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KEYWORDS Abstract In this paper, a-Fe,O; nanoparticles were fabricated via the combustion process using

glucose and sucrose as organic fuels for the first time. The fabricated products were characterized
using XRD, FT-IR, HR-TEM, and UV-vis spectrophotometer. The average crystallite size of the
a-Fe,O3 samples, which were synthesized using glucose and sucrose fuels, is 27.25 and 6.13 nm,
respectively. The HR-TEM images confirmed the presence of spherical and irregular shapes with
an average diameter of 31.92 and 8.83 nm for the a-Fe,O5 samples, which were synthesized using
glucose and sucrose fuels, respectively. The optical energy gap of the a-Fe,O3 samples, which were
synthesized using glucose and sucrose fuels, is 2.00 and 2.48 eV, respectively. Additionally, the syn-
thesized a-Fe,O5 samples were employed as a photocatalyst for the degradation of methyl orange
dye under UV irradiations in the absence and presence of hydrogen peroxide. The optimum pH,
irradiation time, and dose of a-Fe,O5 that achieved the highest degradation efficiency in the pres-
ence of hydrogen peroxide (82.17 % in the case of using an o-Fe,O; sample which was synthesized
using glucose or 95.31 % in the case of using an a-Fe,O3 sample which was synthesized using

sucrose) are 3, 100 min, and 0.05 g, respectively.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Methyl orange is a toxic azo dye that is soluble in water. It is also clas-
sified as an anionic or acidic dye. It may result in diarrhea and nausea.
Exposure to high doses of methyl orange dye can be fatal
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(Amenaghawon et al., 2022; Carolin et al., 2021; Wu et al., 2021).
Because methyl orange dye is stable, non-biodegradable, and soluble
in water, it is hard to remove it from aqueous media using conventional
water treatment methods (Raliya et al., 2017; Zyoud et al., 2015). Dye
contamination in effluents can be removed in three ways: biological
degradation, physical separation, or chemical processes, each of which
has advantages and disadvantages (Ahmad et al., 2015). Ion exchange,
adsorption, membrane filtration, coagulation—flocculation, advanced
oxidation processes, and aerobic-anaerobic digestion are all viable
technologies for removing organic materials from wastewater, most
notably dyes (Kumar Sinha et al., 2021; Yadav and Dindorkar, 2022;
Zhao et al., 2021; Nnaji et al., 2022; Gadow and Li, 2020; Hegazey
et al., 2020; Alharbi and Abdelrahman, 2020; Abdelrahman et al.,
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2019). Advanced oxidation processes are the most favorable of all these
techniques due to their low cost, low temperature operation, and ability
to convert organic contaminants to harmless water (H,O) and carbon
dioxide (CO,) (Hegazey et al., 2020; Alharbi and Abdelrahman, 2020;
Abdelrahman et al., 2019; Abdelrahman and Hegazey, 2019). It is well
established that photocatalysis is extremely effective in removing
organic dyes. Thus, ultraviolet light causes some electrons in the valence
band of the catalyst to transfer to the conduction band. As a result,
holes and electrons were produced on the catalyst surface. The holes
and electrons then combine with water to form hydroxide free radicals,
which are well-known for their tendency to degrade dyes into harmless
gases, for example, water and carbon dioxide (Hegazey et al., 2020;
Alharbi and Abdelrahman, 2020; Abdelrahman et al., 2019;
Abdelrahman and Hegazey, 2019). Numerous catalysts have been uti-
lized for degrading organic dyes, including polymeric hydrogel with
embedded TiO, nanoparticles, CuO/ZnO nanocomposite, graphitic
carbon nitride, tellurium-based metal alloy, polyaniline/SnO, nano-
spheres, a-Fe,O3, and CeO,/Ce,S; composite (Mansurov et al., 2022;
Yadav et al., 2022; tang Guo et al., 2022; Sayed et al., 2022; Rauf
et al., 2022). Due to its non-toxicity, high efficiency, and resilience to
corrosion, hematite (a-Fe,O3) is one of the most significant catalysts
(Hegazey et al., 2020; Alharbi and Abdelrahman, 2020; Abdelrahman
et al., 2019). Numerous techniques, including hydrothermal, thermal
decomposition, microwave/ultrasound, electrospinning, co-
precipitation, and combustion have been employed to synthesize o-
Fe,O; nanoparticles (Wang et al., 2017; Yang et al., 2018; Chizari
Fard et al., 2017; Supattarasakda et al., 2013; Lassoued et al., 2018;
Pu et al., 2014). However, these processes necessitate the use of expen-
sive substances or complicated equipment. Due to its simplicity, low
heat consumption, and low cost, the combustion process was employed
to synthesize several nanoparticles. So, a-Fe,O; nanoparticles were
produced in this work using the combustion process. Glucose and
sucrose were employed as organic fuels. Additionally, the synthesized
nanoparticles were employed as a photocatalyst for the degradation
of methyl orange dye. Additionally, several parameters affecting the
degradation of methyl orange dye were examined, including the photo-
catalyst dose, time, initial pH, and initial methyl orange dye
concentration.

