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Abstract
The modified Fe3O4 nanoparticles were used as a support for the immobilization of horseradish peroxidase (HRP). The
immobilized enzyme (HRP@Fe3O4) was characterized by transmission electron microscopy (TEM), X-ray diffraction (XRD),
Fourier-transform infrared spectrometer (FTIR), and vibration sample magnetometer (VSM). According to the results, the
optimum concentration of glutaraldehyde (GA) and agitation time were 300 μL and 7 h. HRP was well loaded on the surface
of the Fe3O4. There was no change in the crystal structure of HRP@Fe3O4 compared with Fe3O4. The removals of bisphenol A
(BPA) and 17α-ethinylestradiol (EE2) using HRP@Fe3O4 had been investigated. The degradation efficiencies of BPA and EE2
catalyzed by HRP@Fe3O4 were higher than that of soluble HRP. In addition, HRP@Fe3O4 can be reused through magnetic
separation. After the fifth repeated use, the removal efficiencies of BPA and EE2 were up to 56% and 48%, respectively. Batch
studies of catalyzed oxidation and coagulation on the degradation of BPA and EE2 in the presence of humic acid (HA) were also
investigated. The order of the removal efficiencies was HRP+PACl (polyaluminum chloride)+SDS (lauryl sodium
sulfate)>HRP+PACl>HRP>HRP+PAM (Polyacrylamide)>HRP+PAM+SDS. The coagulation effect of HRP@Fe3O4 and
PACl was better than that of HRP@Fe3O4 and PAM. The removals of BPA and EE2 were 90.3% and 64.5% by use
HRP@Fe3O4 and PACl as coagulant, while the removals were 78.7% and 57.6% by use HRP@Fe3O4 and PAM as coagulant.
SDS had a positive effect on PACl, while a negative effect on PAM. Moreover, the products generated by enzymatic oxidation
reaction can be effectively removed after coagulation.
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Introduction

Water is source of lives, and the material basis of the human
beings’ survival and the social and economic development.
With the improvement of living standards, people have more
need for water quality. Meanwhile, the discharge amount of
waste water increased with population. Due to the continuous
addition of undesirable chemicals, water quality is not opti-
mistic (Basheer, 2018). Although a series of ways have been
taken to tackle the problem. Effluents of municipal wastewater
treatment plants contain cocktails of synthetic and natural
compounds such as endocrine disrupting chemicals (EDCs),
pharmaceuticals, surfactants, and other industrial additives as
well as their transformation products at trace concentration
levels (Ali et al. 2017; Basheer, 2017; Cwiertny et al. 2014;
Al-Shaalan, et al., 2019). Although these micropollutants are
commonly found in the μg/L or ng/L concentration range in
the water, they can affect aquatic ecosystems or the safety of
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drinking water resources, resulting in human health risks
(Alharbi et al., 2018; Ali et al., 2018). EDCs including natu-
rally occurring and synthetic chemicals can feminize male
fish, affect reproductive fitness, lower sperm counts, and in-
duce the production of vitellogenin (Adeel et al. 2017; Bai and
Acharya 2019). As examples, bisphenol A (BPA) has been
widely used commercially since 1957. Nowadays, BPA is
one of the most produced chemicals with over three million
tons manufactured annually worldwide (Jiang et al. 2018; Qiu
et al. 2019). Unfortunately, BPA has shown endocrine
disrupting effects on humans by interacting with various bio-
logical receptors (Ma et al. 2019). 17α-Ethinylestradiol
(EE2), another of the most commonly EDCs, is usually used
in the contraceptive pill (Sumpter and Johnson 2005). It has
high resistance to the process of degradation and contributes
to a lager extent to the estrogenicity in surface water, causing
concerns among people gradually (Sumpter and Johnson
2005; Grzybowski and Szydlowski 2014; ZaharinAris et al.
2014). With the wide use of these materials, people pay more
attention on the environmental effect and treatment
technology.

In order to reduce the input of micropollutants into water
resources, many technologies have been developed, including
coagulation, adsorption, advanced oxidation, and biological
treatment, etc. Adsorption and biodegradation are the main
technologies for micropollutant removal in wastewater treat-
ment plants (Kümmerer et al. 2004). The removal mechanism
and transformation of pollutants depend on the physical and
chemical properties (Caliman and Gavrilescu 2009). Previous
research has been indicated that the removal effect of the
micropollutants is bad during the microbiological processes
(Richter et al. 2008). Specific microorganisms can be needed
for the removal and transformation. However, a small number
of these microorganisms are found in activated sludge, limit-
ing the removal efficiency. A similar conclusion has been
obtained in other research (Boyd et al. 2005).

