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H I G H L I G H T S

• Corn straw-based biochar and
MnFe2O4 composites have been pre-
pared.

• The composites manifest excellent
peroxymonosulfate-driven oxidative
effect.

• The dependence of catalytic activity
on structure of composites is founded.

• The activities of composites maintain
efficient under variant factors.

• The degradation mechanism including
three ways is proposed.
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A B S T R A C T

Three novel graphitized hierarchical porous biochar (MX) and MnFe2O4 magnetic composites (MnFe2O4/MX)
have been prepared for degrading organic pollutants by peroxymonosulfate (PMS) activation. MX including MS,
ML, MC synthesized using corn stems (S), leaves (L) and cores (C) as raw materials, respectively, possesses
hierarchical porous structure, graphitization domains and tremendous surface area. The orange II removal ef-
fects of MX and MnFe2O4/MX outperform the corresponding carbonization products, despite that adsorption
probably undertakes the major removal efficiency for MX and degradation contributes the most for MnFe2O4/
MX. A structure-dependent degradation efficiency is discovered for MX and MnFe2O4/MX, among of which both
MS and MnFe2O4/MS present the best removal effect, by electrochemical impedance spectroscopy (EIS) and X-
ray photoelectron spectroscopy (XPS). The lowest EIS owning to its better balance between graphitization degree
and specific surface area and micropore volume of MnFe2O4/MS among MnFe2O4/MX explains its best catalytic
activity. The catalytic degradation occurs by the following three ways. First, the radical-induced oxidation is
attained by surface-bound %SO4

− and %OH on MnFe2O4 nanoclusters and hierarchical porous carbon nanosheets
generated by one-electron reduction of PMS under the participating and coupling of Mn(III)/Mn(II), Fe(III)/Fe
(II), O2/%O2

−, and active sites on carbon surface. Second, non-radical pathway involves the contribution of 1O2,
which is produced in a large quantity by promoted self-decomposition of PMS in presence of MnFe2O4/MS.
Third, non-radical pathway is achieved through electron transfer from organic compounds as electron donator to
PMS as electron acceptor mediated by graphitization structures. Taking into consideration the excellent

https://doi.org/10.1016/j.cej.2018.11.207
Received 24 August 2018; Received in revised form 26 November 2018; Accepted 28 November 2018

⁎ Corresponding authors.
E-mail addresses: shuanglongma168@163.com (S. Ma), zhpddy@163.com (P. Zhao).

Chemical Engineering Journal 360 (2019) 157–170

Available online 28 November 2018
1385-8947/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2018.11.207
https://doi.org/10.1016/j.cej.2018.11.207
mailto:shuanglongma168@163.com
mailto:zhpddy@163.com
https://doi.org/10.1016/j.cej.2018.11.207
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2018.11.207&domain=pdf


degradation performance, easy magnetic separation, and bulk availability of MnFe2O4/MS, this work is expected
to pave a new way for precision utilization of corn biomass-based biochar for environmental application.

1. Introduction

In the past few decades, large numbers of toxic chemicals have been
released into the environment due to the rapid industrialization and
growth of world population [1]. These pollutants include azo dyes,
antibiotics, endocrine disruptors, pesticides and so on, most of which
are persistent and not easily removed from natural ecosystems [2].
Moreover, organic pollutants especially those persistent ones which
usually contains toxic, carcinogenic and biorefractory functional groups
can lead to serious human health risk and ecological imbalance [3,4].
However, traditional treatment methods such as adsorption and acti-
vated sludge are not satisfactory due to the only transfer of pollutants
from liquid phase to solid phase for the former and the toxicity of
pollutants towards microorganism and incomplete degradation effect
for the latter [5,6]. Recently, an innovative technology-sulfate radical-
based advanced oxidation processes (SR-AOPs) have been considered as
ideal alternatives for the degradation or mineralization of recalcitrant
organic compounds [7]. Compared with hydroxyl radical-based ad-
vanced oxidation processes, SR-AOPs have several advantages. Firstly,
the oxidation potential of %SO4

− is 2.5–3.1 V, which is higher than that
of %OH (1.8–2.7 V). Secondly, the half-life time of %SO4

− (30–40 μs) is
much longer than that of %OH (10−3 μs). Thirdly, H2O2-driven oxida-
tion usually exert effect under strong acid condition, but %SO4

− can
maintain better performance in a broad pH range from 2.0 to 8.0 [8].

Most commonly, %SO4
− can be produced by activating PMS with

heat [9], UV [10], carbon materials [11–13] and transition metals
[14–17], among which the transition-metals are the most popular and
effective one, and transition metals including Fe2+, Mn2+ and Co2+

could activate PMS in homogeneous or heterogeneous systems [18].
Noteworthily, the application of Co2+ containing catalyst is not the
optimum choice because of its high toxicity and price in contrast to Fe
and Mn. Fe and Mn elements with comparatively low toxicity are
abundant in nature, and hence MnFe2O4 for PMS activation has been
extensively researched for degrading organic pollutants, such as p-ni-
trophenol [18], bisphenol A [19], di-n-butyl phthalate [20]. MnFe2O4

can be easily separated from wastewater with an external magnetic
field after application because of its strong paramagnetism. However,
pure MnFe2O4 is easy to aggregate in water, resulting in decreased
activity sites quantity and catalytic efficiency [21]. The performance of
MFe2O4 (M=Mn, Cu, Co, etc.) can be enhanced when it is supported
on carbonaceous nanomaterials such as graphene [21], carbon nano-
tube [22], activated carbon (AC) [23], carbon nanofiber [24]. Although
most of the current research have focused on graphene and carbon
nanotube as supporting materials, their high prices, complicated pre-
paration processes, and potential aquatic toxicology have limited their
practical applications. The theoretical specific area of graphene is high,
however the actual synthesized one is inevitably defective being diffi-
cult to reach the theoretical level. Moreover, they tend to agglomerate
during application, so that the specific surface area and active sites
quantity are greatly reduced. Therefore, novel materials should be de-
veloped elaborately as a cost-effective, easily-prepared, eco-friendly
supporting material.

The graphitized structure in carbon nanomaterials is believed to
favor persulfate activation. Lee et al. [25] prepared graphitized nano-
diamonds for activating persulfate to decompose phenols and drugs.
The result showed that graphitized nanodiamonds surpassed graphite,
graphene, fullerenes, and carbon nanotubes in persulfate activation
effect. Moreover, the degradation effect did not decrease with the ad-
dition of radical scavenger and natural organic matter. The in-
vestigators speculated that persulfate and phenol are simultaneously

bonded on the surface of graphitized nanodiamond which acted as an
electron mediator and transferred electrons from phenol to persulfate
achieving persulfate activation and phenol degradation. Tian et al. [26]
prepared core-shell Co@C biochar composites taking wheat-flour, so-
dium bicarbonate, cysteine and cobalt nitrate as precursors, which
showed a strong catalytic effect towards PMS on the degradation of p-
hydroxybenzoic acid benzoic and phenol. Studies showed that a large
amount of graphitized structures were founded in the carbon shell,
which increased the charge density of nearby carbon atoms, thereby
facilitating electron transfer and generating more active catalytic sites.
Therefore, the catalytic performance of carbon nanomaterial can be
promoted by the introduction of graphitized structure.

