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ABSTRACT

Although secondary minerals have great potential for heavy metal removal, their impact on chromium
biogeochemistry in subsurface environments associated with dissimilatory iron reducing bacteria (DIRB)
remains poorly characterized. Here, we have investigated the mechanisms of biogenic secondary min-
erals on the rate of Cr(VI) bioreduction with shewanella oneidensis MR-1. Batch results showed that the
biogenic secondary minerals, schwertmannite and jarosite, appreciably increased the Cr(VI) bioreduction
rate. UV—vis diffuse reflection spectra showed that schwertmannite and jarosite are semiconductive
minerals, which can be activated by MR-1, followed by transferred conduction electrons toward Cr(VI).
Cyclic voltammetry and Tafel analysis suggested that the resistance of secondary minerals is a dominant
factor controlling Cr(VI) bioreduction. In addition, Cr(VI) adsorption on secondary minerals through
ligand exchange promoted Cr(VI) bioreduction by decreasing the electron transfer distance between MR-
1 and chromate. Fe(III)/Fe(Il) cycling in schwertmannite and jarosite also contributed to Cr(VI) bio-
reduction as reflected by X-ray photoelectron spectroscopy and Fourier transform infrared spectrometer.
Complementary characterizations further verified the contributions of Fe(Ill)/Fe(Il) cycling, Cr(VI)
adsorption, and conduction band electron transfer to enhanced Cr(VI) bioreduction. This study provides
new insights on the understanding of Cr(VI) bioreduction by semiconductor minerals containing sulfate
in subsurface environments.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Therefore, the conversion of Cr(VI) to Cr(Ill) is an efficient strategy
for the remediation of Cr(VI) in groundwater(Jiang et al., 2019).

Subsurface contamination by hexavalent chromium (Cr(VI)) has
posed severe risks to aquifer and public health worldwide (Agrawal
et al., 2006; Costa and Klein, 2006). Cr(VI) can penetrate the cell
membrane through the sulfate transport system because chromate
has a similar structure to sulfate (Holland and Avery, 2011). In the
cell, Cr(VI) is reduced to Cr(Ill) by both enzymatic and nonenzy-
matic reactions producing reactive oxygen species (ROS) that can
damage the cell by interacting with protein and nucleic acid (Rager
etal, 2019; Zhanna et al., 2011). Cr(VI) is soluble and can be readily
transported in a porous media in the subsurface environment
(James et al., 1994), while Cr(IlI) is relatively stable and less toxic.
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Microbial reduction is a safe and effective method to transform
Cr(VI) into Cr(IIl). DIRB, whose respiratory versatility, has prompted
interest in its use in bioremediation, which can reduce a variety of
toxic metal decontaminations, including iron (IIl) (Fu et al., 2016),
vanadium(V) (Wang et al., 2017), uranium(VI) (Sheng and Fein,
2014), technetium(VII) (Marshall et al., 2008), Cr(VI)(Gong et al.,
2018). Significant, DIRB directly reduces Cr(VI) through the extra-
cellular electron transfer (EET) pathway (Cheng et al., 2020) , but
the efficiency of electron transfer between DIRB and Cr(VI) is a rate
limiting step in the Cr(VI) bioreduction. Redox mediators that can
be reversibly oxidized and reduced like catalysts are applied as
electron transfer stations to promote the electron transfer(Shi et al.,
2016; Zhi et al,, 2012). Among them, the most impressive is the
Fe(Il)/Fe(Ill) redox couple with the extensive reduction potential
which was found to be responsible for the EET pathway of DIRB.
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Iron bearing minerals, a major supplier of iron, can act as electron
transfer stations through Fe(II)/Fe(Ill) to enhance the rate of EET of
DIRB(Qiu et al., 2020).

