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Interactions between magnetite 
and humic substances: redox reactions 
and dissolution processes
Anneli Sundman1* , James M. Byrne1, Iris Bauer1, Nicolas Menguy2 and Andreas Kappler1

Abstract 

Humic substances (HS) are redox-active compounds that are ubiquitous in the environment and can serve as elec-
tron shuttles during microbial Fe(III) reduction thus reducing a variety of Fe(III) minerals. However, not much is known 
about redox reactions between HS and the mixed-valent mineral magnetite  (Fe3O4) that can potentially lead to 
changes in Fe(II)/Fe(III) stoichiometry and even dissolve the magnetite. To address this knowledge gap, we incubated 
non-reduced (native) and reduced HS with four types of magnetite that varied in particle size and solid-phase Fe(II)/
Fe(III) stoichiometry. We followed dissolved and solid-phase Fe(II) and Fe(III) concentrations over time to quantify 
redox reactions between HS and magnetite. Magnetite redox reactions and dissolution processes with HS varied 
depending on the initial magnetite and HS properties. The interaction between biogenic magnetite and reduced HS 
resulted in dissolution of the solid magnetite mineral, as well as an overall reduction of the magnetite. In contrast, a 
slight oxidation and no dissolution was observed when native and reduced HS interacted with 500 nm magnetite. 
This variability in the solubility and electron accepting and donating capacity of the different types of magnetite is 
likely an effect of differences in their reduction potential that is correlated to the magnetite Fe(II)/Fe(III) stoichiometry, 
particle size, and crystallinity. Our study suggests that redox-active HS play an important role for Fe redox speciation 
within minerals such as magnetite and thereby influence the reactivity of these Fe minerals and their role in biogeo-
chemical Fe cycling. Furthermore, such processes are also likely to have an effect on the fate of other elements bound 
to the surface of Fe minerals.
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Introduction
Iron (Fe) is a ubiquitous, redox-active element that con-
stitutes a significant fraction of the Earth’s crust and 
plays an important role in controlling the fate of numer-
ous nutrients and toxic elements [1]. Humic substances 
(HS) are highly abundant in aquatic and terrestrial eco-
systems and can undergo a number of reactions with Fe, 
e.g. form complexes with both Fe(II) and Fe(III) via car-
boxyl groups [2] and sorb to mineral surfaces [3]. HS are 
also redox-active [4, 5] with multiple redox-active func-
tional groups including quinone and phenolic groups 

[6–10] and can donate electrons to a number of dissolved 
and solid Fe(III) compounds [2, 11–15] resulting in the 
reduction and subsequent dissolution of minerals. Dis-
solved and solid-phase HS can also serve as electron 
acceptors or donors for microorganisms [4, 16], resulting 
in reduced HS whose prevalence vary with the microbial 
community, but is expected to be abundant in environ-
ments such as reduced sediments and water logged soils. 
Finally, HS can act as electron shuttles between bacte-
ria and Fe(III) minerals in microbially mediated Fe(III) 
reduction [17, 18].

The capacity for HS to donate electrons to Fe(III) com-
pounds is correlated to the reduction potential of the 
Fe(III) electron acceptor. Whereas HS have been shown 
to reduce several Fe(III) minerals, similar electron trans-
fer reactions have not been demonstrated between humic 
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substances and Fe(II)-containing minerals such as mag-
netite  (Fe3O4). Magnetite has a standard redox poten-
tial of −  314  mV (for the redox couple  Fe2+/α-Fe3O4, 
 [Fe2+] = 10 µM, [19]), which is within the lower end of 
reported redox potentials for redox-active moieties pre-
sent in HS (+  0.15 to −  0.3  V relative to the standard 
hydrogen electrode [20]). The low reduction potential 
of magnetite suggests that magnetite can act as a good 
reductant but not as a good electron acceptor for elec-
tron transfer from humic substances or microorganisms 
although in a few cases also microbial reduction of mag-
netite has been described [21–23]. Additionally, it was 
recently shown that magnetite can be both oxidized and 
reduced via Fe(II)-oxidizing and Fe(III)-reducing bacte-
ria in a cyclic manner using the magnetite as a biogeo-
battery [24]. Furthermore, magnetite can be oxidized 
during reduction of selenite [25] or chlorinated com-
pounds [26]. Magnetite reactivity depends on Fe(II)/
Fe(III) stoichiometry [27], particle size [28, 29] and the 
presence of organics [28, 30]. However, it is unknown 
whether redox reactions between magnetite and HS can 
occur and if HS can induce mineralogical changes in the 
magnetite reflected by differences in particle size, Fe(II)/
Fe(III) stoichiometry or magnetic susceptibility (MS). 
In order to tackle these questions, we have investigated 
redox reactions between HS and four different types of 
magnetite that were synthesized in biogenic and syn-
thetic approaches. Magnetite was incubated with native 
or chemically reduced HS. We followed reduction and 
dissolution of magnetite as well as redox changes in both 
aqueous Fe species and solid Fe phases over time via 
wet-chemical and Mössbauer spectroscopic Fe(II) and 
Fe(III) quantification coupled with measurements of MS. 
Furthermore, the solid phase magnetite was character-
ized using transmission electron microscopy (TEM) and 
micro X-ray diffraction (µXRD) to determine potential 
mineralogical changes during redox reactions.