Enzyme catalysis reaction which has the ability to remove
the given contaminant has been regarded as a potential water
treatment method for eliminating organic micropollutants
(Wildhaber et al. 2015). Enzyme catalysis has many advan-
tages compared with the traditional biological treatment tech-
nology. It can remove the refractory pollutant with wide range
of pH and concentration. And it also has the advantages of
simple process and easy control (Tapia-Orozco et al. 2016).
Peroxidase is one of the most widespread enzymes in nature.
Hydroxyl radicals generated by H2O2 under the catalysis of
peroxidase can enable to polymerize with phenols and aromat-
ic amines. It has excellent properties of high selectivity and
specificity, high catalytic efficiency, and moderate reaction
conditions. Therefore, peroxidase has been widely used in
the micropollutant treatment. Horseradish peroxidase (HRP)
is a commonly used peroxidase as catalyst in enzymatic reac-
tions (Bilal et al. 2017). Good eliminations of phenolic

micropollutants have been observed in HRP combined with
hydrogen peroxidase (HRP/H2O2) catalytic process (Na and
Lee 2017). The elimination levels could be achieved to
20~100% under different treatment conditions. However,
there are significant disadvantages of free peroxidase. It is
sensitive to temperature and extreme pH, poor stability, easy
to inactivation, hard to reuse, limiting its application
(Alemzadeh and Nejati 2009; Wasak et al. 2019). Enzyme
immobilization can make up these deficiencies (Ai et al.
2016; Zhou et al. 2019). In order to realize the separation
and reutilization of enzyme, the carrier must possess excellent
chemical resistance and good mechanical stability. HRP
immobilized on hydrated titanium oxide has a lower affinity
with substrate than that of free enzyme. But it has great im-
provement on the stability compared with free enzyme.
Hence, it can adapt to environmental and wastewater compo-
sition variations (Ai et al. 2016). The performance of
immobilized enzyme is mainly influenced by the enzyme
properties, enzyme immobilization method, and the character-
istics of enzyme immobilized carrier. Enzyme can become
inactivation due to react with carrier during immobilization.
Furthermore, the active site of the enzyme may be blocked by
the carrier. Therefore, selection of suitable materials in order
to improve the stability and activity of immobilized enzyme is
the key point. Because of the unique properties such as
superparamagnetism, large surface area and surface-to-
volume ratio, and easy separation under external magnetic
fields, magnetic metal nanoparticles have attracted much at-
tention (Xu et al. 2012; Tang et al., 2014a, b). Fe3O4 magnetic
nanoparticles with low toxicity and good biocompatibility be-
come the most prevalent materials (Liu et al. 2011; Gao et al.
2009; Wu et al. 2017). Compared with free HRP, the stability
and activity of the immobilized HRP on Fe3O4@PAA-6-arm-
PEG-NH2 have been enhanced in a wide range of temperature
and pH. It has proved that the immobilized HRP could im-
prove the performance, which has a good prospect in biolog-
ical application (Xie et al. 2019). The modified HRP with
Fe3O4 nanoparticles loading shows high relative activity and
high removal efficiency of phenol because of the magnetic
synergy with the presence of magnetic nanofibers (Li et al.
2019). Magnetic Fe3O4 nanoparticles deposited on graphene
oxide sheets are used as a support for the immobilization of
HRP. The storage stability and tolerance to changes in pH and
temperature of the immobilized HRP are better than those of
free HRP. And the immobilized HRP can be recovered using
an external magnetic field and retained about 66% of its initial
activity for the first four cycles (Chang et al. 2015).

