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A B S T R A C T   

Microorganisms are commonly bonded to various soil minerals, which may influence the redox processes and 
bacterial metabolism. However, little is known about the impact of particle size of soil minerals on these redox 
processes in the subsurface environment. In this study, the Cr(VI) bioreduction by Shewanella oneidensis MR-1 
(S. oneidensis) was investigated in the presence of various hematite (α-Fe2O3) particles with average diameters 
of 1.0 µm (hem-1 µm) and 80.0 nm (hem-80 nm) under different pH conditions. Fourier transformed infrared 
spectroscopy coupled with two-dimensional correlation spectroscopy (FTIR-2D-COS) analysis and isothermal 
titration calorimetry (ITC) were used to explore the interaction between S. oneidensis and hematite and monitor 
the bacterial metabolic activity, respectively. X-ray photoelectron spectroscopy (XPS) was used to elucidate the 
Cr(VI) removal mechanisms. Our results showed that 78% of chromate can be reduced to Cr(III) by S. oneidensis 
alone. Whereas, chromate reduction rates were 62% and 85% in the presence of hem-1 µm and hem-80 nm, 
respectively. The enhancement of Cr(VI) reduction by S. oneidensis-hem-80 nm complex may be due to the large 
surface area as well as the positive charge of hem-80 nm at neutral pH, which influences the physical contact 
between S. oneidensis and iron oxides. The microcalorimetric results showed that both hem-1 µm and hem-80 nm 
promoted the normal physiological functions of S. oneidensis. XPS confirmed the gradual FeCr2O4 formation and 
Fe(II) depletion during the Cr(VI) reduction process. This work expands our understanding of microbial-mineral 
interaction and its role in Cr(VI) removal mechanisms in the subsurface environment.   

1. Introduction 

Chromium (Cr), has become a hot area of interest due to its mounting 
release into the environment from various industrial activities such as 
wood preservation, leather tanning, electroplating, alloy 
manufacturing, pigment, and dye synthesis [1]. Chromium mainly exists 
in two valence states: hexavalent Cr(VI) and trivalent Cr(III) forms in the 
contaminated environment [2]. Since Cr(VI) is more toxic, soluble, 
mobile, and carcinogenic than Cr(III), therefore, it is highly recom
mended to convert Cr(VI) to Cr(III) due to the low toxicity, solubility, 
and mobility of Cr(III) as well as its precipitation potential as Cr(III) 
(oxy)hydroxides [3–5]. 

Microbial Cr(VI) reduction has been regarded as the most suitable 
chromium remediation approach because of the natural widespread 

bacteria in the soil and water environment under anaerobic conditions. 
Moreover, it has been reported that the Cr(VI) bioreduction is a more 
eco-friendly strategy than the conventional physico-chemical strategies 
which often result in secondary sludge [6,7]. Recently, many bacteria 
have been reported to reduce the more toxic Cr(VI) to less toxic Cr(III) 
including dissimilatory metal reducing bacteria (DMRB) [8,9]. It is well 
known that the functional groups such as hydroxyl, carboxyl, amino, 
etc., which are important participants in the biological adsorption pro
cess on the surface of microbial cell walls are influenced by the system 
pH [10]. 

Iron minerals are ubiquitous in the soil environment and have a high 
surface area and surface activity, which can be used for heavy metal 
remediation due to their high redox activity [11,12]. A previous study 
demonstrated that the effect of minerals on the microbial Cr(VI) 
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reduction is directly related to the composition and properties of min
erals themselves [13]. Hematite minerals play critical roles in mediating 
electron transfer processes in subsurface environments [14]. It has been 
reported that the small particle size of hematite has a high density of 
active sites and a clear antiseptic role [15]. The microbial reduction of 
Fe(III) oxides is linearly correlated with the surface area and solid-phase 
surface site concentrations [16]. Further study showed that the minerals 
particle size can affect the interaction between hematite and c-cell 
pigments in the main DMRB trans-membrane electron transfer network 
[17]. In addition, the microbial-iron minerals system has a synergy ef
fect due to the adsorption potential of minerals and microbial reduction 
capacity. Furthermore, the Fe(II) produced from the microbial reduction 
of Fe(III) oxides can indirectly reduce Cr(VI) [18]. However, little is 
known about the size effect of hematite particles on the microbial 
removal of chromate and bacterial metabolic activity. 

In this study, we speculated that iron minerals with different particle 
size may affect the bacterial activity, the microbial-mineral interaction, 
and the redox reactions. The main objective is to gain an in-depth un
derstanding of soil mineral-microbes interaction and their effects on 
bacterial metabolism and chromium reduction. Therefore, in this study, 
Shewanella oneidensis MR-1 was selected as a gram-negative DMRB 
which can use small amounts of lactate as an electron donor, and various 
metal ions such as chromium as electron acceptors to achieve the 
reduction of heavy metals [19]. The effect of hematite particle size on 
chromium reduction by S. oneidensis was investigated. Additionally, 
bacterial metabolism as influenced by different concentrations of he
matite was detected under various pH conditions. Furthermore, the 
adhesion mechanism of bacterial cells to hematite with different particle 
sizes was also explored. 

