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ABSTRACT:  

Aqueous Fe(II) can induce recrystallization of ferrihydrite and goethite [α‑FeOOH] to their more 

crystalline or molecularly homogenous counterparts. Despite common association with these and 

other Fe(III) (oxyhydr)oxides, relationships between Fe(II)-induced transformation and Mo 

mobility remain poorly constrained. We conducted laboratory column experiments to examine 

repartitioning of sorbed Mo during Fe(II)-induced transformation of ferrihydrite and goethite 

under advective flow conditions. We first pumped (~0.25 L d−1) artificial groundwater containing 

0.1 mM MoO4
2− and buffered to pH 6.5 through columns packed with ferrihydrite- and goethite-

coated sand until > 90 % Mo breakthrough was observed. Extended X-ray absorption fine structure 

(EXAFS) spectroscopy shows that initial MoO4
2− attenuation resulted from inner sphere 

complexation of MoO4 tetrahedra at ferrihydrite and goethite surfaces. We then pumped Mo-free 

anoxic artificial groundwater containing 0.2 mM or 2.0 mM Fe(II) through the columns until 

effluent Mo concentrations remained < 0.005 mM. Raman spectroscopy shows that Fe(II) 

introduction induced transformation of both ferrihydrite and goethite to lepidocrocite. 

Additionally, Fe(II) introduction mobilized 4 to 34 % of sorbed Mo and total mass release was 

greater for (i) ferrihydrite compared to goethite columns and (ii) low Fe(II) compared to high Fe(II) 

influent. Effluent pH decreased to ~5.8 for columns receiving the high Fe(II) influent and returned 

to pH 6.5 after 5 to 10 pore volumes. EXAFS spectroscopy indicates that structural incorporation 

of MoO6 octahedra into neoformed phases contributes to Mo retention during Fe(II) induced 

transformation. Our results offer new insight into Mo repartitioning during Fe(II)-induced 

transformation of Fe(III) (oxyhydr)oxides and, more generally, controls on Mo mobility in 

geohydrologic systems.     
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INTRODUCTION 

Molybdenum (Mo) is an oxyanion-forming metal that typically occurs at aqueous 

concentrations below 10 μg L˗1 (0.0001 mM) in surface and ground waters.1–3 Substantially higher 

concentrations may occur in mineralized terranes, where aqueous Mo concentrations up to 

5 mg L˗1 (0.05 mM) have been reported.3,4  Similarly high Mo concentrations can occur in surface 

and ground waters impacted by industrial activities including steel manufacturing, oil refining, and 

chemical processing.2,5–7 Although exposure to high Mo concentrations can have negative effects 

on human and plant health,2,3 Mo also supports key biological functions in both prokaryotes and 

eukaryotes.8  As a result, Mo geochemistry has implications for both origin-of-life3 and associated 

paleoredox studies.3,9–11  

Molybdenum distribution, mobility, and bioavailability in soils, sediments, and aquifers are 

strongly controlled by (oxyhydr)oxide and sulfide mineral occurrence and reactivity.12,13 Sorption 

onto Fe(III) (oxyhydr)oxides is an important attenuation mechanism for molybdate (MoO4
2−) in 

oxic environments.1,14–1719 Extensive sorption of MoO4
2−, AsO4

3− and other metal(loid) oxyanions 

is favored when solution pH is less than the pH point of zero charge (pHpzc) for Fe(III) 

(oxyhydr)oxides (i.e. 7.5 to 9.2).18–21  These phases exhibit varied crystallinity ranging from poorly 

crystalline ferrihydrite (Fh) [hydrous Fe(III) (oxyhydr)oxide]22,23 through to more crystalline 

phases including the thermodynamically metastable lepidocrocite [γ‑FeOOH], and the more 

thermodynamically stable goethite (Gt) [α‑FeOOH], hematite [α‑Fe2O3], and magnetite 

[Fe3O4].20,24  

Soil redox oscillations occur frequently in Fe rich environments, including soils in coastal or 

riverine floodplains,25 tropical or volcanic soils,26,27 mining environments,28,29 or anywhere water 

ponding occurs, including wetlands.30 As a result, Fe (oxyhydr)oxides are often metastable near 
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Earth’s surface.20  Under anoxic conditions, Fe(III) (oxyhydr)oxides that exhibit poorly crystalline 

structures (e.g., ferrihydrite) or small crystallite sizes (i.e., high specific surface area) are 

particularly susceptible to reductive dissolution and transformation.31–33 Aqueous Fe(II) is 

generated through partial or complete dissolution of metastable phases during microbial Fe(III) 

reduction.34,35 Sorption of this aqueous Fe(II) can facilitate electron transfer and induce 

transformation of poorly crystalline Fe(III) (oxyhydr)oxides to more thermodynamically stable 

phases including goethite or magnetite through a dissolution and reprecipitation pathway.36,37 

Crystalline phases including goethite can undergo recrystallization resulting in crystallite growth 

without a corresponding phase transformation.38–40 Hydrolysis of Fe(III) produced during sorbed 

Fe(II) electron transfer promotes precipitation and growth of (oxyhydr)oxide crystallites, while the 

newly formed Fe(II) can induce electron transfer at a new Fe(III) surface site.40 The reaction rate 

decreases as crystallite size increases due to declining surface area37,40 and changing redox 

potentials of the neoformed species.41 

Adsorbed metals, metalloids or other elements such as As,42,43 P,44–46 and Mo42,47 add an 

additional layer of complexity to Fe(II)-induced Fe(III) (oxyhydr)oxide transformations. Our 

current understanding of the fate of associated Mo during this transformation process is limited, 

despite the abundance of Mo in some Fe(III) (oxyhydr)oxide rich environments including those 

impacted by mining activities.3,7,48 Previous studies have investigated ferrihydrite transformation 

under alkaline conditions (pH 8 and 10)49,50 and elevated temperatures (75 °C).50 These studies 

were conducted both with Fe(II)49 and without Fe(II)50, and are not broadly applicable.  

