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Abstract

Disposal of dye wastewater can induce detrimental consequences for human health and the environment. The
study aims to synthesize composites consisting of core-shell Fes04/SiO2/TiO2 modified with Ag. The composites
comprise a FesO4 core, a SiO2 interlayer, and a TiO2 shell, with Ag being mobilized on the surface of the core and
shell structures. Fes04/Si02/Ti02@Ag composite was employed in the photocatalytic degradation of Congo red dye
and antibacterial activity test. The degradation was facilitated by visible light irradiation while considering differ-
ent factors such as pH solution, the photocatalyst dosage, and the dye's initial concentration. The composite was
characterized using X-ray Diffraction (XRD), Fourier Transform Infrared (FTIR), Scanning Electron Microscopy-
Electron Dispersive X-ray Spectroscopy (SEM-EDS), Vibrating Sample Magnetometer (VSM), and UV-Vis Diffuse
Reflectance Spectroscopy (UV-Vis DRS). The findings indicated that the composite exhibited strong magnetic,
measuring 49.4 emu/g, with a band gap of 2.92 eV. The composite showed commendable catalytic properties, with
degradation efficiency of 96.52% for Congo red dye under conditions: a pH solution of 4, a dosage of 0.5 g/L,, and a
dye concentration of 10 mg/L at 100 min of irradiation. The photocatalytic degradation kinetic is align with pseu-
do-first-order reactions. The composite also exhibits remarkable stability and efficiency with 4.83% decline in deg-
radation efficiency after five cycles. Fe304/Si02/TiO2@Ag composite exhibited antibacterial activity against Esche-
richia coli and Staphylococcus aureus with a Minimum Inhibitory Concentration (MIC) value of 250 pg/L.
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1. Introduction of the dye is rendered unusable after its applica-
tion in the coloring [4]. The composition com-
prises hazardous constituents, including heavy
metal ions and aromatic compounds [5]. At low-
er concentrations, they have been observed to
induce adverse effects on aquatic organisms [6].
Several studies have indicated that reactive
dyes, even in exceedingly low concentrations (<1

The improper management of synthetic dyes
derived from diverse industries, including tex-
tiles, food, paper, plastics, medicines, and cos-
metics, poses a significant environmental con-
cern due to its potential risks to human health
and the ecosystem [1-3]. Approximately 10-15%
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Email: puji_lukitowati@mipa.unsri.ac.id (P.L. Hariani) waters. Furthermore, many dyes and their
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breakdown can potentially result in significant
health complications [7,8]. Dyes can potentially
impede photosynthesis, disrupt the ecosystem's
equilibrium, possess toxicity, and exhibit muta-
genic properties [9,10]. Congo red is one of the
dyes frequently employed and identified as an
anionic dye, possessing the molecular formula
Cs2H22NgNa206S2. The dye falls under the clas-
sification of azo dyes, characterized by the pres-
ence of the azo group (-N=N-) [5]. Congo red
dye possesses an intricate molecular arrange-
ment and multiple functional groups, present-
ing challenges in its natural degradation [11].

Therefore, various techniques have been
employed to eliminate Congo red dyes, such as
adsorption [12], photocatalytic degradation
[13], sonoelectrochemical degradation [14], oxi-
dation and biotertiary treatment [15], and elec-
trocoagulation [16]. Advanced oxidation pro-
cesses (AOPs) is an effective and efficient meth-
od for wastewater, either through complete
mineralization or transformation into a less
toxic alternative [17]. The utilization of AOPs
that rely on photocatalysis is founded upon the
action of highly reactive radicals, specifically
hydroxyl radicals. These radicals effectively ox-
idize organic compounds, transforming them
into innocuous byproducts, CO2 and H:0
[18,19]. The approach is widely regarded as sig-
nificantly more effective than other methodolo-
gies due to its efficacy, fast degradation rate,
non-selectivity in contaminant oxidation, and
economical nature [17,20].

TiO:z is a highly prevalent catalyst utilized
extensively in waste treatment. It exhibits a
notable degree of photocatalytic efficiency,
demonstrating its ability to initiate and facili-
tate chemical reactions under light exposure.
Additionally, It possesses the advantages of be-
ing non-toxic, chemically stable, and cost-
effective [21]. TiO2 and its composites have
been widely employed in various photocatalytic
processes. For instance, TiOz nanotubes have
been utilized to degrade Rhodamine B [22].
Ti02/GO composites have also removed oxytet-
racycline and Congo red [21] and
CoFe204/S102/Ti02 has been used to degrade
2,4-dinitrotoluene [23]. The primary impedi-
ment to utilizing TiOz in the photocatalytic pro-
cess is effectively separating and retrieving
TiO2 when it is in a solution. TiO2 has been ob-
served to be readily released and subsequently
lost in solution, resulting in secondary pollu-
tion [24,25]. Furthermore, it should be noted
that TiO:z possesses a large bandgap with a val-
ue of 3.2 eV that restricts its ability to absorb
energy solely to the ultraviolet region [26].
Therefore, a ferrites compound as a core is

needed, namely FesO4, CoFe204, and ZnFe204
[27]. FesOs, exhibits commendable stability
and remarkable magnetic properties [28]. The
magnetic properties enable the facile and expe-
ditious separation of the photocatalyst and so-
lution utilizing an external magnet.

