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g r a p h i c a l a b s t r a c t
� Ternary complex of S. oneidensis-
goethite-HA mightily enhanced
Cr(VI) reduction.

� Precipitated Cr(OH)3 and Cr2O3 were
the final yields of reduction reaction.

� S. oneidensis can effectively reduce
Fe(III)-oxides, oxidized HA and Cr(VI).

� Reduced HA acts as electron shuttles
and accelerates the Cr(VI) reduction
process.

� Reduced HA depressed goethite
adhesion on bacterial cells.
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a b s t r a c t

Microorganisms, iron minerals, and humic acid are widely common in the soil and water environment
and closely interact within environmental processes. In this study, the Cr(VI) removal by Shewanella
oneidensis MR-1 (S. oneidensis) was examined in the presence of goethite and humic acid (HA) to mimic
the real environment situation. Scanning electron microscopy (SEM) combined with energy disperse
spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), and electron paramagnetic resonance (EPR)
technologies were used to probe the Cr(VI) reduction mechanism. Our results showed that S. oneidensis
alone could reduce 65% of 1.0 mM Cr(VI) after 8 h of the reduction process. Meanwhile, Cr(VI) reduction
rate was declined to 56% in the presence of goethite or humic acid. Contrary, the Cr(VI) reduction rate
was mightily increased to 79% by the ternary complex of S. oneidensis-goethite-HA where reduced humic
acid (HAred) acted as electron shuttles and diminished the bacterial adhesion to the goethite surface
thereby enhanced electron transfer and increased the extent of Cr(VI) reduction by 1.3 fold. XPS analysis
indicated that Cr(VI) was reduced to Cr(III), and the final yields were Cr(OH)3 and Cr2O3 precipitated on
the surface of bacterial cells. S. oneidensis could also reduce Fe(III) in goethite to Fe(II), which in turn
reduced Cr(VI). These results suggested that iron mineral-humic acid complex could enhance the mi-
crobial reduction of Cr(VI) and revealed the promotion role of HA in the Cr(VI) bioreduction process. This
study affords inclusive insights on the Cr(VI) reduction kinetics and mechanisms in the most complicated
systems.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Chromium is one of the most important contaminants of
concern in the environment due to its extensive use in industrial
activities such as metal processing, drilling, pigments, glass, ce-
ramics, glues, textile dyeing, leather tanning, timber preservation,
and ink manufacturing (Us Epa, 1984; Panagiotakis et al., 2015). In
soil and water environment, chromium often exists in two stable
oxidation forms, Cr(VI) and Cr(III). Hexavalent chromium form
(Cr2O7

2-, HCrO4
- and CrO4

2-) is highly mobile, toxic, and carcinogenic,
whereas trivalent chromium usually has low solubility and strong
affinity to soil components (Sarkar et al., 2013). Therefore, the
reduction of Cr(VI) to Cr(III) is taken as an effective remediation
strategy for Cr(VI)-contaminated sites (Brose and James, 2013).

Chromium remediation techniques such as chemical reducing
agents (Gagrai et al., 2013), ion exchange (Cheng and Yan, 2010),
adsorption (Johnston and Chrysochoou, 2016), electrochemical
(Habibul et al., 2016), membrane filtration (Bao et al., 2015) and
bioremediation (Khattar et al., 2015), have been adopted to detoxify
and remove chromate from Cr(VI)-contaminated sites. However,
among these techniques, bioremediation is taken as the most
suitable, eco-friendly, and efficient technique (Cheng and Yan,
2010). Recent studies have demonstrated that various species of
Cr(VI)-tolerant bacteria can reduce Cr(VI) whether via extracellular
electron transfer (EES) or enzyme reductase ascribed to soluble
proteins or cell membrane-bound proteins (Sathishkumar et al.,
2017; Zheng et al., 2015). It has been reported that dissimilatory
metal-reducing bacteria (DMRB) can use chromate as a terminal
electron acceptor under anoxic conditions to reduce Cr(VI) (Wang
et al., 2013). However, In soil and water environments, microor-
ganisms are often adhered to iron minerals particles due to their
opposite surface charges in most circumstances (Chenu and
Stotzky, 2002). A previous study has demonstrated that more
than 92% of Pseudomonas putida cells bound to the goethite mineral
particles (Rong et al., 2010). Therefore, the effect of ironminerals on
the microbial reduction of Cr(VI) should be considered.

