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g r a p h i c a l a b s t r a c t
� The novel MnFe2O4/bio-char com-
posite was fabricated as catalyst in
photo-Fenton reaction.

� MnFe2O4/bio-char composite can be
easily separated from solution by an
external magnetic field.

� 93% of 40mg L�1 TC removal was
obtained in 2 h in near neutral pH.

� �OH played the main role in degra-
dation of TC in photo-Fenton
reaction.

� MnFe2O4/bio-char composite showed
steady performance in different wa-
ter body.
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Iron-based magnetic materials are deemed to be promising catalysts for various catalytic reactions and
can be recovered conveniently by an external magnetic field. MnFe2O4 nanoparticle and MnFe2O4/bio-
char composite with different bio-char contents were prepared to activate hydrogen peroxide for the
degradation of tetracycline (TC). The catalysts were characterized by SEM, BET, XRD, FTIR, VSM and XPS.
The results indicated that MnFe2O4 had a spherical shape and was successfully loaded onto the surface of
bio-char. The introduction of bio-char effectively suppressed the aggregation of MnFe2O4 and drastically
increased the specific surface area. Both MnFe2O4 and MnFe2O4/bio-char composite can be separated
easily by an external magnetic field. Using 1:2 composite as heterogeneous photo-Fenton catalyst ob-
tained a degradation of 95% through visible light irradiation of 40mg L�1solution at natural pH (pH¼ 5.5)
in the presence of 100mmol L�1 H2O2 for 2 h. Free radical quenching experiment and the ESR results
confirm that hydroxyl radicals play the main role for TC degradation. XPS measurements show that both
Fe and Mn ions simultaneously participate in the activation of H2O2. The bio-char not only restrains the
aggregation of MnFe2O4 leading to the improved removal efficiency of TC, but also has side effects by
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consuming hydroxyl radicals. By cyclic degradation experiments, the performance of MnFe2O4/bio-char
composite is stable and almost unchanged, and the leaching metal ions of both Fe and Mn are neglectful
(both below 0.2mg L�1). Besides, steady performance of MnFe2O4/bio-char catalyst to remove TC from
tap water and river water has been certified.

Published by Elsevier Ltd.
1. Introduction

Since the discovery of penicillin in 1928, a growing number of
antibiotics are used to treat bacterial infections in domestic animals
and human body. Many side effects caused by abuse of antibiotics
have been shown in our circumstance; bacteria increase resistance
in response to antibiotic challenge and reduce the effectiveness of
drugs (Qin et al., 2017; Lai et al., 2019). Tetracycline (TC), as one kind
of efficient and extensive antibiotics, has beenwidely used in many
fields such as human and livestock feeding (Zhang et al., 2014). Up
to now, TC contaminative wastewater has been an ecological risk
which is also a threat for human's health (Wang et al., 2018a; Zhang
et al., 2018). Therefore, aqueous antibiotic pollution, especially TC
pollution is a public concern and needs to be resolved urgently.

Among several wastewater treatment technologies, advanced
oxidation process (AOP) as a kind of chemical technology has
received broad attention for elimination of various types of re-
fractory pollutants by producing highly reactive species such as
hydroxyl radicals (�OH) (Lai et al., 2016; Li et al., 2018; Wang et al.,
2018b, 2018c; Zhang et al., 2019; Zhou et al., 2018). Fenton process
as one of themost popular advanced oxidation processes which can
be operated at normal temperatures and pressures has attracted a
lot of interest among researchers. Conventional Fenton process
initiates bymixing Fe2þ solutionwith H2O2 to produce �OH (Eq. (1)),
the generated Fe3þ can also catalyze H2O2 and produce Fe2þ (Eq.
(2)). Photo-Fenton reaction is widely concerned because it could
accelerate the circulation of Fe (II, III) (Eq. (3)) and produce more
reactive radicals (Eqs. (3) and (4)) (Cheng et al., 2016).

Fe2þþH2O2 / Fe3þ þ HO� þ �OH K1¼70M�1 s�1 (1)

Fe3þþ H2O2 / Fe2þ þ Hþ þ HO2�K2¼ 0.001e0.1M�1 s�1 (2)

Fe3þþ H2O þ hy/ Fe2þþ �OH þ Hþ (3)

H2O2þhy/2�OH (4)

However, the traditional homogeneous Fenton reactions have
some disadvantages such as strict pH range around 3, high cost for
neutralizing effluent after treatment and generation of iron sludge
after neutralization. To overcome these drawbacks in conventional
Fenton processes, much effort has been made on the development
of heterogeneous Fenton-like processes in which solid iron-based
catalysts were used instead of soluble iron salts (Cheng et al.,
2017). Various natural iron minerals and iron oxide were applied
to the treatment of refractory organic contaminants in a wider pH
range (Xu et al., 2009; Rusevova et al., 2012; Hou et al., 2016;
Villegas- Guzman et al., 2017). But pure metallic oxide catalysts are
found to have some disadvantages that hinder practical application
such as poor stability, relative inert activity and recyclability.

