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Abstract 

In this study, the synchronous magnetized carbonization method was utilized for preparing photocatalysis ZnO-Fe@
SC heterostructure, which exhibited degradation efficiency 99.14% (60 min) for malachite green (200 mg/L) and 
could still maintain good performance after 5 cycles. The prepared ZnO-Fe@SC was analyzed using UV–Vis DRS, PL, 
SEM, TEM, BET, FTIR, XPS and VSM, and LC–MS for degradation products. The results indicate that photocatalyst has 
favorable magnetic properties, chemical stability and low charge carriers (e−/h+) recombination rate. The modifica-
tion of bimetals enables the composite photocatalyst to enhance the intensity of photogenerated electron transition. 
Moreover, quenching experiment revealed that the photo-generated holes (h+) and superoxide radicals (·O2−) were 
the dominant active species during the photocatalytic process, which degraded malachite green into small molecules 
by demethylation, deamination, ring-opening reactions as deducted from LC–MS analysis. ZnO-Fe@SC was prepared 
using a green, safe, low cost and operable synthetic method, which has a broad market potential in the field of envi-
ronmental remediation.

Highlights 

•	 ZnO-Fe@SC  was prepared via simultaneous magnetized carbonization method using Spartina alterniflora-
derived biochar.

•	 ZnO-Fe@SC was a heterojunction composite photocatalyst that could achieve up to 99.14% degradation perfor-
mance of MG in 60 min.

•	 ZnO-Fe@SC could be effectively recycled to avoid the leaching of Nano-ZnO.
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Graphical Abstract

1  Introduction
Achieving carbon neutrality has become an important 
goal for several economies (Broadstock et  al. 2021) 
and there is a need for exploring environmentally 
friendly materials. Among them, biochar has stimu-
lated extensive research interest in environmental 
protection, energy conservation and combating cli-
mate change response. Additionally, several reports 
have demonstrated great potential of biochar for envi-
ronmental remediation applications (Lawrinenko and 
Laird 2015; Huang et al. 2020; Ouakouak et al. 2021; Li 
et  al. 2014). As a part of carbon family, it has a good 
electron transfer performance. Due to its low pho-
toactivity, biochar reduces the photo corrosion rate 
(Otmane et  al. 2022). In addition, biochar has a huge 
specific surface area (Chahinez et  al. 2020), which is 
necessary for improving the photocatalytic perfor-
mance of photocatalytic composites. Malachite green 
(C23H25N2Cl, MG) is a commonly used water-soluble 
cationic dye in industry (Ledakowicz et  al. 2021), and 
its antibacterial property makes it a widely used prod-
uct in aquaculture and livestock breeding. MG has high 
cytotoxicity and can induce the formation of reactive 

oxygen species (ROS), which can accumulate in the 
human body through ecological cycle and pose a seri-
ous threat to human health (Jiang et  al. 2018). Exten-
sive research has been conducted to develop methods 
for the elimination of organic dye pollutants. Among 
these different processes, advanced oxidation pro-
cesses (AOPs) are gradually replacing the conventional 
methods with photocatalysis being a prominent tech-
nology (Liang et  al. 2021). However, it is known that 
many semiconductor photocatalysts have some limita-
tions, such as low degradation rate, rapid electron-hole 
recombination, difficult recovery and high cost, which 
greatly restrict their development and application in 
environmental remediation (Shao et al. 2019). Numer-
ous modifications have been implemented to enhance 
photocatalytic activity of composite materials, such as 
surface modification, magnetization, and incorporation 
of bimetallic semiconductor nanoparticles. Recently, 
bimetallic nanoparticles (NPs) have received attention 
(Hosny et  al. 2022). For example, the modification of 
biochar with iron-zinc bimetallic oxides (Fe-Zn) was 
reported with the goal of repairing tetracycline (TC) 
(Bhavani et  al. 2018). Another report demonstrated 
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that Fe, Mo-embedded biochar catalysts can efficiently 
degrade organic contaminants (Yao et al. 2022).

ZnO has become a preferred material for semicon-
ductor photocatalysis applications in addition to TiO2. 
It is suitable for composite photocatalyst modifica-
tion, because zinc-containing materials are considered 
as effective modifiers for improving pore structure and 
increasing surface area (Yang et al. 2021; Yu et al. 2020). 
Noei (2008) found that the specific surface area and total 
porosity of ZnO-modified biochar increased. However, 
ZnO has some disadvantages such as wide band gap, 
rapid electron-hole recombination and difficult recovery, 
which limit its application.

