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Abstract: Iron oxide minerals, schwertmannite and goethite, which are naturally occurring in acidic
environments are attractive nanostructured materials because of the potential diverse applications.
Although the biosynthesis of schwertmannite by acidophilic Fe(II)-oxidizing microorganisms has
been investigated, little is known about goethite biosynthesis under acidic conditions. To examine
a biological approach to the synthesis of these minerals, bioreactor experiments were conducted
with a newly isolated acidophilic betaproteobacterium. The bioproducts were characterized by
powder X-ray diffraction, cryogenic Mössbauer spectroscopy, and electron microscopy. The cultures
growing at 25 ◦C and pH 3.0 or at 37 ◦C and pH 2.5 oxidized Fe(II) and precipitated schwertmannite
rapidly. Increasing pH at each temperature resulted in the concomitant production of goethite,
and 90% pure goethite was obtained at 37 ◦C and pH 3.5. The goethite phase was nano-sized and
had relatively large specific surface area (133 m2·g−1), leading to high sorption capacity for metal
oxyanions. Schwertmannite was also a good adsorbent for oxyanions, regardless of the smaller
specific surface area. Our results indicate that these acidophilic microbial cultures serve as a simple
rapid system for the synthesis of nanostructured goethite as well as schwertmannite.

Keywords: acidophilic iron-oxidizing bacterium; goethite; metal oxyanion sorption; Mössbauer
spectroscopy; schwertmannite

1. Introduction

Schwertmannite [Fe8O8(OH)8−2x (SO4)x; usually 1 ≤ x ≤ 1.75] is a poorly crystallized iron
hydroxide mineral occurring in sulfate-rich acidic environments (pH 2.5 to 4), including acid mine
drainages, sulfuric acid soils, and acidic springs. Inorganic oxidation of Fe(II) by O2 proceeds
spontaneously, but is slow under these acidic conditions. Acidophilic Fe(II)-oxidizing microorganisms
living in the environment catalyze Fe(II) oxidation to Fe(III). The Fe(III) ion is readily hydrolyzed and
thus forms Fe(III) hydroxide minerals, so that the microbial activity is a crucial factor for controlling
Fe(II) oxidation and mobility in the environment [1,2]. Goethite (α-FeOOH) also occurs in the
environment. Schwertmannite is metasTable with goethite, and the transformation to goethite proceeds
for weeks to months, depending on the conditions, including pH, temperature, ionic strength, and
the presence of inorganic solutes [3–8]. The microbial metabolic activity causes facile transformation
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to goethite, which proceeds for a few weeks during increasing pH and Fe(II) concentration in the
surroundings of the schwertmannite phase [9].

Schwertmannite and goethite phases synthesized under laboratory conditions have received
increasing attention with regard to environmental applications. The high sorption ability of
schwertmannite for several oxyanions has been demonstrated, e.g., for As(V), As(III), Cr(VI), Mo(VI),
and Se(VI) [10–14]. Arsenic(III) was reported to be effectively removed from artificial As-contaminated
groundwater by schwertmannite, even in the presence of 750-fold higher molar concentrations of
phosphate and sulfate [15]. The goethite phases are also an effective adsorbent of metal oxyanions,
such as As(III/V), Se(IV/VI), and Cr(VI), and cations, such as Cu(II) and Cd(II) [16–18].

The biosynthesis of schwertmannite has been examined in laboratory cultures of an acidophilic
Fe(II) oxidizing bacterium, Acidithiobacillus ferrooxidans. It utilizes Fe(II) as an energy source and
grows autotrophically by CO2 fixation, so that the schwertmannite production takes place in a simple
mineral-salt medium at an ambient temperature. Although schwertmannite can be synthesized
chemically via Fe(II) oxidation by H2O2 [4] or hydrolyis of Fe(III) [19], the biological method has
proven to be a good alternative approach. Several studies have examined the effects of medium
composition, pH, and temperature on the schwertmannite production by A. ferrooxidans [20–27].
In batch culture systems with a sulfate-rich medium, schwertmannite is formed under a wide range
of conditions: e.g., at initial pH of 2.3–2.6, 36 ◦C, and NH4