Here, we describe results of laboratory columns experiments designed to examine the fate of 

sorbed Mo(VI) during Fe(II)-induced transformation of ferrihydrite and goethite under advective 

flow conditions. We hypothesize that Fe(II) induced transformation of ferrihydrite and goethite 
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will promote structural incorporation of adsorbed Mo into neoformed phases at circumneutral 

pH.47,49,50 These experiments integrate X-ray absorption spectroscopy (XAS) and Raman 

spectroscopy to identify Mo bonding mechanisms and determine Fe(III) (oxyhydr)oxide phase 

changes. The results of our study improve understanding of geochemical controls on Mo mobility 

in soils, sediments, and aquifers susceptible to redox transitions. 

METHODS 

Preparation of Fe-coated sand 

Ferrihydrite was synthesized by titration following the method of Schwertmann and Cornell.51  

Briefly, 500 mL of a 0.2 M FeCl3 solution was titrated with 330 mL of a 1 N KOH solution to a 

pH of 7.5 while continuously stirring. The resulting precipitate was rinsed three times with 

deionized (DI) water, producing a 400 mL suspension that then was combined with 250 g acid 

washed sand (20-40 mesh Ottawa sand) in 1 L glass media bottles and shaken for 24 h. The 

resulting ferrihydrite-coated sand was then rinsed with DI water until the water ran clear. Excess 

water was removed by vacuum filtration and the coated sand was freeze dried for 24 h to inhibit 

crystallization. Freeze drying liberated some loosely-attached ferrihydrite; therefore, the coated 

sand was again rinsed, vacuum filtered, and freeze dried prior to use in the experiments. The final 

ferrihydrite-coated sand contained approximately 46 mmol Fe kg−1. X-ray diffraction (XRD) and 

Raman spectroscopy of precipitates collected before sand coating confirmed the method produced 

2-line ferrihydrite (Figure S1). 

Goethite was synthesized by rapidly mixing 90 mL of a 5 N KOH solution with 150 mL of a 

1 M Fe(NO3)3·9H2O solution in a molar ratio of 9:5. The suspension was diluted to 1 L and stirred 

for 1 h, followed by incubation at 60 °C for 60 h to transform the precursor ferrihydrite to 

goethite.51 The supernatant was decanted and the slurry was adjusted to pH 7.0 with HCl and rinsed 
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three times with DI water. The resulting precipitate was added to 200 g of acid-washed sand and 

shaken for 48 h. The sand was then rinsed until the DI water ran clear and was then freeze dried. 

The final goethite-coated sand contained approximately 57 mmol Fe kg −1. Mineral identity was 

confirmed by XRD and Raman spectroscopy on precipitates collected prior to sand coating. Minor 

ferrihydrite was present in the synthesized goethite. 

Column setup 

Acid washed glass columns (Chromaflex, Kimble Chase, USA) measuring 30 cm long with an 

inner diameter of 4.8 cm were packed with either ferrihydrite- or goethite-coated sand to examine 

MoO4
2− mobility during sorption and Fe(II)-induced transformations (Figure S2). This 

experimental setup, which included three columns containing each of ferrihydrite- and goethite-

coated sand, ensured sufficient permeability to facilitate advective flow and is consistent with 

previous studies.34,45,52 Approximately 23 cm of coated sand (~700 g) was packed between two 

3.5 cm layers of acid-washed, non-coated Ottawa sand (~200 g). The columns were then sealed 

with polyfluorotetraethylene (PTFE) end fittings and high-density polyethylene (HDPE) bed 

supports. The bottom end fitting was connected with PTFE tubing to a low-flow multichannel 

peristaltic cassette pump (205CA, Watson-Marlow, USA). Approximately 0.25 L d−1 of influent 

were continuously pumped through the columns in an upward direction. The top end fitting was 

connected with PTFE tubing to a sealed 0.10 L amber glass flow-through cell with ports to 

facilitate collection of column effluent samples. Overflow from these cells subsequently flowed 

into 1 L HDPE bottles that were weighed frequently to track discharge volumes. Columns and 

tubing were wrapped with aluminum foil to exclude light. Prior to initiating the experiments, all 

columns were flushed with CO2(g) for 24 hours53 and then saturated with Mo-free artificial 

groundwater (Table S1) adjusted to pH 6.5 in the presence of 10 mM PIPES buffer. This buffer 
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was selected because it has minimal impact on metal sorption.54 Column pore volumes (PVs) were 

determined gravimetrically as the difference between the water unsaturated and saturated column 

masses (Table S2).  

Sorption and transformation experiments 

Following initial water saturation, the influent composition was systematically varied to 

facilitate two experimental phases: (Phase I) Mo(VI) sorption; and (Phase II) Fe(II)-induced 

transformations. For Phase I, 0.1 mM Mo(VI) was added to the influent by dissolving 

Na2MoO4∙2H2O (≥ 99.5%, Sigma-Aldrich, USA) in the artificial groundwater. This Mo 

concentration was chosen based on previous studies and to mimic concentrations previously 

reported for mine waters,7 while also minimizing potential for the formation of aqueous 

polynuclear Mo species at concentrations > 1 mM.55 During Phase I, transport parameters were 

determined by adding 0.8 mM NaBr (≥ 99.0%, Sigma-Aldrich, USA) to the Mo-bearing artificial 

groundwater and sampling effluent at 2 to 4 h intervals over three days (Supporting information). 

The sealed columns were located on a laboratory bench under ambient conditions (i.e., T = 23 ± 2 

°C, pO2 = 0.21 atm) during Phase I. The Mo-bearing influent was pumped (~0.25 L d−1) through 

the six columns until > 90% Mo breakthrough was observed. This breakthrough threshold was 

observed after ~120 and ~70 d for the ferrihydrite and goethite columns, respectively. The 

discrepancy between breakthrough times is attributed to differences in Mo sorption capacity 

between the ferrihydrite and goethite columns, plus minor differences in saturated hydraulic 

conductivity. One column containing ferrihydrite-coated sand (Fh-X) and one containing goethite-

coated sand (Gt-X) was destructively sampled at the conclusion of Phase I.  

The remaining four columns–two each for ferrihydrite and goethite–were transferred to an 

anaerobic chamber to initiate Phase II (Coy Laboratory Products). Separate influents containing 
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0.2 or 2 mM Fe(II) were prepared by dissolving FeSO4·7H2O (≥ 99.5%, Sigma-Aldrich, USA) in 

Mo-free artificial groundwater that was first bubbled with N2(g) for 24 h. The artificial groundwater 

composition was adjusted to avoid increasing SO4
2− concentrations with FeSO4·7H2O addition 

(Table S1). The high (2.0 mM) and low (0.2 mM) Fe(II) influents were each pumped (~0.25 L d−1) 

through one ferrihydrite and one goethite column for ~55 d until effluent Mo concentration were 

< 0.005 mM for all columns. The two high-Fe(II) columns (Fh-H, Gt-H) and two low-Fe(II) 

columns (Fh-L, Gt-L) were destructively sampled at the conclusion of Phase II. 

