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1 Introduction

Application of 3D printing technology for green
synthesis of Fe,Oz using ABS/TPU/chlorella
skeletons for methyl orange removal

Dingyong Liu,®“® Hongjie Cai,>*® Weiming Zhou,*® Dandan Lei,?®
Changlin Cao, @ *P< Xinshu Xia,**® Liren Xiao,***® Qingrong Qian & <4
and Qinghua Chen®<®

Photocatalysis is widely acknowledged as an efficient and environmentally friendly method for treating dye-
contaminated wastewater. However, the utilization of powdered photocatalysts presents significant
challenges, including issues related to recyclability and the potential for secondary pollution. Herein,
a novel technique based on 3D printing for the synthesizing of iron oxide (Fe,Os) involving chlorella was
presented. Initially, chlorella powders were immobilized within acrylonitrile butadiene styrene (ABS) and
thermoplastic polyurethane (TPU) substrate plastics using melt extrusion technology. Subsequently,
these composite materials were transformed into ABS/TPU/chlorella skeletons (ATCh40), through fused
deposition molding (FDM) technology. The integration of Fe,Os onto the ATCh40 (ATCh40-Fe,Os3)
skeletons was accomplished by subjecting them to controlled heating in an oil bath. A comprehensive
characterization of the synthesized materials confirms the successful growth of Fe,Oz on the surface of
3D skeletons. This strategy effectively addresses the immobilization challenges associated with
powdered photocatalysts. In photocatalytic degradation experiments targeting methyl orange (MO), the
ATCh40-Fe,O3 skeletons exhibited a remarkable MO removal rate of 91% within 240 min. Under
conditions where the pH of MO solution was maintained at 3, and the ATCh40-Fe,Os skeletons were
subjected to a heat treatment in a 150 °C blast drying oven for 2 hours, the degradation rate of MO
remained substantial, achieving 90% removal after 6 cycles. In contrast, when the same synthetic
procedure was applied to ABS/TPU (AT) skeletons, the resulting product was identified as a.-FeOOH. The
MO removal rate by the AT-a-FeOOH skeletons was considerably lower, reaching only 49% after
240 min. This research provided a practical approach for the construction of photocatalytic devices
through the use of 3D printing technology.

only toxic and carcinogenic, but also poses severe health risks to
humans. When substantial quantities of MO dye are introduced

As society continues its progression, various industries are
advancing by leaps and bounds. However, these advancements
also bring forth the formidable challenge of effectively treating
industrial wastewater. Among the most common forms of
industrial wastewater, printing and dyeing wastewater stand
out. Azo dyes, vital in various industrial applications like
coloring plastics, rubber, and paints, are prevalent synthetic
dyes. Methyl orange (MO) is one of the typical azo dyes; it is not
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into an aqueous environment, it results in reduced levels of
dissolved oxygen and sunlight penetration, consequently
diminishing photosynthesis and causing great harm to the
ecological environment.'

In recent years, a series of methods have been developed for
addressing water pollution, including biodegradation, electro-
chemical, ion exchange, photocatalysis and adsorption.**
Among these methods, photocatalysis stands out as one of the
most convenient options, primarily due to its simplicity and
relatively low cost, as it does not necessitate complex post-
treatment procedures. Currently, widely utilized photo-
catalysts include ZnO,°® TiO,,” Bi,03,® WO; (ref. 9) and g-C;N,.*°
Numerous other metal oxides have also been investigated as
potential photocatalysts. Iron-based compounds have garnered
significant interest among researchers in the field of photo-
catalysis due to their unique photosensitivity properties. For
instance, Rizvi' et al. used fruit extract of Hylocereus undatus to
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synthesize iron oxide nanoparticles (IONPs), and investigated
the effect of initial dye concentration, the amount of photo-
catalyst added, and the pH on photocatalytic degradation of
metanil yellow and orange II dye. Similarly, Rodzi** et al. used
chlorella extract to synthesize nano-iron oxide photocatalysts,
achieving favorable outcomes in the degradation of crystal
violet dye. Nathan® et al. employed a leaf extract from the
mangrove plant Rhizophora mucronata to synthesize nano-iron
oxide (Fe,O3-Nps) photocatalysts, the synthesized Fe,O3;-Nps
exhibited notable photodegradation efficiency with a reduction
of 83% and 95% of phenol red and crystal violet under irradi-
ation of sunlight and florescent light, respectively. Iron oxide
(Fe,03) and certain other ferrites can be synthesized using
various techniques such as chemical coprecipitation, hydro-
thermal fabrication, and sacrificial template methods.
However, the nanoscale structure of the synthesized powders
often leads to issues such as agglomeration, inactivation and
the potential for secondary pollution in aqueous solution.
Additionally, their reusability has not been thoroughly
addressed.

