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ABSTRACT

Microbial reduction of Fe(IIl) minerals is a prominent process in redoximorphic soils and is

strongly affected by organic matter (OM). We herein determined the rate and extent of microbial

reduction of ferrihydrite (Fh) with either adsorbed or coprecipitated OM by Geobacter

sulturreducens. We focused on OM-mediated effects on electron uptake and alterations in Fh

crystallinity. The OM was obtained from anoxic soil columns (effluent OM, efOM) and included

—unlike water-extractable OM- compounds released by microbial activity under anoxic

conditions. We found that organic molecules in efOM had generally no or only very low electron-

accepting capacity and were incorporated into the Fh aggregates when coprecipitated with Fh.

Compared to OM-free Fh, adsorption of efOM to Fh decelerated the microbial Fe(IIl) reduction

by passivating the Fh surface towards electron uptake. In contrast, coprecipitation of Fh with efOM

accelerated the microbial reduction, likely because efOM disrupted the Fh structure as noted by

Mossbauer spectroscopy. Additionally, adsorbed and co-precipitated efOM resulted in a more

sustained Fe(IlI) reduction, potentially because efOM could have effectively scavenged biogenic

Fe(Il) and prevented the passivation of the Fh surface by adsorbed Fe(Il). Fe(Ill)-OM
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coprecipitates forming at anoxic-oxic interfaces are thus likely readily reducible by Fe(IllI)-

reducing bacteria in redoximorphic soils.

Synopsis

If associated with Fe oxides, mobile OM from anoxic topsoil sustains and frequently accelerates

the microbial Fe(III) reduction, despite its low-to-absent capacity for electron uptake.

Keywords

Mossbauer spectroscopy, mediated electrochemical reduction, electron-accepting capacity,

ferrihydrite, iron oxide, dissolved organic matter, DOM

INTRODUCTION

Microbial reduction of poorly-soluble Fe(III) to soluble Fe(Il) plays an important role in the

cycling of iron in circumneutral suboxic and anoxic environments.! 2 Numerous studies have

investigated the factors determining the rate and extent of microbial Fe(Ill) reduction with a

prominent focus on the impact of natural organic matter (OM). Apart from serving as energy
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source and thereby fueling the microbial metabolism,*> previous studies have provided evidence

that dissolved natural OM directly affects microbial Fe(Ill) reduction by acting (i) as a ligand,

which increases the solubility of Fe(IIl),° (ii) as a ligand for Fe(II), which helps sustain Fe(III)

reduction through removal of adsorbed Fe(II) from mineral surfaces,’ (iii) as redox-active electron-

shuttling compound mediating the transfer of electrons from microbial respiration to terminal

electron acceptors (iron (oxyhydr-)oxides, dissolved O,, etc.),® and (iv) as an adsorbate on Fe(III)

mineral surfaces, thereby blocking access for Fe(Ill)-reducing bacteria.® Natural OM can also

indirectly affect the microbial Fe(IIT) reduction by (v) altering the crystallinity ' and solubility '

of iron (oxyhydr-)oxide minerals as well as (vi) their aggregate sizes,'? which can result in diverse

and partially opposing impacts depending on the Fe(IlI)-reducing bacteria present.” 1315

Many studies have previously confined the impact of natural OM on Fe(Ill) reduction in soils

and sediments to humic isolates from peat, soils, or surface water. Yet, it has been subsequently

established that humic substances do not necessarily reflect the properties of OM that is present in

soil pore solutions.!¢ Hence, approaches that capture the actual solubilization of OM in soils are

gaining preference to the use of alkaline extracts, i.e. humic substances, as proxies for pedogenic

OM.!7 For example, water-extractable OM from organic surface layers was recently used in Fe(IIT)

ACS Paragon Plus Environment



68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

Environmental Science & Technology

reduction experiments.’ 820 However, it remains unclear if water-extractable OM reflects the

composition of OM that occurs in (redoximorphic) soils. Water extractions typically employ i)

liquid-to-solid ratios considerably exceeding those in soils, ii) agitation, iii) extraction with

ultrapure water, and iv) predominantly oxic conditions. These conditions are known to

preferentially extract certain fractions of OM,?! e.g., compounds with elevated aromaticity,?? and

may also ignore OM fractions relevant for redoximorphic soils. For example, oxic conditions

during extraction omit the reductive dissolution of pedogenic iron (oxyhydr-)oxides and thereby

the release of OM from the minerals upon their reduction.?? It has been shown that 72-92% of OM

associated with pedogenic iron (oxyhydr-)oxides are not water-extractable,?* thus they would not

be released by conventional batch water extractions. However, this particular OM represents a

likely relevant fraction for microbial Fe(Ill) reduction in redoximorphic soils. It may migrate

through redoximorphic soils eventually encountering anoxic-oxic interfaces where it may i)

coprecipitate with or adsorb to de novo Fe(Ill) minerals,? and/or ii) re-oxidize and serve as

electron shuttles that accept electrons from microbial respiration.

