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a b s t r a c t

In this report, SrFeO3photocatalyst powder was synthesized by a high temperature solid state reaction
method and the size of the particle was reduced with a high energy ball milling machine. The mor-
phology, crystalline structure, particle size and size distribution of obtained samples were characterized
by energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), UV–vis spectrometer, scanning
eywords:
rFeO(3−ı)

hotocatalyst
isible light
ethylene blue

inetic

electron microscope (SEM), and transmission electron microscopy (TEM). Photocatalytic activity of the
prepared samples was investigated by photodegradation of methylene blue (MB). The obtained results
show that the SrFeO3 sample works as photocatalyst and by reducing the particle size using high energy
ball milling method for 5 h milling, particles with 19–25 nm crystallite size exhibit maximum activity
due to larger surface area. The photocatalytic activities of the powders were investigated and kinetics of
reaction was modeled by using high performance liquid chromatography (HPLC) and Mass spectroscopy.
Photocatalytic activities of these powders increase with decreasing particle size.
. Introduction

Since 1972, [titanium dioxide, also named titania (TiO2)] has
een extensively studied as a photocatalyst due to its strong photo
xidizing potential, high stability, non-toxicity, and low cost [1].
owever, the absorption pattern of pure TiO2 has to be extended

o the visible light region for efficient use of solar energy or
ndoor light. To address this requirement many studies were ini-
ially focused on doping titania with transition metals [2–4]. It
as found that a metal dopant can be beneficial or detrimental
epending on the type and concentration of the metal. Generally
n increasing amount of a cation M in TiO2 produces a shift of the
bsorption towards the visible light region. However, sometimes
he shift is attributed to the segregation of M2On agglomerates

ith no improvement in visible-light photoactivity [4]. More-

ver, the incorporation of certain transition metal ions into TiO2
s deleterious for photo oxidation [2]. Recently, visible-light acti-
ated photocatalytic titania have been obtained by doping nitrogen
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[5–10], carbon [11,12], sulphur [13,14], phosphorus [15] or fluo-
rine [16]. Among the non-metallic dopants, publications are more
devoted more to TiO2−xNx materials. These anionic dopant species
are found to be better than transition-metal dopants, with respect
to stability of the doped materials, photocatalytic efficiency and
ease of doping process [17]. However, a serious problem is associ-
ated with anion-doped TiO2. The quantum yield of doped TiO2with
visible-light irradiation is far lower than that of TiO2with UV irradi-
ation. Miyauchi et al. reported that the quantum yield of undoped
TiO2 thin film was 18.5 with UV irradiation. After annealing in NH3
at 400 ◦C, the quantum yield of N-doped TiO2 thin film was 15.4
with UV, and 0.41 with visible [17–19].

As early as 1980, the photocatalytic property of SrTiO3 oxide
was known [20–23]. Similar to TiO2, doping of SrTiO3 was inves-
tigated to move its absorption to visible light range [23–36].
Another ferroelectric material, SrFeO3, was found to possess redox
behavior [27] and gas sensing properties [28,29]. In terms of
bandgap energy, with increasing iron concentration, it was sug-
gested that the bandgap reduced from 3.17 eV for SrTiO3 to 1.80 eV

for SrFeO3 [30–32]. This paper describes a simple procedure for
the preparation and synthesis of strontium ferrite photocatalyst
by a solid-state reaction process and the photocatalytic activ-
ity was monitored using the decolorization of methylene blue
(MB) under visible light. The crystal chemistry was comprehen-
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http://www.sciencedirect.com/science/journal/09205861
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3.1. Characterization of nanopowder

To identify the crystalline structure of the strontium ferrite
nanopowders, XRD analysis was performed on the samples. The
results from the XRD are presented in Fig. 1. This figure shows
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ively characterized with HRTEM and quantitative X-ray diffraction
XRD).