In addition, iron bearing minerals can also act as electron con-
duits because of their electrical conductivity(Qiu et al., 2020). As a
general rule, minerals can be classified into conductor minerals
(Eg < 0.1 eV), semiconductor minerals (0.1 eV < Eg < 4 eV), and
insulating minerals (Eg > 4 eV) based on the electronic structure of
minerals (band gap). Most metal sulfide and oxide minerals are
semiconductor minerals, that participate in geochemical projection
and affect the electron transfer of microorganisms(Lu et al., 2019a).
For example, rutile and sphalerite can produce photoelectrons
under the excitation of light, which can promote the growth of
A. ferrooxidans (Lu et al., 2012). Qiu et al. (2020) demonstrated that
the iron oxide nanoparticles with higher crystallinity, such as
magnetite and hematite can be utilized as conduits by bacteria to
directly transfer electrons while the low-crystallinity goethite and
ferrihydrite cannot. Limited studies have reported the role of nat-
ural secondary mineral as electrically conduits to mediate distant
extracellular electron transfer (EET) between DIRB and Cr(VI)(Qiu
et al.,, 2020).

Secondary minerals are transformed from primary minerals by
weathering, hydrolysis, oxidation and biological action. Among
them, schwertmannite (FegOg(OH)g(SO4)) and jarosite (KFes(-
S04)2(0H)g) have aroused great concern due to their advantages of
simple synthetic processes, low cost and important roles in the
sequstration of heavy metals. Schwertmannite has a good adsorp-
tion capacity for heavy metals such as Cr(VI) and As(V) via porosity
and exchange reaction with the sulfate groups present in
schwertmannite(Dou et al., 2013; Gan et al., 2015). Moreover, jar-
osite preferentially incorporates heavy metal ions into the structure
to adsorb heavy metal ions such as Cr(VI) and TI(I)(Aguilar-Carrillo
etal., 2020). In nature, schwertmannite and jarosite associated with
or without metals may flow into the downstream water environ-
ment, or penetrate into groundwater by gradually being buried
deeply where it teemed with the DIRB. In the DIRB-secondary
mineral-metals system, the biological properties of different
heavy metals-loaded secondary minerals and the migration and
transformation of heavy metals mediated by DIRB are different. For
example, there is no dissolution of Cr(VI) and the formation of
secondary phases is retarded by the reduction of DIRB on Cr(VI)-
loaded schwertmannite, due to the increased microbial stability
of schwertmannite once combined with Cr(VI) (Regenspurg and
Peiffer, 2005; Wan et al., 2018). Compared to schwertmannite, the
microbial stability of jarosite has not change in the process of
combining with other heavy metals. For example, structural Fe(III)
and heavy metal ions will be dissolved and the new secondary
phases will be generated when Pb/As-loaded jarosite is reduced by
DIRB. Although the interaction mechanism between DIRB and
secondary minerals loaded with heavy metals has been explored,
the role of secondary minerals on the Cr(VI) bioreduction is still
lacking from the perspective of iron minerals as electron acceptors
and semiconductor minerals as electron shuttle carriers.

Previous studies report that many crystalline minerals reduced
by iron reducing bacteria result in a lower rate of Fe(Il) generation
per mole of available Fe(lll) oxide than their amorphous counter-
parts. As such, we hypothesis that the crystallinity of secondary
minerals can affect the interaction between DIRB and secondary
minerals. Two types of secondary minerals (schwertmannite and
jarosite) which represent different crystallization of secondary
minerals were chosen to study the effect on the reduction of Cr(VI)
by Shewanella oneidensis MR-1 (a model strain of DIRB). The find-
ings of this study are valuable for understanding the role of sec-
ondary minerals in Cr(VI) bioreduction and are helpful to promote
the application of secondary minerals in chromium pollution
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2. Materials and methods
2.1. Chemicals

All reagents used in this experiment were of analytical grade or
higher. The water used in the experiments was doubly deionized
water ((DIW, >18.2 MQ cm, Milli-Q, Millipore). All media formu-
lations required for the experiment can be found in the supporting
information.

2.2. Cultivation of S. oneidensis MR-1 and synthesis of minerals

S. oneidensis cell suspensions were prepared in 100 mL of LB
medium at 30 °C for 14 h in a shaker at a speed of 200 rpm. Cells
were harvested by centrifugation (3000 rpm, 30 min, 4 °C), and
washed twice using sterilized bicarbonate buffer.