Materials and methods
Source of HS, preparation of HS solutions 
and quantification of HS sorption
Pahokee Peat humic acid Reference 1R103H2 was pur-
chased from the International Humic Substances Soci-
ety (IHSS). HS stock solutions (1  g/L) were prepared 
freshly for each experiment following ref [31] but using 
22  mM bicarbonate buffer instead of 50  mM phos-
phate buffer to avoid the potential formation of vivian-
ite  (Fe3(PO4)2·8H2O). The final HS concentration in the 
experiments was 0.6  g/L. For chemical reduction, solu-
tions of HS were incubated with  H2/Pd (0.5% Pd, Acros 
Organics) as described previously [17, 32]. HS solu-
tions were kept in the dark throughout the experiments. 
Sorption of HS to magnetite was analyzed by DOC 

quantification (high DOC Elementar instrument, Ele-
mentar Analysensysteme GmbH, Hanau).

Preparation and characterization of magnetite suspensions
Four different types of magnetite, of which all represent 
environmental magnetite, were synthesized in an anoxic 
glovebox. The 13  nm biogenic magnetite was synthe-
sized according to ref [33], and the 7, 13 and 500  nm 
chemically synthesized magnetite particles according 
to refs [29], [34], and [35] respectively and character-
ized via µXRD and Mössbauer spectroscopy as outlined 
in “Magnetic and mineralogical measurements” below. 
Magnetite suspensions were stored in anoxic Milli-Q 
(MQ)  H2O in crimped-sealed serum flasks and kept in 
the dark. 10 mM magnetite stocks in 22 mM bicarbonate 
buffer, pH 7, were prepared a minimum of 2 weeks prior 
to experiments since preliminary experiments (data not 
shown) showed significant changes in MS of the magnet-
ite immediately after suspension in bicarbonate buffer. 
This effect was likely due to leaching of Fe(II) from the 
solid phase. The bicarbonate buffer equilibrated mag-
netite samples were characterized using ferrozine [36], 
µXRD and TEM (Table  1). The BET analysis was con-
ducted on samples stored in anoxic Milli-Q and the sur-
face area was analysed with a Micromeritics ASAP 2000 
instrument and ASAP 2010 software. The final magnetite 
concentration in the experiments was ca. 4 mM  Fe3O4 or 
about 1 g/L.

Quantification of magnetite dissolution and redox changes 
in the presence of HS
Glassware used in the HS-magnetite experiments was 
acid washed and sterilized in an oven at 180  °C for 4 h. 
All other equipment (e.g. pipet tips and butyl stoppers) 
was autoclaved (121 °C). To avoid mineralogical changes, 
no attempts to sterilize the magnetite were employed. 
Magnetite dissolution and redox changes were quantified 

Table 1 Solid phase characteristics for  the four types 
of magnetite used in the experiments

a Based on ferrozine analysis of the solid phase equilibrated in bicarbonate 
buffer
b Based on TEM analysis of bicarbonate buffered sample
c Based on X-ray diffraction analysis of bicarbonate buffered sample
d On magnetite samples stored in anoxic MQ  H2O

