria, 263 

the production of Fe(II) suggested ferrihydrite reduction and mineral transformation occurred 264 

(Figure 1b, Step II and III). Products of the mineral phase transformation were observed to 265 

depend on the initial concentration of Mo(VI) by multiple techniques including XRD, FTIR, 266 

TEM, and XANES.  267 

XRD (Figure 4) was performed on samples taken on Day 5 after incubation with G. 268 

sulfurreducens: at low Mo levels (1% and 2%), ferrihydrite transformed to magnetite; while at 269 

high Mo concentration (5% and 10%), goethite and siderite formed. A similar observation was 270 

reported in a previous study on ferrihydrite biogenic transformation in the presence of V(V) 271 

and G. sulfurreducens, that also observed magnetite at low levels, and goethite and siderite at 272 

high concentrations 49. However, the controlling mechanisms for different transformation 273 

pathways of ferrihydrite were unexplored. For experiments without the addition of G. 274 

sulfurreducens (Figure 4, NC), no transformation was observed in the Mo(VI)-ferrihydrite 275 

binary system; while for experiment without the addition of Mo(VI) (Figure 4, 0% Mo), 276 

ferrihydrite transformed to magnetite in the ferrihydrite-G. sulfurreducens binary system, 277 

consistent with previous studies that G. sulfurreducens can induce ferrihydrite transformation 278 

to magnetite 39, 44, 61. 279 
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 280 

Figure 4 XRD patterns for ferrihydrite samples with 0% - 10% Mo and cell on Day 5 and 281 

comparison experiments with 1% and 10% Mo-ferrihydrite samples without cell (NC). 282 

At high Mo levels (5% and 10%), a wide and intense peak at ~1411 cm-1 and a small peak at 283 

~864 cm-1 were observed by FTIR (Figure S3a), similar to reported siderite characteristic 284 

spectra 62. Further, a peak observed at ~790 cm-1 was consistent with that of the goethite 285 

standard measured here. For samples with a low initial Mo concentration (1% and 2%), two 286 

peaks at 1500-1700 cm-1 were observed, corresponding to the magnetite standard. For 287 

experiments without G. sulfurreducens, spectra for samples in all systems were similar to 288 

ferrihydrite, indicating no phase transformation without bacteria (Figure S3b).  289 

Mineral morphologies were determined by TEM (Figure 2f, g, h, i): needle-shaped goethite 290 

crystals with lengths over 100 nm were dominant in the sample containing 10% Mo (Figure 291 

2h&i), which were similar to experiments carried out previously on the biotransformation of 292 

V(V)- or Sb(V)-bearing ferrihydrite 45, 49. The 10% Mo sample also contained platy-minerals 293 

with a width and length over 100 nm and 200 nm, respectively, consistent with the formation 294 

of Fe carbonate (siderite) as identified by XRD (Figure 4). For the 1% Mo sample, nanosized, 295 
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spherical particles (~25 nm) were observed (Figure 2f&g), corresponding to magnetite 296 

formation (Figure 4) 45.  297 

Fe K-edge XANES spectra and LCF also showed consistent mineral phases (Figure 3b, S2b, 298 

& S2d, & Table S1). For samples with an initial low Mo concentration (1% and 2%) at Day 5, 299 

Fe XANES (Figure 3b) contained a pre-edge peak at ~7114 eV and a sharp peak at ~7131 eV, 300 

consistent with the magnetite reference standard which is a mixture of Fe(II) and Fe(III) 63. For 301 

samples with high Mo concentration (5% and 10%), the pre-edge peak diminished and became 302 

similar to the goethite reference standard (pure Fe(III) mineral), but the overall structure did 303 

not precisely match any of these reference standards, indicating the potential formation of a 304 

mixture of minerals. Therefore, LCF (Table S1) was used to quantify the relative abundance of 305 

the Fe oxide phases. Both XANES and EXAFS LCF showed that magnetite accounted for over 306 