The application of 3D printing offers a promising solution to
these challenges. Due to its capability for designing complex
structures, facilitating batch manufacturing, and its ease of
operation, 3D printing has found utility across various fields,
including drug release," wastewater treatment," gas capture,'®
catalyst development.”” In addressing the fixation of photo-
catalyst, Zhang et al.® employed a hydrothermal technique to
immobilize nano-ZnO onto a CaSiO;/ABS/TPU 3D skeleton for
removing RhB, achieving a remarkable 90% removal ratio over
six consecutive runs. Kennedy et al.'®* combined polylactic acid
(PLA) with TiO, photocatalysts to produce a lattice using 3D
printing, demonstrating an excellent photocatalytic efficacy.
The 3D printed PLA-TiO, lattice effectively reduced microcystin
(MC) cyanotoxin at a rapid pace. Nevertheless, the combination
of plastic substrates with photocatalysis may accelerate plastic
aging.'® Polymer substrates are prone to generate microplastics
during the aging process, which poses risks to both human
health and the ecological environment. Consequently,
exploring methods to further enhance the integration of pho-
tocatalyst with polymer substrates represents a worthwhile
avenue for discussion.

In this work, an innovative approach for synthesizing Fe,O;
photocatalyst was invented. These photocatalyst composites
were prepared through a combination of 3D printing and an oil
bath heating method. As the polymer substrates, ABS and TPU
were employed, while chlorella played a dual role by provided
active sites and serving as a reactant in the synthesis process.
The 3D-printed skeletons were created using filaments, which
were obtained through the melt blending of ABS, TPU and
chlorella. Subsequently, the photocatalysts, which were both
reusable and effective, were generated through the oil bath
heating process. The impact of various factors, including the
photocatalyst type, Fe,O; loading, and surface groups, on the
photocatalytic properties of the samples were systematically
investigated. Additionally, the relationships between the struc-
ture of the composites and its properties were analyzed in
depth. Notably, when the same method was applied to ABS/TPU
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skeletons without the inclusion of chlorella, the resulting
product was identified as a-FeOOH. It is essential to highlight
that this synthesized a-FeOOH exhibited minimal degradation
efficacy on MO dye. In this research, the photocatalyst was
successfully embedded into the polymer substrate through
a controlled heating process. After this heating treatment, the
ATCh40 skeletons exhibited a significantly enhanced ability to
immobilize the photocatalyst. This study offers a pragmatic
approach for the construction of photocatalytic devices utilizing
3D printing technology and their application in the treatment of
photodegradable wastewater. Synthetic Fe,O; exhibited supe-
rior removal power for MO.

2 Experimental section
2.1 Materials

Commercial ABS (AG10AP) was purchased from Taiwan
Chemical Fiber Co. Ltd. TPU 5377A was obtained from Bayer of
Germany. Chlorella was obtained from Wu Di Green Qi Bio-
logical Engineering Co. Ltd. Ferrous sulphate heptahydrate
(FeSO,-7H,0) was supplied by Sinopharm Chemical Reagent
Co. Ltd. Ethylene glycol (CH,OH), was obtained from Sino-
pharm Chemical Reagent Co. Ltd. Methyl orange (MO) was
obtained from Aladdin Chemical Reagent Co. Ltd (Shanghai,
China). All of the above materials were used without further
purification.

