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Abstract

A visible-light-driven bio-templated magnetic copper oxide (CuO/C/Fe;0,) photocatalyst was prepared via modifying poly-
hedral magnetite nanoparticles with porous bio-templated copper oxide for the heterogeneous photo-Fenton degradation of
methylene blue illuminated by visible light. The synthesized composite was subsequently characterized by X-ray diffraction
analysis, thermally gravimetrically analysis, Fourier transform infrared analysis, X-ray photoelectron spectroscopy, Field-
emission scanning electron microscopy, energy dispersive spectrometry, and vibrating sample magnetometer techniques to
reveal the presence of hybrid particles in the composite matrix and the existence of iron oxide and copper oxide phases. The
effects of many parameters, including the initial concentrations of dye and hydrogen peroxide (H,0,), catalyst dosage, initial
pH of the solution, and the effect of added electrolytes on the dye's degradation efficiency, have been researched. The findings
indicated that the dye could be successfully degraded over a wide pH range within a reaction time of 90 min, corresponding
to about 98.5% dye removal and 87% reduction of the initial total organic carbon. The improved hydroxyl radicals (*OH) and
superoxide radicals ("°*O,) production efficiency and the ferric ions (Fe**)/Ferrous ions (Fe?*) redox cycle were occasioned
by the visible light-assisted heterogeneous Fenton process catalyzed by the synthesized bio-templated magnetic copper oxide
(CuO/C/Fe;0,) composite in the high degradation efficiency. In addition, the synthesized bio-templated magnetic copper
oxide (CuO/C/Fe;0,) composite was reused consecutively five times with a loss of only 5% of their original degradation
efficiency and can be recovered from the aqueous medium by the influence of a magnetic field while maintaining chemical
stability.
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Introduction

Vast amounts of wastewater effluents containing potentially
hazardous materials such as antibiotics, dyes, pesticides, and
other organic contaminants that are released from the indus-
tries have caused severe environmental concerns in recent
years. Many of these pollutants are toxic and not readily
biodegradable, causing harm to aquatic life as well as human
health (Alani et al., 2021). Therefore, industrial wastewater
containing these contaminants needs to be treated prior to
discharge into bodies of water (Xu et al. 2014; Chai et al.
2016; Reza et al. 2017). Among these pollutants, Methylene
Blue (MB) dye is a complex structured synthetic aromatic
compound that is used to color cotton, paper, silk, leather,
cosmetics, and wood (Benabbas et al. 2020; Chauhan et al.
2020). MB in water can absorb a significant amount of sun-
light, preventing aquatic organisms from developing and
lowering dissolved oxygen levels (Acedo-Mendoza et al.
2020). Adsorption, chemical coagulation, sedimentation,
and the advanced oxidation processes (AOPs) are among
the technologies being developed to eliminate these con-
taminants from wastewater (Chauhan et al. 2020). Among
these technologies, AOPs are practical and efficient methods
for degrading contaminants present in industrial wastewa-
ter. In this process, hydroxyl radicals (*OH) are generated,
which accelerate and non-selectively oxidize most organic
contaminants (Yao et al. 2015; Chai et al. 2016; Sharma
et al. 2020). The Fenton process, among AOPs, has gotten
more attention because of its excellent oxidation efficiency,
accelerated oxidation kinetics, and simplicity of applica-
tion (Kumar et al. 2019; Shao et al. 2020). In the Fenton
process, ferrous ions (Fe**) combine with hydrogen perox-
ide (H,0,) to yield hydroxyl radicals (*OH), which in turn
oxidize organic contaminants into CO,, H,O, and other less
harmful by-products (Sum et al. 2005; Cetinkaya et al. 2018;
Zhu et al. 2019). The production rate constant of ferrous
jons (Fe?*) via ferric ions (Fe**) reduction in the homogene-
ous Fenton phase has been defined as particularly slow (Shi
et al. 2018; Yu et al. 2019a). Resolving the disadvantages
mentioned above, UV and visible light have been used to
irradiate the Fenton process, which improves the genera-
tion of Fe?* from Fe** in the presence of H,0, and leads to
a higher yield of *OH, improving the process efficiency for
removing organic contaminants from aqueous solutions (Li
et al. 2017; Phan et al. 2018; Qian et al. 2018).