Collection and analysis of aqueous-phase samples 

Influent and effluent for each column were sampled regularly using sterile polyethylene 

syringes (Norm-Ject®, Henke-Sass, Wolf GmbH, Germany). Measurements of pH and redox 

podential (Eh) were performed immediately on unfiltered samples. The pH meter (Orion 8156 

Ross Ultra, Thermo Fisher Scientific, USA) was calibrated to NIST traceable pH 4, 7 and 10 

buffers, and checked against the pH 7 buffer before each measurement. Redox potential was 

measured using a combination Pt electrode (Orion 9678 Combination Pt Electrode, Thermo Fisher 

Scientific, USA) and measured values were corrected to the standard hydrogen electrode. Zobell's 

and Light's solutions (Ricca Chemical Co., USA) were used to regularly test Eh electrode 

performance.  

Additional sample was passed through 0.2 μm polyethersulfone (PES) syringe filter membranes 

(Sartorius AG, Germany). Alkalinity was determined by titrating a known volume of filtered 

sample with 1.6 N H2SO4 (Hach Co., USA) to the bromocresol green-methyl red (Ricca Chemical 

Co., USA) endpoint (i.e., 4.5). Aqueous Cl and SO4
2 were quantified by ion chromatography 

(ICS 2100, Thermo Dionex, USA) on samples stored at 4 °C in HDPE bottles. Total aqueous Fe 

and Mo concentrations were determined by inductively coupled plasma-optical emission 
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spectroscopy (ICP-OES) and inductively coupled plasma-mass spectrometry (ICP-MS) on 

samples acidified to pH < 2 with concentrated high-purity HNO3 (OmniTrace, EMD Millipore, 

USA) and stored at 4 °C in HDPE bottles. The aqueous Fe(II) concentrations during Phase II were 

analyzed by the Ferrozine spectrophotometric method while Fetot was determined by ICP-OES.56 

Samples for Ferrozine analysis were preserved with concentrated high-purity HCl (OmniTrace, 

EMD Millipore, USA) and diluted with N2(g)-purged ultrapure water (> 18.18 MΩ cm) to within 

the range of Fe(II) standards (100 to 1000 ppb).  

Collection and analysis of solid-phase samples 

Prior to destructive sampling, pumping was terminated and the columns were inverted and 

allowed to gravity drain. Solids were collected at 2 cm intervals along the column length. These 

samples were transferred into 50 mL polypropylene centrifuge tubes (Falcon, Corning, USA) using 

clean plastic scoopulas. Samples from the Phase I only columns were air dried under ambient 

laboratory conditions. Samples from the Phase II columns were collected and sealed in amber glass 

vials within the glove box. These samples were removed from the glove box and immediately flash 

frozen by submerging the sealed vials in liquid N2. All samples were then freeze dried (−50 °C) 

and transferred back into the glove box, where they were stored in amber glass vials in a desiccator 

until analysis. Solid-phase Mo and Fe contents were determined at 6 or 7 length intervals for each 

column by adding 2 g of Fe-coated sand to 20 mL of concentrated high-purity HCl (OmniTrace, 

EMD Millipore, USA) followed by ICP-OES analysis of filtered (0.45 μm PES) supernatant.  

Raman spectra were obtained for hematite, lepidocrocite and magnetite57 (Table S3), as well as 

obtained for synthesized ferrihydrite and goethite, and samples collected following Phase I and II.  

Acid-washed Ottawa sand was used as the quartz [SiO2] reference. Iron (oxyhydr)oxide reference 

phases were ground using an agate mortar and pestle before mounting on a borosilicate glass slide 
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wrapped with Al foil, whereas the quartz reference and column samples were mounted directly 

onto the slides. The Raman microscope (Invia Reflex, Renishaw plc, UK) used a solid state laser 

diode operating a 785 nm lens and at 1200 line mm−1 (633/780) grating. A laser power of 0.1–1% 

was chosen for all samples to minimize any laser-induced transformation and fluorescence. The 

Raman microscope was calibrated to a silicon standard at 520 cm–1 before sample analysis. 

Extended scans (100–1200 cm–1) were collected using the 50× objective for 30 accumulations to 

reduce noise.  

Molybdenum K-edge X-ray absorption spectroscopy (XAS) was performed at the Hard X-ray 

Micro-Analysis (HXMA) beamline (06-ID-1) at the Canadian Light Source. The second of two 

Si(220) monochromator crystals was detuned by 50% to reject harmonics from the X-ray beam. 

Samples (~0.2 g) collected 5 to 7 cm from the column inlet were packed into 1.5-mm thick PTFE 

sample holders between two layers of polyimide adhesive tape. Reference materials were diluted 

in BN, homogenized using an agate mortar and pestle, and packed into the PTFE sample holders. 

The reference materials included MoO3 (Sigma-Aldrich, USA), to approximate MoO6 octahedra, 

plus MoO4
2− sorbed onto synthetic ferrihydrite and goethite surfaces. The sample holders were 

positioned between ion chambers I0 and I1, and 10‑μm thick Mo calibration foil was positioned 

downstream between ion chambers I1 and I2. The incident X-ray energy was scanned from −200 

eV below the theoretical Mo K-edge (20,000 eV) to k = 14 Å−1 at steps of 0.25 eV in the X-ray 

near edge spectroscopy (XANES) region and 0.05 Å−1 in the extended X-ray absorption fine 

structure (EXAFS) region. Spectra were collected under ambient temperature and pressure 

conditions. The reference spectra were collected in transmission mode, whereas sample spectra 

were measured in fluorescence mode using a 32-element Ge detector (Canberra Industries Inc., 

USA) fitted with a Zr-filter and Soller slits. Three to five spectra were collected for each sample 
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to enhance the signal to noise ratio. Data reduction and analysis was performed using ATHENA 

and ARTEMIS (Demeter v.0.9.25).58 Phase and amplitude functions for Mo-O, Mo-Fe, and Mo-

Mo scattering paths were extracted from the crystal structures of Fe2(MoO4)3 and molybdite using 

FEFF 6.0. These functions were used for non-linear least-squares fitting of the background 

subtracted, k3-weighted Fourier transformed EXAFS. The Fourier transform was applied from k = 

2.0 to 11.0 Å-1. 

