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on of NACs by nano Fe3O4/
quinone composites in the presence of a novel
marine exoelectrogenic bacterium under
hypersaline conditions†

Haikun Zhangab and Xiaoke Hu*a

Bioremediation of N-substituted aromatic compounds (NACs) has attracted a substantial amount of interest

due to its cost effectiveness and environmental friendliness. However, the slow anaerobic NACs' reduction

rate and the large amount of salt in wastewater are bottlenecks for biotechnology applications. In this study,

a novel marine strain, Shewanella sp. CNZ-1, capable of reducing NACs under hypersaline conditions was

isolated. To enhance the NACs reduction rate, two Fe3O4/quinone nanocomposites were first prepared via

a mild covalent chemical reaction. SEM-EDX, FTIR, XRD, XPS, TG and VSM analyses were performed to

illustrate the reaction process. The catalytic results showed that Fe3O4/2-carboxyl-anthraquinone

(Fe3O4@COOHQ) exhibited a better catalytic performance in typical NACs bioreduction compared to

Fe3O4/1,4-diamino-anthraquinone in the presence of strain CNZ-1. The NC reduction rates were

approximately 2.2- to 6.5-fold higher than those lacking Fe3O4@COOHQ at 2–11% NaCl. The highest

NC removal rate of 79.4 mg per h per g cell was achieved at 3% NaCl. The increased NC reduction rate

is mainly due to the fact that Fe3O4@COOHQ could increase the NC reduction activity of cell membrane

proteins containing dominant NC reductases. These findings indicate that strain CNZ-1 and

Fe3O4@COOHQ could be used in designing a bioreactor for enhancing the treatment of NAC-

containing wastewater containing a high concentration of salts.
1. Introduction

N-Substituted aromatic compounds (NACs), including nitro-
aromatics and azo dyes etc., are aromatic compounds that
have nitrogen atoms attached to their ring carbons, and are
widely used in medicine, the chemical industry, dyes, pesticides
and many other elds.1,2 The extensive use of NACs results from
their ubiquitous distribution in environment, and may have
potential for eliciting a variety of adverse cytotoxic, mutagenic
and carcinogenic responses.1–3 Thus, the proper treatment of
the related industrial effluents should be carried out before
their release into natural water sources. In most cases, bio-
treatment constitutes the primary mechanism for NAC removal
due to its eco-friendliness and low cost. It was proved that
anaerobic/aerobic biotreatment processes are the most widely
used technologies for NAC removal.4 In the presence of different
, Chinese Academy of Sciences, Yantai

; Fax: +86 535 2109127; Tel: +86 535

Environmental Engineering, Ministry of

e and Technology, Dalian University of
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kind of microorganisms, NACs rst convert metabolically to
aromatic amines under anaerobic conditions, and then
mineralization of aromatic amines happens under aerobic
conditions.1,2,5 Nevertheless, there are bottlenecks for further
application of these biotreatment programs: rst, the anaerobic
reduction of the nitrogen-containing group (e.g., –NO2, –N]N–)
of NACs is the rate-limiting step in the NAC biodegradation
process; second, the industrial effluent contains large amounts
of salts,6,7 which may decrease the activity of microorganisms.

Previous studies had demonstrated that immobilized
quinone compounds (IQCs) could enhance the bioreduction of
various NACs,8 including azo dyes8,9 and nitroaromatics,8,10 even
under saline conditions.11,12 Moreover, compared to soluble
quinone compounds (QCs), IQCs need not to be continuously
added into reaction systems, which could reduce running cost
and avoid secondary contamination. Therefore, the application
of IQCs is a promising strategy for efficient NACs removal. So
far, various carriers were developed for immobilizing QCs,
mainly including polymers9,10,13,14 and metal oxides.11,15,16

Although many IQCs seemed to perform pretty good catalytic
activity than the soluble QCs, their performance still need to
further improved.8 Recent interest in nanotechnology has
provided a wealth of diverse nanoscaffolds that could poten-
tially support QCs immobilization.17 Fe3O4 is easy to prepare
This journal is © The Royal Society of Chemistry 2017
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and recycle, and thus is an ideal carrier. In addition, ligands on
surface of Fe3O4 could be designed and synthesized in different
structures. Herein, Fe3O4 was selected as a carrier, and Fe3O4/
quinone nanocomposites were prepared by using a mild cova-
lent chemical reaction. For the other challenge, marine bacteria
with good salt tolerance can be used to adapt high salt condi-
tions. In addition, NACs are always with high polarity and hard
to get into cells.1,18 Typically, exoelectrogenic microbes possess
specic extracellular electron transfer pathways, and could
transfer electrons generated from substrate catabolism to
terminals outside the cells.19–21 Accordingly, marine exoelec-
trogenic microbes are appropriate candidates for NACs anaer-
obic bioreduction under saline conditions.

