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ABSTRACT

The insoluble redox mediators (RMs) were prepared to overcome limitations of soluble RMs that
are eluted with water flow in wastewater treatment process. Magnetic nanoparticles possess good
performance, due to their high specific surface area, the absence of internal diffusion resistance and
easy separation in presence of an external magnetic field. In this study, insoluble RMs were prepared
by immobilizing anthraquinone-2-sulfate (AQS) onto magnetic nanoparticles. AQS modified mag-
netic nanoparticles (FeSi@AQS) were formed by chemical reaction between the sulfochlorides group
of anthraquinone-2-sulfonyl choride and amino-modified magnetic nanoparticles, with formation
confirmed by Fourier transform infrared spectra. Results of energy dispersive X-ray and thermal grav-
imetric analysis showed that AQS occupied a 21.47 wt.% proportion of the FeSi@AQS complex. FeSi@
AQS was used as insoluble RMs to catalyze biodecolorization of several kinds of azo dyes. When the
concentration of FeSi@AQS was as low as 40 mg/L, biodecolorization rate of reactivered K-2BP was
increased by 2.18-fold. FeSi@AQ Scan then be separated and gathered from wastewater by magnetic
attraction and reused for further catalysis of azo dye decolorization in a modified SBR system. These
findings show that the immobilization of RMs on magnetic nanoparticle surfaces, benefits potential
industrial applications of RMs.
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1. Introduction

Azo dyes are extensively applied in many industries,
such as in the dyeing, textile and paper industries [1-3].
Many azo dyes and their degradation products, such asar-
omatic amines, are toxic to living organisms, causing muta-
genic and carcinogenic effects that pose a serious public
health concern [3-5]. Microbial azo dye remediation [6] has
been extensively studied due to its benefits of being eco-
friendly and cost-effective [7]. In these systems, microbial
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remediation of azo dyes occurs by anaerobic and aerobic
processes [8]. In anaerobic systems dyes are first converted
to aromatic a mine compounds, while further aerobic treat-
ment generates CO, and inorganic compounds [9]. One
notable limitation however, is that the microbial metab-
olism rate of azo dyes under anaerobic conditions is low,
reducing the rate of azo dye bio-remediation [10,11].

In order to overcome the low anaerobic bio-reduction
rate, redox mediators (RMs), (or electron shuttle) was
introduced to catalyze refractory pollutant anaerobic bio-
transformation [9]. Previous studies have reported that
RMs have been successfully employed for the catalysis of
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anaerobic bio-reduction of persistent contaminants such as
azo dyes [12-15]; nitro aromatics [16,17]; halogenated pol-
lutants [18]; and high valence heavy metals [19-23]; among
others. It has been well documented that humic substances
and quinone analogs [24] can behave as RMs by catalyzing
transformation, accelerating the process by several orders
of magnitudes [9,25].

A significant problem in practical application of RM
technology, however, is that soluble RMs are eluted with
water flow therefore requiring continual dosing, resulting
in unrealistically high costs as well as presenting a serious
secondary pollution risk [26,27]. Therefore, the potential use
of insoluble/immobilized RMs has received much research
interest, aiming to overcome limitations in wastewater treat-
ment process applications. The immobilization of anthra-
quinone-2,6-disulfonate (AQDS) by calcium alginate [28]
was reported for the first time by the author in 2007. Fur-
ther studies then reported optimized or varying approaches
to immobilize RMs, using carriers such as polyurethane
foam [29], poly (ethylene terephthalate) fiber [30], and anion
exchange resins [31]. Some disadvantages of these immo-
bilizing techniques in practical application are the gradual
loss of the redox mediating capacity due to factors such as
RMs wash-out from bioreactors or disruption of immobiliz-
ing material, and mass transfer limitations due to the major
fraction of the RMs remained entrapped within the immo-
bilizing material [32]. Compared to the aforementioned tra-
ditional macro-sized carriers used for RM immobilization,
nano-sized carriers have been found to have an improved
performance due to their high specific surface area and the
absence of internal diffusion resistance, resulting in higher
catalytic efficiency [33]. Research using metal-oxide nanopar-
ticles as adsorbents to immobilize AQDS and humic acid
found that the solid-phase RMs formed, presented up to 7.5-
fold increased catalytic efficiency [30,32,34]. Despite these
benefits, the significant risk of run-off does however remain
when using nanoparticles as a solid carrier, resulting in a sig-
nificant secondary pollution risk. Therefore, it is essential to
develop new techniques for RMs immobilization that limit
the risk of environmental contamination.