To prevent interactions between FesOs and
TiOg, it is necessary to introduce a layer of
Si02 to prevent the electron-hole recombina-
tion process [29]. In addition, the layer also
hinders the dissolution of FesO4 into the solu-
tion and mitigates the impact of photodissolu-
tion [30,31]. SiO2 additionally serves as a pro-
tective barrier for FesOs, preventing its clump-
ing together and shielding it from oxidation re-
actions [32]. SiOz is optimal as a coating due to
its inherent thermal and chemical stability
[33]. For example, ZnFe204/S102/Ti02 has been
utilized for the photocatalytic degradation of
etodolac [34]. Similarly, Fe3s04@Si02@CeOz has
been employed to degrade Methylene blue dye
[35]. In another case, NiFe204/SiO2/NiO has
been utilized for the photocatalytic degradation
of Methylene blue [36].

Aside from the chemical risk, wastewater
frequently possesses pathogenic bacteria,
namely Escherichia coli (E. coli) and Staphylo-
coccus aureus (S. aureus). Metals and metal ox-
ides have been identified as potential contend-
ers for the process of photocatalytic degrada-
tion as well as for their possible use in antibac-
terial applications [37,38]. The dispersion of Ag
on the surface of TiOz2 has been found to en-
hance the antibacterial activity against S. epi-
dermidis, S. aureus, and E. coli [39]. Ag pos-
sesses antibacterial properties that effectively
eliminate a wide range of bacteria commonly
encountered daily, even those that have devel-
oped antibiotic resistance [40]. The interaction
between Ag and cell membranes leads to the
disruption of system metabolism [41]. Addi-
tionally, Ag exhibits light absorption properties
that extend into the visible region. The
presence of Ag can cause the narrowing of the
band gap. The presence of Ag can cause the
narrowing of the band gap. Ag acts as a
reservoir of electrons and traps photogenerated
electrons, thereby reducing the recombination
process [42,43].

The synthesis of a magnetic core-shell struc-
ture Fes04/Si02/Ti02@Ag was conducted in this
study. The characterization of the product was
performed wutilizing various analytical tech-
niques, namely X-ray diffraction (XRD), Fouri-
er-transform infrared spectroscopy (FTIR),
scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM-EDS), vi-
brating sample magnetometry (VSM), ultravio-
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let-visible diffuse reflectance spectroscopy (UV-
Vis DRS). The product was employed in the
photocatalytic degradation of the Congo red
dye. Lastly, an agar diffusion method was uti-
lized to evaluate the antibacterial efficacy
against E. coli and S. aureus bacterial strains.

2. Materials and Methods
2.1 Material

Commercial chemicals consist of FeCls.6H20
(299%), FeCl2.4H20 (=99%), tetraethyl ortho-
silicate (TEOS) (=98%), NH4OH (=33%),,
NaOH (=99.9%), ethanol (=96%), titanium
tetrabutoxide (TBOT) (=97%), AgNOs
(=99.5%), NaBHs (=98%) from Merck, Ger-
many, and Congo red dye (=75%), from Sigma
Aldrich.

2.2 Synthesis of FezO4

Synthesis of FesO4 using the coprecipitation
method. As much as 5.41 g of FeCls.6H20 and
1.99 g of FeCl2.4H20 will be dissolved in 50 mL
of deionized water. The mixture was stirred for
30 min at 60 °C while flowing with nitrogen
gas. 1 M NaOH solution was added to the mix
gradually until a black precipitate formed and
the pH was + 11. The precipitate obtained was
washed with distilled water and ethanol until
the pH was neutral. The precipitate is separat-
ed from the solution using an external magnet
and dried under vacuum at 60 °C.

2.3 Synthesis of Fes04/Si02

The Stober method, adapted from Romdoni
et al. [44], for synthesized Fe304/Si0z2. As much
as 0.1 g of FesO4 were dissolved in a solution
consisting of 40 mL of ethanol, 10 mL of dis-
tilled water, and 1.2 mL of ammonia solution
(25%) through the sonification process for ap-
proximately one hour. Then, a total of 20 mL of
solution made from 2 mL of TEOS diluted in 20
mL of ethanol 1s slowly added. The process of
sonication was then sustained for approximate-
ly one hour. The precipitate was separated
from the solution by employing an external
magnet. Subsequently, the precipitate was sub-
jected to a thorough washing process involving
distilled water and ethanol. Finally, the precip-
itate was dried under vacuum conditions at a
temperature of 60 °C.