Numerous iron-based compounds, such as magnetite
(Fe;0,) and ferrites, have been investigated for their effec-
tiveness and ease of removal from the water system for
the Fenton process. Magnetite is a cubic iron-containing
metal oxide, with fifty percent of the Fe** occupying all
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tetrahedrons sites and all Fe>* occupying the octahedral sites
(Nguyen et al., 2017). The surface energies related to vari-
ous crystallographic facets in a face-centered cubic crystal
were in the range {110} > {100} > {111} (Wang 2000). In
the catalytic process, the crystal with the high-energy {110}
plane outperformed the crystal with the low-energy {100
or 111} plane because the high-energy plane had a higher
density of low-coordinated atoms and a higher density of
active surface sites (Wang 2000). To put it another way, the
higher the catalyst's catalytic efficiency, the more the ratio
of accessible high-energy {110} plane (Cheng et al. 2014).
Most face-centered cubic crystals had exposed surfaces with
{100} or {111} low-energy facets which is a typical charac-
teristic of conventional spherical Fe;0, NPs resulting in low
catalytic activity. As a result, improving magnetite (Fe;0,)
NPs' catalytic efficiency requires ramping up the number
of accessible {110} surface areas. There are two main
approaches for the number of accessible {110} high-energy
surfaces to be increased across all the exposed surfaces in
face-centered cubic crystals. One approach utilizes a media-
tor surface structure (examples of the mediators are oxy-
gen, surfactants, or halides), which may selectively attach
or maintain high-energy surfaces, and the other approach
uses a more accurate electrochemical methodology to pro-
duce high-surface-energy metal nanocrystals (Cheng et al.
2014). Zhao et al. utilized the hydrothermal approach for
the production of rhombic dodecahedral Fe,O, nanocrystals.
They discovered that these Fe;O, nanocrystals with exposed
{110} facets had greater photocatalytic performance than
spherical Fe;O, NPs confined by {100} facets, this they
attributed to increased surface energy instead of specific
surface area (Cheng et al. 2014). Guopeng et al. also syn-
thesized polyhedral Fe;O, nanoparticles with a high-energy
facet of {110} via a hydrothermal method. The efficiency of
degradation of polyhedral Fe;O, nanoparticles catalyzed the
Ultraviolet (UV)-Fenton system within 60 min of reaction
was 96.7%, significantly much higher compared to spherical
Fe;O4 NPs under the same conditions operating condition
(Zhu et al. 2019). As a result, it is evident that successfully
synthesizing polyhedral Fe;O, NPs with high-energy {110}
facets would aid in enhancing the effectiveness of important
properties, including photocatalytic degradation efficiency.
The acidic working pH of 3.0 and the use of high Fe con-
tent (50-80 ppm) have limited the use of polyhedral Fe;0,
NPs. Furthermore, considerable volumes of ferric (Fe**)
hydroxide sludge is deposited after pH change when the
experiment is terminated, necessitating additional handling
concerns (Xu et al., 2014; Kumar et al. 2019). Addition-
ally, the anisotropic dipolar attraction effect causes Fe;O,
nanoparticles to easily aggregate in an aqueous solution,
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reducing their sorption ability (Zhou et al. 2017; Kumar
et al. 2019). This aggregation arises from the accelerated
recombination of photogenerated electrons and holes, which
is a significant variable that can lower the efficiency of the
photo-Fenton oxidation process (Jalaludin et al. 2015; Ben-
abbas et al. 2020). Heterogeneous photo Fenton processes
with immobilization of iron on solid catalysts can efficiently
facilitate the destruction of organic pollutants at neutral or
near-neutral pH, and this is advantageous compared to the
homogeneous process for in situ remediations of polluted
water (Tatarchuk et al. 2018; Sharma et al. 2020). Research-
ers have been concentrating their efforts on developing new
heterogeneous Fenton-like catalysts by immobilizing Fe;0,
nanoparticles on different solid supports to prevent both
aggregation and ease of photogenerated electrons and hole
recombination effects by enhancing good catalytic efficiency
and high stability. Numerous research approaches for using
carbon as a support for semiconductor photocatalysts are
being advanced and applied, with some researchers speculat-
ing that composite products of porous carbon materials and
metal oxide photocatalysts could generate multiple active
sites for catalytic degradation. (Zhao et al. 2012a; Guo et al.
2019). The performance of porous carbon loaded with mag-
netic metal has been studied by most researchers from dif-
ferent perspectives (Xiao et al. 2021). According to certain
research, carbon, coupled with serving as an adsorbent or
support, can operate as a sensitizer, transferring electrons
to semiconducting materials and initiating the creation of
powerful oxidizing radicals to boost semiconductor catalytic
performance for target reactions (Gao et al. 2016a; Yu et al.
2019b). This may explain why the combination of carbon-
loaded semiconductors' photocatalytic operation has been
extended toward the visible region (Wang et al. 2005; Woan
et al. 2009; Jiao et al. 2016; Juang et al. 2018). Among car-
bon supports WITH wide properties, biomass is the most
extensively researched renewable carbon source. The advan-
tages of biomass include low cost, abundant availability, and
being environmentally benign (Santoso et al. 2020; Has-
san and Carr 2021). Carbon, which can be obtained from
biomass via hydrothermal or calcination processes, can be
utilized as a substrate to allow metal particles to grow in a
dispersed form on their surfaces, enhancing stability and cat-
alytic efficiency. Carbon also acts as an adsorbent, attracting
contaminants to the photocatalyst; additionally, rather than
aggregating on the photocatalyst, excited electrons can be
drifted away by carbon, reducing the likelihood of electrons
and holes recombination and extending the lifetime of pho-
togenerated electrons (Trogadas et al. 2014; Zhu et al. 2016).
Zhai et al. used ferric citrate to synthesize magnetic ordered
mesoporous carbon successfully in a "one-pot" process. The
adsorption efficiency of fuchsin-based dye from an aque-
ous medium was significantly improved by the as-prepared
magnetic-ordered mesoporous carbon composite (Zhu et al.

2016). Nailing et al. used a solvothermal method to fabricate
a double conductive bio-templated magnetic bismuth oxide
(C/Fe;0,/Bi,05) composite using corn cob biomass as the
carbon source. Because of the strong double conductivity,
electrons easily migrated from Bi,05 to C/Fe;0,, prevent-
ing the holes-electrons pairs from recombination. The dou-
ble conductivity essentially stopped electrons from flowing
backward to Bi,O;. As a result, the degrading rate of the C/
Fe;0,/Bi,0; composite catalyst was 91%, substantially more
than either Fe;O, or Bi,O; (Gao et al. 2016b).

Combining Fe;0, nanoparticles with visible-light active
metal oxides is another technique to boost photocatalytic
efficiency and extends the Fenton catalyst's effectiveness into
the visible region (Douglas et al. 2016; You et al. 2019).
Among the visible-light sensitive, active metal oxide, copper
oxide (CuO), a p-type metal oxide having a narrow bandgap
of 1.7 eV, rich earth-abundant matter, low cost, and non-
toxic, has increasingly gained considerable vital attention
due to its electrical, magnetic, optical, and photocatalyst
characteristics (Yin et al. 2015; Sakar et al. 2016; Kshirsagar
et al. 2017). When a p-type semiconductor like CuO and an
n-type semiconductor like Fe;O, are combined, a p-n type
heterojunction is formed, decreasing photogenerated elec-
tron—hole recombination rates (Zhao et al. 2012b; Benabbas
et al. 2020).