2. Materials and methods 

2.1. Materials 

All chemicals used in this work were analytical grade and all solu
tions were prepared using deionized water (resistivity 18.2 MΩ⋅cm). 
Potassium chromate (KCrO4; Sigma–Aldrich) was used to prepare the Cr 
(VI) stock solution. All butyl rubber stopper bottles, solutions, and 
growth media were sterilized prior to use. The reaction system was 
provided with nitrogen and carbon dioxide (N2: CO2 = 4:1) after each 
sampling to maintain the anoxic conditions. The initial pH 7 was 
adjusted using NaOH/HCI. All stock solutions were stored at 4 ◦C before 
use. 

2.2. Microorganism culture 

Shewanella oneidensis MR-1 was purchased from China Culture 
Collection (CCTCC, AB 2013238). The test strain was cultured in Luria- 
Bertani (LB) medium (yeast extract 5.0 g L− 1, tryptone 10 g L− 1, NaCl 
5.0 g L− 1) [20]. Under sterile conditions, the strain was incubated in an 
orbital incubator at 30 ◦C with continuous trembling at 150 rpm until 
reaching to early exponential phase. 1% of the culture solution was 
inoculated to the same medium and cultured under the same conditions 
for 14 h to logarithmic long. The resultant cultures were centrifuged at 
12,000 g for 5 min and then collected in a 10 mM Bis-Tris propane buffer 
(BTP, Sigma–Aldrich) solution. The wet bacteria were then mixed in the 
same buffer, and the resulting bacterium suspension was preserved at 
4 ◦C. The bacterial mass concentration was determined based on the dry 
weight method. 

2.3. Hematite synthesis and characterization 

Large-particle hematite (particle size <5 µm, product number 
310050) was purchased from Sigma Aldrich. Small-particle hematite 
(~80 nm) was synthesized using the forced hydrolysis of ferric nitrate. 
Briefly, 40 g Fe(NO3)⋅9H2O was dissolved in 500 mL of preheated 

distilled water to 90 ◦C. 300 mL of 1.0 M KOH and 50 mL of preheated 
1.0 M NaHCO3 solution were directly added into Fe(NO3)⋅9H2O sus
pension. The suspension pH was adjusted to 8–8.5 at 90 ◦C for 48 h. The 
resulting mineral suspension was cooled overnight, purified by the 
dialysis 3–4 times per day until its conductivity was reduced to <15 μS/ 
cm. At last, the resulting dense suspension was centrifuged, dried, and 
ground over 100 sieves. 

The hematite samples were characterized using powder X-ray 
diffraction (XRD), scanning electron microscopy (SEM), and BET surface 
area measurements according to Burstein G.T., [21]. XRD analysis of 
hematite samples was performed on an X-ray diffraction meter 
(D8-ADVANCE of Bruker, Germany) with CuKa target radiation, speed 
2 ◦/min, step length 0.01, voltage 40 kV, and current 40 mA. Hematite 
samples were analyzed and identified using powder pressure tablet 
methods. The surface morphology of different particle sizes of hematite 
was explored using SEM. 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 and freeze-dried. A suitable amount of dry powder sample 
adhered to the scanning electron microscope stage with a conductive 
adhesive. Surface morphology was observed by a Zeiss EV0 LS10 SEM 
(Carl Zeiss, Britain). Specific surface area (SSA) of hematite particles 
were measured based on the N2 isothermal adsorption method (Quan
tachrome Autosorb-1, JEDL-6390/LV). Hematite particles of different 
sizes were suspended in 10 mM BTP buffer (pH 7), and the mineral 
particles were dispersed in the ultrasonic water bath for 30 min until 
complete dispersion. 

2.4. Preparation of S. oneidensis-hematite complex 

Hematite and S. oneidensis bacteria were mixed in a certain propor
tion of mass concentration in a 50 mL butyl rubber stopper bottle and the 
initial pH was regulated using 1.0 M NaOH/HCl. Nitrogen and carbon 
dioxide (N2: CO2 = 4:1) was injected into the system to provide the 
anaerobic condition. The composite system was incubated in an orbital 
incubator at 30 ◦C and 150 rpm for 2 h to achieve equilibrium in the 
suspension of the bacteria-mineral complex. 

2.5. Determination of surface charge and surface sites 

The surface charge of hematite particles and their combination with 
bacteria was investigated by measuring the zeta potential of the single 
and binary complexes using zeta potential analyzer (Zetasizer Nano ZEN 
3600). At different pH values, 1.0 g L− 1 of hematite suspension was 
added to the bacterial cell and the zeta potential was measured. Zeta 
potential values were recorded three times and the average value was 
taken. 

Potentiometric titration experiments were carried out to detect the 
surface sites of S. oneidensis-hematite complexes. 40 mL of S. oneidensis- 
hematite complexes suspension was added to the potentiometric titra
tion pool and 10 mM HNO3 was added to titrate the system to pH 4 and 
stabilize it for 30 min and 10 mM NaOH was used to titrate the system to 
pH 10. During the passage of high purity N2, the sample cell was sealed. 
1.0 g L− 1 single mineral suspension was used for the preparation of the 
complex and 10 mM NaCl was used as the electrolyte background. 