In this paper, Fe3O4/quinone nanocomposites were rst
synthesized via a covalent chemical combination method and
a novel marine indigenous exoelectrogenic bacterium Shewa-
nella sp. CNZ-1 was isolated for treating typical NACs, including
new coccine (NC) and 2,5-dichloronitrobenzene (2,5-DCNB).
The purpose of this study is to develop novel IQCs and to
investigate the effect of Fe3O4/quinone nanocomposites as solid
mediators on NACs bioreduction by strain CNZ-1 under saline
conditions. During this process, the catalytic mechanism of NC
reduction by strain CNZ-1 coupled with nano Fe3O4/quinone
composite was also investigated.
2. Materials and methods
2.1 Chemicals

NC, 2,5-DCNB, anthraquinone-2-carboxylic acid (COOHQ), 1,4-
diaminoanthraquinone (NH2Q) and 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) used in this study were
purchased from Shanghai Macklin Biochemical Co., Ltd (China).
The cellulose ester dialysis membrane (100–500 D) was purchased
from Shanghai Yuanye Biotechnology Co., Ltd (China). All other
reagents used in this study were of the highest analytical grade.
2.2 Isolation, identication and cultivation of halotolerant
exoelectrogenic bacteria

The marine sediment was taken in the middle of Bohai straits
(N 38� 30.290, E 121� 14.100, China). Firstly, with NC served as an
electron acceptor (from 0.5 to 2 g L�1), the sediment was
cultured and acclimated in 2216E medium for a week.
Sequentially, the marine indigenous bacteria were isolated
using a dilution plate method at 30 �C. The exoelectrogenic
ability of the obtained bacterium was tested on the basis of the
method described by Larsen.22 Briey, a dialysis membrane
(100–500 D) was employed to separate 1 mL strain cells (OD600¼
1.141) from 0.1 mMNC (>500 D), the bacterium with the highest
NC reduction rate without direct contact was selected for
further study. In this study, the strain CNZ-1 was thus selected
and identied by scanning electron microscope (SEM) and 16S
rRNA gene sequencing analysis.

LB medium (LBM) contains (g L�1): 10.0 peptone, 5.0 yeast
extract, 10NaCl. The modied 2216E medium (M2216EM) used in
this study contains (g L�1): 5.0 peptone, 1.0 yeast extract, 0.1 ferric
citrate, 20–90NaCl, 5.98MgCl2, 3.24Na2SO4, 1.8CaCl2, 0.55KCl,
This journal is © The Royal Society of Chemistry 2017
0.16Na2CO3, 0.08KBr, 0.034SrCl2, 0.022H3BO3, 0.004Na2SiO3,
0.0024NaF, 0.0016NaNO3, 0.008Na2HPO4, aged-seawater. The
mineral salt medium (MSM) used in this study contains (g L�1):
1.0(NH4)2SO4, 0.8Na2HPO4, 0.2KH2PO4, 0.2MgSO4$7H2O,
0.1CaCl2$2H2O, 20–110NaCl.
2.3 Preparation of Fe3O4/quinone nanocomposites and their
characterisation

Fe3O4 nanoparticle was synthesized according to the method
described in the ESI.† Fe3O4@NH2Q nanocomposite was
prepared by the following steps: (i) 1.0 g Fe3O4 nanoparticles
and 20 mL buffer solution (BS, including 3 mM phosphoric acid
and 100 mM NaCl) were mixed in a 250 mL ask. Then, 5 mL
EDC solution (2.5 wt%, with the treatment of light avoidance)
was added. Aer 20 min sonication, 25 mL polyacrylamide
solution (6 wt%) were added and reacted for 2 h at 25 �C. The
product (Fe3O4–COOH) was separated by magnet and washed
with deionized water. (ii) 0.2 g NH2Q was dissolved in 200 mL
deionised water (95% ethanol was added to help dissolve the
NH2Q, pH ¼ �8) by water bath sonication for 1 h. Then, 1.0 g
Fe3O4–COOH, 45mL BS and 5mL EDC solution were rst mixed
by water bath sonication for 20 min at 25 �C. Sequentially, the
mixture were added to the NH2Q solution in a 500 mL round-
bottom ask. The ask was placed in a water bath at 98 �C
and stirred for �24 h. The products was cooled to room
temperature and washed with deionised water and 50% ethyl
alcohol via ltration using cellulose ester dialysis membranes to
remove the excess NH2Q.

Fe3O4@COOHQ nanocomposite was prepared by the
following steps: (i) 1.0 g Fe3O4–COOH, 45 mL BS and 5 mL EDC
solution were mixed in a 250 mL ask. Aer 20 min sonication,
5 mL diethylenetriamine was added and reacted for 2 h in
a water bath of 98 �C. The products (Fe3O4–NH2) were separated
by magnet, washed with deionized water and dissolved in 200
mL deionised water with sonication treatment for 1 h. (ii) Then,
0.2 g COOHQ, 45 mL BS and 5mL EDC solution were rst mixed
by water bath sonication for 20 min at 25 �C. Sequentially the
mixture were added to the Fe3O4–NH2 solution (pH ¼ �8) in
a 500 mL round-bottom ask. The ask was placed in a water
bath at 98 �C and stirred for�24 h. The products were cooled to
room temperature and washed with deionised water and 50%
ethyl alcohol via ltration using cellulose ester dialysis
membranes to remove the excess COOHQ.