In this work, we synthesized CuO/C/Fe;0, composite
photocatalyst by a two-step procedure using pyrolysis and
hydrothermal methods. Sunflower stalk was employed as
the biomass carbon source on which CuO and Fe;0, are
templated. Methylene Blue (MB) dye was selected as the
model pollutant to assess the catalyst's photon-Fenton-like
activity illuminated by visible light. The ratio of CuO and
Fe;0, was varied to establish the optimum combination ratio
that will give the best removal percent of the pollutant. The
effect of the following parameters, catalyst dosage, initial
dye concentration, initial pH, initial concentration of H,0,,
and inorganic salts, on the pollutant removal percent, was
also investigated. The degradation mechanism was explored
to identify the principal active species liable for eliminating
the pollutant.

Materials and methods
Reagents and materials

Dry sunflower stalk was collected from Changchun, China.
Copper sulfate pentahydrate (CuSO,.5H,0), ferrous sul-
fate (FeSO,e7H,0), sodium thiosulfate pentahydrate
(Na,S,0;e5H,0), sulfuric acid, ethanol, silver nitrate
(AgNOs), formic acid, p-benzoquinone (BQ), and tert-Butyl
alcohol (TBA), were bought from Sinopharm Chemical Rea-
gent Co. Ltd. Sodium hydroxide (NaOH), and Hydrogen
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peroxide 30% (H,0,), was bought from Beijing Chemical
Works. Methylene blue (MB) was purchased from Genview
Scientific Inc. The chemicals were utilized without any fur-
ther purification.

Catalyst synthesis and characterization

Synthesis of bio-templated copper oxide
from Copper sulfate pentahydrate and sunflower
stalk

Sunflower stalk (1-2 mm) was treated at 80 °C with 5%
ammonium hydroxide solution for 5 h, after which it was fil-
tered and rinsed severally with distilled water before drying
for 24 h at 60 °C. After that, some predetermined quantity
of the ammonium hydroxide treated Sunflower stalk was
immersed in a beaker containing CuSO,.5H,0 solution
(80 mM), then added NaOH solution (10 mM); the tem-
perature was raised and maintained at 60 °C for a day. After
24 h, the sunflower stalk-loaded CuO composite was washed
thoroughly utilizing distilled water, followed by finally dry-
ing at 60 °C. The dried sunflower stalk-loaded CuO compos-
ite was then calcined for 5 h at 550 °C in a tube furnace, at
a heating rate of 1 °C/min in a nitrogen atmosphere to form
the bio-templated Copper Oxide (CuO/C).

Synthesis of magnetite nanoparticles from ferrous
sulfate and sodium thiosulfate pentahydrate

The hydrothermal method was utilized to synthesize poly-
hedral Fe;0, NPs by introducing ferrous sulfate as a starter
material (Zhu et al. 2019). Briefly described, to a jacket-
glass beaker (100 mL), 2.78 g ferrous sulfate (FeSO,e7H,0)
and 2.48 g sodium thiosulfate pentahydrate (Na,S,0;05H,0)
were steeped into a 30 mL distilled water, respectively, and
0.8 g sodium hydroxide was steeped into 20 mL distilled
water in a 50 mL jacket-glass beaker, which was transferred
to the pre-beaker and agitated for about 2 min. Subsequently,
the mixture was placed into a 50 mL Teflon-lined autoclave,
sealed, and heated for 12 h at 140 °C followed by cool-
ing naturally. After that, the black precipitate was carefully
rinsed and dried for 2 h in a vacuum oven at 60 °C.

Synthesis of bio-templated magnetic Copper Oxide
(CuO/C/Fe;0,) by hydrothermal method

CuO/C/Fe;0, was also synthesized utilizing the hydrother-
mal methodology. To a 30 mL of distilled water, 1.39 g
of synthesized bio-templated Copper Oxide, 1.39 g of
FeS0O,.7H,0, and 1.24 g of NaSO,.5H,0 were dissolved.
The mixture was stirred for 10 min, followed by adding 0.4 g
of NaOH solution in drops with vigorous magnetic stirring.
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After that, the mixture was agitated for another 5 min before
placing it in a Teflon-lined autoclave (50 mL). The Teflon-
line autoclave was then sealed, and the temperature was
raised to 140 °C for 12 h and cooled naturally to 24 oC. The
resultant residue bio-templated magnetic Copper Oxide
(CuO/C/Fe;0,) was rinsed with distilled water followed by
drying at 60 °C in a vacuum. The synthesized bio-templated
CuO and Fe;O, ratios were varied in the catalyst in the ratio
of 1:1, 2:1, 1:2, and 1:3, respectively.

Catalyst characterization

The crystalline phases of all the synthesized powder were
studied using X-ray diffraction analysis (XRD), which
was measured using a Rigaku D/Max 2550 diffractometer
(Rigaku Corporation, Japan) with a Cu-ka radiation source
(k=1.54056) at 10° min~' scan rate. In the range of 4000-
400 cm™!, Fourier Transforms Infrared Analysis (FTIR)
(Nexus 670, Nicolet, USA) was utilized to identify func-
tional groups. The samples were Thermally Gravimetrically
Analyzed (TGA) using an SDT Q600 thermal gravimetric
analyzer (TA Instruments, USA) ranging from 24 oC to
800 °C at a 10 °C min~! ramping rate under air. The synthe-
sized powder composite's elemental analysis was done by
X-ray photoelectron spectroscopy (XPS, ESCA LAB 220-
XL, Al Ka radiation). The synthesized powder morphol-
ogy and the elemental compositions were analyzed on the
XL-30 ESEM FEG scanning electron microscope, SEM, and
Energy Dispersive Spectrometry (EDS). At room tempera-
ture, the magnetic characteristics of the composites were
examined utilizing the Lakeshore 735 Vibrating Sample
Magnetometer (VSM).

