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al of chromium(VI) by Fe(III)-
reducing bacterium coated ZVI for wastewater
treatment: batch and column experiments†

Bin Zheng,a Yizi Ye,b Baowei Hu,b Chunhui Luob and Yuling Zhu *b

In order to effectively destroy the structure of the passive oxidation film that covers zero-valent iron (ZVI), an

Fe(III)-reducing strain, namely Morganella sp., was isolated from anaerobic activated sludge and coated on

ZVI, which was distributed in porous ceramsite made of iron dust, kaolin and straw, with a ratio of 7 : 3 : 1.

Batch experiments showed that under the optimized conditions, the maximum removal amount of Cr(VI) by

ZVI increased from 7.33 mg g�1 to 26.87 mg g�1 in the presence of the Fe(III)-reducing bacterium. The

column experiment was performed with the addition of the agar globules to supply nutrients to the

strain. Compared with ZVI, the column penetration time and maximum capture amount of RB-ZVI

increased to 17 h and 112.5 mg g�1, respectively, on the 15th day. Furthermore, the service life of RB-ZVI

was prolonged in the existence of the strain. Based on X-ray diffraction, Raman spectroscopy and X-ray

photoelectron spectroscopy analyses, the key mechanisms for the removal of Cr(VI) by ZVI coated with

Fe(III)-reducing bacterium were determined to be adsorption, reduction, coprecipitation and

biomineralization.
Introduction

Chromium (Cr) is widely applied in tanneries, printing, dyeing
and galvanic industries.1,2 Improper treatment and disposal of
the industrial waste will release Cr into aquatic systems, which
imposes a serious threat to all living things.3,4 In general, two
stable species of Cr, Cr(VI) and Cr(III), can be detected in the
natural aquatic environment.5 Cr(VI) is soluble, highly mobile
and carcinogenic in wastewater. In contrast, Cr(III) is an
essential micronutrient for human beings. It can form insol-
uble and less toxic precipitants, such as Cr(OH)3.6,7 Thus, the
reduction of toxic Cr(VI) to the less toxic Cr(III) is a technology
commonly employed in the treatment of Cr(VI)-contaminated
wastewater. Many kinds of reductants have been proposed,
among which zero-valent iron (ZVI) has attracted signicant
attention due to its low cost, high efficiency and no secondary
pollutants.8–10 ZVI-based technologies have been widely
employed in the treatment of wastewater containing Cr(VI).
However, some challenges still need to be addressed. During
the reduction process, ZVI is gradually oxidized to iron oxides,
such as Fe2O3, Fe(OH)x and Fe3O4. These form a passive lm
and cover the active sites on the ZVI surface, resulting in low
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reactivity and shortened service life.11,12 Many efforts have
been made to solve this problem, and in particular, biological
methods have the advantages of high efficiency and low
cost.13,14 A type of microorganism, known as the Fe(III)-
reducing bacterium, can use insoluble Fe(OH)x and Fe2O3 as
terminal electron acceptors and yield soluble Fe(II).15 Thus, the
coating of ZVI with the Fe(III)-reducing bacterium can act as
a strategy for preventing the oxidation reaction. For example,
Crean et al. coated nanoscale palladium on the surface of
biomagnetite to improve the activity of biogenic magnetite in
Cr(VI) remediation.16 Hu et al. immobilized Morganella sp. on
the surface of biochar to more efficiently and conveniently
remove Cr(VI) from wastewater.17 in order to coat Fe(III)-
reducing bacterium on ZVI, two factors need to be addressed.
On the one hand, traditional Fe(III)-reducing bacteria are
sensitive to oxygen.18,19 Anaerobic conditions must be sus-
tained to achieve a high biological reduction efficiency, which
may inhibit the scale-up application. On the other hand,
microorganisms can hardly grow on the smooth and small
surface of ZVI, hence it is difficult to coat Fe(III)-reducing
bacterium on ZVI.