Hierarchical porous carbon (HPC) refers to carbon materials having
two or more different pore sizes. As it integrates the advantages of
micropore, mesopore, and macropore, HPC exhibits a serious of extra-
ordinary properties including huge specific surface area, ample inter-
connected pores, strong mechanical stability, and abundant active sites.
Therefore, HPC has obtained important applications in adsorption and
catalytic degradation of pollutants [27]. Zhu et al. [28] used poly-
acrylonitrile and polybenzoxazine as precursors to synthesize magnetic
FeCo2 and carbon fiber composites with a graded porous structure
through electrospinning, activation, and carbonization processes. The
obtained material could activate PMS efficiently to produce %SO4

−, %
OH and 1O2, thus achieving organic pollutant degradation and miner-
alization. The preparation of hierarchical porous carbon materials using
organic reagents as raw materials is an expensive and complicated
process with much environmental cost. It is one of the most effective
ways to prepare hierarchical porous carbon by high-temperature car-
bonization of biomass materials. After a long evolutionary process,
plants in nature have evolved biomass with a variety of pore sizes, di-
mensions and fine structures. Different parts of a plant have evolved
different microscopic structures due to different functions, which is a
classic example for perfect integration of function and structure.
Therefore, biochar prepared from different biomass should inherit the
fine structure of its raw material, furthermore exhibiting different ad-
sorption and catalytic properties.

There are a few papers reporting the PMS-driven organic pollutants
degradation with biochar as a catalyst [29]. However, these studies
only stay in the optimization of degradation effect, and therefore the
correlation between biochar structure and degradation effect, namely,
structure-activity relationship should be investigated and elaborated. In
this paper, corn stems (S), leaves (L) and cores (C) were carefully se-
lected as raw materials for biochar preparation. After carbonization,
activation and graphitization, three novel biochar (MS, ML, MC) with
high specific surface area, three-dimensional interconnected hier-
archical pore, and in-situ graphitized structure were obtained. It should
be noted that potassium ferrate (K2FeO4) was used during the sec-
ondary calcination process to achieve the simultaneous activation and
graphitization. The activation process could produce abundant inter-
connected pores including micropore, mesopore and macropore
forming the desired hierarchical porous structure. The graphitization
process could transform amorphous carbon to graphitic carbon, namely
sp2 carbon, thereby enhancing the capacity of electron transfer and
quantity of active sites [26]. Then MS, ML and MC were used as base
materials to support MnFe2O4 nanoclusters by solvothermal reaction to
obtain magnetic MnFe2O4/MS, MnFe2O4/ML and MnFe2O4/MC. All the
prepared materials were employed to activate PMS for organic pollu-
tants degradation. The catalytic performance of MnFe2O4/MS surpasses
MnFe2O4/ML and MnFe2O4/MC. The influence factors such as catalyst
dosage, pH, temperature, co-anions, and humic acid were investigated
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to provide data for practical application. The structure-activity re-
lationship was established according to the results of TEM, XRD, BET
and EIS. The particular mechanism involved in PMS activation by
MnFe2O4/MS was discussed in detail by XPS, EPR and radical scaven-
ging experiment. Besides, the reusability, stability and universality of
MnFe2O4/MS were evaluated, which endowed MnFe2O4/MS with more
promise in the practical application of PMS-based advanced oxidation
technology.

2. Experimental section

2.1. Chemical reagents

Orange II, L-Histidine (L-H) and potassium ferrate (K2FeO4) were
purchased from Macklin Biochemical Co. Ltd., China. Humic acid (HA),
5,5-dimethyl-1-pyrrolidine N-Oxide (DMPO), 2,2,6,6-tetramethyl-4-pi-
peridone (TMP), Fe(NO3)3·9H2O, MnCl2·4H2O, sulfadiazine and cipro-
floxacin were purchased from Aladdin Industrial Co. Ltd., China. PMS
(2KHSO5·KHSO4·K2SO4, 4.5% active oxygen) was purchased from
Beijing J&K Co., China. Methylene blue and bisphenol A were pur-
chased from Kemiou Chemical Reagent Co. Ltd., China. Unless other-
wise specified, all chemical reagents were of analytical grade (AR) and
used without further purification.

2.2. Preparation of carbonization samples

The corn biomass was collected from Yuanyang experimental base
of Henan Agricultural University in Xinxiang, China. The corn biomass

was carefully divided into three parts including corn stems (S), leaves
(L) and cores (C). They were washed three times using deionized water
and dried at 80 °C. Subsequently, the samples were grinded to powder
which could pass through a 60-mesh sieve. After pyrolyzed in a tube
furnace at 400 °C for 3 h with a heating rate of 5 °C/min in N2 atmo-
sphere (80mL/min). The carbonization product derived from S, L and C
was denoted as CS, CL, and CC, respectively.

2.3. Preparation of activation and graphitization samples

The activation and graphitization process were conducted using a
one-step strategy according to the methods reported by Gong et al. [30]
and the K2FeO4 was used to achieve the simultaneous activation and
graphitization of biochar. The individual activation and graphitization
mechanism of K2FeO4 was elucidated in detail in the work by Gong
et al. [30]. In brief, 5.0 g of carbonization sample and 8.911 g of K2FeO4

were treated using a ball mill for 1 h. Subsequently, the solid mixture
was grinded, and heated in a tube furnace at 800 °C for 2 h with a
heating rate of 5 °C/min in N2 atmosphere (100mL/min). Then the
obtained samples were washed respectively with 1M KOH and 2M HCl
under magnetic stirring at 60 °C for 24 h to remove silicate and residual
inorganic impurities, followed by washing with deionized water several
times until neutral. Finally, the samples were collected and dried at
60 °C for 24 h. The resultant sample is denoted as MX, and X represents
the source of corn biomass, which is S, L, and C, respectively.

