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Abstract. Fe:O4 has been synthesized using the combustion solution method using glycine as
fuel. The FesOs was used as a catalyst in the photocatalytic degradation of Congo red dye. The
Fe3;04 were characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM),
and energy-dispersive X-ray spectroscopy (EDS), UV-Vis spectroscopy, and vibrating sample
magnetometry (VSM). The characterization showed that Fe:Os has an inverse spinel structure
with a crystalline size of 35.6 nm. FesOs has an optical band gap of 2.16 eV, and a saturation
magnetization of 83.76 emu/g. The study showed that the highest photocatalytic degradation was
at 90 min of irradiation time using visible light irradiation, the concentration of Congo red dye
of 10 mg/L, and pH solution of 5, with a photocatalytic degradation efficiency of 97.70%. The
experiment indicated that the photocatalytic degradation of the Congo red dye by FesO4 followed
a pseudo-first-order. Fe;Oy is effective as an antibacterial against gram-positive bacteria
(Streptococcus aureus) and gram-negative bacteria (Escherichia coli).

1. Introduction
In recent years, research on nanomagnets has received intensive attention in the engineering and medical
fields. Materials in nanoscale have unique physical, chemical, and biological properties, compared to
those in large sizes [1]. Spinel ferrites are compounds with the general formula MFe;04, where M is a
cation like Mn, Fe, Co, Ini, Zn, etc [2]. Fe;04 (magnetite) serves as one of the important ferrites due to
its small size, large magnetic properties, biocompatibility and biodegradability, and low toxicity [3.4].
It has many functions, such as in the biomedical field, namely as an antibacterial and antioxidant agent,
catalyzation, drug delivery, adsorption, magnetic recording media, and lithium-ion battery [1,3,4,5,6].
Heterogeneous photocatalysis is considered an attractive method because it has been successtully
used for degrading various organic pollutants. The increasing use of photocatalytic methods, compared
to conventional methods, is due to its capability of degrading organic substances into harmless
molecules such as CO,, H»0, and organic acids [7]. FesO4 has been used as a photocatalyst to degrade
Methylene blue, Congo red, Methyl orange, Rhodamine B, and Levofloxacin dyes [1,8,9]. The increase
in the photodegradation efficiency of organic molecules in the visible-magnetic Fe;04 irradiation system
can be attributed to the fast electron transfer resulting in effective electron and hole separation. A hole
is a strong oxidizing agent that can oxidize OH and H»O adsorbed on the Fe; 04 surface, producing H.O
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free radicals. The H>O radicals adsorbed on the Fe;04 surface are strong oxidants that oxidize the
adsorbed organic compounds. The superparamagnetic properties of Fes0Q4 increase the efficiency of
separating the catalyst from the solution after the degradation process. In a short time, the separation
can be done using a permanent magnet.

Fe;0s can be synthesized by various methods, including co-precipitation [3], sol-gel [10],
hydrothermal [11], solvothermal [12], and solution combustion [ 13]. The solution combustion method
has a simple procedure with a short reaction time and high purity product [ 14]. The organic compounds
used in the solution combustion method as fuel are urea, glycine, EDTA, and citric acid [15]. The type
of fuel used affects the intensity of the combustion reaction [16]. The synthesis of NiFe:O4 shows that
glycine as fuel has greater crystallinity than urea and citric acid [17].

In this study, Fe;OgpRps synthesized using glycine as fuel by the solution combgggion method. Next,
Fe;04 was employed to degrade Congo red dye with visible light irradiation. Congo red dye is a
benzidine-based anionic dye that is soluble in water and challenging to decompose due to its structural
stability. It is widely used in the textile, tanning, printing, dyeing, paper, rubber, and plastics industries
[18,19,20]. The antibacterial properties of Fe;Os were tested against bacteria commonly found in
wastewater, namely S. aureus and E. coli.

2. Materials and Methods
The materials used igfis study were Fe(NO3):.9H20, C2HsNOa, Congo red of Sigma Aldrich company,
and bacteria species of S. aureus ATTC 25923 and E. coli ATCC 25922 from PT Bio Farma.