Magnetic nanoparticles [35] have been extensively
studied as environmentally functional materials, benefiting
from their high specific surface area; the absence of inter-
nal diffusion resistance; and their ability to be magnetically
separated and collected in the presence of an external mag-
netic field [36,37]. To our knowledge this is the first reported
study to successfully generate an insoluble RM, by immobi-
lizing anthraquinone-2-sulfate (AQS) onto magnetic Fe,O,
nanoparticles. Magnetic Fe,O, nanoparticles were prepared
by co precipitation of Fe** and Fe?* with an amino-group
then grafted to the surface of magnetic nanoparticles using
a silane coupling agent. Meanwhile, AQS was modified
toanthraquinone-2-sulfonyl choride (AQSCI), which was
then reacted with amino-modified magnetic nanoparticles
(FeSi@NH,) to obtain the final AQS modified magnetic
nanoparticles (FeSi@AQS). Fourier transform infrared (FT-
IR), dynamic light scattering (DLS), energy dispersive X-ray
(EDX) and thermal gravimetric analysis (TGA) were carried
out to both qualitatively and quantitatively explore FeSi@
AQS characteristics and properties. The catalytic effects of
FeSi@AQS on the decolorization of azo dyes (e.g., reacti-
vered K-2BP (RR 2), reactive brilliant orange X-GN; acidic

golden G; reactive violet K-3R; and direct fast black G)were
evaluated. In addition, FeSi@AQS was successfully sepa-
rated and gathered from waste water by magnetic attrac-
tion and then reused to catalyze azo dye decolorization in a
modified SBR system.

2. Methods
2.1. Materials

AQS (98% purity, Sigma Aldrich) was selected as a
model RM. Triethylamine (TEA, Tianjin Chemical Co.) was
purified by distillation prior to use. Tetraethyl orthosili-
cate (TEOS) and 3-Aminopropyltriethoxysilane (APTES,
purity >99%) were purchased from Alfa Aesar. FeCl,-6H,0,
FeCl,-4H,O and dichloro methane were purchased from
Tianjin HEOWNS Biochemical Technology Co. The azo
dyes (RR 2; reactive brilliant orange X-GN; acidic golden
G; reactive violet K-3R; and direct fast black G) were sup-
plied by Dye Synthesize Laboratory, Dalian University of
Technology. The basalmediu mutilized for azo dye decol-
orization was Luria-Bertani (LB) medium, containing 10
g/L peptone, 5 g/L yeast extract and 5 g/L NaCl. All other
chemicals were of analytical reagent grade.

2.2. Preparation of FeSiQAQS

Magnetic Fe,O, nanoparticles were prepared by chem-
ical precipitation as reported in the literature [38]. Silica
coated Fe,O, magnetic nanoparticles (Fe,O0,@SiO,) were pre-
pared using the Stober method. Firstly, Fe,O, (60 mg) was
dispersed in a solution of water and ethanol (3:7, v: v), then
TEOS (1 mL) and ammonia (7 mL) were added in a nitro-
gen atmosphere at room temperature. Finally, the product
was repeatedly washed using ethanol and distilled water
in turn. Fe,0,@Si0, was obtained by magnetic separation
and vacuum drying. FeSi@NH, was formed using a silane
coupling agent. Fe,O,@SiO, (100 mg) was treated with the
mixture of ethanol (2 mL), APTES (0.4 mL) and an ammonia
solution (1.5 mL, 25-28%) for 2 h. Nanoparticles were then
rinsed with ethanol and distilled water and dried under a
stream of nitrogen to obtain the FeSi@NH,,.

Anthraquinone sulfonyl chloride (AQSCI) was syn-
thetized by the modification of AQS, allowing the sulfo-
chloride group of AQSCI to react with the amino group
of FeSi@NH,. In detail, AQS (2.72 g) was dissolved in 150
mL methylene chloride, then chloro sulfonic acid (HSO,Cl)
(4 mL) was added to the solution in a drop wise manner
and the reaction was then maintained at 40°C for 6 h. Then
solution was extracted and washed three times with NaCl
solution (10 wt.%). The organic phase was preserved and
dried for 12 h to remove the water by using magnesium sul-
fate. Dichloro methane was removed by rotary evaporation.
Finally, AQSCl was collected and dried under vacuum.