80% of total Fe mineral for samples with low concentrations of Mo (1% and 2%). However, 307 

only less than 8-12% magnetite was fitted for samples with high Mo concentrations (5% and 308 

10%), and instead goethite (~30-50%) and siderite (~20-30%) dominated (Table S1 & Figure 309 

S2).  310 

Previous studies have reported both abiotic and biotic Fe(II)-catalysed ferrihydrite 311 

transformation to magnetite, and sufficiently high Fe(II) surface adsorption onto ferrihydrite is 312 

identified as a key step leading to magnetite formation 31, 37-39. Hansel et al. studied ferrihydrite 313 

transformation under two Fe(II) concentrations, and found that magnetite can form with 314 

[Fe(II)]mol:[Fe(III)]mol = 1:6 37, while goethite/lepidocrocite formed with [Fe(II)]mol:[Fe(III)]mol 315 

= 1:60. The formation of magnetite at no/low Mo concentration in our systems is attributed to 316 

the microbially-induced reductive dissolution of Fe(III)-oxyhydroxide in these experiments: G. 317 

sulfurreducens attached to the ferrihydrite surface and subsequently induced Fe(III) dissolution 318 

and reduction to Fe(II) 39, 49, 53. The reduced Fe(II) then adsorbed onto ferrihydrite, leading to 319 

magnetite formation 39.  320 

As the formation of magnetite depends on the concentration of adsorbed Fe(II) on the 321 

ferrihydrite surface 37-39, we first hypothesised that the different mineral transformation 322 

products (i.e., goethite and siderite instead of magnetite) at high Mo concentrations could be 323 

due to inhibited Fe(II) production through toxic effects of Mo on microbial activities. To test 324 

the first possibility, the concentration of Fe(II), which was produced by bacterial induced Fe(III) 325 

reduction, was checked. However, Fe XANES and EXAFS LCF (Table S1) showed the 326 

amounts of Fe(II) were similar for samples with both low and high Mo concentrations, i.e., 26-327 

27% and 22-32%, respectively. This agreed with data for G. sulfurreducens growth over a wide 328 
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Mo concentration range (0.1-1 mM) without ferrihydrite addition (Figure S4), which showed a 329 

negligible impact of high Mo concentration on the growth of G. sulfurreducens, different from 330 

previous reports that Mo concentrations (> 61ppm) can have adverse reactions with green algae 331 

12, 17, excluding the first possibility.  332 

Subsequently, we hypothesised that inhibited Fe(II) adsorption onto ferrihydrite could occur at 333 

high Mo(VI) concentration. Schoepfer et al. studied the Mo(VI)-ferrihydrite-Fe(II) ternary 334 

system with varied Mo(VI) concentrations (0-100 μmol/g) but did not observe magnetite 335 

formation 4. We postulate the insufficient Fe(II) addition ([Fe(II)]mol:[Fe(III)]mol = 1:400) in 336 

their study limited ferrihydrite transformation into magnetite. Coker et al. studied the V(V)-337 

ferrihydrite-bacteria ternary system, and reported similar magnetite formation with low V 338 

concentrations (0-4.2 %) and goethite formation at high V concentration (7.4 %) 49. However, 339 

the mechanisms underpinning how V(V) concentrations could control ferrihydrite 340 

transformation were not discussed. Here, we hypothesised that the limited available surface 341 

sites for Fe(II) adsorption for samples with high Mo/V concentrations led to ferrihydrite 342 

transformation to goethite, instead of magnetite. To test this, experiments of Mo(VI)-343 

ferrihydrite-Fe(II) with high Fe(II) ([Fe(II)]mol:[Fe(III)]mol = 1) and different Mo levels (1% 344 

and 10%) were performed, and XRD demonstrated the formation of magnetite and goethite 345 

with low and high Mo levels, respectively (Figure S5).  346 

To summarise, at high Mo concentrations, substantial amounts of Mo(VI) remained in solution 347 