Iron-bearing minerals which are ubiquitous in the soil and
water environment have acquired a great attraction for ecological
implementations and therapy of a wide range of contaminants and
toxic substances. Cr(VI) can be reduced to Cr(III) by redox-active
iron minerals existing in soil and subsurface sediment (Luan
et al., 2015). However, the reduction rate is too slow in nature
and depends on the Fe(II) content (Kwak et al., 2018). Previous
studies have demonstrated that chemically reduced-clay minerals
such as goethite, nontronite, hematite, and vermiculite can produce
Fe(II) which declines Cr(VI) (Bishop et al., 2014; Parthasarathy et al.,
2007). However, the chemical reducing agents such as dithionite is
not available in the natural environment (Luan et al., 2015). DMRB
can utilize iron minerals as terminal electron acceptors and
generate Fe(II), which abiotically reduces Cr(VI) and immobilizes
Cr(III) (Kumpiene et al., 2008). Shewanella oneidensis MR-1, a
common DMRB widely existing in contaminated sites, has been
reported to reduce Cr(VI) and iron minerals under anoxic condi-
tions (Belchik et al., 2011; Wang et al., 2013). It has been confirmed
that the direct electron transfer from DMRB to Fe(III) minerals is a
vital pathway for microbial extracellular respiration (Shi et al.,
2007). Proteins involved in such electron transfer, such as c-type
cytochromes of S. oneidensis, are located in outer membranes of the
DMRB. Thus, adhesion of the bacterial cells to Fe(III) minerals is
essential for microbial mediated iron redox reactions. In these re-
actions, a Fe(II) was produced, which in turn reduce Cr(VI) via an
indirect chemical reaction. Nevertheless, the coating of HA to iron
minerals can alter the mineral surface properties, which affect their
interaction with bacterial cells (Ouyang et al., 2018).

It has been reported that HA can catalyze certain reduction
processes and adsorb to microorganisms and soil minerals
(Tabatabai et al., 2005). Previous studies have demonstrated that
HA can enhance microbial extracellular electron transfer which
plays a critical role in Cr(VI) reduction (Li et al., 2009; Zhou et al.,
2014). In the soil environment, Cr(VI) can be reduced by phenolic
groups and carboxylic groups stored in HA (Zhang et al., 2019).
DMRB is considered to use humic substances (HS) as electron
shuttles by moving electrons to HS-quinone molecules, which
could quickly reduce Fe(III) to Fe(II). Microorganisms can breathe
under anaerobic conditions by moving electrons to strong phase
quinone molecules in HS; therefore, reduced quinone moieties act
as electron shuttles and accelerate the redox reactions (Roden et al.,
2010; Stern et al., 2018).

Although microorganisms, iron minerals, and HA are commonly
co-existed in Cr(VI)-contaminated environments, a little was
known about their interface interaction and their potential influ-
ence on the Cr(VI) reduction process. Therefore, in this study,
Shewanella oneidensis MR-1 was used to investigate Cr(VI) reduc-
tion kinetics andmechanisms in the presence of goethite and HA. In
addition, the interaction between bacteria, goethite, and HA was
examined and the fate of produced Cr was also explored.

2. Materials and methods

2.1. Materials

All chemicals used in the experiments were analytical reagent
grade and water was supplied from a Milli-Q reference ultraviolet
(UV)-water system. Cr(VI) stock solution (5.0 mM) was prepared by
dissolving potassium chromate (KCrO4; SigmaeAldrich) in Milli-Q
water. All butyl rubber stopper bottles, solutions, and growth me-
dia were sterilized prior to use. The reaction system was injected
with nitrogen and carbon dioxide (N2: CO2 ¼ 4:1) after each sam-
pling to maintain the anoxic conditions. The initial pH 7 was
maintained using NaOH/HCI adjustment. A 50 mM Bis-Tris propane
(BTP, SigmaeAldrich) solution was used as the buffer in all exper-
iments. Stock solutions of sodium lactate (100 mM) were also
prepared in Milli-Q water for use as an electron donor in all ex-
periments. All stock solutions were stored at 4 �C prior to use.

2.2. Bacterial strain and culture conditions

Shewanella oneidensis MR-1, a model strain of DMRB which has
been found in the Cr(VI)-contaminated environment was used for
Cr(VI) reduction experiments (Venkateswaran et al., 1999). The test
strain was purchased from China Culture Collection (CCTCC, AB
2013238). The bacterial cell was cultured in Luria-Bertani (LB)
medium (5 g L�1 NaCl, 5 g L�1 yeast extract, 10 g L�1 tryptone) (Li
et al., 2016). The strain was incubated in an orbital incubator at
28 �C with continuous trembling at 180 rpm until reaching to early
exponential phase, the culture solution was inoculated to the same
medium in an amount of 1% and cultured under the same condi-
tions for 14 h to logarithmic long. The cells were collected by
centrifugation at (8000 g, 4 �C, for 5 min), then washed three times
with sterile 10 mM BTP buffer and re-suspended in the same so-
lution as stock cultures. The resulting precipitate is formulated to
have a dry weight of 10 g L�1 bacterial suspension. The optical
density was measured at 600 nm absorbance (OD600) by (Shimadzu
UV-160A) UV visible spectrophotometer.