In order to solve these two problems, a Fe(III)-reducing
bacterium, Morganella sp., which could effectively reduce Fe(III)
to Fe(II) under non-strict anaerobic conditions was selected in
our laboratory. It was found that Morganella sp. and ZVI
demonstrated synergetic effects on the removal of Cr(VI). The
bacterium could hydrolyze and reduce the oxidized layer on ZVI
to increase the removal efficiency of Cr(VI), but it failed to coat
Morganella sp. on the surface of ZVI; the results were reported in
This journal is © The Royal Society of Chemistry 2019
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another paper.20 The experiment was conducted by incubating
ZVI powder and Morganella sp. together in a shake ask, which
is not suitable for scaled-up applications.

In this study, ZVI was prepared in porous ceramsite using
kaolin and straw, common agricultural waste. Following this,
the bacterial strain was immobilized on ZVI with the cyclic
xing method, and the Fe(III)-reducing bacterium-coated ZVI
(RB-ZVI) was obtained. Agar globules were added to the RB-ZVI
to supply nutrients to the strain. Finally, batch and column
experiments were carried out to evaluate the Cr(VI) removal
efficiency of RB-ZVI. The mechanism was also evaluated with X-
ray diffraction (XRD), Raman spectroscopy and X-ray photo-
electron spectroscopy (XPS).

Experimental section
Microorganisms

Shewanella oneidensis ATCC 700550, Shewanella decolorationis
JCM 21555, Shewanella decolorationis MCCC 1A11454, Lysini-
bacillus sp. VKM B-713, Lysinibacillus sp. JLT12, Morganella sp.,
Bacterium L9 and Serratia marcescens SW-4 were used for the
selection of the Fe(III)-reducing bacterium. Detailed information
on the eight strains was presented in our previous research.17

Screening of Fe(III)-reducing bacterium

A total of 100 mL of nutrient salt medium containing
60 mg L�1 FeCl3 was prepared, and 2 mL of the activated strain
inoculum was added under sterile conditions. The conical
bottle was placed in an incubator under aerobic (shaking at
150 rpm), anoxic (static) and anaerobic (N2) conditions,
respectively. Every 24 h, the solution was withdrawn and
centrifuged at 8000 rpm. The Fe(II) content in the supernatant
was determined using the ferrozine method. The strain with
the highest reduction efficiency for Fe(III) under anoxic
condition was selected.

Preparation of RB-ZVI

Straw collected from a local farm in Lanting town, Shaoxing,
Zhejiang, China was washed and dried at 60 �C. The straw was
then converted into powder in order to pass through a 60-mesh
screen. ZVI, kaolin and the straw powder were mixed with water
in a ratio of 7 : 3 : 1 and burnt at 1000 �C for 3 h in a muffle
furnace with N2. Porous ceramsite (PC) containing ZVI was then
obtained. The selected Fe(III)-reducing bacterium was activated
in LBmedium to prepare inoculum containing 107 cells mL�1. A
plastic column (F 10 cm � 20 cm) was sterilized using ultravi-
olet radiation for 30 min and lled with disinfected PC. The
inoculum cyclically went through the PC with a speed of 10
rpm min�1. The fresh inoculum was renewed every 24 h. Aer
15 days, the PC was withdrawn, frozen and then dried via
a freeze dryer and RB-ZVI was thus obtained. The preparation
process is demonstrated in Fig. 1. Scanning Electron Micro-
scope (SEM) analysis was performed to observe the microscopic
morphology of ZVI (PC) and RB-ZVI. The microbial community
on the RB-ZVI was also evaluated to conrm the existence of the
target strain.
This journal is © The Royal Society of Chemistry 2019
Batch experiment