In the present study, BPA and EE2 were selected as the
representative EDCs. In order to realize reutilization, HRP
was immobilized on the modified Fe3O4 magnetic nanoparti-
cles. The performance of the immobilized HRP on BPA and
EE2 degradation was investigated. Nature organic matters
(NOM) ubiquitously presents in aquatic environment could
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serve as a substrate of peroxidase since it is partially com-
prised of phenolic compounds. As our previous research has
shown, humic acid (HA) has a positive effect at a low enzyme
concentration and a negative effect at high enzyme concentra-
tion on the degradation of BPA through HRP catalyzed oxi-
dation (Jiang et al. 2017). In order to apply in practice,
immobilized HRP catalyzed oxidation combined with coagu-
lation was conducted. Moreover, the removal efficiency of
intermediate products generated by enzymatic catalysis was
also investigated. It had attempted, for the first time, to apply
the combine process of enzymatic catalysis and coagulation to
the treatment of BPA and EE2. Coagulation had little effect on
the removal of BPA and EE2, and HRP catalyzed oxidation
had the shortage of high cost and hard to reuse. A combination
of immobilized HRP catalysis and coagulation can make up
for the deficiency of each other. And thus, it could be expand-
ed to the treatment of other EDCs.

Materials and methods

Chemicals and model waters

Extracellular horseradish peroxidase (HRP, type-VI, RZ =
3.3), humic acid (HA), and lauryl sodium sulfate (SDS) were
purchased from Sigma-Aldrich Chemical (USA). Bisphenol
A (BPA, > 99.0%) and 17α-ethinylestradiol (EE2) were pur-
chased from Tokyo (Japan) Chemical Industry Co., Ltd. The
properties were displayed in Table 1. Glutaraldehyde (GA)
was purchased from AlfaAesar (Tianjin) Chemical Co., Ltd.
Polyacrylamide (PAM) was purchased from BASF
(Germany). Methanol, acetonitrile, and dichloromethane were
chromatographically pure grade and obtained from Fisher
Scientific (USA). Other chemicals were obtained in the
highest quality available from Sinopharm (China) Chemical
Reagent Co., Ltd. All water solutions were prepared with
Milli-Q water.

The stock solutions of BPA and EE2with the concentration
of 1 g/L were prepared by using methanol as suitable solvent.
The model waters were prepared by the aforementioned stock
solutions with or without HA. Polyaluminum chloride (PACl)

was prepared using Na2CO3 and AlCl3 as raw material. A
10.36-g Na2CO3 was added to 60 ml of AlCl3 solution
(1.0 mol/L), and the solution was reacted for 16 h at 80 °C.

Immobilization of HRP

Firstly, prepared amino modified Fe3O4 by hydrothermal
method as literatures reported (Lin et al. 2013; Zhu 2015).
Then, dissolved HRP (5 ku) in 10 mM Tris-HCl (pH 7,
20 mL) in a three flask. In the next part, added the amino
modified Fe3O4, stirred for 30 min. Then added GA as the
cross-linker and stirred at room temperature for hours. After
that, washed the mixture using phosphate buffer until the con-
ductivity of the supernatant was less than 3 μs/cm. Finally, the
mixture (HRP@Fe3O4) was stored in anaerobic chamber after
freeze drying. The dosage of GA and agitation time were
determined by pre-experiments.

Enzymatic oxidation reaction and reuse
of immobilized enzyme

Enzymatic removal experiments of BPA and EE2were carried
out in a series of 50-mL glass containers, which were placed in
a shaking bed. The rotating speed was set at 200 rmp in order
to mix the solution completely. The optimum enzyme concen-
tration, H2O2 concentration, and pH were determined. In ad-
dition, the influence of HA was also investigated. The reus-
ability of the immobilized enzyme on the removal of BPA and
EE2 was studied by repeated usage for 6 times. The concen-
tration of BPA and EE2was 1 mg/L. All the experiments were
repeated at least three times.

Combined technology-enzymatic oxidation reaction
and coagulation

In order to investigate the removal of BPA and EE2 by the
combined technology of enzymatic oxidation and coagula-
tion, a series of experiments were carried out. Bench scale
jar tests were performed on a variable speed apparatus using
cylindrical jars and liquid volumes of 500 mL each. To simu-
late coagulation, flocculation, and sedimentation conditions,

Table 1 Properties of contaminants

Compound Abbreviation CAS no. Molecular structure MW

Bisphenol A BPA 80-05-7 228.29

17α-Ethinylestradiol EE2 57-63-6 296.40
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rapid mixing at 250 rpm was performed for 30 s firstly. Then
added the coagulants and simultaneously stirred the mixture at
200 rpm for 1.5 min. And slow mixing at 40 rpm was per-
formed for 10 min, followed by settling for 30 min. The su-
pernatant was measured and analyzed. Five coagulants were
HRP, HRP+PACl, HRP+PACl+SDS, HRP+PAM, HRP+
PAM+SDS, respectively. The immobilized enzyme was used
in the combined process. The concentrations of BPA and EE2
were 1 mg/L. The dosages of PAC and PAM were
0.25 mmol/L, and the addition of SDS was 1 mg/L. The pH
value was 7.0 ± 0.1. Every experiment was repeated three
times and the average values were adopted for analysis.