. Experimental

.1. Materials synthesis

Strontium carbonate (SrCO3) and iron oxide (Fe2O3) were
btained from Aldrich (99.9% pure). All reagents were of analytical
rade and were used without further purification. Sigma–Aldrich
nd used as received. Titanium dioxide Degussa P25 nanoparticles
having 80% anatase and 20% rutile) in this study was provided by
egussa (Frankfurt, Germany) with a specific BET area of 50 m2 g−1.
eionized water (18.2 M� cm) was used in all the experiment.

The synthesis of SrFeO3 nanoparticles was carried out using a
igh temperature technique, where SrCO3 and Fe2O3 powders were
ixed in an agate mortar for 15 min. The mixture was calcinated at

200 ◦C for 24 h and then the calcinated powder was then furnace
ooled to room temperature and ground again in agate mortar for
5 min. Finally, the ground powder was further calcined again at
200 ◦C for 24 h and furnace cooled to room temperature. The par-
icle size of SrFeO3 powder decreases by using ball milling process.

The milling of the SrFeO3 solid solution powders were carried
ut using the high energy ball milling process. The tungsten carbide
ials (volume of 250 mL) and balls (inner diameters of 10 mm and
0 mm) with relatively high density of 14.75 g/cm3 were used for
o increase the impact energy. The milling speed was set at 200 rpm
nd the balls-to-powder weight ratio was kept as 20:1. The milling
as carried out using the planetary ball mill (Fritsch Pulverisette 5)

n 30-min cycles with 25 min of milling followed by 5 min of pause
o prevent overheating of the milling machine from the prolonged

illing process.

.2. Materials characterization

HRTEM and bright field images were collected using a Jeol JEM-
100F TEM instrument operated at 200 kV with 25 and 30 cm
amera length. The selected area electron diffraction (SAED) pat-
erns were also recorded with HRTEM to study the crystalline
tructure of the strontium ferrite. The pre-calcined specimens were
repared by dipping a carbon-coated copper grid into the dilute
uspension. After calcination, the materials were ground gently and
ispersed ultrasonically in water, and several drops of the suspen-
ion were deposited onto the grid. The electron diffraction pattern
f anatase was simulated using JEMS Electron Microscopy Software.

The phase structure of the powders was identified using a
himadzu Laboratory XRD-6000 instrument. Powder XRD pat-
erns were collected over the 2� angular range of 10–80◦ using
ragg-Brentano geometry (Cu K� source, primary and secondary
oller slits, 0.1 mm divergence slits, 0.3 mm receiving slit, and
econdary graphite monochromator). The diffractometer was cali-
rated against a laboratory standard (NIST SRM 660a).

The surface morphology and the status of the sample were
bserved with scanning electron microscopy (SEM) (JEOL 6335F).
he compositional and elemental analysis was carried out with
nergy dispersive spectroscopy (EDS) (Oxford). At given intervals
f visible illumination, a specimen of the methylene blue remain-
ng was collected and analyzed by UV–vis spectroscopy (Shimadzu
450).

.3. Photocatalytic activity
In order to test the photocatalytic behavior of the SrFeO(3−ı)
SFO) samples, photodegradation of methylene blue in water has
een chosen as a test reaction. The photocatalytic reaction was
onducted in a 50 mL cell culture vessel with continuous magnetic
day 161 (2011) 70–77 71

stirring. The as-prepared SFO was used as photocatalyst and mix-
ing of DI water with methylene blue (MB, 0.0313 M for10.8 �mol/L)
used as control sample, moreover all the data compare with results
of Degussa P25 particle in the same condition. Four tubes (12-in.),
8-W fluorescent tubes (UVP Inc.) were used as the illumination
light sources. P25 TiO2 powders as standard photocatalyst were
also used in the photoactivate experiments as a comparison. Aque-
ous solutions of methylene blue (MB, 0.0313 M for10.8 �mol/L) and
photocatalyst particles (pure TiO2, SFO particles and Degussa P25
were placed in a cell culture vessel. Finally at given intervals of
fluorescent illumination the Uv–visible spectra of all samples from
400 nm to 800 nm were collected and remaining concentration of
MB, obtained and analyzed by Shimadzu 2450 spectrophotometer.
To investigate the kinetics of methylene blue, JIS R 1703-2 2007
standard was used and absorbance value of MB was taken by fixing
the wavelength at 664 nm. The remaining methylene blue in sus-
pension was collected and also in all experiment used one control
samples with out any catalyst to compare the results with it.