Crystal morphology in samples collected from the Phase I and Phase II columns was examined 

using field emission – scanning electron microscope (FE-SEM; SU8010, Hitachi, Japan). Samples 

were mounted with carbon adhesive tape to Al stubs within the glove box, where they were 

transferred to a vacuum desiccator. The desiccator was transported to the FE-SEM lab where the 

samples were quickly transferred to a magnetron sputtering coater (Q150T SE, Quorum 

Technologies Ltd., UK) where a 10-nm thick Au coating was applied at low temperature to ensure 

sample conductance. Images were obtained using a 5 kV accelerating voltage using a backscattered 

electrons (BSE) detector.  

Geochemical modeling 

We performed thermodynamic modeling of column effluent using PHREEQCI (Version 

3.4.0.12927)59 with the integrated minteq.v4 database. Modeled saturation indices (SIs) for 

relevant phases including ferrihydrite, goethite, lepidocrocite and FeMoO4 supported data 

interpretation. We input non-detect effluent Fe and Mo concentrations as one-half of the method 

detection limits to ensure SIs were calculated for each sampling time. Aqueous Fe speciation was 

simulated using the Nernst equation and input pe and total Fe values. However, previous studies 

have reported issues with Eh measurements in the presence of organic buffers60 and the Ferrozine 

method detection limit (i.e., 0.3 μM) is above anticipated effluent Fe(III) concentrations during 
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Phase II.61 Consequently, we modified Eh for consistency with reported values for Fe(II) oxidation 

coupled with Fe(III) (oxyhydr)oxide reduction.41,62 Finally, we performed a sensitivity analysis of 

Eh values (range 0 to −300 mV) and found that associated variations in modeled SIs did not 

strongly affect data interpretations.   

RESULTS 

Aqueous chemistry 

Influent and effluent pH for both the ferrihydrite and goethite columns (Figure 1a-d) was 

consistently circumneutral (6.55 ± 0.05) during Phase I (sorption). Influent alkalinity was 

approximately 1.9 mM, whereas effluent alkalinity remained between 1.8 and 2.2 mM (CaCO3 

eq.). Effluent Mo concentrations were initially below the ICP-MS method detection limit 

(0.05 μM) during Phase I, but increased to ~0.1 mM over time (Figure 2). Molybdenum was first 

detected (i.e., C/C0 > 0.05) in effluent from the ferrihydrite and goethite columns after 

approximately 90 and 25 PV, respectively. Effluent Mo concentrations from the ferrihydrite 

columns increased to 0.09 mM (i.e., C/C0 = 0.90) after 109 PV (Fh-L) and 111 PV (Fh-H). This 

breakthrough threshold was reached for the goethite columns after 29 PV (Gt‑L) and 36 PV (Gt‑H). 

Phase II (reduction) was initiated at ~121 PV and ~117 PV in the ferrihydrite and goethite 

columns respectively. Reaction times differed between columns due to slight differences in column 

transport characteristics. During Phase II, influent and effluent pH were generally consistent for 

the low-Fe(II) columns (Fh-L, Gt-L)  (Figure 1). In contrast, effluent pH initially decreased to 5.8 

for both high-Fe(II) columns, but subsequently increased back to influent value of 6.5 after 130 PV 

(Fh-H) and 141 PV (Gt-H). Despite limited pH variability, effluent alkalinity for columns Fh-L 

and Gt-L ranged from 1.8 to 2.2 mM (as CaCO3) following Fe(II) addition but stabilized once pH 

returned to influent values.  



ACCEPTED MANUSCRIPT 
 

https://doi.org/10.1021/acsearthspacechem.0c00099  13 
 

All columns exhibited declining effluent Mo concentrations over time during Phase II (Figure 

2). Columns Fh-H and Gt-H exhibited rapid decreases in effluent Mo concentrations following 

Fe(II) addition, whereas effluent Mo concentrations declined more gradually in Fh-L and Gt-L. 

Effluent Mo concentrations decreased to < 0.005 mM after 176 PV (Fh-L) and 138 PV (Fh-H) for 

the ferrihydrite columns and after 137 PV (Gt-L) and 124 PV (Gt-H) for the goethite columns. 

Influent Fe concentrations in the low- and high-Fe(II) columns were initially 0.2 and 2 mM, 

respectively (Figure 3). For the low-Fe(II) columns, effluent Fe concentrations remained 

< 0.02 mM (C/C0 < 0.1) until 138 PV (Fh-L) and 132 PV (Gt-L). These Fe concentrations 

subsequently increased to 0.13 mM (Fh-L) and 0.20 mM (Gt‑L) over the final 35 to 40 PV of the 

experiment. Effluent Fe concentrations for the high-Fe(II) columns increased more rapidly with 

90 % breakthrough (C/C0 > 0.9) observed after 148 PV (Fh-H) and 128 PV (Gt-H).   

Geochemical modeling 

During Phase I, effluent from the ferrihydrite columns (Fh-L, Fh-H) was supersaturated with 

respect to ferrihydrite, goethite, lepidocrocite, hematite, and maghemite [γ‑Fe2O3] (Figure S3). 