2.6. Cr(VI) reduction kinetic experiments 

Cr(VI) reduction experiments were carried out in 50 mL butyl rubber 
stopper bottles containing 1.0 g L− 1 of S. oneidensis (1.918 ×108 cell/ 
mL) and 1.0 g L− 1 of hematite particles. The effects of hematite particle 
size and the initial pH on the Cr(VI) reduction were investigated. 5.0 mM 
Cr(VI) was added as the initial chromium concentration. The initial pH 
was adjusted to 7 by NaOH/HCI solutions. Nitrogen and carbon dioxide 
(N2: CO2 = 4:1) were inserted to provide the anaerobic condition. A 
control treatment (without hematite) was set in parallel to explore the 
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stimulation/inhibition effect of different particle sizes of hematite on Cr 
(VI) reduction. The effect of initial solution pH on the Cr(VI) reduction 
was studied before and after the zero points of charge (ZPC) of hematite 
and S. oneidensis-hematite complexes. At certain interval times, 2.0 mL 
aliquots were withdrawn from the reaction solution, centrifuged at 
12,000 g, 4 ◦C for 5 min to measure the Cr(VI) concentration in the 
supernatant by a UV–Vis spectrophotometer at 540 nm of absorbance. 
Three parallel experiments were set up and the results were averaged. 

2.7. Fe(II) measurement 

Biogenic reduced-Fe(II) produced from hematite was detected using 
the 1,10-phenanthroline method [22]. Regular aliquots were withdrawn 
with a sterile syringe and nitrogen was injected after the sampling to 
exhaust oxygen and ensure the anaerobic environment in the reaction 
system. Samples were centrifuged at 12,000 g for 5 min and Fe(II) 
content was measured in the supernatant by phenanthroline spectro
photometry. 5.0 mL of Fe(II)-containing supernatant was added to the 
colorimetric tube and supplemented to 25 mL with distilled water. A 2.5 
mL of ammonium acetate buffer and 1.0 mL of phenanthroline solution 
were added and the solution was shaken well. After 15 min, the color
imetric measurement was performed at a wavelength of 510 nm. Fe(II) 
alterations in the suspensions of hematite were detected before and after 
the reaction. Three parallel experiments were set up and the data results 
were averaged. 

2.8. Two-dimensional correlation spectroscopy analysis 

2D correlation spectroscopy is a method for extracting useful infor
mation from a collection of spectral data obtained from a sample under 
the influence of some type of external disturbance such as temperature 
variations or changes in constituent concentration [23]. Fourier trans
formation infrared spectroscopy (FTIR) coupled with two-dimensional 
correlation spectroscopy (2D-COS) analysis was used to characterize 
the S. oneidensis-hematite complexes under the perturbation of initial Cr 
(VI) concentration (0.5, 1.0, 1.5, 2.0 mM). Samples were centrifuged, 
lyophilized, and then ground and mixed uniformly with KBr in an agate 
mortar according to a mass ratio of 1: 100. The mixtures were com
pressed to 13 mm diameter and placed in the sample room of an infrared 
spectrometer (Nicolet AVAR 330) to obtain an infrared spectrum. The 
scanning wave number ranged from 800 to 1800 cm− 1, the number of 
scans was 128, and the resolution was 4 cm− 1. The infrared spectrum 
was analyzed using the infrared software (OPUS 6.5). The 
two-dimensional infrared correlation analysis method was used to 
determine the sequence of functional groups after the combination be
tween S. oneidensis and hematite. The 2D-COS analysis was performed 
using 2D shige software (Shige Morita, Japan) to analyze and map 
synchronous and asynchronous spectra. 

2.9. Isothermal titration calorimetry (ITC) 

Flow calorimetry is a powerful technique for clarifying the heavy 
metals binding mechanisms on solid surfaces from the perspective of 
thermodynamics [24]. To elucidate the effect of hematite in different 
particle sizes on the metabolism of S. oneidensis, a TAM III multichannel 
thermal activity microcalorimeter (Thermometric AB, Sweden) was 
used to monitor the bacterial activity through metabolic heat flow 
analysis. All determinations were performed at 28 ◦C in 4 mL stainless 
steel ampoules which were sterilized for 20 min at 121 ◦C before use. 
The metabolic power-time curves of S. oneidensis were continuously 
recorded in the absence and presence of hematite. Each ampoules con
taining 0.1 mL of bacterial culture was added into 1.9 mL LB medium 
introduced with different concentrations (0.0, 0.5, 1.0, 5.0, and 10.0 g 
L− 1) of pre sterilized-hematite minerals. The power-time curve of bac
terial metabolism was analyzed to evaluate the effect of different par
ticle sizes of hematite minerals on microbial metabolism. 

2.10. XPS analysis 

XPS analyses were employed to determine the chemical states of the 
surface elements bound to cells using an XSAM800 X-ray photoelectron 
spectroscopy with Mg Kα as an X-ray source. All spectra were drawn and 
analyzed using the Avantage software, and carbon C1s (EBE = 284.8 eV) 
was used as the charge calibration standard. 

