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ABSTRACT

In this paper, the application of palladium-doped TiO2 nanoparticles (Pd/TiO2) in photocat-
alytic degradation of the C.I. Acid Yellow 23 (AY23) dye as a water pollutant under UV
light illumination and their synthesis via microemulsion method is reported. The prepared
catalysts were characterized using transmission electron microscopy, scanning electron
microscopy, XRD, and energy-dispersive X-ray techniques. The effect of parameters such as
Pd loading, photocatalyst dosage, initial dye concentration, and calcinations temperature on
the photocatalytic activity of the catalysts was investigated. The optimum conditions leading
to the highest photonic efficiency were found to be using of 0.75 wt% of Pd loading on
TiO2, photocatalyst dosage of 600mg L−1, and calcination temperature of 300˚C for initial
dye concentration of 0.05mM. A complete decolorization of 0.05mM AY23 dye solution
under UV irradiation at optimum conditions on Pd/TiO2 was observed in 30min.

Keywords: Acid Yellow 23; Heterogeneous photocatalysis; Pd-doped TiO2; Microemulsion;
UV/TiO2

1. Introduction

Titanium dioxide (TiO2) is one of the oxide semi-
conductors with excellent capabilities that has been
considered as a good candidate for widespread photo-
catalytic applications. The biological and chemical
inertness, low cost, availability, strong oxidizing
power, non-toxicity, and long-term stability against
photo and chemical corrosion are among its capabili-
ties that make it useful in many applications [1].

However, the TiO2 photocatalyst has two limita-
tions for practical applications: (a) the wavelength
range of activity of TiO2 lies lower than 388 nm, which

is because of its wide band gap (Eg = 3.2 eV), and this
limits the use of sunlight as an excitation energy
source, (b) another problem is that the high recombi-
nation rate of photo-generated electron-hole pairs in
TiO2 results in the low photo quantum efficiency [2].
Hence, many efforts have been devoted to overcome
or reduce the effects of these limitations.

In order to increase the activity of TiO2 and extend
its response range to the wavelengths in visible region,
TiO2 nanoparticles have been modified by different
methods. These methods include doping of metallic or
non-metallic ions into the TiO2 lattice, dye photosensi-
tization on the TiO2 surface, addition of inert support,
semiconductor coupling, and deposition of noble met-
als [1,3]. It has been found that, the nanosized noble*Corresponding author.
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metal particles dispersed on the TiO2 support act as
electron sinks, resulting in a decrease in the electron-
hole recombination as well as the efficient charge sep-
aration during photocatalysis [4]. The noble metal can
effectively suppress undesired redox reactions that
consume photogenerated radicals [5] and also prevent
the deactivation of the photocatalyst at high tempera-
tures [6]. Meanwhile, negative effect of the Pd doping
on the activity of TiO2 nanoparticles in photodegrada-
tion of 1,2-dichloroethane has been reported, which
was attributed to the possible effect of Pd ions in
increasing the adsorption of byproducts on the surface
of TiO2, and consequently reducing the number of
available active sites for the photocatalytic reaction [7].
The presence of PdO on the Pd-doped TiO2 photocata-
lysts has been confirmed as the active form of Pd on
the catalyts [8,9].

Acid Yellow 23 (AY23) or Tartrazine (Fig. 1) is an
anionic azo dye present in thousands of textiles (as a
dye for wool and silk), foodstuff, and pharmaceutical
wastewaters [10,11]. The decolorization of AY23 or
other typical azo dyes has been reported by several
methods, such as biological [12], adsorption [13], Fen-
ton and photo-Fenton [14], UV/H2O2 [15], UV-irradi-
ated ZnO/SnO2 photocatalysts [16], electrocoagulation
[10], polystyrene anion exchangers [17], photocatalytic
degradation by dispersed or immobilized ZnO [18]
and TiO2 [19,20] on glass plates and photodegradation
by metal-doped TiO2 [21–23].

Nevertheless, several reports have been published
in the literature concerning the photocatalytic degra-
dation of pollutants on Pd-loaded TiO2 catalysts pre-
pared by different methods [24–27]. To the best of our
knowledge, there is no systematic study dealing with
the photocatalytic degradation of dyes with the Pd-
loaded TiO2 prepared via microemulsions.

Microemulsions or micelles (including reverse
micelles) represent an approach based on the forma-
tion of micro/nano-sized reaction vessels for the prep-
aration of nanoparticles. Hence, they have received
considerable attention in recent years by development
of nanosciences [28–30]. The various aspects of micro-
emulsions, including their properties and applications
have been detailed elsewhere [31].

This is the first report on the preparation of Pd-
doped TiO2 by microemulsion method, and also the
first study dealing with the removal of AY23 using
metal-doped TiO2 photocatalyst. In this work, Pd-
doped TiO2 nanoparticles were prepared via two
microemulsions method and their structure were con-
firmed with different techniques. Then, the photocata-
lytic degradation of AY23, as a model pollutant, on
the prepared Pd-loaded TiO2 nanoparticles (Pd/TiO2),
was studied. We have systematically optimized the
parameters, such as photocatalyst dosage, doping
content, and effect of calcination temperature on the
photocatalytic oxidation of AY23 as a representative
mono azo dye, under the illumination of UV light.
The extent of photodegradation and mineralization
was measured by UV–Vis spectrometer and total
organic carbon (TOC) analyzer, respectively.

