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In this research, iron oxide nanostructure is prepared from FeCl3 (iron chloride(III)) as a reactant by using the chemical co-precipitation method
and calcined at 600°C. In this method, the chemical and physical characteristics drastically depend on the precursors, precipitants and
preparation procedure. In this approach, 1,2,4,5-benzenetetracarboxylic acid, butanedioic acid, and hexanedioic acid are used as
precipitants. The degradation rate of an organic pollutant dye (methylene blue) is investigated as a measure of photocatalytic activity.
Nanostructure and photocatalytic activity are considered and studied by X-ray diffraction, scanning electron microscopy, energy dispersive
X-ray spectroscopy, transmission electron microscopy, thermogravimetric analysis (TGA), Fourier transform infrared and ultraviolet–vis
spectrophotometry. The effect of precipitants on the structure, lattice strain, nano crystallite growth and photocatalytic performance is
studied. It is found that hexanedioic acid has an impressive effect on the nanostructure and photocatalytic performance, as a precipitant
compared with pyromellitic acid and butanedioic acid.
1. Introduction: Elimination of organic pollutants specially dyes
in loom industry wastewaters has been attractively investigated.
The conventional methods could not remove the organic complex
compounds such as organic toxic or infrangible chemical
structures. The advanced oxidation processes have been
effectively utilised to degrade the harmful organic complexes
(aromatics, pesticides, and petroleum constituents) and turn them
to small and safe molecules via highly reactive radicals
(·OH−, · H+) [1]. The chemical properties and physical
characteristics of photocatalysts such as structure, dimension,
morphology, size and surface properties affect the photocatalytic
activity [2]. The fabrication and preparation of iron oxide
including α-Fe2O3, γ-Fe2O3 and Fe3O4 are subject to research
due to their outstanding electrical, optical and magnetic properties
[3]. Iron oxides are used as photocatalysts, gas sensors, drug
delivery, high-density magnetic recording media, magnetic
resonance imaging etc. [4–8]. Varied procedures and methods
have been used to fabricate of iron oxide nanostructures such as
thermal reactions, electrochemical, microemulsion, sol–gel,
co-precipitation etc. [9, 10]. The co-precipitation method is
versatile, cheap, high yields of products, decrease contamination
and needs fewer solvents. The properties of products drastically
depend on reaction condition (pH, time and temperature),
reactants and precipitants. The chief targets of this research are to
investigate the precipitants effect on α-Fe2O3 nanoparticles as
well as, fabricate and investigate the photocatalytic performance
of nano iron oxide by use of the co-precipitation method without
using performed templates or catalysis to avoid any pollution.
The photodegradation of methylene blue (MB) is verified in an
aqueous solution under ultraviolet (UV) exposure.

2. Experimental procedure and details: In this Letter, FeCl3
(iron(III) chloride, Merck≥ 98%) is utilised as the precursor and
for investigation of precipitance effect, ligands of carboxylic
acids: 1,2,4,5-benzene tetracarboxylic acid (pyromellitic acid,
Merck≥ 99%, butanedioic acid (succinic acid, Merck≥ 98%) and
hexanedioic acid (adipic acid, Merck≥ 98%) are used. The
concentration and chemical properties of precursors and
precipitants are summarised in Table 1. In the beginning, FeCl3
and each of the carboxylic acids dissolved separately in the
double distilled water. The pH of the aqueous solution of ligands
is adjusted at 7 by adding dropwise the aqueous solution of
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NaOH (Merck≥ 98%). Then, the aqueous solution of FeCl3 is
stirred for 30 min at 50°C and added gently to the precipitants’
solution. Afterwards, the obtained solution is stirred for 30 min
at 50°C. The brown concocted precipitate is filtered and rinsed
three times with double distilled water and pure ethanol
(Merck≥ 99%), then centrifuged for 10 min at 3000 rpm. The
precipitate is dried at 70°C. The obtained grained powder is
calcined at 600°C with 10°C/min gradient, stayed for 3 h and
cooled down with the same gradient.

The crystallite phases of the synthesised nanostructure are
studied utilising X-ray diffraction (XRD) analysis (model:
GBC-MMA), XRD patterns using Ka(Cu), 1.540 Ȧ, 0.02° step
size and 10°/min radiation speed. The scanning electron micro-
scopy (model: Hitachi, S-4160) equipped with energy dispersive
X-ray spectroscopy (EDX) is applied to take images of nanopar-
ticles. The photodegradation of MB is performed under UV light
(Philips, 253.7 nm) and determined using a Varian 50 scan.
Transmission electron microscopy (TEM, Philips, CM120) is
utilised to show the nanostructure of synthesised materials. The
thermal treatment of the samples is investigated by TGA (model:
Perkin Elmer, Paris). The chemical bonding is specified and
recorded in KBr by Fourier transform infrared spectroscopy
(FT-IR; model: Perkin-Elmer).