2.11. Statistical analysis 

All experiments were performed in a triplicating system. For one 
treatment, three different bottles have been set. Three measurements 
were taken each time, and their means and standard deviations were 
calculated using the software package (SPSS 7.5). Error bars indicate 
standard deviation on graphs. 

3. Results and discussion 

3.1. Characterizations of hematite particles 

XRD analysis was performed to identify the present phase in the 
synthesized mineral. XRD patterns of the iron mineral with different 
particle sizes confirmed the pure phase of hematite and the character
istic peaks are well-matched with the standard PDF card (79–1741 and 
87–1165) without other crystalline phases [25]. XRD patterns of 
hem-80 nm exhibited peak broadening around 25◦, an expected phe
nomenon, and the change of the full-width at half-maximum (FWHM) 
revealed the different crystalline sizes [17,26] (Fig. 1a,b). This result is 
in agreement with the values reported for pure α-Fe2O3 hematite 
nanoparticles [27,28]. 

SEM images revealed that the two samples of hematite particles had 
an average diameter of 1.0 µm and 80 nm, respectively. It can be seen 
that hem-1 µm had a compacted-irregular shape while hem-80 nm had a 
rhombohedral shape (Fig. 1c,d) which concurs with previous studies 
[16,29]. The external SSA of hem-1 µm and hem-80 nm as measured by 
the N2-BET method were 4.838 and 33.1 m2/g, respectively [30]. 

3.2. Surface sites analysis of hematite 

The titration curves of a single component of S. oneidensis, hem-1 µm, 
and hem-80 nm are presented in Fig. 2a. The amount of OH− consumed 
during the titration at pH ranges from 2.5 to 10.0 represents the bac
terial buffering ability derived from the protons released from surface 
acidic chemical moieties [31]. It can be seen that in the pH range of 
5–10, the surface site concentration of S. oneidensis is greater than that of 
hematite particles. This result suggests that the ability of the bacterial 
alone to react with Cr(VI) is higher than that of hem-1 µm and 
hem-80 nm. 

After the equal-ratios combination of S. oneidensis bacteria with hem- 
1 µm and hem-80 nm, the surface sites of the S. oneidensis-hematite 
complexes increases (Fig. 2b, c). Subsequently, the Cr(VI) adsorption 
potential on the surface of the composite also increases. Therefore, it is 
suggested that the hematite minerals increase the sites on the surface of 
the composite which promotes the Cr(VI) adsorption process. The po
tential titration results of S. oneidensis-hem-1 µm and S. oneidensis-hem- 
80 nm complexes with different proportions of bacteria and minerals are 
also shown in Fig. 2b, c. The 1:5 bacterial-minerals combination ratio 
declined the surface sites of the complex, which suggested that the high 
proportion of minerals in the complex decreases the concentration of 
surface sites, and therefore reduces the adsorption of Cr(VI). 

3.3. Effect of particle size of hematite on the Cr(VI) reduction by 
S. oneidensis 

Microbial Cr(VI) reduction by S. oneidensis was examined in the 
presence and absence of hematite at a mass ratio of 1:1 (Fig. 3a). 
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S. oneidensis could reduce 83% of chromium after 2 h in the absence of 
hematite, whereas, Cr(VI) reduction rate was 65% and 91% in the 
presence of hem-1 µm and hem-80 nm, respectively. This finding sug
gested that the hem-1 µm significantly inhibited the microbial reduction 
of Cr(VI), while the hem-80 nm had a moderate promotion effect on the 
microbial reduction during the first 4 h, revealing that the smaller 
particle sizes of hematite accelerate the Cr(VI) reduction by S. oneidensis- 
hematite complex. The enhancement of Cr(VI) reduction may be due to 
the large surface areas as well as the higher reactivity per unit weight, 
which influences the physical contact between the cells and iron oxides 
[32]. The hem-1 µm exhibited less cell contact and cell coverage than 
hem-80 particles, therefore, depressed the electron transfer to Fe(III) 
oxide particles and thereby declined Cr(VI) reduction rate [16]. Thus, 
these results confirmed that particle sizes of hematite strongly influ
enced the microbial reduction of Cr(VI) by S. oneidensis. These findings 
are consistent with a previous study that demonstrated that hematite 
nanoparticle size can affect Cd(II) sorption on hematite [33]. Bosch et al. 
[32] confirmed that nano-sized aggregates of iron minerals in colloidal 
suspensions might be spatially more accessible for microorganisms than 
large aggregates flocculating as bulk phases. 

3.4. Surface charge analysis 

Control conditions were set before and after the pH wherein the 
colloid surface charge is zero which is called the zero point of charge 
(ZPC), which can explore the promotion or inhibition of the reaction 
based on the colloid surface charge. By the determination of zeta po
tential, the ZPC of hem-1 µm and hem-80 nm were 6.0 and 7.3, 
respectively (Fig. 3b). The colloid surface charge is positive in front of 
ZPC and negative after ZPC. Therefore, the pH of the reaction system 

was set to 4, 5, 7, 8, and 6, 7, 8, 9 for the complexes containing hem- 
1 µm and hem-80 nm, respectively. 