Magnetite Fe(II)/Fe(III)a Size (nm)b Size (nm)c BET surface area 
 (m2/g)d

Biogenic 0.40 ± 0.01 13.6 ± 2.1 11.4 53.7

13 nm 0.37 ± 0.01 13.2 ± 2.4 12.1 64.6

7 nm 0.21 ± 0.01 7.1 ± 1.2 6.6 156.3

500 nm 0.53 ± 0.03 524 ± 156 N/A 10.7
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in batch experiments where anoxic magnetite suspen-
sions were mixed with native and reduced HS solutions 
under anoxic conditions in a glovebox. After closing the 
bottles with air-tight butyl rubber stoppers and crimping, 
the headspace was exchanged to  N2/CO2 and the bottles 
were placed on rolling shakers in the dark at room tem-
perature outside of the glovebox. Control experiments 
were run in parallel with either HS (native and reduced) 
or each of the four magnetites only in order to quantify 
Fe(II) and Fe(III) leaching from HS or magnetite. The 
experiment was setup with sacrificial bottles in tripli-
cate for each time point (0, 2, 24, 48 h, 7, 14 and 28 days). 
The samples were analyzed via sequential extractions at 
the selected time points to quantify Fe(II) and Fe(III) in 
the dissolved and solid phase. The liquid phase was ini-
tially separated from the solid phase, before a phosphate 
extraction (5  mM at pH 7.5) was conducted to remove 
HS from the mineral surfaces (including HS-bound Fe) 
to avoid HS-induced redox reactions upon acidification. 
Loosely bound Fe(II) was extracted by employing an ace-
tate extraction (0.5  M, pH 4.9). All liquid samples were 
stabilized with 1 M anoxic HCl. The solid phase was dis-
solved in 6 M anoxic HCl overnight. The next day, anoxic 
MQ  H2O was added to the samples before they were 
taken out of the glovebox since  O2 can oxidize Fe(II) in 
6  M HCl under oxic conditions [37]. All samples were 
analyzed for Fe(II) and  Fetot by the spectrophotomet-
ric ferrozine assay [36]. The dissolved Fe concentrations 
reported in the manuscript hereafter are the sum of the 
Fe present in the supernatant, phosphate and acetate 
extraction. To facilitate the discrimination between dis-
solved and solid phase Fe, roman numerals (i.e. Fe(II) and 
Fe(III)) denote Fe present in the solid form while super-
script (i.e.  Fe2+ and  Fe3+) denote Fe present in dissolved 
form.

Magnetic and mineralogical measurements
The MS was measured with a KLY-3 Kappabridge device 
(Agico Co., Brno, Czech Republic) as described in ref 
[38]. The bottles were shaken vigorously before each MS 
measurement. The triplicate samples for MS measure-
ments were pooled after the last measurement (i.e. after 
2 months) and analyzed by µXRD and Mössbauer spec-
troscopy. µXRD samples were prepared by centrifuging 
the samples, separating the supernatant from the pellet 
and then drying the solid phase in an incubator (28 °C) in 
an anoxic glovebox. The solid samples were then ground, 
mounted and transported under anoxic conditions. Data 
was collected with a Bruker D8 Discover XRD instru-
ment (Bruker, Germany) equipped with a Co Kα X-ray 
tube, (λ = 0.17,902 nm, 30 kV, 30 mA) and GADDS area 
detector [39]. The crystalline minerals in the samples 
were identified via comparison with reference samples 

from the International Center for Diffraction Data data-
base. The average crystallite sizes were calculated using 
the Scherrer equation [40]. For each sample in the series, 
57Fe Mössbauer spectra were obtained at 140  K with 
additional spectra recorded at 77  K for the 7  nm sam-
ples. Samples were prepared inside an anoxic glovebox 
(100%  N2) by filtration (0.45 µm mixed cellulose esters). 
The filter papers loaded with sample were sealed anoxi-
cally between two layers of Kapton tape and kept in 
anoxic bottles until measurement. Samples were loaded 
into a closed cycle exchange gas cryostat. The Mössbauer 
spectrometer (WissEL) was operated in transmission 
mode, with a 57Co/Rh source driven in constant accel-
eration mode and calibrated with a 7  µm thick α-57Fe 
foil measured at room temperature, which was also used 
to determine the half width at half maximum (fixed to 
0.128 mm/s during fitting). Fitting was carried out using 
Recoil (University of Ottawa) with the Voigt based fit-
ting routine [41]. The spectra were fitted and the Fe(II)/
Fe(III) ratio in the magnetite was determined based on 
the approach outlined by Gorski and Scherer [42].