The optimal conditions for the removal of Cr(VI) in wastewater
by RB-ZVI were estimated. The carbon nutrient, nitrogen
nutrient and pH were optimized. For the carbon nutrient opti-
mization, C6H12O6, NaAc, sucrose and soluble starch were
selected. The suitable carbon nutrient was conrmed by
measuring the content of Cr(VI) in the medium every 12 h. The
optimal content of the most suitable carbon nutrient was eval-
uated between 2 to 10 g L�1. The optimal nitrogen nutrient was
investigated for yeast extract powder (YE), peptone, urea and
NH4Cl. The optimum concentration of nitrogen nutrient (2, 4, 6,
8 and 10 g L�1) was also determined. The pH value was opti-
mized by controlling the pH of the solution at 4, 5, 6, 7 and 8.
The effect of coexisting ions on the removal efficiency of Cr(VI)
was also evaluated. Ca2+, Mg2+, NO3

� and SO4
2� at concentra-

tions of 10–50 mmol L�1 were respectively added to the opti-
mized medium. The residual Cr(VI) content in the solution was
spectrophotometrically determined every 12 h with
diphenylcarbazide.

RB-ZVI and ZVI (a total of 1 g) were added to the 200 mL
optimal medium containing 200 mg L�1 Cr(VI). The asks were
then put in an incubator at 30 �C for 72 hours. Samples were
periodically obtained and the residual concentration of Cr(VI)
was measured every 12 h. The determined values were then t to
the rst and second-order reaction kinetics formulas in order to
compute k1, k2, R1

2, R2
2.

Ct/C0 ¼ exp (�k1t), (1)

Ct ¼ C0/(1 + k2C0t), (2)

C0 and Ct are the concentrations of Cr(VI) in the medium at
0 and t h, respectively.

The Cr(VI) removal amounts (q) of the RB-ZVI and ZVI were
calculated and the results were matched to the pesudo-rst-
order (3) and pesudo-second-order kinetics (4) formulas in
order to obtain the values of ka, kb, Ra

2, Rb
2:

dq

dt
¼ kaðqe � qÞ (3)

dq

dt
¼ kbðqe � qÞ2 (4)

where qe was the maximum removal quantity.
Column experiment

The agar globules were prepared based on the optimal carbon
and nitrogen nutrient concentrations achieved from the batch
experiment. Carbon and nitrogen sources (10� optimized
concentration) were xed in 20% agar via a small ball model (F
¼ 1 cm). Subsequently, 200 g of RB-ZVI and 40 g agar globules
were mixed and loaded into an adsorption column (40 cm � 5
cm). The solution containing 70 mg L�1 Cr(VI) was passed
through the ller with a speed of 20 rpm. The residual content
of Cr(VI) in the effluent was detected every 30 min and the
penetration curve was determined. The solution was replaced
by a solution containing 35 mg L�1 Cr(VI) aer the adsorption
RSC Adv., 2019, 9, 36144–36153 | 36145
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Fig. 1 The preparation process for RB-ZVI.
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column was penetrated, and was changed every 24 h. The
penetration curves were determined on the 5th, 10th and 15th

days. The obtained values were matched to the logistic model
(5) to calculate the penetration time,21 and to the Thomas
formula to calculate the maximum adsorption amount (6).22 ZVI
was used as a control. The DNA of the samples from the RB-ZVI
column was extracted via an OMEGA kit, and the V3–V4 region
was amplied by primers 341F and 805R. High throughput
sequencing analysis was then carried out at Shanghai Biotech
Co. (Shanghai, China).

C

C0

¼ 1� 1

1þ
� t

t0

�p (5)

p is the slope of the penetration curve, and t0 is the penetration
time (h).

C

C0

¼ 1

1þ exp
�kTh
Q

qThm� kThC0t

� (6)

kTh is the rate coefficient (mLmin�1 mg�1), qTh is the maximum
removal capacity (mg g�1),m is the weight of RB-ZVI or PC in the
column (g), t is the efflux time (min), and Q is the ow rate
(mL min�1).

Characterization

XRD, Raman spectroscopy and XPS analyses were applied to
characterize the change in ZVI in the presence and absence of
the Fe(III)-reducing bacterium. Aer reaction with Cr(VI), ZVI was
ltered, washed three times, then vacuum dried and preserved
before analysis.