Effluent from the Fh-L column became undersaturated with respect to these Fe(III) 

(oxyhydr)oxides for the first ~20 PVs of Phase II. After ~20 PVs, effluent became supersaturated 

with respect to lepidocrocite, goethite and ferrous molybdate, while remaining undersaturated with 

respect to ferrihydrite. The effluent from the Fh-H column became undersaturated with respect to 

these Fe(III) (oxyhydr)oxides for several PVs, following which, goethite and lepidocrocite 

precipitation became thermodynamically favored once again.  Ferrous molybdate was temporarily 

thermodynamically favored, however, precipitation became thermodynamically unfavorable after 

180 PV (Fh-L) and 151 PV (Fh-H) corresponding to declining effluent Mo concentrations in the 

ferrihydrite columns (Figure S3). 
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Effluent from both goethite columns (Gt-L, Gt-H) was supersaturated with respect to hematite 

during Phase I, although slow transformation kinetics and low temperatures likely limit hematite 

precipitation.63 The effluent was also supersaturated with respect to ferrihydrite, lepidocrocite, and 

goethite in Phase I (Figure S3). Following the initiation of Phase II, effluent became undersaturated 

with respect to these minerals for approximately 20 PVs in the Gt-L column and 5 PVs in the Gt-

H column.  Ferrihydrite did not become thermodynamically favorable again in either column; 

however, effluent from the Gt-L column became supersaturated with respect to FeMoO4 for one 

PV at approximately 134 PVs in Phase II and from 119 PVs through the remainder of the 

experiment in the Gt-H column 

Solids chemistry 

Solids collected from columns Fh-X and Gt-X following Phase I contained 59 and 16 mmol Mo 

mol−1 Fe, respectively. These values correspond to 45 mmol Fe kg−1 of ferrihydrite-coated sand 

and 61 mmol Fe kg−1 of goethite-coated sand. Higher Mo retention observed for ferrihydrite 

columns is attributed to greater surface area compared to goethite, whereas higher Fe content of 

goethite-coated sand is attributed to greater coating effeciency.50 Mass balance calculations 

indicate that average Mo contents for columns Fh-L (60 mmol Mo mol−1 Fe) and Fh-H (56 mmol 

Mo mol−1 Fe) following Phase I were similar to column Fh-X. Similarly, calculated average Mo 

contents for Gt-L (16 mmol Mo mol−1 Fe) and Gt-H (15 mmol Mo mol−1 Fe) at the conclusion of 

Phase I were consistent with column Gt-X. Overall, Mo surface loading in the ferrihydrite and 

goethite columns was approximately ~2.7 and ~0.9 mol Mo kg−1 Fe-coated sand, respectively.  

Phase II solids collected from Fh-L exhibited average Mo contents of 51 ± 3.1 mmol Mo mol−1 

Fe along the column length with a lower Mo content near the column inlet. In contrast, the Mo 

content of Phase II solids from Fh-H averaged 55 ± 3.5 mmol Mo mol−1 Fe and exhibited slightly 
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lower Mo contents near the column inlet. Average Mo contents for Phase II solids collected from 

Gt-L and Gt-H were 12 ± 0.7 and 16 ± 0.2 mmol Mo mol-1 Fe, respectively. Similar to Fh-L, 

limited variation in Mo content was observed along the length of these columns. 

During Phase II, Fe(II) retention in columns Fh-L and Gt-L was 1.4 and 0.9 mmol Fe mol−1 Fe, 

respectively. For comparison, columns Fh-H and Gt-H retained 5.5 and 2.6 mmol Fe mol−1 Fe, 

respectively (Figure S4). Similar to Mo, these differences are attributed to greater surface area for 

ferrihydrite columns and higher Fe mass loading for the high Fe(II) influent.  

Raman spectroscopy 

Raman spectra for solid samples collected from the Phase I control columns (Fh-X, Gt-X) 

exhibited distinct peaks associated with quartz (~124, ~202, ~261, ~352 and ~461 cm−1)64 (Figure 

4). Peaks consistent with ferrihydrite (~368, ~508, and ~709 cm−1)20,57 were also observed in 

spectra collected for Fh‑X solids. The Gt-X spectra exhibited peaks attributed to quartz and 

goethite (~297 and 384 cm−1).20,57,65–67 A peak consistent with sorbed MoO4
2− (~780 cm−1)68,69 was 

also detected in spectra collected for Fh-X solids, which were characterized by a substantially 

higher Mo content at the conclusion of Phase I. 

The dominant peak associated with lepidocrocite57 at 284 cm−1 appeared in Fh‑L and Fh-H 

solids following Phase II. Spectra obtained for Gt-L and Gt-H solids also exhibited distinct 

lepidocrocite peaks. The relative intensity of the lepidocrocite peak was greater for solids from the 

high-Fe(II) columns (Gt-H, Fh-H) compared to the low-Fe(II) columns.  Additionally, peaks 

associated with goethite were not apparent in Fh-L or Fh-H solids. 

X-ray absorption spectroscopy 

Molybdenum K-edge XANES spectra (Figure 5) obtained for solids from the Phase I 

ferrihydrite (Fh-X) and goethite (Gt-X) columns exhibited a pronounced pre-edge peak at 
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20006 eV, two broad shoulders at 20023 and 20055 eV, and one broad peak at 20039 eV (Figure 

5). These features are consistent with XANES spectra for the MoO4
2− sorption reference and with 

published spectra for MoO4 tetrahedra adsorbed onto goethite47 and sodium molybdate.70 

Corresponding XANES spectra for Phase II ferrihydrite (Fh-L, Fh-H) and goethite (Gt-L, Gt-H) 

samples exhibited a suppressed pre-edge feature at 20006 eV, emergence of a broad peaks at 

~20025 and 20037 eV, and a relative decrease in the broad peak at 20039 eV. These spectra are 

generally consistent with spectra obtained for the MoO3 reference and with published spectra for 

distorted MoO6 octahedra structurally incorporated into hematite.51 We did not have a standard for 

octahedral Mo(VI) associated with Fe (oxyhydr)oxides. Nevertheless, qualitative assessment of 

XANES spectra suggests that Fe(II) introduction promoted shifts from adsorbed MoO4 tetrahedra 

to structurally incorporated MoO6 octahedra and EXAFS modeling supports this assessment. 