Fig. 1. SEM images of CS (a), CL (b), CC (c), MS (d), ML (e), MC (f), MnFe2O4/MS (g), MnFe2O4/ML (h) and MnFe2O4/MC (i).
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2.4. Preparation of MnFe2O4/MX composite

The MnFe2O4/MX composite was synthesized by a solvothermal
method [31]. 50mg of MX was completely dispersed in 30mL ethylene
glycol (EG) by sonication for 3 h. 1mmol of Fe(NO3)3·9H2O and
0.5 mmol of MnCl2·4H2O were dissolved in 20mL EG under stirring to
form a homogeneous solution. Then the solution was added dropwise

into the above MX suspension under stirring for 2 h. Subsequently,
7.5 mmol of CH3COONa·3H2O was added into the above mixture under
vigorous stirring and then 15mL HO(CH2)NH2 was added under stir-
ring for 10min. The obtained mixture was transferred into a 100mL
Teflon-lined stainless steel autoclave and heated at 180 °C for 24 h.
Finally, the product was collected by centrifugation, washed with
deionized water and EtOH several times, and heated at 60 °C for 24 h.

Fig. 2. TEM images of CS (a), CL (b), CC (c), MS (d), ML (e), MC (f), MnFe2O4/MS (g), MnFe2O4/ML (h) and MnFe2O4/MC (i). High angle annular dark field scanning
TEM image of (j) MnFe2O4/MS with energy-dispersive X-ray spectroscopy (EDS) elemental mapping of C (k), Fe (l), Mn (m) and O (n).
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The resultant sample was denoted as MnFe2O4/MS, MnFe2O4/ML and
MnFe2O4/MC, respectively. The MnFe2O4 was also prepared by the
same way without adding biochar.

2.5. Characterizations

The morphological details of the samples were examined with TEM
(FEI TalosF200S) and scanning electron microscopy (SEM) (Zeiss/
Auriga FIB), respectively. The structures and crystal phases of the cat-
alysts were obtained by the XRD (Bruker D8 Advance) using a Cu Kα
source. The surface properties of the samples were characterized using
Fourier transform infrared spectroscopy (Bruker Tensor27). The spe-
cific surface areas, pore volumes and pore size were determined ac-
cording to N2 adsorption-desorption data using a Quantachrom SI
Micromeritics instrument. Magnetic properties of samples were mea-
sured by vibratory probe sample magnetometer (MPMS3 Quantun
Design) at room temperature through a −20000 to 20000 Oe cycle.
XPS (AXIS Supra Kratos Analytical Ltd) was used to determine the
elemental information (Mn, Fe, C and O) and the spectra were cali-
brated with the C 1s peak at 284.6 eV. The generated %SO4

− and %OH,
and 1O2 were captured by DMPO and TMP, respectively, and texted on
a Bruker EMS-plus EPR and detailed test conditions in the
Supplementary data.

2.6. Catalytic degradation experiments

All the tests were carried out in 100mL conical flasks under mag-
netic stirring with stirring speed of 600 rpm at 25 °C, 50mL of orange II
(20mg/L) and 0.5 g/L PMS were added, and then catalyst (0.05 g/L)
was added to initiate the degradation process. All the experiments of
solution samples (2.0 mL) were taken at given time intervals and ter-
minated immediately by adding MeOH (2.0mL) and filtered through a
0.22 μm membrane filter to determinate the content of residual pollu-
tant. The concentrations of orange II and MB were determined by a
UV–vis spectrophotometer. Residual PMS was measured at
λmax= 352 nm by spectrophotometric method [32]. The concentra-
tions of bisphenol A, sulfadiazine, and ciprofloxacin were analyzed by
an Ultimate 3000 HPLC and detailed test conditions were showed in the
Supplementary data. All experiments were conducted in triplicate and
the result were expressed by average value and standard deviation.

3. Results and discussion

3.1. Characterizations

Fig. 1a-c show the representative SEM images of CS, CL and CC,
respectively. The CS displays the huge sheet structure with smooth
surface (Fig. 1a). From Fig. 1b, compared with CS, a thicker laminated
structure of CL can be observed, and some carbon particles are found on
its surface which cause a rougher surface. CC with smooth surface
shows a thicker carbon layers in contrast to CS (Fig. 1c). From Fig. 1d,
fish-scale like structures with abundant pores can be found on the
surface of MS which attributes to the activation effect of K2FeO4. In
contrast, there are many irregular pores and bumps on the surface of
ML causing enhanced surface roughness and heterogeneity (Fig. 1e).
However, the surface of MC is smooth and decreased quantity of pores
is found in sharp contrast to MS and ML (Fig. 1f). As shown in Fig. S1,
pure MnFe2O4 nanoclusters with diameter about 100 nm exhibit serious
agglomeration. According to Fig. 1g-i, MnFe2O4 nanoclusters are de-
posited successfully on the porous lamellar structure of MX. MnFe2O4

nanoclusters on the surface of MS distributes uniformly with narrow
clusters sizes from 50 to 100 nm. In contrast to MS, the surface of ML is
rougher and the thickness of MC is larger, and therefore MnFe2O4 na-
noclusters show broad cluster size distribution and aggregate seriously.

As the TEM image shown in Fig. 2a, the CS exists in the form of
stacked carbon sheets. The CL shows laminated structure which is
composed of numerous carbon sheets without porous found on its
surface (Fig. 2b). In Fig. 2c, CC is made up of irregular carbon sheets
without pore on its surface. After activation and graphitization, all the
biochar become thinner than their respective carbonization products,
and there are countless micropores in the carbon sheets. The MS and
MC show obvious graphitization structures which are made up of small
graphitic layers as indicated by the yellow circles, while the graphiti-
zation degree of ML is inconspicuous (Fig. 2d-f). The HRTEM images
(Fig. S2a-c) show that the lattice fringe of 0.32 nm attributed to (0 0 2)
crystallographic plane of graphite. Under the same synthesis conditions,
it is the textural discrepancy of corn stems, leaves and cores that should
be responsible for the difference in graphitization degree. As shown in
Fig. S3, MnFe2O4 nanoclusters are comprised of nanocrystals with a
diameter of around 10 nm. According to TEM images of MnFe2O4/MS,
MnFe2O4/ML and MnFe2O4/MC in Fig. 2g-i, MnFe2O4 still in the form
of nanocluster, with particle size of 50–200 nm are successfully de-
posited on the surface of carbon layers. It is noticed that the carbon
structures still remain difference in despite of undergoing same sol-
vothermal process. Specifically, the carbon sheets of MS become thin
and homogeneous which can act as ideal substrate to provide

Fig. 3. XRD patterns of CS, CL, CC (a), MS, ML, MC (b) and MnFe2O4/MS, MnFe2O4/ML, MnFe2O4/MC, MnFe2O4 (c).
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nucleation sites for MnFe2O4 nanoclusters (Fig. 2g). The lattice fringes
of MnFe2O4 ascribed to the (2 2 0) crystallographic planes
(d= 0.30 nm) and the (4 0 0) crystallographic planes (d=0.21 nm)
can be found in Fig. S2d-f.