(~40-50%, Figure 1a, Step II), which we postulate led to a significant decrease in Fe(II) 348 

adsorption on ferrihydrite through competition for surface sites. This would hinder the 349 

formation of magnetite at high Mo concentrations and caused the production of goethite and 350 

siderite 31, 37. The direct observation of competitive adsorption of Mo and Fe onto ferrihydrite 351 

and the corresponding molecular-scale mechanisms require further investigation. For samples 352 

at low Mo concentration, sufficient available surface sites for Fe(II) adsorption facilitated 353 

magnetite production. The formation of siderite may be attributed to the reaction of free bio-354 

reduced Fe(II) with carbonate in the buffer solution 45.  355 

Mineral phase transformation controls Mo mobility and Fe(II) production. As discussed 356 

in the first subsection, the rapid adsorption of Mo(VI) caused the decrease in aqueous Mo(VI) 357 

(Step I, Figure 1a), followed by the reduction of Mo(VI) to Mo(IV) to form Mo(IV)O2 358 

precipitates leading to the further decrease of Mo(VI) in solution (Step II, Figure 1a). 359 

Interestingly, Mo in solution increased after Day 5 in Step III for samples with high initial Mo 360 

concentrations (5% and 10%), while negligible changes occurred for samples with low initial 361 
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Mo concentrations (1% and 2%). In this subsection, two processes related to the different Fe 362 

oxide phase transformation in step III, which could cause Mo release/immobilisation, will be 363 

discussed to elucidate this phenomenon: (1) Mo(VI) adsorption onto newly formed Fe oxide 364 

minerals, and (2) reduction of Mo(VI) by newly formed Fe oxide minerals to form insoluble 365 

Mo(IV)O2. 366 

Firstly, particle sizes of newly formed Fe oxide minerals, which could affect Mo(VI) adsorption, 367 

were semi-quantitatively determined by TEM, which showed needle-shaped goethite crystals 368 

with a width and length over 15 nm and 100 nm, respectively, and platy-shaped siderite with a 369 

width and length over 100 nm and 200 nm, respectively, for the sample containing 10% Mo 370 

(Figure 2h&i). Contrastingly, for the 1% Mo sample, spherical magnetite nanoparticles 371 

(diameter ~25 nm) were observed under TEM, consistent with the calculated crystallite size 372 

(~28 nm) using Scherrer equation based on XRD measurements 55, 56. As particle sizes of 373 

mineral transformation products all exceeded that of the initial ferrihydrite phase (diameter <10 374 

nm) 63, 64, Mo desorption is postulated to cause the release of Mo back into the solution from 375 

Day 5 to 12, with this effect more pronounced for samples with initial high Mo concentrations 376 

(Figure 1a, Step III). Indeed, magnetite and goethite were reported to have similar/slightly 377 

lower adsorption capacity than ferrihydrite 30, 65, 66, while large siderite crystals with much 378 

lower surface area could have a much lower adsorption capacity for Mo(VI).  379 

Secondly, different capabilities of the newly formed Fe oxide phase to reduce Mo(VI) and form 380 

Mo(IV)O2 were considered. As more MoO2 was produced in samples with more magnetite 381 

formation (i.e., samples with low initial Mo concentrations, Table S1), we hypothesised that 382 

magnetite could reduce Mo(VI) to Mo(IV)O2. This was proven by an additional experiment of 383 

Mo(VI) interaction with magnetite: 55.8% Mo(VI) was reduced to Mo(IV)O2 by magnetite 384 

according to Mo K-edge XANES LCF (Figure S6). A previous abiotic study of Mo(VI)-385 

ferrihydrite-Fe(II) showed no Mo(VI) reduction to Mo(IV) and no magnetite formation 4. We 386 

postulate that the low Fe(II) concentration used in their study limited magnetite formation and 387 

thus no Mo(VI) reduction occurred, implying the important role of magnetite in Mo(VI) 388 

reduction. Our hypothesis was further validated by an abiotic experiment of Mo(VI)-389 

ferrihydrite-Fe(II) with high Fe(II) (Fe(II):Fe(III) = 1) and low Mo (1%) levels, with magnetite 390 