Our study explores the impact of OM, which was derived from anoxic systems, on microbial

Fe(Il) reduction. We assessed the rate and extent of microbial reduction by Geobacter

ACS Paragon Plus Environment

Page 6 of 44



Page 7 of 44

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

Environmental Science & Technology

sulfurreducens of organo-mineral ferrihydrite with either adsorbed or coprecipitated OM from an

anoxic topsoil. Unlike water-extractable OM, the OM used in our study includes compounds

released by microbial activity under anoxic conditions, e.g., OM from the dissolution of pedogenic

iron (oxyhydr-)oxides. We focused on OM-mediated effects on electron transfer and mineral

crystallinity rather than the potential of these C sources to serve as e-donors for microbial Fe(III)

reduction. We hypothesize that mobile OM from anoxic topsoil accepts electrons and alters

ferrihydrite crystallinity, particularly during coprecipitation. We thus expect this anoxic OM to

accelerate and sustain microbial Fe(III) reduction.

MATERIALS AND METHODS

Origin of soil effluent organic matter (efOM), humic acid (HA) and synthesis of ferrihydrite

(Fh)

efOM: Organic matter, which is mobile under anoxic conditions, cannot be extracted entirely

from intact soils due to the presence of oxic regions, despite e.g., inundation with water.?6 We

therefore used a lab-based soil column setup to overcome the limitations of batch extractions with

water.?” All mobile OM eluting from anoxic soil columns is herein referred to as effluent OM
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(efOM). Air-dried and <2 mm-sieved topsoil material (665+25 g; arithmetic mean + range of two

independent soil column replicates) was filled into two replicate soil columns (stainless steel;

length: 15.5 cm, diameter: 9.1 cm, V=1000 cm?) operated at 295+2 K. The soil material originated

from a humus-rich topsoil horizon (Ah; Table S1) of a gleyic Fluvisol ?® from a floodplain site

(Mulde river, Sachsen-Anhalt, Germany). The columns were fed via a peristaltic pump (Reglo

Analog, Ismatec, Switzerland) with an oxic, low ionic influent (103 M NaCl; Merck, Germany;

pH~5.6) at a nominal porewater velocity of 5.5 cm d*! from bottom to top to achieve water-

saturated conditions. The average contact time between liquid and solid phase during percolation

was ~2.8 d. A detailed description of the percolation protocol is provided in the Supporting

Information S1. Fe(Ill)- and SO4*-reducing conditions were established within the soil columns

due to the activity of autochthonous microbial communities and led to the reductive dissolution of

pedogenic iron (oxyhydr-)oxides (Figure S1). Upon discharge from the soil column, the effluent

solution was exposed to the ambient, oxic atmosphere. At a prevailing effluent pH of ~7.5 (Figure

S1), this would have resulted in the formation of Fe(IlI)-OM coprecipitates, which form from

Fe(I), which is concomitantly present in the soil solution derived from anoxic compartments.?

Coprecipitation of OM with de novo Fe(I1ll) minerals would result in a fractionation between
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dissolved and mineral-bound OM according to its molecular composition.?®- 3 This could be

overcome by keeping the soil solution or soil effluent permanently under anoxic conditions until

dialysis, i.e., the removal of effluent Fe(II) has been completed. To deliver efOM in the required

quantities, ~1.8 L effluent per soil column had to be dialyzed, which required a total of 43

exchanges with ultrapure water (each with ~10 L). It was therefore unlikely that anoxic conditions

could have been maintained during the complete process of dialysis. We therefore chose the

following approach to retrieve the entire efOM from anoxic soil: the effluent was acidified with

HCI immediately after its discharge from the soil column (final concentration: 0.25 M HCI). The

effluent pH remained <1 by this treatment, which effectively retarded the oxidation of the effluent

Fe(II).>! We did not observe any precipitation of OM (e.g., such as humic acids). The acidified

effluent was dialyzed to remove coincident Fe(II) and other inorganic ions (100-500 Da,

Spectra/Por Biotech CE, Spectrum Laboratories, USA) to prevent the precipitation of iron

(oxyhydr-)oxides and of salts during freeze-drying (Alpha 1-4 LSC, Christ, Germany). Although

the electric conductivity of the effluent dropped from ~73 mS cm™! before dialysis (excess H;O*

and CI') to ~40 pS cm™! after dialysis, some Fe remained in the dialyzed effluent most likely as

nano-aggregated Fe-OM coprecipitates (Figure S2). With dialysis, the concentration of effluent Fe
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decreased from 11613 mg L' to 24+3 mg L. Excitation-emission-matrices from the

corresponding effluent samples indicated that dialysis did not change the composition of efOM

except for a potential partial loss in polyphenolic substances (Figure S3). This may have resulted

in a dialysis-induced decrease in the electron-donating capacity of efOM. However, this property

is irrelevant for our microbial reduction experiments, in which the investigated OM specimens

(efOM, humic acids) did not act as electron donators but rather as potential electron acceptors in

microbial reduction. We assumed that the effects on efOM properties by the instant effluent

acidification were reversible when pH was raised to higher values. This assumption was supported

by the general reversibility of pH-induced changes in the emission-excitation-matrices of efOM

(Figure S3 and Table S2). Emission-excitation-matrices are sensitive to changes in OM

fluorophores and their molecular environment.3?

HA:HA was obtained from anoxic OM-rich groundwater 33 (~97 mg dissolved OC L") from a

different site (Gorleben, Germany) by enrichment via reverse osmosis and fractionation according

to the XAD-8 method.** Solid HA was re-dissolved and stirred (1 h) in ultrapure water at pH~10

(NaOH; Sigma-Aldrich, Germany). Subsequently, the solution pH was re-adjusted to pH=7 (HCI;
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Merck), stirred overnight, centrifuged (30 min, 293 K, 10,000 rpm), and filtered (0.22 um, sterile

polyethersulfone, Millex-GP; Merck Millipore; Germany).