2.3. Goethite synthesis

The goethite mineral was synthesized according to Johnson
(1990); Zhenghua et al. (2001). Briefly, 100 g of Fe(NO3)3.9H2O
was dissolved in 1 L deionized water in a 2 L pre-sterilized
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container. The dissolved solution was hydrated on a magnetic
stirrer for 24 h (pH 1.6). Then a drop-wise solution of 2.5 M KOH
was introduced until the solution pH reached 12. The resulting
dense suspension was aged in the oven at 60 �C for five days. Then
the goethite paste was dried at 60 �C on the oven. The synthesized
mineral was ground to grains less than 154 mm in diameter, then
placed in a vacuum desiccator, X-ray diffraction (XRD) was used for
mineral characterization. Specific surface area (SSA) of goethitewas
analyzed using N2 adsorption (Beijing Analytical Instrument Com-
pany, China). 10 g L�1 of minerals were suspended overnight in
10 mM BTP buffer (pH 7) and used as a stock suspension.

2.4. Soil HA extraction

The soil samples used for HA extraction were collected from the
subtropical forest landscape located in central China (29� 23! 32‶N,
114� 39! 33‶ E). The conditions of the land-form, climate and
vegetation were described in detail by Jiang et al. (2017). The soil
HA was extracted and purified using the standard method sug-
gested by the International Humic Substances Society (IHSS) with
minormodifications (Swift, 1996). Briefly, the soil samples were air-
dried, ground, and then passed through a 2.0-mm sieve. 200 g of
soil sample was suspended in 2.0 L of 0.1 M NaOH solution and
shaken for 24 h at room temperature (~25 �C) under N2. The su-
pernatant liquid containing the soluble HA was separated by
centrifugation at 16000g for 30 min. The residue was resuspended
in 0.1 M NaOH, and the procedure was repeated five times. The
combined solutions were filtered to remove solids, acidified with
6 M HC1 to pH 1, and allowed to stand at room temperature for
24 h. The precipitated HA fraction was separated from the super-
natant by centrifugation. The HA was purified by the HC1/HF
method until the ash content was less than 1.0%. The HA was dia-
lyzed against distilled water until the dialysate was free of Cl and
exhibited a neutral pH, then it was freeze-dried. 1.0 g L�1 of
extracted soil humic acid was suspended overnight in 10 mM BTP
buffer (pH 7) and used as a stock suspension.

2.5. Preparation of reaction system for Cr(VI) reduction process

Individual, binary, and ternary complexes of S. oneidensis,
goethite, and HAwere tested to reduce initial Cr(VI) concentrations
ranging from 0.5 to 2.0 mM. All experiments were conducted in a
50-mL butyl rubber stopper bottles containing 25 mL reaction
mixture of 1.0 g L�1 goethite, 1.0 g L�1 bacterial cell, 20 mg L�1 HA,
and different Cr(VI) concentrations. Sodium lactate (25 mM) was
added as an electron donor. The medium buffered with 10 mM BTP
buffer and purged with N2 gas for 10 min to ensure an anaerobic
environment. The system pH was adjusted to the desired value (pH
7.0 ± 0.05) using NaOH/HCI. 2 mL aliquots were withdrawn at in-
terval times and centrifuged at 8000 g, 4 �C for 5 min. Cr(VI) in the
supernatant was estimated by a UVevis spectrophotometer.
Experimental results are taken from the average of a duplicate set
up.
Table 1
Zeta potential and surface sites (amount of OH� consumed) for S. oneidensis, goethite, H

complex Zeta Potential

Zeta (mv), 10 mM BTP, pH ¼ 7

S. oneidensis �6.48 ± 0.72
Goethite 19.67 ± 0.32
HA �0.66 ± 0.24
S. oneidensis-goethite �8.52 ± 0.40
S. oneidensis-HA �9.30 ± 0.38
S. oneidensis-goethite-HA �9.80 ± 0.29
2.6. Analytical methods

2.6.1. Chromium (VI) estimation
Cr(VI) was measured using the diphenylcarbazide method at

540 nm by a UV/Vis spectrophotometer (Butler et al., 2015). A 2 mL
of the reaction mixture was withdrawn and centrifuged at 8000 g
for 5 min 1mL of the supernatant was diluted with deionized water
and then 0.5 mL of H2SO4 (50%, v/v) and H3PO4 (85%, w/w) was
added. At last, 2 mL of diphenylcarbazide reagent (0.2%, w/v) was
added and the resultant solution was shaken and allowed to stand
15 min for full color developing. UVevis spectrophotometer (Shi-
madzu, Japan) was used to measure the absorbance at 540 nm.
Total chromium in solution was measured by atomic absorption
spectroscopy (Agilent 240AAFS). Cr(III) was computed from the
difference between Cr(VI) and total chromium.

2.6.2. Mineral characterization
XRD analysis was used to verify the sample present phase. The

XRD pattern of synthesized goethite mineral and the mineralogical
changes on themineral surface after reacting with bacteria, HA, and
chromate was identified by the German Blake D8-ADVANCE,
powder tabletingmethod. X-ray diffractogramswere acquired at 2q
angles from 10 to 80�, with a step size of 0.02� and 2 s counting
time.