AQS modified magnetic nanoparticles were prepared
by chemical reaction between AQSCI and FeSi@NH, in
the presence of an acid-binding agent. Firstly, FeSi@NH,
(0.118 g) were dispersed in 100 mL of chloroform, then 5
mL TEA was added, forming ‘solution A’. AQSCI (0.9200
g) was dissolved in chloroform (50 mL), resulting in ‘solu-
tion B’. Solution B was then added to solution A in a drop
wise manner in 30 min and reacted for another 4 h. The final
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FeSi@AQS was obtained using magnetic separation, then
washed using ethanol and dried under vacuum at ambient
temperature.

2.3. Decolorization assays of azo dye

Decolorization bacteria were prepared in-lab according
to published methods [39]. During the logarithmic growth
phase, the mixed solution of bacteria (10 mL) was inoculated
into LB medium (200 mL). Biomass concentration was deter-
mined by optical density (OD) at 600 nm, and the relation-
ship between the bacterial cell concentration and OD 600 nm
for strain was established as 1.0 OD = 3.16 g dry cell /L.

The initial concentration of reactive red K-2BP (RR 2) in
the mixture was 200 mg/L, with FeSi@ AQS also combined
into the solution to explore its catalytic efficiency as com-
pared to control groups. Control-1 group (C-1) proceeded
without the addition of the bacterial inoculation, while
Control-2 group (C-2) was carried out without the addition
of the FeSi@AQS catalyst. Experiment groups were con-
ducted with varying FeSi@AQS concentrations: 10 mg/L
(E-1 group); 20 mg/L (E-2 group) and 40 mg/L (E-3 group).

All serum bottles used for test were covered by rubber
cover and aluminous model to maintain an anaerobic envi-
ronment. At every 2 h interval, 5 mL sample was taken out
and the concentration of RR 2 was tested. The concentra-
tions of azo dyes were established using previously reported
methods [39]. The absorbance of azo dye solution was mon-
itored by measuring maximum absorbance at A = 534 nm
and the concentration of azo dye were established based on
standard curve data. All assays were performed in triplicate
and the mean values of the data are presented. The decol-
orization of azo dye was calculate according to formula (1):

Decolorization efficiency (%) = (C,— C)/C,> 100% (1)

where C, is the initial concentration of azo dye, C, is the con-
centration of azo dye at t time.

In addition to RR2, several other azo dyes were investi-
gated to assess the catalytic effect of FeSi@ AQS nanoparti-
cles, namely: reactive brilliant orange X-GN; acidic golden
G; reactive violet K-3R and direct fast black G. In all cases
experimental procedures were as outlined for RR2.

2.4. Separation and reutilization of FeSi@AQS

Separation and reutilization of FeSi@ AQS was assessed
at both bottle level and bioreactor level. In bottle level
systems, a magnet was used to attract FeSi@AQS follow-
ing azo dye decolorization. The collected FeSi@AQS was
reused to catalyze the decolorization of azo dye ten con-
secutive times. Concurrently, a modified sequencing batch
reactor (SBR) system was designed and operated. The
modified SBR system run in five phases: Influent phase (I);
reacting phase (II); precipitation phase (III); effluent phase
(IV); andinact phase (V). Electromagnets were used to
provide a changeable magnetic field, where during influ-
ent and reacting phases, the electromagnet was inactive,
allowing FeSi@AQS to disperse in solution and catalyze
the decolorization of azo dyes. Conversely, in the efflu-
ent phase the electro magnet was active and attracted

FeSi@ AQS nanoparticles, avoiding wash-out of RM with
effluent flow.

2.5. Analysis method

FT-IR spectra of FeSi@NH,, AQS and FeSi@AQS were
established using an FT-IR spectrometer model FTS 6000
spectrophotometer (BIO-RAD, USA) at room tempera-
ture. Samples were prepared by well dispersing the com-
plex in KBr powder, then compressing mixtures to form a
plate. A total of 64 scans were performed at a resolution of
4 cm™. Thermogravimetric analysis (TGA) used to inves-
tigate nanoparticle stability under a nitrogen atmosphere
with heating rate of 10°C min™'. TGA was performed out
using a Rheometric Scientific TGA1500 (Piscataway, NJ)
to assess thermal properties of samples. The chemical
compositions of FeSi@NH, and FeSi@AQS were iden-
tified by EDX. The hydrodynamic size of nanoparticles
was analyzed by Dynamic light scattering (DLS) using a
Zetasizer Nano ZS90 (Malvern Instruments, South bor-
ough, MA), with a fixed scattering angle of 90° and mea-
surements recorded at a constant temperature (25°C) in
triplicate. The oxidation reduction potential (ORP) and
pH were measured usingan ORP combine delectrode
(501, INESA Scientific Instrument Co, Ltd) and a pH
meter (METTLER TOLEDO FE 20).