Fig. 2j is a representative TEM image of the MnFe2O4/MS, with
energy-dispersive X-ray spectroscopy (EDS) elemental mapping of C
(Fig. 2k), Fe (Fig. 2l), Mn (Fig. 2m) and O (Fig. 2n). The C content is
highest and its distribution is uniform making up the continuous carbon
layer. In contrast, the distributions of Fe, Mn and O elements are dis-
continuous, implying a discrete distribution of MnFe2O4 and a hier-
archical heterostructure of MnFe2O4/MS. From the microstructure
characterization by TEM and SEM, it can be observed visually that the
hierarchical porous biochar with MnFe2O4 nanoclusters deposited are
successfully synthesized by carbonization, activation and graphitiza-
tion, and solvothermal processes. However, the porosity, smoothness,
thickness, and graphitization degree of carbon layers, and the dispersity
and uniformity of MnFe2O4 nanoclusters exhibit significant difference
being relevant to the structures of raw materials. It is worthy to notice
that MS has the ordered hierarchical porous structure and moderate
graphitization degree on which MnFe2O4 nanoclusters disperse uni-
formly.

In Fig. 3a, XRD patterns of CS, CL and CC display a broad peak at
21.6°, indicating the formation of amorphous carbon after carboniza-
tion process [30]. After treated with K2FeO4, both the XRD patterns of
MS and MC exhibit two diffraction peaks at 26.3° and 42.6°, which is
ascribed to typical (0 0 2) and (1 0 0) planes of graphite (JCPDS
01–0640), respectively, and the intensity of MC is stronger than that of
MS (Fig. 3b). This phenomenon manifests that the conversion from
amorphous carbon to graphitic carbon has occurred on an amorphous
carbon substrate and the graphitization degree of MC is stronger than
MS. However, the two typical graphite peaks cannot be clearly observed
in the pattern of ML, implying its inferior graphitization degree.

Therefore, the rank of graphitization degree is MC > MS > ML. For
the XRD pattern of MnFe2O4, diffraction peaks at 18.1°, 29.7°, 34.9°,
42.5°, 56.2° and 61.7° can be indexed to (1 1 1), (2 2 0), (3 1 1), (4 0 0),
(5 1 1) and (4 4 0) plans of cubic spinel-type MnFe2O4 (JCPDS 10-
0319), respectively (Fig. 3c) [33]. In addition, the peak at 26.3° of
graphite could not be observed in the diffraction pattern, and this is
possibly attributed to that its intensity is too low to recognize in the
background [20].

The N2 adsorption-desorption isotherms and pore diameter dis-
tribution of prepared materials are shown in Fig. S4 and Fig. 4, and the
values of specific surface area and pore volume are listed in Table S1. It
is obvious that different catalysts develop considerably different porous
architecture. Obviously, CS, CL and CC exhibits the typical type II curve
(Fig. S4a), indicating their nonporous textures [34], which is also
consistent with the results of SEM and TEM results. The surface area of
CS, CL and CC is 8, 7 and 16m2/g, respectively. As shown in Fig. 4a, the
adsorption-desorption isotherms of MS, ML and MC display a typical
type I curve with a sharp adsorption inflection at 0–0.1 range of relative
pressure and a well formed plateaus, suggesting that abundant micro-
pores are developed in their structures [30]. The surface area of MS, ML
and MC is 2247, 2579 and 1713m2/g, respectively, which is about 281,
368, 107 times higher than the counterpart carbonization sample, re-
spectively (Table S1). After loading MnFe2O4, the patterns of adsorp-
tion-desorption isotherms have no obvious change. However, the sur-
face area decreases greatly to 389, 535 and 270m2/g for MnFe2O4/MS,
MnFe2O4/ML and MnFe2O4/MC, respectively. The surface area of
MnFe2O4 nanoclusters is 66 m2/g, and its mass percent is 60% in
MnFe2O4/MX explaining its low surface area compared to pure MX.
Additionally, part of adsorption sites on the surface of MX may be taken
up by deposited MnFe2O4 nanoclusters. By analyzing the DFT pore size
distribution of MS, ML, and MC (Fig. 4c), it can be concluded that all
the three materials include micropore (pore size < 2 nm) and

Fig. 4. N2 adsorption-desorption isotherms (a and b) and pore size distribution (c and d) of MS, ML, MC, MnFe2O4/MS, MnFe2O4/ML, MnFe2O4/MC.
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mesopore (2 nm < pore size < 50 nm). The total pore volume of MS,
ML, and MC is 1.17, 1.66, and 0.81 cm3/g, among which micropore
accounts for 83.8%, 66.3%, and 91.4%, respectively. After loading
MnFe2O4 nanoclusters, the total pore volume decreases to 0.24, 0.49,
and 0.15 cm3/g, among which micropore accounts for 70.8%, 36.73%,
and 73.3%, respectively (Fig. 4d). The above results demonstrate that
biochar with super-large surface area and hierarchical porous structure
are successfully prepared which is consistent with the results of TEM
and SEM. The surface area, pore volume, and pore size distribution of a
certain biochar depends on the individual texture of its raw material.

3.2. Degradation of organic compounds by PMS in combination with
prepared materials

Herein, orange II is used as a representative organic pollutant. As
shown in Fig. S5, CS, CL and CC can neither adsorb nor degrade orange
II. PMS alone has no degradation effect towards orange II (Fig. 5a). The

adsorption efficiency of MS, ML and MC for orange II in 6min is 61%,
65%, and 57%, respectively. This result corresponds to the value of
surface area and pore volume which is in descending order of ML, MS,
and MC. When both PMS and MX are added, the removal efficiency
within 6min reaches 93%, 90%, and 93%, respectively. Although ML
has the best adsorption capacity, it does not get the best degradation
effect. MS and MC have larger graphitization degree than ML. It is
therefore concluded that graphitization structures have important in-
fluence on the PMS-driven oxidative degradation. Although MX exhibits
good removal performance under the coexistence of PMS, the excellent
adsorption capacity of MX possibly causes that part of pollutants are
just absorbed instead of being degraded. As shown in Fig. 5b, MnFe2O4

alone has almost no adsorption effect towards orange II. When both
PMS and MnFe2O4 are added, the removal efficiency within 6min
reaches 11%. In contrast to MX, the adsorption capacity of MnFe2O4/
MX is greatly suppressed, but it still presents obvious positive correla-
tion with the surface area of MnFe2O4/MX (MnFe2O4/ML > MnFe2O4/

Fig. 5. Orange II removal efficiency by different catalysts (a and b). The effects of pH (c), temperature (d), plot of ln(C/C0) versus reaction time (pseudo first-order
kinetics) of anions (e) and HA (f) on orange II degradation using MnFe2O4/MS. Reaction conditions: [PMS]0= 0.5 g/L, [Catalyst]0= 0.05 g/L, [MnFe2O4/
MS]0= 0.05 g/L, [orange II]0= 20mg/L, initial pH=5.8, T= 25 °C.
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MS > MnFe2O4/MC). With MnFe2O4/MX and PMS in solution, com-
plete orange II removal is obtained in 6min for MnFe2O4/MS. In con-
trast, the removal efficiency is 92% and 95% for MnFe2O4/ML and
MnFe2O4/MC, respectively. It can be concluded that most of orange II
molecules are degraded rather than be absorbed when PMS and
MnFe2O4/MX are used together.