2.6.3. XPS analysis
X-ray photoelectron spectroscopy (XPS) studies were under-

taken to determine the Cr oxidation states bound to cells. Datawere
analyzed by Avantage software. NIST website data was used to
compare the peaks for Cr and Fe. XPS analysis of S. oneidensis-
goethite-HA complex after reacting with Cr(VI) was performed by
an XSAM800 X-ray photoelectron spectroscopywithMg Ka. Carbon
C1s (EBE ¼ 284.8 eV) was used as the charge calibration standard.

2.6.4. Surface charge and surface site determination
Surface charge of S. oneidensis, goethite, HA and their complexes

was determined using the Zeta plus 90 potentiometer from Broo-
khaven, USA. The zeta potential of the suspension of bacteria,
minerals, humic acids, and their complexes was shown in Table 1.
Each sample was assayed 3 times and averaged to the final zeta
potential.

Potentiometric titration experiments were carried out to detect
the surface sites on S. oneidensis, goethite, HA, and their complexes.
40mL of the prepared complexes were added to the potentiometric
titration pool. 10 mM NaCl was used as the electrolyte background.
Table 1 shows the surface sites (the amount of OH� consumed) for
S. oneidensis, goethite, HA, and their complexes.

2.6.5. Functional groups assessment
Fourier-transform infrared spectroscopy (FTIR) was used to

detect the functional groups on the surface of the bacterial cell.
Precipitated samples of bacteria, bacteria-goethite, bacteria-HA,
and bacteria-goethite-HA composites were lyophilized before and
A, and their complexes.

Surface sites

Concentration (g L�1) Amount of OH� consumed (mole/g), pH ¼ 7

1.0 3.41*10�3

1.0 1.89*10�3

0.02 110.89*10�3

2.0 1.98*10�3

1.02 3.336*10�3

2.02 1.705*10�3



Fig. 1. XRD patterns of synthesized goethite mineral (a); and FT-IR spectra of extracted
soil humic acid (HAs), compared with a previous characterized HA.

A. Mohamed et al. / Chemosphere 247 (2020) 1259024
after Cr(VI) reduction. KBr was mixed with the samples by a ratio
(100: 1), fine-ground in an agate mortar. The samples were com-
pressed (13 mm in diameter) and placed in a sample chamber of an
infrared spectrometer (Nicolet AVAR 330) to obtain an infrared
spectrum. The scanning wave number ranges from 800 to
1800 cm�1, the scanning frequency is 128, 4 cm�1 resolution. The
data were processed and analyzed using (Omnic 8.0) software.

2.6.6. SEM analysis
Scanning electron microscopy (SEM) and energy disperse

spectroscopy (EDS) were used to observe the cell morphology and
to assess the elemental mapping according to Dong et al. (2003).
Centrifuged samples before and after Cr(VI) reduction by bacteria,
bacteria-goethite, bacteria-HA, and bacteria-goethite-HA compos-
ites were subjected to fixation using 2.5% (v/v) glutaraldehyde for
12 h. The samples were centrifuged, washed three times and then
dehydrated step by step with gradient concentrations of ethanol
solution (30, 50, 70, 80, 95, and 100%) for 15 min at each stage. At
last, cells were lyophilized and a suitable amount of dry powder
sample adhered to the scanning electron microscope stage with a
conductive adhesive. Cellular morphology was characterized by a
Zeiss EV0 LS10 SEM (Carl Zeiss, Britain). The same samples were
used to determine the elemental composition by EDS with an
energy-dispersive X-ray analyzer.

2.6.7. Statistical analysis
All experiments in this research were carried out in duplicating

setup. At least three separate bottles were set for one treatment.
Each time three readings were taken, and their means and standard
deviations were determined using (SPSS 7.5) software package.
Error bars on graphs show the standard deviation.

3. Result and discussion

3.1. Characterization of goethite and HA

Synthesized goethite minerals were characterized by XRD and
identified using the JCPDS PDF database for standard goethite
(Fig. 1a). The characteristic diffraction peaks of goethite are 0.496,
0.418, 0.269, 0.244, 0.219, 0.172 nm, which are in good agreement
with the standard goethite (Schwertmann and Cornell, 1992). The
goethite particle size is around 500 nm (Fig. 3b), and the specific
surface area measured by the BET method is 54.06 m2 g�1, and the
point of zero charges (PZC) is about 8.7 which is inconsistent with
previous studies (Jaiswal et al., 2013).