3. Results and discussion
3.1. Immobilization of AQS on Fe,O, magnetic nanoparticles

Magnetic nanoparticles possess good performance, due
to their high specific surface area, the absence of internal
diffusion resistance and easy separation in presence of an
external magnetic field [40]. In the present study, Fe,O,
magnetic nanoparticles were used as the biocarrier of AQS,
with Fig. 1b illustrating the process of immobilization of
AQS on to the surface of Fe,O,. Magnetic nanoparticles
were synthesized by co precipitation of Fe?* and Fe*, with
the addition of ammonia. Furthermore, as Fe,O, nanopar-
ticles show high sensitivity to oxygen, silica is commonly
used as a coating, forming stable magnetic nanoparticles
[41]. Additionally, the silica shell can passivate the surface
of magnetic nanoparticles during or following synthesis,
avoid particle agglomeration. In this study, Fe,O, nanopar-
ticles were coated with a silica shell as per the Stober
method, forming Fe,O,@SiO, nanoparticles. Amino-mod-
ified magnetic nanoparticles FeSi@NH, were prepared
using the silane coupling agent, 3-Aminopropyltriethoxysi-
lane (APTES), which was covalently bound to the surface
of Fe,0,@SiO, nanoparticles. Amino-modification brought
reactive functional groups to nanoparticle surfaces, which
make subsequent AQS reactions feasible.

Anthraquinone sulfochlorides (AQSCI) was synthe-
tized by the modification of AQS as shown in Fig. 1a, where
the AQS sulfo group was converted to a sulfo chloride by
reaction with HSO,Cl. The AQSCI sulfo chlorides group
can then react with the amino group of FeSi@NH, in the
presence of an acid-binding agent. As a result, AQS was
immobilized onto the surface of magnetic nanoparticles by
chemical interaction, forming FeSi@AQS.
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Fig. 1. (a) Synthesis of AQSCI. (b) The immobilization of AQS on the surface of Fe,O,magnetic nanoparticles.

3.2. Characterization of FeSI@AQS

FeSi@AQS and its intermediate products were charac-
terized by FI-IR, DLS, TEM, EDX and TGA, to qualitatively
and quantitatively explore their compositions, structures
and other properties. To confirm reactions and the for-
mations of chemical linkages between AQS and magnetic
nanoparticles, FI-IR spectroscopy was used to establish
FT-IR spectra for FeSi@NH, (Fig. 2A); AQS (Fig. 2B); and
FeSi@AQS (Fig. 2C). As shown in Fig. 2B, the weak band
visible at 1678 cm™ and the band visible at approximately
1585.3 cm™, can be attributed to carbonyl group (C=O)
stretching vibrations in anthraquin one. The bands visible
at 960 cm™ and 928 cm™ were assigned as bending vibra-
tions of the (S-O) bond. As shown in Fig. 2C, the character-
istic spectral signals for both carbonyl (C=0) and sulfonate
(SO*) groups were visible at 17001630 cm™ and 1290-1100
cm™, respectively. As shown by FT-IR results, the FeSi@
AQS spectrum showed characteristic absorption bands cor-
responding to AQS, confirming that Fe, O, was successfully
modified by AQS during the reaction.

The hydrodynamic diameters and zeta potentials of
both FeSi@AQS and their intermediate products, were
investigated using DLS and as shown in Figs. 3a—d, the
hydrodynamic diameters of Fe,O, Fe,O,@SiO, FeSi@
NH, and FeSi@AQS were 69 nm, 148 nm, 162 nm and 166
nm, respectively. The modification of Fe,O,with silica was
shown to increase the hydrodynamic diameter, partly due
to the additional volume occupied by silica on the outer
sphere of Fe,O,, as well as due to agglomeration of Fe,O,
nanoparticles [41]. Conversely, further amino-modification
of AQS nanoparticles resulted in only a marginal change in
observed hydrodynamic diameters.