Samples for TEM were prepared under identical condi-
tions as the samples for ferrozine and MS analysis. High-
resolution transmission electron microscope (HR-TEM) 
observations were performed on a JEOL 2100F micro-
scope operating at 200 kV and equipped with a Schottky-
emission gun, a high-resolution UHR pole piece, and a 
Gatan US4000 CCD camera. A drop containing the mag-
netite particles was taken from the anoxic flask using a 
syringe and deposited onto a carbon-coated 200 mesh 
copper grid. Excess water was removed with an absorb-
ing paper and the remaining water was pumped in the 
airlock chamber of the microscope. Particle sizes were 
determined in ImageJ where the length of ca: 250 parti-
cles/sample were measured before being averaged.

Results and discussion
Characterization of the magnetite starting material
The magnetite starting material had particle sizes rang-
ing from 7 to 524  nm with different Fe(II)/Fe(III) ratios 
(0.21–0.53) and BET surface areas between 10.7 and 
156.3  m2/g (Table  1). The particles also varied in shape 
with smaller particles exhibiting spherical morphology 
whereas the 500  nm magnetite had a more cubic shape 
(Fig.  1). The biogenic magnetite, 7  nm magnetite, and 
13  nm magnetite displayed similar sizes and morpholo-
gies as the particles described in the used protocols [29, 
33, 34], whereas the 500  nm magnetite was larger than 
the particles reported by [28]. Three of the starting mag-
netite samples were oxidized to varying degrees relative 
to stoichiometric magnetite which has a Fe(II)/Fe(III) 
ratio of 0.5 (Table 1). Fe(II)-leaching by water as well as by 
rapid rinsing with an acidic solution has previously been 
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reported [27, 28] and has been attributed to a release of 
surface bound Fe(II). Therefore, the pre-equilibration of 
the magnetite samples in anoxic bicarbonate buffer is a 
likely cause of the Fe(II)/Fe(III) ratios lower than 0.5. The 
smaller surface/volume ratio of the 500  nm magnetite 
probably reduced the extent of magnetite oxidation and/
or Fe(II)-leaching by the bicarbonate buffer. Furthermore, 
the protocol for the 7 nm magnetite has been reported to 
produce highly oxidized magnetite particles [28]. Magnet-
ite present in the environment may also become oxidized 
via exposure to bicarbonate present in the soil solutions.

Magnetite dissolution and Fe(II)‑leaching in the absence 
of humic substances
Despite the pre-equilibration of magnetite in a bicar-
bonate buffer, further suspension of the magnetite 

suspensions in bicarbonate buffer resulted in an initial 
release of Fe(II) into solution, i.e. the formation of  Fe2+ 
from the four magnetites. The initial  Fe2+ concentra-
tions of 84–1265  µM (0.7–17% of total Fe) dropped 
within the first 2 days and thereafter remained constant 
at 4–864 µM for the duration of the experiment (Fig. 2). 
The dissolved  Fe2+ concentrations present in a 22  mM 
bicarbonate buffer exceeded the solubility of sider-
ite which was observed to precipitate for the biogenic 
magnetite setup where the highest  Fe2+ concentrations 
occurred (Additional file 1: Table S1). The Fe(II) release 
was most pronounced for the biogenic and 13 nm mag-
netite and the drop of ca. 500–800  µM  Fe2+ and con-
current incorporation into the solid phase resulted in 
an apparent increase in solid-phase Fe(II)/Fe(III) ratio 
from 0.40 ±  0.01 (initial) to 0.43 ±  0.011 (after 2  days) 

Fig. 1 Transmission electron micrographs (bright field) of the initial magnetite particles: a biogenic magnetite, b 13 nm magnetite, c 7 nm magnet-
ite, and d 500 nm magnetite
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and 0.37 ± 0.0062 (initial) to 0.39 ± 0.0028 (after 2 days) 
for the biogenic and 13 nm magnetite respectively (Addi-
tional file 1: Figure S1). The 7 nm magnetite had a drop 
of ca. 140 µM  Fe2+ and a much smaller change in solid-
phase Fe(II)/Fe(III) ratio (Additional file  1: Figure S1). 
We think that the  Fe2+ is incorporated into the solid 
phase since sorbed  Fe2+ would have been extracted with 
the 0.5  M NaAc used in our extraction scheme. Apart 
from the decrease in aqueous  Fe2+ during the first days 
of experiments, the control experiments containing 
magnetite only (without HS), had quite stable  Fe2+ con-
centrations in the range of ca. 25–250  µM except for 
the biogenic magnetite where the  Fe2+ concentration 
was around 800  µM (Fig.  2). Poulton and Canfield [43] 
reported almost no dissolution of magnetite after 24  h 
extraction with 1 M sodium acetate at pH 4.5 whereas we 
observed 3–12.5% dissolution of the nanosized magnet-
ite particles after 30 min of extraction with 0.5 M sodium 
acetate at pH 4.9. Furthermore, our nanoparticles could 
be dissolved in 1  M HCl and rapidly dissolved in 6  M 
HCl, whereas the 1  M hydroxylamine-HCl extraction 