Schwertmannite and jarosite were prepared with biological
methods by acidophilic bacteria in the laboratory. Briefly, centri-
fugation was used to extract Acidithiobacillus ferrooxidans which
grew to logarithmic phase in 9 K medium. Then, the cells were
added to 200 mL of pure water at pH 2 adjusted with H,SO4 or 9 K
medium containing 30 g FeSO4-7H0 (pH 2) to synthesize
schwertmannite and jarosite. A. ferrooxidans have the ability to
oxidize and template instead of multiplying in the synthesis pro-
cess. The precipitates were collected by filtration on the 7th day of
synthesis, washed with acidic water (pH 2) for 3 times, and dried in
vacuum drying oven. Hematite was synthesized by hydrothermal
method instead of using natural minerals to avoid the interference
of impurities in natural minerals. 4.052g FeCl3-6H,0 was slowly
added to 100 mL DI water, and the pH value of the solution was
adjusted to 11 with 2 M KOH. The solution was then loaded to a
water bath and stirred with magnetic force for 3 h. After centrifu-
gation, the precipitates were washed three times with DI water and
anhydrous ethanol respectively. After drying in an oven at 80 °C,
the precipitates were calcined for 4 h at 800 °C.

2.3. Batch experiment

Ninety-seven millilitres of DM medium and trace elements were
added into a 250 mL serum bottle to be sterilized with an autoclave.
Then, nitrogen was introduced into the anaerobic operation box for
20 min to remove oxygen.

To quantify the role of schwertmannite or jarosite on Cr(VI)
bioreduction, a series of identification assays was prepared by
mixing: (i) MR-1 with final concentration of 4 x 108 cell/mL as a
biological control system, (ii) 0.1 g schwertmannite or jarosite as a
chemical control and (iii) containing both MR-1 and schwert-
mannite or jarosite in the culture medium. Simultaneously, the
same system without adding other substances as a control was
established to ensure the accuracy of Cr (VI) detection. All culture
medium received 20 mM lactate as an electron donor and 3 mL
Cr(VI) stock solution at a concentration of 1000 mg/L. All experi-
ments were performed in an anoxic gloveboxe, and all experiments
were carried out in a shaker at 30 °C and 200 rpm.

To assess the functionality of structural iron in minerals, he-
matite was used in the experiments. The experimental conditions
are the same as schwertmannite systems, with the exception of
replacing schwertmannite with hematite.

To verify the effect of humic acid on MR-1 + minerals + Cr(VI),
the experimental conditions were the same as those of the mineral
system, except that 10 mg/L of humic acid were added to each
system. The jarosite system is selected to explore the influence of
humic acid concentration on the MR-1 + minerals + Cr(VI). The
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concentrations of humic acid were 10 mg/L, 30 mg/L and 50 mg/L.

Three replicas of each system were carried out. All media for-
mulations required for the experiment can be found in the sup-
porting information.

2.4. Characterization

Sample solutions were filtered by using 0.22 um sterile syringe
filters before analysis. Immediately after that, 1 mL of the filtered
solution was analysed for aqueous Fe(Ill) using the 1,10-
phenanthroline method (Ding et al., 2018). Briefly, the Fe(II) con-
centration was analyzed by adding the chelating agent 1,10-
phenanthroline and then measuring the absorbance of the Fe(II)-
(1,10-phenanthroline)>*3 complex by spectrophotometry at 510
nm. Fe(Ill) was quantified after reduction in the presence of
hydroxylamine hydrochloride. The Cr(VI) concentrations in the
filtrates were analyzed by spectrophotometry at 540 nm following
the 1,5-diphenyl-carbazide method (Gan et al., 2018).

The mineral morphologies were investigated by employing ]SM-
6360LV scanning electron microscope coupled with energy
dispersive spectrometry (SEM-EDS) (JEOL Ltd., Tokyo, Japan). X-ray
diffractometer (XRD) (RINT2000, Japan) was applied to explore the
mineral crystal structure, and X-ray photoelectron spectroscopy
(XPS) (Thermo Fisher ESCALAB 250Xi) and Fourier Transform
Infrared Spectrometer (FTIR) (Nicolet Nexus670) were used to
analysis the elemental composition, valence states and functional
groups of minerals. UV—vis diffuse reflection spectra (UV 2600,
Shimadzu, Japan) were used to study the band gap of secondary
minerals. All samples were air-dried anaerobically in a glovebox
before analysis.