In recent years, another metal species, manganese, which pos-
sesses a similar role as iron to present heterogeneous catalytic
functions, has triggered considerable research interest (Li et al.,
2015; Duan et al., 2016; Zhou et al., 2016; Wan and Wang, 2017).
Mn and Fe ions are believed to present heterogeneous catalytic
functions in the MnFe2O4/H2O2 system and the MnFe2O4 nano-
particles are quite stable during the catalytic process for its specific
spinel crystal structure (Goodarz Naseri et al., 2011; Galindo et al.,
2014). In addition, The Fe and Mn elements are abundant and
environmentally friendly, which can be obtained by metallurgical
waste water and steel slag. Furthermore, manganese ferrite
(MnFe2O4) nanoparticles are magnetic materials which can be
easily separated from aqueous solutions by external magnetic
fields, providing an attractive and cost-effective method for prac-
tical operation (Mazarío et al., 2016; Ueda Yamaguchi et al., 2016).
Nevertheless, nanoparticles especially magnetic nanoparticles al-
ways tend to be aggregated due to its inherent high surface energy
and strong interparticle magnetic interactions, which inevitably
causes negative impact on the catalytic activity of catalyst (Tu�cek
et al., 2014; Xiong et al., 2017).

Iron based heterogeneous Fenton-like catalysts loaded on solid
supports such as silica- (Mazilu et al., 2017; Jinisha et al., 2018),
clay- (Feng et al., 2003; Timofeeva et al., 2009) and carbon-
supported materials (Huang et al., 2018; Wang et al., 2017; Yi
et al., 2018) were extensively studied due to the stability, low
toxicity and wide availability (Qian et al., 2018). Carbonaceous
materials have showed great potential in environmental remedia-
tion due to their excellent chemical and thermal stability, high
surface area with versatile surface functional groups and low cost.
Graphene oxide and carbon nanotube are the most popular one-
atom thick carbon materials that have attracted extensive atten-
tion (Zhou et al., 2016; Guo et al., 2017; Jiang et al., 2017; Liu et al.,
2017), but the high economic costs hinders their further develop-
ment. Recently, bio-char has aroused a fever of interest among
researchers for its low-cost economies, wide availability and
abundant surface functional groups that could facilitate the cata-
lytic effect (Yan et al., 2015; Huang et al., 2019; Dong et al., 2017;
Wang et al., 2018d).

MnFe2O4/bio-char composite has not been previously studied as
double-effect heterogeneous photo-Fenton catalysts for degrada-
tion of TC. In this work, we prepare a MnFe2O4/bio-char composite
and evaluate its photo-Fenton catalytic activities during TC
decomposition under visible light irradiation in the presence of
hydrogen peroxide (H2O2). The influence of different mass ratio
between MnFe2O4 and bio-char, pH, H2O2 concentration and
catalyst dosage are discussed. The mechanism and the stability of
catalyst are also probed.
2. Materials and methods

2.1. Chemicals

Ferric chloride hexahydrate (FeCl3$6H2O), manganese dichlor-
ide tetrahydrate (MnCl2$4H2O)，ammonium hydroxide
(NH3$H2O), sodium hydroxide (NaOH), hydrochloric acid (HCl, 36%)
and hydrogen peroxide (H2O2) were purchased from Sinopharm
Chemical Reagent, China. All of these chemicals were of analytical
grade without further purification. Ultrapure water (18.25MU,
Milli-Q Millipore) was used in all experiments.
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2.2. Preparation of MnFe2O4/bio-char composite

Pine needles were collected from the campus of Hunan Uni-
versity, China. After removing impurities attached on the surface of
raw materials using ultrapure water several times, pine needles
were dried at 105 �C to a constant weight and grinded by a cutting
mill before passing through a 100-mesh sieve. Then the ground raw
materials were pyrolyzed with an OTF-1200X-L tubular furnace at
500 �C for 2 h with a heating rate of 10 �C/min under a constant N2
flow rate. The obtained bio-chars were stored in an airtight desic-
cator prior to use.

TheMnFe2O4/bio-char composite was synthesized through a co-
precipitation method. The synthesis process of MnFe2O4/bio-char
was described as follows: MnCl2$4H2O (0.4948 g, 0.0025mol) and
FeCl3$6H2O (1.3516 g, 0.005mol) were separately dissolved in
40.0mL of deionized water. A certain amount of bio-char was
added into above mixed solutions and dispersed under ultrasound
for 30min. Then 30mL of 3M NH3$H2O was added drop-wise into
the suspensions in a magnetic stirring water bath for 1 h at 80 �C.
After reaction, the solutionwas cooled down to a room temperature
and the achieved MnFe2O4/bio-char composite was centrifugally
separated and washed with ethanol and ultrapure water until the
filtrate pH reached the neutral region. Then they were dried in an
oven at 60 �C for 24 h and stored in a sealed container for the
characterization and experiments. MnFe2O4/bio-char composites
with different MnFe2O4 to bio-char mass ratios were also prepared
by changing the mass of bio-char dispersed in the solution.

2.3. Characterization

The morphology of MnFe2O4/bio-char composite was obtained
by a scanning electron microscope (SEM, Sirion 200) equipped with
energy dispersive spectrometer (EDS, INCA X-Act). The samples
were characterized by X-ray Diffraction (XRD) using a D/max-2400
diffraction meter. Diffraction patterns were acquired between 10�

and 80� with 8� min�1 step using an X-ray source emitting Cu-Ka
radiation with a wavelength of 0.154 nm at a tube voltage of 40 kV
and a tube current of 40mA. The Brunauer-Emmett-Teller (BET)
specific surface areas of typical products were performed at 77 K in
an AUTOSORB-1-MP system. Fourier transform infrared (FT-IR)
spectrophotometer (Spectrum BX; PerkinElmer Ltd., USA) was used
to characterize group vibrations at an optical resolution of 4 cm�1.
The mulls of MnFe2O4/bio-char composite were supported by a KBr
plate. X-ray photoelectron spectrometer (XPS) with an XSAM 800
apparatus was used to characterize the valence states of Fe, Mn and
C in theMnFe2O4/bio-char composite before and after irradiation to
elucidate the relevant reaction mechanism.