2.4. Product analysis and identification using LC–UV/vis–MS
studies

The chromatographic experiments with Agilent 1100 LC/MSD
Trap XCT Plus system were carried out on a HP 1100 liquid chro-
matograph (Agilent, USA) using a binary solvent gradient pump and
an automatic injector. The mobile phase consisted of two solutions
namely A and B. Solution A was made from 0.1% formic acid and
acetic water, whereas solution B was acetonitrile. The flow rate was
400 �l/min .The dye degradation products were separated using
Agilent Zorbax SB-C18 column 2.1 × 50 mm, 3.5 �m. The detection
system was a diode array detector (Agilent, USA) with detection
range between 200 and 780 nm. The gradient HPLC separation was
coupled with, ion trap mass spectrometer (Agilent Technologies).
The mass spectrometer was equipped with an electrospray ioniza-
tion source and operated in positive polarity. The mass range was
from 50 to 700 m/z. The ESI conditions were as follows: capillary
voltage: 3.5 kV, endplate offset was fixed at 500 V; skimmer at 40 V;
trap drive at 53 V; the nebulizer pressure was 35 psi; drying gasflow
was 8 L min−1 and the drying temperature was 350 ◦C.

3. Results and discussion
80757065605550454035302520

Degree (2θ )

(001)

Fig. 1. Powder XRD patterns of high temperature SrFeO3 for different milling time.
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using Degussa P25 particle in the same condition. Fig. 8 presents
the absorbance of MB under visible light illiminution from 0 to 12 h.

F
b

ig. 2. Crystallite size of high temperature SrFeO3 with increasing milling time.

ecreasing crystallite size with increasing time of milling from the
eak broadening. The crystallite size of strontium ferrite calculated
sing Rietveld quantitative analysis.

Fig. 2 shows the average crystallite sizes of the ball-milled
rFeO3 powders as a function of ball milling time .The crystallite
ize was calculated using Rietveld analysis and the results showed
hat mechanical alloying is highly effective in reducing crystallite
ize with increasing milling time. This figure depicts three sep-
rate processing steps. During the first step, a rapid decrease in
verage crystallite size of SrFeO3 occurs from 0 to 3 h of milling.
ith increasing milling time, the large powder particles were

roken into smaller particles due to cold welding and plastic defor-
ation that consequently led to the crystallite size decrease. In

he second step from 3 h to 30 h of milling only a further small
ecrease in crystallite size occurred, the crystallite size of pow-
er decreased because with increasing milling time the dislocation
ensity increased and severe plastic deformation (SPD) occurred.

uring the last step, the crystallite size remained about the same.
his is because of saturation of the hardening process and the crys-
allite size did not change a lot [37–39].

ig. 3. (a) TEM micrographs of SrFeO3 single-crystal nanoparticles before milling with re
e indexed as strontium ferrite with [1 1 1] zone axis.
day 161 (2011) 70–77

Figs. 3 and 4 show the TEM images of SrFeO3 nanoparti-
cles. Selected area electron diffraction (SAED) patterns confirm
the strontium ferrite crystallite (Fig. 3b). Figs. 3b and 4b present
the indexing of SrFeO3 powder with [1 1 1] zone axis before and
after 5 h milling. These diffractions show after 5 h of milling
the single crystallite structure of the particles was converted to
fine grained (nanocrystalline) form material based on the ring
SAED pattern. This image confirms the XRD result that shows
reduction in crystallite size after 5 h milling, because during high-
energy milling the powder particles were repeatedly flattened,
cold welded, fractured and rewelded. By achieving smaller particle
size, and increasing defects such as deformation and dislocations,
the particles can decrease their free energy to reach a stable
stage [40].