2.2 Preparation of the ABS/TPU/chlorella skeletons and ABS/
TPU skeletons

The ABS, TPU and chlorella underwent drying in a blast oven at
temperatures of 80 °C, 80 °C and 110 °C, respectively, for
a duration of 10 h. This drying process was carried out in
accordance with the specified mass ratio of ABS, TPU, and
chlorella, which was 70/30/40 for ATCh40 and 70/30/0 for AT,
respectively. Subsequently, these materials were accurately
weighed and uniformly mixed. This mixture was then subjected
to a melt-blending process utilizing a twin-screw compounding
extruder (MEDI-22/40, Guangzhou Putong Experimental Anal-
ysis Instrument Co. Ltd, China), followed by extrusion and
pelletization. For ATCh40, the screw temperatures were set at
105 °C, 125 °C, 148 °C, 155 °C, 160 °C, 166 °C, 164 °C, 163 °C,
162 °C and 161 °C during the extrusion process. Meanwhile, the
screw temperatures of AT were configured as 105 °C, 125 °C,
148 °C, 155 °C, 165 °C, 173 °C, 172 °C, 172 °C, 168 °C and 165 °
C. The resulting pellets from the above granulator were subse-
quently utilizing a single-screw wire extruder (C type, Shenzhen
Misida Technology Co. Ltd, China) to produce wires with
a diameter of 1.75 &+ 0.05 mm. The single-screw wire extruder
for ATCh40 operated at temperatures of 112 °C, 154 °C, 160 °C,
152 °C, while for AT, temperatures of 116 °C, 166 °C, 177 °C,
168 °C were maintained. The screw speed employed was
25 rpm, resulting in production of ATCh40 and AT filament.

A 3D skeleton model was meticulously designed using a 3D
CAD software. Subsequently, the printing parameters were
configured using Cura software. The 3D printer employed for
this purpose was the M2030 model (Shenzhen Soongon

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Technology Co. Ltd, China). To ensure optimal printing quality,
the 3D printer's settings were adjusted, including printing
speed and printing temperature, in order to prepare ATCh40
and AT skeletons. The specific printing conditions on the 3D
printer were as follows: a nozzle temperature of 200 °C, a base
plate temperature of 90 °C, a print speed of 50 mm s *, utili-
zation of 100% in-fill, a printed model layer thickness of 0.2
mm, and nozzles with a diameter of 0.40 mm. As a result of this
printing process, the generated skeletons were denoted as
ATCh40 and AT skeletons.

2.3 Synthesis of Fe,O; and a-FeOOH nanospheres on the
surface of 3D skeletons

The 0.4 M ATCh40-Fe,O; skeletons and AT-o-FeOOH skeletons
were synthesized in situ through a heating process conducted in
an oil bath. The procedure commenced with the precise
measurement of 17.8 g of FeSO,-7H,0, followed by the addition
of 128 ml of deionized water into the beaker. The beaker was
sealed with plastic wrap, and the contents were stirred with
a magnetic stirrer until complete dissolution was achieved.
Subsequently, the solution was subjected to ultrasonication for
a duration of 30 min.

Four ATCh40 skeletons and 32 ml of (CH,OH), were
sequentially introduced into the above solution. The resultant
mixture was once again sealed with plastic wrap, stirred and
subjected to 30 min of ultrasonication. The solution, along with
the incorporated skeletons, was transferred into 250 ml round
bottom flask and subsequently placed in an oil bath set to
a temperature of 80 °C. The mixture was stirred at a constant
temperature for a period of 4 h. Following this, the reacted
solution and skeletons were separated into two different
beakers and allowed to cool naturally.

The reacted solution was centrifuged three times with
anhydrous ethanol and centrifuged several times with deion-
ized water until the upper layer appeared clear and colorless to
remove impurities such as ethylene glycol in the solution, then
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left in blast drying oven at 60 °C. In parallel, the four reacted
skeletons were washed with deionized water to eliminate
ethylene glycol. Finally, the skeletons were subjected to drying
in a blast drying oven at 60 °C until a constant weight was
achieved, resulting in the production of 0.4 M ATCh40-Fe,O;
skeletons. By replacing ATCh40 skeletons with AT skeletons, the
remaining synthetic steps remained identical, yielding AT-o-
FeOOH skeletons (Fig. 1).