Previous studies demonstrated that the ability of HA to reduce
Cr(VI) mainly depends on the kind of functional groups (Scaglia
et al., 2013). FTIR spectras of extracted soil humic acid (HAs) were
detected and compared with previous studies (Fig. 1b). The ab-
sorption strips at 3400 and 2920/2850 cm�1 are ascribed to O-H
and aliphatic C-H vibration. Furthermore, the carboxyl group, in-
tegrated C]C or H-bonded C]O groups, and C-O stretching of
phenolic groups was observed at 1720, 1614, and 1417 cm�1 ab-
sorption bands, respectively. Previous studies have also reported
similar HAs fractions (Huang et al., 2012; Zhang et al., 2017).
Detected functional groups revealed the role of humic acid in the
Cr(VI) reduction process. Recent studies have suggested that the
phenolic groups are the dominant functional groups that reduce
Cr(VI) to Cr(III), which resulted in the formation of carbonyl/
carboxyl groups (Hsu et al., 2009). Moreover, the carboxylic groups
can maintain binding sites for Cr(III) (Ohta et al., 2012).

3.2. Surface charge and surface sites

Zeta potential of S. oneidensis and goethite (pH 7) were �6.48
and 19.67 mV, respectively (Table 1). After the combination, the
zeta potential of S. oneidensis-goethite, S. oneidensis-HA, and
S. oneidensis-goethite-HA complexes decreased to �8.52, �9.30,
and �9.80 mV, respectively (Antelo et al., 2007). The coating of HA
to goethite decreased its positive charge and promoted its aggre-
gation leading to a weaker electrostatic attraction and lower sur-
face area (Hong et al., 2015); therefore there was a limit potential
for Cr(VI) adsorption on the surfaces of S. oneidensis-goethite-HA
complex due to charge repulsions, and this hypothesis was
confirmed by kinetic experiments. Additionally, the total chromium
in solution in the ternary complex of S. oneidensis-goethite-HA is
around 80% in different initial chromium concentration through
reaction time (Fig. S1).

Table 1 also shows the surface sites of S. oneidensis, goethite, HA,
and their complexes. The OH� consumed during the automatic
potentiometric titration represents the surface site concentration of
the titrated substance (Fig. S2). The lower surface sites, the better
buffer performance of the system, and richer functional groups
(Ueshima et al., 2008). After the combination of S. oneidensis,
goethite, and HA, the surface sites clearly depressed and became
less than the S. oneidensis surface site, indicating that there is a
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prosperity of the sites in the compounding reaction, which prob-
ably affects the Cr(VI) reduction process (Zhang et al., 2011).

3.3. Cr(VI) reduction kinetics

The effect of initial Cr(VI) concentration ranged from 0.5 to
2 mM on the Cr(VI) reduction by S. oneidensis, goethite, HA, and
their complexes was determined (Fig. 2). As the initial chromate
concentration increased, the Cr(VI) reduction by S. oneidensis
decreased (Fig. 2a) (Liu et al., 2016). Within 1 h, 0.5 mM of initial
Cr(VI) concentration was completely reduced whereas, after 8 h,
Fig. 2. Effect of initial Cr(VI) concentration (0.5, 1.0, 1.5, and 2.0 mM) on its reduction by S. o
(e); and S. oneidensis-goethite-HA complexes (f) in 25 ml mixture (pH 7) containing 1 g L�

25 mM sodium lactate. Error bars indicate ± standard error of the mean of duplicate assay
S. oneidensis could reduce 65, 42, and 29% of 1.0, 1.5, and 2.0 mM of
initial Cr(VI) concentration respectively. These results suggest that
Cr(VI) reduction at high concentrations was limited due to chro-
mate toxicity, proving that S. oneidensis is highly prone to chromate
toxicity, which causes growth inhibition (Liu et al., 2019; Viamajala
et al., 2004). The result of the pseudo-first-order kinetic model
fitting also revealed that the Cr(VI) reduction rate declined by
increasing the initial chromate concentration (Fig. S3; Table S1
R2 > 0.8).

Cr(VI) removal by goethite minerals did not exceed 10% (Fig. 2b),
which probably attributed to the chromate adsorption on goethite
neidensis (a); goethite (b); humic acid (c); S. oneidensis-goethite (d); S. oneidensis-HA
1 bacterial concentration, 1 g L�1 goethite minerals, 20 mg L�1 HA, 10 mM BTP buffer,
s and are smaller than symbols were not visible.



Fig. 3. SEM images of S. oneidensis (a); goethite (b); S. oneidensis-goethite (c); S. oneidensis-HA (d); S. oneidensis-goethite-HA (e); S. oneidensis-Cr(VI) (f); S. oneidensis-goethite-Cr(VI)
(g) S. oneidensis-HA-Cr(VI) (h); and S. oneidensis-goethite-HA-Cr(VI) (i).
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minerals or the abiotic reduction by released Fe(II) (Jiang et al.,
2014; Meng et al., 2018). Oxidized humic acid (HAox) alone could
not reduce Cr(VI) as well (Fig. 2c) probably as the Cr(VI) reduction
process by HA mainly depends on the system pH and exhibits slow
reduction rate at neutral pH values (Gu and Chen, 2003; Nakayasu
et al., 1999). Goethite minerals slightly inhibited Cr(VI) bio-
reduction in the binary complexes of S. oneidensis-goethite, prob-
ably due to the obstruction of electron transfer as goethite covered
and blocked the surface cell as shown and confirmed by SEM im-
ages (Fig. 3c) (Zhao et al., 2019, 2018). The binary complex of
S. oneidensis-HA probably interrupted electron transfer since HA
acted as a competitive electron acceptor; therefore HA led to a
slight inhibition of Cr(VI) bioreduction (Fig. 2e) (Stone et al., 2007).