formation (Figure S5), MoO2 was observed by TEM-EDS: interplanar spacings from HRTEM 391 

images (0.24 nm, Figure S7a) and the corresponding SAED pattern (Figure S7b) were indexed 392 

as the (-202), (310), (-213), (210) planes of monoclinic MoO2 (JCPDS card no.32-0671).  393 
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It has been demonstrated that the structural Fe(II) in magnetite is a strong electron donor 67-70, 394 

and magnetite has been reported to reduce several heavy metals, including hexavalent 395 

chromium Cr(VI) and hexavalent uranium U(VI) 69. Therefore, we assume that structural Fe(II) 396 

in magnetite could reduce Mo(VI) to Mo(IV). The oxidised product of magnetite was not 397 

detected here, which could be explained by two possibilities. Firstly, maghemite, commonly 398 

reported as the oxidised product of magnetite, had similar diffraction patterns as magnetite 71. 399 

So XRD and TEM/SEAD could not differentiate between them. Secondly, previous studies 400 

reported that dissimilatory iron reduction bacteria (DIRB) 72 could reduce ferric oxides and 401 

produce Fe(II), recovering the reducibility of magnetite through electron transfer from 402 

adsorbed Fe(II) to oxidised magnetite 69, 70. Further investigation on the mechanisms of Mo(VI) 403 

reduction by magnetite could be an interesting future direction. 404 

Concentrations of 0.5 M HCl extractable Fe(II) from slurry, including sorbed Fe(II) and Fe(II) 405 

in labile Fe minerals (e.g. siderite), also showed interesting trends. Extractable Fe(II) 406 

concentrations from slurry increased in all systems at Step II (Figure 1b), attributed to 407 

microbial-induced ferrihydrite reduction and the absorption of produced Fe(II) onto mineral 408 

surfaces. During Step III, for samples with low Mo concentrations, extractable Fe(II) 409 

concentration became stable, as the formation of magnetite (Figure 2&4, & Table S1) could 410 

turn more newly produced Fe(II) into non-extractable Fe(II). While for samples with high Mo 411 

levels, extractable Fe(II) concentration in slurry continued increasing, as the formed siderite 412 

could be dissolved by 0.5 M HCl within 1 hour. 413 

ENVIRONMENTAL IMPLICATIONS 414 

The release and immobilisation of Mo in biogeochemical systems is important for the 415 

environmental cycling of this key element as an important nutrient and contaminant. This study 416 

investigated Mo mobility and ferrihydrite phase transformation in the Mo(VI)-ferrihydrite-G. 417 

sulfurreducens ternary system. Competitive adsorption of Mo(VI) and Fe(II) onto ferrihydrite 418 

was found to control its phase transformation predominantly into magnetite (low initial [Mo]) 419 

or goethite/siderite (high initial [Mo]). In turn, sizes of the newly formed Fe oxide phases 420 

controlled Mo(VI) adsorption/desorption, and magnetite reduced Mo(VI) to Mo(IV)O2 to 421 

immobilise Mo, while siderite formation released Mo. These new observations show that 422 

mineral phase transformation and Mo speciation changes with different initial Mo 423 

concentrations followed differing pathways, which control the mobility of Mo and 424 

bioavailability of Fe, representing a crucial factor governing the prolonged stability of Mo and 425 

Fe. This study highlighted the important role of Mo concentration in the biogeochemical cycle 426 
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of Mo and Fe, providing comprehensive insights for predicting and controlling the mobility 427 

and fate of heavy metals under a variety of biogeochemical scenarios. 428 

SUPPORTING INFORMATION 429 

Description of sample preparation and analysis of TEM and XAS; ICP-MS, OD600, XRD, TEM, 430 

and FTIR data for blank and comparison experiments; results of XANES and EXAFS LCF and 431 

EXAFS shell-by shell fitting for the Mo(VI)-ferrihydrite-G. sulfurreducens system. 432 
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