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A B S T R A C T

The Photocatalytic activity of bismuth doped SrAl2O4 ceramic powders was studied by monitoring the
degradation of the Methylene Blue (MB) and Congo Red (CR) dyes in water solution under ultraviolet
(254 nm) and solar irradiation. The SrAl2O4:xBi powders were synthesized by a combustion method with
different Bi weight percentages. XRD patterns of these powders indicate the presence of pure monoclinic
phase. SEM images of SrAl2O4:Bi powders show a morphology of polygonal irregular grains with sizes in
the range of 0.2–1.9 mm. An enhancement of absorbance was observed in the UV-VIS-NIR regions as the Bi
content increases. A comparison of degradation performance among samples indicates that the sample
doped with 1% Bismuth produced the highest degradation rates of 0.65%/min and 0.33%/min for MB and
CR dyes, respectively, under solar irradiation. When the same catalyst was used under UV irradiation, the
highest degradation rates for MB and CR were 1.05%/min and 0.38%min respectively. MB and CR dyes
were completely degraded (decolorized) after 130 min and 320 min under solar irradiation respectively,
while total degradation of MB and CR was observed after 210 min and 360 min under UV exposure
respectively. Hence, our results suggest that SrAl2O4:Bi(1%) powders could be useful for solar
photocatalytic degradation of dyes in water treatment plants.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous photocatalysis is a process where a solid
photocatalyst dispersed in water absorbs UV or visible light to
produce hydroxyl radicals (�OH), which in turn, help to the
oxidation of organic compounds. Typical photocatalysts are
semiconductors or insulators with a wide bandgap [1,2]. There
are many types of photocatalysts such as Al2O3, ZnO, Fe2O3 and
TiO2. The most popular, TiO2, has been widely used for decolorized
of organic contaminants, dyes, phenols and herbicides [1,3].
However, the main drawbacks of TiO2 are: 1) the need of
ultraviolet (UV) light for its activation (l <385 nm) and 2) its
toxicity for living organisms when it has a nanoparticle size [4,5].
For example, it has been demonstrated that TiO2 nanoparticles
(�10 nm size) can penetrate the mouse and porcine skins, causing
oxidative stress in dermal cells when are exposed for long periods
of time [5]. In addition, recent studies show that TiO2 nanoparticles
cause cellular damage in aquatic species such as rainbow trout,
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Daphnia magna and Japanese medaka fish [6–8]. Moreover, most of
photocatalysts are difficult to remove from water once they have
degraded the organic compounds [7,9]. However, some groups
have published the immobilization of TiO2 in polymeric mem-
branes for its easy removal after degradation of contaminants
[10,11]. Due to all those reasons, the search for new environmen-
tally friendly photocatalysts which can be easily removed from
water (after decolorized of contaminants) is still a topic of research
in materials science. Recently, it has been shown that Sr4Al14O25:
Dy, Eu, Bi powders produce total degradation of methylene blue
(MB) in water and are easy to remove from clean water by simple
precipitation [7,9]. Strontium aluminates are insulators and have a
wide bandgap (�5.2 eV) [12]. When they are doped with rare-
earths (RE) such as Eu, or Dy, structural defects are formed that are
beneficial for the photocatalytic properties, since these ones help
to increase the recombination time of the electron-hole pair [13].
To enhance the absorbance of photocatalyst doped with RE in the
visible region, other metallic dopants such as Bismuth (Bi), Copper
(Cu) and Nickel (Ni) cations have been used [9,14,15]. Particularly,
Bi has demonstrated its usefulness to enhance the visible
absorption of TiO2/Sr4Al14O25 photocatalyst composite powder
[9]. In addition, Bi is a biologically compatible cation that is
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innocuous for humans [7,9,16,17]. The most important advantage of
that element is its low cost even in industrial quantities, which is
beneficial for large scale wastewater treatment plants [17].
Although the photocatalytic properties of phosphorescent
Sr4Al14O25:Dy,Eu,Bi have been reported [7], this material still
contains RE which are normally expensive. In addition, several
photocatalysts such has BaZrO3 and TiO2 have been doped with Bi
in order to increase its optical absorption in the visible part of the
electromagnetic spectrum [18,19]. However, the BaZrO3 photo-
catalyst is more expensive than the strontium aluminates and the
TiO2 is toxic for certain species of fish and algae as mentioned
above [20]. In fact, it has been demonstrated that Bi compounds
have low toxicity for humans and it is commonly employed for the
fabrication of drugs and medicine [21]. Currently, other groups
have reported the use of SrAl2O4 powders as a photocatalyst for
hydrogen generation or for catalytic conversion of triglycerides to
biodiesel [22,23].