2.4 Synthesis of Fe304/S102/TiO2

The synthesis of Fe304/Si02/TiO2 by dissolv-
ing 0.15 g of Fe304/SiOz2 in 50 mL of ethanol.
Then, sonication was performed for approxi-

mately 30 min. A gradual addition of up to 2
mL of titanium tetrabutoxide (TBOT) was per-
formed while sonication was maintained for 20
min. A volume of 1 mL of ammonia solution
(25%) was introduced into the mixture. Subse-
quently, agitation was conducted at 70 °C for 4
h. The product is isolated from the solution us-
ing an external magnet and subsequently sub-
jected to washing procedures involving distilled
water and ethanol. The product underwent cal-
cination at 350 °C for 2 h.

2.5 Synthesis of Fes04/SiO2/TiO2@Ag

The method employed for impregnating Ag
on Fe304/Si02/TiO2 was conducted according to
Yildiz et al. [45], with a modification involving
the reduction of AgNOs using NaBH4. A solu-
tion containing 0.15 g of Fe304/S102/Ti02 was
prepared by dissolving it in 30 mL of distilled
water, followed by sonication for 15 min. Then,
a solution of AgNOs 0.2 M was introduced, and
the sonification process was sustained for 2 h.
Subsequently, a solution containing 0.6 g of
NaBH4 was introduced, and agitation was con-
ducted employing a magnetic stirrer for 2 h.
The product is isolated from the solution with
an external magnet, subsequently subjected to
washing with distilled water and ethanol, and
ultimately dried under vacuum conditions at a
temperature of 60 °C.

2.6 Characterizations

XRD analysis was conducted on FesOs,
Fe304/S102, Fez304/Si02/Ti0O2, and
Fes04/Si02/Ti0O2@Ag using the XRD XPERT
PRO PANAlytical instrument with Cu-Ka radi-
ation (A = 0.15418 A, 40 kV, and 40 mA) within
the angular range of 10 to 90°. The determina-
tion of the morphology and composition of the
elements was conducted through the SEM-EDS
(JSM 6510 LA) instrument. The identification
of functional groups was accomplished through
FTIR spectroscopy, employing the Thermo sci-
entific Nicolet 1S-10 instrument. The samples
were prepared using KBr pellets and analyzed
within the wave number range of 400-4000
cm~l. The magnetic characteristics of the sub-
stance were assessed using a Vibration Sample
Magnetometer (VSM Oxford Type 1.2 H). The
optical band gap value of the sample was deter-
mined through the application of UV-Vis DRS
analysis utilizing the Orion Aquamate 8000 in-
strument.

2.7 Photocatalytic Activity

The photocatalytic degradation of Congo red
dye was performed multiple times under differ-
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ent experimental conditions, including varying
pH levels (ranging from 2 to 8), different dosag-
es of Fes04/Si02/Ti02@Ag (0.15, 0.5, 0.75, and
1.0 g/L), and initial concentrations of Congo red
dye (10, 20, 30, and 40 mg/L). The setup in-
volved a 125-watt mercury lamp as the irradia-
tion source, positioned at a distance of 15 cm
from the solution. The solution, mixed with the
composite, was subjected to a pre-irradiation
process by placing it in a reactor under stirring
conditions without light to attain adsorption
equilibrium. Subsequently, the solution was ir-
radiated for 0-120 min, with intervals of 20
min. After photocatalytic degradation, the ab-
sorbance of the dye solution was measured with
the Type Orion Aquamate 8000 UV-Vis spec-
trophotometer. Total organic carbon (TOC) was
measured using a Total Organic Carbon Ana-
lyzer (Shimadzu UV 3600).

The recyclability process was evaluated by
subjecting composites to five cycles of photo-
catalytic degradation. The Fes04/Si02/Ti02@Ag
composite, following its utilization in the pro-
cess of photocatalytic degradation of Congo red
dye, underwent a subsequent purification step
involving rinsing with distilled water and sub-
sequent drying at a temperature of 60 °C for 3

h.

2.8 Antibacterial Activity of FesQ4/SiO2/
TiO2@Ag

The antibacterial efficacy of
Fes04/S102/Ti02@Ag was evaluated using the
agar diffusion method against E. coli and S.
aureus bacteria. The concentrations of
Fes04/S102/Ti02@Ag exhibited variation, specif-
ically at 2000, 1000, 500, 250, 125, and 62.5
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Figure 1. XRD pattern of (a) Fes0s4, (b)
Fe304/S102, (c¢) Fes04/Si02/TiO2z and (d)
Fe304/Si02/Ti02@Ag.

ng/mL, employing DMSO as the solvent. The
Fe304/Si02/Ti0O2@Ag  solution underwent ho-
mogenization through an ultrasonic probe. A
sterile sampler transferred 3 pl. of each sus-
pension onto 6.0 mm paper discs. The bacterial
strains were obtained from a recently cultured
bacterial suspension with a density of 0.5
McFarland. These strains were subsequently
cultured individually on Mueller-Hinton agar
plates. Later, the disk is carefully transferred
onto the agar plate using aseptic forceps. The
dish was then incubated at 37 °C for 24 h.
Lastly, the measurement of the inhibition
zone's diameter was conducted.