Additionally, the utilization efficiency of PMS are investigated
during the degradation process. As shown in Fig. S6, with MnFe2O4/MS
and PMS in solution, 78% PMS is decomposed within 6min. So about

244mg/L of sulfate is released at the end of the process which is below
the limited standard of sulfate concentration (< 250mg/L) in potable
water in China further demonstrating the safety of PMS dose used in
this paper. The removal efficiency of orange II in MnFe2O4/MX and
PMS system reduces with the decrease of catalyst and PMS dose, and
the increase of orange II concentration (Fig. S7).

Since the difference proportions of MnFe2O4 and MX in the
MnFe2O4/MS, MnFe2O4/ML and MnFe2O4/MC may lead to different
catalytic efficiencies, the ratio of MnFe2O4 and MX in the MnFe2O4/MS,

Fig. 6. (a) Room-temperature magnetization curve of MnFe2O4/MS and MnFe2O4. (b) Reusability study of MnFe2O4/MS. (c) The leakage of Fe and Mn after four
cycles. (d) Methylene blue, bisphenol A, sulfadiazine and ciprofloxacin degradation efficiencies in MnFe2O4/MS and PMS system. XPS spectra of O 1s for fresh (e),
used (f) and calcined 400 °C (g) of MnFe2O4/MS. Reaction conditions: [PMS]0= 0.5 g/L, [MnFe2O4/MS]0=0.05 g/L, [orange II]0= 20mg/L, [methylene
blue]0= 20mg/L, [bisphenol A]0= 10mg/L, [sulfadiazine]0= 10mg/L, [ciprofloxacin]0= 10mg/L, initial pH=5.8, T= 25 °C.
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MnFe2O4/ML and MnFe2O4/MC was investigated. These samples are
digested with concentrated nitric acid and perchloric acid mixture (4:1
v/v), and then detected for Mn and Fe by ICP-MS. The concentrations of
MnFe2O4 in MnFe2O4/MS, MnFe2O4/ML and MnFe2O4/MC are calcu-
lated to be 603.12, 603.54 and 604.38mg/g, respectively. The mass
ratio of MnFe2O4:MX in the MnFe2O4/MS, MnFe2O4/ML and MnFe2O4/
MC are 1.52, 1.52 and 1.53, respectively. Therefore, the ratio propor-
tion of MnFe2O4:MX is about 3:2 in all synthesized catalysts. In addi-
tion, according to the ratio of MnFe2O4 to MX in the catalysts, the
degradation effect of the mechanical mixture of MX and MnFe2O4

(MnFe2O4+MX) with corresponding weight in MnFe2O4/MX are in-
vestigated (Fig. S8). The absorption efficiency MS+MnFe2O4,
ML+MnFe2O4, MC+MnFe2O4 reaches 39%, 42%, 35% within 6min,
respectively, which is consistent with the specific surface area rank of
MX. With the presence of PMS in solution, the removal efficiency
MS+MnFe2O4, ML+MnFe2O4, MC+MnFe2O4 is 60%, 52% and 59%
in 6min, respectively, which is much lower than that of the corre-
sponding MnFe2O4/MX.

3.3. Influences of several factors

The influence of pH on the orange II degradation is evaluated
owning to various pH value of practical wastewater. Although the so-
lution pH has great influence on the surface charge property of catalyst
and the interactions between PMS and catalysts, catalytic performance
of MnFe2O4/MS changed little in a wide pH range of 3–11 (Fig. 5c).
There are controversial results about the influence of pH on the het-
erogeneous activation of PMS [35]. This phenomenon is probably at-
tributed to that the dissociation constant of individual pollutant varies
and the isoelectric point of each catalyst is different. Therefore, the
impact of solution pH on the catalytic activity is closely related to the
types of pollutants and catalysts. In this work, it is believed that vast
reactive species with strong oxidative potential produced rapidly on the
active sites of MnFe2O4/MS should be responsible for this pH in-
dependent. The high adaptability of MnFe2O4/MS to variant solution
pH guarantees its promising application in purifying practical waste-
water with organic pollution.

The removal efficiency of orange II in the MnFe2O4/MS and PMS
system at 15, 25, 35, 45 °C is depicted in Fig. 5d. Obviously, the de-
gradation efficiency increases with the increase of reaction tempera-
ture. Specially, the removal efficiency reaches 92% in 6min at 15 °C,
while complete removal efficiency at 25, 35, and 45 °C could be
achieved in 6, 5, and 5min, respectively. Since temperature affects
considerably on the stability of PMS, high temperature can accelerate
the decomposition of PMS into %OH and %SO4

−, and thus the best re-
moval efficiency appears under 45 °C.

As depicted in Fig. 5e, the apparent rate constant of MnFe2O4/MS
fitted by pseudo-first-order kinetic model is evaluated to be 0.86, 1.00,
0.36, 0.28 and 0.24min−1 for Control, Cl−, NO3

−, H2PO4
−, and

CH3COO−, respectively. As reported, excess Cl− can be oxidized by %

SO4
− to form %Cl/Cl2/HOCl, thereby improving the removal efficiency

[36–38]. In contrast, NO3
−, H2PO4

−, and CH3COO− can quench %SO4
−

generating less oxidative %NO3, %H2PO4 and %CH3COO radicals which
severely inhibited the removal efficiency [39].

As an important component of natural organic matter, humic acid
(HA) widely exists in the environment. As the apparent rate constant
exhibited in Fig. 5f, 5 mg/L of HA promotes the catalytic oxidation, and
with the further increase of HA concentration to 10, 20 and 40mg/L,
the degradation efficiency gradually decreases in a HA dose-dependent
manner. This may be attributed to the fact that the semiquinone groups
in HA with low concentration can activate PMS by self-redox cycle to
form %SO4

− [40,41], thus accelerating the degradation of pollutants.
However, when the HA content increased to a certain level, HA will
compete with targeted pollutant for free radicals in solution. Ad-
ditionally, HA in high concentration could deposit on the surface of
catalyst through a strong π-π stacking [14,42], thereby leading to the

mask and deactivation of active sites. Therefore, the influence of HA on
PMS-driven organic degradation should be considered comprehensively
in practical application.