The surface charge alterations of the bacterial-minerals complexes 
before and after the Cr(VI) reduction reaction were also investigated 
(Table 1). The S. oneidensis-hem-1 µm complex can undergo adsorption 
and reduction reactions within the chromium removal process. After the 
reduction reaction, Cr(VI) was converted to Cr(III), which is a positive 
charge ion and is prone to adsorb to the negative complex surface based 
on the electrostatic analysis, therefore, the surface positive charge 
increased after the reaction and negative charge decreased [34]. 

On the other hand, the surface negative charge of the S. oneidensis- 
hem-80 nm complex increased after the reaction which may be due to 
the more CrO4

2- adsorption on the positively charged surface of hem- 
80 nm at pH 7.0 before the reduction process (Fig. 3b). Therefore, the 
adsorption process may coexist in the reaction system and the surface 
charge of the complex after the reaction is less than before. 

3.5. Biogenic-Fe(II) produced from hematite reduction 

The change of biogenic produced-Fe(II) can interpret its crucial role 
in the Cr(VI) reduction process. The alteration of Fe(II) concentration in 
the suspension of S. oneidensis-hem-1 µm and S. oneidensis-hem-80 nm 
complexes with/without reacting with Cr(VI) was measured (Fig. 3c). It 
can be seen that in the absence of Cr(VI), S. oneidensis can reduce hem- 
1 µm and hem-80 to produce 1.6 and 7.3 mg L− 1 Fe(II) after 4 h, 
respectively. However, in the presence of Cr(VI), the concentration of Fe 
(II) did not change and remained close to zero throughout the reduction 
process, possibly due to the following reasons: (1) Fe precipitation 
during the reduction of Cr(VI), so Fe(II) cannot be detected in the so
lution; (2) when both Fe(III) and Cr(VI) are present in the reaction 

Fig. 1. XRD pattern and SEM images for different hematite particle size samples: hem-1 µm (a, c) and hem-80 nm (b, d) respectively.  
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system, Cr(VI) is preferentially reduced because of the high redox po
tential of Cr(VI), therefore Cr(VI) acted as the first terminal destination 
to accept the electrons transferred from bacterial cells; (3) hematite has 
already been reduced but the biogenic produced-Fe(II) was exhausted in 
Cr(VI) reduction by an instantaneous abiotic process; (4) the electron 
donor in the solution is consumed during the reduction of Cr(VI) and is 
not sufficient to reduce Fe(III) in hematite. However, the kinetic results 
indicated that the reduction of Cr(VI) by S. oneidensis bacteria reached 
equilibrium in 2–4 h, and the reduction rate could reach 99% proving 

Fig. 2. Potentiometric titration curves of single S. oneidensis, hem-1 µm, and 
hem-80 nm (a); potentiometric titration curves of S. oneidensis-hem-1 µm 
complex (b), and S. oneidensis-hem-80 nm complex (c) with different 
proportions. 

Fig. 3. Effect of hematite particle size on Cr(VI) reduction by S. oneidensis and 
S. oneidensis-hematite complexes (a); determination the zero point of charge 
(ZPC) for different particle sizes of hematite (b); Fe(II) extent vacillation in 
hem-1 µm and hem-80 nm before/after reacting with Cr(VI) (c). 

Table 1 
Surface charge of S. oneidensis-hematite composites before and after reaction 
with Cr(VI).  

Complex Zeta potential (pH 7.0) 

Before the reaction After the reaction 

S. oneidensis-hem-1 µm − 9.72 − 4.49 
S. oneidensis-hem-80 nm − 5.38 − 12.73  
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that the amount of electron donors in the reduction system is sufficient 
and Fe participates during the reduction of Cr(VI), therefore, Fe(II) 
could not be detected in the presence of Cr(VI) [35]. 

3.6. Effect of initial pH on the Cr(VI) reduction 

Since the initial pH directly influences the surface charge of hema
tite, the aggregation, and physiological functions of bacteria, the effect 
of initial pH on the Cr(VI) reduction by pure hematite with different 
particle sizes and their composites with S. oneidensis was investigated. 
The Cr(VI) removal rate by hem-80 nm is slightly stronger than that of 
hem-1 µm. However, under different pH, the chromium removal rate by 
both hematite particles fluctuated within 10–20% and there was no 
continuous mounting removal of Cr(VI) (Fig. 4a, b). These results 
revealed that hematite alone did not have a strong affinity to Cr(VI) and 
surface adsorption was the main mechanism for Cr(VI) removal. As the 