Analytical methods

The crystal phase, structure, and functional groups of
HRP@Fe3O4 were characterized and analyzed by X-ray dif-
fraction (XRD, X’Pert PROMPD, Netherlands), transmission
electron microscopy (TEM, Hitachi, Japan) and Fourier-
transform infrared spectrometer (FTIR, Nicolet 8700,
Thermo Fisher Scientific, USA). In addition, vibration sample
magnetometer (VSM, 730T, USA) was used to detect the
magnetism of HRP@Fe3O4.

The concentrations of BPA and EE2were determined using
high-performance liquid chromatography (HPLC) with a wa-
ters 2487 UV detector and a C18 column (5 μm,
150 mm × 4.6 mm). The mobile phase was water/
acetonitrile (30:70), with a flow rate of 1.0 mL/min. The
wavelength was set at 275/280 nm. Three-dimensional fluo-
rescence excitation-emission matrix spectrometry (3D-EEM,
F-7000, Hitachi, Japan) was used to investigate the removal of
dissolved organic matters (DOM) by collecting excitation and
emission spectra of NOM source over a range (excitation
wavelength (Ex) between 200 and 400 nm, emission wave-
length (Em) between 250 and 550 nm, at 5 nm sampling
intervals). Five regions, which represented humic acid-like,
fulvic acid-like, tyrosine-like, tryptophan-like, and soluble mi-
crobial byproduct-like (SMP-like) organics, respectively, can
be obtained from the spectra (Chen et al. 2003). The HRP
activity was measured by the ABTS method as our previous
study reported (Jiang et al. 2017).

Results and discussion

Degradation of BPA and EE2 under different
conditions

The influences of free HRP, H2O2, and pH on BPA and EE2
degradation were investigated, as Fig. 1 displayed. The re-
moval rate of BPAwas increased rapidly from 0 to 98.7%with
the addition of HRP concentration up to 200 μ/L (Fig. 1a).
And the removal rates of BPA were just about 97.6% and

97.3%, respectively, when the concentrations of HPR were
300 μ/L and 500 μ/L. It indicated that further increase in
HRP concentration (> 200μ/L) had little effect on the BPA
removal. Therefore, the optimum HRP concentration was
200 μ/L. The same changing tendency was observed with
the increase of H2O2 concentration. When the H2O2 concen-
trations were higher than 200 μg/L, the BPA removal efficien-
cy gradually decreased. The result indicated that the optimum
concentration of H2O2 was 200μg/L. As Fig. 1 c shows, it had
strong adaptability in pH during the enzyme catalysis reaction.
There was almost no influence on the BPA removal efficiency
with pH values ranging from 4 to 10. The removal rate of BPA
was between 99 and 99.4%. Nevertheless, BPA removal rate
was down to 74.5% at pH 11. Hence, subsequent experiments
were conducted under neutral pH condition.

A significantly reduced enzyme concentration was ob-
served in the removal of EE2, compared with removing the
same amount of BPA. The removal of EE2 gradually in-
creased with the HRP concentration. When the dose of HRP
was 10μ/L, the removal of EE2was 98.5%. A further increase
in the HRP concentration had little effect on EE2 removal.
The EE2 removal rose by only 0.8%, when the HRP concen-
tration increased from 10 to 50 μ/L. The removal rate of EE2
progressively increased as the increasing dose of H2O2. It
increased to 98.9%, when the addition of H2O2 was
300 μg/L. A 200-μg/L H2O2, which was the optimum dosage,
had made the removal of EE2 reach to 98.2%, as displayed in
Fig. 1 e. pH adaptation was large in the EE2 removal during
enzyme catalysis reaction. The experimental results showed
that there was almost no influence on the EE2 removal over a
broad range of pH values between 4 and 9. The following
experiments were carried out under neutral pH condition.