Results and discussion
Screening of Fe(III)-reducing bacterium

The reduction efficiency of Fe(III), via eight strains under anoxic
and anaerobic conditions, is displayed in Fig. 2. Notably, under
36146 | RSC Adv., 2019, 9, 36144–36153
anoxic conditions, the Fe(III) reduction efficiency of Morganella
sp. was higher than that of the other 7 strains, reaching 64.3 �
3.2% in 24 h and 100% in 48 h. In accordance with the previ-
ously reported results, bacteria belonging to the Shewanella
genus (strain 1–strain 3) demonstrate a more positive reduction
effect under anaerobic conditions than those in an anoxic
environment.23,24 Morganella sp. also exhibited a high reduction
efficiency under the anoxic conditions. A possible explanation is
that the Fe(III) reduction efficiency of Morganella sp. was not
sensitive to oxygen. It could transform Fe(III) into Fe(II) under
both anaerobic and anoxic conditions, which is more suitable
for scale-up applications. Previously, Hu et al. found that Cr(VI)
was efficiently reduced to Cr(III) by Morganella sp. The data
presented here show that it could transform Fe(III) into Fe(II),
which demonstrates that the strain possesses metal reduction
ability.17 It was also reported that Morganella sp. could effi-
ciently decolorize and degrade azo dyes and has great potential
in pollution control.25,26 Thus,Morganella sp. was selected as the
Fe(III)-reducing bacterium for further study.
Preparation of RB-ZVI

ZVI, kaolin and straw, in the ratio of 7 : 3 : 1 (g : g : g), were used
to prepare porous ceramsite; kaolin was the support and straw
powder was burned to ash to form pores. The ratio of ZVI to
kaolin to straw powder was optimized by investigating ve
ratios, i.e., 9 : 1 : 1; 8 : 2 : 1; 7 : 3 : 1; 6 : 4 : 1; 5 : 5 : 1. With the
ratios of 9 : 1 : 1 and 8 : 2 : 1, the circular bobble was not ob-
tained because of the low concentration of kaolin. With the
ratios of 6 : 4 : 1 and 5 : 5 : 1, the Cr(VI) removal efficiency of the
obtained ceramsite was lower than that of 7 : 3 : 1 due to the
lower porosity and lower ZVI content. Aer cyclic xing, Mor-
ganella sp. was immobilized on ZVI in pore ceramsite and RB-
ZVI was obtained. The surface morphology and the structure
of ZVI and RB-ZVI were characterized via SEM, with the results
presented in Fig. 3. Well developed pores were observed on the
ceramsite, which supplied growth space for Morganella sp. ZVI
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 The Fe(III) reduction efficiency of the eight strains under anoxic (a) and anaerobic (b) conditions. 1–8: S. oneidensis ATCC 700550, S.
decolorationis JCM 21555, S. decolorationisMCCC 1A11454, Lysinibacillus sp. VKM B-713, Lysinibacillus sp. JLT12,Morganella sp., Bacterium L9
and S. marcescens.
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was distributed in ceramsite with a rough surface, providing an
immobilization area for the strain. In RB-ZVI, Morganella sp.
grew on the pores, demonstrating that microorganisms were
successfully xed on the ZVI.

To further conrm whether Morganella sp. was immobilized
on ZVI, high throughput sequencing was conducted to evaluate
the cultures grown on RB-ZVI. As exhibited in Fig. 4, the
dominant phylum was Proteobacteria and the main class was
Gammaproteobacteria. In addition, the predominant order was
determined to be Enterobacteriales, with Enterobacteriaceae as
the main family. However, the dominant main genus was
unclassied, which meant that it was a new genus in the data-
base. The classier from the phylum to the family of the
predominant strain was in accordance with Morganella sp. The
results conrmed thatMorganella sp. was involved in RB-ZVI. In
addition to Morganella sp., strains belonging to other genera
were also detected as the microorganisms in the air and may
have been involved in the xing process. However, they were not
dominant species in ZVI. It must also be mentioned that the
relative abundance of the dominant genus in RB-ZVI increased
aer the treatment of wastewater containing Cr(VI). This indi-
cates that Morganella sp. could become the predominant strain
in the process of Cr(VI) removal.
Fig. 3 SEM analysis of ZVI (a) and RB-ZVI (b).