Magnetite and hematite are often used in the modifica-
tion of composite materials (Zhang et al. 2020a, b). Mag-
netization of composite materials is usually carried out to 
append transition metal salts or other matter as magnetic 
precursors. This process is used to transform magnetic 
precursors into magnetic microparticles that are loaded 
onto  carbon-based materials through heat treatment or 
physical and chemical reactions (Niu et  al. 2020). Syn-
thetic methods usually include impregnation-pyrolysis, 
chemical coprecipitation, solvothermal and reduction 
coprecipitation method (Nidheesh et  al. 2021). Photo-
catalysts are generally prepared using expensive, complex 
and pollutive processes. Due to this, there has been more 
emphasis on raw materials that can be processed without 
toxic compounds using green synthesis approaches. As a 
magnetic precursor, potassium ferrate (K2FeO4) is often 
used for disinfection of drinking water since it is a clean 
material. As a green approach, the use of plants to syn-
thesize Nano-ZnO has been widely studied. Some plants 
contain biologically active ingredients, especially flavo-
noids, which act as stabilizers, dispersants and reduct-
ants in the process of preparing Nano-ZnO. Due to these 
advantages, many plants have been reported to be suc-
cessfully used to prepare Nano-ZnO, such as centella 
asiatica (Kumar et al. 2021), orange fruit peel (Thi et al. 
2020), Cassia fistula and Melia azedarach (Naseer et al. 
2020), Acalypha indica (Karthik et al. 2017), and so on.

Spartina alterniflora (S. alterniflora) is a typical salt 
marsh beach plant, which is an alien invasive species and 
poses a serious threat to the local ecosystem and eco-
nomic development (Hedge et  al. 2003; An et  al. 2007). 
S. alterniflora plants have been shown to contain flavo-
noids, proteins, amino acids, alkaloids, and other use-
ful substances. Hence, it is worth exploring the use of S. 
alterniflora plants to synthesize Nano-ZnO. To the best 
of our knowledge, the application and effect of S. alterni-
flora-derived biochar modified by Fe-Zn bimetal in 
remediation of organic polluted water has not been well 
explored.

In this study, the bimetallic modified S. alterniflora 
biochar composite photocatalyst (ZnO-Fe@SC) was 
prepared by simultaneous magnetized carbonization 
method to immobilize the  iron oxide precursor and 
facilitate  the uniform growth of nano-ZnO crystals on 
S. alterniflora biochar. The entire process was simple, 
safe, and pollution-free, which satisfied the requirements 
of green chemistry. The physicochemical properties of 
ZnO-Fe@SC were analyzed by X-ray diffraction (XRD), 
Fourier transform infrared spectroscopy (FTIR), scan-
ning electron microscopy (SEM), transmission electron 
microscope (TEM), Raman spectroscopy, fluorescence 
emission spectroscopy (PL), X-ray photoelectron spec-
troscopy (XPS), UV-Vis diffuse reflectance spectrum 
(UV-Vis DRS) and vibrating specimen magnetometer 
(VSM). In addition, MG was used as the target degrada-
tion product to explore the degradation performance and 
mechanism of ZnO-Fe@SC.

2 � Experimental section
2.1 � Chemical reagents and materials
S. alterniflora was collected from Zhoushan, Zhejiang 
Province, China. It was cleaned with distilled water, dried 
overnight at 80 ℃, and crushed into powder in a pulver-
izer (XDW-6 J Jinan China).

Zinc acetate dihydrate (C4H10O6Zn), MG (C23H25ClN2), 
polyvinylpyrrolidone ((C6H9NaOH) n, K30), sodium 
hydrate (NaOH), potassium ferrate (K2FeO4), dimethyl 
sulfoxide ((CH3)2SO), formic acid (HCOOH), and p-ben-
zoquinone (C6H4O2) were all purchased from Sinopharm 
Chemical Reagent Co., Ltd. All chemicals were of analyti-
cal grade and were applied without further treatment.