2.1. Synthesis of Fe;04

Fe(NO;);.9H,0 and C-HsNO-> were dissolved in deionized water, then the mixture was stirred until
homogeneous. The mixture was then poured into a round bottom flask with a perforated rubber stopper
to release the reaction gas. The mixture was heated on a hot plate at controlled temperatures. Heating
was continued gradually until reaching a particular temperature to form a gel. In the next few minutes,
a violent reaction occurred while releasing gas and leaving Fe;O4 powder, which was then ground with
a mortar. The reaction occurring was [21]:

54Fe(NOs); + 92CHsNO, — 18 Fes04 + 184C0O; + 230H.O + 127N,

The resulting Fe;O4 was characterized using X-ray diffraction (XRD Malvern Panalytical) to obtain
crystal structure and crystgline size. XRD analysis was done on CuKu irradiation (A = 1.5406A), with
a range of 20 = 20-90°. The magnetic prgperties of Fe;O; were analyzed using a vibrating sample
magnetometer (VSM Oxford Type 1.2 T). ®¥he morphology and elemental composition were analyzed
using a scanning electron microscope—energy dispersive spectrometer (SEM-EDS JOEL JSM 6510 LA).
The optical absorption spectra were determined using UV -visible diffuse reflectance spectroscopy (UV-
Vis DRS Pharmaspec UV-1700).

7

2.2, g‘!atocarabztic Degradation

Photocatalytic degradation of Fe;O4 against Congo red dye occurred by irradiation of visible light
(A=420 nm). For the time variable, a total of 10 mg of magnetic Fe;Os was put into 25 mL of Congo red
20 mg/L dye solution then stirred using a magnetic stirrer. The irradiation time was varied between 10-
100 minutes with 10 minutes difference. For the concentration variable, the concentration of Congo red
was varied in the range of 10-80 mg/L. Meanwhile, for the pH variable, the pH of the solution was

ied with the range of 3-9. The remaining undegraded Congo red dye concentration was analyzed
using a UV-Vis spectrophotometer (Type Orion Aquamate 8000).

2.3. Testing the antibacterial activity
The antibacterial activity test was carried out using the agar well diffusion method. A total of 500
pL of bacterial cultures (S. aureus and E. coli) were put onto a Petri dish containing nutrient agar. After

[¥]
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the media was solidified, holes were made, and Fe;O4 was put into them with different concentrations
ranging from 125 g/mL. The Petri dish was wrapped with parafilm tape and transferred to an
incubator to be incubated at 37°C for 24 hours. The diameters of the clear zones formed were measured
in millimeters.

3. Results and Discussion

3.1. Characterization of Fe;O4

Figure 1(a) shows the XRD spectra of Fe;04. The crystalline peaks of Fe;04 can be observed at 24,
namely, 30.25°, 35.71°, 43.35%, 53.73°, 57.35°, and 62.85%, corresponding to the planes (220), (311),
(400), (422), (511), and (440), (531) and (533). The 2P angle confirmed JCPDF file No. 89-0691, namely
Fe;04 inverse spinel structure. The crystalline size of Fe;O4 obtained an average of 35.6 nm. The
crystalline size of Fe;0s was smaller than in other studies synthesizing by co-precipitation method,
which is ~40 nm [22].
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Figure 1. (a) XRD spectra and (b) magnetic hysteresis loop of Fe;O4

The magnetic properties of FesOs determined using VSM are present in Figure 1(b). The specific
saturation magnetization value of Fe;O. was obtained at 83.76 emu/g, higher than the Fe;O4 synthesized
using the co-precipitation method, which is 74.33 emu/g [3], and the thermal decomposition method is
67 emu/g [23]. A great saturation magnetization value indicates superparamagnetic properties.
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Figure 2. (a) UV-Vis spectra and (b) optical band gab of Fe;04

The optical absorption spectra of Fe;O4 are shown in Figure 2a. The results of UV-Vis absorption
confirmed that Fe;0s produced more electrons in the visible light region, where the optimunggeak was
at 443 nm. Ifthe incident light energy equals the photocatalyst band gab energy, electrons will be excited
from the valence band to the photocatalyst conduction band. Figure 2b shows Kulbeka Munk model on
by linear extrapolation plot of [F®kv]> versus Av gives a band gap of 2.16 eV. The ferrite band gap is
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about ~2.0 eV, effective for absorbing visible light [24]. The band gap is not much different from Fe; 04
synthesized by the co-precipitation method, which is 2.17 eV [22].