Finally, Fe3O4@NH2Q and Fe3O4@COOHQ were dried in
a vacuum freeze drying equipment for the following experi-
ments. Scanning electron microscope-energy disperse X-ray
spectroscopy (SEM-EDX, Hitachi S-4800, Japan), Fourier trans-
form infrared spectroscopy (FTIR, Jasco FT/IR-4100, Japan), X-
ray diffraction patterns (XRD, RIGAKU 18 KW, Japan) and X-
ray photoelectron spectroscopy (XPS, ESCALAB 250Xi,
England) were used to investigate the morphology and chemical
compositional changes on the surfaces of the Fe3O4/quinone
composites. In addition, the thermogravimetric analysis was
performed using a thermal analyzer (TG, Mettler 5MP/PF7548/
MET/400W, Switzerland) with a heating rate of 10 �C min. The
magnetization curves of the Fe3O4, Fe3O4@NH2Q and
RSC Adv., 2017, 7, 11852–11861 | 11853
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Fe3O4@COOHQ were examined using a vibrating sample
magnetometer (VSM, Lake Shore 7410, USA).

2.4 Enhanced NACs bioreduction in the presence of Fe3O4/
quinone nanocomposites

Effects of pH (3–10) and NaCl concentration (2–9%, wt%) on
growth of CNZ-1 were investigated using M2216EM under
anaerobic conditions. For bioreduction assays, strain CNZ-1
was rst cultured overnight in 100 mL LBM (1%, v/v) in
a rotary incubator shaker at 180 rpm, 30 �C. Then, the CNZ-1
cells were harvested by centrifugation (5 min, 10 000 rpm)
and washed twice with a sterile phosphate buffer solution (PBS,
10 mM, pH 7.0). At last, the cell pellets were resuspended with
MSM and held in an anaerobic chamber. The experimental
systems utilised 135 mL serum bottles containing 100 mL
deoxygenated sterile MSM, NACs and an electron donor. The
CNZ-1 cells were added into the systems at a nal concentration
of 0.11 g L�1. Aer cell inoculation, samples were periodically
taken with a sterile needle and a syringe for the analysis of
NACs. Besides, the effects of different electron donors (glucose,
formic acid, lactic acid, sucrose and acetate) on the NC reduc-
tion rates were investigated at an initial NC concentration of
0.1 mM. The effect of the optimal electron donor concentration
(0–5 g L�1) was also studied.

Under the above optimal conditions, the bioreduction of NC,
nitrobenzene (NB), p-chloronitrobenzene (PCNB) and 2,5-DCNB
(0.1 mM) by strain CNZ-1 (0.11 g L�1) were performed in the
presence of Fe3O4/quinone nanocomposites (60 mg L�1).
Control system without cells was also analysed. Moreover, the
effects of different Fe3O4@COOHQ concentrations (5–80 mg
L�1) and NaCl concentrations (2–11%, in the presence of 60 mg
L�1 Fe3O4@COOHQ) on the NC bioreduction rate were further
investigated. Repeated batch operations were carried out to
investigate the stability and persistence of Fe3O4@COOHQ. All
treatments and controls were run in triplicate.

2.5 Preparation of cell extracts and enzyme activity assays

Aer strain CNZ-1 was cultivated overnight in 100 mL LBM, the
cells were harvested by centrifugation (15 min, 10 000 rpm) and
washed twice with a phosphate buffer (10 mM, pH 7.0). Then, cell
pellets were added to 300 mL MSM (2 g L�1 lactate sodium and
1 mM NC) and cultured at 30 �C. Aer 24 h, the cells were har-
vested by centrifugation (15 min, 10 000 rpm). All subsequent
steps were carried out at 4 �C unless otherwise stated. The ob-
tained cells were suspended in a cold modied PBS (PBS + 10%
glycerol, 2 mM EDTA and 1 mM dithiothreitol) and treated with
30min sonication in an ice bath. Unbroken cells were removed by
centrifugation (5 min, 10 000 rpm). The crude extracts were then
subject to ultracentrifugation at 150 000 rpm for 2 h. The obtained
precipitation was re-suspended in the phosphate buffer and used
as a mixture of membrane proteins. The supernatant was used as
a mixture of cytoplasmic and periplasmic proteins. The total
protein content was estimated by Lowry's method.23

The NC reductase activity was assayed using NADH as an
electron donor. The total volume of the reaction mixture was 3
mL, which contained 1 mL crude enzyme solution, 60 mg L�1
11854 | RSC Adv., 2017, 7, 11852–11861
Fe3O4 or Fe3O4@COOHQ, 0.1 mM NADH and 0.1 mM NC in
a PBS. The assaymixtures were incubated at 30 �C in an anaerobic
incubator.
2.6 Analytical methods