+ concentrations of ~11 mM [20], and at
pH of 1.6–3.4 and 26 ◦C [22]. In these studies, however, the medium pH has not been maintained
at a constant level during the cultivation and decreased to 2 or less, even though it was initially set
above 3. One study showed that medium pH strongly affects the mineral formation, in a jar fermenter
system where initial pH was maintained [28]. Semiquantitative analysis based on dissolution in acidic
ammonium oxalate revealed that schwertmannite is the only phase formed at pH 3.0 and 24 ◦C in
A. ferrooxidans cultures. An increase in medium pH to 3.3 and 3.6 results in the formation of mixed
phases of schwertmannite and goethite. Schwertmannite is still a major component (~58%); however,
that study suggests that controlling culture conditions, such as pH and temperature, may enable rapid
biosynthesis of goethite as a major component. Furthermore, only limited research has addressed
acidophilic Fe(II) oxidizers other than A. ferrooxidans. The schwertmannite formation in cultures of
Ferrovum myxofaciens has been reported [29,30]. Given the varieties of acidophilic Fe(II)-oxidizing
microorganisms and the potential applications, it is important to extend the range of available microbial
strains and to characterize the Fe(II) oxidation kinetics and mineral formation.

The aim of this study was to demonstrate that schwertmannite and goethite are produced via
the biological approach by a newly isolated acidophilic Fe(II)-oxidizing betaproteobacterium: strain
GJ-E10 [31]. Batch culture experiments were conducted in a jar fermenter system to show the effect
of medium pH and temperature on the Fe(II) oxidation kinetics and iron mineral formation. The
kinetic data were used to indicate the biotic and abiotic contributions to the Fe(II) oxidation under
different conditions. Quantitative and qualitative analyses, including powder X-ray diffraction (XRD),
cryogenic Mössbauer spectroscopy, and electron microscopy, revealed the mineral forms of biogenic
Fe precipitates in the cultures. Based on the nano-sized structures and large capacity values for
adsorption of metal oxyanions, the biogenic iron minerals may serve as materials attractive for
potential environmental technological applications.

2. Materials and Methods

2.1. The Microorganism and Culture Conditions

Bacterial strain GJ-E10 is an acidophilic Fe(II)-oxidizing chemolithoautotropH isolated from
an acidic river environment in Akita, Japan [31]. The previously reported liquid medium [32] was
modified and used in this study. It contained (per liter; pH 3.0) 1,950 mg of FeSO4·7H2O, 1250 mg of
(NH4)2SO4, 500 mg of MgSO4·7H2O, 5 mg of K2HPO4, and 2 mL of a solution of trace mineral salts.
The initial concentration of the Fe(II) ion was 390 mg·L−1 (7 mM). A stock FeSO4 solution prepared
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with 25 mM sulfuric acid and a stock K2HPO4 solution was separately sterilized and added. The trace
mineral-salt solution contained (per liter) 3.7 g of CaCl2·2H2O, 2.5 g of H3BO3, 0.87 g of MnCl2·4H2O,
1.0 g of FeCl3·6H2O, 0.44 g of ZnSO4·7H2O, 0.29 g of Na2MoO4·2H2O, and 5 mg of CuSO4·5H2O. The
cultures were maintained in 100 mL conical flasks on a reciprocal shaker at 25 ◦C.

2.2. Bioreactor Experiments

The batch culture of strain GJ-E10 was conducted with a 5 L cylindrical jar fermenter system
(Type TS-A5L; Takasugi MFG Co., Arakawa, Japan). In the culture medium, the concentration of
FeSO4·7H2O was increased from 1950 to 7780 mg·L−1 (=28 mM). Sterile 4 L of the culture medium
was aseptically inoculated with 80 mL of culture pregrown for 1 week, aerated at 2.0 L·min−1 with
filter-sterilized air, and was agitated moderately with a paddle impeller at a speed of 100 rpm. During
the cultivation, the temperature was kept at 25 ◦C and pH was automatically maintained at 2.2 ± 0.1,
2.5 ± 0.1, 3.0 ± 0.1, 3.5 ± 0.1, 3.8 ± 0.1, or 4.2 ± 0.1 with 1 M sodium hydroxide and 0.5 M sulfuric
acid. Such cultures were also examined at 37 ◦C and pH 2.5 ± 0.1, 3.0 ± 0.1, and 3.5 ± 0.1. The
sampled culture fluid was centrifuged at 12,000× g for 10 min, and concentration of the Fe(II) ion in the
supernatant was determined spectrophotometrically with 1,10-phenanthroline [33]. Time courses of
residual Fe(II) in cultures were subjected to the kinetic analysis with Equation (1) [34], which is derived
from the Monod equation. This logarithmic model assumes that the initial concentration of a growth
substrate [28 mM Fe(II)] is much greater than the half-saturation constant for growth (Ks << S0) [34].
Thus, the model could be applied to the data where enough substrate is still left in the culture.