2.4. Experimental procedure

The adsorption and catalytic degradation experiments were
carried out in a 250mL beaker in a thermostatic water bath mag-
netic stirrer. TC adsorption by the prepared materials was tested
before examining TC degradation in the MnFe2O4/bio-char/H2O2
system. After shaking for 1 h in the dark, equilibrium was estab-
lished, and the results were shown in Fig. S1. TC removal efficiency
increased rapidly in 30min, while it barely grew in later 30min.
Based on this result, the time for adding H2O2 to initiate catalytic
reaction was selected to be 30min after the addition of catalyst in
solution. Typically，0.05 g catalyst was introduced into 100mL
volume of 40mg L�1 TC solutionwith stirring tomaintain a uniform
suspension. After reaching adsorption/desorption equilibrium, a
certain amount of H2O2 was added to trigger the catalytic reaction
with the visible light irradiation under natural pH (pH¼ 5.5). 300
W xenon lamp with a 420 nm cutoff filter was used as a simulated
solar light source. The distance between irradiation source and the
surface of the solution is 15 cm and the light intensity was deter-
mined as 155mWcm�2. The pH was adjusted with dilute 0.1M HCl
or 0.1M NaOH while investigating pH on the effects of tetracycline
removal. All experiments were operated at constant temperature of
20 �C and stirred at 300 rpm. At the same interval, the samples
werewithdrawn from the beaker and filtered through Organic filter
head with 0.22 mm. The UVeVis absorbance of the filtrate was
measured on a UVeVis spectrophotometer at 357 nm correspond-
ing to the maximum absorbance of tetracycline. The degradation
efficiency was calculated by the following formula:

TC degradation efficiency ¼ (C0-Ct)/C0� 100% (5)

where C0 and Ct represents the concentration of TC at initial and
desired time intervals, respectively. The residual concentration of
H2O2 was followed using the metavanadate spectrophotometric
method at 459 nm (Nogueira et al., 2005). Total organic carbon
(TOC) of samples was determined with a Shimadzu 5000 TOC
analyzer. The intermediates analysis was performed by an ultra-
high-performance liquid chromatography mass spectrometer
(UPLC-MS, Agilent 1290/6460, Triple Quad MS, USA) system
equipped with a Symmetry C18 column (50mm� 2.1
mm� 5mm). Iron and manganese concentration in the solution
after the reaction were measured by flameless atomic absorption
spectrometer (AAS, PEAA700, Perkin Elmer, USA).

3. Results and discussion

3.1. Characterization of catalysts

Morphological structure of pure MnFe2O4 and MnFe2O4/bio-
char composite with 1:2 mass radio has been observed by SEM as
shown in Fig. S2aed. The pure MnFe2O4 which was prepared in the
absence of bio-char showed spherical nanoparticles with particle
size about 40 nm (Fig. S2aeb), but the cluster size of the MnFe2O4
microspheres caused by the aggregation of plenty of smaller
MnFe2O4 nanoparticles was estimated between 100 and 300 nm.
The bio-char as a support is expected to prevent the aggregation of
the small nanoparticles and enlarge the specific surface area by the
interaction between the pure MnFe2O4 nanoparticles and bio-char
due to the abundant oxygen-containing functional groups (Zhou
et al., 2016). As a contrast in Fig. S2c and d, the MnFe2O4 spher-
ical particles were entirely anchored on the bio-char rough sur-
faces. With the assistance of EDS analysis in selected area from
Fig. S2d, the composition of the as-prepared materials was
confirmed with the presence of Mn, Fe, O and C, which can prove
that MnFe2O4 nanoparticles are successfully attached on the sur-
face of bio-char.

N2 adsorptionedesorption isotherms (Fig. S3a) were measured
and displayed type IV curve and H3 hysteresis loop according to
IUPAC (International Union of Pure and Applied Chemistry) classi-
fication. This behavior shows the predominance of mesopores.
Type H3 hysteresis indicates the random distribution of pores and
the interconnection of pores. BET surface areas (shown in Table 1)
of MnFe2O4 and MnFe2O4/bio-char composite with 1:2 mass ratio
are 75.25 and 121.45m2 g�1, respectively. In addition, the pore size
distributions are presented in Fig. S3b; the composite showedmore
concentrated pore size distribution than pure MnFe2O4 with mean
values of 3.17 and 4.12 nm, respectively. SBET value increased and
the average pore size decreased after introducing bio-char as sup-
port, because the abundant oxygen-containing functional groups
on the surface of bio-char provide crystal growth site and effec-
tively suppress the agglomeration of MnFe2O4 and make it disperse
uniformly (Nguyen et al., 2011; Juang et al., 2018).