Photocatalytic activity measurement

The degrading of the aqueous MB solution with the addi-
tion of Hydrogen peroxide (H,0O,) illuminated by visible
light was used to assess the photo-Fenton catalytic effective-
ness of the prepared CuO/C/Fe;O, composite. To achieve
the adsorption—desorption equilibrium, 100 mL of 50 mg/L
MB solution was mixed with 0.1 g of catalyst and agitated
in the dark for 30 min. The degrading reaction was started
by adding 15 mM of H,0, (30 wt %) aqueous solution under
the illumination of visible light (100 W Xenon lamp was uti-
lized as the illumination source, wavelength (A) =420 nm).
3 mL aliquots were collected at regular intervals and filtered
promptly with 0.45 pm membrane filters. Using a UV-Vis
spectrophotometer (SOPTOP 757), the concentration of resi-
due MB was determined by analyzing the residue at 665 nm.
After the reaction, the catalyst was retrieved by applying an
external magnetic bar. The experiments were carried out
three times, and the mean values with standard deviation
were presented. Five consecutive cycles of the experiments
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were performed to assess the photocatalyst's stability and
recyclability, with each cycle spanning 90 min. The calcula-
tion to determine the degrading percentage of MB from the
aqueous solution was done using Eq. (1) in each process.

The percentage removal of MB(%) = COC_ CtX 100 (D)
0
Co and Ct were the initial MB concentration at time t=0

and at time t, respectively.

Results and discussion
X-ray diffraction analysis (XRD)

The crystal phases of the prepared CuO, Fe;0, and CuO/C/
Fe;0, were studied utilizing X-ray diffraction analysis. As
revealed in Fig. 1 (a). the diffraction peaks of Fe;O, was
indexed at 20 =30.1 (220), 35.5 (311), 43.1 (400), 53.2
(422), 57.0 (511), and 62 (440) corresponding to Joint Com-
mittee on Powder Diffraction (JCPDS) card number (JCPDS
No. 75—0033) (Ghasemi et al. 2020). According to XRD
peak area calculations, the percentage of the {110} facets
in a single polyhedral Fe;O, NPs crystal was around 37.7%,
which was consistent with what modeling predicted. The
CuO/C/Fe;0, XRD patterns with varied CuO and Fe;0,
compositions include not only the distinctive Fe;0, diffrac-
tion peaks but also the typical peaks of monoclinic CuO
(JCPDS No. 75—1517) Fig. 1. (b.) The CuO/C/Fe;0O, peak
at 35.5° was correlated to both the CuO phase's (-111) plane
and the Fe;O, phase's (311) plane (Fig. 1. (b), indicating the
presence of CuO/C/Fe;0, heterojunctions (Tian et al. 2016).
However, the presence of porous bio-templated CuO in the
composite enhances the sensitivity of the modified Fe;0,
NPs in the visible light region.

Fourier transforms infrared (FTIR) analysis

Figure 2 depicts the FTIR spectra of Fe;O,, CuO/C, and
CuO/C/Fe;0,. The FTIR spectrum of Fe;0, nanoparticles
contains three main peaks of significance: 585, 1637, and
3413.73 cm™!, which correspond to Fe—O bonds in the
crystal lattice of Fe;O, C-H bonds, and O-H bonds, respec-
tively. The presence of the C-H and O-H bonds is most
likely due to the usage of water and ethanol during synthe-
sis; this finding was confirmed and published (Yang et al.
2010; Takai et al. 2019). CuO/C displays a sharp band at
roughly 681 cm™, traceable to the Cu—O stretching mode,
and 1619 em™!, which is associated with the C-H band, indi-
cating that carbon is present as the organic framework sup-
porting the CuO nanoparticles. The CuO/C lattice stretching
water molecules cause broadband at 3313.31 cm™! in the
CuO/C framework. The major bands of 581, 675, 1631, and
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3500-3100 cm™" in the spectrum of CuO/C/Fe;0, corre-
spond to Fe—O of Fe;0,, Cu-O of CuO, C-H of CuO organic
framework, and O-H of inherent and adsorbed water mol-
ecules, respectively. Therefore, the preparation of CuO/C/
Fe;0, nanoparticles is also confirmed by the FTIR study.

Thermogravimetric analysis (TGA)

TGA was utilized to assess the carbon content of the CuO/C/
Fe;0, composite. To estimate the carbon content in CuO/C/
Fe;0,, a thermogravimetric analysis was performed in the
air. The loss of absorbed water is connected to the weight
loss between 100 °C and 280 °C, as shown in Fig. 3. The
oxidation of both CuO and Fe;O, causes weight gain from
280 to 335 °C; prior researchers also saw and documented
this phenomenon (Chai et al. 2016; Li et al. 2017) The oxi-
dation of carbon could be responsible for the weight loss
after 335 °C, indicating that carbon is present in the catalyst
matrix (Sun et al. 2017).