S = S0 + X0[1 − exp(µmax·t)] (1)

where S is the substrate concentration [Fe(II) ion; mM] at time point t (h), S0 is the initial substrate
concentration (mM), X0 corresponds to the amount of substrate that is required to produce initial
population density (mM), and µmax is the maximum specific growth rate (h−1). The kinetic parameters
X0 and µmax were calculated via nonlinear regression in Prism 5.0 (GraphPad Software Inc., La Jolla,
CA, USA). In this study, X0 that was determined for the cultures at pH 3.0 served as a fixed value in
the analysis of other pH conditions. For comparison, abiotic incubation without GJ-E10 cells was also
examined under different pH and temperature conditions, and the Fe(II) concentration data monitored
were analyzed by means of first-order kinetics (Equation (2)):

S = S0· exp(−k·t) (2)

where k is the first-order rate constant (h−1).

2.3. Characterization of Iron Mineral Products

The products precipitated in the Fe(II)-oxidizing batch cultures were collected by centrifugation
at 8000× g for 15 min, washed once with 0.5 mM sulfuric acid, and three times with Milli-Q water.
For XRD analysis, the washed samples were air-dried and ground into a powder in a mortar. XRD
measurements were carried out on a RINT-2500 diffractometer (Rigaku Co., The Woodlands, TX,
USA) with CuKα radiation at 20 mA and 40 kV. The crystallite sizes of goethite were estimated from
the full-width at the half maximum of (101) diffraction peaks at 21.2◦. XRD of well-crystallized
Fe2O3 purchased from Wako Pure Chemicals was used to measure the instrumental broadening
[=0.182◦ for (104) diffraction at 33.2◦]. The calculation was conducted by means of the Scherrer
Equation (Equation (3)).

D = 0.9λ(β· cos θ)−1 (3)

where D is the mean crystallite dimension, and λ and θ are the wavelength of X-ray radiation
(CuKα, 1.5406 Å) and Bragg angle, respectively; β is the full width at a half maximum, excluding the
instrumental broadening.
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Cryogenic Mössbauer measurements were performed at 100 K in transmission geometry using a
conventional Mössbauer spectrometer with a 925 MBq 57Co/Rh source. The velocity scale of Mössbauer
spectra was calibrated with reference to α-iron. The washed then freeze-dried samples were subjected
to transmission electron microscopy (TEM) under a JEM 1200EX (Jeol Co., Tokyo, Japan) at 80 kV.
To show the capacity of oxyanion sorption, selected samples were also subjected to measurement of
Brunauer-Emmett-Teller (BET)-specific surface area by N2 absorption at 77 K. Total iron content of
schwertmannite or goethite was determined spectrophotometrically with 1,10-phenanthroline after
dissolution in hydrochloric acid.

2.4. Sorption Experiments with Metal Oxyanions

For examining the metal sorption by biogenic iron solids, the batch cultures were carried out
at 25 ◦C and pH 3.0 for 74 h and at 37 ◦C and pH 3.5 for 41 h for the production of schwertmannite
and goethite, respectively. The washed then freeze-dried solids were resuspended in Milli-Q water
at 150 mg·L−1, and a stock solution of sodium arsenate [As(V)], sodium arsenite [As(III)], sodium
chromate [Cr(VI)], or sodium selenate [Se(VI)] was added to the suspensions at concentrations ranging
from 5 to 100 mg·L−1. These mixtures were shaken moderately at 25 ◦C until the aqueous-phase
metal ions reached a steady state. During the incubation, the pH of the suspensions was periodically
monitored and adjusted to 4 manually with H2SO4 or NaOH solution. Parallel control experiments
were conducted with similar solutions without iron solids. Aqueous-phase metal ions in suspensions
were quantified after centrifugation at 12,000× g for 10 min on an X-series II inductively coupled
plasma-mass spectrometer (ICP-MS; Thermo Fisher Scientific Inc., Waltham, MA, USA). The amount
of metal adsorbed was calculated by subtracting the experimental aqueous-phase concentration from
that of the corresponding control solution. The sorption isotherms obtained for the metal oxyanions
were applied to the Langmuir equation to estimate the maximum metal sorption capacity in solids.
The calculation was carried out in the Prism 5.0 software.