2.2 � Preparation of S. alterniflora biochar
S. alterniflora powder was uniformly placed in a quartz 
crucible, carbonized in a tube furnace, and fed with 
nitrogen, under a flow velocity of 70 mL/min. The tube 
furnace was adjusted to 200 ℃ at a heating rate of 5 ℃/
min and maintained for half an hour. It was heated up to 
800 ℃ at a rate of 5 ℃/min, and maintained for 2 h. After 
pyrolysis, the temperature was reduced to 30 ℃ at a rate 
of 5 ℃/min, at which point the nitrogen was stopped. The 
carbonized material was taken out and sieved (100 mesh) 
to obtain S. alterniflora biochar with 99.72% purity.

2.3 � Synthesis of ZnO‑Fe@SC
Four g of S. alterniflora was mixed with ethanol (400 mL, 
95%) at 80 ℃ for 2  h. The supernatant was taken out, 
put into a beaker with zinc acetate dihydrate (1.756  g, 
0.02  mol/L) along with a glass rod at a constant tem-
perature, and stirred with a magnetic stirrer at 80 ℃ 
for 10  min. PVP (0.1  g, 0.0000625  mol/L) and NaOH 
(0.4 mol/L) were added into the supernatant mixture in 
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that order, and stirred for 2 h to form a milky green com-
plex, which constituted the Nano-ZnO precursor. Then 
K2FeO4 was mixed with S. alterniflora biochar in a mass 
ratio of 1.98:1, which was added into Nano-ZnO precur-
sor solution, stirred at 80 ℃ for 5 h, centrifuged at 6000 r/
min for 2 min, and dried in an air oven at 80 °C overnight 
to obtain a solid powder.

The obtained solid powder was placed in a tube furnace 
to obtain a bimetallic modified S. alterniflora biochar com-
posite photocatalyst (ZnO-Fe@SC) by high temperature 
anaerobic carbonization. The calcination conditions were 
identical to the ones used for preparing S. alterniflora bio-
char. As a  control, the experimental steps were repeated to 
obtain ZnO@BC without adding K2FeO4. Nano-ZnO was 
obtained by calcining Nano-ZnO precursor in an oxygen-
free tube furnace at 400 ℃ for 120 min at a rate of 5 ℃/
min. The annealing and cooling rate was 5 ℃/min.

2.4 � Characterization techniques
XRD (MiniFlex600, Japan) was performed to determine 
the crystal phase composition in the scope of 2θ from 
20° to 80°. FTIR (IRAffinity-1 S, Japan) was used to ana-
lyze the surface functional groups in the 4000−400 cm−1 
region. UV-Vis DRS (UV 3600, Shimadzu, Japan) was 
applied to explore optical properties using BaSO4 as a 
reference. The recombination frequency of the charge 
carriers was analyzed by PL (FLS980, England) at an 
excitation wavelength of 350 nm. SEM (Hitachi Su8010, 
Japan) and TEM (FEI Tecnai G2 F20 S-Twin, USA) 
were used to observe the morphology and microstruc-
ture of the surface. Elemental distribution was obtained 
by energy-dispersive spectrometry (EDS). Based on 
Brunauer-Emmett-Teller (BET) method, the specific 
surface area and pore size distribution of the prepared 
samples were evaluated. The surface chemical state and 
quantity were determined by XPS (Escalab 250Xi, USA). 
VSM (Lakeshore 7407, USA) was used to investigate the 
magnetic properties at 300 K.

2.5 � Photodegradation of MG using ZnO‑Fe@SC
The photocatalytic activity of ZnO-Fe@SC was evaluated 
by the degradation of MG aqueous solution in a photo-
chemical reactor (PhchemIII, Beijing, China). ZnO@
BC and Nano-ZnO were added as reference for carrying 
out parallel experiments. The prepared sample powder 
(0.04 g) was added to MG solution (100 mL, 200 mg/L), 
stirred for 60 min without light to establish equilibrium 
of absorption and desorption, and then illuminated for 
1  h  using a xenon lamp with a filter cut-off wavelength 
of 390  nm (FSX-300, NBeT Group Corp, Beijing). Ali-
quots (2 mL) were collected every 10 min and the solid 
photocatalyst was filtered out. Then, using UV−Vis 

spectrometer (UV 3600, Shimadzu, Japan) the absorb-
ance was measured at a wavelength of 617  nm, which 
corresponded to the absorption of MG. The photocata-
lytic degradation efficiency (D%) was calculated from 
Eq.  (1). The photocatalytic degradation process was fit-
ted by pseudo-first-order kinetic equation as expressed in 
Eq. (2).

 where Co and C are the initial concentration of MG in 
aqueous solution and the concentration at time t, respec-
tively, and k is the photocatalytic rate constant.