The zeta potentials of Fe3O4, Fe,0,@SiO,, FeSi@NH,
and FeSi@AQS are presented in Fig. 3e showmg the zeta
potential of Fe,O, and Fe,O,@SiO, to be -32 mV and -29mYV,
respectively. The surface of Fe,O, was found to contain
abundant hydroxyl groups, generating negatively charged
oxygen ions by ionization. The zeta potential changed
from negative to positive, following APTES modification,

due to binding of the amino group and a hydrogen proton,
forming ammonium which provides the nanoparticle with
an overall positive charge. However, following reaction of
the AQSCI sulfo chlorides group with nanoparticle amino
groups, the degree of positive charge decreased signifi-
cantly. The final nanoparticles showed only minor levels of
negative charge, confirming that most amino groups had
reacted with the sulfo chloride group of AQSCI. All hydro-
dynamic diameter and zeta potential data support and con-
firm the reactions outlined in Fig. 1b.

Quantitative characterization of AQS bound on
nanoparticle surfaces was performed by TGA and EDX and
as shown in Fig. 52. The weight loss tendencies of FeSi@NH,
(Fig. S2A) and FeSi@AQS (Fig. S2B) established with rising
temperatures from 25 to 800°C. The weight loss observed
below 200°C generally corresponds to the loss of water, in
both free and bound form, while the organic compounds,
such as APTES and AQS, convert to a gas composition at
temperatures of above 200°C. Based on TGA curves estab-
lished, the weight losses for FeSi@NH, and FeSi@AQS in the
range of 200-800°C, were 19.20% and 41.96%, respectively.
In comparison with the TGA curve established for FeSi@
NH, (Fig. S2A), the additionally loss of weight observed
in curve B can be attributed to AQS, with a loss of 22.76%.
Therefore, the grafting weight ratio of AQS on the surface of
nanoparticles was established to be 22.76%.

The elemental composition of FeSi@AQS was verified
by EDX analysis, with elemental analysis showing that
FeSi@AQS contained 2.29 wt.% S and 1.55 wt.% H. Elemen-
tal compositions were calculate according to formula (2):

AQS wt.% =S wt.% x Mr(AQS)/Mr(S) )
where Mr g represents the formula weight of the Satom
(32 g/mol); Mr,, , represents the molecular weight of AQS
(272 g/mol). According to formula (1), the amount of AQS
bound on FeSi@AQS was 19.47 wt.%. It is of note, that
data obtained by TGA measurements and those calculated
based on EDX results presented only minor differences,
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Fig. 2. FT-IR spectra of FeSi@NH, (A), AQS (B) and FeSi@AQS (C).

which may be due to methodological differences. Mean
values of the results obtained by EDX and TGA analysis
were used to quantify the AQS portions of FeSi@AQS,
showing its relative abundance to be 21.12 wt.%, trans-
lating to 0.78 m mol AQS per 1 g FeSi@AQS nanoparticle
matter. Compared with findings from previously reported
literature with other RM carriers, magnetic nanoparticles
are shown to possess a high loading efficiency, due to their
high specific surface area which supports a high catalytic
efficiency.

3.3. Biodecolorization of azo dye

The catalytic properties of FeSi@ AQS were evaluated by
assessing the decolorization of the azo model compound,
RR2, a stable and persistent azo compound commonly
used to represent reductive decolorization processes in tex-
tile wastewater treatment systems [42]. Fig. 4a shows the
effects of the presence of FeSi@AQS on the decolorization
of RR2, as compared to control-1 group (C-1) which did not
contain any bacterial inoculation. During the 12 h experi-
mental period, no significant decolorization (<2.0%) of RR2
was observed, suggesting that physical-chemical processes
such as adsorption or chemical reduction were not respon-
sible for the enhanced level of decolorization achieved. The
molar concentration of immobilized AQS used in incu-
bations were 7.8 pmol/L, 15.6 ymol/L and 31.2 pmol/L,
respectively. Compared with control group (C-2), which
was conducted without any FeSi@AQS catalyst, it is obvi-
ous that FeSi@AQS clearly accelerates the decolorization
of RR2 in a concentration dependent manner, FeSi@AQS
increasing azo compound decolorization in the E-1 group
by 1.38-fold; in the E-2 group by 1.80-fold; and in the E-3
by 2.18-fold.
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Fig. 3. Hydrodynamic diameters and distribution of Fe,O, (a);
Fe,0,@SiO, (b); FeSi@NH, (c); and FeSi@AQS nanoparticles (d);
and their zeta potential at pH 7 (e).