The concentrations of cells and NC were determined by UV-Vis
spectrophotometer at their characteristic absorption peaks
(600 nm and 506 nm, respectively). The concentrations of NB
(254 nm), PCNB (275 nm) and 2,5-DCNB (230 nm) were deter-
mined by HPLC. The reduction products were determined using
HPLC-MS tted with Sapphire C18 column (4.6 mm� 200 mm).
The mobile phase consisted of methanol and water (70 : 30, v/v)
at 1.0 mLmin�1. The reduction efficiency and rate of NACs were
calculated using eqn (1) and (2), respectively, as follows:

Reduction efficiency ð%Þ ¼ Ci � Ct

Ci

� 100% (1)

Reduction rate ¼ Ci � Ct

mt
(2)

where Ci (mg L�1) and Ct (mg L�1) are the initial and residual
NC at time zero and t, respectively; m (g cell per L) is the dry
weight of the cells; t (h) is the reaction time.

A zero-order model was applied to describe the kinetics of
NC bio-reduction. The zero-order rate constant k1 (mol L�1 h�1)
was determined.

C0 � Ct ¼ �k1t (3)

A pseudo-rst-order model was used to describe the kinetics
of NC bio-reduction. The rst-order rate constant k2 (h�1) was
determined.

ln C0/Ct ¼ k2t (4)
3. Results
3.1 Characterization of Fe3O4/quinone nanocomposites

The preparation schematic illustration of Fe3O4@NH2Q and
Fe3O4@COOHQ nanocomposites was shown in Fig. 1. As can be
seen, the reaction conditions are mild. SEM results showed that
the surface of Fe3O4 was smooth while the surfaces of Fe3-
O4@NH2Q and Fe3O4@COOHQ were slightly rough (Fig. 2). In
addition, the elemental compositions of different composites
that obtained by EDX were list in Table 1. On the basis of the
EDX results, the immobilization efficiencies of the two QCs are
approximately 262 mmol NH2Q per g Fe3O4 and 499 mmol
COOHQ per g Fe3O4, respectively. It was noticeable that C and N
elements were appeared aer the related modication. To
characterise the change of Fe3O4 nanoparticles' crystal structure
before and aer modication, XRD analysis was performed. For
Fe3O4 nanoparticle, the observed XRD peaks at 2q ¼ 30.51�,
35.79�, 43.45�, 53.81�, 57.33� and 62.92� can be indexed to (220),
(311), (400), (422), (511) and (440) planes of magnetite, respec-
tively (Fig. 3 and JCPDS card, le no. 19-0629). The observed
XRD patterns of ve nanocomposites were similar, indicating
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The schematic illustration of the preparation of Fe3O4@NH2Q
and Fe3O4@COOHQ.

Table 1 Element composition on the surface of Fe3O4-based
nanocompositesa

Sample O Fe C N

Fe3O4 Mass (%) 31.58 61.71 — —
Molar (%) 68.42 38.29 — —

Fe3O4–COOH Mass (%) 30.51 67.08 2.41 —
Molar (%) 57.64 36.31 6.05 —

Fe3O4–NH2 Mass (%) 35.48 60.36 2.81 1.36
Molar (%) 61.11 29.78 6.44 2.67

Fe3O4@NH2Q Mass (%) 23.11 73.60 2.60 0.69
Molar (%) 47.70 43.52 7.14 1.63

Fe3O4@COOHQ Mass (%) 23.97 65.24 10.79 —
Molar (%) 42.04 32.77 25.19 —

a “—” not detected.

Fig. 3 XRD patterns of Fe3O4, Fe3O4–COOH, Fe3O4–NH2, Fe3O4@-
NH2Q and Fe3O4@COOHQ.
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that the crystal structure of Fe3O4 nanoparticles were well
remained aer modication.

During preparation of Fe3O4@NH2Q and Fe3O4@COOHQ, the
carboxyl groups can react with the amino group, which was
demonstrated by FTIR and XPS analyses. As can be seen in Fig. 4a,
559 cm�1 was related to the Fe–O bending vibration. The char-
acteristic absorption bands of –COOH at approximately 1762
cm�1 and –CONH at approximately 1458 cm�1, 1612 cm�1 shied
or appeared in FTIR of Fe3O4–COOH, Fe3O4–NH2, Fe3O4@NH2Q
and Fe3O4@COOHQ, respectively. Simultaneously, the charac-
teristic absorption bands of benzene ring at approximately 1500–
1600 cm�1 appeared in FTIR of Fe3O4@NH2Q and Fe3O4@-
COOHQ (Fig. 4a). As shown in the O 1s spectra of Fe3O4–COOH,
Fe3O4–NH2, Fe3O4@NH2Q and Fe3O4@COOHQ, the intensity of
the C]O, C–O and –OH peaks changed aer different reactions
compared with those in the O 1s spectrum of Fe3O4 (Fig. 4b–f).
Moreover, it was noticeable that the intensity of the lattice oxygen
peak decreased at different levels in the O 1s spectra of Fe3O4@-
NH2Q and Fe3O4@COOHQ compared with those in the O 1s
spectrum of the Fe3O4, indicating that the surface of Fe3O4 was
probably partially covered with NH2Q and COOHQ (Fig. 4b, e and
f). Besides, the appearance of an N 1s peak at 390–400 eV was also
observed in the spectra of the Fe3O4–NH2, Fe3O4@NH2Q and
Fe3O4@COOHQ (data not shown). All these observations also
suggest the successful surface modication of the Fe3O4 by the
NH2Q and COOHQ molecules.
Fig. 2 The SEM images of Fe3O4 (a), Fe3O4@NH2Q (b) and Fe3O4@COO