used by Poulton and Canfield resulted in incomplete 
magnetite dissolution [43]. These differences might be 
caused by different dissolution kinetics which were much 
faster for the magnetite particles in this study compared 
with those of Poulton and Canfield. These differences 
highlight the size- and potential crystallinity depend-
ent reactivity of magnetite observed in our experiments 
when comparing the nanoparticles with the 500 nm mag-
netite, which shows a similar reactivity as the natural and 
synthetic magnetite in the Poulton and Canfield paper 
[43].

Magnetite dissolution and Fe(II)‑leaching in the presence 
of humic substances
Control experiments with HS solutions (without magnet-
ite) showed Fe(II)-leaching of < 40 µM (Additional file 1: 
Figure S2). Incubation of biogenic magnetite and 13 nm 
and 7  nm synthetic magnetites with native/reduced HS 
resulted in dissolution of the solid phase and a concur-
rent increase in dissolved  Fe2+ and/or  Fe3+ (Fig. 3). Ear-
lier studies have shown that magnetite can be microbially 
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reduced [23, 44], but to the best of our knowledge this 
is the first study showing that magnetite can also be dis-
solved and reduced abiotically by HS. The highest mag-
netite dissolution rates were observed during the first 
2  days of the experiment (Fig.  3), but the dissolved Fe 
concentrations were still increasing by 28  days when 
the experiment was terminated. Most magnetite was 

dissolved in the setup where biogenic magnetite was 
incubated with reduced HS. Reduced HS has previ-
ously been reported to have a higher electron donating 
capacity than native HS [13]. Dissolved  Fe2+ and  Fe3+ 
increased by a total of ca. 4.8 mM over the course of the 
experiment and more than twice as much Fe was present 
in the dissolved than in the solid phase (Fig. 3b) for the 
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biogenic magnetite reacted with reduced HS. Smaller 
particle sizes (i.e. 7 and 13  nm magnetite) and oxidized 
solid phase (i.e. 0.21 for the 7  nm magnetite, Table  1) 
favour mineral dissolution, but still none of the synthetic 
magnetite particles displayed similar magnetite dissolu-
tion as the biogenic magnetite (Fig. 3).

No dissolution was observed for the stoichiometric 
500 nm magnetite (Additional file 1: Figure S4, Table S3). 
This is in accordance with the assumption that HS medi-
ated magnetite dissolution is a size-dependent process 
with the 500  nm magnetite having the smallest specific 
surface area, 10.7 m2/g compared with 53.7–156.3 m2/g 
for the other magnetites used in these experiments 
(Table  1). This agrees with a recent study by Swindle 
et al. [28] who showed that abiotic magnetite dissolution 
increased with decreasing particle size in the absence of 
organics. However, they also suggested that organic coat-
ings of the mineral surface protects particles from dis-
solution, which is in contrast to our observations. This is 
likely due to the large differences in magnetite concentra-
tion and the initial ratio between dissolved Fe and solid 
phase Fe in our study compared to that reported in Swin-
dle et al., which is a parameter known to affect the reac-
tivity of magnetite [27, 45, 46].

The contribution of newly formed solid phases in our 
experiments during the incubation with HS was most 
likely minor as no other crystalline phase was detected 
by µXRD (Additional file 1: Figure S3). Furthermore, HR-
TEM observations show that the magnetite crystallinity 
was conserved throughout the experiment (Additional 
file  1: Figure S5). However, both  Fe2+ and  Fe3+ form 
strong complexes with HS and therefore, thermodynami-
cally driven dissolution and subsequent complexation 
reactions can be important pathways for the observed 
magnetite dissolution. The observed dissolution of mag-
netite particles was also supported by particle size analy-
sis via µXRD showing a decrease in particle size over time 
(Additional file  1: Table S2). TEM particle size analysis 
also showed a weak trend with decreasing particle size 
over time, however, the associated standard deviations 
were quite big and sometimes overlapping. Interesting to 
note is that the level of HS adsorption does not seem to 
correlate with the dissolution of magnetite as there are no 
clear time-trends as regards the HS adsorption, which is 
in contrast to the time-dependent magnetite dissolution 
(Figs. 3, 4). Less than 50% of the HS were bound to the 
mineral surfaces. Therefore a plausible explanation for 
the observed trend, i.e. the lack of correlation between 
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the level of HS adsorption and magnetite dissolution, is 
that HS molecules from solution replace HS molecules 
bound to mineral surfaces as both complexation in aque-
ous phase and sorption to mineral surfaces depend on 
HS properties. This exchange could lead to minor sterical 
hindrance and hence a higher density of sorbed HS upon 
dissolution and subsequent Fe(II) and Fe(III) complexa-
tion [47, 48].