The contamination of water due to the use of textile dyes is a
current problem [24]. Therefore, there are huge efforts for the
development of new photocatalysts able to degrade dyes.
Methylene blue (MB) and Congo Red (CR) are two common dyes
used in textile industry. In fact, MB is widely used as a label of cells
in optical microscopy and CR is an azo dye very toxic for the
environment [25]. Thus, the search of photocatalysts that can
degrade those dyes is important for the development of better
wastewater cleaning processes.

In this work, the photocatalytic activity of strontium aluminates
doped only with Bi is studied. The photocatalytic degradation of
MB and CR dyes under solar irradiation and UV irradiation by using
SrAl2O4:Bi photocatalysts, with different concentrations of Bi, is
monitored trough UV–vis absorption spectroscopy of the charac-
teristic absorption peaks of both MB and CR. The times reported in
this work to reach total degradation of MB is 56% lower with
respect to our previous result for rare earth co-doped Sr4Al14O25:Bi
[7]. We also could observe total degradation of CR dye after
320 min under solar irradiation or 360 min under UV irradiation.

2. Experimental section

2.1. Combustion synthesis of SrAl2O4 and SrAl2O4:Bi photocatalysts

All chemicals were purchased from Sigma-Aldrich and used
without further purification: Aluminum nitrate [Al (NO3)3 (98.0%)],
strontium nitrate [Sr(NO3)2 (99.0%)] and bismuth nitrate [Bi (NO3)3
(99.0%)]. Urea was used as a fuel [CO(NH2)2 (99.0%)] to produce the
combustion process. The stoichiometry of reaction was calculated
by using the equations of K.C. Patil et al. [26], which are employed
for the production of ceramics and nanocrystalline materials. The
chemical reaction was adjusted according to the following
equation:

1 � xð ÞSrðNO3Þ2 þ 2AlðNO3Þ3 þ xBiðNO3Þ3
þ 3x þ 20

3

� �
COðNH2Þ2

! Sr1�xBixAl2O4 þ 3x þ 20
3

� �
CO2 þ 2

3x þ 20
3

� �
H2O

þ 3x
2

þ 32
3

� �
N2 ð1Þ

Where x corresponds to the weight percentage concentration (% w/
w) of Bi. A typical procedure to synthesize the samples is as
follows: Aluminum nitrate, strontium nitrate and bismuth nitrate
were dissolved with a molar ratio of 2:1:x in 15 mL of water for
30 min. After this, 10 mL of 3 mol L�1 Urea solution was added to
the mixture of nitrates and stirred again for 15 min. Later, the
solution was placed in a preheated muffle furnace at 600 �C. After
few minutes, a slight explosion (combustion process) was
observed (red-orange flame) for 3 min. As result, oxide foams
with white coloration were observed for samples doped with low
concentrations of Bi (x = 0%, 0.5%, 1.0%). The oxide foams had dark-
brown colorations for samples with high concentration of Bi (3–
10%). Finally, the foams were grained for 10 min in an agate mortar
in order to utilize them as photocatalysts powders. Later, the
powders were washed with water in order to remove the carbon
residuals from the combustion process. Five catalysts were
produced using different percentages of Bi dopant: SB0 (without
Bi), SB1 (1%), SB3 (3%), SB7 (7%) and SB10 (10%).

2.2. Structural, morphological, and optical characterization

All photocatalyst powder samples were characterized by X-ray
diffraction (XRD) with a Bruker D2 PHASER diffractometer (Cu-Ka,
l = 1.5406 Å) in the range 100< 2u < 60� with steps of 0.02�. The
morphology of the sample powders was analyzed by scanning
electron microscopy (SEM) using a JSM-7800F JEOL microscope at
room temperature and 200 kV of accelerating voltage. The
absorbance spectra of powders were acquired by utilizing a Cary
5000 UV–vis spectrometer in the range of 200–1000 nm. All
measurements were performed at room temperature.