X-ray photoelectron spectroscopy (XPS) analysis

The elemental composition, chemical, and electronic states
of the atoms within CuO/C, Fe304, and CuO/C/Fe304 were
measured using X-ray Photoelectron Spectroscopy (XPS) to
investigate the catalyst surface chemistry. The survey scans
spectral of CuO/C, Fe;0, and CuO/C/Fe;0, are predomi-
nantly made of Fe, O, C, and Cu, respectively, owing to the
charge state of elements presents in Fig. 4a. The existence of
three major elements, Fe, Cu, and O, and an increase in the
intensity of the oxygen peak, were seen in the CuO/C/Fe;0,
heterojunction, indicating that CuO/C/Fe;O, was synthe-
sized. The main elements present in the CuO/C/Fe;O, pho-
tocatalyst are shown in the deconvoluted spectrum (Fig. 4

100

95

90

Weight (%)

85

80

75

T T T T T
100 200 300 400 500 600
Temperature (°C)

Fig.3 Thermogravimetric curve of CuO/C/Fe304
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(b-d)). Figure 4(b) shows the deconvolution of the Cu 2p
XPS spectra into four binding energies: 933.5, 942, 953.6,
and 962.2 eV. Cu 2p;,, and Cu 2p,,, have high-resolution
peaks at 933.5 and 953.6 eV, respectively, indicating that Cu
in the produced CuO/C/Fe;0, photocatalyst is in the oxida-
tion state Cu?* (Taylor-Pashow et al. 2009; Sharma et al.
2020). Two satellite peaks at 942 and 9622.2 eV, attributable
to the d° configuration of Cu?*, were also found, attesting
to the existence of CuO; this result aligned with previously
reported findings (Sun et al. 2018; Uthirakumar et al. 2020).
Figure 4c depicts a typical Fe 2p spectra with two prominent
peaks at 711.2 and 724.5 eV, corresponding to Fe 2p;/, and
Fe 2p,,, spin—orbit split doublets, respectively; the findings
are in agreement with previous research. (Xu et al. 2014;
Li et al. 2017). Furthermore, the binding energy of lattice
and adsorbed oxygen elements is represented by the XPS
deconvoluted spectra of O1s with peaks at 533.3, 531.1, and
530.4 eV Fig. 4 (d) (Li et al. 2017; Sun et al. 2018; Uthi-
rakumar et al. 2020). Furthermore, there was a redshift in
binding energy compared to Cu 2p (Fig. 4b) in their pure and
composite forms, beneficial for light excitation. The redshift
movement was also observed in the Fe 2p Fig. 4c.

field-emission scanning electron microscopy
(FE-SEM) analysis

The synthesized CuO/C/Fe;0, composites were examined
by the FE-SEM to investigate their morphology. Figure 5a
reveals that the CuO particles are compacted packed, simi-
lar to the particles of Fe;O, (Fig. 5b), while in the CuO/C/
Fe;0, composite (Fig. 5c), the structure has been loosened
up because of the hierarchical porous microstructure due
to the presence of the sunflower stalk. Figure 5S¢ shows that
after the template was removed, the CuO/C/Fe;0, sample
maintained the sunflower stalk nest's initial hierarchical
porous microstructure. This porous architecture improves
particle interconnection, minimizes photo-induced hole/
electron recombination, and boosts the adsorption of MB
molecules. The Energy Dispersive Spectrometry (EDS)
analysis was also used to confirm the synthesized catalyst's
elemental compositions. Cu, Fe, C, and O are the predomi-
nant atoms of CuO/C/Fe;0,, with weight percentages of
11.68 percent, 19.51 percent, 42.24 percent, and 23.03 per-
cent, respectively, as seen in Fig. 5d.

Magnetism study

Vibrating Sample Magnetometer (VSM) was utilized to
study the hysteresis loops of Fe;0, and CuO/C/Fe;0, at
300 K, Fig. 6. The saturation magnetization (Ms) value
of the pure polyhedral Fe;0, is ca. 49.2 emu/g, while the
CuO/C/Fe;0O,4 composite is ca. 34.2 emu/g, indicating
the CuO/C/Fe;0, composite is superparamagnetic. The
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2p state (¢), (b—d), and O 1 s state (d)

inclusion of doped non-magnetic CuO and C could explain
the decline in the magnetic property (Feng et al. 2017; Yu
et al. 2018). CuO/C/Fe;0, may be re-dispersed with ease
for reuse, as shown in the Fig. 6 insert, after separating and
manipulations with an externally applied magnetic bar.
As aresult, the separation, recovery, and reuse of CuO/C/
Fe;0, photocatalyst may be aided.

Photocatalytic activity

The photocatalytic effectiveness of the various catalyst sys-
tems on the rate of degradation of (Methylene Blue) MB is
depicted in Fig. 7a. When illuminated with visible light only,
MB is stable, and no noticeable decline in its concentration
was observed (that is, no photolysis of MB was seen) after
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Fig.5 SEM image of CuO (a)
Fe;0, (b) CuO/C/Fe;0, (c) and
EDS Elemental mapping (d)
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Fig.6 Magnetic hysteresis loops of Fe;O, and CuO/C/Fe;0, (1:1)
NPs at 300 K

90 min under visible light illumination without employing
a suitable catalyst Fig. 7a. While in the H,0O,-visible light
system, 37% MB elimination was achieved due to H,0,
photolysis caused by visible light irradiation (H,0, + visible
light — *OH + OH"). Photocatalytic degradation of MB with
CuO/C/Fe;0, as catalyst achieved a 45.9% MB removal. In
the photo-Fenton process using polyhedra Fe;0, as catalyst

* @ Springer
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(Fe;04+H,0, + visible light), 52.9% MB was removed,
while in the heterogeneous photo-Fenton process (CuO/C/
Fe;0,+ H,0, + visible light), 85.1%, MB was removed
within 90 min Fig. 7a. The results show that MB is suc-
cessfully degraded under visible light irradiation by using
CuO/C/Fe;0, as catalysts and H,0, as an aid.