The SEM micrographs of the strontium ferrite particles before
milling (Fig. 5(a)), after 5 h (Fig. 5(b)) and 50 h milling (Fig. 5(c))
presents high level of agglomeration after 50 h milling due to the
high tendency to decrease the surface energy after 5 h milling. The
EDS pattern of pure strontium ferrite particles after 5 h milling is
presented in Fig. 6, which shows that the SrFeO3 nanoparticles con-
sist of Sr, Fe, Cu and O elements (Fig. 6) without any contamination
from other elements. The copper element comes from the copper
grid used for SEM sample preparation.

Fig. 7 shows the size distribution of SrFeO3 nanoparticles. Fig. 7
refers to size distribution of the pure SrFeO3 before and after 2, 5,
and 30 h milling. The average particle size of the particles gradually
decreases with milling times. However variation of particle size is
not very significant after 5 h milling.

3.2. Photocatalytic activity

The experiment of photocatalytic reaction was conducted in a
50 mL cell culture vessel with continuous magnetic stirring. The
as-prepared SFO was used as photocatalyst, and mixing of DI water
with methylene blue (MB, 0.0313 M for10.8 �mol/L) was used as
a control sample. Moreover all the data are compared with results
Strontium ferrite powders with different particle size and time of
milling were chosen to investigate the photocatalytic activity of the
nanopowders and sampling was done for 0, 1, 2, 3, 5, 7, 10 and 12 h.

lated Kikuchi patterns and (b) single-crystal electron diffraction pattern that could
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Fig. 4. (a) TEM micrographs of SrFeO3 fine grained (nanocrystalline) material. After 5 h milling (b) ring diffraction pattern obtained from a fine grained (nanocrystalline)
material. The SAED patterns could be indexed as strontium ferrite with [1 1 1] zone axis.

Fig. 5. (a) SEM micrograph of the strontium ferrite particles before milling, ×1000; (b) SEM micrograph of the strontium ferrite particles after 5 h milling, ×1000 and (c) SEM
micrograph of the strontium ferrite particles after 50 h milling ×1000.

Fig. 6. EDX spectra of the SrFeO3 nanoparticles after 5 h milling and related struc-
ture.
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Fig. 7. The size and size distribution of SrFeO3 nanoparticles before and after milling.
Fig. 9 shows a plot of C/C0 versus time for all the experiments of
photocatalytic decomposition, where C0 is the initial concentration
of methylene blue. The results demonstrate that degradation was
faster in the solution with finer powder, which can be ascribed to
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ig. 8. Absorbance of methylene blue under visible illumination from 0 to 12 h.

he increase in surface area and the number of active sites on the
ner powder.

Fig. 9 also shows that the performance of high temperature
rFeO3 sample after 5 h milling is not much different compared
ith the sample milled up to 30 h and 50 h. This can be explained

y Fig. 7, which shows that the crystallite size of high temperature
rFeO3 powder reaches a minimum at 4–5 h ball milling. Therefore,
he optimal ball milling time for high temperature SrFeO3 powder
s 5 h. Beyond 5 h, the photocatalytic performance of high temper-
ture sintering SrFeO3 powder does not improve any further.