2.3. Photocatalytic experiments

2.3.1. Photocatalytic activity under UV irradiation and reuse
The Photocatalytic experiments under UV irradiation were

achieved into a homemade cylindrical photoreactor coupled with
three UV lamps (Phillips, 4W, 254 nm) put in triangular configura-
tion (see Supporting information for description of the UV irradiation
system). The fluence at the center of the photoreactor was 105.5 mJ/
cm2. In a typical experiment, aqueous solutions of MB (25 mg L�1)
and CR (10 mg L�1) were prepared in beakers with a volume of 1 L
(those concentrations have been used previously according to
literature [27,28]). After this, 30 mg of photocatalysts powder (SB0-
SB10) was added to 70 mL of dye solution (MB or CR) and this blend
was put in darkness under stirring during 1 h. Subsequently, the
dye solution with photocatalyst was transferred to a quartz beaker
and placed into the photoreactor under UV irradiation. Next,
aliquots of each sample (200 mL) were extracted and centrifuged
(at 4000 rpm) at regular intervals and their absorbance was
measured immediately in the range of 200–800 nm by using a UV-
VIS CARY 60 spectrophotometer. The photocatalytic degradation of
MB and RC was performed 5 times by using each catalyst SB0, SB1,
SB3, SB7 and SB10 under UV light. This work presents the average
results of degradation percentage for MB and RC in Section 3.4.
Finally, the best catalyst powder was reused 3 times (under UV
light) in order to evaluate how the MB degradation percentage
changed with the cycles of use. For this, the catalyst powder was
precipitated by centrifugation, dried and was put again in a new
MB blue solution with concentration of 25 mg L�1. After this, the
photocatalytic experiment was carried out as mentioned above
and this was repeated for each cycle of use.

2.3.2. Detection of reactive oxygen species with scavengers (under UV
light)

The inhibition of radical species and the fluorescence technique
were used to study the generation of reactive oxygen species in the
MB dye aqueous solutions (25 mg L�1) with catalyst powders. The
scavengers used for the detection of reactive oxygen species (ROS)
were potassium iodide (KI), benzoquinone (BQ) and terephthalic
acid (TA). The procedure for detection of ROS was as follows: 1.88
� 10�3 mol L�1 of potassium iodide (KI) was added to the MB
solution (25 mg L�1) together with 30 mg of SrAl2O4:Bi catalyst.
Subsequently, the photocatalytic experiment was carried out as
explained in Section 2.3.1 to determine the MB degradation



Fig. 1. XRD patterns of SrAl2O4 samples with different Bi concentrations.
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percentage with the presence of KI scavenger. This last experiment
of MB photocalytic degradation with scavengers was also repeated
with 0.235 � 10�3 mol L-1of benzoquinone (BQ) and 0.235 � 10�3

mol L�1 of terephthalic acid (TA). Additionally, the presence of OH
radicals was detected by fluorescence by means of the following
procedure: 5 mL of 5 �10�4mol L�1 solution of terephtalic acid, 5
mL of 2 � 10�3mol L�1 solution of NaOH and 30 mg of SrAl2O4:Bi
catalyst were added to 1000 mL of deionized water. Afterwards, the
mixture was stirred and aliquots (1 mL) were extracted at regular
intervals of time (from 0 to 60 min) and their fluorescence was
measured immediately in the range of 350–600 nm. The fluores-
cence spectra were collected by using an Ocean Optics spectro-
photometer Q65000 coupled with an optical fiber.