Three coordination models were developed for Mo K-edge EXAFS spectra: (i) MoO4 tetrahedra 

with varying proportions of inner- vs outer-sphere complexation to Fe (oxyhydr)oxides; (ii) MoO6 

octahedra surrounded by FeO6 octahedra and potentially additional MoO6 units; and (iii) a mix of 

these two models (Table 1).47  Spectra obtained for Gt-X and Fh-X solids are best fit using Model 

1 (Figure 5). The first shell, Mo-O1, corresponds to MoO4
2− and was present in both ferrihydrite 

and goethite. The Gt-X solids contained two Mo-Fe shells: an edge-sharing bidentate mononuclear 

surface complex to FeO6 (Mo-Fe1) and a corner sharing bidentate-binuclear surface complex to 

FeO6 (Mo-Fe2). In the Fh-X column, only the Mo-Fe1 path was fit, possibly due to the lack of long-

range order inhibiting binuclear complexation. The incomplete coordination (coordination 

number, CN = 0.5) suggests MoO4
2− is only partially inner-sphere complexed.16 Any outer-sphere 

complexation of MoO4
2- is not resolvable via EXAFS.50 
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In comparison, Mo in MoO3 is octahedrally coordinated71 and can be used as a first shell 

approximation for octahedrally coordinated Mo(VI) with Fe(III) (oxyhydr)oxides. This phase 

exhibits a suppressed peak at 20006 eV, two broad peaks at 20025 and 20037 eV, and a broad 

shoulder at 20055 eV. Spectra obtained for Fh-H, Gt-L, and Gt-H and are best described by Model 

2, where Mo-O1 approximates the equatorial oxygen atoms in octahedral MoO6 and Mo-O2 

approximates the axial oxygen atoms in octahedral MoO6. A large increase in the coordination 

number of the Mo-Fe shells indicates that the MoO6 units are surrounded by FeO6 units by both 

edge- and corner-sharing linkages and incorporated into the bulk solid phase.50 Inclusion of a Mo-

Mo scattering path, representing linked MoO6 units, drastically improved the quality of these fits. 

Although there was a relatively low concentration of Mo, MoO6 dimers have been observed at 

similar concentrations.47  Because Mo is initially concentrated at the surface of the minerals, Fe(II) 

induced transformation of the Fe oxide could create a thin film at the solid-liquid interface that is 

concentrated in Mo and more favorable for MoO6 polymerization.  

Model 3 was applied to the Fh-L column. This model represents a mixed or transition state 

between tetrahedral and octahedral Mo(VI). The presence of both coordination environments is 

indicated by decreased coordination numbers of the axial Mo-O shell (ideally CN = 2) and the 

surrounding Mo-Fe shell. The coordination number of the first shell equatorial Mo-O1 was held 

constant to constrain for the presence of tetrahedral Mo(VI). 

Scanning Electron Microscopy 

Crystallite morphologies consistent with ferrihydrite, goethite, lepidocrocite and, potentially, 

green rust were observed during SEM examination of column solids.20 The initial ferrihydrite-

coated sand contained nano-scale ferrihydrite aggregated on quartz grains (Figure S5a). Rod 
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shaped goethite crystals and possibly some ferrihydrite associated with mineral synthesis were 

observed in samples of the initial goethite-coated sand (Figure S5d).20,34,72–74 

During Phase II in the Fh-L column (Figure S5b), a large abundance of precipitates consistent 

with the ferrihydrite morphology were still present, along with some potential platy 

lepidocrocite.20,75–77 The phase identified as lepidocrocite increased in abundance, along with some 

potential twinned goethite crystals in the Fh-H column (Figure S54c), which form correlated to 

synthesis conditions such as pH, temperature, or ionic strength.78,79 The Gt-L and Gt-H column 

SEM images (Figures S5e, S5f) revealed more lepidocrocite than ferrihydrite. In both ferrihydrite 

and goethite columns, minor amounts of the suspected hexagonal and platy green rust were also 

observed.20,80–83 Ferrimolybdate typically exhibits crystals 50 to 150 nm in size, which could not 

be discernable from ferrihydrite or goethite nano-crystals by SEM images.68,78 

DISCUSSION 

Molybdate sorption onto ferrihydrite and goethite 

EXAFS modeling for Phase I samples reveal that Mo retention during Phase I resulted from 

inner sphere complexation of MoO4 tetrahedra with ferrihydrite and goethite surfaces (Figure 5, 

Table 1).17,47,50 Raman spectra (Figures 4a, 4b) and FE-SEM images (Figures S4a, S4d) of these 

solids support the interpretation that initial ferrihydrite and goethite did not undergo measurable 

transformation prior to Fe(II) addition. These findings are consistent with previous studies of 

MoO4
2− sorption onto goethite, which occurs via surface complexation of MoO4 tetrahedra at 

acidic to circumneutral pH.47   

Molybdate sorption was approximately three times higher in the ferrihydrite columns compared 

to goethite columns. Mass balance calculations reveal that cumulative Mo sorption during Phase I 

averaged 0.66 mmol for the goethite columns and 2.0 mmol for the ferrihydrite columns. These 
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values correspond to 16 and 60 mmol Mo mol−1 Fe for the goethite and ferrihydrite columns, 

respectively, and are consistent with values determined from solid-phase analyses. Since these 

values correspond to over 90 % Mo breakthrough, they also serve as an estimate of MoO4
2− 

sorption capacity under the experimental conditions (Figure 2). 

Iron(III) (oxyhydr)oxides are effective MoO4
2− sorbents in acidic to circumneutral 

environments.17,47 Ferrihydrite, in particular, exhibits large capacity for sorption of MoO4
2− and 

other anions at neutral to acidic pH because of its large surface area and net positive surface 

charge.17,51 Lower MoO4
2− sorption capacity of goethite under experimental conditions is largely 

attributed to lower surface area,21 although surface complexation constants also vary between 

MoO4
2- and ferrihydrite or goethite.84  

Geochemical responses to Fe(II) introduction 

Anoxic Fe(II)-bearing influent was introduced to the ferrihydrite and goethite columns after 

approximately 120 PV, which corresponded to 10 and 95 PVs after 90 % Mo breakthrough (i.e., 

C/C0 = 0.90), respectively. Effluent pH for both Fh-H and Gt-H decreased immediately after Fe(II) 

introduction (Figure 1). These pH decreases may result from: (i) H+ release to solution during 

aqueous Fe(II) sorption;80 and (ii) hydrolysis of labile Fe(III) generated during the electron 

exchange process.81 The lack of pH decreases for Fh-L and Gt-L is attributed to sufficient pH 

buffering for the lower influent Fe(II) concentration. 

Effluent pH and alkalinity in the Fh-H and Gt-H columns returned to influent values within 13 

to 24 PVs of Fe(II) introduction (~150 total PVs) to initiate Phase II (Figure 3b). This timing 

corresponds to effluent Fe(II) concentrations returning to the influent value and suggests that Fe(II) 

sorption and subsequent electron transfer became limited over time. This could result from changes 
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in the reactivity of ferrihydrite or goethite surfaces due to evolving thermodynamics41 or a decrease 

in surface area.   