Redox reactions between magnetite and HS—
characterization of the solid phase
Decreases and increases in MS have previously been 
linked to magnetite oxidation and reduction [24], but 
may also change as a result of mineral dissolution or for-
mation of superparamagnetic particles which have higher 
MS than larger single domain magnetite [49]. The MS 
decreased in all samples except for the biogenic magnet-
ite that was incubated with native HS and reduced HS 
(Fig. 5). This suggests that all other solid phases were oxi-
dized over time, whereas the solid phase biogenic mag-
netite became reduced in the presence of HS and reduced 
HS. The solid phase Fe(II)/Fe(III) ratios determined for 

the 6  M HCl extracted solid phases also indicate simi-
lar oxidation and reduction of the solid phases (Table 2, 
Fig. 6c). The main discrepancy in the determined Fe(II)/
Fe(III) ratios between the MS and ferrozine analyses is for 
the 13 nm magnetite incubated with reduced HS where 
the MS measurements indicated more or less no net 
redox reaction but the Fe(II)/Fe(III) ratio determined via 
ferrozine analysis on the 6 M HCl dissolved solid phase 
indicated a minor reduction of the magnetite. Further-
more, the changes in Fe concentrations and MS seemed 
to occur on the same time-scale in this case (Figs. 2, 3).

The solid phase magnetite characterization using 
Mössbauer spectroscopy showed a satisfactory agree-
ment with the trends already discussed, i.e. dissolution 
of magnetite, reduction and oxidation of solid phase and 
variable effects of the presence and absence of HS and/or 
reduced HS (Fig. 6, Additional file 1: Table S4). The Möss-
bauer spectra for the biogenic magnetite are characteris-
tic of magnetite with two clear sextets corresponding to 
tetrahedral (A) and octahedral (B) Fe sites [50]. All start-
ing samples exhibit similar characteristics to each other 
(Additional file 1: Table S1). Fitting of the data suggests 
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that the biogenic magnetite sample incubated with 
reduced HS for 2 months is the most reduced sample in 
the series (Additional file  1: Table S4). Contrary to the 
µXRD which only indicated the presence of magnetite 
in these samples, additional doublets were present in the 
Mössbauer spectra for all biogenic samples correspond-
ing to siderite,  FeCO3. This component accounted for 
1.8–5.3%. However, siderite has been reported to dissolve 
to a high extent in sodium acetate [43], therefore we do 
not expect the presence of a minor fraction of siderite to 
cause a large underestimation of magnetite dissolution. 
Among the 13  nm magnetite samples, all but the one 
incubated with HS show similar characteristics in their 
solid phase (Fig. 6, Additional file 1: Table S4). The 13 nm 
magnetite incubated with HS for 2  months shows an 
apparent decrease in the relative contribution of octahe-
dral  Fe2.5+ (B) site which could suggest a certain degree of 
oxidation which is in line with the MS results (Fig. 5 and 
Additional file 1: Table S4) and solid phase Fe(II)/Fe(III) 
analysis (Additional file  1: Figure S1). Spectra for the 
7 nm magnetite collected at 140 K were not fully magnet-
ically ordered (Additional file 1: Figure S8) and indicated 
that the particles were superparamagnetic due to their 
small particle size. However, spectra recorded at 77  K 
were also not fully magnetically ordered. The ca. 10% 

Table 2 Fe-normalized electrons transferred over  28  days 
relative to the redox state measured (a) directly after addi-
tion of  HS or RHS, i.e. t =  0, in  the HS or RHS magnetite 
sample and (b) t = 28 days bicarbonate control sample

Positive numbers are net-oxidation reactions and negative numbers are net-
reduction reactions with respect to Fe

Using the values in Additional file 1: Table S5, the electrons transferred (z) were 
calculated as

z =

(

(Fe2+ (%) + Fe(II)(%))
ref .