Table 1
BET and VSM parameters.

samples Surface area(m2 g�1) Pore volume(cm3 g�1) Pore size(nm) Ms(emu g�1) Mr(emu g�1) Hc(Oe)

MnFe2O4 75.2521 0.202182 4.1198 47.22 1.2 10.2
1:2 composite 121.4536 0.218390 3.1730 11.76 0.41 13.5

Fig. 1. XRD patterns (a) of MnFe2O4 and MnFe2O4/bio-char composite with 1:2 mass
ratio, FT-IR spectra (b) of bio-char and MnFe2O4/bio-char composite with 1:2 mass
ratio and Hysteresis loops (c) of MnFe2O4 and MnFe2O4/bio-char composite with 1:2
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The X-ray diffraction patterns of pure MnFe2O4 and MnFe2O4/
bio-char composite with 1:2 mass ratio were shown in Fig. 1a. The
diffraction peaks obtained matched well with cubic MnFe2O4
(JCPDS Card No. 73-1964, space group: Fd3m a¼ 8.52 Å). Peaks
observed at 2q of 17.84�, 29.58�,34.88�, 36.42�, 42.52�, 52.78�,
56.22�, 61.74� and 72.80� represent Bragg reflections from the (111),
(220), (311), (222), (400), (422), (511), (440) and (533) planes,
respectively. The average diameter of pure nanoparticles was
calculated by DebyeeScherrer equation D¼ K l/(W cosq) based on
the (311) lattice plane. In the equation, W is the width of the
diffraction peak at its half height, K is the so-called shape factor
(usually approximately 0.89), and l is the wavelength of the X-ray
sourcewhich is 0.154 nm in this experiment. The diameter based on
the equation is estimated about 42 nm for pure MnFe2O4, which is
in accordancewith the SEM results. As forMnFe2O4/bio-char hybrid
material, the estimated diameter is about 24 nm, which is similar to
the MnFe2O4/graphene oxide (Ueda Yamaguchi et al., 2016). The
decrease in the size of MnFe2O4 nanoparticles in composite may be
attributed to the fact that one side of the nanoparticles growth was
blocked when grown in situ onto the surface of the bio-char.

FT-IR spectra and spectroscopic assignment of theMnFe2O4/bio-
char composite and pristine bio-char are shown in Fig. 1b. The
absorption bands of MneO and FeeO bonds from MnFe2O4/bio-
char composite appear at 459 and 580 cm�1, respectively. The peaks
at 459 and 580 cm�1 severally confirm the formation of metal-
oxygen bonds at octahedral sites and tetrahedral sites of the
spinel structure, which indicates that the manganese ferrite was
well attached on the surface of the bio-char which can be seen in
Fig. S2c coating irregular biochar (Zhou et al., 2016). The pristine
bio-char had broad bands at 3450-3400 cm�1, due to the vibration
of theeOH groups in the presence of cellulose (Son et al., 2018). But
as a contrast, the composite had higher peaks at 3450-3400 cm�1,
which indicates abundant metal-OH groups appear on the surface
of composite. The obvious band around 1640 cm�1 corresponding
to the C]C bonds from bio-char appeared which indicates high
carbon content and aromatization in the bio-char. Other obvious
peaks around 1450-1400 cm�1 were assigned to C]O stretching
probably due to carboxylic acid on the surface of bio-char. The
peaks between 1300 and 1000 cm�1 ascribed to CeO stretching
from bio-char decreased after introducing metal oxide, this phe-
nomenon could be caused by the formation of MetaleOeC bonds in
the surface of composites, which was explored by other researchers
(Zhou et al., 2012; Zubir et al., 2014). The functional groups with
versatile abilities on the composite surface play an important role
in heterogeneous catalysis by offering active site.

Vibrating sample magnetometer (VSM) was applied to analyze
the magnetization of MnFe2O4 and MnFe2O4/bio-char composite
and the magnetic properties are shown in Fig. 1c and Table 1. The
saturation magnetization of MnFe2O4 and MnFe2O4/bio-char
composite were measured to be 47.22 and 11.75 emu g�1, respec-
tively. This indicated that large amount of MnFe2O4 was success-
fully loaded on the surface of bio-char. The decrease of saturation
magnetization could result from the existence of bio-char and the
smaller size of magnetic particles. So the MnFe2O4/bio-char com-
posite could be easily separated by exterior magnetic field. Besides,
the optical properties of prepared samples were analyzed by
UVeVis DRS spectra in Fig. S4. Obviously, both theMnFe2O4 and the
mass ratio.



Table 2
The index in different heterogenous Fenton-like system.

System Time
(min)

TC degradation
efficiency (%)

TOC
removal (%)

First-order reaction rate
constant of H2O2

consumption (min�1)

Fenton 120 75 10 0.0314
Photo-Fenton 120 93 37.5 0.0386
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1:2 composite possessed UVeVis light absorption ability. After bio-
char was coated with MnFe2O4, 1:2 composite exhibited a broad
absorption in UV to Vis region which guaranteed the prepared
materials could be activated under visible light irradiation.

3.2. Catalytic degradation of TC by MnFe2O4/bio-char composites
with different mass ratio

MnFe2O4 andMnFe2O4/bio-char composites with different mass
ratio were applied for the catalytic degradation of TC under visible
light irradiation in the presence of H2O2 at natural pH. The effect of
mass ratio between MnFe2O4 and bio-char on the activity of cata-
lysts was shown in Fig. 2a. As we can see, the removal efficiency of
3:1,1:1,1:2 and 1:3mass ratios betweenMnFe2O4 and bio-char was
90%, 92%, 95% and 89% in 120min, respectively. With the bio-char
content increased in the composite, the removal efficiency grew
in the early stage and then decreased slightly. The experimental
result is similar to nFe3O4/bio-char (Ouyang et al., 2017). More
active sites on the surface of catalyst are available with the
increased surface area and pore volume while the bio-char content
increased in some extent. However, an excessive content of bio-
char could block the active sites leading to reduced efficiency.
From the above discussion, the mass ratio between MnFe2O4 and
bio-char at 1:2 shows optimal removal efficiency in the degradation
of TC. Thus, MnFe2O4/bio-char composite with a mass ratio of 1:2
was selected in the following experiment.