2.4 Characterization

The superficial micromorphology of the as-prepared samples
was characterized using the JSM-7500F field emission scanning
electron microscope (SEMJEOL, Japan). The micromorphology
and element distribution of Fe,O; on the surface of ATCh40
skeletons was further monitored via a FEI Tecnai G2 F30
transmission electron microscope (TEM, FEI, USA). To analyze
the crystallographic properties, X-ray diffraction (XRD) analysis
was conducted using a D8 Advance diffractometer (Bruker,
Germany), employing a copper (Cu) target, 40 kV voltage, 40 mA
current, with a testing range spanning 5-90° (26), and a testing
rate of 6° min~" (26). The surface chemical properties of the
samples were recorded using Fourier-transform infrared spec-
troscopy (FTIR) (Thermo Fisher Scientific, USA). The chemical
state and electronic structure of the samples were conducted
using X-ray photoelectron spectroscopy (XPS) analysis (Thermo
Scientific, USA). Vanquish Flex UHPLC Orbitrap Exploris 240
MS liquid chromatography-tandem mass spectroscopy (LC-MS)
(Thermo Fisher Scientific, USA) was used to detect photo-
catalytic intermediates.

3 Results and discussion
3.1 Morphology studies

Fig. 2 showed the SEM images of the 3D printing skeletons. In
Fig. 2a, the AT skeleton is depicted, showcasing a notably
smoother surface compared to ATCh40 skeleton. Notably,

FeSO,.7H,0 (CH,OH),
W, ABS/TPU/chlorella (40 phr)
wrenry  Skeleton (ATCh40)
m sonicated 30 min
ABS/TPU skeleton e
\)
(AT) »
&
W
- .c‘}
m ATChd0-Fe,0, 80 °C oil bath —— &
AT-0-FeOOH 4h

Fig. 1 Synthesis process of ATCh40-Fe,Osz skeleton and AT-a-FeOOH skeleton.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM surface images of (a) AT skeleton, (b) ATCh40 skeleton, (c) AT-a-FeOOH skeleton, (d) ATCh40-Fe,Os skeleton.

discernible scratches are observed on the AT skeleton's surface,
which are attributed to the 3D printer nozzle during the
printing process. It is important to the note that FDM 3D
printers construct skeletons layer by layer through the use of
nozzles. In Fig. 2b, the ATCh40 skeleton was illustrated, and its
surface exhibits a comparatively rough texture. The ABS/TPU
plastic substrates incorporate a substantial quantity of chlor-
ella particles, some of which are wrapped within plastic
substrates, visibly affecting the ATCh40 skeleton's surface. It is
worth mentioning that 3D printing filaments exhibit high
absorptive properties. ATCh40 filaments, unlike their AT
counterparts, are less conducive to printing, resulting in
a surface with fewer pronounced scratches. Fig. 2c offered
a SEM image of the AT-o-FeOOH skeleton, where the synthe-
sized a-FeOOH appears stick-shaped. On the surface of AT
skeletons, a-FeOOH was dispersed uniformly, although some a-
FeOOH clusters together, forming a “chrysanthemum-shaped”
configuration. The AT skeleton's surface is characterized by
a deficiency of active sites, potentially contributing to o-FeOOH
agglomeration. It is also conceivable that the high surface
energy of a-FeOOH triggers internal self-agglomeration,****
Fig. 2d showed the SEM morphology of the ATCh40-Fe,O;
skeleton, demonstrating evident agglomeration of Fe,O; parti-
cles on the surface of ATCh40 skeletons. Notably, the
morphology of the synthesized Fe,O; differs from o-FeOOH,
exhibiting a “broccoli-shaped” structure. This discrepancy can
potentially be attributed to chlorella secretions serving as
reducing agents, promoting Fe,O; particles formation during
the oil bath process. Further agglomeration of Fe,O; may result
from a reduction in surface charge.?**® The morphology of

1504 | RSC Adv,, 2024, 14, 1501-1512

individual Fe,O; particles, as illustrated in Fig. 2d, is spherical,
with a size of approximately 400 nm, consistent with the TEM
result of Fig. 3a. In Fig. 3b, an HRTEM image showcased
a single Fe,O; particle, revealing lattice fringes with a spacing of
approximately 0.25 nm. This lattice spacing corresponds to the
(110) plane of Fe,O3, confirming the synthesis of Fe,O3 on the
surface of ATCh40 skeletons.* Fig. 3c-f presented elemental
mapping images of Fe,O; synthesized on the surface of ATCh40
skeletons, encompassing the four elements: C, N, O, and Fe.
The uniform distribution of C and N elements suggests Fe,03
adsorbed trace amounts of chlorella secretions during the oil
bath.