2.6 � Radical scavenging experiment
One mL of p-benzoquinone (BQ, 0.1 mol/L), dimethyl 
sulfoxide (DMSO, 0.2 mol/L) and formic acid (FA, 0.2 
mol/L) as scavengers for (·O2−), (·OH), and (h+) were pre-
pared. They were appended into the reaction solution to 
be degraded before the illumination so that active species 
involved in the photocatalytic reaction could be analyzed.

2.7 � Magnetic recovery cycle experiment
The repeat cycle experiments performed to assess the 
stability of the ZnO-Fe@SC in degrading organic dyes. 
After each cycle was completed, the ZnO-Fe@SC powder 
was separated using an external magnetic field, washed 
with ethanol and then washed again with distilled water 
until neutral, and finally placed in an oven at 60 °C. The 
cycles of photocatalytic degradation and magnetic sepa-
ration were carried out for 5 times.

2.8 � Degradation products analysis
The MG degradation products using ZnO-Fe@SC were 
detected by electrospray ionization (ESI) positive ion 
mode liquid chromatography-mass spectrometry (LC–
MS, 1290II-6460, Agilent, USA). Solution A was the 
mobile phase, which consisted of 0.1 m acetate and acetic 
acid (pH 5.3). Whereas solution B, which was the solu-
tion phase, consisted of acetonitrile at a flow rate of 0.2 
mL/min and a column temperature of 40 ℃. For EIS, the 
flow rate of the atomizing gas was set to 10 L/min. The 
pressure was set to 45 psi, and the monitored mass debris 
ranged from 10 m/z to 600 m/z.

3 � Results
3.1 � Analysis of chemical compositions
The crystal structure and phase analysis of biochar, 
Nano-ZnO, ZnO@BC, ZnO-Fe@SC were performed by 

(1)D% =
C0− C

C0
× 100%,

(2)−ln
C

C0
= kt,
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XRD as shown in Fig. 1a. Compared with Nano-ZnO, the 
peaks of ZnO-Fe@SC were found to be located at 31.70°, 
34.40°, 36.18°, 47.53° and 56.84°, which were perfectly 
indexed to (100), (002), (101), (102), and (110) planes of 
ZnO (JCPDS 36-1451), respectively (Madhu et al. 2016). 
This indicated that the structure of the prepared ZnO 
crystals was not affected by the preparation process. Even 
though the characteristic peak of the ZnO was weakened, 
it still coexisted in ZnO-Fe@SC. Moreover, the peaks of 
ZnO-Fe@SC located at 29.98°, 35.34°, 42.96°, 56.84°, and 
62.48° were indexed to the (220), (311), (400), (511), and 
(440) planes of Fe3O4 (JCPDS, 89-3854) (Yu et al. 2020). 
From these results it can be concluded that Fe ion was 
successfully loaded into ZnO@BC in the form of Fe3O4, 
thus validating the successful synthesis of ZnO-Fe@SC.

In the FTIR spectra, the characteristic peak at 400–
600  cm−1 is attributed to the Zn-O (Leichtweis et  al. 
2020), as shown in Fig.  1b. The peaks of ZnO-Fe@SC, 
ZnO@BC, Nano-ZnO in this region gradually decreased 
and exhibited a blue shift phenomenon, which may be 
related to the formation of the Fe-O bond and the inter-
action between biochar and ZnO during the preparation 
process. Meanwhile, the peaks at 1050  cm−1 in biochar 
are attributed to the aromatic C-O, which is blue shifted 
in ZnO-Fe@SC. The peak near 1391  cm−1 in ZnO-Fe@
SC is ascribed to the phenolic O–H groups (Harini et al. 
2020). In addition, the new band of ZnO-Fe@SC at 
1629  cm−1 is related to the presence of carbonyl groups 
(Kamal et al. 2022), implying that the interaction between 
carbon material and ZnO particles is strengthened by 
further treatment. Furthermore, the peaks of Nano-ZnO, 
ZnO@BC and ZnO-Fe@SC around 3439 cm−1 are attrib-
uted to the O–H bond, where a decrease was observed in 
the intensity of the broad band.