This journal is © The Royal Society of Chemistry 2019
Batch experiment

The nutrient for the removal of Cr(VI) with RB-ZVI was optimized
and the results are shown in Fig. 5. In the rst 24 h, the micro-
organism concentration was low and ZVI played themajor role in
the removal of Cr(VI). The carbon nutrient signicantly affected
the removal efficiency of Cr(VI) in the next 24 h. When C6H12O6

was employed as the carbon nutrient, 92.0% of Cr(VI) was
removed in 48 h. The removal efficiency was observed as 51.0%,
28.0%, 34.6% and 54.3%, respectively, in the presence of LB,
sodium acetate, starch and sucrose. For RB-ZVI, 4 g L�1 of
C6H12O6 was optimal. Likewise, the nitrogen nutrient displayed
a signicant impact on the Cr(VI) removal efficiency. Among the 5
types of nitrogen nutrients, YE was optimal for RB-ZVI. A removal
efficiency of 100% was achieved when YE was used as the
nitrogen nutrient. The concentration of YE was also optimized
and a content of 6 g L�1 was most suitable for RB-ZVI. Further-
more, pH was also a crucial factor for the performance of RB-ZVI.
In the acidic solution, the Cr(VI) removal rate was reduced. A
removal efficiency of 100% was achieved at the pH of 7.

The effect of coexisting ions on the removal efficiency of Cr(VI)
is shown in Fig. S1.† It can be seen that SO4

2� and NO3
� in the

concentration range of 10–50 mmol L�1 did not demonstrate
RSC Adv., 2019, 9, 36144–36153 | 36147
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Fig. 4 Microorganisms involved in the RB-ZVI column before and after running with a solution containing Cr(VI). (a) At the family level and (b) at
the genus level.
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signicant effects on removing Cr(VI) from wastewater; however,
Ca2+ and Mg2+ increased the removal efficiency. Without Ca2+ or
Mg2+, about 67.3% of Cr(VI) was removed in 36 h. In the presence
of 30 mmol L�1 Ca2+ or Mg2+, about 84.2% or 82.1% of Cr(VI) was
captured in 36 h, respectively. It was reported that Ca2+ and Mg2+

in the solution could increase the activity of metal reductase, and
thus raise the removal efficiency of Cr(VI).27

Kinetics analysis was conducted to compare the removal
efficiencies of ZVI and RB-ZVI. As illustrated in Fig. 6, the
concentration of Cr(VI) decreased dramatically in the rst 12 h.
Adsorption and chemical reduction played important roles in
this period.28 The residual concentration was maintained rela-
tively steady for the following 60 h. This may be attributed to the
low level of active sites on ZVI aer 12 h, leading to the minimal
removal of Cr(VI). When RB-ZVI was used to capture Cr(VI) from
wastewater, a signicant decline of the Cr(VI) content appeared
in the rst 12 h, followed by a decrease in the Cr(VI) content at
a higher rate. The reason may be that adsorption and chemical
reduction were the initial reactions, followed by the growth of
the Fe(III)-reducing bacterium. The hydrolysis enzyme was then
yielded to remove the passive lm covering ZVI, thereby leading
to the release of active sites.29 Thus, compared with ZVI, RB-ZVI
removed more Cr(VI) from the wastewater.