In contrast, the ternary complex of S. oneidensis-goethite-HA
strongly stimulated Cr(VI) bioreduction (Fig. 2f). In this case, HAred
played a crucial role since the coating of HA depressed the positive
charge of goethite, thereby led to a weaker electrostatic attraction
and lower available surface area, which probably contributed to the
lower attachment to bacterial cell that reduced the blocking of
electron transfer; therefore, the ternary complex promotes Cr(VI)
reduction process (Hong et al., 2015). HA inhibited the attachment
of S. oneidensis to the goethite surface due to the competition be-
tween HA and bacteria for the same adhesion sites on the goethite
surface (Foppen et al., 2008). Additionally, HAred acted as electron
shuttles and accelerated the electron transfer to Cr(VI). Conse-
quently, the ternary complex of S. oneidensis-goethite-HA enhanced
the Cr(VI) reduction process (Meng et al., 2018).
3.4. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) analysis was performed to
determine the morphology of S. oneidensis and its complexes with
goethite and HA before and after reacting with 1.0 mM Cr(VI) for
8 h. SEM images showed that, before reacting with chromate, the
cells were regular rod-shaped with smooth surfaces (Fig. 3a).
Meanwhile, after reacting with chromate ions, the bacterial cells
became atrophic with a shrunken-surface shape and cracks for-
mation was also observed (Fig. 3f). This observation revealed that
chromate stress changed cell morphology and had a toxic effect on
S. oneidensis (Kang et al., 2014). In the presence of chromate, bac-
terial cells were co-compacted to show more elasticity and flexi-
bility (Fig. 3f), while the cells seemed to be clear and separated
without Cr(VI) (Bhattacharya and Gupta, 2013). These results
interpreted the cell morphology changes due to chromate stress
(Chatterjee et al., 2011).

SEM images of S. oneidensis-goethite complex showed that
goethiteminerals covered the surface of S. oneidensis (Fig. 3c and g),
which probably disrupted electron transfer and thereby inhibited
Cr(VI) bioreduction (Zhao et al., 2019, 2018). Likewise, SEM images
of S. oneidensis-HA complex showed that the bacterial cells lost
their regular shapes, some appeared to be broken, and irregular cell
fragments were observed (Fig. 3d and h), revealing that HA
inhibited the cell activity and therefore, decreased Cr(VI) reduction
rate (Zhao et al., 2018). SEM images of S. oneidensis-goethite-HA
showed that the cell surface was partially covered with goethite
(Fig. 3e and i), as HA diminished the bacterial adhesion to the
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goethite surface due to the competition between HA and bacteria
for the same adsorption sites on the goethite surface (Foppen et al.,
2008), which allowed the electron transfer to chromate and thus,
stimulated Cr(VI) reduction rate.
3.5. Surface functional groups

The FTIR spectras of S. oneidensis combined with goethite and
humic acid before and after reacting with Cr(VI) were determined
(Fig. 4). The main absorption peaks were C]O stretching vibration
(amide I band) at 1655 cm�1, N-H bending vibration and C-N
stretching vibration (amide II band) at 1540 cm�1, symmetrical
deformation of H-C-H, C-O-H at 1456 cm�1, bending vibration of H-
C-C group at 1387 cm�1, P]O asymmetric stretching vibration at
1238 cm�1, symmetric stretching vibration of C-O-C in glycosidic
bonds at 1079 cm�1 (Elzinga et al., 2012; Tribe et al., 2006). After
the combination of S. oneidensis and goethite, the binary and
ternary complexes exhibited a characteristic absorption peak of
goethite at 888 cm�1 assigned to C-H bending. The characteristic
absorption peaks on the composite did not shift significantly or
result in the emergence of new feature peaks. The main
Fig. 4. FT-IR spectra of Shewanella oneidensis MR-1, and its binary and ternary com-
plexes with goethite, and HA before and after reacting with 1 mM Cr(VI) for 8 h.