The XPS survey spectrum of ZnO-Fe@SC mainly 
includes C, O, Fe and Zn, as shown in Additional file 1: 

Fig. S1. In Fe 2p spectrum (Fig. 2a), the binding energies 
at 711.88 eV and 725.38 eV correspond to Fe 2p 3/2 and 
Fe 2p 1/2, respectively (Du et  al. 2018). The Fe 2p peak 
can be deconvoluted into four peaks, namely, Fe (III) 
(711.88 eV, 715.68 eV, 725.38 eV) and Fe (II) (719.38 eV) 
(Wan et al. 2017). This further indicates that Fe3O4 plays 
a ferromagnetic role in ZnO-Fe@SC, which is consistent 
with XRD analysis. The C 1s spectrum (Fig. 2b) located at 
284.78 eV, 286.08 eV, and 289.01 eV correspond to C–C, 
C–O and C=O functional groups, respectively (Yan et al. 
2020). From the Zn 2p spectrum (Fig. 2c), the Zn 2p 1/2 
and Zn 2p 3/2 can be found to appear at 1045.48 eV and 
1022.28  eV (Hu et  al. 2020), indicating that the addi-
tion of Fe3O4 does not change the chemical properties 
of Nano-ZnO. In the O 1s spectrum (Fig. 2d), the peaks 
at 530.88  eV, 532.08  eV and 532.48  eV are attributed to 
O–H, C–O and C–O–ZnO bond, respectively (Song 
et al. 2020). In particular, the existence of C–O–Zn bond 
further proves the successful loading of Nano-ZnO onto 
biochar.

3.2 � Optical properties
UV–Vis DRS spectra show that Nano-ZnO exhibited  a 
maximum absorption edge at 388–390  nm, which is 
consistent with the previous research results (Liu et  al. 
2019a, b), as shown in Fig.  3. The absorption spectraof 
ZnO-Fe@SC and ZnO@BC exhibited significant broad-
ening owing to the influence of S. alterniflora biochar. 
The Tauc plot method is used to calculate the band gap 
energy of photocatalysts (Kaliraj et al. 2019), which pro-
vides theoretical support for the possible photocatalyst 
reaction mechanism. As shown in the Fig. 3b, the band-
gap of ZnO-Fe@SC (2.39 eV) was reduced as compared 
to Nano-ZnO (3.18  eV). This is possible due to interac-
tion of S. alterniflora biochar with the bimetal caus-
ing surface defect states   and the formation of Zn–O–C 

Fig. 1  a XRD patterns (a) and FTIR patterns (b) of Biochar, Nano-ZnO, ZnO@BC and ZnO-Fe@SC
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bonds within ZnO-Fe@SC (Samadi et  al. 2012). During 
the photocatalytic process, electrons in the valence band 
of the catalyst are activated and transferred to the con-
duction band under the influence of light, thereby pro-
ducing electron-hole pairs. Hence, the smaller bandgap 
of ZnO-Fe@SC is beneficial for enhancing the electron 

transfer to generate radicals (Yao et  al. 2015). Com-
pared with ZnO@BC, the band gap energy of ZnO-Fe@
SC  was smaller, which indicates that the addition of Fe 
ion  increased the ability of the photocatalyst to drive 
the photogenerated electron transition. Furthermore, it 
can be obtained by empirical equation (Chen et al. 2012) 

Fig. 2  XPS spectrum of ZnO-Fe@SC

Fig. 3  UV–Vis spectra (a) and optical band gap energies (b) of Biochar, Fe3O4, Nano-ZnO, ZnO@BC and ZnO-Fe@SC
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that the EVB potentials of Nano-ZnO and Fe3O4 were 
2.89 and 1.38  eV, respectively. Whereas the ECB poten-
tials of Nano-ZnO and Fe3O4  were − 0.29 and 1.23  eV, 
respectively.

The PL spectra revealed that the peak intensities of 
ZnO@BC and ZnO-Fe@SC significantly decreased as 
compared to the Nano-ZnO, as shown in Fig. 4. A lower 
PL intensity indicates that the modified composite has 
better charge separation and lower recombination rate 
of charge carriers, which is attributed to the presence 
of the S. alterniflora biochar. Additionally, the presence 
of an emission peak at about 468 nm of ZnO-Fe@SC is 
ascribed to the addition of Fe3O4 in the photocatalyst 
(Liu et al. 2019a, b).