3. Results and Discussion

3.1. Fe(II) Oxidation Kinetics in Batch Cultures

In batch cultures grown at 25 ◦C in the pH range of 2.2 to 3.8, Fe(II) oxidation proceeded slowly
during the first day and rapidly thereafter (Figure 1). In this study, it was assumed that under the
substrate Fe(II)-rich conditions the Fe(II) oxidation rate increases with increasing the number of cells
exponentially [34], so that the model Equation 1 was applied to data analysis. The result of the
calculation showed good fitness to the data (r2 > 0.98; Table S1, Supplementary Materials). Only
limited rates of Fe(II) oxidation were obtained in a non-inoculated medium at 25 ◦C and pH 3.5
and 3.8 (Figure 1), and no oxidation was observed at pH < 3.0 within 72 h, indicating that the
contribution of abiotic oxidation could be ruled out under these conditions. Based on the calculation,
the periods of 4800 and 2900 h are needed for oxidation of 90% of the Fe(II) amount that was initially
added to the cultures at pH 3.5 and 3.8, respectively, while only about 50 h is needed for biotic 90%
oxidation (Table S2). At pH 4.2, however, Fe(II) oxidation by strain GJ-E10 strongly decreased, and
the contribution of abiotic oxidation became significant. The data could not be fitted to Equation (1)
(Figure 1). At pH 2.2 to 3.8, µmax was dependent on medium pH and was the highest around pH 2.5 to
3.5 (Figure 2). Furthermore, the Fe(II) oxidation in cultures at pH > 2.5 resulted in the precipitation of
yellowish brown iron hydroxides, whereas no iron solid was formed in the culture at pH 2.2, indicating
fully dissolved Fe(III) ions.

Increasing the culture temperature to 37 ◦C resulted in an increase in the Fe(II) oxidation rate
(Table S1 and Figure S1). Because abiotic oxidation in the non-inoculated medium was still minor in
the pH range of 2.5 to 3.5 (Table S2), the increase in the oxidation rate likely resulted from the enhanced
microbial growth. In that pH range, µmax values were 1.6 to 1.8 times those that were obtained for
cultures at 25 ◦C (Figure 2). These results indicated that the reaction catalyzed by GJ-E10 cells was fast
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and contributed predominantly to the Fe(II) oxidation and precipitation of solids at least under the
conditions excluding 25 ◦C and pH 4.2.
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3.2. Characteristics of Bioreactor Products

Bigham et al. [28] demonstrated the occurrence of mixed phases consisting of schwertmannite
and goethite in acidic A. ferrooxidans cultures at 24 ◦C. Their culture grown at pH 3.0 yielded only
a schwertmannite phase. In contrast, increasing the medium pH to 3.3 and 3.6 resulted in the
concomitant formation of goethite, which was suggested to comprise ~12% and 42% of total solid
iron, respectively, by semiquantitative analyses [28]. In the present study, our XRD (Figure 3) and
Mössbauer spectroscopic data (Figure 4) were consistent with the previous report, and first indicated
that these two phases were distinctively formed via control of the growth conditions of the acidophilic
Fe(II) oxidizer. Although only schwertmannite formed in the cultures grown at 25 ◦C and pH 3.0,
goethite phases appeared at pH 3.5 and 3.8 (Figure 3). Validity of these XRD patterns was confirmed in
two or three independent bioreactor experiments. The formation ratio of schwertmannite to goethite
could be evaluated quantitatively by Mössbauer spectroscopy (Figure 4 and Table 1). It is known that
the Mössbauer spectrum of schwertmannite has a paramagnetic doublet pattern at temperatures down
to 90 K [35], while the magnetic sextet pattern appears for goethite though the goethite nanoparticles
show a superparamagnetic doublet pattern at room temperature [36]. The crystallite sizes of goethite
calculated from XRD peaks in Figure 3 were 10.3–22.7 nm (Table 1). To suppress the superparamagnetic
behaviour of goethite nanoparticles, cryogenic Mössbauer measurements were performed at 100 K.
Therefore, the relative area intensity of magnetic components in the Mössbauer spectra yielded the
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formation ratio of goethite, which accounted for 24% and 77% of total iron precipitates at pH 3.5 and 3.8
at 25 ◦C, respectively. The goethite formation was enhanced by increasing the culture temperature to
37 ◦C, and a 90% pure goethite phase was obtained at pH 3.5 (Figure 4). Again, under these conditions,
the biological Fe(II) oxidation contributed mainly to the mineral formation. The TEM analysis revealed
that the emergence of a goethite phase in the products resulted in the morphological change of whisker
or filamentous structures typical for schwertmannite into very fine particulate forms with diameters of
~50 nm (Figure 5), consistent with the estimated crystallite size based on XRD. Similar structures of the
mixed products in A. ferrooxidans cultures were reported [28]. The 90% pure goethite that was obtained
at pH 3.5 and 37 ◦C had a BET-specific surface area of 133 m2·g−1, while the schwertmannite phase at
pH 3.0 and 25 ◦C showed 30 m2·g−1.