.3. Kinetic modeling

Based on literature reports, the chemical kinetic of photocat-
lytic dye oxidation in liquid systems can be described by a first-
rder model with respect to dye concentration. Using this hypoth-

sis, the reaction rate for second order surface decomposition of
ethylene blue can be written in terms of Langmuir–Hinshelwood

inetics [41,42]. The Langmuir–Hinshelwood model can be

121086420
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ig. 9. Methylene blue degradation by high temperature SFO powder with different
illing time.
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written as

r = k
K[C]

1 + K[C0]
= kobs[C], (1)

1
kobs

= 1
kK

+ C0

k
, (2)

where C0 is the initial concentration of methylene blue (MB) (ppm),
K is the Langmuir–Hinshelwood adsorption equilibrium constant
(ppm−1), k is the second order rate constant of surface reac-
tion (ppm min−1), and kobs is the pseudo-first-order rate constant
(min−1) that satisfies

−dC

dt
= kobsC0, (3)

giving

− ln
(

C

C0

)
= kobst, (4)

For the case of methylene blue (MB) the Langmuir–Hinshelwood
kinetics can be given by

r = −d[MB]
dt

= − kK[MB]
1 + K[MB]0

, (5)

where r is the rate of dye mineralization, k is the rate constant,
[MB] is the dye concentration, and K is the adsorption coefficient.
The implicit solution for (5) is

ln
(

[MB]
[MB]0

)
+ K([MB] − [MB]0) = −kKt. (6)

Eq. (6) can be solved explicitly for t by using discrete changes in
[MB] from the initial concentration to a zero reference point.

The model presented in Eq. (6) yields an exact solution for the
degradation of methylene blue. However, when the concentration
is in the scale of millimoles, an apparent first-order model can be
assumed [43], such that

r = −d[MB]
dt

= k′[MB] = kK[MB]. (7)

Integration results in either

[MB] = [MB]0e−k′t , (8)

ln
(

[MB]0

[MB]

)
= −kKt = −k′t, (9)

where k′ is in units of time−1. The assumption of a pseudo-first
order model was used in several studies to characterize the effect of
different experimental conditions on the degradation rate [44,45].

Fig. 10 shows the results of methylene blue degradation by SFO
powder under visible light illumination. The semi log data plot
does not produce a single straight line, hence does not fit a simple
first-order reaction model for the entire period of visible illumina-
tion examined. This plot presents three linear regions that can be
explained by series of reaction mechanism. Fig. 10 suggests a series
of reaction mechanism for photocatalytic degradation of organic
dyes, described by

Organic Dye (MB)
k1−→absorbed by surface of powder

k2−→intermediate products
k3−→colorless products

k4−→surface saturation (10)
In the first stage of reaction, the methylene blue absorbed by
surface of powder. It means first some amount of methylene blue
absorbed by surface of powder and then the reaction between our
material and methylene blue start that is good point. Then the
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Fig. 10. (a) Data plot of methylene blue degradation by SFO powde

rganic dyes were degraded to intermediate products. The reac-
ion rate for this step CD is described by Eq. (11). After this step, the
ntermediate products, CI were transformed to colorless products,

ith reaction rate given by Eq. (12). Finally, the surface of the pow-
er particles was saturated by intermediate and colorless products
nd the reaction rate decreased [46].

If the consumption reactions of the dye and intermediate are
oth first-order, and CI can be described with respect to time by

d[CD]
dt

= −k2CD ⇒ CD = CD exp(−k2t), (11)

d[CI]
dt

= k2CD − k3CI ⇒ CI =
(

k2CD

k3 − k 2

)
(exp(−k2t) − exp(−k3t)).

(12)

Table 1 presents the reaction rate at each step that calculated
rom the slopes of a straight line obtained by plotting −ln(C/C0)
ersus reaction time (Fig. 10). The results show that the Step1, Step2
nd Step3 for P25 is constant, which can be explained by the fact
hat P25 works under UV-light and is not sensitive to visible light.
or milled powder (more than 3 h) the slope of Step3 is smaller than
tep2 due to saturation of the powder surface. The reaction rate of
his step is lower than step two but for the case of 0 and 1 h milled
owder because the surface of powder is lower, the reaction rate of
rst step (Step1) is not as high as with 3 h milled powder, so the sat-
ration case in step three is negligible. This table also confirms that
he optimized time for milling is 5 h to achieve optimum reaction
ate.
.4. Product analysis and identification using HPLC–MS studies

To obtain a better insight into the catalytic mechanism of the
rFeO3 powders with methylene blue (MB), the degradation of
ethylene blue, under both dark and light conditions was mea-

able 1
inetic rate constants of methylene blue (MB) at various ball-mill time.