2. Experimental

2.1. Chemicals

The utilized chemicals are glucose (CgHi>Og), sucrose
(C12H2,0yy), iron(I11) nitrate nonahydrate (Fe(NOs);-9H,0),
hydrogen peroxide (H,0,), and methyl orange dye (C;4H 4N;-
NaQO3;S). Sigma-Aldrich Company provided all of the com-
pounds mentioned above.

2.2. Synthesis of a-Fe;03 nanoparticles

The fuel solution was prepared as the following; 0.5571 g of
glucose or 0.5293 g of sucrose was dissolved in 60 mL of dis-
tilled water. The iron(III) solution was prepared as the follow-
ing; 2 g of iron(IIl) nitrate nonahydrate was dissolved in
60 mL of distilled water. After that, fuel solution was added
to iron(IIl) solution drop by drop with constant stirring at
200 °C until the complete solution evaporates. The powder
that remained was collected and calcined for 2 hrs at 550 °C.

2.3. Photocatalytic degradation of methyl orange dye

The photocatalytic activity of the synthesized Fe,O3 nanopar-
ticles on the degradation of methyl orange dye was studied

under UV irradiation. In all photocatalysis experiments,
50 mL of 20 mg/L of methyl orange and 0.05 g of Fe,O3
nanoparticles was stirred in a dark place for 60 min then irra-
diated under a 15 W UV lamp. After that, the Fe,O; nanopar-
ticles were separated using a 5000-rpm centrifuge then the
concentration of methyl orange dye in the filtrate was deter-
mined using a UV-Vis spectrophotometer at the maximum
wavelength of the dye (465 nm). The preceding experiments
were repeated with the addition of 2 mL of a 2 M solution
of hydrogen peroxide. Experiments on the degradation of
methyl orange dye in aqueous media were performed under
a series of conditions, including dose of Fe,O3 nanoparticles
(0.0125-0.20 g), pH (3-8), irradiation time (10-140 min), and
methyl orange dye concentration (5-30 mg/L). The percent
of photocatalytic degradation (% D) was calculated using
Eq. (1).

CO — Ce

0

%D = x 100 (1)

C. (mg/L) is the equilibrium concentration of the methyl
orange dye whereas C, (mg/L) is the initial concentration of
methyl orange dye.

2.4. Physicochemical measurements

The a-Fe,O5 products were analyzed using X-ray diffraction
equipment (18 kW; Model Dg Advance; Bruker) equipped with
monochromated Cu K, radiation with a wavelength of 1.54 A.
A transmission electron microscopy was used to produce HR-
TEM images of the a-Fe,O3 products. The a-Fe,O3 products
were measured in the FT-IR range from 4000 to 400 cm ™' uti-
lizing an FT-IR spectrophotometer (PerkinElmer Version
10.6.2). A UV-Vis spectrophotometer was used to determine
the optical energy gap of a-Fe,O3 products and the absorption
spectra of methyl orange (Jasco; Model v530).

3. Results and discussion

3.1. Characterization

Fig. 1A-B represents the synthetic mechanism of the a-Fe,O;
samples, which were obtained using glucose and sucrose fuels,
respectively. Iron(III) nitrate nonahydrate reacts with fuel
(glucose or sucrose) to produce o-Fe,O3; nanoparticles as well
as N,, CO,, and H,O gases. The quantity of evolved gases and
the reduction power of the fuels vary. As a result, the type of
fuel affects the shape and/or crystallite size of the synthesized
o-Fe,O5 samples. Fig. 2A-B represents the XRD patterns of
the a-Fe,O3 samples, which were obtained using glucose and
sucrose fuels, respectively. The obtained peaks are well
matched with those of hematite in ICDD No. 01-076-4579.
The crystal system of the synthesized hematite samples is

(A) Synthesis of hematite nanoparticles using glucose
8 Fe(NOs)s. 9H20+ 5 CsH1206 —4 Fe203 + 12 N2 + 30 CO; +102 H20
(B) Synthesis of hematite nanoparticles using sucrose

16 Fe(NO3)3.9Hz0 + § C12H22011 — 8 Fe203 + 24 N; + 60 CO: + 199 H,0

Fig. 1  Synthetic mechanism of the a-Fe,O; samples, which were
synthesized using glucose (A) and sucrose (B) fuels.
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Fig. 2 XRD patterns of the a-Fe,O; samples, which were synthesized using glucose (A) and sucrose (B) fuels.