Fh: 6-line Fh was synthesized by dissolving 5 g Fe(NO3);x9H,0 (Sigma-Aldrich) in 500 ml

ultrapure water, stirring at 348 K for 12 minutes, and subsequently cooling down to room

temperature in an ice bath (final pH=5.7).3 For coprecipitation with HA, HA-solutions with 2.0,

60.5 and 184 mg OC L' were used instead of water, which corresponds to OC/Fe ratios of 0.01,

0.32 and 0.96 mol-/molg., respectively, in the solutions. For coprecipitation with efOM, 1 g

Fe(NO3)3x9H,0 was dissolved in 200 ml dialyzed, efOM-containing effluent from the duplicate

soil columns (OC=65+1 mg L), resulting in OC/Fe ratios of ~0.44 molc/molg, in the solutions.

For adsorption, OM-free Fh was stirred for 3 d in the dark in HA-solutions and in dialyzed soil

effluent to obtain OC/Fe ratios of 0.01, 0.32, 0.96 (adsorbed HA) and 0.68 mol-/molg. (adsorbed

efOM) in the solutions. With respect to effluents from anoxic soil columns,? these initial OC/Fe

ratios were comparably low. This was chosen to prevent the formation of organic Fe(IIl)

complexes, which is reported at higher initial OC/Fe ratios.?® Organically complexed Fe(III) is

distinctly more available for microbial reduction,?’” and could therefore mask any effects by OM-

mediated alterations in Fh crystallinity and electron-shuttling. To remove residual nitrate from
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synthesis, all Fh suspensions were dialyzed (6 kDa; ZelluTrans T2, Roth, Germany) against

ultrapure water.

Analyses

The electron-accepting capacity of HA and efOM, i.e., the number of electrons transferred to the

redox-active constituents in a given aqueous solution, was quantified by mediated electrochemical

reduction.®® In brief, 9 ml glassy carbon cylinders served as both the working electrode and the

electrochemical reaction vessel. The reduction potential (E;) applied to the working electrode was

referenced against Ag/AgCl reference electrodes (Bioanalytical Systems Inc., USA), but is

reported vs. the standard hydrogen electrode. We used a Pt wire counter electrode in a counter

electrode compartment that was separated from the working electrode compartment by a porous

glass frit. Both the reference and the counter electrode compartment (filled with 1 mL of 0.1 M

KCl, 0.1 M phosphate, pH=7) were lowered into the glassy carbon cylinder (filled with 5.5 mL of

0.1 M KCl, 0.1 M phosphate, pH=7). The mediated electrochemical reduction was conducted at

E;=-0.49 V and used diquat dibromide monohydrate (99.5%, Supelco, USA; final concentration:

0.231 mM) as dissolved electron transfer mediator in the cell. The values for the electron-accepting

capacity were determined by integration of the reductive current peaks.3® Since efOM was exposed
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to the ambient atmosphere after its discharge from the soil column, we propose that it was re-

oxidized by O, before being assessed with electrochemical mediated reduction.?® 40

Powder X-ray diffractograms (XRD) of Fh specimens were obtained from freeze-dried,

mortared samples on Si(911) holders (Cu-Ka, 40 kV, 40 mA; D8 Advance, Bruker, Germany).

S’Fe Mossbauer spectroscopy was conducted at the Center of Applied Geosciences Tiibingen

(Eberhard-Karls-University, Germany). Spectra of the freeze-dried Fh samples were collected at

room temperature (295 K) and 5 K using a closed-cycle cryostat (Janis Research, USA). Selected

samples were measured at 70 K, which was identified in a separate test series as approximate

blocking temperature (Ty) of organo-mineral 6-line Fh. Mossbauer spectra were recorded in

transmission mode using a constant acceleration drive system (Wissel, Germany) with a source of

YCo in a Rh matrix. The spectra were calibrated against a measurement of o-Fe(0) foil at room

temperature and were evaluated with the Recoil software package using Voigt-based fitting.*! For

spectra obtained at room temperature and 5 K, we chose a single site model with two Gaussian

components to reflect the spectral asymmetries in the Mdssbauer spectra except for three samples,

where a two-site model was more appropriate (see discussion). For spectra obtained at 70 K, we

chose a two-site model to reflect the coexistence of a magnetically polarized (sextet) and non-
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polarized (doublet) component. Iron in efOM-containing soil effluents was analyzed with

inductively coupled plasma with optical emission spectrometry (725-ES, Varian). Contents of C,

N, S, O and H were determined with an elemental analyzer (Euro EA, EuroVector, Italy).

Microorganisms, media and reduction experiments

Geobacter sulfurreducens strain DSMZ 12127 42 was obtained from the German Collection of

Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). The strain was cultivated

using standard anaerobic techniques at 303 K in darkness under a N,/CO, (80/20, v/v) atmosphere.