Fig. 5. Full XPS survey scan of the ternary complex of S. oneidens
characteristic absorption peaks of S. oneidensis are C]O (amide І),
and N-H/C-N (amide II). The trend of weakening peak intensity
speculated that Cr(VI) mainly reacted with S. oneidensis on the
complexes, confirming the crucial role of certain functional groups
on the surface of S. oneidensis such as carboxyl and amide groups in
the metal-binding process (Kang et al., 2015).
3.6. The fate of chromium and iron cycling

The full XPS survey scan for the ternary complex of S. oneidensis-
goethite-HA before and after reacting with 1.0 mM Cr(VI) for 8 h
was determined (Fig. 5). The atomic percentage of C 1s, O 1s, Cr 2p,
and Fe 2p were 52.32, 39.69, 0.51, and 7.48%, respectively (Fig. 5b).
The atomic percentage of Fe 2p before and after the Cr(VI) reduc-
tion process was slightly reduced from8.71 to 7.48%, confirming the
crucial role of iron in the chromium reduction process (Fig. 5a and
b). The C 1s spectra indicated that the plurality of C in S. oneidensis-
goethite-HA composite was represented as C-H or C-C and O-C]O
with a tiny amount of C-O-C (Fig. 6a). Cr 2p XPS analysis obviously
illustrated that the final yields of the Cr(VI) reduction process were
Cr(OH)3 and Cr2O3 precipitates (Fig. 6c) represent about 80% of
solid precipitates, which is consistent with the reduction kinetic
results (Fig. 2f) revealing that there is a few Cr(VI) adsorbed on the
solid surface (Liu et al., 2019; Tian et al., 2016). The Fe 2p spectrum
of the S. oneidensis-goethite-HA complex (Fig. 6d) revealed the
existence of both Fe(II) (725.41 eV) attributed to FeCr2O4 (27.06%)
and Fe(III) (710.79, 711.7, and 713.56 eV) represented by Fe2O3
(9.75%), octahedral Fe(III) (36.15%) and tetrahedral Fe(III) (20.71%)
respectively (Liu et al., 2019; Lu et al., 2018).

The relative distribution of Fe speciation and alternation series
in the goethite mineral and its complexes with S. oneidensis and HA
were figured out (Fig. 7). Goethite mineral has 29.97% of octa Fe(II)
(Fig. 7a). After the combination of S. oneidensis with goethite, the
octa Fe(II) increased to 34.65% revealing the electron transfer from
bacteria to goethite to reduce Fe(III) to Fe(II) (Fig. 7b). In the ternary
complex of S. oneidensis-goethite-HA, Octa Fe(II) reached 31.77%
(Fig. 7c), suggesting that HAox competed with goethite mineral to
accept electrons transferred from bacteria (Stone et al., 2007). Once
the ternary complex reacted with Cr(VI), Fe(II) of FeCr2O4 was
strongly decreased to 27.06%, confirming that two redox cycles of
chromium and iron were occurred at the same time through the
abiotic Cr(VI) reduction process according to the following formula:

3Fe(II) þ Cr(VI) / 3Fe(III) þ Cr(III) (1)

Cr(III) þ OH�/ Cr(OH)3 (2)
is-goethite-HA before (a); and after reacting with Cr(VI) (b).



Fig. 6. XPS spectra of C 1s (a); O 1s (b); Cr 2p (c); and Fe 2p (d) from the fractured surfaces of S. oneidensis-goethite-HA after reacting with 1 mM Cr(VI) for 8 h. All spectra were
referenced to a C 1s photopeak at 284.8 eV.
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These results emphasized that Fe(II) generated from goethite
mineral had a vital role and rapidly reduced Cr(VI) (Fig. 7b) (Kwak
et al., 2018). Furthermore, the total iron content was decreased
during Cr(VI) reduction process (Fig. S4). Moreover, XPS analysis
deeply confirmed that the composition of the newly-formed sur-
face layer consists of Fe(III)-Cr(III) (oxy)hydroxides with Cr(VI)
adsorbed on the outside surface (Huang et al., 2018).
3.7. Analyses of precipitated solid leachate

Energy disperses spectroscopy (EDS) analysis was performed in
the leachate to prove the Cr(VI) reduction process. EDS images
illustrated that the precipitated solid complexes contain signal
peaks of carbon, oxygen, phosphorus, sulfur, potassium, and silicon,
which were mainly resulting from the components of the cell
membrane, e.g., polysaccharides and proteins (Guria et al., 2014).
EDS elemental analysis of the complexes of S. oneidensis-goethite-
HA, S. oneidensis-HA-Cr(VI), and S. oneidensis-goethite-HA-Cr(VI)
was estimated (Table S.2). Clear sharp chromium peaks were
observed in the spectrum of S. oneidensis-HA-Cr(VI) (Fig. 8b).
Meanwhile, no chromium peaks were detected in the EDS spectra
of the ternary complex of S. oneidensis-goethite-HA (Fig. 8c),
proving the efficient reduction of Cr(VI) through the ternary
complex (Kumari et al., 2015). Previous studies speculated that the
chromium compound probably exists as crystalline or amorphous
structures, which can not be assessed in EDS spectra otherwise, the
secondary metabolites produced during bacterial culture cells
could compete with bacteria for Cr(III) attachment and as a result,
soluble chromium complexes could be produced; therefore, the
chromium immobilization ratio is declined (Cheng and Yan, 2010;
Kumari et al., 2015).