2.3.3. Photocatalytic activity under solar irradiation
Aqueous solutions of MB (25 mg L�1) and CR (10 mg L�1) were

prepared in beakers with a volume of 1 L. Subsequently, 30 mg of
photocatalysts (SB0-SB10) were added to 100 ml of MB and CR
solutions. After this, the solutions were immediately put in
darkness for 1 h under magnetic stirring. Later, the solutions of dye
+ photocatalyst were directly exposed to sunlight irradiation
during a sunny day (from 10 am to 3 pm) and subjected to stirring.
During the solar irradiation, 200 mL. of MB and CR solutions were
extracted at regular periods of time and their absorbance was
measured in order to observe how the typical absorption bands of
MB (665 nm) and CR (490 nm) are being reduced with time. This
last procedure was achieved by using a UV–vis CARY 60
spectrophotometer in the range of 200–800 nm. The solar
irradiance was monitored each 30 min by using a Davis photodiode
detector. The average value of irradiance measured during the
experiment was: 778 � 37 W/m2, the photodiode detector is part of
the meteorological station in the Astronomical Observatory of the
University of Coahuila Mexico. All experiments were carried out
under the same conditions of solar irradiation. The photocatalytic
degradation of MB and RC was performed 5 times by using each
catalyst SB0, SB1, SB3, SB7 and SB10 under solar irradiation. This
work presents the average results of degradation percentage for
MB and RC in Section 3.3.

3. Results and discussion

3.1. Structure and morphology

Fig. 1 shows the XRD patterns of the SrAl2O4 powders doped
with different concentrations of Bi. The diffraction peaks of
undoped and Bi doped samples correspond to the monoclinic
phase of SrAl2O4 (according to JCPDS 74-0794 card). The main
observed planes were (020), (211), (220), (211) and (031). Such a
monoclinic phase is observed in all samples even for high Bi
concentrations (�7%). Thus, our combustion method is reliable to
produce the SrAl2O4:Bi catalyst powders with pure monoclinic
phase. The presence of only one phase in SrAl2O4:Bi is an advantage
with respect to other works where the authors synthesized
strontium aluminosilicates (which contained SrAl2O4) by a
combustion method and obtained a mixture of hexagonal and
ortorrombic phases [27]. After substitution of Sr by Bi, there was no
shift toward longer or shorter diffraction angles as the Bi
concentration increases. This was due to the similar ionic radius
of Bi (1.4 Å) and Sr (1.31 Å) when the atoms are in 8-fold
coordination.

SEM images of samples SB0, SB1, SB3 and SB10 are illustrated in
Fig. 2. The undoped sample SB0 exhibited a mixture of irregular
polygonal grains with mean size of 0.8 �0.1 mm, and rods with an
average diameter of 0.208 � 0.05 mm, see Fig. 2a. When the Bi
concentration is increased to 1% (sample SB1), the average size of
the irregular polygons and rods increased up to 1.3 � 0.01 mm and
0.3 � 0.01 nm respectively. Fig. 2a and b show the rods embedded
perpendicularly to the polygonal grains. The sample with 3% of Bi
(sample SB3) also presented irregular polygons and rods with
average sizes of 1.9 � 0.01 mm and 0.35 � 0.05 mm respectively, see
Fig. 2c. The particle size and degree of agglomeration obtained for
SrAl2O4:Bi catalysts with concentrations 	3% are smaller than
these ones reported for strontium aluminosilicate catalyst that
contained SrAl2O4 (1–5 mm) [27]. However, our particles are bigger
in comparison with other luminescent SrAl2O4 nanoparticles
doped with Eu and Dy (70–200 nm), those ones were fabricated by
a combustion method as well [28]. Moreover, If the Bi concentra-
tion is in the range of 7–10% (samples SB7 and SB10), the polygonal
and rod morphology disappears and only highly coalesced grains
are observed, see Fig. 2d. This change in morphology has been
reported in other studies where Bi is used as a dopant, since it
promotes agglomerations and coalescence of particles and grains
as its concentration increases [29]. Thus, SrAl2O4 grains doped with
high concentrations of Bi (�7%) present a high degree of
agglomeration, this in turn, would cause a decrease in the available
surface area for the adsorption of dyes. Consequently, the
photocatalytic activity could be reduced as explained in Section 3.3.
3.2. Optical properties