ZPC of hem-1 µm and hem-80 nm is 6.0 and 7.3, respectively. The hem- 
1 µm and hem-80 nm are positively charged under acidic conditions 
which interpreted the surface adsorption process. After the combination 
of hematite and S. oneidensis, the cell surface morphology changed, and 
the Cr(VI) reduction process was strongly stimulated in comparison with 
hematite alone (Fig. 4c, d). The reduction extent after the combination is 
stronger than that of a single hem-1 µm, although the reduction rate is 
limited. After 1 h of reaction, the reduction equilibrium is primarily 
reached with about 12.5% of Cr(VI) removed. It is noteworthy that the 
Cr(VI) reduction efficiency after recombination was significantly 
improved when the pH value was higher than ZPC. There was about 56% 
of Cr(VI) reduced in the first hour, and the reduction is still taking place 
within 10 h. Under this situation, the adsorption was very weak, ac
counting for less than 1% of Cr(VI) removal. The Cr(VI) reduction by 
hem-80 nm and S. oneidensis-hem-80 nm complex was investigated at 
different pH (Fig. 4b, d). The Cr(VI) reduction by the nanoparticle of 

Fig. 4. Effect of initial pH on Cr(VI) reduction by hem-1 µm (a); hem-80 nm (b); S. oneidensis- hem-1 µm (c); and S. oneidensis-hem-80 nm (d); effect of initial pH on 
Cr(VI) adsorption by S. oneidensis-hem-1 µm and S. oneidensis-hem-80 nm complexes (e, f) after 8 h of the reaction process. 
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hematite is quite stronger than microparticles, and the effect of pH is 
similar to that of large particle size. After combination with S. oneidensis, 
the reduction rate and conversion rate increased significantly (Fig. 4d). 
The Cr(VI) removal at pH > ZPC was due to the electrostatic adsorption 
because of the positive surface charge of the hematite particles which 
adsorb 10–20% of the negative charged Cr(VI) (Fig. 4a, b). However, 
after ZPC, the adsorption process did not play a major role owing to the 
negative charge of hematite particles which lead to surface repulsion 
with negative charged Cr(VI). The effect of initial pH on the adsorption 
of Cr(VI) by S. oneidensis-hem-1 µm and S. oneidensis-hem-80 nm com
plexes were explored (Fig. 4e, f). It can be seen that the adsorption rates 
are very low. Moreover, the adsorption rate on the S. oneidensis-hem- 
1 µm complex is stronger than the S. oneidensis-hem-80 nm complex, 
and the adsorption rate is higher before ZPC. 

In both complexes, the adsorption process existed but the adsorption 
time was different. For S. oneidensis-hem-1 µm complex, the adsorption 
process occurred after the microbial reduction of chromate which pro
duces positively charged Cr(III). However, in the reaction system of 
S. oneidensis-hem-80 nm complex, the adsorption potential that 
occurred before the microbial Cr(VI) reduction is more than after the 
reduction process may be due to the positive charge of hem-80 nm at 
neutral pH. 

Overall, the combination of S. oneidensis and hem-80 nm can pro
mote and accelerate the reduction process, especially after ZPC 
(pH ≥ 7.0). In neutral and alkali conditions, S. oneidensis could reduce 
75% and 99% of Cr(VI) within 8 h in the presence of hem-1 µm and hem- 
80 nm respectively (Fig. 4c, d). It is worth noted that microbial Cr(VI) 
reduction by S. oneidensis was promoted with the increase of pH, 
possibly as S. oneidensis was originally isolated from the alkaline Lake 
Oneida (pH ≥ 9.1) [36]. pH affects the electrostatic interactions be
tween S. oneidensis and hematite where S. oneidensis was negatively 
charged due to its functional groups. The electrostatic attractions be
tween hematite and S. oneidensis cells at lower pH are expected to be 
decreased at higher pH levels. Therefore, the change in pH greatly in
fluences the strength of electrostatic interaction, H-binding, and the 
amount of attached cells. Subsequently, the Cr(VI) removal is a 
pH-dependent process due to pH impacts on the cell structure and 
bacterial-mineral interaction [37]. 

3.7. Metabolic activity of S. oneidensis in the complexes 

A multichannel thermal activity microcalorimeter can monitor bac
terial metabolic activity and detect the thermal power of bacterial 
metabolism. The difference between the heat released by catabolism and 
the heat absorbed by anabolic metabolism during bacterial metabolism 
is expressed as bacterial metabolic heat [38]. Two parameters, peak time 
(PT) and peak height (pH are often used to represent the profiles of the 
power-time curves. The measured microbial metabolic heat flux showed 

that the greatest metabolic activity of S. oneidensis occurred in the 
presence of 1.0 g L− 1 of hematite, regardless of its particle size (Fig. 5a, 
b). Except for 1.0 g L− 1, the presence of different concentrations of 
hem-1 µm did not change the PT and pH of S. oneidensis (Fig. 5a), 
indicating that the mineral did not have an obvious inhibition effect on 
the metabolic rate of S. oneidensis. Meanwhile, the presence of 1.0 and 
10 g L− 1 of hem-80 nm promoted and prolonged the metabolic activity 
of S. oneidensis (Fig. 5b). Therefore, it is concluded that hematite mineral 
stimulated the metabolic exothermic of S. oneidensis, and hematite has 
the greatest effect at a concentration of 1.0 g L− 1, but does not change 
the activity of S. oneidensis and does not affect the metabolic process. 
Similar results of the hematite effect on Bacillus subtilis BSn5 activity 
were reported by Ma et al. [39]. The promotion effect of the hematite 
nanoparticles on microbial activity may be due to the high specific 
surface areas and large surface reactivity. Additionally, the accumula
tion of nutrients on the surface of mineral particles and the large buff
ering capacities which maintained the convenient pH are both beneficial 
for bacterial growth [40]. Furthermore, in the presence of poorly 
accessible electron acceptors such as iron oxides, microbes still use those 
electron acceptors to support their metabolism and growth [41]. 