3.3. The degradation performance of TC in different reaction
systems

The degradation curves of TC under different experiment con-
ditions are presented in Fig. 2b. H2O2 alone was unable to signifi-
cantly degrade TC under visible light irradiation in 120min, the
degradation efficiency was negligible. The photolysis of TC caused
little removal efficiency, proving the photostability of TC. Bare
MnFe2O4 resulted in TC degradation efficiency of 72% after 120min
reaction. Compared with MnFe2O4/bio-char composite, the rela-
tively lower TC degradation efficiency under visible light irradiation
might be due to the aggregation of MnFe2O4 particles with a rela-
tive small SBET value of 75.25m2 g�1. The degradation efficiency of
TC was 75% within 120min by heterogeneous Fenton oxidation of
MnFe2O4/bio-char composite in dark, nevertheless, the degrada-
tion efficiency greatly improved to be 93% under visible light irra-
diation within 90min. In order to further investigate the effects of
light on catalytic effects, we also test the TOC decrease and ten-
dency of H2O2 consumption on the Fenton and photo-Fenton pro-
cess. As shown in Table 2, not only TC removal efficiency increased
Fig. 2. Photo-Fenton degradation of TC by different mass ratio MnFe2O4/bio-char composite
concentration¼ 40mg L�1, H2O2 concentration¼ 100mmol L�1, catalyst loading¼ 0.5 g L�1,
from 75% to 93%, TOC removal efficiency grew from 10% to 37.5%,
which means more intermediates produced in early stage had been
mineralized into inorganic ions in photo-Fenton system. The
pseudo-first order reaction kinetics constant of H2O2 consumption
changed from 0.0314 min�1 to 0.0386 min�1 after irradiation with
visible light (Fig. S5a), which proves improved catalytic perfor-
mance of catalyst towards H2O2 consumptionwith the assistance of
visible light. Besides, TC removal and H2O2 consumption are
compared in Fig. S5b. As we can see, in the first 30min after adding
H2O2, both TC removal rate and H2O2 consumption rate are fast,
which means predominant reaction is between the active radical
and TC, finally leading the transformation of TC into intermediates.
From 30min to 60min, TC removal rate declines sharply while
H2O2 consumption rate still maintains at a relatively higher level,
which indicates that both TC and intermediates react with the
active radicals and eventually leads both TC removal and TOC
decrease. In the later 60min, the TC concentration is nearly un-
changed but H2O2 concentration still drops slowly, which suggests
the main reaction is between intermediates and the active radical.
The enhanced catalytic performance under visible light irradiation
could be due to acceleration of the Fe (III)/Fe (II) circulation (eq. (3))
(Liu et al., 2018). Therefore, MnFe2O4/bio-char composite is a
promising photo-Fenton catalyst for TC removal.

3.4. Effects of H2O2 concentration, catalyst dosage and pH on
tetracycline removal

In order to assess the effect of H2O2 concentration on the
degradation efficiency of tetracycline, the dosage of H2O2 ranging
from 50 to 200mMwas added in the experiments. As we can see in
Fig. 3a, The removal efficiency increased rapidly from 79% to 92%
with the increasing dosage of H2O2 from 50 to 100mM. Never-
theless, while the dosage of H2O2 increased from 100 to 200mM,
the removal efficiency barely grew. This is because the increasing
amount of H2O2 within range of 50e100mM reacted with the
redundant active sites on the surface of the catalysts and generated
more �OH, However, the increase in TC removal was not obvious
with further increasing the dosage of H2O2 from 100 to 200mM. To
(a) and the degradation of TC in different operation systems (b). Reaction conditions: TC
Temperature¼ 20 �C under natural pH.



Fig. 3. Photo-Fenton degradation of TC in different H2O2 concentration (a), catalyst loading (b) and initial pH (c). (Reaction conditions: TC concentration¼ 40mg L�1, catalyst
loading¼ 0.5 g L�1, H2O2 concentration¼ 100mmol L�1, Temperature¼ 20 �C under natural pH, except for tested condition).
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some extent, the residual H2O2 with no redundant active sites to
react with could compete with TC for �OH (Eq. (6) and (7)) (Guo
et al., 2017; Cheng et al., 2018b).

H2O2þ �OH/HO2� þ H2O (6)

HO2� þ �OH/O2 þ H2O (7)

The effect of catalyst dosage on the removal efficiency of tetra-
cycline was tested later. From the results in Fig. 3b, the removal
efficiency grew from 86% to 95% along with the catalyst dosage
increasing from 0.025 to 0.5 g L�1 in 120min. Maybe more catalyst
will offer more active sites to react with H2O2, hence accelerate the
generation of �OH and improve the removal efficiency. However,
with the catalyst further increasing, ignorable increase was
observed. This is because excess Fe ions on the surface might lead
the undesirable consumption of active radicals and reduce the
available active radicals that should react with target pollutants (eq.
(8)) (Zhong et al., 2012). Furthermore, excessive catalyst weakens
the penetration of light and reduces the available radiation (Iurascu
et al., 2009). The two reasons counteracted the advantage of more
active sites provided by more catalyst.