The photocatalyst degradation of MB is assigned as a measure to
specify the photocatalytic activity of α-Fe2O3 nano powders. The
photocatalytic activity experiments are carried out at room tempera-
ture (RT). The initial MB concentration is 100 mg/l. All experi-
mental procedures to measure the photocatalytic activity are cited
and presented in [11]. In all experiments, the temperature of the
photoreactor is fixed at 27 ± 1°C by using a small ventilator.
Reaction suspensions are prepared by adding 50 mg of
α-Fe2O3nano powders that calcined at 600°C as a photocatalyst
into 100 ml MB aqueous solution. As seen in Fig. 1, the absorbance
peak is around 665 nm (λmax).

3. Results and discussion: TGA technique is utilised in order to
specify the removed organic component from the as-prepared
sample and obtain the resultant product after calcination
treatment. Fig. 2a shows triple steps of decomposition behaviour
of the as-synthesised samples precipitated by hexanedioic acid
and butanedioic acid. The TGA curve of sample 1 is the same as
the sample 3 since their chain chemical structure is similar
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Fig. 1 UV-visible absorbance spectra and absorbance peak at 660 nm

Fig. 2 TGA curves of as-prepared samples that are synthesised by
co-precipitation method
a Samples 1 and 3
b Sample 2

Table 1 Experimental conditions and concentration of precursor and precipitant

Sample Concentration of FeCl3 Precipitant Concentration of precipitant

1 1 mmol (1.625 g) hexanedioic acid 2 mmol (2.92 g)
2 3 mmol (0.54 g) 1,2,4,5-benzene tetracarboxylic acid 2 mmol (0.54 g)
3 1 mmol (1.625 g) butanedioic acid 2 mmol (2.36 g)

Fig. 3 XRD patterns of α-Fe2O3 nanocrystallite samples with different
precipitants
compared with the cyclic chemical structure of sample 2. As seen
in Fig. 2a, the first decomposition in the temperature range
283–290°C pertains to the evaporation of adsorbed-trapped water
and the mass loss is about 12%. The second decomposition step
in the temperature range 300–420°C is attributed to the
decomposition of the organic compounds of as-synthesised
samples and weight loss of this step is estimated about 22%. The
third decomposition step in the temperature range 480–600°C
corresponds to exit of the organic compounds of as-synthesised
samples and the weight loss of this step is found to be 12%. The
loss and burning of the residual organic compounds being
completed at 600°C. Fig. 2b shows the triple steps of
decomposition of the as-synthesised iron complex with
pyromellitic acid (sample 2). The first decomposition in the
temperature range 100–160°C pertains to the evaporation of
adsorbed-trapped water and the mass loss is about 22%.
The second decomposition stem in the temperature range
310–390°C is attributed to the elimination and evaporation of
absorbed-trapped inter samples and weight loss of this step is
estimated about 14%. The third decomposition step in the
temperature range 480–600°C corresponds to the decomposition
of the organic compounds of the as-synthesised samples and the
weight loss of this step is found to be 12%. The loss and burning
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of the residual organic compounds is completed at 600°C.
The calcination temperature of the as-synthesised samples
determined at 600°C corresponds to this analysis.

XRD patterns of the samples calcined at 600°C are displayed in
Fig. 3. The data of X-ray diffraction analysis are summarised in
Table 2. The patterns correctly correspond and match to the hema-
tite phase (α-Fe2O3, hexagonal, lattice constant a = 5.035 Å)
ASTM (33-0664) card number. The absence of other crystalline
phases or disturb peaks indicates the pure hematite crystallite
phase. The average nanocrystallites size can be estimated using
Scherrer’s equation [12]

L = kl

2b cos u
, (1)

where l = 1.540 Å is the X-ray radiation, b is the full-width at half
maximum (FWHM) observed, θ is the Bragg diffraction angle
(angle of X-ray incidence) and k known as the shape factor of
grains is supposed to be 0.94. The calculated average nanocrystal-
lite size of the iron oxide nanoparticles is found to be 78, 62 and
49 nm for samples 1, 2 and 3, respectively.