2.5. Electrochemical measurements

Electrochemical analysis was conducted to determine the effect
of secondary minerals on electron transfer in MR-1+secondary
mineral+Cr(VI) systems. The electrochemical measurements were
performed on a CHIGOO0E electrochemical workstation (Shanghai,
China), coupled with a microcomputer. In this study, three-
electrode electrochemical cell was used, including (i) a working
electrode (glassy carbon electrode of 5.0 mm diameter), (ii) a
reference electrode (calomel electrode) and (iii) a platinum counter
electrode. The working electrode was fabricated by a slurry coating
technique. The slurry consisted of mixing mineral samples (5 mg),
anhydrous ethanol (400 pL), and 5% Nafion solution (100 pL).
Subsequently, 6 puL of the suspended slurry was dropped onto the
polished glassy carbon electrode and then dried with an infrared
lamp for use in subsequent electrochemical experiments (Yang
et al,, 2020). Additionally, the cyclic voltammetry studies were
performed with a scan rate of 0.02 V/s for both negative and pos-
itive scans. The negative scan was started from the open circuit
potential (OCP) to —800 mV, then reversed to 800 mV, and finally
returned to OCP. At this potential, the impedance spectra were
obtained, applying an AC potential amplitude of 5 mV in the fre-
quency range of 0.01~105 Hz. The scan of the Tafel studies started
from OCP+0.25V and ended at OCP-0.25V.

3. Results and discussion
3.1. Cr(VI) removal by S. oneidensis MR-1 and secondary minerals

S. oneidensis MR-1 can oxidize organic compounds as electron
donors and transport respiratory electrons to the outer membrane
to reduce insoluble electron acceptors such as secondary minerals
and Cr(VI) (Han et al., 2016). In this study, lactate was the unique
electron donor of MR-1. Similar lactate consumption was observed
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in the MR-1/Cr(VI), MR-1+sch+Cr(VI), and MR-1+jar+Cr(VI)
(Fig. 1A). In a single electron donor system, MR-1 produced elec-
trons through intracellular metabolism of lactate, and is then
transferred to extracellular via intracellular electron transfer
pathways such as Mtr pathway (Han et al.,, 2017; Liu et al., 2017;
Melton et al., 2014). Therefore, we speculated that the number of
electrons from MR-1 was almost the same in the three systems.
However, the Cr(VI) removal amounts for MR-1+sch+Cr(VI) (10
mg/L) and MR-1+jar+Cr(VI) (14.27 mg/L) were higher than that in
the MR-1/Cr(VI) system (7.11 mg/L), but almost no removal of Cr(VI)
was found in the sch/Cr(VI) system or jar/Cr(VI) system (Fig. 1B).
This result implies that secondary minerals could effectively
improve Cr(VI) bioreduction.

3.2. Effect of adsorption on Cr(VI) bioreduction

Schwertmannite has been proven to be a good adsorption ma-
terial for Cr(VI) (Zhang et al., 2019). Meanwhile, it has been re-
ported that adsorption materials enhance the removal of pollutants
by shortening the distance between microorganisms and pollution
(Zhao et al., 2020). Although no obvious removal of Cr(VI) was
observed in the mineral/Cr(VI) system, 0.31% and 0.43% of chro-
mium was detected on the surface of schwertmannite and jarosite,
respectively (Fig. 2A). This result indicates that both schwert-
mannite and jarosite can adsorbs Cr(VI) to a certain degree, but the
low content of minerals (1 g/L) in the experimental system limits
the adsorption capacity. Meanwhile, the proportion of sulfur on
schwertmannite or jarosite decreased by 88.7% (from 5.84% to
0.66%) and 45.7% (from 8.91% to 4.84%) in the minerals/Cr(VI)
system, respectively, compared with the original schwertmannite
and jarosite (Fig. 2A). It has been reported that schwertmannite
adsorbs with Cr(VI) through the ligand exchange of sulfate radi-
cal(Gan et al., 2015). As expected, the XPS analysis shows that the
sulfur-containing species of schwertmannite and jarosite are SO~
(Fig. S1). Meanwhile, compared with the original schwertmannite
and jarosite, a significant downward peak intensity of 980 cm™!
(S0%7) in the sch/Cr(VI) system and of 1190, 1085 and 996 cm™!
(SO%7) in the jar/Cr(VI) system is shown in Fig. 2(B,C). These results
indicate that Cr(VI) can be adsorbed to schwertmannite and jarosite
by the exchange of CrO5~ with the SO5~ ligand consistent with
previous studies(Gan et al., 2015).