The media composition for cell pre-cultivation, cultivation and harvesting is specified elsewhere

(Table S3). For the reduction experiments, 1.4 mL of concentrated cell suspension were added to

10 mL low salt mineral medium with trace elements and selenium-tungsten, which contained 11%

of the concentration of each compound compared to the (pre-)cultivation medium (Table S3E-H),

11 uM cAMP and 3.85 mM Na-acetate as C- and energy source. The suspensions were buffered

at pH~6.8 (TRIS-HCI; Merck). Dialysis of the Fh-containing microbial medium, which was

conducted for separate experiments (SpectraPor Biotech CE 20 kDa), revealed that the organic

constituents of the microbial medium were not associated with Fh. As opposed to Fh, the organic

molecules were completely removed from the dialyzed suspension. Phosphate was omitted in the

ACS Paragon Plus Environment

14

Page 14 of 44



Page 15 of 44

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

Environmental Science & Technology

media for reduction experiments to avoid the precipitation of vivianite. Stock suspensions with
OM-free and organo-mineral Fh were added to achieve 4 mM Fe in each batch. Considering the
microbial reduction of 8 mol Fe(IIl) to oxidize one mole acetate,! acetate was added in excess in
our reduction experiments. All reduction experiments were performed in triplicates. As positive
control, 30 mM Fe(Ill)-citrate (AppliChem; Germany) was added as electron acceptor instead of
Fh. Negative controls were conducted in absence either of Na-acetate or of G. sulfurreducens(0.22
um-filtered cell suspension) and did not show Fe(Il) formation (Figure S4). Aqueous Fe(Il) was
measured in triplicate with the ferrozine assay (560 nm; Wallac 1420 Viktor?® plate reader, Perkin
Elmer, USA).#3

Quantification of rates and extents of microbial Fe(III) reduction

We applied a pseudo 1% order rate equation (Eq.1) to describe the observed non-linear increase
of Fe(Il) according to:

de(t
Z(t) =k x (cmax — c(t)) (Eq.1)

where c(?) is the Fe(Il)-concentration (mM) at time ¢ (h), & is the rate constant (h'!), and cyz4xis

the Fe(Il) concentration (mM), to which ¢(?) converged during the reduction experiments. We

solved Eq.1 assuming c(?y)=cvz; i.e. the Fe(Il) concentration at the start of the experiment. ¢z
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cuax, and k were fitted against measured Fe(Il) concentrations using the Levenberg-Marquardt

algorithm for local optimization.** We calculated the 0.95-confidence interval of each fitted

parameter to compute the confidence interval of the predicted Fe(Il) concentrations. Assuming

that Fe(Il) production is exclusively coupled to Fh consumption, the half-life of Fh (77, h)

converging to the concentration of residual (non-reducible) Fh was calculated according to Eq.2.

In2
Ti2= 73 (Eq.2)
RESULTS AND DISCUSSION

Properties of effluent organic matter from anoxic topsoil (efOM)

Humic acids commonly facilitate the microbial reduction of iron (oxyhydr-) oxides, but the

extent to which these findings apply to redoximorphic soils remains unclear. Compared to HA

from anoxic groundwater, efOM from our soil column experiments reproducibly exhibited a very

different chemical composition. The combined masses of C, N, S, O and H accounted for only

79+3% of the mass of efOM, compared to ~91% of the mass of HA (Table 1). The remaining mass

of efOM is attributed to the abundance of residual nano-aggregated Fe-OM coprecipitates (Figure

S2). These precipitates contain poorly-crystalline Fh 2> and probably formed from Fe(II), which
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16

Page 16 of 44



Page 17 of 44

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

Environmental Science & Technology

resided in the effluent despite dialysis, due to the increase in effluent pH from 0.9 (acidified with

0.25 M HC) to 4.8 after dialysis against ultrapure water. Assuming that Fe present in the dialyzed

effluent was present as Fh,?’ the mass of Fh must have accounted for 21+2% in efOM (Table 1),

thereby closing the gap in efOM mass balance. The C/N ratios were clearly lower in efOM than in

HA. Assuming that amides are the dominant chemical form of nitrogen in OM from soils and

sediments,!” the relative content of peptides was likely higher in efOM than in HA, which was also

revealed by the corresponding '3C-NMR spectra (Figure S5). Absorbance bands characteristic of

proteins and polysaccharides were more pronounced in the FTIR spectra of efOM and of organo-

mineral Fh with efOM than in the spectra of HA and HA-associated Fh (Figure S6). efOM also

exhibited a comparably low C/S ratio (Table 1). Considering that efOM was mobilized under

sulfate-reducing conditions,?® it is possible that the elevated S content of efOM resulted from

reactions of H,S with organic molecules.*-4® Since HA was obtained from anoxic groundwater,>3

the C/S ratio was also low in comparison to ancillary OM references, which were retrieved under

oxic conditions (i.e., water-extractable OM; Table S4).

The electron-accepting capacity (EAC) of efOM was dominated by Fe(III) (Table 1), consistent

with complete reduction of Fe(Ill) in the residual, low-crystalline Fe-OM coprecipitates 2> as
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previously demonstrated for ferrihydrite.*” This conclusion was based on a close-to-exact match

between the number of electrons accepted by the dialyzed effluents and their molar Fe

concentrations (Table 1). We exclude the presence of Fe(Il) in the dialyzed effluent because Fe(II)

is expected to rapidly oxidize to Fe(Ill) after exposing the effluent to ambient air.>> Good

agreement between EAC values and molar Fe(III) contents implies that organic molecules in efOM

did not significantly contribute to the measured EAC values (EACpy in Table 1), likely reflecting

the absence (or very low concentration) of quinones and other reducible organic moieties in

efOM.*8 We evaluated the possibility of effluent Fe(IIl) concentration having masked otherwise

detectable contributions of reducible moieties in the efOM to EAC: if the efOM had exhibited an

EAC representative of terrestrial HA (1.5 mmol e* (g OM)!) or of terrestrial fulvic acids (0.8 mmol

e (g OM)"),®® these moieties would have increased the measured EAC values by 56+5% or

30+3%, respectively. Such contributions by organic moieties in efOM would have been readily

detectable by mediated electrochemical reduction. The absence of OM-mediated EAC was

generally reproduced for efOM from an ancillary anoxic topsoil (efOMyp[1] in Table S4).