3.4. Reusability, stability and universality of MnFe2O4/MS catalyst

Since reusability of a catalyst is very important in practical appli-
cation, an ideal catalyst should be easily separated from the bulk so-
lution. As shown in Fig. 6a, the S-shape curve of MnFe2O4/MS exhibits
its superparamagnetism and its magnetization (Ms) value is 26.4 emu/
g, which is lower than that of pure MnFe2O4 (42.9 emu/g). Further-
more, the MnFe2O4/MS could be easily separated within 5min from
solution by a magnet as shown in the top left inset of Fig. 6a. This result
means that MnFe2O4/MS can be recovered easily and quickly after
catalytic reaction, avoiding secondary pollution to the environment.

Based on its better magnetic separation capacity, the reusability of
the MnFe2O4/MS is evaluated (Fig. 6b). Obviously, the removal effi-
ciency towards orange II decreases from 100% of the first cycle to 50%
and 46% of the second and third cycle with 6min, respectively. This
phenomenon may be caused by the unavoidable loss of catalyst during
the recovery process and the formation of intermediate products during
the degradation process which blocks the hierarchical porous structure
and covers the active sites of MnFe2O4/MS [19,29]. According to the
FTIR changes of fresh and used MnFe2O4/MS (Fig. S9), some new bands
emerged at 1106 and 1175 cm−1 after reaction represent the bending
vibration of aromatic C–H, which confirms the existence of inter-
mediate products [43]. Herein, a post-annealing process is used to re-
move the intermediate for recovering the performance, the removal
efficiency of MnFe2O4/MS after three cycles reaches 90% when they are
calcined at 400 °C for 1 h in N2 atmosphere (40mL/min). As XPS
spectra of fresh, used, and post-calcined MnFe2O4/MS indicated in
Fig. 6e-g, all the O 1s spectra can be deconvoluted into three modules:
lattice oxygen (Olatt) at 530.1 eV, surface oxygen (Osurf) at 531.2 eV,
adsorbed oxygen (Oads) at 532.7 eV [16]. Obviously, the Oads increases
from 16.57% to 48.33% after reaction, but it quickly decreases to
8.37% after calcination treatment further confirming the formation of
intermediates and the effectiveness of the recovered method. In addi-
tion, the Osurf ratio of fresh, used, and post-calcined MnFe2O4/MS are
36.99%, 8.73%, and 39.15%, respectively. Since abundant Osurf content
can accelerate the catalytic acidity, the renatured Osurf contributes the
recovery of degradation performance.

To assess the stability of MnFe2O4/MS, the leakage of Fe and Mn
ions is detected through ICP-MS. As shown in Fig. 6c, below 40 μg/L
and 70 μg/L of Fe and Mn ions are detected after the reaction, respec-
tively, which is far below the limited standard (Fe < 300 μg/L and
Mn < 100 μg/L) for surface drinking water in China. Moreover, the
effects of leakage of Fe and Mn ions are investigated on degradation of
orange II. As shown in Fig. S10, with Fe3+ (40 μg/L), Mn2+ (70 μg/L)
and PMS in solution, only 1% of orange II degradation efficiency can be
reached. Therefore, the small amount of Fe and Mn leaked in the re-
action has very little removal effect of the pollutant, which demon-
strates the excellent stability and safety of MnFe2O4/MS. In addition to
orange II, 100%, 95%, 91% and 85% of methylene blue, bisphenol A,
sulfadiazine and ciprofloxacin could be degraded in the MnFe2O4/MS
and PMS system (Fig. 6d). These results prove that MnFe2O4/MS has
broad-spectrum degradation effect towards various organic pollutant.
Therefore, MnFe2O4/MS is a very promising alternative instead of pure
transition metal catalyst in PMS-driven organic pollutant eliminations
on account of its good reusability, excellent stability and broad-spec-
trum applications.

3.5. Confirmation of reactive oxygen species

The exact roles of various reactive oxygen species such as %SO4
−, %

OH, %O2
− and 1O2 in the MnFe2O4/MS and PMS system are in-

vestigated by the addition of corresponding chemical scavenger. EtOH
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could rapidly react with both %OH (k=1.9×109M−1 s−1) and %SO4
−

(k=1.6× 107M−1 s−1). In contrast, TBA could rapidly react with %

OH (k=6.0× 108M−1 s−1) but slowly react with %SO4
−

(k=4.0× 105M−1 s−1), and thus the influence of %OH and %SO4
−

could be differentiated by addition of EtOH and TBA to the reaction
system, respectively [19,44]. As shown in Fig. 7a, 97% and 94% of
Orange II removal is achieved after the addition of EtOH and TBA,
respectively. This indicates that a marginal number of %SO4

− and %OH
in the bulk solution are formed during the catalytic reaction. Since the
surface area and pore volume of MnFe2O4/MS are overwhelmingly
larger than the traditional biochar, which can provide feasible channel
for substance transfer, we speculate that %OH and %SO4

− in this work
may be generated in the surface-bound formation rather than free ra-
dical in bulk solution. It has been reported that phenol can quench %OH
(k=6.6× 109M−1 s−1) and %SO4

− (k=8.8×109M−1 s−1) both on
the catalyst surface and in the bulk solution [45]. Therefore, phenol is
used to evaluate the importance of surface-bound %SO4

− and %OH. As
expected, only 19% of removal efficiency is achieved after the addition
of phenol. This result confirms the key role of surface-bound %SO4

− in
MnFe2O4/MS and PMS system as well as the importance of textural
modification for an ideal catalyst. In consideration of the uncomplete
inhibition of orange II removal with scavenging %SO4

− and %OH, the
other reaction oxygen species may be involved in the reaction system.
Therefore, benzoquinone (BQ) is regarded as a quencher for %O2

−

(k=9.6× 108 M−1 s−1) and L-histidine (L-H) for 1O2

(k=2×109M−1 s−1) [46]. It can be found that the removal efficiency
is 97% and 87% in presence of 2mM and 4mM of BQ, respectively,
confirming that a certain amount of %O2

− are produced during the
reaction process (Fig. 7b). As shown in Fig. 7a, significant inhibition
effect is observed with the application of L-H, implying that 1O2 plays
an important role during the catalytic process. Additionally, NaClO4

can be used as a quenching agent to prove the non-radical pathway of
electron transfer in the reaction [45]. Only 51% orange II removal can
be achieved within 6min after the addition of NaClO4, indicating that a
non-radical pathway of electron transfer is involved in the reaction.