The influence of Fe;0, and CuO molar ratio
on Methylene Blue dye degradation

The influence of CuO/Fe;0, molar ratio on the photo-Fenton
catalytic activities of the prepared CuO/C/Fe;0, compos-
ites for removal of MB was researched, and the findings are
displayed in Fig. 7b. The photo-Fenton catalytic activities
of CuO/C/Fe;0, (1:1), CuO/C/Fe;0, (1:2), CuO/C/Fe;0,
(2:1), and CuO/C/Fe;0, (1:3) achieved a removal rate of
76.1%, 73.9%, 85.1% and 72.1% respectively. From the
results presented in Fig. 7b, CuO/C/Fe;0, (2:1) compos-
ites achieved the highest removal rate compared to other
molar ratios of CuO/Fe;0,, suggesting that CuO played
a salient role in the removal of MB by the heterogeneous
photo-Fenton process. Furthermore, the significantly higher
activity of CuO/C/Fe;0, (2:1) molar ratio as compared to
the other molar ratios was due to adequacy in the propor-
tion of its heterojunctions. Due to the lower proportion of
heterojunctions in CuO/C/Fe;0, (1:1), CuO/C/Fe;0, (1:2),
and CuO/C/Fe;0, (1:3), their activities are lower. This result
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Fig.7 Removal of MB under different conditions (a), different cata-
lyst compositions (b). Reaction parameters: Except for the inves-
tigated parameters, MB concentration=50 mg/L, catalyst dos-
age=0.1 g/L, H,0,=15 mM, pH=7.0, time 90 min and temperature
24 °C

also emphasizes the significance of heterostructures, which
serve as charge migration interfaces. Due to the higher per-
formance of the CuO/C/Fe;0, (2:1), it was adopted for fur-
ther processes.

Effect of catalyst dosage on Methylene Blue dye
degradation

The impact of the catalyst dosage was researched for the
heterogeneous photo-Fenton process, and the findings are
shown in Fig. 8a. For catalyst dosages of 0.1, 0.2, 0.3, 0.4
and 0.5 g the MB removal rates are 85.1, 88.7,92.6, 98.5,
and 95.2% respectively. As catalyst dosages increased
from 0.1 — 0.4 g, the dye's removal rate was found to
increase. Because increasing catalyst dosage generates
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Fig. 8 Effect of Catalyst dosage on MB removal (a), the effect of ini-
tial concentration of H,O, (b). Reaction parameters: Except for the
investigated parameters, MB concentration=50 mg/L, catalyst dos-
age=0.4 g/L, H,0,=15 mM, pH=7.0, time 90 min and temperature
24 °C

increased radical species production, the increase in
accessible active catalytic sites on the photocatalyst sur-
face resulted in a higher MB removal rate. When the dos-
age was increased to 0.5 g, the catalytic performance of
the system was retarded (Fig. 8a). As the catalyst dosage
is increased, the efficiency of the photo-Fenton system
decreases. Excess photocatalyst clumped together and
acted as a visible light screen. Another explanation for
the lower removal rate is that increasing the catalyst load-
ing increases the cloudiness of the solution, which reduces
photon flux penetration in the reactor and hence lowers the
photocatalytic degradation rate (Lucas and Peres 2007;
Divya et al. 2013; Reza et al. 2017). As aresult, at 0.4 g
photocatalyst dosage was the photocatalytic system's per-
formance peaks.
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Effect of the initial concentration of H,0,
on Methylene Blue dye degradation

The determination of the impact of H,0, addition on MB
removal, varying concentrations of H,O, ranging from 15
— 45 mM were applied to an aqueous solution of MB at
a specific pH (pH=7) in the presence of 0.4 g of CuO/C/
Fe;0, (2:1) composite. From the results obtained in Fig. 8b,
the elimination rate of MB increases when the initial con-
centration of H,0, is increased from 15 — 30 mM. The
improvement in the rate of MB elimination was attributed to
an improvement in the creation of hydroxyl radicals (*OH),
which are created when H,0, interacts with Fe>* to produce
*OH radicals, which rapidly destroy the MB molecule. How-
ever, increasing the H,O, concentration to 45 mM resulted
in a lower MB removal rate. At a higher H,0O, concentration,
H,0, serves as a scavenger for hydroxyl radicals, resulting in
the creation of peroxyl radicals (HOO®), which are less reac-
tive than *OH radicals and have a reduced oxidative effect.
(Maia et al. 2014). The generated HO,* competes with *OH
to eliminate the MB dye chromophore and causes a reduc-
tion in the degradation percent of MB (Coleman et al. 2007).
As a result, increasing the H,0, concentration above the
optimum concentration reduced the MB degradation effi-
ciency of the reaction. The optimum H,0O, concentration in
this research is 30 mM.

Effect of initial pH on Methylene Blue dye
degradation

In the Fenton reaction, the initial pH of the aqueous solution
has been reported as an essential factor affecting the rate of
elimination of recalcitrant contaminants (Wu et al. 2021). As
aresult, while keeping other parameters constant, it is neces-
sary to evaluate the impact of pH on MB deterioration in the
heterogeneous photo-Fenton process. The impact of solution
pH on MB degradation was researched by varying the initial
pH values ranging from 3 to 9, Fig. 9a. The photodegra-
dation efficiency of MB in the photo-Fenton process using
the as-prepared CuO/C/Fe;0, composite as catalyst had no
significant effect on changing initial pH, as demonstrated by
the findings in Fig. 9a, suggesting that the prepared CuO/C/
Fe;0, composite could be utilized through a wide pH range.