However, the organic molecules in its independent replicate (efOMp[2]) exhibited a small EAC,

which was nevertheless clearly below our (Table S4) and reported EAC values 4% 4 for humic

ACS Paragon Plus Environment
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substances and batch water extracts from organic surface layers. As opposed to efOM, EAC values

of HA were dominated by organic redox-active moieties (Table 1).

We ascertain that the EAC of humic substances (and water-extractable OM) is significantly

higher than the EAC of OM that is likely available at anoxic-oxic interfaces in redoximorphic

soils, where electron-shuttling might be a particularly important process. Based on the measured

EAC values, we would therefore expect increased microbial Fe(IlI) reduction rates with increasing

amounts of HA, while efOM may rather passivate the Fh aggregate surface for electron uptake and

thereby slow down Fe(III) reduction.

Effect of efOM on the mineral properties of organo-mineral Fh

Besides (not) mediating electron transfers, OM may affect the microbial Fe(IIl) reduction by

altering the crystallinity of the iron (oxyhydr-)oxides in organo-mineral associations.?* 4 In our

study, the XRD patterns indicated that all syntheses produced 6-line Fh, irrespectively of whether

they were performed in the absence or presence of HA or efOM (Figure 1). Considering the

reflection width, we observed no consistent change in the long-range ordering of the Fh

crystallites. FTIR spectroscopy confirmed that all syntheses produced 6-line Fh (Figure S6). HA-

characteristic bands increased in the FTIR spectra of Fh-HA (adsorbed/co-precipitated) with
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increasing initial OC/Fe ratios during the Fh synthesis, consistent with increasing relative OM

contents in these specimens.

Mossbauer spectroscopy revealed (super)paramagnetic iron phases (doublets) at room

temperature and magnetically ordered iron phases at 5 K (sextets, Figure S7). The center shifts in

the room temperature spectra ranged between 0.33-0.36 mm s! (Table S5), which is in agreement

with the presence of Fe(IIl).’° The center shifts are within the range of reported low-crystalline

iron (oxyhydr-)oxides, which either reacted with efOM 2> or water-extractable OM '© or were

formed by redox cycles in tropical soils.>! Moreover, center shifts did not reveal a consistent trend

for Fh associated with HA or efOM via adsorption or coprecipitation at variable OM loadings.

Two Gaussian components were required to account for the asymmetry in the doublets and sextets,

except for three spectra recorded at room temperature (OM-free Fh; Fh with adsorbed HA and

with adsorbed efOM), where an additional component (collapsed sextet) was required to obtain

physically meaningful fits (Figure S7; Table S5). This could indicate an incipient magnetic

ordering already at room temperature, which may point to the presence of goethite in these

synthesized materials. If so, the relative contribution of goethite would be very low considering

the absence of goethite-specific reflections and bands in the XRD patterns (Figure 1) and FTIR
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spectra (Figure S6), respectively. The quadrupole splitting (AEq) contains the most information on

the intraparticle atomic order, which can be extracted from a Mossbauer spectrum 3% 33 and is

influenced by interactions of iron with other atoms in the mineral lattice.* Higher values of AE

correspond to a higher degree of distortion relative to a perfect polyhedral ligand electric field.>>

Such distortion arises due to the presence of foreign ligands other than O and OH, e.g., OM.!?

Although the mean values of AEg were consistently higher for organo-mineral Fh compared to

OM-free Fh, these —contrary to our expectations— were not consistently shifted towards higher

values for Fh coprecipitated with increasing amounts of HA (Table S5). The highest mean value

of AEq was observed for Fh coprecipitated with efOMg, which, however, was less pronounced in

its independent replicate (efOM,_cop in Table S5). The broad distributions of AEq were positively

skewed with most probable AEq of ~0.6 mm s'! and a strong tailing up to 1.5-2 mm s°!, with no

obvious dependence on the type and amount of added OM and the mode of association with Fh

(Figure 2A-B). Shifts in AEq, values towards higher values were previously reported when pure

iron (oxyhydr-)oxides were treated with stepwise increased concentrations of organic additives.!%

%6 Therefore, we infer that Mossbauer spectroscopy is generally capable of detecting such an OM-

induced distortion of Fh polyhedra. We therefore expect a similar degree of intraparticle order in
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all organo-mineral Fh of this study independent of the type and amount of added OM, while the

Fh polyhedra in OM-free Fh exhibit a higher degree of atomic order. Mean values of magnetic

hyperfine fields (Bys), which were derived from Mossbauer spectra recorded at 5 K, shifted

systematically to lower By¢ the more HA was coprecipitated with Fh. In contrast, no such decrease

was observed for Fh with increasing amounts of adsorbed HA (Table S5). A lower By at constant