Fe2þþ �OH/Fe3þþOH� (8)

As we all know, solution pH can remarkably influence the cat-
alytic effect in the Fenton system. (Huang et al., 2019). The effect of
initial pH on the removal efficiency of TC was determined. As
shown in Fig. 3c, All of the removal efficiencies were above 90%
with the initial pH ranging from 3 to 9. But the removal efficiencies
are relatively higher in pH 3. H2O2 consumption was also tested
under different pH values in Fig. S6. The hydrogen peroxide con-
sumptions were 26%, 76%, 81% and 83% under pH 3, 5, 7, 9,
respectively. H2O2 consumption was lower under pH 3 than other
conditions. A large number of H2O2 are consumed in Eq. (2) or
break down into water and oxygen under near neutral condition
(pH ¼ 5-9) and basic conditions. As for basic conditions around 9,
the relatively lower degradation efficiency could be caused by the
fact that hydroxyl radical has a redox potential of þ2.8 V in acidic
media and þ1.5 V in basic media (Wang and Xu, 2012). The
degradation efficiency in pH 5 and pH 7 were similar, proving that
the catalytic performance is efficient in near neutral pH conditions.
As we all know, the most disadvantage in classic Fenton system is
the requirement of acidic conditions, in which the solution pH is
around 3, which increased costs and caused secondary pollution of
iron sludge. The surface Fenton system of most iron oxide in near
neutral pH was passivated. In this system, Mn elements maybe play
an important role in catalyzing H2O2 and producing active radicals
in near neutral pH condition. In other ways, the smaller size of
MnFe2O4 nanoparticles dispersed on the surface of bio-char were
able to provide more active sites and improved catalytic perfor-
mance in near neutral pH conditions. So, in this work, combination
of bio-char and MnFe2O4 provides potential candidate in Fenton
system to treat organic contaminants.
3.5. Inorganic ions effects on the TC degradation

As we all know, inorganic ions inwater may have impacts on the
degradation process. So some typical anions such as Cl�, SO4

2�, CO3
2�

and PO4
3� and cations such as Mg2þ and Ca2þ were added to the

solution to probe their influence on the photo-Fenton reactions.
From Fig. S7, we can see that Cl� and SO4

2� show little impact in this
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reaction, but the presence of CO3
2� and PO4

3� significantly improve
the degradation rates. According to previous reports, the scav-
enging effect of carbonate ions on hydroxyl radical may suppress
the degradation process (Xiao et al., 2008). However, carbonate
ions facilitates the degradation of TC in photo-Fenton reactions. It
could be that carbonate ions as well as phosphate in solution could
prevent ferrous ion from oxidizing by hydroxyl radicals (eq. (8)) and
render the Fe (III/II) circulation in near neutral pH. As for cations
Mg2þ and Ca2þ, we know that Mg2þ and Ca2þ could react with TC to
form stable metal complex and the degradation processes were
hindered for the decline of available TC adsorbed on the surface of
solid catalyst (Tongaree et al., 1999). From the results in Fig. S7,
Mg2þ cations showed an obviously inhibitory effect than Ca2þ

cations. It was reported that stability constants for Mg2þ and Ca2þ

to TC complexes were roughly equal (Chen and Huang, 2011). So,
we can not only consider the complexation between metal ion and
TC. The combination of metal ion and TC could change surface
charge of TC and affect the adsorption between catalysts and TC. As
shown in Fig. S7, the addition of Mg2þ cations caused decreased
adsorption capacity of catalyst on TC. So, both complexation and
the adsorption account for the decreased degradation efficiency
caused by cations of Mg2þ and Ca2þ.
Fig. 4. The degradation pathway o
3.6. Intermediate product analysis

The main intermediate products were identified by UPLC-MS
technology. The TC degradation process was provided in Fig. S8,
as we can see, the concentration of tetracycline decreased gradually
with time and the peak of TC almost disappeared in 120min. The
tested molecular weights and possible molecular structure were
presented in Fig. 4. The main intermediate product molecular
weights were 340, 417, 475, 397, 459, and 446 respectively, which
has appeared in nearly 5.147min, 4.217min, 4.487min, 5.306min,
4.784min, and 4.403min. And the degradation pathway could be
divided into two parts. First (Pathway 1), N-demethylation
occurred at C4 position and generated 417 products. As described
elsewhere; the N-demethylation should proceed step by step at C4
position, generating 4-demethyltetracycline (433) and 4-
dedimethyltetracycline (417), respectively (Ji et al., 2016). But the
intermediate product with m/z of 433 was not detected, which
could be caused by quick reaction of N-demethylation during the
H2O2 oxidation system (Chen et al., 2017). Then the amino group at
C4 position was further oxidized and produces 397 products with
dehydration at C6 position. On the other hand (Pathway 2), TC was
oxidized at C5 position generating carbonyl groups (459 products).
f TC by photo-Fenton process.
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Then the 459 products was introduced a hydroxyl group at C11a
position leading to the generation of 475 products. 475 products
was next proceeding N-demethylation and introduced carbonyl
groups at C4 position (446 products). Both 397 products and 446
products can be further decomposed into small molecular sub-
stances such as main intermediate products with molecular
weights of 340. Fig. S9 has provided mass spectrum in different
time, with the extension of time, some faint peaks caused by the
intermediate products appeared. This phenomenon shows that the
generated intermediate products were further degraded into low
molecular weight organic matter or even CO2 and H2O.
3.7. The identification of free radicals in oxidation experiments