The rst and second-order kinetics equations were employed
to compute the Cr(VI) removal rates of ZVI and RB-ZVI,
36148 | RSC Adv., 2019, 9, 36144–36153
respectively. The calculated results are reported in Table S1.†
Poor ts were observed between the kinetic formulas and the
ZVI system, with R2 values of 0.726 and 0.749. This may be due
to the long reaction time. However, the rst-order kinetics
formula presented an improved t with the RB-ZVI removal
system, with an R2 value of 0.968. This implies that the mech-
anisms involved in RB-ZVI are distinct from those in ZVI, with
the Fe(III)-reducing bacterium demonstrating a positive impact
on the improvement of ZVI activity.27

To further evaluate the synergistic effect in the RB-ZVI system,
the removal mass of Cr(VI) via ZVI in the presence and absence of
Fe(III)-reducing bacterium was calculated and t to the pseudo-
rst and second-order kinetics formulas, (3) and (4), respec-
tively. As demonstrated in Table S2,† the process of Cr(VI) removal
by ZVI can be well described via the pseudo-second-order kinetics
formula, with an R2 value of 0.986. However, the pseudo-rst-
order kinetics was more suitable for the PRB-ZVI process. In
the presence of Fe(III)-reducing bacterium, themaximum removal
ability of ZVI increased from 7.33 mg g�1 to 26.87 mg g�1, indi-
cating that the strain can promote the removal of Cr(VI) and that
RB-ZVI has tremendous potential for such applications.

Column experiment

Based on the batch experiment, a column test was performed to
evaluate the potential application of RB-ZVI. Agar globules
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Effects of carbon nutrient (a), carbon nutrient content (b), nitrogen nutrient (c), nitrogen nutrient content (d) and pH (e) on the removal of
Cr(VI) via RB-ZVI.
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containing C6H12O6 of 40 g L�1 and YE of 60 g L�1 were
immobilized in a 20% agar ball, which supplied carbon and
nitrogen sources for Fe(III)-reducing bacterium. The amount
added was also optimized and the results demonstrated that the
highest Cr(VI) removal efficiency was achieved with 200 g RB-ZVI
and 40 g agar globules. Moreover, an excess of nutrients resul-
ted in the release of carbon and nitrogen nutrients into the
wastewater. The COD content, total nitrogen (TN) and total
phosphorus (TP) in the effluent were also detected (data not
shown). The results showed that approximately 186.2 mg L�1
Fig. 6 Kinetics analysis of the removal process: (a) fitted with first and sec
order dynamics formulas.

This journal is © The Royal Society of Chemistry 2019
COD, 0.78 mg L�1 TN and 0.08 mg L�1 TP were released,
respectively, aer running for 30 days, meeting the sewage
discharge level 2 standard in China.

A column experiment was conducted in plexiglass columns
(40 cm � 5 cm) lled with RB-ZVI (or ZVI) and agar globules at
a ratio of 50 : 1. The penetration curves were determined on
days 1, 5, 10 and 15. Data on the content of Cr(VI) was collected
at an interval of 0.5 h and tted to the logistic eqn (5) to
determine the penetration time (Fig. 7). In addition, the
Thomas eqn (6) was used to calculate the adsorption amounts
ond-order dynamics formulas; (b) fitted with pseudo-first and second-
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Fig. 7 The penetration curves of ZVI (a and b) and RB-ZVI (c and d) running on days 1, 5, 10 and 15. (a and c) Fitted with the logistic model; (b and
d) fitted with the Thomas model.
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of RB-ZVI and ZVI (Table S3†). ZVI was saturated faster, with the
penetration time and adsorption capacity of 11.8 h and 85.5 mg
g�1, respectively, on the rst day and the corresponding values
of 8.6 h and 53.7 mg g�1 on the 15th day. The penetration time
and adsorption amount of ZVI both declined with the increased
reaction time. This can be attributed to the passive lm formed
by substances such as Fe2O3 and Fe(OH)x covering the surface of
ZVI, leading to a lower removal efficiency.12,30