2. Experimental

2.1. Materials

Sodium bis(2-ethylhexyl) sulfosuccinate (AOT,
96%) was obtained from Acros Organics. Palladium
(II) chloride (PdCl2, 59% Pd), sodium borohydride
(98%, Merck), and n-heptane (>99%, HPLC grade,
Scharlau) were used as received without any further
purification. TiO2-P25 Degussa ca. 80% anatase, 20%
rutile, BET surface area, ca. 50m2/g; primary size ~21
nm were used as a supporting material. AY23 was
purchased from Acros Organics (USA). The AY23 is a
monoazo anionic dye (heterocyclic azo dye) with C.I.
number 19,140 and λmax 428 nm.

2.2. Preparation of Pd/TiO2 photocatalyst

The Pd/TiO2 photocatalysts were prepared using
two microemulsion method, namely reducing agent
and metal precursor containing microemulsions (n-
heptane/AOT/water/PdCl2 or NaBH4). The metal
precursor and reducing agent containing microemul-
sions were prepared by mixing of the desired
amounts of the proper chemicals to obtain the molar
ratios of [H2O]/[AOT] = 10, [n-heptane/water] = 250
and aqueous phase concentrations of [NaBH4] = 0.3M
and [Pd2+] = 0.1M. In addition, proper amount of
theTiO2-P25 was added to the vigorously stirred
metal precursor containing microemulsion to obtain
the Pd loadings of 0.125, 0.25, 0.5, 0.75, and 1wt%
relative to TiO2. For preparation of the Pd/TiO2

nanoparticles, the same volume of reducing agent
containing microemulsion was added dropwise
during 60 s to the metal precursor microemulsion
containing adequate amount of TiO2, and the mixtureFig. 1. The molecular structure of Acid Yellow 23 dye.
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was kept under vigorous stirring by magnetic stirrer
for 45min. All reactions were performed at the room
temperature without the removal of air. Acetone was
used to break the microemulsion and precipitate out
the nanoparticles. Finally, the precipitate was washed
with ethanol to remove the remaining AOT. The
nanoparticles were obtained by centrifuging the
washed precipitate at 5,000 rpm for 15min, dried at
100˚C for 12 h, and finally calcined at desired temper-
ature (300, 450, 600, or 750˚C) for 3 h.

2.3. Characterization and measurements

Morphology of Pd/TiO2 nanoparticles was charac-
terized by transmission electron microscopy (TEM,
Zeiss EM900-80 keV). A Shimadzu UV–Vis spectro-
photometer (model UV-1700) was used to record the
absorbances as the reaction proceeded. The crystalline
phase of nanoparticles was analyzed by X-ray
diffraction measurements using a Siemens XRD-D5000
(λ = 0.154 nm). Scanning electron microscopy (SEM)
analysis was performed on Au-coated samples using a
Philips apparatus model XL30, equipped with a probe
for the energy-dispersive X-ray (EDX) analysis. The
extent of Pd loading was analyzed using a Varian
atomic absorption spectrophotometer (AAS, model
AA240).

An ultrasonic bath from Elma (model T 460/H,
Germany) was employed for sonication of the sam-
ples. A UV lamp (15W, UV-C, λmax = 254 nm, manu-
factured by Philips, the Netherlands) was used as the
excitation source. The concentration of AY23 was mea-
sured by using a UV–Vis spectrophotometer (Ultro-
spec 2000, England). The concentration of total
dissolved organic carbon (TOC) in the solution was
analyzed using a TOC analyzer (Shimadzu, TOC-
VCSH) equipped with a non-dispersive infrared (NDIR)
detector. The TOC was calculated as the difference
between total carbon and inorganic carbon.

For the photocatalytic degradation studies, a
desired amount of photocatalyst (pure or Pd doped
TiO2 nanoparticles) was added to the doubly distillat-
ed water and sonicated for 15min to obtain a uni-
form suspension. Then, a proper amount of the AY23
stock solution was added to the photocatalyst
suspension to achieve desired concentration of dye.
The samples were then agitated for 30min in the
darkness to ensure the establishment of adsorption–
desorption equilibrium of the dye on the photocata-
lyst surface. Afterwards, 100ml of the above
suspension was transferred into a borosilicate Petri
dish of diameter 12 cm and height 1.5 cm taken as a
photoreactor, and while vigorous stirring, the
reaction mixture was UV irradiated from top of the

solution with a 15W UV lamp. In the whole experi-
ment, the distance of the lamp from the solution was
adjusted in such a way to obtain a light intensity of
35W/m2 on the surface of solution (measured by
Lux-UV-IR meter, Leybold Co.).