To determine whether the adsorption of secondary minerals
affects Cr(VI) bioreduction, the schwertmannite and jarosite under
the activity of MR-1 were analysed. The XPS analysis shows that
comparing with the sulfur content in jar/Cr(VI) system(4.84%), the
data of that on the jarosite in jar+MR-1+Cr(VI) (3.35%) decreased
30.8%. Meanwhile, the chromium content on jar in jar+MR-
1+Cr(VI) increased 4.44 times (from 0.43% to 2.34%) compared
with that in the jar/Cr(VI) system. In contrast, the sulfur content on
the schwertmannite in the sch+MR-1+Cr(VI) is almost the same as
that in the sch/Cr(VI) system, and the chromium content on
schwertmannite in the sch+MR-1+-Cr(VI) increased only 1.55 times
(from 0.31% to 0.79%) higher than in the sch/Cr(VI) system (Fig. 2A).
The results show a negative correlation between sulfur content and
chromium content in secondary minerals under the action of MR-1.
This phenomenon indicates that MR-1 promotes the replacement
of chromate by sulfate radicals on the surface of secondary min-
erals, and the promotion effect of MR-1 on jarosite is significantly
better than that of schwertmannite. In addition, the zeta potential
of original schwertmannite, original jarosite show that the zeta
potential of jarosite is positive and higher than that of schwert-
mannite in neutral environment (Fig. S5, Table S2). It is reported
that zeta potential of S. oneidensis MR-1 (pH 7) is -6.48 mV
(Mohamed et al., 2020) , thus, more MR-1 is adsorbed on jarosite
surface than on schwertmannite under neutral condition, resulting
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Fig. 2. Relative contents of elements in schwertmannite and jarosite based on XPS analysis data (A); FTIR spectrum of schwertmannite (B) and jarosite (C).

in the potential interaction between MR-1 and jarosite may be
closer than that of schwertmannite. SEM imaging shows that
schwertmannite possesses a pompon-like structure, and the
structure of schwertmannite becomes agglomerated in sch+MR-
1+Cr(VI) (Fig. S3). Thus, the sulfate sites of schwertmannite may
gradually be covered up, which weakens the adsorption of Cr(VI)
through the exchange of sulfate ligands. However, the structure of
jarosite shrank under the action of MR-1, but the particle size
decreased (Fig. S3). We deduced that jarosite may expose fresh
surfaces under the stimulation of MR-1 and then expose new

sulfate sites to promote the adsorption of Cr(VI). Meanwhile, we
deduced that secondary minerals might directly accept the electron
transfer by MR-1 based on SEM analysis of the change in mineral
phase. Therefore, the adsorption of secondary minerals shortens
the direct electron transfer distance between MR-1 and Cr(VI) and
promote Cr(VI) bioreduction.

Additionally, the XPS analysis shows that the ratio of Cr(III)/
Cr(VI) on the surface of jarosite (2.245) is significantly higher than
that on the surface of schwertmannite (0.664) in MR-
1+mineral+Cr(VI) (Fig. 3). Based on the adsorption content of Cr
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on the surface of the minerals, the reduced Cr(Ill) content on the
jarosite surface is 10 times that of schwertmannite. Compared with
schwertmannite, more Cr(VI) on the surface of jarosite is reduced,
indicating that Cr(VI) on the surface of jarosite receives more
electrons. Meanwhile, the number of electrons transferred by MR-1
to the extracellular space may be basically the same because of the
same consumption of lactate in the schwertmannite and jarosite
systems. Thus, we inferred that jarosite possessed a stronger ability
to receive and transfer electrons than schwertmannite.