3. Results and Discussion

3.1 Characterization of FesQ4, Fes04/SiOq,
Fe304/S102/Ti02 and Fe304/S102/Ti02@Ag

The XRD patterns of FesO4, Fes04/SiOq,
Fe304/Si02/Ti02, and Fe304/Si02/Ti02@Ag are
shown in Figure 1. The 20 measured are
30.30°, 35.51°, 43.44°, 54.31°, 57.33°, and
63.21°, which correspond to crystal plane index
(220), (331), (400), (422), (511) and (440) of
Fes04database according to the JCPDS card
No. 75-0449 with inverse-spinel structure. The
Fe304/Si02 exhibits a peak similar to that of
Fes04, albeit with reduced intensity. The ab-
sence of diffraction peaks for SiO2 suggests
that the SiOz layer is amorphous [41,46]. The
detection of TiO:z in the Fe304/Si02/TiO2 peak
was at 20 of 25.07° (101) and 48.09° (200), indi-
cating of anatase phase (JCPDS cards No. 21-
1272). The measurements of the 20 at 38.68°
(111), 44.21° (200) and 77.37° (311) provide evi-
dence that the distribution of Ag on the surface
of the Fe304/S102/TiO2 adheres to the face-
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Figure 2. FTIR spectra of (a) FesO4, (b)

Fe304/Si02, (c) Fes04/Si02/Ti02 and (d)
Fe304/Si02/Ti0@Ag.
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centered cubic structure (JCPDS cards No. 03-
092). The average crystallite size was
determined using the Debye-Scherrer equation,
it was found that the crystal sizes of FesOs,
Fe304/Si02, Fesz04/Si02/TiOz and
Fe304/S102/Ti02@Ag were 25, 23, 19 and 19
nm. The presence of SiOz inhibits crystal

SEI  20kV WD10mm SS30

x30,000 0.5um

g

-

SElI  20kV WD10mm SS30 x30,000 0.5pm

growth. Other research shows that SiOz doping
on NiFes04 also reduces crystal size [47].
Figure 2 displays the FTIR spectra of FesOs,
Fe304/5102, Fe304/Si02/T1i02, and
Fe304/S102/Ti0O2@Ag. The spectral peaks seen
at wave numbers between 1620—-1630 cm~! and
3398-3421 cm™! are evidence of H-O—H vibra-

WD10mm SS30

SElI  20kV WD10mm SS30 x30,000 O0.5pm  —

Figure 3. Morphology of (a) Fes04, (b) Fes04/SiO2, (c) Fez04/Si02/Ti02 and (d) Fez04/Si02/Ti02@Ag.

=10 pm

Figure 4. Elemental mapping of Fes04/SiO2/TiO2@Ag.
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tions and the bending vibrations of water mole-
cules [48]. The peaks within the 1080-1100
cm~! range indicate stretching and deformation
vibrations associated with the Si—O—Si bond
[49]. The aforementioned peak is observed in
the materials Fes04/Si102, Fes04/Si02/Ti02, and
Fe304/Si02/Ti02@Ag, with corresponding wave
numbers of 1091.70, 1081.25, and 1080.49 c¢m-!.
The spectra of Fes04/Si02 and Fes04/Si02/Ti02
exhibit distinct peaks at wave numbers 459.05
and 455.26 c¢cm™!, corresponding to the asym-
metric stretching of Si—O—Si bonds. However,
in the case of Fes04/SiO2/TiO2@Ag, these peaks
are observed with reduced intensity. The vibra-
tional mode corresponding to the Fe—O-Fe
bond in Fe304 is characterized by a peak at
wave numbers ranging from 570 to 630 cm™!
[60]. The peak overlaps with the Ti—-O and
Ti—O-Ti vibrations, observed within the wave
number range of 500-700 cm~! [48]. The FTIR
spectra of Fes04/Si02/Ti02@Ag did not exhibit a
discernible shift in wavenumber compared to
those of Fes04/SiO2/Ti02. However, there was a
noticeable alteration in the intensity of the
spectra. This phenomenon can be attributed to
the lack of infrared light absorption by Ag [49].

Figure 3 depicts the morphological charac-
teristics of Fes04, Fe304/S102, Fes04/Si02/T102,
and Fes04/Si02/TiO2@Ag. Meanwhile, Figure 4
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Figure 5. Magnetic properties of FesOs,
Fes04/Si02, Fezs04/Si02/Ti1i0> and
Fe304/Si02/Ti02@Ag.

provides an elemental mapping analysis for
Fe304/Si02/Ti02@Ag. The morphology of FeszO4
exhibits an irregular structure characterized
by agglomeration. In contrast, Fes04/SiO2 dis-
plays a spherical morphology, suggesting the
presence of a coating on the Fe3z04 surface. The
Fe304/S102/Ti0O2 and Fes04/SiO2/TiO2@Ag sur-
faces exhibit analogous characteristics, specifi-
cally a flake-like morphology encompassed by
spherical particles. Based on mapping analysis,
it can be concluded that the surface of
Fe304/Si02/TiO2 at Ag exhibited a lack of ho-
mogeneity. Certain locations exhibited a preva-
lence of Fe and Si, whereas the composite sur-
face displayed a distribution of Ag.