Rhombohedral. The typical peaks of hematite at 260 = 24.189,
33.206, 35.701, 40.934, 49.550, 54.154, 57.672, 62.557, and
64.137° are due to the (012), (104), (110), (113), (024),
(116), (018), (214), and (300) crystal planes, respectively
(Hegazey et al., 2020). The average crystallite size, which was
determined using the Scherrer equation, of the a-Fe,O3 sam-
ples which were synthesized using glucose and sucrose fuels
is 27.25 and 6.13 nm, respectively. Also, Fig. 3A-B represents
the FT-IR spectra of the o-Fe,O; samples, which were
obtained using glucose and sucrose fuels, respectively. The
bands, which appeared at 451 and 463 cm™' in the o-Fe,O;
samples which were obtained using glucose and sucrose fuels,
are attributed to the stretching vibration of the Fe-O bond,
respectively. The bands, which appeared at 535 and
538 cm™! in the a-Fe,O5 samples which were obtained using
glucose and sucrose fuels, are attributed to the formation of
hematite (a-Fe,O3) with no phase transformation, respectively
(Hegazey et al., 2020). The bands, which appeared at 1636 and
1629 cm™! in the o-Fe,0; samples which were obtained using
glucose and sucrose fuels, are attributed to the bending vibra-
tion of adsorbed water, respectively. The bands, which
appeared at 3444 and 3428 cm ™! in the a-Fe,O5 samples which
were obtained using glucose and sucrose fuels, are attributed

to the stretching vibration of adsorbed water, respectively
(Shalapy et al., 2021; Youssef et al., 2021; Abdelghany et al.,
2021; Abdelbaset et al., 2020; Abdelrahman et al., 2021;
Abdelrahman et al., 2020; Abdelrahman and Hegazey, 2019;
Abdelrahman and Hegazey, 2019). Fig. 4A-B represents the
HR-TEM images of the a-Fe,O3 samples, which were obtained
using glucose and sucrose fuels, respectively. The results con-
firmed the presence of spherical and irregular shapes with a
mean diameter of 31.92 and 8.83 nm in the a-Fe,O3 samples
which were obtained using glucose and sucrose fuels, respec-
tively. Also, the optical energy gap (Egy,p) of the Fe;,O3; sam-
ples, which were synthesized using glucose and sucrose fuels,
was determined using equation (2) (Hegazey et al., 2020).

(Ahv)" = K(hv — Egqp) 2

n, K, and A are an integer depending on the kind of elec-
tronic transitions, a constant, and absorption coefficient,
respectively. In the case of n = 2, direct permitted transitions
were predominant. In the case of n 0.5, indirect allowed
transitions were predominant. Fig. 5A-B shows the plot of
(Ahv)? versus hv for the a-Fe,05 samples which were obtained
using glucose and sucrose fuels, respectively. The optical
energy gap (E,.,) was established by extrapolating the graph
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Fig. 3 FT-IR of the a-Fe,O3 samples, which were synthesized
using glucose (A) and sucrose (B) fuels.

until (Ahv)? equals zero. The optical energy gap of the a-Fe,O5
samples, which were obtained using glucose and sucrose fuels,
is 2.00 and 2.48 eV, respectively.

3.2. Photocatalytic degradation of methyl orange dye

3.2.1. Effect of pH

The photocatalytic degradation of the methyl orange dye
employing a-Fe,O3 nanoparticles, which were obtained using
glucose and sucrose, in the absence of H,O, and its presence
was examined at a pH = 3-8 as presented in Fig. 6A-B,
respectively. According to the findings, as the pH of methyl
orange dye decreases, the degradation efficiency increases.
Consequently, pH = 3 is the optimum pH that achieves the
maximum degradation of methyl orange dye. It was also
observed that the percentage of methyl orange dye degradation
increased in the presence of H>O, due to its ability to generate
more hydroxyl free radicals. Besides, the % degradation of
methyl orange dye using the o-Fe,O3 sample which was syn-
thesized using sucrose is higher than that synthesized using
glucose. This is explained because the average crystallite size
of the a-Fe,O3 sample which was synthesized using sucrose
is less than that of the sample which was synthesized using glu-
cose. Hence, the surface area and degradation efficiency of the
o-Fe,O5 sample, which was synthesized using sucrose, have
increased. Methyl orange is an anionic dye, and when the pH
is low, 0-Fe,O5 absorbs hydrogen ions (H™) from the medium,
resulting in a positive charge and consequently the highest per-
centage of degradation. Methyl orange is an anionic dye, and
when the pH is high, a-Fe,O3 absorbs hydroxide ions (OH")

Fig. 4 HR-TEM images of the a-Fe,O; samples, which were
synthesized using glucose (A) and sucrose (B) fuels.

from the medium, resulting in a negative charge and conse-
quently the lowest percentage of degradation (Alharbi et al.,
2021).