3.3. The electron transport pathway mediated by secondary
minerals on Cr(VI) bioreduction

The common mechanism of electron transfer mediated by iron
bearing minerals is through indirect Fe(Ill)/Fe(Il) cycling(Byrne
et al., 2015) and direct conduction band electrons (Kato et al.,
2012). To analyze the Fe(Ill)/Fe(Il) cycling of secondary minerals
on Cr(VI) bioreduction, Fe>* and total Fe concentrations in the MR-
1/sch system and MR-1/jar system with or without Cr(VI) were
measured. As shown in Fig. 4 (A, B), without Cr(VI), more Fe?>* and
FeT was formed on the MR-1/sch system than MR-1/jar system
during the reaction. Almost no Fe?* was detected on MR-1/sch
system and MR-1/jar system when Cr(VI) was present, and a
small amount of total iron was detected on MR-1/sch system and
MR-1/jar system. This phenomenon is probably attributed to the
biogenic Fe?* from MR-1 reducing Fe(Ill) on secondary minerals
reacting with Cr(VI) to form Fe—Cr precipitates (Li et al., 2020). The
production of biogenic Fe?* on the MR-1/sch system was higher
than that of the MR-1/jar system, which may be because sch has a
higher specific surface area according to the SEM results (Fig. S3). In
addition, XPS data show that the content of Fe?* on the surface of
sch is higher than that of jarosite in the absence of Cr(VI) (Fig. 4 C,
D). However, no Fe’™ was detected on the secondary mineral

surface of the system containing Cr(VI) (Fig. S2). The result further
confirmed that secondary minerals can promote the treatment of
Cr(VI) by MR-1 through Fe(IlI)/Fe(Il) cycling, and that Fe(III)/Fe(II)
cycling in the MR-1/sch system is higher than that on MR-1/jar
system. This may indicate that more Fe(Ill)/Fe(Il) cycling on the
amorphous secondary minerals system was formed to promote
Cr(VI) bioreduction than on the crystalline secondary mineral
system.

To determine whether the secondary minerals have semi-
conductor properties that produce conduction band electrons and
transfer electrons when stimulated by external energy (Lu et al.,
2019b), schwertmannite and jarosite were detected by
ultraviolet—visible diffuse reflectance spectroscopy (Fig. 6A). Ac-
cording to the steep absorption edge in the detection spectrum, the
band widths of schwertmannite and jarosite are 2.3 and 2.346 eV,
respectively, belonging to the semiconductor range. Previous
studies show that MR-1 can stimulate semiconductor minerals
such as hematite to produce semiconductor electrons and transfer
the electrons produced by MR-1 (Meitl et al., 2009). Therefore, we
may deduce that schwertmannite and jarosite could also be excited
by MR-1 to produce conduction band electrons and transfer
electrons.

Mineral resistance is a major factor affecting electron transfer
efficiency. Therefore, the electrical activity and resistance proper-
ties of schwertmannite and jarosite were further investigated by
electrochemical detection. Cyclic voltammetry showed that the
cathodic current density of the original jarosite is higher than that
of schwertmannite, indicating that jarosite has better redox activity
than schwertmannite (Fig. 5B). Tafel plots for the two minerals
show that schwertmannite has similar ecorr to jarosite (Fig. 5C), but
the polarization resistance and icorr calculated from the Tafel plots
are quite different (Table S1). Compared with the original jarosite,
the original schwertmannite has larger polarization resistance and
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Fig. 4. The production of Fe(Total) (A) and Fe?* (B) in different system, XPS patterns of Fe in MR-1/sch system (C) and MR-1/jar (D).

smaller icorr, indicating that the conductivity of jarosite is better
than that of schwertmannite. According to Fig. 1, the K value in MR-
1-+jar+Cr(VI) (0.0072 h~1) is higher than that in MR-1+sch-+Cr(VI)
(0.0044 ~') in the initial stage of the reaction (Fig. 5D). The reason
may be that the conductivity of jarosite is better than that of
schwertmannite which leads to more electron transfer of MR-1 to
Cr(VI). However, schwertmannite has a lower electron transfer ef-
ficiency in MR-1+sch-+Cr(VI).