3.8. Analysis of functional groups 

FT-IR spectra of S. oneidensis, S. oneidensis-hem-1 µm, and 
S. oneidensis-hem-80 nm complexes were shown in Fig. S1. It can be 
noticed that the combination of S. oneidensis with different hematite 
particle size did not change the main functional groups on S. oneidensis 
or result in the emergence of new feature peaks. This result suggests that 
the functional group on S. oneidensis is the main functional group in the 
Cr(VI) removal process [35]. The tendency of peak intensity decrease 
speculated that Cr(VI) mainly reacted with S. oneidensis on the com
plexes, revealing the vital role of certain functional groups on 
S. oneidensis such as carboxyl and amide groups in the metal-binding 
process [42]. 

Two-dimensional correlation spectroscopy is a new type of spectral 
analysis method, which is based on time-resolved detection of spectral 
signals and characterizes the mutual relationship of each signal in the 
process of external perturbation. The relative order of the response of 
functional groups to the external perturbation conditions can be judged 
based on the intensity changes of the relevant peaks, and the sequence of 
the functional groups during the reaction [37]. The red area in the 
two-dimensional infrared spectrum represents a positive correlation, 
and the blue area represents a negative correlation. The wavenumber 
range of 800 cm− 1-1800 cm− 1 was selected, and the combined color 
distribution of the corresponding area in the map was analyzed to get 
the correlation order of the response of the functional group. The 
response order of different functional groups was expressed by the 
precedence sign (>). The two-dimensional map of the Cr(VI) reduction 

Fig. 5. Power–time curves of Shewanella oneidensis MR-1 in the presence of different concentrations of hem-1 µm (a) and hem-80 nm (b).  
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by the combination of S. oneidensis and hem-1 µm with initial Cr(VI) 
perturbation was shown in Fig. 6a, and b. The correlated bands in the 
main diagonal are 1640, 1540, 1390, and 1080 cm− 1 band. According to 
the Noda rule, the correlation priority of the four bands is: 
1080 > 1640 > 1540 > 1390 cm− 1, indicating the sequence of the 
corresponding functional groups reacted with Cr(VI) is monodentate 
complex PO2 >amide I >amide II >COO-. The two-dimensional spec
trum of Cr(VI) reduction by the S. oneidensis-hem-80 nm complex was 
detected and displayed in Fig. 6c, and d. It can be seen that there are 
obvious correlations in the four bands of 1640, 1540, 1080, 1240 cm− 1. 
The priority order is: 1640 > 1540 > 1080 > 1240 cm− 1. The corre
sponding functional groups are amide I >amide II >monodentate 
complex PO2 > MR-1 PO2. This reaction sequence demonstrated that the 
order in which the bacterial functional groups interact with hematite is 
closely related to the particle size [43]. 

3.9. Characterization of Cr(VI) removal mechanisms using XPS 

XPS is used to investigate the elemental composition and chemical 
states of surface and near-surface species. XPS spectra of S. oneidensis- 
hem-80 nm complex before and after reacting with 1.0 mM Cr(VI) are 
shown in Fig. 7. The total survey spectrum of the pristine complex 
indicated that the main elements at the complex surface are carbon 
(65.46%), oxygen (30.78%), and iron (3.77%) (Fig. 7a). After reacting 
with Cr(VI) for 10 h, new peaks appeared around 580 eV, which are 
assigned to the photoelectron peaks of chromium and elucidate the 
absorption of chromium on the complex surface [44]. Fe content 