Samples kStep 1 (h−1) kStep 2 (h−1) kStep 3 (h−1)

P25 0.03 0.0281 0.0271
0 h milled 0.061 0.2548 0.4958
1 h milled 0.191 0.5019 0.7699
3 h milled 0.3147 1.0195 0.246
5 h milled 0.4727 0.8791 0.2623
30 h milled 0.515 0.9057 0.2062
50 h milled 0.4344 0.9025 0.2056
Fig. 11. Methylene blue degradation by high temperature SFO powder in light and
dark region.

sured. 10 mg of SrFeO3 powders were dispersed in DI water and
added to the MB solution with 10 ppm concentration. The initial
pH value of the SrFeO3 and MB solution at both dark and light
conditions were 9.35 and 9.15 respectively. For this experiment
a precise continuous setup was used to investigate the methy-
lene blue degradation and by products in situ. Fig. 11 presents the
methylene blue degradation for the dark and light conditions.

As shown in Fig. 11, a degradation of methylene blue in dark con-
dition was observed. This can be explained as the self-degradation
of methylene blue at basic pH values. The slope of the curve in light
condition increased, compared with the two dark condition. This
higher rate can be explained by the increase in the degradation of
methylene blue in the presence of light. In addition the slope for the
light condition is not exactly a linear and can be explained by three
different steps including (initiation, propagation and termination)
in the following section (Fig. 10).

The chromatographic separation of the dye solution initially and
during the photocatalytic process were recorded and monitored. To
show that the degradation of methylene blue occurs in three steps,

several sampling in dark and light condition were made and the
by-product of the reactions analyzed using the HPLC equipment.
The gradient HPLC separation was coupled with the ion trap mass
spectrometer. The degradation of the dye may possibly be cap-
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ig. 12. (a) HPLC peaks for methylene blue (284) azure B (270) and thionin (227) a
eak (c) azure B (d) thionin and (2) it is related area under curves.

ured by the qualitative analysis of the samples studied by HPLC
efore and after photocatalytic degradation. Further analysis of the
roduct formation was done by mass spectroscopic (MS) studies of
he degradation intermediate products and the results are shown
n Fig. 12. Many peaks of different intensities were observed in
ddition to the peak of methylene blue dye, which indicated the
ariation in the composition and concentration of the degradation
roducts. By studying some of these intermediate masses and pre-
icting their structure by the cleavage of one or more of the methyl
roups substituent on the amine groups, that led to the production
f intermediate products, it was found that there was agreement in

heir masses with the intermediates formed. For instance, the for-

ation of azure B and thionin (Fig. 12) through the demethylation
leavage during the photocatalytic degradation has been reported
n the literature [47,48]. From the HPLC peak area calculations, it

as found that methylene blue structure break into the azure B
ss spectra of the major detected degradation intermediates (b) for methylene blue

and then cleavage to thionin. As expected methylene blue struc-
ture degraded even in the dark condition (Fig. 12b.2). However the
slope of part under light in comparison with the two parts under
dark is higher and can be explained by the increase in the degrada-
tion of methylene blue in the presence of light. Moreover the rate
of producing the Azure B increased when the light was turned on
(Fig. 12.c.2) and after further exposure to light decreased because
at the same time this intermediate product started to breakdown
and produced the thionin.

4. Conclusion
In this work, we have successfully prepared photocatalytic
strontium ferrite particles using a high temperature solid state
reaction method. Determining the optimal processing condition
requires adjustment of ball milling time. The single phase nano
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aterials show better photocatalytic degradation of methylene
lue in the visible light compared to P25. The improved perfor-
ance of samples milled for 5 h relative to samples milled for more

r less time is attributed the optimum particle size, providing large
eaction area.
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