Characterization of the immobilized enzyme

The effect of GA dosage and agitation time on the activity
of immobilized enzyme was shown in Fig. S1. Enzyme
activity increased with the dose of GA (Fig. S1a). The
maximum enzyme activity with 98.8% can be reached at
300 μL. And then, the enzyme activity decreased gradu-
ally. Enzyme activity can be reduced to 69.4% at 800 μL.
Therefore, the optimal dose of GA was 300 μL. At low
concentrations, the cross-links cannot be formed between
HRP and Fe3O4. With an excess of GA, a film would be
formed on the surface of Fe3O4, preventing enzyme im-
mobilization. Enzyme activity gradually increased and
then decreased with agitation time, when the GA dosage
was 300 μL (Fig. S1b). The maximum enzyme activity
was observed at 7 h. As agitation time continued to in-
crease, enzyme activity decreased slightly. Therefore, the
optimal agitation time can be determined.

TEM images of Fe3O4 and HRP@Fe3O4 were shown in
Fig. 2. Both of them were spherical structures with particle
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sizes between 30 and 70 nm. The Fe3O4 surface which was
wrapped by HRP could form a thin film. It made the thickness

increase. Due to the addition of chemicals, the immobilized
enzyme existed slight aggregation. In addition, non-lattice

Fig. 1 The removal efficiencies of BPA and EE2 at different conditions
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structure with the thickness about 8 nm had formed on the
outer of Fe3O4 (Fig. 2e).

The crystal structures of Fe3O4 and HRP@Fe3O4 were
characterized by XRD, and the results were shown in Fig. 3
a. The XRD spectra for Fe3O4 and HRP@Fe3O4 were consis-
tent. Miller indices with strong response peaks were 220, 311,
400, 440, and 511, respectively. Moreover, the spectra of
Fe3O4 and HRP@Fe3O4 kept the same with the spectrum of
cubic magnetite (Schwertmann and Cornell 2000). It demon-
strated that both Fe3O4 and HRP@Fe3O4 had high purity and
good crystalline morphology. There was no change in the
crystal structure of Fe3O4 after loading HRP.

FTIR was used to investigate the functional groups of
Fe3O4 and HRP@Fe3O4. The results were exhibited in Fig.
3 b. The Fe-O stretching vibration was near to 588 cm−1. The
shear vibration absorption band of N-H suggested the pres-
ence of NH2 was close to 1646 cm−1, which manifested that

modified Fe3O4 was successfully produced. According to the
previous literature (Tang et al., 2014a, b), the characteristic
absorption peaks of pure HRP were at 2921 cm−1,
1644 cm−1, and 1074 cm−1. The infrared spectra showed that
peroxidase was well coated on the surface of Fe3O4.

Figure 3 c showed the vibration sample magnetometer be-
havior of Fe3O4 and HRP@Fe3O4. Both of them possessed
long and narrow hysteresis loop lines and high permeability
had the characteristics of soft magnetic material. The satura-
tion magnetic induction of Fe3O4 was 76.976 emu/g. With the
HRP loaded on the surface of Fe3O4, the saturation magnetic
induction was down to 62.704 emu/g. Both of the values were
greater than 16.3 emu/g, which illustrated that there was no
influence on magnetic separation performance after enzyme
immobilization. Moreover, loading enzyme or no, the residual
induction intensity and coercive force were close to zero. No
effect on the superparamagnetism of Fe3O4. Particle

Fig. 2 TEMs of Fe3O4 and HRP@ Fe3O4
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magnetization would disappear with the disappearance of ex-
ternal magnetic field (He et al. 2014). It indicated that Fe3O4

and HRP@Fe3O4 had good dispersion in solution after mag-
netic separation, which was beneficial to the reusability of the
product.

Performance of the immobilized enzyme on BPA
and EE2 removal and its reusability

The degradation of BPA and EE2 by HRP@Fe3O4 and solu-
ble HRP was shown in Fig. 4. It was noticeable that the con-
centrations of enzyme were different in the experiments. The
removals using HRP@Fe3O4 were higher than that of soluble
HRP under the same conditions. It may be attributed to the
storage stability and tolerance to changes in pH of the
immobilized HRP was better than that of soluble HRP. The
immobilized HRP retained about 100% activity at pH 7,
whereas soluble HRP retained about 80% activity at the same
pH value (Wang 2016). Another possible reason was that all
metals except Hg2+ had less inhibitory effect on immobilized
HRP than soluble HRP. Furthermore, Fe2+ had strong