Furthermore, DMPO and TMP are taken as the spin-trapping agents
to capture signals of %OH and %SO4

−, and 1O2 by EPR, respectively. As
shown in Fig. 7c, when sole PMS are added in solution, a typical 1:2:2:1
quartet peak appears with ultra-fine coupling constant of
aN= aH=14.9 G, which is a characteristic peak of the DMPO-OH ad-
duct [16,47]. These marginal DMPO-OH signals may be caused by the
break of peroxide bonds in PMS, leading to the formation of %OH.
However, the content of %OH is too low and its half-life time is too short
to exert degradation effect in solution. When CS and PMS are added
together, the EPR spectrum detects DMPO-OH signals, and the signal
intensity is comparable to that of sole PMS treatment, further con-
firming the inferior activation effect of CS. When MS or MnFe2O4/MS
and PMS are added together in the solution, DMPO-OH or DMPO-SO4

signals could not be detected by the EPR, but a seven-line spectrum
presents, which is proved to be the signal of DMPO oxidation products,
DMPO-X [48,49]. DMPO-X mainly comes from the secondary reaction
between DMPO and powerful oxidizing species [50]. The DMPO-X
signal intensity of MnFe2O4/MS is 2.5 times higher than that of MS.
This indicates that more active oxygen species can be generated in the
MnFe2O4/MS and PMS system, which explains its better degradation
effect.

As shown in Fig. 7d, a typical 1:1:1 triplet peak of 1O2 signal can be
clearly observed in all the treatments. The presence of 1O2 in sole PMS
treatment is attributed to the self-decomposition of PMS in water. When
CS and PMS are both added in solution, the signal intensity of 1O2 is
equivalent to that of PMS alone, suggesting that CS cannot promote the
self-decomposition of PMS. The 1O2 signal strength of MS and PMS

Fig. 7. The effects of EtOH, TBA, NaClO4, phenol, L-H (a) and BQ (b) on orange II degradation in MnFe2O4/MS and PMS system, EPR tests of %OH and %SO4
− (c) and

1O2 (d). Reaction conditions: [PMS]0= 0.5 g/L, [MnFe2O4/MS]0=0.05 g/L, [orange II]0= 20mg/L, the molar ration of quencher (EtOH, TBA, NaClO4, and
phenol): PMS=1000:1, [L-H]0=0.2M, [DMPO]0=0.1M, [TMP]0= 2mM, initial pH=5.8, T= 25 °C.
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system is stronger than these of sole PMS, and CS and PMS systems,
implying the promoted decomposition of PMS by MS. For MnFe2O4/MS
and PMS system, the 1O2 signal strength surpasses the above three
treatments. Since the order of 1O2 concentration meets that of catalytic
degradation effect completely, the indispensable role of 1O2 to the su-
perior catalytic performance of MnFe2O4/MS is confirmed. Based on the
above results, it is reasonable to infer that the free radical way and non-
radical way coexist in the PMS-driven orange II degradation process by
MnFe2O4/MS.

3.6. Mechanism of enhanced PMS activation and orange II degradation by
MnFe2O4/MS

The XPS spectra of both fresh and used MnFe2O4/MS are in-
vestigated to study the degradation mechanism. As shown in Fig. 8a,
before reaction, the Fe 2p spectrum shows two peaks at 711.1 eV and
725.2 eV, which belongs to Fe 2p3/2 and Fe 2p1/2, respectively, thereby
proving that Fe species on the surface of MnFe2O4/MS is Fe (III) [51].
After the degradation reaction, Fe (II) is found on the surface of
MnFe2O4/MS, and the proportion of Fe (III) and Fe (II) is 74% and 26%,
respectively (Fig. 8b). From the Mn 2p spectra of fresh MnFe2O4/MS
(Fig. 8c), the peak at 641.9 eV and 653.4 eV ascribes to Mn 2p3/2 and
Mn 2p1/2, respectively, indicating that Mn (II) is the only valence state
of Mn species before PMS activation [52]. After reaction, it can be
observed that 33% of Mn(II) is oxidized to Mn(III) (Fig. 8d). The above
results demonstrate the participation of Fe(III)/Fe(II) and Mn(III)/Mn
(II) redox pairs in the PMS activation process, which is also consistent
with the early reports [53].

Combined the results of scavenger experiments with the changes of
Fe and Mn XPS spectra, radical induced oxidation mainly occurs on the

surface of MnFe2O4/MS. Firstly, an electron transfer pathway from the
delocalized π-electrons on graphene layers of MS to PMS is established
generating %OH, %SO4

−, and then MS is regenerated by one electron
donation from PMS (Eqs. (1)–(3)) [54]. Secondly, One-electron dona-
tion from Mn(II) to PMS results into the production of %SO4

− and
further the catalytic oxidation of organic pollutants. In consideration of
the reduction potentials of HSO5

−/%SO5
− (1.1 V) and Mn(III)/Mn(II)

(1.51 V), the regeneration of Mn(II) is achievable to complete the in-
volved redox cycle (Eqs. (4) and (5))) [15]. However, the reduction of
Fe(III) is thermodynamically infeasible owning to the lower reduction
potential of Fe(III)/Fe(II) (0.77 V) than that of HSO5

−/%SO5
− [19].

Since the influence of %O2
− has been affirmed by the addition of BQ,

the exact role of %O2
− is inferred to participate the reduction of Fe(III)

because of the lower reduction potential of O2/%O2
− (−0.33 V) [16].

Consequently, the PMS activation initiated through Fe(II) further pro-
motes the catalytic degradation process (Eqs. (6)–(9)). Moreover,
comparison of the standard reduction potential of Mn(III)/Mn(II) versus
that of Fe(III)/Fe(II), the reduction of Mn(III) by Fe(II) is thermo-
dynamically favorable, and the regeneration of Mn(II) is thereby re-
inforced, which guarantees the catalytic reaction occurred on the sur-
face of MnFe2O4/MS functioning continuously (Eqs. (10)). For the
process here, %SO4

− can react with OH−/H2O to form %OH (Eqs.
(11)–(12)), and the powerful oxidative capacity of surface-bound %

SO4
− and %OH collectively enable the degradation of organics into

different intermediate and eventually mineralized to CO2 and H2O
(Fig. 10).

According to the 1O2 quenching test and EPR test results, a large
amount of 1O2 is generated during the activation process. Previous
studies have found that C]O functional group could facilitate the self-
decomposition of PMS to form 1O2 [29]. Therefore, the XPS spectra of C

Fig. 8. XPS spectra of Fe 2p (a, b) and Mn 2p (c, d) of fresh and used MnFe2O4/MS.

H. Fu et al. Chemical Engineering Journal 360 (2019) 157–170

167



1s for MnFe2O4/MS, MnFe2O4/ML, and MnFe2O4/MC are evaluated
(Fig. 9a-c). Obviously, all the three materials can be deconvoluted into
three peaks centered at 284.6, 285.7, and 288.0 eV, corresponding to
CeC, CeO, and C]O, respectively [55]. The proportion of C]O in
MnFe2O4/MS, MnFe2O4/ML, and MnFe2O4/MC is 32.74%, 22.57%, and
26.50%, respectively, which has the same tendency as the catalytic
oxidation effect. Therefore, the relationship between structure and
degradation efficiency can be successfully developed by C 1s XPS
spectra. This result further reveals that abundant 1O2 produced from
promoted PMS self-decomposition by MnFe2O4/MS makes a contribu-
tion to its best catalytic performance (Eqs. (13)).