Although Fe(II) retention eventually became limited, mass balance calculations revealed 

substantial Fe(II) retention during Phase II. Lower Fe(II) retention within the goethite columns is 

attributed to lower surface area,51 whereas lower Fe(II) retention in Gt-L compared to Gt-H is 

attributed to the lower influent Fe(II) concentration. Previous studies have demonstrated that 

greater Fe(II) surface coverage, not higher Fe(II) concentrations, promotes faster and more 

complete electron transfer.37,85,86 The extended duration of Phase II of our study (~55 d), in 

conjunction with the constant Fe(II) input over that time frame allowed for extended reaction of 

ferrihydrite and goethite, but the data also suggest that reactivity of the Fe phases declined due to 

changes in surface area or mineralogy as noted in the observed decrease in Fe(II) retention over 

time. As such, ferrihydrite and goethite transformation by the end of the experiment is suggested 

by the apparent lack of Raman bands associated with these phases (Figure 4). Corresponding SEM 

images support the interpretation that transformation of ferrihydrite and goethite was induced by 

Fe(II) introduction (Figure S5). Furthermore, the precipitation of lepidocrocite in the goethite 

columns is suspected to be a result of oxidation and precipitation of dissolved Fe(II).   

Molybdenum mobilization during Fe(II) introduction 

Initial Mo mobilization during Phase II is attributed to ferrihydrite and goethite dissolution due 

to electron transfer between sorbed Fe(II) and structural Fe(III) (Figure 5, Table 1).87 However, 

longer-term Mo release was dependent on both influent Fe(II) concentration and the initial Fe(III) 

(oxyhydr)oxide phase (Figure 2a-d). Cumulative Mo mass discharge from ferrihydrite columns 

over 61 PVs during Phase II was 0.38 mmol for Fh-L and 0.09 mmol for Fh-H (Figure 2a). These 

values correspond to mobilization of 19 and 4.3 % of sorbed Mo(VI) during Phase I for the Fh-L 
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and Fh-H columns, respectively. Corresponding Mo mass discharge from goethite columns was 

0.23 mmol for Gt-L and 0.06 mmol for Gt-H, which represents 34% and 8.5% of sorbed Mo(VI), 

respectively (Figure 2d).  

Columns receiving the high Fe(II) influent exhibited lower cumulative Mo discharge compared 

to those receiving the low Fe(II) influent (Figure 2b and d). Greater Fe(II) availability enhances 

the rate and extent of Fe(III) (oxyhydr)oxide transformation88 and neoformed phases typically 

exhibit lower surface area than their precursor phases.89 Although declining surface area may 

explain Mo mobilization during transformation, cumulative Mo mass discharge was not 

proportional to influent Fe(II) concentration. Instead, cumulative Mo discharge was lower for 

columns receiving the high Fe(II) influent. The Fe(III) recrystallization rate is dependent on both 

Fe(II) concentration36 and mineral species.41 Advective flow therefore, may further limit Mo 

retention at lower Fe(III) recrystallization rates, as recrystallization reaction kinetics may be slower 

than column residence times.  

Molybdenum repartitioning during phase transformations 

A change in Mo coordination from tetrahedral to octahedral was apparent in all columns 

following Fe(II) addition (Figure 5a and b). Molybdenum incorporation into the solid phase is 

evident due to the apparent surrounding of MoO6 octahedra by FeO6 octahedra (Table 1). We 

interpret the apparent Mo incorporation in all columns as occurring during Fe(II)-induced 

mineral transformation. Coordination changes can result from decreasing pH,3,47 reduction,7 or 

polymerization.90 Effluent pH did not decrease in Fh-L or Gt-L columns, but local pH decreases 

cannot be ruled out, as equilibrium between tetrahedral and octahedral coordinated Mo(VI) 

occurs at pH 4 under oxic conditions and increases to pH 6 under anoxic conditions.3 

Additionally, XAS data may provide evidence of Mo(VI) reduction or polymerization through 
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the presence of Mo octahedra.  Molybdenum EXAFS modeling suggested Mo was coordinated 

with up to 2.6 edge-sharing and 5.2 corner-sharing FeO6 units, respectively, indicating 

incorporation of distorted MoO6 octahedra (Table 1). Our findings are consistent with previous 

results, which state that Mo(VI) may favor octahedral coordination, specifically when 

surrounded by FeO6 octahedra.50   

Molybdenum(VI) in both tetrahedral and octahedral coordination were observed in the Fh-L 

column whereas retained Mo(VI) within Fh-H occurred primarily in octahedral coordination 

(Figure 5). A greater degree of octahedral Mo(VI) coordination was observed in Gt-L. This same 

influent concentration resulted in higher loading to the mineral surface in the Fh‑L column but 

could only account for partial Mo(VI) octahedra presence.  We attribute this to the greater surface 

area of ferrihydrite, resulting in a greater Mo(VI) loading, and therefore a lower percent Fe(II) 

surface coverage on the Fh-L column when compared to the Gt-L column.  

Peaks associated with goethite were not prominent in Raman spectra collected for Phase II 

samples from any column (Figures 4b, Table S3). Instead, lepidocrocite was the only Fe(III) 

(oxyhydr)oxide phase detected in both the ferrihydrite or goethite columns (Figure 4b).36 Lower  

Fe(II) concentrations relative to previous studies36, and consequently, fewer Fe(II) interactions 

with the Fe(III) (oxyhydr)oxide surface, is a potential reason for inhibited transformation of the 

initial minerals to crystalline secondary minerals and consequent transitory lepidocrocite 

abundance.34,36,37,91 For example, previous work by Hansel et al.34 and Boland et al.37 describe the 

effect of low and high solid-associated Fe(II) on the Fe(III) (oxyhydr)oxide transformation 

pathway and found that, under low concentrations of solid-associated Fe(II) and pH < 6.5, 

lepidocrocite was the dominant transformation product.  



ACCEPTED MANUSCRIPT 
 

https://doi.org/10.1021/acsearthspacechem.0c00099  23 
 

Modeled FeMoO4 saturation indices for column effluent ranged from 0.2 to 1.5 immediately 

following Fe(II) introduction, suggesting that precipitation of this phase was thermodynamically 

favorable (Figure S3). Despite the apparent supersaturation, FeMoO4 was not detected by Raman 

(Figure 4) or EXAFS (Figure 5) spectroscopy. Although we cannot rule out the possibility of 

FeMoO4 as a transient phase, the precipitation of FeMoO4 is not a major control on Mo mobility 

in this study.  