Minerals 2018, 8, x FOR PEER REVIEW  6 of 11 

 

analysis revealed that the emergence of a goethite phase in the products resulted in the morphological 
change of whisker or filamentous structures typical for schwertmannite into very fine particulate 
forms with diameters of ~50 nm (Figure 5), consistent with the estimated crystallite size based on 
XRD. Similar structures of the mixed products in A. ferrooxidans cultures were reported [28]. The 90% 
pure goethite that was obtained at pH 3.5 and 37 °C had a BET-specific surface area of 133 m2·g−1, 
while the schwertmannite phase at pH 3.0 and 25 °C showed 30 m2·g−1. 

The previous study [28] and the present one clearly show that medium pH and temperature are 
the determinants of the biosynthesis of schwertmannite and goethite in acidophilic Fe(II)-oxidizing 
cultures. In addition, medium composition could greatly affect the mineral formation. Although only 
a schwertmannite phase formed at 25 °C and pH 2.5 in this study, such a low-pH medium was often 
reported to yield jarosite [(H,Na,K)Fe3(OH)6(SO4)2] [20,23,28,29,37]. In this study, the concentration 
of NH4+ (=19 mM) appeared to be high enough to raise the jarosite formation [20,28]. The absence of 
emergence of jarosite in this study might have resulted from the short culture duration (41 or 74 h at 
pH 2.5). Many researchers adopted longer culture periods, which may allow for the phase 
transformation of schwertmannite to jarosite [20]. Extensive research has shown transformation of 
schwertmannite to goethite in the course of weeks to months in natural and artificial systems. The 
schwertmannite transformation is considered to be a major pathway for the formation of goethite 
phases in various environments. Based on the short-term bioreactor experiments (up to 120 h), 
Bigham et al. [28] suggested the direct precipitation of goethite as a product of Fe(III) hydrolysis. Our 
results support this claim and suggest that microbial Fe(II) oxidation can contribute significantly to 
the formation of goethite phases in acidic environments at relatively high temperature and pH. 

 

Figure 3. X-ray diffraction (XRD) patterns of biogenic iron oxide minerals formed in cultures at 
different pH levels at 25 °C (a) and 37 °C (b). ‘G’ and ‘S’ represent the diffraction of goethite and 
schwertmannite, respectively. 

Table 1. Crystallite sizes of biogenic goethite estimated by the full-width at half-maximum XRD and 
the relative contents in solid iron estimated by cryogenic Mössbauer spectroscopy. 

Culture 
Conditions 

Full Width at Half 
Maximum (Degree) 1 

Crystallite Size 
(nm) 

Relative Content in Solid 
Iron (%) 2 

25 °C, pH 3.5 0.771 10.3 24 
25 °C, pH 3.8 0.569 14.0 77 
37 °C, pH 3.0 0.588 13.5 64 
37 °C, pH 3.5 0.350 22.7 90.5 

1 Corrected values for (101) diffraction peaks at 21.2°. For XRD patterns, see Figure 3. 2 For spectral 
data, see Figure 4. 