Effect of the initial concentration of Methylene Blue
rate of Degradation

The impacts of the MB’s initial concentration on photo-
degradation performance were presented in Fig. 9b. As the
initial MB concentration varied from 50 to 150 mg/L, the
percentage of MB removal from aqueous solution gradu-
ally decreased from 98.5 to 94.4% in 90 min. The decrease
in efficiency of MB removal can be due to some of these

]
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Fig.9 Effect of initial pH (a), initial concentration of MB (b) Reac-
tion parameters: Except for the investigated parameters, MB concen-
tration= 50 mg/L, catalyst dosage=0.4 g/L, H,0,=30 mM, pH=7.0,
time 90 min and temperature 24 °C

reasons: firstly, as the initial MB concentration increases, so
does the amounts of dye molecules accessible for adsorption
onto the CuO/C/Fe;0, surface. The yield of *OH radicals in
the aqueous solution remained constant under the same oper-
ating conditions. The amount of *OH used was insufficient to
decompose the MB's high initial concentration, resulting in
a decline in removal efficiency. Furthermore, the larger MB
molecules on the photocatalyst may have consumed a more
significant number of active sites. That is to say, with higher
MB concentrations, fewer active sites became accessible for
the breakdown of H,0,, resulting in a reduced rate of *OH
production (Es’haghzade et al. 2017). Second, when the
initial concentration of MB increases, the solution's cloudi-
ness also increases, making Visible light radiation unable
to reach the aqueous solution of MB dye and hindering the
photocatalyst's capacity to use the light (Cong and Xu 2011).
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Effect of inorganics anion on the degradation rate
of Methylene Blue

Inorganic anion commonly coexists with organic contami-
nants in wastewater and can affect wastewater treatment's
photodegradation efficiency. The influences of these anions
such as CI~, SO42_, NO;~, and HCO;™, usually present in
wastewater, tend to compete with the pollutants to consume
reactive radicals during the Fenton oxidation process. The
results are shown in Fig. 10 (a) indicated that these anions
inhibited the efficiency with which MB could be removed
from an aqueous solution. The ability of anions to act as
hydroxyl radical scavengers is undoubtedly responsible for
this inhibition; prior studies have confirmed similar find-
ings (Legrini et al. 1993). These ions have the potential to
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Fig. 10 Effect of Inorganics species (a) and plot of In (C/C,) against
time (b) Reaction parameters: Except for the investigated parameters,
MB concentration =50 mg/L, catalyst mass=0.4 g/L, H,0,=30 mM,
pH="7.0, time 90 min and temperature 24 °C

deactivate photocatalysts by blocking active sites on the sur-
face of CuO/C/Fe;0,. Even though the produced radical ani-
ons, CI*7, SO,*~, NO;*~, and CO;*~, are oxidants, their oxi-
dation powers are lower compared to those of the hydroxyl
radicals, which conforms to previous reports of some previ-
ous researchers (Hasmath Farzana and Meenakshi 2014).
Anions like sulfate, chloride, bicarbonate, and nitrate have
also been observed to react with positive h*/*OH, resulting
in their respective ionic radicals, which are less reactive than
*OH; this observation is consistent with earlier research find-
ings (Zhu et al. 2011). As a result, these inorganic entities
have a deleterious impact on the Fenton oxidation process
to eliminate MB.

Kinetic study on the degradation rate of Methylene
Blue

The findings of a kinetic investigation on various initial con-
centrations of MB are shown in Fig. 10 (b) and Table 1,
while a comparison of catalytic activities of different com-
posites is presented in Table 2. The apparent rate constants
are determined from plots of In (C/C,) vs. irradiation time.
With respect to the irradiation time, the photo-Fenton deg-
radation processes of the MBs followed a pseudo-first-order
kinetic model Eq. (2).

Ct
1 (-) - —k
" Go (2
where Co (mg/L) is the initial MB concentration, C, (mg/L)
is the MB concentration at time t, and K is the rate constant
(min—").

Mechanism of MB degradation
by the photo-Fenton-like reaction

A series of radical scavengers were utilized for the determi-
nation of the main reactive species in the photodegradation
of MB. The scavengers employed are Tert-Butyl Alcohol
(TBA) for hydroxyl radicals *OH, p-benzoquinone (BQ)
for superoxide radical ~*O, (Yao et al. 2015), silver nitrates
(AgNO;) for photogenerated electrons (™) and formic acid
for photogenerated holes (h*) (Feng et al. 2017). From the
result obtained in Fig. 11a, there was a suppression of the
photo-Fenton MB degradation in the order of addition of the

Table 1 Rate Constants values for Methylene Blue degradation at dif-
ferent concentration

Concentration of MB (mg/L) 50 100 150

Rate Constant k (min™") 0.26816  0.20671  0.30433
Initial reaction rate (mgL™! min™") ~ 0.04225  0.04568  0.04056
Adjacent R-Square (R?) 0.96507 0.96393  0.95730
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Table 2 Comparison of catalytic activities of different composites for degradation of MB

Catalyst Operational condition Catalytic ~ Reference
perfor-
mance
CuO/C/Fe;0, Catalyst (0.4 g/L); dye conc. (50 mg/L); H,0, (30 mM); time (90 min); Visible light 98.5% This work
Fe;0,/C/Cu,O Catalyst (0.5 g/L); Dye conc. (100 mg/L); H,O, (163.7 mM); time (60 min); Visible 97.2% (Chai et al. 2016)
light
Fe;0,@C/Cu Catalyst (0.5 g/L); Dye conc. (100); H,0, (0.5 ml); time (140 min); Visible light 99.6% (Zhang et al. 2014)
Fe;0,-CuO@C(C-R) Catalyst (0. 1 g/L); Dye conc. (10 mg/L); H,0, (19.8 mM); time (120 min); visible ~ 97.7% (Qin et al. 2020)
light
Fe;0,/CuO Catalyst (0.05 g/L); Dye conc. (10 mg/L); H,0, (32 mmol/L); time (120 min); vis- 95% (Ghasemi et al. 2020)
ible light
(a) The plausible explanation for the mechanism of photodeg-
L4 —=— No Scavenger radation of MB using CuO/C/Fe;O, as the catalyst is as follows
D i‘;:'(')ic acld (Egs. 3-8). When visible light is irradiated on the as-prepared
081 ——TBA 3 CuO/C/Fe;O, catalyst surface, photogenerated electrons and
diii ——BQ holes are excited from its surface (Eq. 3). Subsequently, the
5 excited electrons catalyze the decomposition of O, into ~*0O,
S 0.4 (Eq. 4). The excited holes catalyze the decomposition of the
adsorbed water (H,0O) to produce *OH (Eq. 7). Photogenerated
024 electrons from the as-prepared catalyst surface enhance the
Fe**/Fe?* cycle efficiency (Eq. 6). The Fe** released during
0.0 the Fenton reaction serves as an electron acceptor, prevent-
. . . . T ing photogenerated hole-electron recombination, owing to the
* 4 4 o b 0 CuO/C/Fe;0, heterostructure's well-suited interfacial inter-
b) Tie (pttin) action. The bio-template (carbon content) in the as-prepared
B -0, catalyst composition provides an enriched microenvironment