Lattice strains (ɛ) of nanocrystallites of iron oxides are obtained
from the relation between FWHMs and sin θ on the observed dif-
fraction peaks in 2θ ranging from 10° to 90° corresponding to
Williamson–Hall’s formula [13]

b cos u = kl

L
+ 41 sin u, (2)

where β is the FWHM, L is the crystallite size, ɛ is the lattice strain,
shape factor k is 0.94 to Scherrer’s shape factor and l = 1.540 Å.
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Table 2 XRD characteristics: 2θ angle, d-space (d ), grain size (r) of α-Fe2O3 nanocrystallites with different precipitants

Sample
α-Fe2O3

2θ= 24.2°
index miller:

012

2θ= 33.2°
index miller:

104

2θ= 35.70°
index miller:

110

2θ= 40.78°
index miller:

113

2θ= 49.50°
index miller:

024

2θ= 54.10°
index miller:

116

2θ= 62.50°
index miller:

214

2θ= 64.10°
index miller:

300

d space, Å

1 3.68 2.70 2.51 2.20 1.84 1.69 1.48 1.45
2 3.67 2.70 2.51 2.20 1.84 1.69 1.48 1.45
3 3.69 2.70 2.52 2.21 1.84 1.69 1.48 1.45

Fig. 5 FT-IR spectra of iron oxide nanoparticles
a Before calcinations at 600°C
b After calcinations at 600°C
Variation of β cos θ against 4 sin θ for different samples is near to
be linear. ɛ is obtained from the slope of this linear dependence.
Due to a low degree of crystallinity, there is no clear linearity
between β cos θ and 4 sin θ [14]. The variation of β cos θ against
4 sin θ for diffraction peaks is shown in Fig. 4. In the sample
ranging from room temperature (RT) to 600°C, the scattering of
experimental data is high due to weakness and broadness of
Bragg peaks, so that, it is not easy to calculate their FWHMs.
Corresponding to Fig. 4, the lattice strain of sample 3 is
maximum (0.368), sample 2 is (0.266) and sample 1 is minimum
(0.173). This result indicates the effect of hexanedioic acid as a pre-
cipitant in sample 1 causes more arrangement, stability, and order in
the crystallite structure and is in agreement with the XRD patterns.
Moreover, it shows that the amorphous crystallite phase formed in
sample 3 by the presence of butanedioic acid.

For investigation of chemical bonds in synthesised iron oxide
nanoparticles, the infrared (IR) spectra are studied in the
as-synthesised and calcined samples, while results indicate that
the spectra of them are independent of the kind of precipitant
(Fig. 5). The data of FTIR spectra of α-Fe2O3 nanoparticles are
tabulated in Table 3. The band of the hydroxylic group (OH) of
pure pyromellitic acid in the range 3400–3600 cm−1 is assigned
to anti-symmetrical and symmetrical OH bonding stretching vibra-
tional modes. This band shifts to 2800–3500 cm−1 for samples 1–3,
which indicates carboxyl OH may not be ionised. This peak is broa-
dened by disturbing with C–H stretching vibration of the kind of
sp2. The weak bands at 2854 and 2923 cm−1 are attributed to anti-
symmetrical and symmetrical stretching vibrations of the methyl
group, respectively. The anti-symmetrical stretching vibration
band of C=O (carbonyl group) in pure pyromellitic acid appears
within the wavenumbers range 1674–1713 cm−1, while for
samples 1–3 shifts to lower energy at 1558 cm−1, due to the coord-
ination of ligand to metal oxygen stretching vibrational modes [15].
The symmetrical stretching vibration of C=O in pure pyromellitic
acid exists at 1371 cm−1 and appears at 1388 cm−1 for samples
1–3, whereas overlaps with the stretching band of C=C causes
broadening of this peak. This difference in frequency probably indi-
cates the single denticle of coordination. The stretching vibration of
the C–O bond in pure pyromellitic acid is located in wavenumbers
range 1210–1320 cm−1, while appears at 1257 cm−1 for samples
1–3. The observed peak at 808 cm−1 belongs to the C–O bending
Fig. 4 Variations of β cos θ against 4 sin θ of α-Fe2O3 nanocrystallite
samples with different precipitants
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vibration. After calcination, all the organic functional groups are
removed and the strong double bands at 536 and 455 cm−1

belong to the Fe–O stretching vibration modes and reveal the accur-
ate α-Fe2O3 crystalline phase [16].

TEM of the iron oxide nanostructure prepared from FeCl3 and
carboxylic acids by the co-precipitation method is shown in
Fig. 6. This figure reveals the particles average size ∼95, 81 and
54 nm for samples 1–3, respectively and this is close to the crystal-
lite size calculated from Sherrer’s equation.