AE points to a higher perturbation of crystallite interactions.”” OM is known to decrease the

crystallite interactions due to magnetic dilution.’ 8 Increased contents of such “foreign” species

in the iron precipitates will therefore shift the distributions of By to lower values. In our study,

two components with the same AEq and O, but variable By, were applied to fit the asymmetric

sextets in the 5 K spectra. The obtained Bysdistributions were negatively skewed and covered a

wide range of 41-53 T. According to our expectations, the coprecipitation of Fh with efOM and

HA shifted the Byg-distributions to lower values, while this effect was increasingly pronounced

with increasing amounts of HA (Figure 2D). In contrast, adsorption of neither efOM nor HA to Fh

shifted the Byps-distributions considerably (Figure 2C). Consequently, we assume decreased

crystallite interactions in organo-mineral Fh coprecipitated with efOM and HA. This is likely due

to the arrangement of OM molecules between Fh crystallites throughout the entire organo-mineral
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aggregate. Presumably, this was not the case if the OM molecules were associated with Fh

aggregate surfaces via post-aggregation adsorption. If single mineral phases are evaluated, the

blocking temperature (Ty) is inversely correlated to the content in impurities '%3% 60 and positively

correlated to the primary particle size of this Fe phase.>> We found that Ty was ~70 K for the

organo-mineral Fh from this study (Figure S7). At this temperature, the contribution of a

magnetically non-polarized component (doublet) was highest for Fh coprecipitated with efOM and

HA, followed by Fh adsorbed with efOM and HA, while OM-free Fh was still fully magnetically

ordered (Figure 2E, Figure S7). According to the Bys-distributions extracted from the 5 K spectra

(Figure 2C-D), this finding was in general agreement with the expected decrease in Ty due to

increasing impurities, which had lowered the crystallite interactions particularly in the Fh-efOM

and Fh-HA coprecipitates. However, while the Bydistribution of OM-free Fh (5 K spectra) was

nearly identical to those of Fh with adsorbed HA and efOM (Figure 2C), the latter specimens had

small, but reproducibly detectable contributions of a magnetically non-polarized component in

their 70 K spectra, which was completely absent in OM-free Fh (Figure S7). We cannot therefore

exclude that OM also altered the sizes of Fh primary particles (# aggregates) besides the

perturbation of Fh crystallite interactions. If so, primary particle sizes presumably increased in the
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following order according to the individual contributions of the doublet component in the 70 K

spectra: Fh_efOM,,, < Fh_HA_,, << Fh_HA 4 ~ Fh_efOM,4; << OM-free Fh.

Considering the inverse relation between abiotic reduction rates and Fh primary particle size,%!

we would expect a faster reduction of Fh that is coprecipitated with efOM and HA. Contrary, given

the invariable intraparticle atomic order in organo-mineral Fh, we would not expect an influence

by the OM type (HA vs. efOM), its relative content, and the mode of association (adsorbed vs.

coprecipitated), on microbial Fe(III) reduction rates driven by changes in the crystal order of Fh.

Microbial reduction experiments

The microbial reduction of OM-free Fh was relatively fast (half-life ~33 h), but incomplete, as

indicated by final Fe(II) concentrations that accounted for 50-80% of the total provided Fe(III)

(capaxin Figure 3E). The microbial reduction of Fh with adsorbed HA and efOM was consistently

slower (k in Figure 3E), which agrees with previous studies showing that OM passivated Fh

surfaces.!® 62 With increasing amounts of adsorbed HA, the microbial reduction accelerated to

some extent (Figure 3E). This finding can be rationalized by the beneficial effect of electron-

transfer shuttling by HA 33 above a certain threshold value.” '? It was speculated that Geobacter

does not use external electron shuttles in natural habitats rich in OM and iron (oxyhydr-)oxides '
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and that external electron-shuttling exerts a minor influence on the reduction of Fe-OM

associations.” Nevertheless, electron-shuttling improved the reduction of ferric minerals.?> 63 As

revealed by the lack of a substantial electron-accepting capacity, the organic molecules in efOM —

as opposed to HA- could not efficiently accept electrons. This finding supports the idea that efOM

passivated the Fh surface for electron uptake. As a consequence, the half-lives of Fh with adsorbed

efOM were increased by a factor of 4.8+1.2 compared to OM-free Fh, which was clearly higher

than the increase observed in treatments with similar amounts of added HA for adsorption to Fh

(Figure 3E).

The extent of Fh reduction increased to ~87% of the expected maximum Fe(II) concentration in

treatments with the highest addition of HA for adsorption to Fh, which was approximately twice

the extent observed for treatments with the lowest addition of HA for adsorption to Fh. If efOM

was adsorbed to Fh, complete Fh reduction occurred (Figure 3E). This particular finding

contradicts previous studies that reported lower extents of microbial Fe(IIl) reduction if water-

extractable OM and microbial exudates were added to iron (oxyhydr-)oxides.® Following the

Lewis-Hard-Soft-Acid-Base concept, which can be used to explain the affinity of metal ions to

bind to topsoil OM,* we resolve and explain the observed sustained microbial Fe(III) reduction
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with the specific capability of efOM to form complexes with biogenic Fe(Il). The scavenging of

(biogenic) Fe(Il) is known to extend the Fe(III) mineral reduction by attenuating the Fe(II)-induced

passivation of mineral surfaces and microbial cells 7-% and the Fe(II)-mediated recrystallization of

Fh to more stable Fe(IIl) minerals.®® Generally, Fe(II) is considered a comparably soft Lewis acid

with a low hardness parameter n, ¢’ that is effectively complexed by soft Lewis bases. Such soft

Lewis bases are organic ligands with N- and S-containing moieties,’® ® which are particularly

prevalent in anoxic peats 7 and had a higher affinity to Fe(Il) than O-containing moieties.%% 7!