activation for immobilized HRP compared with soluble
HRP (Mohamed et al. 2017). The removals of BPA and EE2
had increased with HRP concentration. The removal efficien-
cy of BPA was 53.1%, when the soluble HRP concentration
was 50 μ/L. And the removal was about 60.5% using the
immobilized HRP. With the increased concentration of HRP,
the removals of BPA further increased. But the difference on
BPA removal between soluble HRP and HPR@Fe3O4 gradu-
ally reduced. The removal efficiency was 99.5% after immo-
bilization. It only increased 0.8%, compared with that of sol-
uble HRP. As Fig. 4 b displayed, the removal of EE2 had the
same trend of variability. The removals of EE2 increased from
8.9 to 98.5% and 36.3 to 99.4% before and after immobiliza-
tion, respectively, with the HRP concentration increased from
1 to 10 μ/L. When the HRP concentration was 1 μ /L, the
removal rate using HRP@Fe3O4 increased by 22.4% com-
pared with that of the soluble HRP. Furthermore, the gap be-
tween soluble HRP and HRP@Fe3O4 had lowered as the en-
zyme concentration increased. It was a result of the reduction
of the affinity between the immobilized enzyme and the sub-
strate with the concentration of enzyme. After immobilization,

Fig. 3 XRD (a), FTIR (b), and VSM curves of Fe3O4 and HRP@Fe3O4 (c)
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high protein concentration could generate diffusion effects
and make active site of enzyme after contact with the solid
surface of the support change (Valerio et al. 2013).

Compared with the soluble enzyme, the immobilized
enzyme can be easily separated from solution and reused.
The reusability of HRP@Fe3O4 was exhibited in Fig. 5. It
was worth noting that there was no significant difference
on the BPA and EE2 removal between HRP and
HRP@Fe3O4 for the first time. Nevertheless, the latter
can be reused, the former cannot. After repeated magnetic
separation and reutilization, the removals of BPA dropped

from 99.5 to 45.8%, while the removals of EE2 decreased
from 99.3 to 31.7%. The removal efficiencies of BPA and
EE2 were 56% and 48%, respectively, after the fifth re-
peated use. Previous research has been reported that there
were two possible reasons for the reduction in the enzyme
activity. Polymers produced during the enzymatic reaction
can cover the immobilized enzyme and block the active
sites of the enzyme, which could lead to decreased activ-
ity. The immobilized enzyme could be inactivated by free
radicals during enzymatic oxidation of chlorophenol,
which would contribute to the activity reduction in the

Fig. 4 BPA/EE2 removal
efficiency at different
concentration of HRP and
HRP@Fe3O4
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next cycle (Chang et al. 2015). In addition, the BPA re-
moval was better than that of EE2. It may attribute to the
high HRP concentration. A high dose of HRP@Fe3O4

could result in a better effect of magnetic separation, low-
er material loss during magnetic separation.

HRP is one of the most representative oxidoreductases.
The catalytic oxidation mechanism can be summarized as
the following steps (Veitch and Smith 2006). Firstly, the
Fe(III) resting state of the enzyme involves reaction with
hydrogen peroxide to yield a high oxidation state interme-
diate known as compound I (HRP1). Secondly, one elec-
tron reduction of compound I gives a second high oxida-
tion state intermediate known as compound II (HRP2)
after the addition of substrates. Finally, the intermediate
compound II (HRP2) is reduced to a static enzyme in the
presence of substrates. The substrates (BPA/EE2) as elec-
tron donors are oxidized to free radicals during the en-
zyme catalysis reaction. After rearrangement, coupling re-
action, and other non-enzymatic reactions, new com-
pounds are formed (Jiang et al. 2017). Therefore, the sub-
strates can be degraded, as displayed in Fig. 6. Moreover,
due to the immobilization of HRP on Fe3O4, the reuse of
HRP@Fe3O4 can be realized after magnetic separation
through an external magnetic field.

