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Abstract: In this study, iron oxide hematite (a-Fe»Os) nanocrystals were prepared using
nonahydrate ferrite nitrate and citric acid monohydrate as the precursors. Toward change in the
physical properties of the resulting product, annealing was performed at 400, 500, 600, and 700°C
for 4 h. The hematite (a-Fe»O3) samples were characterized by FTIR spectroscopy, XRD, and SEM.
The FTIR data displayed primary Fe-O vibrations, that the sample implies as hematite (a-Fe>Os).
The XRD and SEM results confirmed an increase in the crystallite size with increasing annealing
temperature. Furthermore, the crystallite size range from 25.9-46.1 nm. The magnetic properties of
the samples were evaluated using VSM. The hematite (a-Fe,O3) nanocrystals were exposed to the
photodegradation of blue methylene under UV light irradiation. Photocatalysts with 60 mg of
hematite (0-FeoO3) without annealing treatment were found to have the highest degradation
efficiency of blue methylene until 90.04% compared to other doses. Finally, the increase in the dye
degradation efficiency with the increment of hematite (a-Fe,O3) nanocrystals indicates the reduction

of the dye support by surface adsorption following the photocatalysis mechanism.

Keywords: hematite (a-Fe>Os); sol-gel; photocatalyst

1. Introduction

Hematite (a-Fe,O3) has been widely researched and is
the most stable ion with a hexagonal structure, has semi-
conductive properties (type n) in environmental
conditions, and has a high resistance to corrosion. The
low-cost, non-toxic, and widely used treatment of
hematite (a-Fe,Os3) in many applications, for instance, in
coloring pigments’?, lithium-ion batteries®, gas
sensors*”, catalytic biomedical devices®?, water
purification®, and solar energy conservation®!?, has made
hematite (0-Fe,Os) nanocrystals the most popular
investigation of all iron oxides. Hematite (a-Fe.O3)
nanocrystals have been prepared using various synthesis
methods!’!?, such as the sol-gel method!Y),
solvothermal method'®!”, thermal and hydrothermal
pyrolysis'®, combustion'?, co-precipitation method?%2",
and alloying methods using natural iron-oxide fine
sediment’>. The sol-gel method has great potential
method for obtaining advanced metal-oxide materials.
The crystallinity, size, and properties of hematite can be
tuned by the annealing temperature making it an important
parameter 2329, Hematite has a very small size compared
to other nanoparticles. Thus, providing a large surface
area within result, hematite is one of the best pollutant-
absorbing materials. Moreover, hematite attracts and

binds pollutants, including metals, organic dyes and
pharmaceutical contaminants®”. In this research, hematite
(a- Fe203) nanocrystals were processed using the method
of sol-gel, and their physical properties were evaluated
using FTIR spectroscopy, XRD, SEM, VSM, and
photocatalytic properties.

2. Method
2.1 Materials

The main chemicals used in the experiment are ferric
nitrate nonahydrate (Merck) and citric acid monohydrate
(Merck). Methylene blue (Merck) is used for
photocatalytic performance under irradiation of the ultra
violet light.

2.2 Synthesis of hematite (a-Fe:03)

Ferric nitrate nonahydrate (0.6 M) and citric acid
monohydrate (0.6 M) were used to synthesize hematite (o-
Fe;03). For 25 mL citric acid dissolved in distilled water,
while 150 mL of iron nitrate is soluble in distilled water.
The citric acid solution was added to the ferrite nitrate
solution by stirring for 10 minutes at 300 rpm to ensure
homogeneity. The solution is heated to a synthesis
temperature of 90°C. On a hotplate, constant stirring up
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to a gel was performed. Then in the oven the sample was
dried at 150°C for 24 hours. For 1 hour, the dry gel is
ground with porcelain mortar and pestle and for 4 hours
the annealing was carried out at 400°C. The others were
separately annealed at 500, 600, and 700°C for 4 hours.
The annealed samples were ground for 2 hours, analyzed
by FTIR, XRD, SEM, and VSM, and used to determine
the photocatalytic activity.