The composition of the elements derived
from the EDS analysis is presented in Table 1.
The compound Fe3O4 consists of Fe and O.
When SiOz: is introduced, the proportion of Fe
in the compound decreases. The core material
utilized in this context is Fes04, whereas SiOq
serves the purpose of coating the FesOs. The
observed reduction in the proportion of Fe and
the emergence of Si elements provide evidence
of the effective encapsulation of FeszOs with
Si02. Similarly, the successful synthesis of
Fe304/Si02/Ti0O2@Ag can be inferred from the
presence of Ti and Ag elements.

According to Figure 5, it can be observed
that the saturation magnetization value fol-
lows: Fes04 > Fe304/Si02 > Fe304/Si02/TiO2 >
Fe304/S102/Ti02@Ag. The saturation magneti-
zation values of the respective samples are
82.3, 63.3, 54.8, and 49.4 emu/g. The satura-
tion magnetization values of FeszO4 obtained in
this study were higher than those reported in
previous studies. The values were found to be
50.7 emu/g [41], 55.25 emu/g [44] and 63.6
emu/g [61]. The formation of the core-shell
leads to a reduction in magnetic properties
since the SiO2 coating, being non-magnetic,
hinders the propagation of the magnetic field.
Similar findings have been observed in other
studies, indicating that the saturation magnet-

ization value of Fes3Os 1is higher than
Fe304/S102 and Fe304/Si02/NiO [36].
The optical properties of

Fe304/S102/Ti02@Ag were examined using DRS

Table 1. Elemental composition of Fes04, Fes04/Si02, Fes04/Si0O2/Ti02 and Fes04/Si02/TiO2@Ag from

EDS analysis.

Materials Fe (%) 0O (%) Si (%) Ti (%) Ag (%)
Fes04 71.48 28.52

Fe304/S102 37.96 43.64 18.40

Fe304/Si02/Ti0q 24.78 46.32 16.56 12.34
Fe304/S102/Ti02@Ag 21.50 43.25 15.42 11.49 8.34
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UV-Vis spectroscopy to determine the band gap
(Eg). In this research, a comparison was made
between the band gap values of the material
under investigation and commercially available
TiO2. The determination of the band gap value
1s achieved through the utilization of the Tauc
equation in the following manner:

(ahv)' =B(hv-E,) 1)

E; denotes the optical band gap, o symbolizes
the absorption coefficient, A corresponds to
Planck's constant, v signifies the frequency of
the incident radiation, and n represents a con-
stant that relies on the specific electronic tran-
sition being considered (for indirect transition,
n = 2, while for direct transition, n = 1/2). The-
band gap values of the Fes04/Si02/TiO2@Ag
were determined by analyzing the graph of
(ahv)2 vs. hv. TiOg is classified as an indirect
transition [52]. The data presented in Figure
6(a) demonstrates that Fes04/S102/TiO:@Ag ex-
hibits a broad absorption peak in the visible re-
gion, specifically at wavelengths greater than
400 nm. In contrast, TiO2 displays a distinct
absorption peak at a wavelength of 353 nm,
which falls within UV region. In Figure 6(b),
the band gap value of Fe304/SiO2/TiO2@Ag is
depicted as 2.92 eV, which is comparatively
lower than TiO2 measured at 3.24 eV. The find-
ings suggest that photocatalytic degradation is
better suited for use in the region of visible
light irradiation. An additional investigation
demonstrated that the band gap measurement
of TiO2 was determined to be 3.25 eV. However,
when incorporating ferrite compounds,
NiFe20s4, at concentrations of 4%, 8%, and 12%,
the band gap value decreased to 3.19 eV, 3.01
eV, and 2.94 eV, respectively [53].

45
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3.2 Photocatalytic Degradation of Congo red
Dye

The photocatalytic degradation of the Congo
red dye utilizing the Fe304/Si02/TiO2@Ag com-
posite material is depicted in Figures 7(a)—(d).
The quantification of the degraded dye is de-
noted by C/Co, which C (mg/L) signifies the
concentration of the degradation product, while
Co (mg/L) represents the initial concentration
of the dye. Figure 7(a) shows a plot of initial
pH versus ApH to obtain pHpzc. The surface
material is negative when pHpzc < pH and pos-
itively charged when pHpzc > pH [47]. This
study obtained the pHpzc Fes04/Si02/Ti02@Ag
of 5.77. In Figure 7(b), the impact of pH on the
degradation of dye is depicted. The concentra-
tion of Congo red dye employed is 20 mg/L in a
volume of 50 mL. The dosage utilized is 0.25
mg/L, and the duration of irradiation spans
from 0 to 120 min, with intervals of 20 min.
The observed decline in the concentration of
Congo red dye over a 60 min period was com-
paratively less pronounced in the absence of ir-
radiation, as evidenced by the graph depicting
the 0-60 min interval. This graph exhibited a
more gradual slope in the absence of irradia-
tion.