H,

Fig. 11 Effects of scavengers on the photodegradation of MB by
CuO/C/Fe;0, (2:1)/H,0,/visible light irradiation system (a) and
Schematic depiction of the photo-Fenton-like mechanism for MB
degradation under Visible light illumination in the presence of
CuO/C/Fe;0, composites (b). Reaction parameters: Except for
the investigated parameters, MB concentration=50 mg/L, catalyst
mass=0.4 g/L, H,0,=30 mM, pH=7.0, time 90 min and tempera-
ture 24 °C

following scavengers: formic acid > AgNO; > TBA > BQ,
respectively. The result indicated that all radicals are gen-
erated during the degradation process and responsible for
the photo-Fenton MB degradation in the following order:
h* >e™>°*0OH>"*0,.

* @ Springer

to adsorbs the MB molecules from the aqueous solution. As
aresult, it is concluded that the photodegradation of MB into
CO, and H,O0 is a synergistic effect between *OH and ~°O,
(Eq. 8). The schematic diagram illustrating the proposed pho-
todegradation of MB under visible light irradiation in the pres-
ence of CuO/C/Fe;O, composites is shown in Fig. 11b.

CuO + hv - ht + e 3)
0,+e -0, )
Fe’* + H,0, » Fe’* + OH + OH~ 6))
Fe’™ + e~ — Fe’* (6)
H,0 + h* - OH + H' (7)

‘OH/~0,+ MB — CO,+ H,0 + By products (8)
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Fig. 12 Mineralization study of MB for different catalyst processes.
Reaction parameters: Except for the investigated parameters, MB
concentration=>50 mg/L, catalyst dosage=0.4 g/L, H,0,=30 mM,
pH=7.0, time 90 min and temperature 24 °C

Residue Total Organic Carbon (TOC)
after degradation of Methylene Blue

TOC analysis was carried out to estimate the amount of
total organic carbon that remains in the aqueous solution
of methylene blue dye after the photo-Fenton oxidation
reaction. From the results obtained in Fig. 12, the visible
light process had 98% residual TOC. The creation of *OH
through the photolysis of H,0, resulted in a TOC removal
rate of 17.8% for visible light-H,0,, 39 percent for visible
light-Fe,0,-H,0,, and 87 percent for CuO/C/Fe;0,~-H,0,-
visible light. Comparing the photo-Fenton oxidation activi-
ties of visible light-Fe;0,~H,0, and visible light-CuO/C/
Fe;0,-H,0, for TOC removal rate, it is evident that the
CuO/Fe;0, interfaces heterostructure enhances the effi-
ciency of removal of TOC similar to what was observed for
the removal MB.

Reusability and chemical stability
of the as-prepared CuO/C/Fe;0, catalyst
on the degradation of Methylene Blue dyes

The reusability of the CuO/C/Fe;0, composite is a criti-
cal factor to assess before it can be adopted for practical
applications. Therefore, the CuO/C/Fe;0, composite was
recycled under the same experimental conditions for five
consecutive runs. The results in Fig. 13a indicated that the
catalyst's photocatalytic performance exhibited no remark-
able decline, as there was only a 5% reduction in photocata-
lytic performance from the first run to the fifth run. The loss
of a little amount of catalyst during the cleaning procedure
at the end of each run could explain the slight decline in
photocatalytic effectiveness. Despite this, the CuO/C/Fe;0,
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Fig. 13 CuO/C/Fe;O, composite reusability for degradation of MB
(a), XPS analysis CuO/C/Fe;0, before and after reuse (b). Reaction
parameters: Except for the investigated parameters, MB concentra-
tion=>50 mg/L, catalyst dosage=0.4 g/L, H,0,=30 mM, pH=7.0,
time 90 min and temperature 24 °C

composite demonstrated excellent chemical stability as there
was no observable difference in the XPS peaks spectral of
the catalyst before and after reuse Fig. 13b.

Conclusion

In conclusion, a simple and economical method was used
to modify polyhedral Fe;O, NPs with porous bio-templated
copper oxide using sunflower stalk as the bio-template. A
microenvironment was generated for the confinement of
MB molecules by the sunflower-stalk-templated CuO skel-
eton, while the presence of CuO enhances the sensitivity
of the synthesized catalyst towards visible light. Interfacial
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contacts involving CuO and Fe;0, increased the Fe**/Fe’*
cycle effectiveness. CuO/C/Fe;0, were found to be supe-
rior heterogeneous catalysts to spherical polyhedral Fe;0,
NPs in terms of catalytic activity. Visible light irradiation
of CuO/C/Fe;0, photocatalyst increased the production of
hydroxyl radicals (*OH), superoxide anion radicals (*O, ),
and the redox Fe>*/ Fe?* pair, resulting in increased pho-
todegradation performance. The present research demon-
strated that the as-prepared CuO/C/Fe;0, photocatalyst
could be an efficient catalyst for wastewater remediation
because of its ease of recoverability and excellent reusability.
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