2.3 Characterization of hematite (a-Fe203)

FTIR spectroscopy (Shimadzu Prestige 21) was used to
analyze chemical bonds with an analytical range of 4000—
350 cm’!. Transmission mode FTIR spectroscopy
provides information on the molecules adsorbed on the
surface. PANalytical X'Pert Pro XRD was used to
evaluate the crystal structure and size of samples at 20 in
the range of 15°-80°. XRD measurements were
performed and compared with the International Center for
Diffraction Data (ICDD), and the size of the crystal was
measured by applying an equation Debye—Scherrer based
on the Miller index with the highest peak. The magnetic
properties were assessed at ambient temperature using a
VSM with a range of -10 kOe to 10 kOe external magnetic
field. The photocatalytic properties of the hematite (a-
Fe,03) samples (5 mg, 10 mg, 20 mg, 30 mg, 40 mg, 50
mg and 60 mg) were observed under visible-light
irradiation using 10 ppm blue methylene dye pollutants
and the degradation ratio evaluate by using
equation %D=(40-A4)/A0x100% where Ao and 4, are initial
absorption and after UV-Vis irradiation. Changes in the
sample powder mass and irradiation time were observed
at room temperature. The sample and the blue methylene
dye were balanced in darkness to establish an adsorption-
desorption balance for 1 hour, and the irradiation lamp
was switched on. The Hitachi UH-5300 UV
Spectrophotometer (with a range of wavelengths 400-800
nm) was used to monitor the degradation and absorbance
of the measured sample.

3. Result and Discussion

3.1 Fourier transform infrared (FTIR) spectroscopic

FTIR spectroscopic analysis is a tool for identifying the
functional groups involved in the metal oxides formation.
Figure 1 shown the FTIR spectra of the synthesized
hematite (a-Fe,Os) nanocrystals with variations in
annealing temperature were recorded from 4000 cm™ to
350 cm’!, recognizing the bonds of the chemical and
functional groups of the sample compounds®®. Table 1
summarizes the absorption band (cm™) of the FTIR
spectrum of hematite (a-Fe,Os), as illustrated in the
preparation and annealed nanocrystals. Figure 1a and 1b
(zoom out the metal oxide formed) show Fourier
transforms infrared (FTIR) spectroscopy of the
synthesized hematite (a-Fe>O3) powder from the sol-gel
process showed non-annealing and  annealing
temperatures of 400°C-700°C for 4 h, respectively, and

identified chemical bonds and working groups of
compounds with wave numbers ranging from 350 to 4000
cm’!. The wave numbers around 3455.62 cm™! and 683.79
cm’! is due to the elongation of a hydroxyl group (O-H)
on the superficies of the nanocrystal, and the intrusion of
water molecules into the environment®”. The absorption
bands of wavenumber k = 542.02 cm™! and 450.65 cm’!
show modes of stretching and bending of Fe-O hematite
(0-Fe203)3%3D, The depth of the absorption peak indicates
the strength of the resonance with the natural frequency of
the oxide group formed.
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Fig. 1. The FTIR curve for sol-gel (a) hematite (a-Fe203) is for
non-annealing and annealing for 4 hours at 400°C-700°C, (b)

The zoomed-out figure is established on the main absorption.
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Table 1. The absorption band (¢cm™) of the FTIR spectrum of
hematite (a-Fe203) is non-annealed and annealed, and the
nanocrystals show stretching, bending, asymmetrical, and

symmetrical.
Hematite (O-H) (O-H) (Fe-O) (Fe-0O)
(0-Fe203)  stretching  bending  asymmetric  symmetric
anI::aIIi'ng 345562 168379  541.06 458.11
400°C 3437.30 1630.88 538.16 461.97
500°C 3421.87 1522.87 539.13 465.83
600°C 3448.87 1634.74 540.09 465.83
700°C 3417.04 1631.85 542.02 470.65