Figure 3. X-ray diffraction (XRD) patterns of biogenic iron oxide minerals formed in cultures at
different pH levels at 25 ◦C (a) and 37 ◦C (b). ‘G’ and ‘S’ represent the diffraction of goethite and
schwertmannite, respectively.

Table 1. Crystallite sizes of biogenic goethite estimated by the full-width at half-maximum XRD and
the relative contents in solid iron estimated by cryogenic Mössbauer spectroscopy.

Culture Conditions Full Width at Half
Maximum (Degree) 1

Crystallite Size
(nm)

Relative Content in
Solid Iron (%) 2

25 ◦C, pH 3.5 0.771 10.3 24
25 ◦C, pH 3.8 0.569 14.0 77
37 ◦C, pH 3.0 0.588 13.5 64
37 ◦C, pH 3.5 0.350 22.7 90.5

1 Corrected values for (101) diffraction peaks at 21.2◦. For XRD patterns, see Figure 3. 2 For spectral data, see
Figure 4.
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The sorption isotherms of As(III), As(V), Cr(VI), and Se(VI) ions by the reactor products (Figure 
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Figure 4. Cryogenic Mössbauer spectra at 100 K of biogenic iron oxide minerals formed in cultures at
pH 2.5 (a); 3.0 (b); 3.5 (c); and 3.8 (d) at 25 ◦C and cultures at pH 3.0 (e) and 3.5 (f) at 37 ◦C. The spectra
were fitted to a linear combination of normalized spectra (solid curves) of schwertmannite (sch) and
goethite (goet): (a), 100% sch; (b), 100% sch; (c), 76% sch and 24% goet; (d), 23% sch and 77% goet;
(e), 36% sch and 64% goet; (f), 9.5% sch and 90.5% goet.
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structures typical for schwertmannite are major in panel a, while fine particulate forms representing
the formation of goethite appear in panels b–d. Bar, 50 nm.
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The previous study [28] and the present one clearly show that medium pH and temperature are
the determinants of the biosynthesis of schwertmannite and goethite in acidophilic Fe(II)-oxidizing
cultures. In addition, medium composition could greatly affect the mineral formation. Although only
a schwertmannite phase formed at 25 ◦C and pH 2.5 in this study, such a low-pH medium was often
reported to yield jarosite [(H,Na,K)Fe3(OH)6(SO4)2] [20,23,28,29,37]. In this study, the concentration
of NH4

+ (=19 mM) appeared to be high enough to raise the jarosite formation [20,28]. The absence
of emergence of jarosite in this study might have resulted from the short culture duration (41 or
74 h at pH 2.5). Many researchers adopted longer culture periods, which may allow for the phase
transformation of schwertmannite to jarosite [20]. Extensive research has shown transformation of
schwertmannite to goethite in the course of weeks to months in natural and artificial systems. The
schwertmannite transformation is considered to be a major pathway for the formation of goethite
phases in various environments. Based on the short-term bioreactor experiments (up to 120 h),
Bigham et al. [28] suggested the direct precipitation of goethite as a product of Fe(III) hydrolysis. Our
results support this claim and suggest that microbial Fe(II) oxidation can contribute significantly to the
formation of goethite phases in acidic environments at relatively high temperature and pH.

3.3. Sorption of Metal Oxyanions to Bioreactor Products

The sorption isotherms of As(III), As(V), Cr(VI), and Se(VI) ions by the reactor products (Figure 6
and Table S3) revealed that the biogenic schwertmannite and goethite had large sorption capacity
values for these metal oxyanions. Among the metals that were examined, schwertmannite adsorbed
As(V) most effectively, and the amounts loaded reached 123 mg·g−1 (Table S3), which corresponded
to the molar ratio of 225 mmolAs·molFe

−1. The sorption capacity values for As(III), Se(VI), and
Cr(VI) were estimated as 128, 92, and 53 mmol·molFe

−1, respectively. Our data obtained with biogenic
schwertmannite are comparable with the previous results, although experimental conditions somewhat
differed from the previous studies [10,12,13], and this situation may yield the variation of sorption
isotherms for the oxyanions. The schwertmannite preparations have As(V) sorption capacity of
>300 mmolAs·molFe