− (Fe2+ (%)+Fe(II)(%))
sample

100

)

×[Fe(II)] tot.avg

[Fe] tot.avg
  

where [Fe(II)]tot. avg =
[Fe(II)]tot.ref .+[Fe(II)]tot.sample

2
 and  

[Fe] tot. avg =
[Fetot ] ref .+[Fetot ]sample

2
,  Fe2+ represents dissolved  Fe2+, Fe(II) represents 

solid phase Fe(II), [Fe(II)]tot is the sum of dissolved  Fe2+ and solid phase Fe(II), 
 [Fetot] is the total concentration of Fe (i.e. the sum of  Fe2+, Fe(II),  Fe3+ and Fe(III)) 
and ref. is (a) the t = 0 sample of the HS or RHS sample as indicated on the lines 
in the table or (b) the bicarbonate control at t = 28 days

Sample meq  e−  Fe−1 a meq  e−  Fe−1 b

Biogenic magnetite + HS 0.5 − 12.4

Biogenic magnetite + RHS − 47.7 − 67.5

13 nm magnetite + HS 17.9 − 6.3

13 nm magnetite + RHS 10.7 − 16.8

7 nm magnetite + HS 0.2 − 7.8

7 nm magnetite + RHS − 0.7 − 11.7

500 nm magnetite + HS 2.9 3.1

500 nm magnetite + RHS 2.0 2.6
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increase of the poorly defined third sextet at 140 K upon 
aging in the presence and absence of native and reduced 
HS suggests that the particles dissolved which lead to a 
smaller particle size for the 7 nm magnetite. This finding 
is in line with the other analyses (Fig. 3). Finally, all spec-
tra for the 500  nm magnetite appear to be very similar, 
except for the 2 months native magnetite sample which 
appears to be slightly more oxidized than the others and 
this is also supported by our other analyses. Despite the 
fact that µXRD suggests the presence of goethite, no clear 
sextet corresponding to this mineral could be observed 
(Additional file 1: Figure S6). The amount of goethite in 
the sample must be very minor given the limited reactiv-
ity in these set-ups compared with previous studies [13].

Redox reactions between magnetite and HS—overall 
redox changes
The overall redox changes cannot be concluded by only 
considering changes in the magnetite solid phases as they 
do not consider dissolution of magnetite and formation 
of dissolved Fe-HS complexes. Therefore, in order to elu-
cidate the overall redox changes in the systems Fe(II) and 
Fe(III) concentrations in both dissolved and solid phase 
needs to be considered (Fig.  6a, Additional file  1: Table 
S3). The total (solid + dissolved) Fe(II)/Fe(III) ratios were 
higher than the solid Fe(II)/Fe(III) ratios as a consequence 
of high dissolved  Fe2+ and  Fe3+ concentrations (Fig.  6). 
The overall increase in the summed dissolved and solid 
phase Fe(II)/Fe(III) observed for biogenic, 13 and 7  nm 
magnetite reacted with native HS and reduced HS com-
pared with bicarbonate buffer control samples indicates 
that the overall reaction is a reduction of Fe(III) (Fig. 6a, 
Table 2). However, the solid phases did not undergo such 
extensive reduction and the 13 nm magnetite incubated 
with native HS became more oxidized compared with the 
bicarbonate control (Fig. 6b, c). Hence, under some con-
ditions there is a discrepancy between the overall redox 
reaction and the reactions of the solid phase (Fig.  6). 
As expected, experiments with reduced HS typically 
resulted in a higher net-reduction of the magnetite rela-
tive to their bicarbonate control sample compared with 
their native HS counterpart (Table  2). Furthermore, as 
previously observed for magnetite dissolution, the mag-
nitude of redox reactions between HS and biogenic and 
13  nm magnetite was different despite similar initial 
Fe(II)/Fe(III) stoichiometry, slightly larger particle size 
and larger BET surface area. Finally, the 500 nm magnet-
ite incubation with native HS and reduced HS resulted in 
a minor overall oxidation and inconclusive changes in the 
solid phase (Fig. 6). As suggested before, there is a clear 
link between surface area (i.e. particle size) and reactiv-
ity in terms of electron transfer and dissolution (Table 2, 
Additional file 1: Figures S1 and S4).