Sulfate-reducing conditions very likely increased the abundance of S-containing moieties in efOM

and HA from anoxic groundwater (C/S in Table 1) presumably due to the reaction with H,S.%> 46

Interestingly, S-containing moieties were less abundant in ancillary OM specimens derived from

batch extractions with water (Table S4). Presumably, this water-extractable OM had not

encountered distinct anoxic conditions before and during extraction. The complexation of biogenic

Fe(Il) by HA during microbial Fe(Ill) reduction is in line with the increasing extents of Fh

reduction with increasing amounts of added HA independent on the mode of its association with

Fh (Figure 3E).
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The fastest microbial reduction was reproducibly observed for Fh that was coprecipitated with

efOM, exceeding the rate constant of OM-free Fh by a factor of 1.48+0.04. Compared to HA at

similar initial OC/Fe ratios, the reduction was faster by a factor of ~3. The reduction of Fh

coprecipitated with efOM was nearly complete (93+3% of the expected maximum Fe(II)

concentration), yet less exhaustive than in the treatments with adsorbed efOM, in which Fe(III)

was entirely reduced to Fe(Il) (Figure 3E). We attribute the more sustained Fe(I1I) reduction in the

latter treatments to the higher relative concentration of efOM, which likely resulted in a higher

total capacity to form complexes with biogenic Fe(Il) and thus to sustain the microbial Fe(III)

reduction.

Besides OM-mediated electron transfer, changes in iron (oxyhydr-)oxide crystallinity, and

scavenging of biogenic Fe(II), OM may also affect the aggregation properties of iron (oxyhydr-

yoxides.” 73 This effect is relevant considering the inverse correlation of Fe(IIl) reduction by

Geobacter metallireducens vs. aggregate size.’ Based on the following observations, we could not

find such a relation in our study: i) Initially, OM-free Fh was dispersed and composed of

aggregates with sizes mainly <10 nm (Figure S8). However, when exposed to the microbial

medium, settling aggregates >1 um formed, albeit with comparably short half-lives in the reduction
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experiments (Figure 3E). ii) The HA-Fh coprecipitates were composed of settling aggregates at all

initial OC/Fe ratios but exhibited decreasing half-lives with increasing relative abundance of HA.

iii) Fh with adsorbed HA (initial OC/Fe=0.96 molc/molg.) was partly dispersed (Feass

um/Ferorar=0.18; data from dynamic light scattering: dy;=56+8 nm and d,=684+192 nm), but

was nevertheless more slowly reduced than the settling aggregates of HA-Fh coprecipitates.

Consequently, we could not define a consistent relationship between microbial Fe(III) reduction

rates and the actual aggregate sizes of (organo-mineral) Fh.

In summary, mobile OM from anoxic topsoil (efOM) i) accepts electrons to a much lesser extent

than HA from anoxic groundwater and water-extractable OM from batch extractions, ii) likely

strongly binds Fe(Il) involving N and S-containing moieties (like HA from anoxic groundwater),

and iii) is incorporated in Fh aggregates, which possibly decreases the Fh primary particle size if

coprecipitated with Fh (like HA). This resulted —among all tested Fh specimens— in the

reproducibly fastest, and nearly complete, microbial reduction of Fh coprecipitated with efOM.

ENVIRONMENTAL IMPLICATIONS
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As indicated by our study, Fe(III)-OM coprecipitates that form at anoxic-oxic interfaces in soils

are likely readily and completely reducible by Fe(Ill)-reducing bacteria. This results from OM

inferring with the Fe mineral crystallinity and likely scavenging the potential surface passivator

Fe(II), but not from electron-shuttling to mineral Fe(III). This is attributed to the properties of the

likely available OM in these environments, which is comparably rich in N- and S-containing

moieties, but only has a negligible capacity to accept electrons. An OM-mediated deceleration of

the microbial Fe(III) reduction is likely to be expected only in cases when this OM accumulates

on the surface of iron (oxyhydr-)oxides; a process that passivates the surface for further electron

uptake due to an electron non-conducting layer. Generally, pedogenic Fe(III)-OM coprecipitates

were found to become quickly and completely reduced,’® and other work suggests reducibility is

maintained or increased through reduction and oxidation events.!

Our work suggests that OM, which is mobile in anoxic soil regions, may contain much fewer

electron-accepting moieties than previously studied OM specimens. This finding is restricted to

mobile OM and excludes solid-phase OM, which has a composition different from efOM !¢ and

was previously shown to contain redox-active moieties both in wetlands 77 and freshwater

sediments.”® However, electron-shuttling by OM and thus OM-enhanced microbial reduction of
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mineral Fe(IIl),® relies on mobile electron acceptors in the OM sensu stricto. Colloidal iron

(oxyhydr-)oxides could principally act as alternative electron shuttles at anoxic-oxic interfaces in

redoximorphic soils. However, it was shown that these Fe(Ill)-rich aggregates can remain

colloidally stable if formed in soil effluents outside of soils,> but are likely to be completely

immobilized if precipitated at anoxic-oxic interfaces within soils.?® Consequently, we propose that

neither Fe(IlI)-OM coprecipitates nor dissolved OM are likely effective electron shuttles in

redoximorphic soils due to their immobility or negligible electron-accepting capacities,

respectively.