3.4. Verification of the mechanism of which secondary minerals
enhance Cr(VI) removal

Based on the above results, we deduced that the mechanism of
secondary minerals enhance the Cr(VI) removal includes the
following three mechanisms: adsorption of Cr(VI), indirect electron
transfer by Fe(Ill)/Fe(Il) cycling in minerals, and indirect electron
transfer by conduction band electrons.

To further verify the above three promotion mechanisms, he-
matite was selected for comparative study. Hematite has been re-
ported to indirectly promote electron transfer of MR-1 through
Fe(III)/Fe(II) transformation and conduction band electrons directly
(Meitl et al., 2009). Meanwhile, electrochemical impedance spec-
troscopy (EIS) was used to further verify the electron transfer
mechanism in MR-1+secondary mineral+Cr(VI) (Fig. S4). Based on
previous studies, an equivalent circuit Rs(Q1(R1(R2Q2))) (Fig. 6B)
was proposed to fit the experimental impedance data. Rs and R1
correspond to the solution resistance and charge transfer resistance
during the oxidation of schwertmannite or jarosite. The fitting

results are shown in Table 1.

In this study, similar lactate consumption was observed in MR-
1+hem~+Cr(VI), MR-1+sch+Cr(VI) and MR-1+jar+Cr(VI) (Fig. 7B).
Meanwhile, the removal of Cr(VI) promoted by hematite is the
same as that of schwertmannite (Fig. 7A). Nevertheless, the resis-
tance of hematite (4260Q) is approximately ten times lower than
that of schwertmannite (42526Q) (Table 1), indicating that hema-
tite has a significantly higher direct electron transfer capacity than
schwertmannite. The result indicate that the removal capacity of
Cr(VI) by schwertmannite is better than that of hematite through
adsorption and Fe(Ill)/Fe(Il) cycling. It has been reported that the
Fe(III)/Fe(Il) transformation is a vital method for hematite to pro-
mote electron transfer capacity. Therefore, we speculated that in
the removal of Cr(VI), the adsorption of schwertmanniteny may
account for a large proportion. In addition, the reduction of Cr(VI)
promoted by hematite is lower than that of jarosite. The direct
electron transfer of jarosite may play an important role in pro-
moting Cr(VI) bioreduction because the resistance of jarosite is
approximately 30 times smaller than that of hematite.

Table 1 shows that the resistance of the original schwertmannite
(42526 Q) is 282.75 times higher than that of the original jarosite
(150.4 Q), which indicates that the direct electron transfer effi-
ciency of jarosite is higher than that of schwertmannite in the early
stage of the reaction. Meanwhile, the resistance decreases by 12.48
times compared with the original schwertmannite in the sch/Cr(VI)
system, which may be due to the collapse of the structure of
schwertmannite, as determined from the SEM and XRD results
(Fig. S3), consistent with the conclusion of previous paper (Jia et al.,
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Fig. 5. UV—vis diffuse reflection spectra of original schwertmannite and jarosite (A); Cyclic voltammograms (B), Tafel corrosion scan (C) of original schwertmannite and jarosite; The
first-order kinetic curve of Cr(VI) bio-reduction (D).
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Fig. 6. UV—vis diffuse reflection spectra and electrochemical impedance spectroscopy of original schwertmannite, jarosite and hematite(A, B).