The photocatalytic properties of ceramic materials are en-
hanced when their absorption is increased in the visible region and
Bi was used in our case for that purpose. As observed in Fig. 3a, the
absorption band in the UV–vis region increases as the Bi
concentrations increases (see absorbance spectra in the range of
200–800 nm). This indicates that our SrAl2O4:xBi photocatalyst
could be efficiently activated with natural sunlight. Furthermore,
the absorbance in the NIR region is extended from 800 nm to
1000 nm for Bi concentrations from 1%. Fig. 3a also shows that
sample SB0 has a shoulder centered at 233 nm which represents
the absorbance of the optical bandgap Eg = 5.3 eV [12]. Another
effect of doping with Bi is the decrease of the Eg as its concentration
increases. Fig. 3a shows a band centered at 260 nm, which is
attributed to the parity-allowed transition 1S0-1P1 of the Bi3+ ion
[30]. The intensity of that band is enhanced as the Bi dopant
increases, indicating a successful incorporation of Bi3+ in the
SrAl2O4 matrix. The insets in Fig. 3a depict pictures of the Bi doped
samples with concentrations of x = 0%, 1% and 10%. The undoped
sample shows a white coloration while the sample doped with 1 at



Fig. 2. SEM images of SrAl2O4 samples doped with Bi: a) 0%, b) 1%, c) 3% and 10%.

Fig. 3. a) Absorbance spectra of undoped and Bi-doped SrAl2O4 samples, b)
Kubelka-Munk function versus energy. Insets in Fig. 3a show pictures of SrAl2O4

ceramic powders with different concentrations of Bi.

248 C.R. García et al. / Journal of Photochemistry and Photobiology A: Chemistry 351 (2018) 245–252
% of Bi shows a light brown coloration under natural light. The
sample doped with 10% of Bi presents a dark-brown color. These
color changes have been observed in other systems, for example
TiO2, and it is associated to the presence of Bi3+ which is confirmed
by the absorbance measurements (see Fig. 3a) [16]. In addition, the
changes of coloration indicate the formation of Bi centers, those
ones can be Bi-O polyhedral, cationic or anionic vacancies and their
presence is suitable for photocatalysis because those traps induced
by Bi could help to reduce the recombination rate of electrons and
holes [7], this in turn, would increase the degradation rate of dyes
as explained in Section 3.3.

The optical band gap (Eg) of SrAl2O4:xBi powders was obtained
by using the Kubelka-Munk function F(R1):

K
S
¼ ð1 � R1Þ

2R1

 FðR1Þ� ð2Þ

Where K is the absorption coefficient and S is the dispersion
coefficient. Additionally, R1 is the reflectance of the sample when
it has an infinite thickness. Fig. 3b shows the diffuse reflectance
spectra of the Bi doped samples and for the host catalyst after
Kubelka-Munk unit’s conversion. The intersection between the
linear fit and the photon energy axis gives the value to Eg.
According to these plots, the optical band gap for the host catalyst
(SB0) was Eg = 5.1 eV, therefore, this catalyst is considered as an
insulator. If Bi is introduced in the SrAl2O4 matrix, the band gap is
reduced from 3.9 eV to 2.8 eV, see samples SB1 and SB10 in Fig. 3b.
The reduction on the band gap is beneficial for the photocatalytic
process because the energy needed to produce the electron-hole
pair in the SrAl2O4:xBi photocatalyst would be lower.

3.3. Dye photodegradation under solar irradiation

The Solar spectrum has a low amount of light in UV region
(�5%), and this limits many photocatalysts such as TiO2 [131].
Therefore, a good solar photocatalyst should absorb light in the
visible and near infrared regions which represent the 46% and 49%
of the solar irradiance on the earth [31]. We carried out the
photocatalytic experiments during a sunny day at the Astronomi-
cal Observatory of the University of Coahuila. Blank solutions



Fig. 4. Degradation percentage as a function of time under solar irradiation for: a)
MB dye and b) CR dye. The insets are images of the aliquots samples of MB and CR at
the beginning and at the end of the solar photocatalysis experiments.
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without photocatalyst (aqueous solutions with only MB and CR)
were prepared and the degradation percentage for MB and CR were
calculated under solar exposure, see red curve in Fig. 4a. The pH
values of the MB and CR blank solutions varied from 8 to 8.3 during
all the time under solar exposure, suggesting that no oxidation
process of the dyes is occurring. This poor degradation of MB
produced by photolysis (no presence of catalyst in the solution) is
in agreement with the results reported by T. Sotani et al. [32]. In
this work authors demonstrated that photolysis of MB is low for pH
in the range of 8–9. In contrast, the pH values of the MB and CR
solutions with catalyst was 8.0 at the beginning of the experiment
but increased up to 10.8 at the end. This increase of the pH value
indicates that the catalyst promotes the formation of �OH radicals
(oxidizing agent) during solar exposure.