3.2 FTIR analysis

Fig. 4 illustrated the FTIR spectra of o-FeOOH, a mixture of
ATCh40 skeleton and Fe,0;, Fe,03;, ATCh40 skeleton, all in
powder form. Within these spectra, it is discernible that the
absorption peak of ATCh40 skeleton, located near 3330 cm ™,
corresponding to the stretching vibration peak of the hydroxyl
group. Interestingly, the vibration peaks of hydroxyl groups in a-
FeOOH, ATCh40-Fe,O; skeleton and Fe,O; had shifted to
3400 cm ', which may be attributed to the alteration of some
hydroxyl groups during the heating process in the oil bath. In
the case of a-FeOOH grown on AT skeletons, two absorption
vibration peaks are evident at 883 cm ™" and 794 cm ', primarily
associate with the Fe-OH vibration in a-FeOOH. Additionally,
the peak at 1637 cm ™" corresponds to the bending vibrations of
H,0 molecule's H-O-H.** However, following the substitution
of AT skeletons with ATCh40 skeletons, the surface loading of
ATCh40 skeletons do not exhibit these two Fe-OH vibration

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM (a), HRTEM (b) images of Fe,Oz on the surface of ATCh40 skeletons, and elemental mapping images of C (c), N (d), O (e), Fe (f).
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Fig. 4 FTIR of the a-FeOOH, ATCh40-Fe,Os skeleton, Fe,Os and
ATCh40 skeleton.

peaks. This observation implies that after replacement of AT
skeletons with ATCh40 skeletons, the resulting product is not a-
FeOOH but another substance. Turning to the FTIR spectra of
Fe,0;, a peak at 602 cm ™! represents the Fe-O vibration peak,
while the peak at 1120 cm ' may originate from chlorella
secretions. The FTIR spectra of the substances synthesized on

© 2024 The Author(s). Published by the Royal Society of Chemistry

ATCh40 skeletons aligns closely with the characteristics of
Fe,O; as described in the literature.?® Furthermore, CH; anti-
symmetrical vibration peaks and CH, symmetrical vibration
peaks, situating at 2930 cm ' and 2850 cm ', respectively,
corresponding to chlorella lipids and proteins. Peaks at
1230 cm™ " denote the stretching vibrations of the ester groups,
whereas those at 1734 cm ™" are characteristic of TPU, reflecting
C=0 stretching vibration peaks.

3.3 XRD analysis

In Fig. 5, the XRD spectra of the various samples were pre-
sented. Notably, the diffraction peaks observed for a-FeOOH at
21.2°, 33.2°, 36.7°, 41.2°, 53.2° corresponds to the (110), (130),
(111), (140), (221) crystal planes, respectively, of the rhombo-
hedral crystal type FeHO, (JCPDS 00-029-0713). It is evident that
the crystallinity of the Fe,O; produced following the introduc-
tion of the ATCh40 skeletons is notably low. As illustrated, the
peak at 35° corresponds to Fe,Oz (JCPDS 00-073-2234).%” This
reduced crystallinity of Fe,O; synthesized on the ATCh40 skel-
etons can be attributed to the relatively low synthesis temper-
ature, with the oil bath temperature maintained at only 80 °C.
For the ATCh40-Fe,O; samples (comprising a mixture of
ATCh40 powders and Fe,O; powders), an additional diffraction
peak is evident at 20.6°. Importantly, samples of ATCh40, AT-o-
FeOOH, and AT skeletons also exhibit a wide diffraction peak at
20.6°, indicating that these samples possess an amorphous
nature.® The similarity in diffraction peaks between AT and AT-
a-FeOOH skeletons suggest a relatively low loading of a-FeOOH

RSC Adv, 2024, 14, 1501-1512 | 1505
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on the AT skeletons. Intriguingly, after the introduction of
chlorella, the diffraction peak of ATCh40 skeleton weakened at
20.6°, suggesting that chlorella may exert a shielding effect on
the polymer.