3.3 � Morphology and textural property
According to the classification of IUPAC, the adsorption 
of ZnO-Fe@SC followed a type IV isotherm, which indi-
cates that the composite is a mesoporous adsorbent, as 
shown in Additional file  1: Fig. S2a. When the pressure 
p is less than the saturation pressure P0, the absorption is 
related to the filling of the micropores, and the isotherm 
has an upward convex trend. When P/P0 ˃ 0.4, an H4 type 
hysteresis loop is generated due to the metastable state 
of adsorption. This phenomenon indicates that ZnO-
Fe@SC had a certain number of slit pores (Zhang et  al. 
2020b). H4 hysteresis loops usually exist in aggregated 
crystals of micro-mesoporous carbon, which is related to 
S. alterniflora biochar. The pore size distribution curve of 
ZnO-Fe@SC in Additional file  1: Fig. S2b indicates that 
the pore diameter ranged  mostly of 10 and 40  nm. The 
pore volume of ZnO-Fe@SC  was 0.120 cm3g−1 and the 
specific surface area was 215.82 m2/g. ZnO-Fe@SC had a 
higher specific surface area mainly due to KOH produced 
by the carbonization of K2FeO4 in the precursor material. 
KOH can be used to activate the surface of S. alterniflora 
biochar to form pores. In addition, another reason why 

ZnO-Fe@SC had a higher specific surface area may be 
the existence of an inter-particle area between ferromag-
net particles located on biochar (Zubrik et al. 2022).

The surface morphology and microstructure of ZnO-
Fe@SC were analyzed by SEM, TEM, as shown in Fig. 5. 
SEM images show that S. alterniflora biochar  exhib-
ited a porous structure, as shown in Fig. 5a. This is due 
to the removal of volatile substances during pyrolysis 
process (200 ℃ for 30 min) and the role of KOH activa-
tor produced by K2FeO4. The porous structure can sup-
port loading of Nano-ZnO and Fe3O4, which assembles 
to form a heterostructure. A larger specific surface area 
and abundant pore structure can provide attachment and 
reaction sites to capture organic pollutant molecules. It 
can be seen from Fig. 5b, c that most of Fe3O4 grows in a 
disorderly rod-shaped manner on the surface of biochar. 
The sizes of Nano-ZnO particles were found to be in the 
range of 28–45  nm. Furthermore, Nano-ZnO exhibits a 
uniform 3D spherical structure and is well dispersed in 
the biochar carrier. This shows that the incorporation 
of the ferromagnetic ore does not affect the growth of 
Nano-ZnO during the synthesis process. Specially, the 
surface functional groups of S. alterniflora biochar can 
affect the crystal morphology of Nano-ZnO (Miao et al. 
2017). The microscopic morphology of ZnO-Fe@SC 
obtained by high-resolution TEM (HRTEM) indicates 
the appearance of high-quality  crystals with neat lattice 
fringes, as shown in Fig.  5(d–e). The presence of two 
distinct interlocking lattices  of 0.260  nm and 0.253  nm, 
belonging to the ZnO crystal (002) and Fe3O4 crystal 
(311), respectively, confirms the formation of heterojunc-
tions. In Fig.  5e, the S. alterniflora is mostly composed 
of amorphous carbon representing numerous frosted 
folds in the TEM images. Moreover, Nano-ZnO is well 
dispersed in S. alterniflora biochar with a near spheri-
cal shape, whereas Fe3O4 exhibits rod-like shapes, which 
is consistent with SEM images. Furthermore, the SAED 
pattern revealed  the polycrystalline nature of the com-
posite photocatalytic material, as shown in Fig.  5f. The 
EDS mapping  demonstrated that C, Fe, Zn, and O, all 
exist in the photocatalyst and are evenly dispersed, as 
shown in Fig. 5g–k.

3.4 � Photocatalytic degradation performance
The photocatalytic performance of ZnO-Fe@SC was 
assessed by applying it in the degradation of MG. Fig-
ure  6a shows that the introduction of ZnO-Fe@SC 
resulted in a faster degradation as compared to Nano-
ZnO and ZnO@BC in the dark reaction. This is attributed 
to the larger pore volume and surface area of ZnO-Fe@
SC. Under dark conditions, the main degradation path-
way is adsorption, since the catalyst has no access to 
external energy. Under illumination, the concentration of Fig. 4  PL spectra of Nano-ZnO, ZnO@BC and ZnO-Fe@SC
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MG solution with ZnO-Fe@SC catalyst decreased faster 
than ZnO@BC, which may be related to the Fe3O4. The 
addition of Fe ion in composite photocatalyst has shown 
to greatly improve the electron transfer ability (Eltaweil 
et al. 2020).