3.2 X-ray diffraction (XRD)

Figure 2 presents the XRD pattern of hematite (o-
Fe,03) nanocrystals processed by the method of sol-gel.
XRD peaks in the wide-angle range of 20° to 80° with Cu
Ka radiation. XRD was utilized to determine and study
the structure crystalline of hematite (a-Fe,O3)
nanocrystals produced by the sol-gel procedure. Figure 2
presents the pattern XRD of the hematite (o-Fe,O3)
nanocrystal sample which identifies the peaks of the
hematite (a-Fe>Os3) phase and from the image, it can be
seen that the resulting sample is a single-phase hematite
(a-Fe203). All synthesized samples had characteristic X-
ray diffraction patterns which usually correspond to the
ICDD 89-0598 reference data. No other observed phase in
the synthesis process was completed. ICDD reference data
89-0598 confirm that hematite (a-Fe,Os) crystallizes in a
rhombohedral structure with space group R3c. The
reflection peaks (012), (104), (110), (113), (024), (116),
(112), (214), (300), (119), and (220) are hematite (a-
Fe;03), and the diffraction peaks are comparable with
those described in ICDD 89-0598 for hematite (a-Fe,03).
The heat energy supplied to the atoms has the potential to
reduce defects in hematite (a-Fe,Os) nanocrystals and
improve quality. It can be found from Fig. 2 (b) as the
annealing temperature rises, the material becomes
crystalline. The shift in the highest peak of the XRD
pattern indicates changes in the microstructure, one of
which is lattice strain. As we know, the higher the
annealing temperature, the better the crystal structure is
obtained so that the lattice strain decreases®”.

The full width at half maximum (FWHM) of the peak
reflected decreases as temperature rises. The peak width
narrowed as the crystal size increased, followed by an
increment in the annealing temperature. The Debye-
Scherrer equation was utilized to estimate the size of the
crystal of hematite (a-Fe203) based on the highest hkl
peak (104). Table 2 presents the crystal sizes of the non-
annealed hematite (o-Fe;Os) materials at various
annealing temperatures. The size of the crystal can be seen
to increase when the annealing temperature is
increased. There was a change in the crystal size value
from 25.9 nm to non-annealed temperatures to 34.58 nm,
39.52 nm, 39.52 nm, 41 nm, and 46.11 nm for annealing

temperatures of 400°C-700°C, respectively at 4
hours. An increase in the crystal size occurs when the
annealing temperature increases, which can reduce the
potential crystal defects.
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Fig. 2. Results of (a) hematite (a-Fe203) XRD patterns without
and with annealing 4-hour variation at 400°C-700°C, (b) The
zoomed-out number is based along the strongest peak.

Table 2. Crystallite size of hematite (a-Fe203) materials non-
annealing and various annealing temperatures.

FWHM D (nm)

Annealing Temperature (°C) 26

Non-annealing 33.14 0.32 25.93
400 33.21 0.24 34.58
500 33.23 0.21 39.53
600 33.25 0.20 4151
700 3319 0.18 46.11
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3.3 Scanning electron microscopy (SEM) F=a007c

The morphology and surface texture of hematite (- 40 f
Fe,03) particles prepared using the sol-gel procedure were
investigated using SEM analysis. The image from the
SEM analyses of the synthesized hematite sample using
the sol-gel procedure with a magnification of 150,000 x is

presented in Fig. 3 (a) for different temperature annealing. o
o 0] 0N
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It is clear that the synthesized sample has an irregular
shape with some visible particles forming a long-length 0
morphological pattern (like a nanopillar). Using Imagel

and Origin applications, it was determined that the 50+
average particle size distribution value was 35.95 nm,
43.63 nm, 46.97 nm, 54.42 nm and 57.89 nm for non- 40 ri
annealing, and annealing temperature of 400°C, 500°C, !
600°C and 700°C respectively, as depicted at Fig. 3b.
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3.4 Vibrating sample magnetometer (VSM)