This journal is © The Royal Society of Chemistry 2017
The TG analyses of Fe3O4-based composites were performed
in air atmosphere and the results were shown in Fig. 5. When
the temperature was over 200 �C, the weights of Fe3O4, Fe3O4–

COOH and Fe3O4–NH2 kept invariant. The weight loss of Fe3-
O4@NH2Q was rst appeared from 200 to 400 �C, and then
appeared from 700 to 900 �C. The weight loss of Fe3O4@COOHQ
was contained three steps: from 200 to 300 �C, from 300 to
500 �C, from 700 to 900 �C. This phenomenon may due to the
thermal decomposition of the NH2Q and COOHQ. The
magnetic properties of the obtained composites were evaluated
HQ (c).

RSC Adv., 2017, 7, 11852–11861 | 11855
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Fig. 4 FTIR spectra and XPS spectra of Fe3O4, Fe3O4–COOH, Fe3O4–NH2, Fe3O4@NH2Q and Fe3O4@COOHQ. (a) FTIR spectra of Fe3O4,
Fe3O4–COOH, Fe3O4–NH2, Fe3O4@NH2Q and Fe3O4@COOHQ; (b) O 1s of Fe3O4; (c) O 1s of Fe3O4–COOH; (d) Fe3O4–NH2; (e) O 1s of
Fe3O4@NH2Q; and (f) O 1s of Fe3O4@COOHQ.

Fig. 5 TG analyses of Fe3O4, Fe3O4–COOH, Fe3O4–NH2, Fe3O4@-
NH2Q and Fe3O4@COOHQ.

11856 | RSC Adv., 2017, 7, 11852–11861
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using VSM (Fig. 6). The magnetic coercivity/or remanence
values of Fe3O4, Fe3O4@NH2Q and Fe3O4@COOHQ are nearly
zero, indicating their superparamagnetic behaviour. The satu-
ration magnetization of Fe3O4 decreased with the gra of non-
magnetic NH2Q and COOHQ. However, even so, both Fe3O4@-
NH2Q and Fe3O4@COOHQ could be separated from aqueous
solution effectively (Fig. 6 inset).
3.2 A newly isolated halotolerant exoelectrogenic strain

A facultative anaerobic strain capable of transferring electron to
extracellular environment was isolated and named CNZ-1. As
mentioned above, NC with high polarity was select as an extra-
cellular electron acceptor to verify the exoelectrogenic ability of
CNZ-1. The results showed that strain CNZ-1 trapped in the dial-
ysis bag (1 mL) could rst decolour 0.1 mM NC completely within
48 h in all 4 candidates. When strain CNZ-1 was grown on an LB
agar plate under aerobic conditions, its colony was tangerine and
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 VSM analyses of Fe3O4@NH2Q and Fe3O4@COOHQ.
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circular in shape (Fig. S1a†). The SEM results showed that the
morphology of strain CNZ-1 is a short rod with dimensions of 2�
0.3 mm2 (Fig. S1b†). On the basis of the sequencing of the 16S rDNA
gene, the homology between strain CNZ-1 (GenBank accession
number KX384589) and a Shewanella algae JCM 21037 (GenBank
accession number NZ_BALO01000089.1) is 99%. Thus, it can be
Fig. 7 Effects of Fe3O4@NH2Q and Fe3O4@COOHQ on the NC reduction
analysis of Fe3O4@COOHQ supplemental system; (c) effect of NaCl conc
and (d) repeat experiment of Fe3O4@COOHQ. Error bars shows mean s

This journal is © The Royal Society of Chemistry 2017
concluded that strain CNZ-1 belongs to the genus Shewanella. The
phylogenetic tree of strain CNZ-1 is shown in Fig. S1c.† NaCl
resistance assays (2–9%) showed that the anaerobic growth in the
M2216EM had only slight delay with the increase of NaCl
concentration from 2 to 5% (Fig. S2a†). When adding 7%NaCl, the
strain CNZ-1 could recover the growth aer 18 h incubation.When
adding 9% NaCl, the growth of strain CNZ-1 inhibited severely.
Effect of pH on growth of CNZ-1 was investigated and the results
showed that strain CNZ-1 grew best under pH 7.3, whereas it failed
to survive at pH 3.8 (Fig. S2b†).