3.2.2. Effect of irradiation time

To evaluate the effect of irradiation time on % degradation of
methyl orange dye using the o-Fe,O; nanoparticles, which
were obtained using glucose and sucrose, in the absence of
hydrogen peroxide and in its presence, time experiments were
performed at a time = 10-140 min as clarified in Fig. 7A-B,
respectively. The % degradation of methyl orange dye
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increased when the irradiation time increased from 10 to
100 min. Afterward, when the irradiation time is increased
from 100 to 140 min, the % degradation remains almost con-
stant because of the saturation of the active sites. Accordingly,
100 min is the optimal irradiation time that will be considered
for following impacts. It was also observed that the percentage
of methyl orange dye degradation increased in the presence of
H»0, due to its ability to generate more hydroxyl free radicals.
The degradation of methyl orange dye using a-Fe,O3 nanopar-
ticles matched well with the first-order kinetic model which
was described by Eq. (2) (Hegazey et al., 2020).

C,
In i Kt (2)
K (1/min) is a constant of first order. The graphs of In (C,/
C.) versus time in the case of a-Fe,O3 nanoparticles, which
were synthesized using glucose and sucrose, are presented in
Fig. 8A-B. The K and correlation coefficients (R?) values were
represented in Table 1.

3.2.3. Effect of photocatalyst dose

Fig. 9A-B shows the effect of the dose of a-Fe,O3 nanoparti-
cles, which were obtained using glucose and sucrose, on the
% degradation of methyl orange dye, respectively. The dose
of a-Fe,O3 nanoparticles can rapidly alter the % degradation.
Additionally, the experiments were performed using several
amounts of o-Fe,O; nanoparticles (0.0125-0.20 g). Using
0.05 g of the a-Fe,O3 nanoparticles, the degradation efficiency
achieved its highest value. It was also observed that the per-
centage of methyl orange dye degradation increased in the
presence of H,O, due to its ability to generate more hydroxyl
free radicals. With an increase in quantity of a-Fe,O3; nanopar-
ticles, the active sites on the surface of the a-Fe,O; nanoparti-
cles are boosted, leading to a rise in the number of free radicals
that can accelerate the degradation of methyl orange dye. The
photocatalytic degradation of the methyl orange dye is
reduced when the quantity of o-Fe,O; nanoparticles is
increased over a specific limit (0.05 g) because of the accumu-
lation of a-Fe,O3 nanoparticles and subsequently decreasing
surface area and active sites (Alharbi et al., 2021). Conse-
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Fig. 6 The plot of % D versus pH in the case of using o-Fe,O; samples, which were synthesized using glucose (A) and sucrose (B) fuels.
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Fig. 7 The plot of % D versus time in the case of using a-Fe,O3 samples, which were synthesized using glucose (A) and sucrose (B) fuels.
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Fig. 8 The plot of In (C,/C,) versus time in the case of using a-Fe,O3 samples, which were synthesized using glucose (A) and sucrose (B)
fuels.
Table 1 Constants of first-order.
Condition Constants
R? K (1/min)
Synthesized Fe,O3 using Synthesized Fe,O; using Synthesized Fe,O; using Synthesized Fe,O; using
glucose sucrose glucose sucrose
Without 0.986 0.921 0.0022 0.0031
HzOz
With H,O, 0.929 0.985 0.0156 0.0276

quently, the ideal catalyst dose to be considered for future
impacts is 0.05 g. The transition of the methyl orange dye solu-
tion from homogeneous to turbid, which reduces the penetra-
tion of UV irradiations into the methyl orange dye solution,
also contributes to the decrease in photocatalytic activity. As
a result, ultraviolet irradiations are scattered, and the percent-

age of methyl orange dye degradation is reduced (Alharbi
et al., 2021).