Microbial processing of efOM (i.e., its oxidation) will likely affect its functionality, which was

not considered in the experimental design of this study. In our study, acetate was added in excess

and was likely preferred over efOM or HA as carbon and energy source by G. sulfurreducens

during the incubations.” Furthermore, autochthonous microbial communities —unlike Geobacter-°

might produce endogenous electron-shuttling compounds, which could compensate for the lack

(or low abundance) of electron-accepting moieties in efOM. Finally, flow and transport processes

along variable gradients are prominent in soils and aquifers and tremendously affect the removal

of biogenic Fe(Il) and therefore increase the extent of microbial iron (oxyhydr-)oxide reduction
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462  and associated bacterial growth.®? The sustaining of the microbial Fe(II) reduction by efOM-

463  mediated Fe(Il)-complexation might therefore be superimposed by advective flow in natural

464  porous media.
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467 Contains details on i) the used topsoil material, ii) the design of the soil column experiment and

468  the microbial reduction experiments, iii) the efOM ('*C-NMR spectra, FTIR spectra, XRD

469  patterns), iv) the properties of ancillary OM specimens for comparison purposes, v) the measured

470  Mossbauer spectra and corresponding fits, and vi) the aggregate properties of OM-free Fh.
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Table 1. Contents of C, N, S, O, H and ferrihydrite (Fh), and electron-accepting capacities (EAC)

of humic acids (HA) from anoxic groundwater and soil effluent organic matter (efOM) from an

anoxic topsoil of a floodplain site (Table S1). sp: independent replicates.

Normalization to OC concentrations invalid as EAC was dominated by Fe(III).

sample | C N S o) H > |C/N C/S| Fhe measured EAC EACo\
mmol e mol e umol e

gke’ ggl |ekell 100y (molFey! | (gOM)

HA |537 3.6 16.5¢ 309 442 911|149 33 25.6£0.3 124.0£1.6 | 1134+15
efOM, (302 9.9 14.3¢ 3854 4754 759 | 31 21 | 222 1.01£0.01 27433
efOMg [ 339 16.3 16.1° 3944 4744 813 [ 21 21 | 191 1.0240.01 42421

aestimated from the OC/Fe concentration ratios in the corresponding effluents; assumptions: all Fe bound
in 21-Fh and My, = 195.7 g mol'! (Fe,0522H,0)8!

bcorrected for contribution of Fe(III) to EAC (assuming Fe,y, = Fe(Il)): EACoy = (EAC (umol e- L) -
Fe (umol L)) /OM (g L)

¢ sulfate detected with ion chromatography — subtracted from total-S

dincludes contributions from coexistent organo-mineral ferrihydrite
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Figure 1. Powder X-ray diffraction patterns of OM-free and organo-mineral ferrihydrite with

adsorbed (ads) and coprecipitated (cop) organic matter (OM). efOM: soil effluent OM from an

anoxic topsoil of a floodplain site (Table S1). 55: independent replicates. HA: humic acid from

anoxic groundwater. The values in the sample name denote the molar OC/Fe ratio, which was set

in the corresponding suspension. Black bars depict the powder diffraction reference file of 6-line

ferrihydrite.3?
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737  Figure 2. Probability distributions of (A, B) the quadrupole splitting (AEq) and (C, D) of the

738  magnetic hyperfine field (Bys) obtained from the fitted Mdossbauer spectra of the OM-free and

739  organo-mineral ferrihydrites recorded at room temperature and 5 K, respectively. (E) Proportion

740  of the doublet- and sextet-component required to fit Mossbauer spectra recorded at 70 K (near

741  blocking temperature; Figure S7, Table S5). ads: adsorbed organic matter (OM). cop:

742 coprecipitated OM. efOM: soil effluent OM from an anoxic topsoil of a floodplain site (Table S1).

743 Asp: independent replicates. HA: humic acid from anoxic groundwater. +: standard deviation. The
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values in the sample name denote the molar OC/Fe ratio, which was set in the corresponding

suspension.

OC/Fe
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Figure 3. (A-D) Evolution of Fe(Il) during the microbial reduction of ferrihydrite (Fh) with

adsorbed (ads.) and coprecipitated (cop.) organic matter (OM). HA: humic acid from anoxic

groundwater. efOM: soil effluent OM from an anoxic topsoil of a floodplain site (Table S1). a/:

independent replicates. Symbols depict mean values of three replicate experiments. Solid / dashed
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lines depict the prediction of mean Fe(Il) concentrations and corresponding 95% confidence

intervals, respectively, on basis of fitted &, cy4x and ¢y (Eq 1.). (E) Rate constants (Knormalized)s

the corresponding half-life of Fh (stalic values) and maximum Fe(Il) concentrations

(CMAX_normalized)s Which parameterize the observed microbial reduction of OM-free (reference) and

organo-mineral Fh. The values in the sample description denote the molar OC/Fe ratio, which was

set in the corresponding suspension. & was normalized to the reduction rate of the corresponding

OM-free Fh (reference). cy;4x was normalized to the total Fe concentration, which was expected

in each treatment (Fe from Fh + Geobacter inoculum (Table S3) + residual Fe in efOM (Figure

S2)). Error bars and “+” denote the standard error.

microbial
Fe(I1I)

= +
AN / reduction
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ti it
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