Table 1 2012). Therefore, in MR-1+sch+Cr(VI), we deduced that the
Fitting results of EIS spectra of secondary minerals measured by equivalent circuit adsorption of Cr(VI) may enhance the conductivity of schwert-

Rs(Q1(R1Q2)). mannite, thus enhancing the direct electron transfer efficiency. The
Rs/Q Q1 R1/Q Q2 resistance of schwertmannite in MR-1+sch+Cr(VI) is lower than
Original Sch 165.8 5.0499-6 42526 2.0425e-5 that in the sch/Cr(VI) system, which may be due to the attachment
Sch -+ Cr(VI) 161.7 1.7067e-6 3408 1.0384e-5 of Cr(Ill) on the surface of schwertmannite, according to XPS data.
Sch + MR-1 + Cr(VI) 175.6 1.7421e-6 8303 6.3851e-6 In contrast, the original jarosite has excellent conductivity because
Original Jar 172.9 2:5507e-6 1504 1.0438e-5 the resistance of the mineral is only 150.4 Q. Meanwhile, in MR-
Jar + CrVh 167.2 1.6834e-6 4871 8.2026e°6 14S-mineral+ Cr(VI), the resistance of jarosite (5894 Q) is still
Jar + MR-1 + Cr(VI) 1737 2.0495e-6 5894 4.8246e-6 J
Original Hem 1705 2.523e-6 4260 4.4616e-6 significantly lower than that of schwertmannite (8303 Q) after the

reaction. Thus, in MR-1+S-mineral+ Cr(VI), we speculated that the
electron transfer efficiency of jarosite is higher than that of
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Fig. 7. Cr(VI) reduction (a), lactate consumption (b) and comparison of reduction amount of Cr(VI) in different experimental systems.

schwertmannite throughout the reaction periods. Taking all the
factors above into consideration, we deduced that the direct elec-
tron transfer rate of jarosite is obviously higher than that of
schwertmannite, contributing to the reduced Cr(Ill) amount on
jarosite 10 times higher than that on schwertmannite.

3.5. Proposed removal pathways of Cr(VI) in MR-1 + secondary
minerals + Cr(VI)

Based on the results herein, we speculated that the Cr(VI)
removal pathways in MR-1+secondary minerals+Cr(VI) are
(Fig. 8): (i) direct reduction of MR-1, (ii) adsorption of secondary
minerals, (iii) indirect reduction of Cr(VI) through Fe(IIl)/Fe(II)
cycling in secondary minerals, and (iv) reduction of Cr(VI) by sec-
ondary minerals that directly mediate electron transport. Mean-
while, different secondary minerals have different electron transfer
mechanisms. In MR-1+sch+Cr(VI), schwertmannite indirectly
mediate electron transfer to Cr(VI) mainly by Fe(IIl)/Fe(II) cycling in
the initial stage (state 1), and hardly transfers electrons directly
owing to the high resistance. Under the activation of MR-1 and
Cr(VI), the pompon-like structure of schwertmannite shrinks,
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B

which decreases the electrical resistance and enhances the direct
electron transfer rate of schwertmannite. Thus, we deduced that in
the stage 2, schwertmannite directly and indirectly mediated
electron transfer. But the direct electron transfer rate of schwert-
mannite is still lower than that of jarosite because the resistance of
schwertmannite is significantly lower than that of jarosite (Table 1).
Jarosite with semiconductor properties has low resistance. In MR-
1+jar+Cr(VI), jarosite directly promotes the electron transfer
which is from MR-1 to Cr(VI) by conduction band electron or Fe(III)/
Fe(Il) in state 1 and 2.

4. Conclusions

Secondary minerals have been demonstrated to interfere with
the EET of microorganisms and, thus, the migration and trans-
formation of heavy metals in the subsurface. Combining wet
chemistry, spectroscopy, and electrochemical analysis, we found
that the mechanisms of secondary minerals as redox mediators
enhancing Cr(VI) bioreduction with shewanella oneidensis MR-1
included direct conduction band electron transfer, indirect elec-
tron transfer through cycling between Fe(Ill) and Fe(Il), and
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Fig. 8. The reduction mechanism of Cr(VI) in MR-1 + schwertmannite + Cr(VI) (A) and in MR-1 + jarosite + Cr(VI) (B).
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chromate adsorption through sulfate ligand exchange. Our study
provided additional information about different secondary min-
erals facilitating EET of shewanella oneidensis MR-1. Furthermore,
this study provides a basic for a better understanding of the in-
teractions between secondary minerals, MR-1, and Cr(VI) or other
metals in complex subsurface environments.
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