Figure 3(a) shows the morphology of Fe; O, analyzed using SEM, while Figure 3(b) the EDS spectra
of Fe;04. The morphology of FesQs appears to be spherical but not homogeneous. The small particle
size causes Fe;O,4 to agglomerate. Based on the EDS results, Fe;Oy4 contains 71.86% O and 28.14% Fe,
with no other elements. Therefore, the Fe;04 synthesized by the solution combustion method has high
purity.
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Figure 3. (a) SEM image dan EDS spectra of Fe;04

3.2. Photocatalytic Activity of Fe;Oy

The effect of irradiation time, Congo red dye concentration, and solution pH on photocatalytic
degradation efficiency is shown in Figure 4. The optimum irradiation time was 90 minutes, at which the
dye was degraded by 87.50%. The further addition of irradiation time showed that the amount of the
dye degraded was relatively constant. The degradation found in this re@@arch was more than the
photodegradation of Congo red dye using CoFe204, which is 84-92% [25]. In the presence of a visible
light source, photons excited electrons on the surface of the catalyst (Fe;0,), where electrons moved
from the valence band to the conduction band, leaving positive holes in the valence band, which then
reacted with water to release hydroxyl ions, which degraded the dye [26].
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Figure 4. Photocatalytic degradation of Congo red dye; effect of (a) irradiation time, (b) concentration
of Congo red dye, (c) pH solution

Figure 4 (b) shows that an increase in the concentration of Congo red dye caused a decrease in
photocatalytic degradation efficiency. A high concentration of dye blocked the interaction between
visible light with the catalyst's surface so that the degradation ability of the catalyst decreased. In
addition, the number of hydroxyl r‘adicalsaoduced by the catalyst was limited while the amount of dye
increased [25]. The same phenomenon in the photocatalytic degradation of Congo red dye using
CoFe:04 [26]. Figure 4(c) indicates that optimum efficiency was at pH 5, reaching 97.70%. There was
a decrease in photodegradation efficiency when the pH increased. Fe; 04 has a pHpzc of 7-7.4 [27]. The
Congo red dye is an anionic dye. At a pH greater than pHpzc, there is a repulsion between the negative
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charge of the dye and the catalyst. At low pH, there is an attractive competition between the anionic dye
d H" with the catalyst. In this study, the highest efficiency was at a pH of 5.
e pseudo-first-order kinetics was determined using the equation [26]:

Co
In=2 = kt
"T

t
C, is the initial concentration of dye (mg/L), , is the concentration of the dye at a certain time
(mg/L),  is time (min), and k is the velocity constant (min"'). A pseudo-first-order kinetic model has
been ag@pted to describe the dye photocatalytic degradation process using ferrites [28,29]. Figure 5
shows that the photocatalytic degradation process of Congo red dye follows a pseudo-first-order. The
correlation coefficient (R°) is 0.9969, the rate constant value (k) is 0.0308 min"', and the half-life time
(t12) 15 22.5 min.
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Figure 5. Pseudo-first-order kinetics of photocatalytic degradation Congo red dye by Fes04

3.3. Antibacterial Activity of Fe;0;

Fe3Oy is an effective antibacterial agent, as shown in Figure 6. Reactive oxygen species (ROS)
produced by Fe3O4 causes oxidative stress of the bacteria. ROS include radicals such as superoxide
radicals (03%), hydroxyl radicals ( *OH), and hydrogen peroxide (H20:), which are responsible for
protein and DNA damage in bacteria [1,30]. ROS be produced by iron oxides such as Fes at
cause inhibition of most pathogenic bacteria. This study showed that the zone of inhibition of gram-
positive bacteria is smaller than gram-negative bacteria. Gram-negative bacteria are more sensitive than
gram-positive. Each bacterium has a distinctive cell structure and metabolic peculiarities [30,31].
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Figure 6. Antibacterial activity of Fe;O4 against 8. aureus and E. coli

4. Conclusion
Fe;O@s been successfully synthesized by the solution combustion method using glycine as fuel. Fe;O4
has a spinel structure with a crystal size of 35.6 nm and is superparamagnetic. Fe;04 in combination
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with visible light effectively in g photocatalytic degradatigm of Congo red dye. The photocatalytic
degradation optimum process at 90 min of irradiation e,gflmgo red dye concentration of 10 mg/L,
and a pH solution of 5 with the efficiency of 97.70%. g -first-order is appropriate to describe the
photocatalytic degradation process of Congo red dye. Fe; 4 1s effective as an antibacterial against gram-
positive and gram-negative bacteria. Thus, Fe;O4 is preferable to be used for processing industrial

wastewater, especially those containing synthetic dyes.
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