The characteristics peaks of the MB and CR dyes in the
absorbance spectra (not showed here) are located at 665 nm and
494 nm, respectively. The intensity of the main absorption bands
corresponding to MB and CR were measured to observe their
diminution as a function of time. The degradation percentage of
MB and CR as a function of time was calculated by using the
following equation:

Degradation %ð Þ ¼ It � I0
I0

x100 ð3Þ

Where I0 and It are the values of absorbance at t=0 (before solar
exposure) and after solar exposure at time t respectively. Fig. 4a
shows the degradation curves of methylene blue dye as a function
of time for the different SrAl2O4:xBi samples. As observed, the
blank sample (MB solution without photocatalyst) presented a
very low degradation percentage (5%) of MB and low degradation
rate of 0.02%/min after 130 min under solar irradiation. The host
catalyst SB0 and SB1 could completely degrade the methylene blue
dye after 130 min under solar exposure and the final value of pH in
the solution was 10.8. This time was �44% higher than that
reported by T. sotani et al. (90 min) [32]. In this work, authors used
a pH value 11 to reach a complete photolysis of MB. Although their
degradation time is lower, they used NaOH to increase the pH of
the solution. In our case, the increase of pH was due solely to the
presence of the catalyst during the photocatalytic degradation. The
degradation rates were 0.53%/min and 0.65%/min for SB0 and SB1,
respectively; which means an improvement on the photocatalytic
activity due to the presence of Bi dopant. Further, samples SB3 SB7
and SB10 presented degradation rates of 0.38%/min, 0.34%/min and
0.32%/min respectively and reached maximum degradation
percentages of 78%, 72% and 62% respectively. Fig. 4b shows the
degradation curves of the solutions with congo red. The blank
sample (CR solution without photocatalyst) barely degraded 4%
after 320 min. Samples SB0 and SB1 degraded 100% and 93.5% of CR
after 320 min and their degradation rates were 0.26%/min and
0.33%/min respectively. Samples SB3, SB7 and SB10 with higher
amount of Bi presented a CR degradation in the range of 39–62%
with degradation rates of 0.09–0.1%/min, see Fig. 4b. Again, an
excess of Bi inhibited the photocatalytic properties. The degrada-
tion times of CR solutions were longer than these ones for MB,
probably because CR has a more complex chemical structure
(C32H22N6Na2O6S2) and its molecular bonds are stronger and more
difficult to break in comparison with MB; then more time is needed
for the photocatalytic degradation [33].

In general, the reduction of degradation rates as Bi concentra-
tion increases indicate that an excessive amount of Bi is
detrimental for the photocatalytic activity. There are two main
reasons for which an excess of Bi dopant inhibits the photocatalytic
activity: 1) A high content of Bi produces bigger grains by
coalescence (see Fig. 2d), in consequence, the surface area available
for adsorption of dye molecules is reduced. 2) The excess of Bi
dopant causes the formation of defects and trapping centers, this is
observed in the enhancement of absorption bands as the Bi
concentration increases (see Fig. 3a); and a high content of defects
promotes the recombination of electron-hole pairs, which in turn,
would decrease the photocatalytic activity [34]. The formation of
defects that are detrimental for photocatalytic activity has been
observed in other Bi doped hosts such as ZnO, Fe2O3 and TiO2 [35–
37]. Thus, our results suggest that the optimum Bi concentration
for the degradation of both dyes should be in the range of 1–3%,
which is in agreement with other reports [35–38]. Low concen-
trations of Bi dopant into the crystalline lattice delay the
recombination of holes and electrons, this in turn, would facilitate
the generation of �OH radicals which degrade the MB and CR dyes
[38]. Also, the abrupt decrease of the Eg from 5.1 eV (SB0) to 3.9 eV
(SB1) caused by the introduction of Bi, favors the photocatalytic
process because the photocatalyst became more conductive and
this allows an easier transport of electrons and holes toward the
water for the generation O2� and �OH oxidizing agents. It is worthy
to mention that the required time for a total MB degradation
(130 min) with SrAl2O4:Bi(1%) is lower in comparison with that one
published for TiO2:Bi (180 min) [39].