Using a vibrating sample magnetometer, the magnetic
characteristics of hematite (a-Fe,O3) samples were
investigated. Figure 4 shows the loop hysteresis in the
form of the M-H curve of the hematite (0-Fe;Os3)
nanocrystals in the observed magnetic field at room
temperature. Table 3 shows the magnetics parameters
obtained by the VSM analysis, data for saturation
magnetization (Ms), persistence magnetization (Mr), and
coercive force (Hc). The Ms value for the non-annealed
hematite (a-Fe,O3) samples was 2.093 emu/g, and when
treated with annealing temperatures of 400-700 °C for 4
h, the Ms value decreased by 0.590 emu/g, 0.306 emu/g,
0.272 emu/g, and 0.414 emu/g, respectively.

Increasing the annealing temperature seems to change
the cation distribution with no trend. Meanwhile,
increasing the annealing temperature increases the
crystallite size. If the crystallite size is directly correlated
with the particle size, then the change in the Hc value
increases to a maximum of 1.96 kOe, indicating that the
single domain state is obtained. And thereafter Hc
decreases with the increase in crystallite size due to multi
domain formation. Here, the single or multidomain
formation is difficult to explained due to impact many
aspects such kind surface defects, crystal structure, crystal
size, shape, domain wall pinning, and surface charge®?3%.
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Fig. 4. hematite (a-Fe203) hysteresis curves without
annealed and annealed for the 4 hours various of 400°C-700°C
using the sol-gel procedure.

Table 3. Magnetic parameters of hematite (o-Fe203) at non-
annealing and various annealing temperatures.

lin s -
M B9 emie) (erglm)
Non-Ann 170.01 2.09 0.59 370.63
400 547.93 0.59 0.20 336.54
500 1662.62 0.31 0.15 530.64
600 1965.72 0.27 0.19 557.23
700 132361 041 0.19  570.80

3.5 Ultraviolet-visible spectroscopy (UV-Vis) studies

Hematite (o-Fe,Os) samples were prepared for
ultraviolet-visible (UV-Vis) spectroscopy of hematite (o-
Fe,0;) nanocrystals using the sol-gel method at annealing
temperatures of 400°C-700°C for 4 h. The absorption
spectrum was captured using the Hitachi UH-5300 UV-
Vis spectrophotometer at ambient temperature. The
photocatalytic performance of hematite (a-Fe,Os3) was
assessed by the photocatalytic reduction of the blue
methylene pollutant®*=® at 10 ppm under visible-light
irradiation.

The catalyst sample was dispersed in 10 mL of blue
methylene, and the effect of changes in the mass of the
sample powder and the time of visible light irradiation at
room temperature was investigated. Figure 5 presents
several factors that affect the value of the degradation of
blue methylene. Figure 5 (a) shows that the annealing
temperature affects the magnitude of the degradation of
blue methylene in hematite (a-Fe,O3) material, as present
in Table 4. In this case, the addition of annealing
temperature caused the degradation value of blue
methylene to be smaller. This could be attributed to the
larger hematite (a-Fe203) crystal size when the
temperature was increased, which was confirmed by the
XRD data. The small and large sizes of the crystals affect
the size of the particle pores. The pore size distribution
affects the size distribution of the adsorbate molecules
entering the adsorbent particles. Regarding the effect of
pore size, a smaller pore size indicates higher
photocatalytic activity*?.

Table 4. The calculated degradation of hematite (a-Fe203) non-
annealing and with annealing variation.

Hematite (a-Fe2Os3) with mass 10 mg

No. Annealing Irradiation 10
Temperature (°C) Minutes (%D)
1 Non-annealing 36.43
2 400 28.62
3 500 27.63
4 600 23.17
5 700 22.31
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Table 5. The calculated degradation of hematite (a-Fe203) non-

annealing affected mass variation.