Besides RR2, several other azo dyes, reactive brilliant
orange X-GN, acidic golden G, reactive violet K-3R, direct
fast black G were also used to investigate the catalytic effect
of FeSi@AQS nanoparticles. As shown in Fig. 4b, the bio-
decolorization rate of reactive brilliant orange X-GN, acidic
golden G, reactive violet K-3R, direct fast black G was
increased by 1.2-fold, 1.16-fold,1.51-fold, 1.25-fold, respec-
tively. The results show that FeSI@AQS was efficient in
treatment of various azo dyes.

Fig. 5 shows ORP data, with changes visible due to the
decolorization of RR 2, where reduction of the azo dye to
aromatic a mine, causes a decrease of ORP. When compar-
ing to control groups, in Group E and Group A, a higher
decolorization efficiency was observed in the presence of
both FeSi@AQS and AQS. The initial redox potentials of
both Group E and Group A were higher than that of the
control group. During the entire process of azo dye decol-
orization, significant increase in ORP observed for FeSi@
AQS, at approximately 20 mV higher than that of the con-
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Fig. 4. (a) Decolorization of RR2 with varying conditions. Con-
trol-1 group (C-1) proceed without adding any consortium bac-
teria. While none FeSi-AQS was added in Control-2 group (C-2).
Experiment groups were carried with different concentrations
of FeSi@AQS, which was 10 mg/L (E-1 group), 20 mg/L (E-2
group) and 40 mg/L (E-3 group), respectively. (b) four kinds of
azo dye (reactive brilliant orange X-GN, acidic golden G, reac-
tive violet K-3R, direct fast black G) were used to compare their
catalytic efficiency to FeSi@AQS. The concentration of azo dye
remaining was tested following 8 h reaction time.

trol. These findings provide supportive evidence that the
FeSi@AQS decolorization system FeSi@AQS represents a
less reductive environment, which is more suitable for the
effective decolorization of azo dyes.

3.4. Separation and reutilization of FeSi@AQS in bottle and
bioreactor level systems

In order to investigate the recovery and reutilization of
the obtained FeSi@AQS, a magnet and an electromagnet
were used to separate FeSi@AQS from wastewater. Fig.
6a—c show the magnetic separation of by magnetic sepa-
ration in sample bottle. In dispersed solutions, nanoparti-
cles were rapidly collected toward a magnet placed on the
outer surface of reagent bottles, causing the dark dispersion
(Fig. 6a) became clear (Fig. 6b). When the magnetic field
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Fig. 5. Decolorization of RR2 under varying catalytic conditions
(a) and the corresponding ORP of solution during RR2 decolor-
ization (b). Control analysis (Group C) was performed without
any RMs, while experimental group E contained FeSi@AQS (10
mg/L); and experimental group A contained 10 mg/L AQS. C,
E, A in the figure are the data of Group C, Experimental group
E and Experimental group A, respectively.

was removed, the collected particles were re-dispersed into
solution (Fig. 6¢) by ultrasonic dispersion. These findings
indicate that magnetic nanoparticles can easily be manip-
ulated by an external magnetic field, which is of great sig-
nificance for the separation and recovery of RMs during
practical application processes.

Following biodecolorization of RR2, FeSi@AQS was
separated from wastewater by magnetic separation, with
FeSi@AQS nanoparticles gathered and reused for 6 cycles
of biodecolorization. The initial loading concentration of
FeSi@AQS was 40.0 mg and following 6 usage cycles, 33.7
mg was recovered, showing a recovery level of 80.8%. Fig.
6d show the FeSi@AQS catalytic effect on RR2 biodecol-
orization for 6 cycles in a bottle level. As cycle numbers
increased, the catalytic efficiency slightly decreased, which
is likely due to the loss of FeSi@AQS present in the sys-
tem due to the process of separation and sampling. Over-
all, these results show that the catalytic efficiency of FeSi@
AQS nanoparticles did not significantly reduce according
to increasing cycle numbers, suggesting that FeSi@AQS can
serve as an effective insoluble RM.
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Fig. 6. Photographs of the FeSi@AQS dispersed in aqueous solution static condition (a), after the application of a localized magnetic
field (b) and re-dispersion after removing the magnetic field (c). FeSi@AQS catalytic effect on the biodecolorization of RR2, with 6
repeated cycles in a bottle level(d). FeSi@AQS was used in a modified SBR system (e).