3.3 Fe3O4/quinone composites mediated NACs bioreduction
by CNZ-1

The effect of electron donor on NC reduction was shown in
Fig. S3.† Among the six electron donors, sodium lactate was
proven to be the most suitable electron donor for strain CNZ-1
to reduce NC (Fig. S3a†). In addition, the NC reduction rate did
not sharply increase as the concentration of sodium lactate was
over 2.0 g L�1 (Fig. S3b†). Thus, 2.0 g L�1 sodium lactate was
selected for the following experiments. The effects of Fe3O4@-
NH2Q and Fe3O4@COOHQ on NACs reduction were further
investigated. It was noticing that NC reduction rate could ach-
ieve 76.03 mmol per h per g cell in the presence of 20 mg L�1

Fe3O4@COOHQ. The highest NC reduction rate of 79.35 mmol
per h per g cell could be achieved in the presence of 60 mg L�1
by strain CNZ-1. (a) NC reduction curves; (b) the wavelength scanning
entration on Fe3O4@COOHQmediated NC reduction by strain CNZ-1;
tandard deviation of three determinations.
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Table 2 Immobilized efficiency and catalyzing performance of different nano particle/QCs compositesa

Nano particle
carriers QCs Method

Concentration of
QCs immobilized

Pollutants/catalytic
performance Recycle Reference

a-Al2O3 AQDS Physical 7 mmol g�1 N. D. N. D. 15
ZnO Absorption 6 mmol g�1 N. D. N. D. 15
Al(OH)3 105 mmol g�1 AD/7.5-foldb N. D. 15
TiO2 FA Physical 4.1 mg g�1 N. D. N. D. 16
Al(OH)3 Absorption 2.6 mg g�1 N. D. N. D. 16
g-Al2O3 12 mg g�1 CT/10.4-foldb N. D. 16
GO AQS Chemical 160 mmol g�1 AD/+44%c 5 30
GO NQ Chemical 1.93 mmol g�1 Cr(VI)/+90%c N. D. 31

AQ 2.69 mmol g�1 Cr(VI)/+12%c N. D. 31
Fe3O4 COOHQ Chemical 499 mmol g�1 AD/1.71-foldd 5 This study

CNB/+48%c

NH2Q 262 mmol g�1 AD/+6%c N. D. This study

a GO: graphene oxide; AQDS: anthraquinone-2,6-disulfonic acid sodium; FA: fulvic acids; AQS: anthraquinone-2-sulfonic acid sodium; COOHQ:
anthraquinone-2-carboxylic acid; NH2Q: 1,4-diaminoanthraquinone; NQ: 2-amino-3-chloro-1,4-naphthoquinone; AQ: 2-aminoanthraquinone;
AD: azo dye; CT: carbon tetrachloride; CNB: chloronitrobenzene; N. D.: no detection is made. b Reduction rate. c Reduction efficiency.
d Enzymic activity (membrane protein).

Table 3 The kinetic parameters for NC bioreduction mediated by Fe3O4@COOHQ

System k1 (mol L�1 h�1) R2 k2 (h
�1) R2

t
(h)

Cell + dye 0.1135 0.9031 0.3527 0.9778 8
Cell + dye + COOHQ 0.5088 0.9516 1.5046 0.9923 2
Cell + dye + Fe3O4@COOHQ 0.3682 0.8681 1.4671 0.9827 3
Cell + dye + NH2Q 0.1247 0.9161 0.4122 0.9211 6
Cell + dye + Fe3O4@NH2Q 0.1236 0.8539 0.3959 0.9845 8
Cell + dye + Fe3O4–NH2 0.1225 0.9087 0.4088 0.9284 8
Cell + dye + Fe3O4–COOH 0.1279 0.9175 0.4263 0.9676 8
Cell + dye + Fe3O4 0.1211 0.8972 0.3667 0.9105 8
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Fe3O4@COOHQ, and this concentration was thus selected for
the following experiments (Fig. S3c†). NC reduction (<1%) was
not observed in the presence of only Fe3O4@NH2Q and Fe3-
O4@COOHQ (data not shown). Strain CNZ-1 cells could only
reduce �30% NC in 2 h and the addition of 60 mg L�1 Fe3-
O4@COOHQ resulted in an increase in NC reduction efficiency
from �30% to over 85% in 2 h (Fig. 7a). In comparison, the
Fe3O4@NH2Q-mediated NC reduction rate was slower. In the
presence of 60 mg L�1 Fe3O4@NH2Q, the NC reduction effi-
ciency was slightly increased from �30% to �36%. Moreover,
the catalytic efficiency of dissolved QCs is higher than IQCs,
owing to their homogeneous distribution. The zero-order and
pseudo-rst-order model were used to describe the kinetics of
NC bio-decolorizationmediated by Fe3O4@COOHQ. The kinetic
parameters of the zero-order and pseudo-rst-order equations
were listed in Table 3. The experimental kinetic data of Fe3-
O4@COOHQ mediated NC bio-reduction t well with the
pseudo-rst-order model (R2 > 0.98). Fe3O4@COOHQ-mediated
NC reduction (k ¼ 1.4671 h�1, R2 > 0.98) was 3.7-fold higher
than that mediated by Fe3O4@NH2Q (k ¼ 0.3959 h�1, R2 > 0.98),
indicating that Fe3O4@COOHQ is a better solid mediator than
Fe3O4@NH2Q for NC reduction with strain CNZ-1. In addition,
the full wave scanning of samples taken at 0, 1, 2 and 3 h in the
11858 | RSC Adv., 2017, 7, 11852–11861
Fe3O4@COOHQ supplemented system was shown in Fig. 7b. As
can be seen, NC was gradually reduced to corresponding
reduction products as time went on. The reduction products
were analyzed using HPLC-MS and the reduction product was
proven to be N1-phenylbenzene-1,4-diamine (Fig. S4a†). To
demonstrate the general applicability of Fe3O4@COOHQ for the
NACs bioreduction under saline conditions, the effects of Fe3-
O4@COOHQ (60 mg L�1) on NB, PCNB and 2,5-DCNB reduction
(0.1 mM) by strain CNZ-1 (0.11 g L�1) was also investigated in
the presence of 3% NaCl. As shown in Fig. S4b,† the removal
efficiency of NB, PCNB and 2,5-DCNB were about 1.6-, 1.9- and
1.7-fold higher than those lacking Fe3O4@COOHQ, respectively.