Application of combined technology-enzyme catalysis
and coagulation

As Fig. S2 shows, small amount of HA could facilitate the
enzyme reaction, while large amount of HA had an inhibiting
effect. Therefore, the effects of enzyme catalysis reaction and
coagulation on the removal of BPA and EE2 in the presence of

HAwere investigated.Moreover, the removal of intermediate
products was also studied. The results were exhibited in Fig.
7. The order of the removal efficiency was HRP+PACl+
SDS>HRP+PACl>HRP>HRP+PAM>HRP+PAM+SDS.
The removal rates of BPA and EE2 were 90.3% and 64.5%,
respectively, used HRP+PACl as the coagulant, while the
removal rates were 80.5% and 57.6% used HRP+PAM as
the coagulant in the same conditions. The removals of the
two substances using HRP+PACl as coagulant were higher
than that of HRP+PAM. PACl with a high positive charge
can cause the organic matters which had negatively charged
become destabilization. In addition, positive flocs could ad-
sorb more organics due to electrostatic force, improving the
coagulation efficiency. PAM is a kind of high molecular
polymer. The hydrolysates have poor adsorption effect on
dissolved organic matters, leading to a bad removal efficien-
cy (Liu et al. 2019). PACl with the addition of SDS had better
effect than that of PACl alone. The worst effect was observed
in the mixture of PAM and SDS. Precipitates with high sur-
face activity can be produced between SDS and PACl flocs
through electrostatic and hydrophobic interaction. And or-
ganics can be removed by the function of gathering and
enwrapping. Meanwhile, SDS can complex with PACl. The
adsorption capacity of complex products was strong.
Therefore, colloids became destabilized for electric neutral-
ization, which can adhere to the SDS long-chain hydrocar-
bon groups. And large flocs were formed by bridging. As a
result, organic matters can be effectively removed by sweep-
ing. However, SDS may be competing with PAM for the
adsorbing site on floc interface. It was not beneficial to col-
loid destabilization and aggregation. Hence, adverse coagu-
lation effect was produced.

Fig. 5 The reuse of
HRP@Fe3O4 after magnetic
separation (BPA: HRP
concentration: 200 u/L; EE2:
HRP concentration: 10 μ/L)
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The removals of products were displayed in Fig. S3 and
Fig. S4. The fluorescence response intensities of humic sub-
stances and protein increased with the addition of HRP alone.
It showed that there were residual reaction products in solu-
tion, which had strong fluorescence response. The fluores-
cence intensity of humic substances decreased sharply after
enzyme catalysis reaction and coagulation, which indicated
that coagulation had a significant effect on humic substances

and humic intermediates. The removal efficiency taking PACl
as coagulant was better than that of PAM. And the coagulation
effect using PACl and SDS together was superior to using
PACl as coagulant alone. The fluorescence intensity of humic
substances dramatically reduced. Conversely, the removal rate
of humic substances by PAM was poor with the addition of
SDS, which indicated that the addition of SDS had direct
inhibition function during coagulation.

Fig. 6 Schematic diagram of
catalytic oxidation process

Fig. 7 BPA/EE2 removal
efficiency by enzymatic catalysis
and coagulation (BPA: PACl
0.25 mM, PAM 0.25 mM, SDS
1 mg/L, HA 5 mg/L,
HRP@Fe3O4 with the
concentration of HRP 80 μ/L;
EE2: PACl 0.25 mM, PAM
0.25 mM, SDS 1 mg/L, HA
2.5 mg/L, HRP@Fe3O4 with the
concentration of HRP 2.5 μ/L)
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Conclusions

The effects of HRP@Fe3O4 and a combined technology on
the degradation of BPA and EE2 were investigated. Based on
the experimental results, the following conclusions can be
obtained:

1) The optimal concentration of GA and agitation time was
300 μL and 7 h, respectively. HRPwas well loaded on the
surface of modified Fe3O4 through cross-linking method.
And there was no change in the crystal structure of
HRP@Fe3O4. It also demonstrated that HRP@Fe3O4
had good dispersion after magnetic separation, indicated
the possibility of reuse.

2) The degradation of BPA and EE2 catalyzed by
HRP@Fe3O4 was higher than that of soluble HRP under
the same conditions. Through magnetic separation,
HRP@Fe3O4 can be reused. After the fifth repeated
use, the removal efficiencies of BPA and EE2 were
56% and 48%, respectively

3) The coagulation effect of HRP@Fe3O4 and PACl was
better than that of HRP@Fe3O4 and PAM. SDS had a
positive effect on PACl, while a negative effect on PAM
for different coagulation mechanisms. The intermediate
products generated by enzymatic oxidation reaction can
be effectively removed after coagulation. Furthermore,
the addition of HRP reduced in the combined process of
enzyme catalysis and coagulation. It provided a new way
to treat the micropollutants.
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