It has been obtained that the catalytic oxidation of contaminants
is owing to the generation of free radicals by activating H2O2 in the
Fenton system (Cheng et al., 2018a). So, free radical trapping
experiment is necessary to identify the difference of contributions
between different free radicals. In this study, tert-butyl alcohol
(TBA) was utilized for hydroxyl radical (�OH) scavenger and p-
benzoquinone (BQ) was used for superoxide radical (�O2

�) scav-
enger. As shown in Fig. 5a, a slight decline of the TC removal effi-
ciency was obtained with the addition of BQ, proving that �O2

�

played a weaker role in TC removal. As a contrast, significant in-
hibition effect was observed after adding TBA. The removal effi-
ciency decreased from 93% to 52% in 150min in the presence of
50mM TBA, confirming the dominant role of �OH in the Fenton
system. In order to further investigate the contribution of �OH and
�O2

�, ESR analysis with DMPO as the spin-trapping agent was tested
Fig. 5. Effect of radical scavengers on photo-Fenton degradation of TC (a) and ESR spectra
centration¼ 50mmol L�1, TC concentration¼ 40mg L�1, H2O2 concentration¼ 100mmol L�
in Fig. 5b and c. As we can see, with the time increasing from 0 to
10min, the signal of the DMPO-�OH (four characteristic peaks,
1:2:2:1) appeared and increased, proving that the �OH was gener-
ated in this heterogeneous photo Fenton-like system. Similar to
�OH, the signal of DMPO-�O2

� adduct also appeared and increased,
which indicates that �O2

� also takes part in the degradation of TC in
this heterogeneous photo Fenton-like system. However, the peak
intensities of DMPO-�OHwere more obvious compared with that of
DMPO-�O2

�. So, the ESR results were consistent with free radical
trapping experiment. In this heterogeneous photo Fenton-like
system, �OH played main role in oxidizing TC into intermediates
and further mineralizing into inorganic salts and water. �O2

� also
partially contributed the degradation of TC.
3.8. The catalytic mechanism of H2O2 by MnFe2O4/bio-char
composite

To further verify the chemical composition and surface charac-
teristics of the as-synthesized MnFe2O4/bio-char composite, XPS
measurements were recorded. Distinct peaks due the elements Mn,
Fe, C, and O are evident in the wide scan XPS survey of MnFe2O4/
bio-char composite (Fig. 6a). The peaks obtained at 285, 530, 642
and 711 eV correspond to the C 1s in sp2 carbon, O 1s of oxygen, Mn
2p, and Fe 2p species respectively.

Fe (II, III) ion cycling is regarded as the driving force to produce
hydroxyl radicals, which can degrade various organic contami-
nants. In Fig. 6b, the Fe 2p spectra show two main peaks at 711.15
and 724.68 eV, which may be assigned to Fe 2p3/2 and Fe 2p1/2,
respectively. A satellite peak is obvious at the Eb of around
of DMPO-�OH (b) and DMPO-O2
�- (c). Scavenger reaction conditions: Scavenger con-

1, catalyst loading¼ 0.5 g L�1, Temperature¼ 20 �C under natural pH.



Fig. 6. XPS spectra of survey (a) of bare MnFe2O4 and MnFe2O4/bio-char composite with 1:2 mass ratio, Fe 2p (b), Mn 2p (c) and C 1s (d) of MnFe2O4/bio-char composite with 1:2
mass ratio before and after reaction.
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719.30 eV, which indicates the presence of Fe3þ cations. The Fe 2p3/

2 with the Eb of 710.96 eV slightly shifted after Fenton-like reaction
under visible light irradiation, which means that part of Fe3þ has
been transformed into Fe2þ (Yamashita and Hayes, 2008; Yao et al.,
2014; Zhou et al., 2016). So, this phenomenon affirms that Fe takes
part in the Fenton reaction process.

In order to explore the effect of Mn in the photo-Fenton reaction
process, Mn 2p spectra are shown in Fig. 6c. It was found that two
main peaks at 641.97 and 653.52 eV are assigned to Mn 2p3/2 and
Mn 2p1/2, respectively. A satellite peak at 647.15 eV may be a signal
of Mn2þ. After reaction with H2O2, the satellite peak near 647.15 eV
became weaker, this suggests that Mn2þ on surface of the catalyst
were partially transformed into Mn3þ after reaction (Zhou et al.,
2016). According to this result, we can verify that the Mn ions
play a similar role as Fe ions in the photo-Fenton reaction process
(Yao et al., 2014; Zhou et al., 2016). The reaction process could be as
follows:

Mn2þþH2O2/ Mn3þ þ HO� þ �OH (9)

Mn3þþH2O2/ Mn2þ þ Hþ þ HO2� (10)

Mn metal in the magnetite structure strongly accelerates
peroxide decomposition in the process of degradation. T.D. Nguyen
et al. (2011) reported that Fe2MnO4/AC-H has a much higher MO
degradation efficiency than Fe3O4/ACeH. Besides, MnFe2O4 nano-
particles have inverse spinel structure, in which Mn2þ occupies the
octahedral site and Fe3þ ions occupy both octahedral and
tetrahedral sites. Mn2þ ions on the octahedral site exposed to the
surface play a significant role in peroxide decomposition (Wei et al.,
2017). Besides, according to the result of Costa et al. (2006), the
reduction of Mn3þ by Fe2þ is thermodynamically favorable as
shown by the following equations:

Fe3þþe�¼ Fe2þ E0¼ 0.77V (11)

Mn3þþe�¼Mn2þ E0¼1.51V (12)

Fe2þþMn3þ ¼ Fe3þþ Mn2þ E0¼ 0.74V (13)

The higher reduction potential of Mn3þ compared to Fe3þ

facilitated the reduction of Mn3þ, generated Mn2þ again take part
in the catalytic decomposition until H2O2 was consumed. In other
ways, the isomorphism substitution of Mn2þfor Fe2þ in magnetite
would cause some defects and distortion in magnetite structure
due to their different metal ion radius, which leads to the formation
of oxygen vacancies. It is known that defects and oxygen vacancies
are the active sites and are beneficial for the generation of �OH
(Zhong et al., 2012).

The high-resolution XPS spectra of carbon are shown in Fig. 6d.
The C 1s spectra can be deconvoluted into three peaks corre-
sponding to C]C (284.8 eV)，CeO(286.7 eV) and HOeC]O
(288.5 eV). The highest peak assigned to C]C bonds proves that
bio-char has high degree of aromatization which was pyrolyzed
under anaerobic condition. The peak of C]C bonds decreased after
photo-Fenton reaction and another peak of CeO bonds increased,



Fig. 7. Possible degradation mechanism diagram of TC by MnFe2O4/bio-char composite in the presence of H2O2 and visible light.
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these transformation reveals that surface bio-char are partially
oxidized by the active radicals (Zhou et al., 2016). So, this result
could also explain that higher bio-char content would suppress
catalytic effect of composite by consuming some active radicals
rather than oxidizing pollutants.

So, TC degradation mechanismwas described in Fig. 7. First, the
Mn2þ on the surface catalyzed H2O2 and generated �OH (eq. (9)).
Then Fe2þ which was produced by photo-reduction (eq. (3)) was
partially oxidized by Mn3þ and generated Mn2þ and Fe3þ (eq. (13)).
Besides, we could assume Mn3þ can be easily reduced by H2O2 in
near neutral conditions and consumes a lot of H2O2 (eq. (10)),
ascribing to the obvious signal of superoxide radical in ESR. Thus,
the circulation of Mn (II/III) could decompose H2O2 and produce a
mass of �OH. On the other hand, some Fe2þ could also react with
H2O2 and generates �OH (eq. (1)). The Fe3þ was again photo-
reduced leading to the recycle of Fe (II/III). The �OH generated on
the surface of catalyst decompose TC into intermediates and further
mineralize into inorganic ion and water. As discussed above, some
of �OH would oxidize bio-char rather than degrading TC, resulting
in inefficient consumption.
3.9. The stability and application in various wastewaters

The recyclability of the catalyst is significant in practical appli-
cation. Therefore, in order to explore the catalytic stability of
MnFe2O4/bio-char composite in Fenton process, the catalysts were
recovered to run a cycle experiment. From Fig. S10, the degradation
efficiency of four cycles was 95%, 94%, 92%, 90%, respectively. And
leaching of metal ions after each cycles were below 0.2mg L�1，
which accounts for very little compared with total metal content.
Besides, structural transformation of catalyst has been tested in
Fig. S11. As we can see from the XRD pattern of the catalysts before
and after reaction, there is almost no change in XRD pattern before
and after reaction, indicating the stability of the catalysts. The
combination of spinel structure of MnFe2O4 and stable bio-char
matrix guarantee promising structural stability. Most importantly,
we can recover the catalyst by a convenient and efficient way, in
which the catalyst was separated by an exterior magnetic field.

As is well-known, the actual water body is much more complex
than simulated wastewater in laboratory. The actual wastewater
contains various types of inorganic ions and organic matters, which
could influence the catalytic performance of catalyst towards tar-
geted contaminant (TC). So, in this work, the degradation efficiency
of TC by 1:2 composite/H2O2 with the assistance of visible light was
preliminarily investigated using tap water (Changsha Running-
water Company) and river water (taken from Xiangjiang River,
changsha). The results are shown in Fig. S12; the degradation
process was slightly different in ultra-pure water, tap water and
river water system, proving the interference effect of different
water quality between these systems. But removal efficiencies to-
wards TC are all around 90% in ultra-purewater, tap water and river
water system, which provides a great potential to treat actual
wastewater. It's worth noting that all of these three systems can
work efficiently without adjusting pH, which indicates extensive
applicability in practical situation.
4. Conclusion

In this study, an economic and efficient MnFe2O4/bio-char
composite was synthesized and its catalytic performance was
tested through the degradation of TC. The catalytic performance
showed that MnFe2O4/bio-char composite obtained higher cata-
lytic activity in TC degradation than pure MnFe2O4, which high-
lights the importance of bio-char. Most important of all, MnFe2O4/
bio-char composite canwork efficiently in neutral pH conditions as
well as stability and reusability on the elimination of TC. By
analyzing the reaction mechanism, both Mn and Fe on the surface
of catalyst take part in the decomposition of H2O2 and produce �OH.



C. Lai et al. / Chemosphere 224 (2019) 910e921920
Considering its magnetic property, stability, reusability and high
activity, MnFe2O4/bio-char composite will have wide application
prospect for degradation of antibiotics and organic contaminants.
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