+ → + − +
− − − +HSO MS HO ·SO MS5 4 (1)

+ → + +
− − +HSO MS ·OH SO MS5 4

2 (2)

+ → + − +
− + + −HSO MS H ·SO MS5 5 (3)

+ → + − +
− − −Mn(II) HSO Mn (III) ·SO OH5 4 (4)

+ → + − +
− − −Mn(III) HSO Mn(II) ·SO OH5 5 (5)

→ +
− + −HSO H SO5 5

2 (6)

+ → − + +
− − − +SO H O ·O SO H5

2
2 2 4

2 (7)

+ − → +
−Fe(III) ·O Fe (II) O2 2 (8)

+ → + − +
− − −Fe(II) HSO Fe(III) ·SO OH5 4 (9)

+ → +Mn(III) Fe (II) Mn(II) Fe(III) (10)

− + → + +
− − − −·SO OH SO HSO ·OH4 4

2
4 (11)

− + → + + +
− − −·SO H O SO HSO ·OH H4 2 4

2
4 (12)

+ → + +
− − − −HSO SO SO HSO O5 5

2
4
2

4
1

2 (13)

− − + →

→ +

− −·OH/·SO /·O / O Organic pollutants Intermediate

CO H O
4 2

1
2

2 2 (14)

EIS can be used to investigate the transfer capability of electrons or
ions on a sample electrode. The interconnected hierarchical porous
structure is beneficial to the transfer of ions in solution. And the gra-
phitization structure can accelerate the transfer rate of electrons.
Therefore, it is speculated that the EIS is an indicator which can reflect
the combined effect of graphitization degree and surface area and mi-
cropore volume. As shown in Fig. 9d, the EIS Nyquist plots of prepared
materials are well fitted to the equivalent electrical circuit, and the Rt
represents the interface charge-transfer resistance is listed in Table S2.
For the three carbonization products, it can be found that CX originated
from different parts exhibits different semicircle diameter and Rt value,
among which CS obtained both the smallest values, implying its lowest

Fig. 9. XPS spectra of C 1s for (a) MnFe2O4/MS, (b) MnFe2O4/ML, and (c) MnFe2O4/MC. EIS spectra of CS, CL, CC (d) and MS, ML, MC (e), and MnFe2O4/MS,
MnFe2O4/ML, MnFe2O4/MC (f).

Fig. 10. Mechanism of PMS activation on MnFe2O4/MS for organic oxidation.
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interfacial charge transfer resistance from electrode to electrolyte mo-
lecules. This result substantiates our hypothesis that a certain biochar
achieves distinct structure and property depending on the fine structure
of its raw material. After activation and graphitization using K2FeO4,
MX shows the same order of interfacial charge transfer resistance as CX,
and simultaneously MX owns 31.5–39.3 times lower interfacial transfer
resistance than the CX counterpart (Fig. 9e). This enhancement could
attribute to the establishment of a large amount of graphitized carbon
on MX, which promotes the electron transfer. However, in view of the
XRD result, the graphitization degree is found to be in the order of
ML < MS < MC (Fig. 3b). Based on the result of N2 adsorption-des-
orption isotherm, both the surface area and micropore volume follow
the order of MC < MS < ML (Fig. 4 and Table S1). Although MS
herein failed to achieve the best graphitization degree and largest mi-
cropore volume, it is supposed that the good balance between graphi-
tization degree and micropore volume of MS accounts for its lowest
interfacial transfer resistance.

After loaded with MnFe2O4 nanoclusters, although the interfacial
transfer resistance of MnFe2O4/MX maintains the same order as MX, the
Rt value significantly increases in contrast to its MX counterpart
(Fig. 9f). It can be found that the surface area and micropore decrease
dramatically after loading MnFe2O4 nanoclusters, and some graphiti-
zation structures are inevitably shielded by MnFe2O4 nanoclusters,
which provide reasonable explanation for the results presented here.
Since the interfacial transfer resistance of MnFe2O4/MX follow the
order of MnFe2O4/MS < MnFe2O4/MC < MnFe2O4/ML, it is worthy
to notice that a negative correlation is found between the interfacial
transfer resistance and the removal efficiency of orange II. Therefore,
the relationship between structure and degradation efficiency can be
successfully established by EIS which shows the combined effect of
graphitization degree and surface area and micropore volume. Ac-
cording to NaClO4 quenching experiment and EIS results, a non-radical
mechanism should be involved in the PMS activation by MnFe2O4/MX,
in which organics degradation is through the graphitization structures
acted as electron transfer mediator. Such an electron transfer would be
achieved by electron transfer from orange II as the electron donor to
PMS as the electron acceptor (Fig. 10).

4. Conclusions

A combined strategy including carbonization, activation and gra-
phitization, and solvothermal processes is employed to prepare novel
graphitized hierarchical porous magnetic biochar composites. Corn
stem-based graphitized hierarchical porous biochar and MnFe2O4

magnetic composites (MnFe2O4/MS) exhibits a high activity towards
PMS activation for orange II, methylene blue, bisphenol A, sulfadiazine
and ciprofloxacin degradation. The degradation efficiency is promoted
with increasing PMS dose, catalyst dose, reaction temperature, and
reducing organic pollutant concentration. For MnFe2O4/MS, MnFe2O4/
ML, MnFe2O4/MC originated from corn stems, leaves and cores, a
structure-dependent removal efficiency is established by EIS and XPS
spectra. The quenching experiments and EPR characterization indicate
that three pathways are involved in the organic pollutant degradation
of MnFe2O4/MS, including radical-induced oxidation attained by sur-
face-bound %SO4

− and %OH on MnFe2O4 nanoclusters and hierarchical
porous carbon sheets, non-radical pathway ascribed to 1O2 generated
by promoted self-decomposition of PMS, non-radical pathway achieved
through electron transfer from organic compounds to PMS mediated by
graphitization structures. Noteworthily, MnFe2O4/MS also has the ad-
vantages of wide pH usable range, as well as resistance to various an-
ions and HA, which can make it a promising candidate as a magnetic
biochar composites catalyst for organic elimination. The successful
fabrication of MnFe2O4/MX from corn straws biochar make us believe
that this paper not only provides a potential promising way to utilize
corn straws waste, but also opens a new way to preparation other
magnetic biochar (such as wheat straw, rice straw and other crop

straws) with excellent catalytic activity and reusability for environ-
mental remediation.
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