3.4 XPS analysis

XPS analysis was employed to conduct an in-depth examination
of the ATCh40 skeleton, ATCh40-Fe,O; skeleton and Fe,O3, with
the results displayed in Fig. 6a—c. In Fig. 6a, the C spectra of the
ATCh40 and ATCh40-Fe,O; skeletons are presented. The C
element within ATCh40 skeletons exhibits three binding ener-
gies at 284.4 eV, 286.0 eV and 288.6 eV. These correspond to the
C-C, C-H binding energies of ABS and chlorella within the
skeleton, the C-O binding energy of chlorella and TPU, and the
C=0 binding energy of chlorella and TPU, respectively. The
ATCh40-Fe,0; peak reveals a narrowing of the binding energy
domain at 284.4 eV after Fe,O; was grown on ATCh40 skeletons.

b s 0ls
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1 |
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Fig. 6 XPS peaks of the (a) ATCh40 skeleton, (b) ATCh40-Fe,O3 skeleton and (c) Fe,Os.
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Furthermore, the C-O binding energy shifted slightly lower 3.5 Photodegradation
from 286.0 eV, and the peak at 288.6 eV weakened. These
observations suggest potential structural damage to chlorella
during the oil bath process, involving the breakage of bonds
and the destruction of functional groups.

Fig. 6b displayed the O spectra of the ATCh40 and ATCh40-
Fe,O; skeletons. In the ATCh40 skeletons, the O element exhibit
two binding energies at 531.8 eV and 533.2 eV, corresponding to
the C=0, C-O binding energies of chlorella within the skele-
tons, respectively. Following the growth of Fe,O; on ATCh40
skeletons, the binding energies of ATCh40-Fe,O; skeleton at
529.6 €V, 531.2 eV and 532.4 eV correspond to the lattice oxygen,
vacancy oxygen, and organic oxygen binding energies of Fe,O3,
respectively.

Fig. 6¢c presented the Fe spectra of the Fe,O; grown on
ATCh40 skeletons. The binding energy of the Fe,O; at the peak
of Fe2p,,, orbital was measured at 724.6 eV, while the binding
energy at the peak of Fe2p;, orbital was 710.8 eV, with the
satellite peak likely at 718.9 eV. These values align precisely with
the XPS peaks characteristic of Fe,03.*

In Fig. 7a, it is evident that the ATCh40 skeletons exhibit poor
adsorption efficiency for methyl orange (MO) under dark
condition. Within 240 min, the adsorption efficiency of ATCh40
skeleton towards MO is a mere 0.53%. This outcome can be
attributed to the absence of functional groups capable of
forming hydrogen bonds or electrostatic forces with MO.
Additionally, the presence of SO;~ in MO structures created
mutual repulsion with adsorption functional groups on chlor-
ella, further diminishing the adsorption capacity of ATCh40
skeleton towards MO. Even after loading photocatalysts, the
dark adsorption efficiency of ATCh40-Fe,O; skeletons for MO
remains suboptimal, registering an adsorption efficiency of
31% within 240 min. However, the presence of Fe,O; provides
a wider mesoporous surface for ATCh40 skeletons. The surface
properties of the synthesized Fe,Os;, characterized by partial
positive charges of iron ions, are conducive to the adsorption of
anionic dye MO. Under the irradiation of xenon light source, the
degradation rate of MO by ATCh40 skeletons reaches 30%,
signifying a modest enhancement attributed to the
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Fig.7 (a) Degradation efficiency of MO (10 mg L) by ATCh40 and ATCh40-Fe,Os skeletons, (b) degradation efficiency of MO (10 mg L) by AT
and AT-a-FeOOH skeletons, (c) self-degradation curves of four dyes (10 mg LY.
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photosensitization of chlorophyll in chlorella.* In contrast,
when Fe,O; was grown on the surface of ATCh40 skeletons,
ATCh40-Fe,0; skeletons exhibit a substantial enhancement in
photodegradation and adsorption efficiency for MO under
xenon lamp irradiation. Within 240 min, the degradation rate of
MO reaches 91%. This observation underscores the remarkable
photodegradation efficiency of the synthesized Fe,O; photo-
catalyst under simulated sunlight, rather than solely under
ultraviolet irradiation. Under the irradiation of xenon lamp,
valence band electrons of Fe,O; transferred to conduction
band, generating a plethora of active free radicals. These radi-
cals actively attacked the dye molecules, contributing to the
enhanced photodegradation process. In Fig. 7b, it is evident
that under dark conditions, the adsorption efficiency of AT and
AT-o-FeOOH skeletons for MO is negligible. The AT skeletons
lack active groups capable of adsorption, and the mesoporous
surface generated by a-FeOOH are not as extensive as those
produced by Fe,O;. Under the irradiation of xenon lamp, the
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Removal efficiency (%)