XRD spectrum of goethite after combining with S. oneidensis,
HA, and reacting with Cr(VI) for 8 h did not exhibit significant
changes (Fig. S5). The peak position and relative intensity demon-
strated that no significant changes occurred in the binary and
ternary complexes. These results suggested that goethite mineral is
more stable in short-term reactions andmaybe exhibits alternation
peaks in long-term reaction composites (Zhou et al., 2018).
3.8. Electron paramagnetic resonance (EPR)

EPR analysis was employed to examine the reactive reductive
intermediate Cr valence states during the Cr(VI) reduction process.
Fig. 9 shows the EPR spectrum of the S. oneidensis-goethite-HA
complex after reacting with Cr(VI) for 3 h. A significant signal ap-
pears at g¼ 1.98 attributed to Cr(V); this finding revealed that there



Fig. 7. Fe 2p XPS spectra of goethite (a); S. oneidensis-goethite (b); S. oneidensis-goethite-HA (c); and S. oneidensis-goethite-HA-Cr(VI) (d). All spectra were referenced to a C 1s
photopeak at 284.8 eV.
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was an intermediate valence state of Cr(V) during the reduction of
Cr(VI) by S. oneidensis-goethite-HA. Therefore, EPR analysis pro-
vided supporting evidence and demonstrated that Cr(VI) reduction
is a two-step electron transfer process (Liu et al., 2016;Weckhuysen
and Schoonheydt, 1994). This pathway was in agreement with
several previous studies that confirmed in various Cr(VI)-reducing
bacterial strains (Myers et al., 2000; Wani et al., 2007).

3.9. Cr(VI) reduction mechanism in the ternary complex of
S. oneidensis-goethite-HA

Chromium reduction pathways through the ternary complex of
S. oneidensis-goethite-HA were shown in Fig. 10. Each component
has its role to decrease Cr(VI) in the ternary complex reaction. First
S. oneidensis could reduce Cr(VI) to Cr(III) by direct extracellular
electron transfer (EET). Additionally, it was also able to reduce
Fe(III) and HAox to Fe(II) and HAred, respectively. Second, goethite is
a Fe(III) source that can be reduced to produce Fe(II) which took
part in the Cr(VI) reduction process. Third, HAred not only acted as
electron shuttles among S. oneidensis, goethite, and Cr(VI), which
accelerate the reduction of Fe(III) and Cr(VI) but also hindered the
bacterial cells from goethite adhesion which prevent the electron
transfer blocking (Zhao et al., 2019, 2018). Thus, the ternary com-
plex of S. oneidensis-goethite-HA could enhance Cr(VI) reduction
through parallel biotic and abiotic processes, where HAred was
taken as the watchword in the ternary complex of the reaction
system.

4. Conclusions

In this study, Cr (VI) reduction by Shewanella oneidensisMR-1 in
the presence of goethite and HA was investigated. The results
showed that S. oneidensis can reduce Cr(VI) to Cr(III) and Fe(III) in
goethite mineral to Fe(II), which in turn quickly reduces Cr(VI). The



Fig. 8. EDS images and elements mapping of S. oneidensis-goethite-HA (a); S. oneidensis-HA-Cr(VI) (b); and S. oneidensis-goethite-HA-Cr(VI) (c).

Fig. 9. EPR spectrum of S. oneidensis-goethite-HA during the reduction of Cr(VI).
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Cr(VI) reduction rates decreased with the increase of the initial
Cr(VI) concentrations due to the chromate toxicity on bacterial
cells. Binary complexes of S. oneidensis-goethite and S. oneidensis-
HA slightly inhibited Cr(VI) reduction since goethite covered the
cell surface and interrupted the electron transfer, whereas HA
competed with Cr(VI) to accept electron transferred from bacterial
cells. The ternary complex of S. oneidensis-goethite-HA strongly
enhanced Cr(VI) reduction rate. XPS analysis confirmed that the
final yields of reduction reaction were Cr(OH)3 and Cr2O3 precipi-
tated on the cell surface. Our results suggested that HA could
overcome the goethite inhibition which blocks the active sites on
bacterial surfaces that transfer electrons to the extracellular envi-
ronment. Therefore, Fe(III) minerals and humic acid drastically
promoted Cr(VI) bioreduction. This research offers a novel
approach to remove Cr(VI) from Cr(VI)-contaminated sites.
4.1. Environmental implications

Our study provides promising insights to monitor the fate of
Cr(VI) as well as its reduction mechanisms in more complicated
environmental systems, including microorganisms, iron minerals,
and humic acid. Such knowledge affords possible implications for
Cr(VI) reduction kinetics in Cr(VI)-contaminated systems. The re-
sults presented herein suggest that S. oneidensis-goethite-HA
combination could be an efficient way to reduce high toxic Cr(VI) to



Fig. 10. Chromium reduction pathways through the ternary complex of S. oneidensis-goethite-HA.
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lower Cr(III). Thus, it may provide a potential novel approach for
Cr(VI) remediation strategies in high chromate contaminated sites
through friendly environmental processes.
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