Compared with ZVI, the adsorption capacity of RB-ZVI
drastically increased, with the maximum removal amount of
108.9 mg g�1 on day 1 and 112.5 mg g�1 on day 15. In addition,
the penetration time increased from 10.7 h to 17 h aer 15 days
of operation. To explain this observed phenomenon, it was
assumed that extracellular polymer secreted by Fe(III)-reducing
bacterium could adsorb Cr(VI) on day 1. The microorganisms in
RB-ZVI then grew and yielded the hydrolysis enzyme, which
could hydrolyze the passive lm by reducing Fe(III) to Fe(II). On
the other hand, as the reaction proceeded, Morganella sp.
acclimated to the environment containing Cr(VI) and grew
rapidly, which resulted in the enhanced removal ability of RB-
ZVI.31,32 Our ndings also suggest that agar globules could
supply sufficient carbon and nitrogen nutrients to the Fe(III)-
reducing bacterium and prolong the usage life of RB-ZVI.
Fig. 8 XRD patterns of Cr(VI)-treated ZVI and RB-ZVI samples
collected at 24 h and 48 h.
Mechanism

XRD analysis. XRD measurements of the samples in the
absence and presence of Morganella sp. were carried out to
determine the crystal structure change of ZVI (Fig. 8). In the
absence ofMorganella sp., no obvious differences in peaks were
observed between the ZVI samples on treating Cr(VI) for 24 h
and 48 h. Three peaks at approximately 45.6�, 65.1� and 82.4�

represent the cubic phases of Fe(0).33 The results imply that the
removal of Cr(VI) occurred in the rst 24 h, and no signicant
difference appeared in the following 24 h. Moreover, in the
presence of Morganella sp., the XRD patterns of ZVI collected at
24 h were similar to those of the single ZVI system. However,
36150 | RSC Adv., 2019, 9, 36144–36153
a secondary mineral phase, corresponding to the peak at 32.2�,
was present in the ZVI products obtained at 48 h. According to
previous reports, the secondary mineral may have been
produced from FeOOH and Fe(II), which could incorporate
Cr(VI) into the iron ore.34,35

Raman analysis. In order to conrm the presence of the new
mineral, the non-crystal structural change in ZVI was further
studied with Raman spectroscopic. In the absence of the Fe(III)-
reducing bacterium, no signicant changes in the new iron
phase were observed following 24 h and 48 h of Cr(VI) treatment
for ZVI. Fig. 9a and b show peaks at 380 cm�1 and 1304 cm�1,
which can be attributed to lepidocrocite. In addition, a peak
assigned to magnetite at 668 cm�1 was also observed. This
implies that FeOOH and Fe3O4 appeared in the removal process
and covered the surface of ZVI. This result is in agreement with
Montesinos et al.36 and Liang et al.,37 both of whom demon-
strated that lepidocrocite and magnetite appeared on the
surface of ZVI in the aging process and formed a passive outer
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Raman spectra of Cr(VI)-treated ZVI and RB-ZVI samples collected at 24 h and 48 h. (a) Cr(VI)-treated ZVI-24 h, (b) Cr(VI)-treated ZVI-48 h,
(c) Cr(VI)-treated RB-ZVI-24 h and (d) Cr(VI)-treated RB-ZVI-48 h.
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layer. With the Fe(III)-reducing strain, lepidocrocite and
magnetite were detected at 24 h and decreased signicantly at
48 h. Four new sharp peaks at 930 cm�1, 843 cm�1, 688 cm�1

and 363 cm�1 appeared. The peak at 688 cm�1 was attributed to
FeCr2O4, which implies that coprecipitation occurred in the
removal process.38 The peaks at 843 cm�1 and 930 cm�1 can be
assigned to the n Fe]O bond and Cr–O bond, respectively,
possibly in the structure of the newly formed mineral.39,40 The
new mineral did not appear in the Raman spectra of ZVI in the
Fig. 10 Cr 2p (a) and Fe 2p (b) XPS spectra of Cr(VI)-treated ZVI. Cr 2p (

This journal is © The Royal Society of Chemistry 2019
absence of the Fe(III)-reducing bacterium, conrming that
Morganella sp. could biomineralize Cr and Fe to yield the Cr–Fe
mineral.