View Article Online
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degradation of MO by AT skeletons remains weak. AT skeletons
neither adsorb MO nor exhibit a photocatalytic effect on MO.
Instead, the degradation of MO primarily arises from its
inherent self-degradation under light. In contrast, the degra-
dation efficiency of MO by AT-o-FeOOH skeletons within
240 min reaches 49%. Notably, Fe,O; possesses a smaller band
gap compared to a-FeOOH, facilitating electron transmission
and the generation of more active groups. In Fig. 7c, the self-
degradation efficiency of four dyes under xenon lamp irradia-
tion was depicted, with MO exhibiting the lowest self-
degradation efficiency. This observation highlights the
stability of MO properties and underscores the significance of
studying MO in this experiment context. The molecular formula
of MO features a large conjugated 7 structure comprised of
benzene rings and a N=N bond, resulting in a low molecular
system energy, which in turn enhances the stability of MO
under simulated sunlight.
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Fig. 8 Degradation efficiency of ATCh40-Fe,Og3 skeletons after the reuse cycles: (a) pH of MO was raw; (b) pH of MO was 3; (c) self-degradation

curves of MO (10 mg L™) under different pH.
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3.6 Reusability experiments

The reusability of ATCh40-Fe,O; skeletons for MO removal were
thoroughly investigated. After undergoing five cycles, the
photocatalytic-adsorption synergistic degradation efficiency of
the ATCh40-Fe,O; skeletons to MO over 240 min was depicted
in Fig. 8a. The adsorbate was meticulously separated and des-
orbed using deionized water within an oscillating chamber for
a duration of 12 h, maintained at a speed of 250 rpm. During
this period, the water was refreshed every 2 h, followed by
drying at 60 °C for 8 h in preparation for subsequent experi-
ments. The outcomes of the five cycles were presented in Fig. 8a,
revealing that after five cycles, the degradation rate of ATCh40-
Fe,O; skeletons to MO was only 30%. This indicated a decrease
in cyclic removal efficiency, potentially attributable to incom-
plete desorption of the ATCh40-Fe,O; skeletons, damage to
adsorption sites, and partial separation of Fe,O; from the
skeleton surface during the experiment process. Consequently,
several proposed schemes were considered to address these
challenges. As illustrated in Fig. 8b, the ATCh40-Fe,O; skele-
tons were subjected to a heat treatment in a 150 °C blast drying
oven for 2 h to enhance the firm embedding of the catalysts
within the ATCh40 skeletons. Additionally, the pH of MO was
adjusted to 3. After implementing these conditions, cyclic
degradation of MO by the ATCh40-Fe,O; skeletons was per-
formed once again. The results, depicted in Fig. 8b, showcases
that after 6 cycles, the degradation efficiency of ATCh40-Fe,O;
skeletons to MO minimal reduction, with the degradation effi-
ciency reaching an impressive 90%. The simple heating process
significantly reduced the loss of photocatalysts during cycles.
Under acidic conditions, MO formed a conjugated system
featuring a para-quinone structure, resulting in a slight
decrease in the stability of the dye structure. In Fig. 8c, when pH
is 3, the stability of MO decreased slightly under xenon lamp
irradiation. This suggestes that the improvement of cyclic
performance in Fig. 8b was not due to the self-degradation of
MO.
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Fig.9 Effects of different scavengers on the ATCh40-Fe,O3 skeletons
degradation efficiency.
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3.7 Mechanism

Active species trapping experiments were conducted to eluci-
date the effective free radicals involved in the reaction. In this
experiment setup, various free radicals exhibited distinct
affinities towards specific reagents. The removal rates of MO by
ATCh40-Fe,0; skeletons following the introduction of different
trapping agents were illustrated in Fig. 9. Specifically, iso-
propanol (IPA) was employed to capture hydroxyl radicals (OH"),
ammonium oxalate (AO) served as a scavenger for photo-
generated holes (h"), 1-4 benzoquinone (BQ) was utilized to
trap superoxide radicals (O, ), and potassium dichromate
(K5Cr,0,) was chosen to capture photogenerated electrons
(e7),** as a control group, 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) was also used to inhibit free radicals.