The effect of NaCl on Fe3O4@COOHQ mediated NC bio-
reduction was further investigated and the NC reduction
process curves in the absence/presence of Fe3O4@COOHQ were
shown in Fig. S5.† In general, the addition of Fe3O4@COOHQ
leads to a great improvement in NC bioreduction rate under
saline conditions. In the absence of Fe3O4@COOHQ, the high-
est NC reduction rate of 17.2 mmol per h per g cell could be
achieved under 3% NaCl conditions (Fig. 7c). When adding
60 mg L�1 Fe3O4@COOHQ, the NC reduction rate were
approximately 6.5-, 4.6-, 4.6-, and 4.8-fold higher than those
lacking Fe3O4@COOHQ at 2, 3, 4, and 5% NaCl, respectively
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 The proposed mechanism of Fe3O4@COOHQ mediated NACs
reduction by strain CNZ-1.

Fig. 8 NC reductase activities in cell fractions of strain CNZ-1 in three
different reaction systems.
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(Fig. 7c). When the NaCl concentration was over 7%, NC
reduction rates were no more than 17.2 mmol per h per g cell
even in the presence of Fe3O4@COOHQ (Fig. 7c). As shown in
Fig. 7c, NC reduction rate was gradually decreased with the
increasing salt concentration from 3 to 11%. It seems that NC
reduction process was growth-linked, high salt concentration
suppressed the growth of strain CNZ-1 and thus inhibited the
rate of NC reduction.

To further study the persistence and stability of Fe3O4@-
COOHQ, repeated batch experiments were carried out in the
presence of 3% NaCl. Fig. 7d showed that the reduction effi-
ciency of Fe3O4@COOHQ mediated NC (0.1 mM) could remain
over 94% of its original value aer 5 cycles. In comparison, the
reduction rate of NC in nonmediator supplemented system was
lower than that in Fe3O4@COOHQ-supplemented system
during ve rounds. This indicates that Fe3O4@COOHQ as an
electron conductor holds good persistence and stability in
repetitive operations.

3.4 Enzyme activity assays

NC reduction was studied with different protein factions of
strain CNZ-1 (Fig. 8). No disappearance of NC was observed in
control systems that lacking protein or NADH (data not shown).
In addition, systems containing cytoplasmic proteins and
membrane components removed �11% and �47% NC in
10 min with an average reduction rate of 0.37 and 1.54 nmol NC
per mg protein per min, respectively. In the presence of Fe3O4,
no obvious differences were found. In the presence of Fe3-
O4@COOHQ, systems containing cytoplasmic proteins and
membrane components removed �12% and �80% NC in
10 min with an average reduction rate of 0.46 and 2.65 nmol NC
per mg protein per min, respectively (Fig. 8).