Hematite (0-Fe203) Non-annealing

No. Massa (mg) Irradiation 10
Minutes %D
1 5 31.47
2 10 36.43
3 20 47.83
4 40 80.67
5 60 90.05
1
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Fig. 5. UV-Vis curve of blue methylene photodegradation
using hematite (a-Fe203) nanocrystal for (a) change in
annealing temperature, (b) variation of mass for sample without
annealing, and (c) modification of time UV irradiated for
sample without annealing.

Figure 5 (b) and Table 5 show that the addition of
hematite (a-Fe,O3) also affects the degradation of blue
methylene. It can be found out that addition of samples
of 40 mg and 60 mg had a significant effect on the
degradation of blue methylene (80.67% and 90.04%)
compared to other doses. Increasing the catalyst dosage
increased the response rate as the available active area
increased. The irradiation duration can also affect the
degradation of MB, as shown in Fig. 5 (c). As the
irradiation time increased, radical formation increased at
a higher rate. The irradiation time is the length of the
interaction between the UV light and the photocatalyst in
producing *OH radicals. Furthermore, it influences the
duration of contact between *OH and the degraded dye.
The longer the irradiation time, the higher is the photon
energy produced. The resulting increase in photon energy
produces an increasing amount of radical *OH. «OH
radicals are strong oxidizing agents that can be used to
degrade dyestuffs. The greater the amount of <OH
produced, the greater the degradation of the dye will be
degraded. Electrons move from the valence band to the
conduction band, leaving holes in the valence band behind,
when photons with energy above the catalyst's band gap
are absorbed by the catalyst. This is the beginning of the
mechanism of photocatalytic dye degradation. The
catalytic surface in the conductive band has access to
excited electrons. In the initial stage of dye degradation,
dye molecules are taken up by the catalyst's surface. The
available O, then reacts with the surface's electrons and
holes (either from the air or pure oxygen added) and H,O
to obtain superoxide radicals (*O>") and hydroxyl radicals
(*OH), respectively. Then, these two radicals target the
dye's structure and chromosphere to create excited
intermediates  that  eventually  degrade  more
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straightforward coloured molecules such as H,O, CO,,
and other fragments*!4%),

In addition, the photocatalytic mechanism of MB
degradation using hematite nanoparticles was proposed
following the mechanism*®. When UV light hits a
hematite sample, the excited electrons jump from the
valence band (VB) to the conduction band (CB) leaving
holes. Photogenerated holes can recombine with water on
the surface of the photocatalyst to produce reactive
hydroxyl radicals (*OH) and H+ ions which are seen as
the main photocatalytic mechanism. Moreover, the hole
in VB can recombine with OH-, to realize a radical (*OH).
Photogenerated e- from the conduction band (CB) reacts
with oxygen to produce the super radical (O2-).
Hydroxyl radical (*OH) and superoxide (*O2—) will react
with the dye pollutants to degrade dye pollutants. Overall,
it is illustrated with a typical photocatalyst reaction
equation below.

Fe,03+ hv — Fe,05 + hip + egp
Fe,05(hyg) + H,0 — OH* + H* + Fe, 0,
Fe,05 (hyg) + OH™ = OH'+ a — Fe, 0,
a — Fe;05 (ecp) + 0, > 03

OH*+ MB - CO, + H,0

‘0;+ MB - CO, + H,0 (degradation process)

4. Conclusion

Hematite (a-Fe203) nanocrystals were successfully
processed using the sol-gel method. The XRD result
confirmed that the crystalline structure of hematite is a
rhombohedral structure. The crystallite size increase
with the increase of temperature annealing. The
methylene blue photodegradation sensitive with the
increase of the hematite nanocrystal and the highest
degradation efficiency of blue methylene 90.04% is
obtained for using without annealing sample of 60 mg
under 10 minutes irradiation. Here the reduction of the dye
support by surface adsorption following the
photocatalysis mechanism should be addressed for the dye
removal mechanism.
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