The degradation of Congo red dye at pH 3
and 4 exhibited a nearly equivalent extent,
precisely 70.8% and 71.3%, respectively. Nota-
bly, an elevation in pH resulted in a reduction
in the quantity of dye degradation. Congo red
dyes exhibit high solubility in acidic environ-
ments, forming sulfonic groups with a negative
charge with a pKa of 4.1 (25 °C) [54]. Under
conditions of low pH, it can be observed that
the composite surface undergoes protonation,
resulting in the acquisition of a positive charge
(< pHpzc) [55]. Therefore, the electrostatic at-
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Figure 6. Spectra of (a) UV-Vis DRS and (b) Band gap energies of TiO2 and Fes04/SiO2/TiO2@Ag.
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traction between the dye and the composite
material is enhanced. Several research studies
have indicated that the most effective condi-
tions for the photocatalytic degradation of Con-
go red dye involve an acidic pH, such as using
CoFe204-TiO2 at a pH of 3 [66] and C-TiO:@
Fes04/AC at a pH of 5 [57].

Figure 7(c) shows the highest degradation
observed at a dose of 0.50 g/Li after 100 min of
irradiation, with a degradation percentage of
84.60%. The experiment involved conducting
photocatalytic degradation on a solution con-
taining 20 mg/L of Congo red dye in a volume of

5 | @)
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o}
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1 2 3 4 5 9 10 11 12 183
1
.2 .
‘3 -y
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1.2
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S
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0
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-60 -40 -20 0 20 40 60 80 100 120 140
Irradiation time (min)

50 mL with a pH of 4. Overall, the degradation
percentage exhibited an upward trend, starting
from a dosage of 0.25 mg/L. and reaching its
peak at 50 mg/L. Subsequently, the percentage
of degradation declined from 0.75 mg/L. The
augmentation of composite materials has a det-
rimental effect on photocatalytic degradation
efficiency [56]. When the dose in higher quanti-
ties, it increases turbidity, impeding light ab-
sorption [5,58].

The impact of varying initial concentrations
of Congo red dye (10, 20, 30, and 40 mg/L) on
value of C/Cy is depicted in Figure 7(d). Photo-
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Figure 7. (a) pHpzc and photocatalytic degradation curve of Congo red dye as a function of (b) pH, (c)

Catalyst dose, and (d) Initial concentration.

Table 2. Comparison of the photocatalytic degradation of several photocatalysts for the Congo red dye.

Catalyst pH Doses (g/L) Conz:;r;iz;tlon ;Fnll?;e) Rer(lol/(()))val Ref.
Co304/Ti02/GO 3 0.25 10 90 91 [21]
Fe203-Ce02 - 2.0 25 180 96 [60]
Fe20s/porous SiO2 - 1.0 20 180 88 [61]
Ni-TiO2 2 0.08 80 180 92.31 [62]
CoFe204-TiO2 3 0.08 10 120 80 [56]
P-ZrOz2 CeO2 ZnO - 0.05 10 250 86 [13]
Al-SrTiOs 5 0.02 10 90 81 [63]
Fes304/S10:/Ti02@Ag 4 0.50 10 100 96.52 In this work
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catalytic degradation was conducted under pH
4 and a dosage of 0.5 g/L.. The magnitude of
degradation of the Congo red dye as a follow 10
mg/L > 20 mg/LL > 30 mg/LL > 40 mg/L. The
greatest photocatalytic degradation observed at
the initial concentration 10 mg/L of 96.52%.
The efficacy of degradation is influenced by the
catalyst's efficiency in absorbing energy. The
high initial concentration of the dye hinders
light transmission, impeding its absorption by
the catalyst. Furthermore, it should be noted
that a significant quantity of dye molecules can
potentially obstruct the active region of the cat-
alyst surface, resulting in a deficiency in ROS
production [59]. Table 2 compares the photo-
catalytic degradation of the Congo red dye in
various research findings. The percentage of
photocatalytic degradation wutilizing
Fe304/Si02/Ti02@Ag exhibits a higher magni-
tude in comparison to previous investigations.
The photocatalytic degradation is initiated
by the adsorption of Congo red dye onto the cat-
alyst's surface. Moreover, the trigger actively
engages in the absorption of radiation, thereby
facilitating the process of electron photogenera-
tion from the valence band (VB) to the conduc-
tion band (CB), resulting in a positively
charged vacancy referred to as a hole (h*). The
photogenerated electron-hole pairs (e/h*) are
subsequently captured by the surface of the
catalyst [56]. Photogenerated electrons undergo
a reaction with O2on the surface of the catalyst
that leads to ROS, such as *OH and <O2-
[64,65]. The interaction *OH and <Oz with
Congo red results in non-toxic inorganic sub-
stances and even leads to complete mineraliza-
tion of the target compound, H2O and COz [65].