4. Discussion

So far, a number of microorganisms have potential application
for bioreduction of typical NACs under low-salt conditions,
including Bacillus sp., Citrobacter sp., Kocuria rosea, Shewanella
oneidensis, Penicillium sp. and Sphingomona xenophaga.24–26
This journal is © The Royal Society of Chemistry 2017
However, for example, large amounts of salts were added as
accessory ingredients to improve dyeing performance in the
production process of dye.27 The dyeing baths of direct dye was
reported to normally bear �2% of mineral salts while those of
reactive dye contain over 3% NaCl.28 A previous study reported
that reduction of NACs was severely inhibited when the salt
concentration was higher than 3–5%.27 Therefore, there is a dire
need to isolate such NACs reducing bacterial community which
could tolerate high-salt concentrations. Up to now, only a few
halotolerant or halophilic bacteria were identied.27 Since
marine indigenous bacteria can survive at high salt concentra-
tion, they are the best candidates for treating NACs-containing
wastewaters.7 In the present study, a novol strain Shewanella sp.
CNZ-1 was isolated from marine sediment and it was proven to
be capable of reducing typical NAC rapidly in the presence of 2–
9% NaCl. Moreover, strain CNZ-1 can tolerate less than 11%
NaCl. Besides, strain CNZ-1 was also conrmed as a member of
high efficient electrogenic microorganisms. The extracellular
electron transfer is an essential step for reduction of some
macromolecular NACs by microorganisms. Thus, strain CNZ-1
presents a potential application for the bioremediation of
NACs under saline conditions.

Compared to many chemical and physical treatment tech-
nologies, bioremediation of NACs is considered as a cost-
effective and environmental friendly technology. However, the
biodegradation efficiencies of NACs are very low under high-salt
conditions.27 Thus, it is necessary to develop highly efficient
biotreatment technologies for NACs removal. The standard
potentials of QCs are considerably lower than that of most
NACs, and thus the electron transfer from the reduced QCs to
NACs is thermodynamically feasible. Previous studies found
that IQCs could lead to a great increase in the NACs reduction
rate in the presence of a mixed salt-tolerant bacterial culture.9,12

IQCs mediated reduction of NACs mainly included two steps: (I)
QCs is rst reduced to hydroquinones by cells; (II) then hydro-
quinones reduce NACs by a purely chemical redox reaction
outside the cell.14,29 Accordingly, two kinds of nano IQCs were
prepared by using a mild chemical method. Table 2 summa-
rized the immobilized efficiency and catalyzing performance of
different nano particle/QCs composites previously reported.
The immobilized efficiency of Fe3O4@COOHQ was moderate.
RSC Adv., 2017, 7, 11852–11861 | 11859
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However, compared to other nano scale IQCs, Fe3O4@COOHQ
could be recycled more easily due to its magnetic property. It
was noticed that 60 mg L�1 Fe3O4@COOHQ could signicantly
increase the NC reduction rate from 17.2 to 79.4 mg per h per g
cell in the presence of 0.1 mM NC and 3% NaCl. That's to say,
Fe3O4@COOHQ exhibited a good catalytic performance in NACs
bioreduction.

Previous study showed that different bacteria have different
abilities to reduce QCs.29 In the present study, catalytic perfor-
mance for NC bioreduction of COOHQ was better than NH2Q,
perhaps indicating that strain CNZ-1 prefers to reduce COOHQ.
In addition, further study showed that the immobilization
concentration of COOHQ was higher than NH2Q by using the
mentioned method. Thus, Fe3O4@COOHQ was selected for
further study. Fe3O4@COOHQ could increase the NC reduction
activity of both cell membrane and extracts proteins, especially
for cell membrane proteins. Shewanella was ever proven that
there are large numbers of c-type cytochromes and reductases
on and between its inner and outer membranes.32,33 Previous
study found that Shewanella decolorationis S12's reduction
activity towards azo dye was only present in its membranous
fraction.34 Our results further indicated that the membrane-
bound proteins of CNZ-1 were crucial for the reduction of NC.

Accordingly, the mechanism of Fe3O4@COOHQ mediated
reduction of NACs was proposed: (I) NACs were reduced to the
corresponding aromatic amine directly; (II) Fe3O4@COOHQ
was rst reduced by outer membrane proteins of strain CNZ-1;
second, the formed hydroquinones reduced NACs to the cor-
responding aromatic amine in a purely chemical redox reaction;
and last, hydroquinones were changed to into quinones again
(Fig. 9). During this process, Fe3O4@COOHQ acted as a solid
phase redox mediator for accelerating NACs reduction.

5. Conclusion

The present work reported a Fe3O4@COOHQ mediated NACs
bioreduction process by a novel marine strain, Shewanella sp.
CNZ-1. Fe3O4@COOHQ could be prepared using a green chemical
method under mild conditions. Further study showed that Fe3-
O4@COOHQ exhibited good catalytic performance and stability
when it was used as a solid-phase mediator for enhancing NACs
bioreduction at hypersaline conditions (up to 11% NaCl). The
highest NC removal rate of 79.4mg per h per g cell was achieved at
3%NaCl in the presence of 60mg L�1 Fe3O4@COOHQ.Moreover,
Fe3O4@COOHQ could increase the NC reduction activity of cell
membrane proteins (1.71-fold). These ndings indicate that the
application of strain CNZ-1 and Fe3O4@COOHQ is a promising
strategy for enhancing the treatment of NACs-containing waste-
water containing high concentration of salts.
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