Sequencing batch reactor (SBR) systems are wastewa-
ter treatment processes that have a large potential range
of application. In the present study, a modified SBR sys-
tem was designed and operated as shown in Fig. 6e, with
an electromagnet used to provide a changeable magnetic
field. The modified SBR system run in five phase: Influent
phase (1), reacting phase (II), precitation phase (III), effluent
phase (IV) and in act phase (V). During phase III, IV and V,
the electromagnet remained active, resulting in FeSi@AQS
being adsorbed to the surface of the electromagnet, avoid-
ing the loss of RM with effluent run-off. Conversely, during
influent and reacting phases (phase I and II), the electro-
magnet was inactive, allowing the FeSi@AQS to disperse in
solution with stirring, further catalyzing the decolorization
of azo dyes. These findings indicate that magnetic nanopar-
ticles can easily be manipulated by an external magnetic
field, which is of great significance for the separation and
recovery of RMs during practical application processes.

Previous studies have reported various approaches
to the application of RMs to catalyze refractory pollutant
anaerobic biotransformation. A notable disadvantage of
these immobilizing techniOques in practical application is
the gradual loss of redox mediating capacity due to either
wash-out of the RMs from bioreactors, or due to disruption
of immobilizing material, limiting mass transfer due to the
major fraction being entrapped within the immobilizing
material [32]. In the present study, AQS was investigated as

a model RM and immobilized on magnetic Fe O, nanopar-
ticles by chemical interaction. Other RMs can also immo-
bilize on magnetic Fe,O, nanoparticles, with using specific
corresponding silane coupling agents. As compared to the
traditional supports used in RM immobilization processes,
several advantages exist for the use of magnetic nanoparti-
cles as an immobilizing material. Firstly, magnetic nanopar-
ticles possess a relatively good catalytic performance due
to their high specific surface area and the absence of mass
transfer limitations; secondly, the high surface area of mag-
netic nanoparticles results a larger capacity to immobilize
RM; and thirdly, magnetic nanoparticles have the ability to
be separated magnetically, and then reused. Overall, mag-
netic nanoparticles are of great potential in the immobiliza-
tion and practical application of RMs.

4. Conclusion

In this study, an insoluble RM, FeSi@AQS, was pre-
pared by immobilizing AQS on the surface of magnetic
Fe,O, nanoparticles by chemical interaction. FT-IR analysis
confirmed the chemical reaction between AQSCI and FeSi@
NH,. EDX and TGA analysis established that the proportion
of AQS bound to the surface of FeSi@AQS is 21.47 wt.%.
When the molar concentration of immobilized AQS used in
incubations was 31.2 umol/L, biodecolorization rate of RR 2
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was increased by 2.18-fold. FeSi@AQS effectively catalyzed
the biological decolorization of RR2 and four other azo dyes,
due to the generation of a less reductive environment by
FeSi@AQS. Further benefits exist as FeSI@AQS can then be
separated and be collected from wastewater effluent by mag-
netic attraction, allowing reuse to further catalyze the azo
dye decolorization in a modified SBR system. These findings
show that FeSi@ AQS nanoparticles offer high catalytic activ-
ity, magnetic separability and good long-term stability, sup-
porting their potential use in industrial application.
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Supporting information

Transmission Electron Microscopy (TEM). The mor-
phology of nanogels was characterized by TEM. The digi-
tal images were recorded on a JEOL microscope (Japan). A
specimen suspension under different conditions was pre-
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Fig. S1. FT-IR spectra of FeSi@NH, (A), AQS (B) and FeSi@AQS (C).

Fig. S2. TEM images of Fe,O,.

pared as below: a drop of the suspension was placed onto
a 200 mesh copper grid, and then dried at the correspond-
ing temperature in a vacuum drying chamber for preparing
TEM samples.

TEM was used to observe the morphology of Fe,O,. The
TEM images are shown in Fig. 52. Being consistent with the
DLS data, TEM images indicated a very good dispersion
of nanoparticles as individual spherical particles. What's
more, the size of the nanogel is around 150 nm in diameter,
a little smaller than that got by DLS. The slight decrease of
the size is caused by the collapse of the hydration layer on
the surface of the nanogel particles.
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Fig. S3. Weight loss of FeSi@NH, (A) and FeSi@AQS (B) with in-
crease in temperature from 25 to 800°C.