3.2.4. Effect of dye concentration

The photocatalytic degradation of the methyl orange dye using
a-Fe,O5 nanoparticles, which were obtained using glucose and
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Fig. 9 The plot of % D versus dose of catalyst in the case of using a-Fe,O; samples, which were synthesized using glucose (A) and

sucrose (B) fuels.

sucrose, in the absence of hydrogen peroxide and in its pres-
ence was examined at a concentration = 5-30 mg/L as shown
in Fig. 10A-B, respectively. According to the results, the degra-
dation efficiency reduces as the concentration rises. This per-
formance may be attributed to the increased quantity of
methyl orange dye adsorbed to the surface of hematite
nanoparticles, which inhibits ultraviolet light from reaching
the surface of hematite. Consequently, the production of hole/
electron pairs on the surface of hematite and the production of
hydroxyl free radicals, which are principally responsible for the
degradation of methyl orange, are limited (Alharbi et al.,
2021). It was also observed that the percentage of methyl
orange dye degradation increased in the presence of hydrogen
peroxide due to its ability to generate more hydroxyl free
radicals.
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3.2.5. Effect of regeneration and reusability

Three further batches of the synthesized o-Fe,O3 nanoparticles
were regenerated then reused. Furthermore, for regenerating
the hematite photocatalyst, a-Fe,O3 nanoparticles was care-
fully washed using hot distilled water observing the completion
of the first batch, causing in an almost equivalent catalyst that
was exploited for subsequent batches. In addition, the results
confirmed that the photocatalytic efficiency of the a-Fe,O3
nanoparticles, which were obtained using glucose and sucrose,
was conserved with a minor drop in the % degradation value
as presented in Fig. 11A-B, respectively.

3.2.6. Mechanism of photocatalytic degradation

The photocatalytic degradation of methyl orange dye is
depicted in Fig. 12. Holes and electrons are created on the sur-
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Fig. 10  The plot of % D versus concentration of dye in the case of using a-Fe,O5; samples, which were synthesized using glucose (A) and

sucrose (B) fuels.
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Fig. 12 Mechanism of photocatalytic degradation of methyl
orange dye.
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The plot of % D versus cycle number in the case of using o-Fe,O5 samples, which were synthesized using glucose (A) and sucrose

face of a-Fe,O3 nanoparticles following UV irradiation. The
holes and electrons then combine with water to form hydrox-
ide free radicals, which are well-known for their tendency to
degrade dyes into harmless gases, for example, water and car-
bon dioxide. Also, the addition of hydrogen peroxide can
improve degradation efficiency. UV irradiation of a hydrogen
peroxide solution generates enough energy to break the O—O
bonds and produce additional hydroxide free radicals.

3.2.7. Evaluation of photocatalytic performance of a-Fe;03
nanoparticles in comparison to that of alternative photocatalysts

The results of photocatalytic degradation of methyl orange dye
using a-Fe,O3; nanoparticles are compared to that obtained
using various photocatalysts as clarified in Table 2 (Hanafi
and Sapawe, 2020; Gomathi Devi and Mohan Reddy, 2010;
Mousavi et al., 2021; Regraguy et al., 2022). The degradation
efficiency of the synthesized a-Fe,O; nanoparticles reveals a
high potential for methyl orange dye degradation.

Table 2 Comparison of photocatalytic performance of a-Fe,O; samples with that of other photocatalysts.

Photocatalyst % Dose of catalyst Concentration Volume of dye Ref
Degradation  (g) of dye (mg/L) (mL)
NiO 96.80 0.0375 10 50 (Hanafi and Sapawe, 2020)
Silver metallized TiO, particles 76 0.04 10 250 (Gomathi Devi and Mohan Reddy,
2010)
Lag 7Sr; 3C004 94 0.05 20 20 (Mousavi et al., 2021)
NiSO,/TiO, 75 0.1 10 100 (Regraguy et al., 2022)
Synthesized o-Fe,O;3 using 82.17 0.05 20 50 This study
glucose
Synthesized a-Fe,O3 using 95.31 0.05 20 50 This study

sucrose
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4. Conclusions

The present work used glucose and sucrose as organic fuels to produce
a-Fe,O3 nanoparticles. FT-IR, XRD, HR-TEM, and UV-vis spec-
trophotometers were used to characterize the synthesized products.
The average crystallite size of the a-Fe,O3 samples produced with glu-
cose and sucrose is 27.25 nm and 6.13 nm, respectively. Additionally,
the produced a-Fe,O; samples were efficiently used as a photocatalyst
in the absence of hydrogen peroxide and in its presence under UV irra-
diations to degrade methyl orange dye. The optimum pH, irradiation
time, and dose of a-Fe,O5 that achieved the highest degradation effi-
ciency in the presence of hydrogen peroxide (82.17 % in the case of
using an o-Fe,O3; sample which was synthesized using glucose or
95.31 % in the case of using an a-Fe,O5; sample which was synthesized
using sucrose) are 3, 100 min, and 0.05 g, respectively.
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