3.4. Dye photodegradation under UV exposure, generation of reactive
oxygen species (ROS) and reuse of SrAl2O4:Bi catalyst

Fig. 5a and b shows the degradation percentages curves for MB
and CR solutions under UV irradiation, respectively. Sample SB1
produced total degradation of MB and CR dyes after 210 min and
360 min respectively. The degradation rates produced by SB1 were



Fig. 5. Degradation percentage as a function of time under UV excitation for: a) MB
dye and b) CR dye.

Fig. 6. a) Effect of scavengers KI, BQ and TA on the MB degradation percentages. b)
Fluorescence spectra obtained from the mixture catalyst + TA at different times
(lexc = 315 nm).
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1.05%/min and 0.38%/min for MB and CR respectively. Those times
are higher with respect to the ones obtained after the photo-
catalytic process under solar irradiation. The degradation of MB
and CR dyes is slower under UV irradiation in comparison with
solar irradiation. It could be due to the low generation of OH
radicals as a consequence of the low capability of SrAl2O4:Bi
powders to absorb light in the UV region, see absorbance spectra
in Fig. 3a. Furthermore, sample SB0 could degrade only 95% of MB
and 91% of CR after 210 min and 360 min respectively. Samples
SB3, SB7 and SB10 reached degradation percentages in the range
of 38%–72% for both dyes and the blank samples degraded in the
range of 6–10%, see Fig. 5a and b. The results for photodegradation
under UV irradiation followed a similar trend as that observed
under solar irradiation, that is: for Bi concentrations 	1% the
degradation percentages for both dyes are at least 90%. However,
higher Bi concentrations produces degradation percentages
below 77%.

In order to understand how the role of oxydizing agents for the
degradation of MB, the generation of reactive oxygen species was
detected with scavengers KI, BQ and TA. In addition, the presence
of OH radicals were detected by a fluorescence technique. It is well
known that KI, BQ and TA are scavengers for holes (h+), superoxide
anion (O2

��) and �OH radicals respectively [40–42]. Fig. 6a shows
how the values of MB degradation percentages decreased with
respect to the values of SB1 (black curve obtained without
scavengers) in the following order: BQ > KI > TA. The MB degrada-
tion curve for BQ was close to that of SB1, which indicates that
superoxide anions O2

�� (generated by the reduction of oxygen
molecules adsorbed on the SB1 photocatalyst after reacting with
photogenerated electrons) are not the main oxydizing agent
participating in the degradation of MB. Furthermore, the MB
degradation curves obtained with the presence of scavengers KI
and TA (green and blue curves) were considerably lower than that
for SB1, suggesting that the holes and �OH radicals are mainly
generated by SB1 catalyst for the degradation of MB. In fact, the MB
degradation curve obtained in presence of TA was slightly lower
than that for KI. Thus, the generation of ROS had the following
order: �OH > h+> O2

��. Also, it is worthy to mention that the
degradation of the MB dye was practically inhibited after 60 min of
reaction in presence of TA, since the MB degradation percentages
were almost constant after this time, see blue curve in Fig. 6a. This
indicates that the generation of �OH radicals was stopped. Fig. 6b
shows the fluorescence spectra of the mixture SB1 catalyst + TA.
The blue emission centered at 427 nm is originated from
fluorescent products formed during SB1 photocatalysis and are
due to the interaction between �OH radicals and TA [42]. The
increase of emission intensity in the blue emission band from the
time 0 to 15 min confirms the generation of �OH radicals. After this
time, the emission intensity decreases probably due to the
degradation of TA. This decrease also corroborates that the



Fig. 7. MB degradation percentages obtained with SB1 catalyst after 3 cycles of use
under UV exposure.
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generation of OH radicals is inhibited after 60 min of reactions,
which is in agreement with the trend of the blue curve in Fig. 6a.