CONCLUSIONS AND IMPLICATIONS 

Molybdenum mobilization during Fe(II)-induced Fe(III) (oxyhydr)oxide recrystallization and 

transformation was greater for columns containing sand coated with ferrihydrite compared to 

goethite. Differences between these phases are largely attributed to the higher initial adsorbed Mo 

mass within ferrihydrite columns prior to Fe(II) introduction. However, disparate effects of Fe(II)-

induced transformation on surface area may contribute to the higher proportion of Mo mobilized 

during Fe(II)-induced ferrihydrite transformation. For a given initial phase, Mo mobilization was 

also greater for columns receiving a lower Fe(II) influent concentration. We attribute these 

differences to Fe(II) availability and associated differences in transformation rates. Despite these 

phase- and Fe(II)-dependent differences in Mo mobilization, between 66 and 96 % of adsorbed 

Mo was retained within the columns.  

Retained Mo exhibited a distinct coordination change from MoO4 tetrahedra to MoO6 octahedra 

during Fe(II)-induced transformation. This coordination change is attributed to structural 

incorporation of MoO6 octahedra into neformed lepidocrocite, which was a principal product of 

Fe(II)-induced ferrihydrite and goethite transformation. Our findings indicate that retention of 

sorbed MoO4
2− during Fe(II)-induced Fe(II) (oxyhydr)oxides under advective flow conditions is 
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controlled by several factors. Nevertheless, substantial retention due to structural incorporation 

can limit Mo mobilization.  

Iron (oxyhydr)oxides are an important Mo sink in Earth’s crust.3 Under anoxic conditions 

commonly observed in soils, sediments and aquifers2, these phases are susceptible to reductive 

dissolution, which produces aqueous Fe(II) that can promote recrystallization and transformation 

reactions.34 These reactions can produce more crystalline Fe (oxyhydr)oxide phases characterized 

by smaller surface area, leading to repartitioning of sorbed Mo between the aqueous and solid 

phase. Increased dissolved Mo concentrations resulting from this process, could have important 

water quality implications; however, structural incorporation may also limit potential for 

subsequent Mo release. These findings may also have implications for paleoredox studies by 

providing a mechanism for Mo sequestration by Fe (oxyhydr)oxides under ferruginous 

conditions.93  Overall, our findings offer new insight into Mo geochemistry of soils, sediments and 

aquifers in both modern systems and paleoenvironments. 
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Figure 1. pH as a function of pore volume in each of the ferrihydrite (a and b) and goethite (c and 

d) columns before and during Fe(II) input. Black circles and red triangles represent column influent 

and effluent, respectively. The vertical dashed black line indicates the initiation of the reduction 

phase.   
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Figure 2. Molybdenum concentrations (mM) as a function of pore volume in each of the 

ferrihydrite (a and b) and goethite (c and d) columns before and during Fe(II) input. Black circles 

and red triangles represent column influent and effluent, respectively. The vertical dashed black 

line indicates the initiation of the reduction phase.  
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Figure 3. Fe(II) concentrations (mM) as a function of pore volume in each of the ferrihydrite (a 

and b) and goethite (c and d) columns before and during Fe(II) input. Black circles and red triangles 

represent column influent and effluent, respectively. The vertical dashed black line indicates the 

initiation of the reduction phase.  
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Figure 4. Raman spectra for samples collected from ferrihydrite (Fh, left panel) and goethite (Gt, 

right panel) columns before and after introduction of the low (0.2 mM) and high (2.0 mM) Fe(II) 

influents. 
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Figure 5. Molybdenum XANES, Mo EXAFS (k-space), and Mo EXAFS (R-space) spectra of the 

goethite (Gt) and ferrihydrite (Fh) columns from left to right. Sample and line order is preserved 

in each panel. Insert: Control column (i.e. no Fe(II) addition) = blue, Low Fe(II) column = red, 

and High Fe(II) column = gold.  
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Table 1. Fitting parameters for Mo K-edge EXAFS modeling of solid-phase samples from the six 

columns. Parameters include coordination number (CN), interatomic distance (R), and Debye-

Waller factor (σ2), amplitude reduction factor (S0
2), energy shift (ΔE0), and R-factor. 

Shell Parameter 
Goethite    Ferrihydrite 

Control Low Fe(II) High Fe(II)  Control Low  Fe(II) High Fe(II) 

Mo-O1 CN 4 2.5(5) 2.0(4)  4 4 3.2 
 R (Å) 1.736(6) 1.79(3) 1.80(3)  1.750(6) 1.79(2) 1.81(2) 
 σ2 (Å2) 0.003 0.006 0.060  0.0039(9) 0.006 0.006 

Mo-O2 CN --- 3.0(6) 3.2(5)  --- 1.2(6) 2.8 
 R (Å) --- 2.00(4) 2.02(3)  --- 2.05(5) 2.04(2) 
 σ2 (Å2) --- 0.006 0.006  --- 0.006 0.006 

Mo-Mo CN --- 1.7(5) 1.0(5)  --- 0.6(8) 0.7(7) 
 R (Å) --- 2.42(3) 2.46(5)  --- 2.57(7) 2.55(6) 
 σ2 (Å2) --- 0.010 0.010  --- 0.010 0.010 

Mo-Fe1 CN 1.1(5) 2.6(6) 1.9(6)  0.5(6) 1(1) 0.4(7) 
 R (Å) 2.72(3) 2.82(3) 2.82(3)  2.77(3) 2.78(8) 2.84(6) 
 σ2 (Å2) 0.010 0.010 0.010  0.006 0.010 0.010 

Mo-Fe2 CN 1.1(3) 5.2(8) 4.6(8)  --- 3(1) 4(1) 
 R (Å) 3.48(2) 3.58(3) 3.59(3)  --- 3.59(3) 3.58(2) 
 σ2 (Å2) 0.010 0.010 0.010  --- 0.010 0.010 
 S0

2 0.73(4) 0.75 0.75  0.85(8) 0.8(2) 0.8(1) 
 ΔE0 -5(1) 1(4) 3(4)  -3(1) 0(3) -1(2) 
 R-factor 0.0054 0.018 0.022  0.01 0.0176 0.028 
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