−1 for As(V) and ~200 mmolAs·molFe
−1 for As(III) at pH 3.0 [10,12]. Lower sorption

capacity was also shown for Cr(VI) (90 mmolCr·molFe
−1) at pH 4.5 [13]. The As(V) sorption capacity

obtained in this study is close to that of schwertmannite synthesized chemically (190 mmolAs·molFe
−1

at pH 4.0) [13]. In spite of similar values for As(V) sorption, the values of specific surface area are largely
different: 30 m2·g−1 for biogenic schwertmannite vs. 171 m2·g−1 for synthesized schwertmannite [13].
The sorption of metal oxyanions to schwertmannite involves the anion-exchange at surface sites, and
the incorporation into schwertmannite (tunnel) structures [12,38]. The relatively small surface area
in the biogenic product implies that the latter mechanism is more important for the As(V) sorption
in schwertmannite [12]. The chemically synthesized schwertmannite with low specific surface area
(4–14 m2·g−1) was reported to have the As(V) sorption capacity of 333 mmolAs·molFe

−1 at pH 3.0 [12].
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schwertmannite and goethite. Filled and open circles represent the sorption by biogenic schwertmannite
and goethite, respectively.
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Our biogenic goethite adsorbed As(III) most effectively (Figure 6 and Table S3), and the maximum
sorption capacity was estimated to be 126 mmolAs·molFe

−1 at pH 4. The sorption capacity values for
As(V), Se(VI), and Cr(VI) were 79, 39, and 35 mmol·molFe

−1, respectively. It is most likely that the large
capacity results from the high specific surface area. In goethite, the surface site where ligand exchange
or complexation occurs is an important determinant of metal sorption capacity [18]. Although naturally
occurring and synthetic goethite phases show a wide range of As(V) sorption capacity values per
unit weight, they also show comparable capacity per unit surface area (3–5 µmol·m−2) at pH 3–7
(Figure S2; data from Asta et al. [39]), indicating a higher sorption ability in the nano-sized particulate
phase. The importance of the surface area for the sorption capacity of goethite preparations can also be
demonstrated for Se(VI). The goethite preparation with low specific surface area (2 m2·g−1) showed
a maximum Se(VI) capacity of 1.1 µmol·m−2 [40], although the use of a high-ionic strength medium
(0.1 M NaCl) may somewhat lower the sorption capability. Given the specific surface area (133 m2·g−1)
and the Se(VI) sorption capacity (2.5 µmol·m−2), the biogenic goethite obtained in this study can
adsorb a large amount of Se(VI) per unit weight.

Our data indicate that biogenic schwertmannite and goethite serve as good adsorbents for metal
oxyanions. Research shows that owing to the low crystallinity or relatively high specific surface
area, schwertmannite, and goethite nanoparticulates also serve as oxidative catalysts or oxidants for
inorganic and organic contaminants (e.g., [41–45]). Another possible application includes the use of
natural and synthetic goethite as an anodic material for microbial fuel cells [46]. Further work with
the biogenic iron minerals should expand the range of environmental biotechnological application of
acidophilic Fe(II)-oxidizing microorganisms.

4. Conclusions

In this study, we demonstrated that iron oxide minerals schwertmannite and goethite can be
produced by an acidophilic Fe(II)-oxidizing bacterium in culture. The factors that significantly affect the
mineral phase include culture pH and temperature. The biogenic schwertmannite and goethite serve as
good adsorbents for metal oxyanions. In goethite, the nanostructural features leading to high specific
surface area result in the high capacity for the sorption of metal oxyanions. This biological approach
looks attractive because the mineral formation occurs under short-term simple bioreactor conditions.

Supplementary Materials: The following are available online at www.mdpi.com/2075-163X/8/3/98/s1,
Figure S1: Fe(II) oxidation kinetics in cultures of strain GJ-E10 and in an abiotic medium at different pH levels at
37 ◦C, Figure S2: the relation between As(V) sorption capacity and specific surface area in goethite phases, Table S1:
kinetics of biotic and abiotic Fe(II) oxidation at different temperatures and pH levels, Table S2: a comparison of
biotic and abiotic oxidation of Fe(II) under different pH and temperature conditions, Table S3: sorption capacity
values of metal oxyanions in schwertmannite and goethite phases formed in cultures of strain GJ-E10.
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