The reuse experiments were also performed with the best
sample SB1 under UV irradiation. Fig. 7 shows de decrease of the
MB degradation percentage as a function of cycles of use. After the
first cycle, the MB was degraded completely after 210 min.
However, its degradation percentage decreased by 13% and by
53% after the second and third cycles (for the same time of
210 min). Those values indicate that the catalyst is stable only after
2 cycles because the reduction of MB degradation percentage was
small. It is worthy to mention that a complete MB degradation for
the second and third cycles after 250 min and 310 min respectively,
suggesting that our catalyst can produce a total degradation but
more time is needed. Hence, the SrAl2O4:Bi catalyst could be a good
candidate for removal of dyes in wastewater treatment plants.

3.5. A comparison of the effect of Bi dopant on the photocatalytic
degradation of MB under solar and UV irradiation

A careful inspection of Figs. 4 and 5 allowed us to find the
following: In the case of CR, the curves of degradation percentage
are similar for the times in the range of 0–140 min, see Fig. 4b. In
fact, the MB degradation curves of SB0 and SB1 are also similar
under solar or UV irradiation, see Fig. 5a. This occurred because the
combustion synthesis generates defects in the crystalline lattice of
SrAl2O4, mainly oxygen vacancies, which significantly improved
the photocatalytic activity. Those defects decrease the recombina-
tion of electron-holes pairs and increases the availability of charge
carriers for the photocatalytic process. In fact, if the Bi concentra-
tion is below 1 mol%, the formation of defects is promoted as
demonstrated by Y. Hu et al. [34]. In contrast, an excess of bismuth
(Bi concentrations above 5 mol%) is detrimental for the photo-
catalytic activity as demonstrated by J. B. Zhong et al. in ZnO:Bi
[35].

In order to elucidate whether the Bi dopant produces or not a
significant difference of photocatalytic degradation, we will use as
a reference the error bars in Figs. 4 and 5. When the MB is degraded
under solar irradiation (see Fig. 4a), the error bars in the curves of
MB degradation percentages are overlapped, which means that Bi
is not producing a significant difference for degradation of MB.
Further, Fig. 5a shows that the MB degradation percentages are
very similar in the range of 0–90 min, but there is an average
difference of �8.7% between the values of degradation percentage
corresponding to the samples SB0 and SB1 for times >90 min,
which indicates that the effect of Bi for photocatalytic degradation
is small under UV excitation. When the CR dye is degraded under
solar irradiation, there is no significant difference in the values of
degradation percentages for times below 140 min (see Fig. 4b), but
the effect of Bi is evident if the values of degradation percentages
corresponding to SB0 and SB1 are compared for times above
140 min. Finally, the benefit of Bi to improve the photocatalytic
degradation of CR is very notorious under UV irradiation as
observed in Fig. 5b.

4. Conclusions

Doping SrAl2O4 ceramic powders with Bi concentrations of 1%
enhanced their photocatalytic activity under Solar or UV irradia-
tion. The increase of the degradation percentages due to the
presence of Bi dopant in SrAl2O4 catalyst is evident when it is
degrading the CR dye under UV or solar irradiation. In the case of
MB, the Bi dopant produced only a small difference in the values
degradation percentage obtained under UV irradiation with
respect to these ones obtained when the undoped catalyst is used
and no difference in the values of degradation percentage was
observed when the best catalyst doped with Bi and the undoped
one are compared. Further, a Bi concentration above 1% was
detrimental for the photocatalytic activity. Although a decrease of
band gap and an increase of absorbance are observed as Bi
concentration increased, a reduction of the degradation percen-
tages for MB and CR was observed, this was due to the coalescence
of grains promoted by Bi ions, which in turn diminished the
available surface area for adsorption of both dyes. Also, the high
content of Bi dopant formed defects that act as trapping centers
and promoted the recombination of electron-hole pairs. The best
performance of SrAl2O4:xBi catalyst was observed under solar
irradiation, since the degradation times were lower in comparison
with the ones obtained under UV exposure. In addition, the
detection of ROS by scavengers confirmed the formation of
oxydizing agents by the SrAl2O4:Bi catalyst with following order:
�OH > h+> O2

��. Moreover, the reuse experiments of the SrAl2O4:
Bi (1%) catalyst demonstrated that it can be used to remove the MB
dye efficiently up to 2 times. Hence, the results suggest SrAl2O4

powders doped with 1% of Bi are good candidates for the
elimination of dyes in water treatment plants by using solar
irradiation.
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