Previous studies have shown that the amount of elec-
trons transferred from reduced HS to Fe(III) miner-
als decreases with decreasing Eh values of the Fe(III) 
compounds (i.e., in the order 2-line ferrihydrite  >  goe-
thite  >  hematite) [9]. Furthermore, only Fe(III) citrate 
and 2-line ferrihydrite have been shown to be reduced 
by non-reduced HS. Approximately 68 meq  e−  Fe−1 were 
accepted when biogenic magnetite was incubated with 
reduced HS (Table  2). All magnetite samples, except 
those with 500  nm magnetite, accepted electrons from 
native and reduced HS when compared with the 28 day 
bicarbonate control samples (Table 2). In contrast, most 
samples showed a net donation of electrons from mag-
netite to HS when compared with their respective t = 0 
starting samples. This discrepancy is a further support 
for our conclusion that the bicarbonate buffer oxidizes 
the magnetite over time by leaching  Fe2+ from the solid 
phase. The mM range production of dissolved  Fe2+ from 
magnetite (Fig. 3) might be due to an underestimation of 
the Eh value of magnetite, i.e. as discussed in Gorski [51] 
and/or an effect of coupled equilibrium reaction, e.g. for-
mation of new solid phases (e.g. siderite) and complexes 
 (Fe2+- and/or  Fe3+-HS complexes). Another reason for 
the HS-mediated magnetite dissolution despite the low 
Eh of magnetite compared with e.g. ferrihydrite could be 
a heterogeneous distribution of Fe(II) within the magnet-
ite, i.e. the surface is more oxidized than the bulk frac-
tion of the magnetite with the oxidized layer reaching 
a depth of several nm as it was shown by Nedkov et al. 
[52]. Mössbauer analysis of the magnetite carried out in 
our laboratory showed the presence of magnetite, but the 
presence of a maghemite surface layer could not be veri-
fied with this technique or with µXRD. A more surface-
sensitive method such as integrated low-energy electron 
Mössbauer spectroscopy [52] or X-ray Magnetic Circular 
Dichroism at Fe L2,3 edges [53, 54] would provide more 
information. Another likely explanation for the high 
magnetite dissolution is surface loading of Fe(II) from 
dissolved Fe(II). This hypothesis is supported by the rela-
tively more reduced solid phases and the overall net Fe 
reduction observed for the biogenic and 7  nm magnet-
ite, which were the two samples that dissolved the most. 
Our results suggest that mere predictions of the outcome 
of redox reactions between magnetite and HS based on 
bulk thermodynamic data have to be made with caution 
and that other factors such as surface processes, where 
the reactions actually take place, have to be taken into 
account. Redox-active metal impurities present in HS 
could have been involved in electron transfer processes 
between HS and magnetite. However, due to the harsh 
purification procedures of HS and the resulting low metal 
concentrations from the IHSS (including HF treatment) 
we believe that these processes did not influence our 
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results significantly. This is discussed in more detail in 
Bauer and Kappler [13].

Conclusions
Our study suggests that magnetite reduction and disso-
lution by native and reduced humic substances has to be 
considered as an important electron transfer pathway in 
anoxic environments such as sediments or waterlogged 
soils and has the potential to contribute to the environ-
mental iron cycle. These reactions are likely influenced 
by microorganisms since they can utilize HS as electron 
donors and acceptors. These abiotic reactions may play an 
important role in environments or sites where the micro-
bial access to mineral surfaces are physically hindered. 
Furthermore, the current study highlights the variability 
in magnetite reactivity based on the route of synthesis, i.e. 
abiotic or biogenic, and the resulting magnetite proper-
ties (Fe(II)/Fe(III) stoichiometry and particle size). More 
specifically, the high reactivity of biogenic magnetite and 
its propensity to be reduced and dissolved by HS indi-
cates that magnetite of biogenic origin potentially plays 
a larger role in the mobilization of sorbed nutrients and 
toxic elements in organic rich environments compared 
with abiotically formed magnetite. We believe that the 
high reactivity of biogenic magnetite is linked to its high 
organic carbon content (EPS and other cell-derived bio-
molecules) as organic molecules have previously been 
linked to electron shuttling and reductive dissolution of 
Fe-minerals [11–15]. Furthermore, the higher solubility, 
i.e. reactivity, of biogenic magnetite results in dissolved 
 Fe2+ which can reload the solid phase magnetite and 
thereby increase its propensity to dissolve. These results 
also have clear implications for the use of magnetite for 
remediation purposes: HS-induced dissolution of mag-
netite may result in remobilization of previously sorbed 
contaminants and the observed high reactivity of biogenic 
magnetite may indicate that it is even more suitable for 
redox-based remediation of contaminants such as Cr(VI).
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