decreased from 3.77% to 2.34% after reacting with Cr(VI) for 10 h, 
confirming the vital role of generated Fe(II) in the chromium reduction 
process which is consistent with the reduction kinetic results (Fig. 3a, c). 
These results interpret why Cr(VI) removal efficiencies by S. oneidensis 
and S. oneidensis-hem-80 nm complex were 80% and 90%, respectively. 
These phenomena revealed that the S. oneidensis-hem-80 nm complex 
stimulate Cr(VI) bio removal by 10% due to generated Fe(II) [45]. The 
carbon peaks of the complex were likely attributed to hydrocarbon 
and/or CO2 contamination during sample preparation [46]. Fig. 7b 
showed that the C 1s spectrum exhibited photoelectron peaks at 284.7, 
286.01, and 288.16 eV which attributed to C–H or C–C, C–O–C, and 
O–C˭O, respectively [35,47]. In the C 1s spectrum of 
S. oneidensis-hem-80 nm complex before and after the reaction, the peak 
area of O–C˭O and O–C˭O decreased from 32.47% and 14.50–26.64% 
and 12.03%, respectively. Nevertheless, the peak area of C–C increased 
from 53.03% to 61.33%. These slight changes in peak areas were due to 
the Cr(VI) reduction by the organic carbon groups [48]. The Fe 2p 
spectrum of the S. oneidensis-hem-80 nm complex (Fig. 7c) clearly 
authenticate the existence of both Fe(II) at 710.3 eV attributed to 
Fe2+octa (31.94%) and Fe(III) at both 711.8 and 723.93 eV represented 
by Fe3+ octa (35.29%) and Fe2O3 (24.85%), respectively [45,49]. After 
10 h reaction, a peak at 710.6 eV was emerged, which are ascribed to 
the Fe 2p of FeCr2O4 [50], proving the formation of FeCr2O4. The in
tensities of the two peaks at 711.8 and 723.93 eV increased from 35.29% 
and 24.85–44.08% and 28.39%, respectively. However, 31.94% of 
Fe2+octa peak intensity was completely consumed and disappeared after 
a 10 h reaction. These results emphasized that the amount of FeCr2O4 

Fig. 6. Synchronous (left) and asynchronous (right) 2D correlation contour maps of S. oneidensis-hem-1 µm complex (a, b) and S. oneidensis-hem-80 nm complex (c, 
d) after Cr(VI) reduction with the perturbation of Cr(VI) concentration. The red and blue regions represent positive and negative correlations, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.). 
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Fig. 7. High-resolution XPS analyses of total survey scan (a); C 1 s (b); Fe 2p (c); and Cr 2p (d) of S. oneidensis-hem-80 nm before/after 10 h of reaction with 1.0 mM 
of Cr(VI) under anoxic condition. C 1 s photopeak at 284.8 eV was used as a reference for all spectra. 

Fig. 8. Schematic diagram for Cr(VI) reduction mechanisms by S. oneidensis in the presence of hematite minerals.  
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was progressively produced, whereas the amount of Fe(II) was gradually 
depleted during the Cr(VI) reduction process by S. oneidensis-hem-80 nm 
complex [45]. As shown in Fig. 7d, the Cr 2p spectrum of 
S. oneidensis-hem-80 nm complex obviously illustrated that the Cr 2p 
peaks at 576.61, 577.94, and 579.29 eV correspond to Cr2O3, FeCr2O4, 
and Cr(VI) of CrO4

2-, respectively. It suggests the simultaneous adsorp
tion and reduction during the Cr(VI) removal [51]. The presence of both 
Cr(III) and Cr(VI) on the surface of S. oneidensis-hem-80 nm complex 
confirmed that both adsorption and reduction contributed to the Cr(VI) 
removal from aqueous solution, but the redox reaction was the domi
nant reason for Cr(VI) removal. Therefore, based on the above results, 
the proposed mechanism of the Cr(VI) removal by the S. oneidensis in the 
presence of hematite mineral under anoxic condition generally includes 
three steps (i) adsorption, (ii) reduction, and (iii) co-precipitation [52] 
as shown in Fig. 8. First, Cr(VI) oxyanions are rapidly adsorbed to the 
surface of the hem-80 nm because of the large surface area and posi
tively charged surface at a neutral pH level. Second, direct biotic 
reduction by S. oneidensis and indirect abiotic reduction of Cr(VI) by the 
bio-produced Fe(II), which extend the electrons transfer to reduce Cr(VI) 
to Cr(III) simultaneously. Finally, the produced Cr(III) oxyanions 
co-precipitated on the complex surface which demonstrated the merit of 
chromate non-oxidizing potential. 

4. Conclusions 

This study investigated the effect of hematite particle size on Cr(VI) 
reduction by Shewanella oneidensis MR-1 under different pH conditions. 
The S. oneidensis-hem-80 nm complex accelerates the Cr(VI) reduction 
process, whereas the S. oneidensis-hem-1 µm complex inhibited the Cr 
(VI) reduction process due to the smaller specific surface area and the 
weaker adsorption capacity of hem-1 µm. Cr(VI) removal is a pH- 
dependant process as pH significantly influences the electrostatic in
teractions between S. oneidensis cells and hematite particles. Hematite 
can promote the exothermic of S. oneidensis metabolism and has the 
greatest effect at a concentration of 1.0 g L− 1 of both particle sizes but 
does not change the microbial activity of S. oneidensis. The functional 
groups on the surface of S. oneidensis are the main functional group in 
the Cr(VI) removal process revealing the vital role of certain functional 
groups of S. oneidensis such as carboxyl and amide groups in the metal- 
binding process. Therefore, this study demonstrated that the particle 
size of hematite affected the microbial reduction of chromate and mi
crobial activity under various pH levels. Furthermore, simultaneous 
biotic and abiotic reduction of Cr(VI) occurs by bacteria and bio- 
produced Fe(II), respectively. Cr(III) oxyanions were produced and co- 
precipitated to the complex surface. Thus, this study provides a clear 
insight into the Cr(VI) removal kinetics and mechanisms and affords a 
possible method for the Cr(VI) remediation. 
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