The total removal rate of MG using ZnO-Fe@SC was 
99.14% after 1  h of illumination. Analysis of degrada-
tion performance of MG by different addition amounts 
of ZnO-Fe@SC (Fig. 6b) showed that the catalyst dosage 
of 0.05  g had  a slightly higher photocatalytic degrada-
tion rate than 0.04 g with a 99% degradation rate of MG. 
High doses were not desirable due to shielding and light 
scattering effects, which can limit the utilization of light 
sources. In addition, the degradation rate increased when 
the addition amount was in the 0.02–0.04  g range. Fig-
ure  6c shows that the removal rate dropped  to 91.27% 
when the MG concentration was 300  mg L−1. This is 
mainly attributed to the rapid equilibration of active sites 
in ZnO-Fe@SC composites at high concentrations, which 
hinders the electron transfer in ZnO-Fe@SC. Further, the 
decrease of solution transmittance leads to the decrease 
in the MG removal efficiency. The time distribution of 

the pseudo-first-order kinetic curve of photocatalytic 
degradation of MG (Fig. 6d) demonstrated that the pho-
todegradation efficiency and reaction rate were related to 
the pseudo-first order kinetics. Particularly, the k value of 
ZnO-Fe@SC was higher than that of Nano-ZnO, showing 
high UV–Vis photocatalytic activity (Tang et al. 2018). In 
addition, from the UV–Vis spectra (Additional file 1: Fig. 
S3) it can be seen that the characteristic peak intensity 
of MG gradually decreases with the degradation process 
due to the photocatalytic degradation of ZnO-Fe@SC.

3.5 � Radical scavenging experimental analyses
ROS trapping experiments can detect whether active 
substances participate in the degradation and also 
identify the involved ROS. As shown in Additional 
file 1: Fig. S4, the degradation efficiency of MG wassig-
nificantly reduced when BQ and FA were added in the 
photocatalytic degradation process. The degradation 
rates  were only 7.83% and 2.11% after 60  min of illu-
mination. Introducing DMSO showed a slight effect on 
the degradation efficiency, indicating that photo-gen-
erated holes (h+) and superoxide radicals (·O2−) played 

Fig. 5  FE-SEM images of ZnO-Fe@SC (a–c), the TEM (d–e), SAED pattern(n), and EDS mapping (g–k) of ZnO-Fe@SC
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main roles in the degradation process, while (·OH) 
hardly contributed in this experiment.

3.6 � Magnetic recovery cycle experiment
As shown in Fig. 7a, the saturated magnetization (MS) 
of ZnO-Fe@SC  reached up to 22.13 emug−1, exhibit-
ing ferromagnetism. This phenomenon is attributed 
to the addition of K2FeO4 during the synthesis, which 

Fig. 6  a The removal rate of MG on Nano-ZnO, ZnO@BC and ZnO-Fe@SC under visible light irradiation. b Different dosage of ZnO-Fe@SC for the 
photocatalytic degradation of MG (200 mg/L). c Performance of ZnO-Fe@SC (0.4 mg/mL) for the photocatalytic degradation of MG under different 
concentrations. d First-order kinetics of ZnO-Fe@SC for photocatalytic degradation of MG

Fig. 7  a VSM spectrum of ZnO-Fe@SC. b Cycling experiments
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is pyrolyzed into activator (K) and catalyst (Fe ions) at 
high temperatures. The reaction process is described as 
follows:

Meanwhile, Fe (OH)3 is converted to Fe3O4 at 
high temperatures described as:

The excellent ferromagnetic properties of the synthe-
sized ZnO-Fe@SC are beneficial to the separation of 

(3)
4K2FeO4 + 10H2O → 8KOH+ 4Fe (OH)3 + 3O2

(4)Fe (OH)3 → FeO (OH)− Fe2O3

(5)
3Fe2O3 + (H2, C, CO) → 2Fe3O4 + (H2O, CO, CO2)

composite photocatalysts from aqueous solutions. The 
degradation rate of MG by ZnO-Fe@SC  remained above 
98.50% after 5 cycles (Fig. 7b), indicating that ZnO-Fe@
SC had excellent stability and reusability.