The representative reaction equations for the degradation of
MO were as follows:

ATCh40-Fe,O5 + hv — ¢ (CB) + h*(VB) (1)
¢ (CB) + 0, — 05~ (2)

Fe** + ¢ (CB) — Fe** (3)

Fe’* + 0, » Fe’* + 0, (4)

MO + O,  — degraded products (5)
h*(VB) + H,O — OH" + H" (6)
h*(VB) + OH™ — OH" 7)

MO + OH" — degraded products (8)

The xenon light source emitted a substantial number of the
incident photons. These photons were absorbed, leading to
optical excitation, which facilitated the transfer of electrons
from valence band to conduction band, resulting in the
formation of electrons (e”) and holes (h").>* The photocatalytic
degradation of MO necessitates the present of reactive oxygen
species, namely OH" and O, . These species are generated
through the reaction of H,O and O, on the surface of ATCh40-
Fe,O; skeletons in the present of e~ and h', as shown in Fig. 9.
Among these species. O,  played a pivotal role in the photo-
catalytic degradation of MO, while OH", e~ and h" contributed
partially to the promotion of the MO photocatalytic degrada-
tion. TEMPO could inhibit degradation, indicating that the
reaction is a free radical reaction mechanism.**** It's worth
noting that the synthetic ferrite is trivalent and may have been
doped with certain chlorella secretions, which can have played
a vital role in inhibiting the recombination of e~ and h'. Iron
serves as the electron mediator for the photoexcited electrons
within the conduction band, effectively facilitating the rapid
separation of electron-hole pairs. The electrons in the
conduction band can be effectively captured by Fe** ions, and
the Fe®" ions can react with O, to produce Fe*" ions and O, .
Additionally, O,  can be generated directly from O,. In

summary, MO underwent various attack and binding
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Fig. 10 Mass spectra of degradation products.

Table 1 Degradation intermediates of MO
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mechanisms involving OH" and O,  species, resulting in the
production of degradation products such as CO, and H,0.

3.8 Analysis of degradation products

In this paper, LC-MS was used to explore the degradation
products of MO in the photocatalytic degradation process.
Fig. 10 showed the mass spectra of the four degradation prod-
ucts, the mass to charge ratio (mm/z) and molecular structures of
the four intermediate products were shown in Table 1. The new
products appeared at RT 9.56, 9.35 and 6.27 min, respectively.
When m/z = 304, the corresponding product is MO, the dime-
thylamino group of MO was attacked, causing the methyl group
replaced by protons to form C;3H;,N30,S. Subsequently, the
methylamine group was removed, the benzene ring and -N=N-
structure were replaced by hydroxyl group to form CgHs0,S,
which may be influenced by free radicals. The hydroxyl group
was further removed to form C¢gH;0;S.%**°

4 Conclusion

In this study, ATCh40-Fe,O; composites were meticulously
constructed by incorporating Fe,O; with the ATCh40 skeletons

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for photocatalytic degradation of MO. The innovative
construction approach facilitated the immobilization of Fe,0s3,
effectively mitigating the environmental pollution typically
associated with the use of standalone powdered photocatalysts.
The presence of chlorella within the ATCh40 skeletons played
a dual role, serving as attachment sites for Fe,O; and actively
participating in the formation of Fe,O;. Furthermore, it's
noteworthy that the photocatalytic performance of ATCh40-
Fe,0; skeletons surpassed that AT-o-FeOOH skeletons.
Following a more 4 h of photocatalytic degradation, the removal
rate of MO achieved by the ATCh40-Fe,O; skeletons reached an
impressive 91%. To further optimize the reusability of ATCh40-
Fe,O; skeletons, a heat treatment at 150 °C for 2 h and pH
adjustment to 3 led to a remarkable 90% MO removal even after
6 cycles.

This pioneering approach involves the integration of poly-
mers, biomass, and photocatalysts for wastewater treatment,
offering valuable insights and potential references for the
development of novel water treatment materials in future
research endeavors. Additionally, the study explored an inno-
vative synthesis method leveraging chlorella to synthesize
Fe,0;, marking a notable contribution to the field of materials
synthesis.
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