1. Vis

100 { 2. Fe 0.+ Vis

3. Fe;0,/810, + Vis

4. Fe,0,/810,/Ti0O,+ Vis

~ 80 { 5. Fe,0,/8i0,/Ti0,@Ag + Vis
g
=
2 60
g
Q
m 40 B

20 -

0 —mim . . .

1 2 3 4 5

Figure 8. Comparison of removal of Congo red
dye using visible irradiation, Fe3Os + Vis,
Fes04/S102 + Vis, Fes04/Si02/Ti02 + Vis and
Fes04/Si02/TiO:@Ag + Vis.

The photocatalytic degradation mechanism 1is
explained as follows: [55]

Fe304/Si02/Ti02@Ag + hv —
Fes04/S102/Ti02@Ag (ecs™ + hvs) 2)

ecs”+ 02— * 02 3)
hvet + H2O —+OH + H* (4)
Congo red dye + *OH/* Oy~ —

CO2 + H20 + other product (5)

Figure 8 represents the effectiveness of re-
moving the Congo red dye through various
methods. These methods include photolysis
without a catalyst as well as the use of FesOy,
Fe304/S5102, Fe304/S1i02/Ti02, and
Fe304/Si02/Ti02@Ag, all under the influence of
visible light radiation. The initial concentra-
tion of the Congo red dye is 10 mg/L with a pH
solution of 4, a dose of 0.5 g/LL and an irradia-
tion time of 100 min is applied. It is evident
that when exposed solely to radiation
(photolysis), only a minor fraction of the dye
undergoes degradation. The
Fes04/S102/T102@Ag catalyst, when exposed to
visible light radiation, exhibits the highest per-
centage of removal. This observation suggests
a synergistic relationship between visible light
radiation and the catalyst, resulting in an effi-
cient reduction of the concentration of Congo
red dye.

The assessment of mineralization extent ne-
cessitates the utilization of total organic carbon
(TOC) analysis. The TOC value acquired was
determined to be 86.54%. Typically, the TOC
value is unable to attain a 100% level. This oc-
currence signifies that the process of minerali-
zation is incomplete. It implies that not all of
the Congo red dye undergoes degradation into

3.5 A * 10 mg/L
¢ 20 mg/L
3 A * 30 mg/L
* 40 mg/L
025
=
2 2
g
1.5 1
1 -
0.5
0 T T T T T T
0 20 40 60 80 100 120 140

Irradiation time (min

Figure 9. The Congo red dye photocatalytic
degradation kinetics using Fesz04/S102/Ti0O:@Ag
in different concentrations of Congo red dye.
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H20 and COs. Instead, some intermediate com-
pounds are formed [66,67]. A research investi-
gation yielded similar findings regarding the
TOC value of Congo red dye degradation when
utilizing CoAl204-Zn0O, which amounted to
66.9% [66]. In another case, the degradation of
methyl orange dye was observed to reach 87.6%
when employing NiFe204/S102/NiO [47].

3.3 The Kinetics of Photocatalytic Degradation

The significance of photocatalytic degrada-
tion investigations lies in their ability to eluci-
date the degradation rate of the Congo red dye,
thereby providing insights into the duration
necessary for the completion of the process. In
a broad sense, the pseudo-first-order model is
appropriate for the photocatalytic degradation
of dyes [68]. It can be exemplified by the utili-

1 2 3 4 5

Cycle

[y

3 o [+2] (=4

(=] (=] (=] =]
L L

Degradation efficiency (%)

b
(=
L

Figure 10. Recyclability of Fe304/SiO2/TiO@Ag
for photocatalytic degradation of Congo red
dye.

zation of the pseudo-first-order equation by the
following [47,69]:

dcC 6
= k,,,C (6)

The integration of these equations becomes:
m(%j:kmt @

Co and C represents the initial concentration
and concentration at each instance (mg/L).
Meanwhile, k.p symbolizes the pseudo-first-
order constant (min~!), and t represents the du-
ration of irradiation (min). The value of kup is
determined by calculating the slope of the
graph In Co/C as a function of time. The data
presented in Figure 9 illustrates the kinetics of
the photocatalytic degradation process. The ex-
periment used different initial concentrations,
precisely 10, 20, 30, and 40 mg/L. The correla-
tion coefficient values (R2) observed at each
concentration were 0.9984, 0.0046, 0.9891, and
0.9875. The observed value is close to 1, sug-
gesting a linear correlation between the quan-
tity of dye that undergoes degradation and
time. The observed kqp demonstrates an in-
verse relationship with concentration. As the
concentration increases, the value of ke de-
creases to the following values: 0.0278, 0.0162,
0.0125, and 0.0097 min!. Additional research
studies have also documented a similar case for
the photocatalytic degradation of Congo red
dye by Al-SrTiOs at concentrations of 5, 10,
and 15, explicitly measuring 0.025, 0.0183, and
0.0109 min~! [63].