3.7 � Analysis of degradation products
In the photocatalytic degradation experiments of MG 
using ZnO-Fe@SC, the decolorization rate of the end 
product of MG degradation reached 99.14%. However, 
the existence of MG leucocarbinol, which is the non-
ionic colorless form of MG in aqueous solution, needs 
to be considered as well (Chen et  al. 2007). MG leuco-
carbinol can diffuse rapidly into the cell membrane and 
has stronger toxicity, so it is necessary to carefully ana-
lyze the products of MG by LC-ESI-MS (Fig. 8). Analysis 
showed that product “a” at the m/z value of 329 is MG. 

Fig. 8  LC–MS analysis of degradation pathway of MG by ZnO-Fe@SC
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Product “b” (301) is the product “a” with two methyl 
groups removed, which containstwo molecular formulae. 
Product “c” (273) is a result of undocking of the other two 
methyl groups, whereas product “d” (212) is result of the 
fracture of one benzene ring. Product “e” (114) contains 
two formulae due to the cleavage of the bond between the 
two benzene rings and the removal of one methyl group. 
The structure of the benzene ring has been destroyed in 
product “f” (59). Based on these intermediates, the pos-
sible photocatalytic degradation of MG by ZnO-Fe@SC 
is proposed. First, radicals generated by ZnO-Fe@SC, 
which were attacked the N, N-dimethyl position, induce 
the reactions such as demethylation and even deamina-
tion. But the chromophore structure is not destroyed. 
Then, radicals attack the central carbon, resulting in the 
decomposition of the conjugated structure. Finally, the 
benzene ring removal and ring opening reaction are car-
ried out to degrade MG organic dye into small molecules.

3.8 � Photocatalytic mechanism
The MG degradation experiments showed that pho-
tocatalytic performance of biochar-bimetallic pho-
tocatalyst  was significantly better than that of 
biochar-semiconductor catalyst and bare semiconduc-
tor materials, which is consistent with previous studies 
(Yong et  al. 2015). Based on the experimental results, 
the possible mechanism for the photodegradation of MG 
solution by ZnO-Fe@SC was deduced. ZnO-Fe@SC has 
larger specific surface area and abundant pores that can 
provide sufficient active reaction sites (BET) under dark 
reaction conditions. Under visible illumination, when 
the ZnO-Fe@SC heterostructure absorbs energy, the 
photo-generated electrons of Nano-ZnO easily and rap-
idly transfer to the CB of the surface of Fe@SC. This is 
based on the calculation result of EVB and ECB. Since S. 
alterniflora biochar has good electrical conductivity, the 
conduction band (CB) energy of Nano-ZnO is not suffi-
cient to reduce O2 to ·O2−. This is because the CB poten-
tial of Nano-ZnO  (– 0.29  eV/vs. NHE) is lower than E0 
(O2/·O2−) (– 0.33  eV/vs. NHE). The ·O2− is more likely 
to be generated on the surface of Fe@SC. The PL spec-
tra showed that ZnO-Fe@SC had a lower e−/h+ charge 
carrier recombination rate. This indicates that the holes 
(h+) leaving the valence band and the reduced ·O2− are 
the dominant active radicals, which is consistent with the 
radical scavenging experiment. Two kinds of active radi-
cals, ·O2− and photoexcited holes (h+), together degrade 
MG molecules in solution into small molecules by dem-
ethylation, deamination, destruction of the conjugated 
structure, removal of benzene ring and ring-opening 
reactions (LC–MS).

4 � Conclusion
In summary, ZnO-Fe@SC heterostructure was success-
fully synthesized using the simultaneous magnetized 
carbonization method with the invasive alien spe-
cies S. alterniflora, endowing its magnetic and photo-
catalytic properties, which is more energy-saving and 
high energy efficiency compared with the traditional 
two-step synthesis strategy. The prepared ZnO-Fe@
SC exhibited high degradation efficiency for MG, 
which  could reach up to 99.14% in 60  min, and  could 
still maintain good performance after 5 cycles of use. 
ZnO-Fe@SC could degrade MG into small molecules 
by demethylation, deamination, and ring-opening reac-
tions. The bimetals (Zn-Fe) of ZnO-Fe@SC endowed 
it with a heterogeneous structure, which could lower 
the recombination rate of charge carriers (e−/h+) and 
enhance the intensity of photogenerated electron 
transition, thus improving the photocatalytic activity. 
Therefore, ZnO-Fe@SC is an  environmentally friendly, 
low-cost and highly efficient photocatalyst, which has 
enormous potential in the treatment of dye wastewater, 
and also provides new insights for high-value utiliza-
tion of invasive species of plants such as S. alterniflora.
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