XPS analysis. XPS was applied to characterize the state of Cr
and Fe on the surface of ZVI and RB-ZVI aer the treatment of
Cr(VI)-containing wastewater (Fig. 10). The binding energy shis
were detected and the deconvolution of Fe 2p and Cr 2p peaks
were analyzed using the XPSPEAK 41 soware. In the spectra of
ZVI, the observed peaks at 710.1 eV and 717.7 eV are attributed
c) and Fe 2p (d) XPS spectra of Cr(VI)-treated RB-ZVI.

RSC Adv., 2019, 9, 36144–36153 | 36151
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Fig. 11 The proposed Cr(VI) removal mechanism of RB-ZVI.
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to Fe(0),41 and the peaks present at 712.3 eV and 724.4 eV are
characteristic of Fe(II) and FeOOH.42,43 This implies that the
passive lm covered the Fe(0) surface. Moreover, two predom-
inant peaks at 578.45 eV and 587.74 eV assigned to Cr(VI) were
observed. Two additional peaks (575.97 eV and 585.69 eV) with
lower intensities, in accordance with Cr(III), were also
present.44,45 Clearly, Cr(VI) is the major chemical present in ZVI.
For RB-ZVI, it is worth mentioning that besides Fe(0), Fe(II)
peaks at 712.2 eV and 725.3 eV were also determined.46 In
addition, the content of Cr(III) was higher than that of Cr(VI).
Due to the effect of the Fe(III)-reducing strain, FeOOH was
hydrolyzed to Fe(II), releasing the active site of Fe(0) and
reducing Cr(VI) to Cr(III).

Possible removal mechanism of Cr(VI) with RB-ZVI. Accord-
ing to the above analysis and our previous research,20 the Cr(VI)
removal mechanism with RB-ZVI was proposed and demon-
strated in Fig. 11. In the initial period, Cr(VI) was removed with
ZVI through adsorption and reduction. The active sites were
covered with a passive lm formed by Fe3O4 and FeOOH,
resulting in decreased removal efficiency. Morganella sp. could
also adsorb Cr(VI) via extracellular polymers. The strain then
grew, utilized the carbon and nitrogen sources released from
the nutrient, and reduced Fe(III) in Fe3O4 and FeOOH to Fe(II).
This caused the removal of the passive lm covering ZVI. The
produced Fe(II) further reduced Cr(VI) to Cr(III), leading to the
high removal efficiency of Cr(VI). Cr(III) was present in RB-ZVI in
the form of Cr2O3 and a new mineral. This implies that besides
adsorption and reduction, co-precipitation and biomineraliza-
tion, which were caused by the secondmineralization of FeOOH
and Fe(II), were also involved in the removal process.47–49
Conclusion

In this work, a new Fe(III)-reducing bacterium, Morganella sp.,
which could transform Fe(III) to Fe(II) with higher efficiency than
Shewanella under anoxic condition, was selected. The Fe(III)-
36152 | RSC Adv., 2019, 9, 36144–36153
reducing bacterium was then coated on porous ceramsite made
of ZVI, kaolin and straw with a ratio of 7 : 3 : 1 in order to
prepare RB-ZVI. Batch experiments demonstrated that the
maximum removal amount of Cr(VI) via RB-ZVI increased from
7.33 mg g�1 to 26.86 mg g�1 under the optimal conditions of 4 g
L�1 C6H12O6, 6 g L�1 YE and a pH of 7. Column testing showed
that the penetration time and maximum adsorption amount
increased to 17 h and 112.5 mg g�1, which were signicantly
enhanced withMorganella sp. The mechanism of the removal of
Cr(VI) via RB-ZVI was then investigated with XRD, Raman and
XPS. The results showed that four main mechanisms, adsorp-
tion, reduction, coprecipitation and biomineralization, were
involved in the removal process. This evidence conrmed that
the Fe(III) reducing bacterium can increase the removal effi-
ciency of ZVI under experimental conditions. The prepared RB-
ZVI can be potentially employed in the treatment of Cr(VI)
contaminated wastewater.
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