Figure 11. Antibacterial activity Fe304/Si02/TiO2@Ag to E. coli and S. aureus.

Copyright © 2023, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 18 (2), 2023, 325

3.4 Photocatalyst Recyclability

The assessment of the Fe3z04/SiO2/TiO@Ag
composite's stability was conducted through an
iterative photocatalytic degradation procedure.
Figure 10 depicts the degradation efficiency of
Fe304/Si102/Ti02@Ag following five instances of
utilization for photocatalytic degradation of
Congo red dye. In each iteration, the catalyst is
extracted from the solution using an external
magnet. Subsequently, it undergoes a thorough
cleansing process involving ethanol and water.
Finally, it is dried in preparation for the subse-
quent phase [47,51]. The decline in degradation
capability following five cycles amounted to
4.83%. It suggests that the composite material
exhibits stability, recyclability, and effective-
ness in facilitating the photocatalytic degrada-
tion.

3.5 Antibacterial Activity

The antibacterial characteristics of
Fes04/S102/Ti02@Ag were assessed using the
agar diffusion method on E. coli and S. aureus
bacteria. The concentrations utilized for
Fe304/S102/Ti02@Ag were 2000, 1000, 500, 250,
125, and 62.5 pug/mL, with DMSO serving as
the negative control. Figure 11 displays the di-
ameter of the inhibition zone corresponding to
each concentration. The bactericidal effect of
Fe304/S102/Ti02@Ag on both strains is demon-
strated by the zone of inhibition, as depicted in
Table 3. The concentration of
Fes04/S102/Ti02@Ag influences the inhibition
zone's size. Specifically, as the concentration
increases, the diameter of the inhibition zone
also increases. According to Ramdoni et al. [44],
it was observed that the diameter of the inhibi-
tion zone for E. coli and S. aureus exhibited an
upward trend as the concentrations of
Fe304@Si02-Ag increased. The diameter of the
inhibition zone ranged from 8 to 11 mm. This
investigation revealed that the minimum inhib-
itory concentration (MIC) at 250 ug/mL and the

diameter of the inhibition zone for E. coli and
S. aureus were measured to be 6.70 and 7.38
mm, respectively.

Typically, the antimicrobial efficacy of met-
als 1s associated with their capacity to adhere
to bacterial cell membranes, engage with mac-
romolecules like DNA and proteins, and gener-
ate ROS. These ROS induce the deterioration
of cellular structure, ultimately resulting in
the demise of the bacterial cells [70]. Further-
more, the presence of Ag nanoparticles leads to
the release of ions. This phenomenon is signifi-
cant as it can potentially enhance the permea-
bility of cellular membranes. The reason be-
hind this lies in the strong affinity and electro-
static attraction that Ag nanoparticles possess
towards sulfur-containing proteins [71]. The
accumulation of silver ions within the cyto-
plasm has the potential to induce the denatur-
ation of ribosomes, ultimately resulting in the
demise of the cell [72]. Using staining methods,
a separate study showed that E. coli exposed to
Fe304810:@MnO2@Ag showed signs of lysis,
with stem morphology being changed and dam-
aged as a result [41].

4. Conclusions

Core-shell composites of
Fe304/Si02/TiO2@Ag have been synthesized
successfully. The Fes04/SiO2/TiO:@Ag compo-
site possesses superparamagnetic characteris-
tics, which enable the efficient separation of
the composite from a solution following its uti-
lization. The composite material exhibits a no-
table efficiency of 96.52% in the photocatalytic
degradation of the Congo red dye. Further-
more, it can be substantiated that the compo-
site material exhibits exceptional stability,
thereby enabling its repeated utilization. The
Fe304/S102/TiO2@Agcomposite  exhibited re-
markable antibacterial efficacy against E. coli
and S. aureus. Based on the aforementioned
findings, the composite material possesses a
multifaceted function in environmental appli-

Table 3. Inhibition zone of the concentration based on Fe304/SiO2/TiO2@Ag.

Inhibition zone (mm)

Code Concentration (ug/mL) -
E. coli S. aureus

i 2000 19.10+£0.16 21.60 + 0.08
i 1000 18.56 £ 0.12 21.05+0.14
1ii 500 11.30 £ 0.04 13.15+0.10
iv 250 6.70 £ 0.10 7.38+0.05
v 125 0 0

vi 62.5 0 0
vii -) 0 0
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cations. Its efficacy extends beyond the mere
reduction of dye concentrations, encompassing
antibacterial properties as well.
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