The morphology of the samples synthesised by mentioned preci-
pitants is revealed with the same magnifications. Fig. 7 shows the
granular, congested and porous morphologies of samples 1 and 2,
and, there are no individual particles. As seen, the particles in bee-
shape are formed in integrated and compressed regions in sample
3(c). It is found that the morphology of sample 3 shows slightly
interlaced and merged particles so that it is different from
samples 1 and 2. Sample 3 has a smooth surface compared with
samples 1 and 2. According to Fig. 7, from the average size distri-
bution profiles, the particles’ average size is estimated to be 87, 81
and 61 nm for samples 1–3, respectively. According to Fig. 7a for
sample 1, shows particles consisting of aggregated particles as
small as 20 nm in average size.

As seen in Fig. 8, the energy dispersive x-ray analysis (EDX) of
the calcined samples 1, 2 and 3 reveals certainly the presence of Fe
and O and therefore the formation of the pure α-Fe2O3 crystallite
phase. This result is in agreement with the XRD conclusions.

The degradation rate of the aqueous solution of MB and α-Fe2O3

nanoparticles under UV irradiation is calculated as

Photodegradation rate% = ln
C0 − C

C

[ ]
× 100, (3)

ln
C0

C

( )
= kt. (4)
Micro & Nano Letters, 2018, Vol. 13, Iss. 3, pp. 378–382
doi: 10.1049/mnl.2017.0635



Fig. 6 TEM images of nanoparticles calcined at 600°C
a Sample 1
b Sample 2
c Sample 3

Table 3 Data of FT-IR spectra of iron oxide nanoparticles per cm

Sample Stretching vibration
OH

Anti-symmetrical stretching
C=O

Symmetrical stretching
C=O

Symmetrical
stretching

Bending
C–O

Stretching
Fe–O

pure pyromellitic
acid

3600–3400 1750–1570 1370 1220–1310 790–620 —

1 3419–3120 1587, 1542 1421 1305 673 536, 465
2 3411–2854 1558 1388 1257 808 536, 455
3 3544–3000 1598 1442 1298 678 534, 459

Fig. 7 SEM images of nanoparticles calcined at 600°C
a Sample 1
b Sample 2
c Sample 3

Fig. 8 EDX spectra of the calcined samples prepared by co-precipitation
method

Table 4 Degradation data of the calcined samples prepared by
co-precipitation method

Sample k, min−1 Correlation coefficient, R2

1 0.060 0.99
2 0.045 0.98
3 0.027 0.98

Fig. 9 Exposure time dependence of ln(C0/C) for the samples 1–3
The relative concentration of methylene blue in the logarithmic
scale ln (C0/C) is traced against UV-Vis exposure time according
to samples calcined at 600°C. The slope of the logarithmic plots
is rate constant [17]. The photocatalytic measurements in Table 4
reveal the relevant kinetic variables, such as correlation coefficient
(R2) and the degradation rate constant (k). All reactions reveal linear
relation, as shown in Fig. 9. As shown in Fig. 9, the rate constant, k,
is deduced dependent on the presence of carboxylic precipitants.
The rate constant (k) of sample 1 is the most valued compared
with the samples 2 and 3 since more crystallinity of the α-Fe2O3

crystalline phase of sample 1 has an outstanding effect on degrad-
ation of the organic complex compounds. This increase could
Micro & Nano Letters, 2018, Vol. 13, Iss. 3, pp. 378–382
doi: 10.1049/mnl.2017.0635
probably be due to the generation of the instant splitting of photo-
induced electrons and holes and prolonging the recombination
process of conduction and valence band carriers.
4. Conclusion: The nanostructure characterisation and
photocatalytic performance of α-Fe2O3 nanoparticles are
synthesised by the co-precipitation method and modified with
carboxylic acids as precipitants (samples 1–3). XRD, scanning
electron microscopy (SEM) and TEM analysis revealed that the
average nano crystallite sizes in sample 1 are maximum
compared with the other samples, where α-Fe2O3 nanocrystallites
in the presence of hexanedioic acid show less lattice strain, more
growth of nanocrystallites and a higher degree of crystallinity.
SEM images of sample 3 show bee-like particles and smooth
surface compared with the samples 1 and 2. It is found that the
morphology of sample 3 shows slightly interlaced and merged
particles so that it is different from samples 1 and 2. The XRD
analysis shows the amorphous structure of sample 3. The
photodegradation of MB is considered as a measure of
photocatalytic activity. The experimental results show that the
decomposition of a complex organic contaminant under UV
illumination is a reliable technique to degrade completely MB.
The obtained results show that sample 1 have higher
photocatalytic activity compared with samples 2 and 3, therefore
hexanedioic acid has an impressive effect on the α-Fe2O3

nanostructure and photocatalytic activity, as a precipitant
compared with pyromellitic acid and butanedioic acid.
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