At certain reaction intervals, 5 ml of sample was
withdrawn, centrifuged for 15min at 5,000 rpm and
after the removal of solids, the concentration of AY23
was determined by means of a UV–Vis spectropho-
tometer at 428 nm using a calibration curve. All photo-
degradation experiments were carried out at room
temperature on 0.05mM solutions of AY23 with pH of
about 6.5, which is the natural pH of the reaction
medium.

3. Results and discussion

3.1. The characterization of Pd/TiO2 nanoparticles

The prepared Pd/TiO2 nanoparticles were charac-
terized using TEM, SEM, XRD, and EDX techniques.
The size of Pd nanoparticles was measured from the
TEM micrographs (Fig. 2), to be around 5–15 nm, and
almost uniformly distributed on the TiO2 particles.

As can be seen from SEM images in Fig. 3(a) and
(b), the spherical shape of TiO2 was unchanged by Pd
loading using microemulsion method. The EDX analy-
sis (Fig. 3(c)) also confirmed the loading of Pd on
TiO2.

The XRD patterns of TiO2 and Pd/TiO2 nanoparti-
cles (0.75 wt% Pd) are evaluated in the range of 2θ val-
ues of 20˚–70˚. All photocatalyst samples show the
dominant anatase peaks at 2θ = 25.2˚, 38˚, 48.2˚, 55˚,
and 62.5˚ and the small fraction of rutile phase with
peaks at 2θ = 27.5˚, 36˚, 54˚, and 69˚. The XRD patterns
of Pd/TiO2 samples almost coincide with that of pure
TiO2 showing no diffraction peaks (at 2θ = 40.1˚, 46.9˚)
due to Pd doping, thus suggesting that the microemul-
sion method yields uniformly dispersed palladium
nanoparticles on the TiO2 [25]. The Pd content of the
synthesized photocatalysts was determined by AAS
analysis of the remaining Pd in the filtrate after sepa-
ration of the photocatalyst. The measured Pd contents
by AAS are given in Table 1. The results indicate that
the actual Pd content of the photocatalysts is almost
equal to the planned values to be obtained by the mi-
croemulsions.

3.2. Photocatalytic activity studies

The effects of different parameters on the photocat-
alytic activity of the prepared samples have been
studied. The results indicated that the doping of Pd
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on the commercial TiO2 nanoparticles has improved
their photocatalytic activity. The results will be
detailed in the next sections. The mechanism of the

photodegradation process on the TiO2 photocatalyst
has been already reviewed elsewhere [32]. It has been
confirmed that the •OH radicals produced on the sur-
face of TiO2 are responsible for the heterogeneous
photodegradation of organic molecules, such as dyes,
on the TiO2. The evaluation of the degradation prod-
ucts and their toxicological properties is very impor-
tant. The investigation of the similar dyes has revealed
that byproducts of degradation reaction are com-
pounds, such as sulfanilic acids, benzene sulfonates
and 4-hydroxybenzene sulfonic acid [32,33] and the
reaction routes for their formation were explained.
These intermediates are mainly more friendly
compounds to the environment than the degraded
dyes. Therefore, even in case of decolorization or

Fig. 3. (a) SEM micrograph of TiO2, (b, c) SEM micrograph and EDX spectra of 0.75 wt% Pd/TiO2 nanoparticles prepared
by microemulsion method.

Table 1
Pd content of Pd /TiO2 photocatalyst measured by AAS

Catalyst Pd content (wt%)

TiO2–P25 0
0.25 wt% Pd/TiO2 0.248
0.5 wt% Pd/TiO2 0.495
0.75 wt% Pd/TiO2 0.742
1wt% Pd/TiO2 0.99
1.5 wt% Pd/TiO2 1.48
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partial degradation, i.e. incomplete mineralization, the
process significantly reduces the environmental effects
of the mentioned pollutants. According to the litera-
ture, absorbed oxygen on the photocatalyst plays an
important role in scavenging of photogenerated elec-
trons, and also prevents the recombination of the
photogenerated electrons and the oxidized dye radi-
cals [33]. Hence, in this study all the samples were
stirred in the darkness for 30min to ensure that
almost the same level of oxygen was absorbed on the
surface of photocatalyst.

3.2.1. UV–Visible spectrophotometry

The typical time-dependent UV–Vis spectrum of
AY23 solution during photocatalytic degradation of
0.05mM solutions of dye using 200mg L−1 of a pure
TiO2 or Pd/TiO2 (0.75 wt%) photocatalysts calcined at
300˚C is shown in Fig. 4(a) and (b), respectively. The
UV–Vis spectrum of the reaction mixture shows a
decreasing trend in the intensity with reaction time for
all of the observed peaks in the entire range of UV
and visible region, and finally, they disappear. These
observations indicate the gradual degradation of the
dye.

3.2.2. The effect of Pd loading

The degradation efficiency (%) could be calculated
by:

Dð%Þ ¼ 100 � ðCo � CtÞ
Co

(1)

where D is the degradation efficiency (%), Co is the
initial concentration, and Ct is the concentration of
AY23 at any time after the start of irradiation with UV
light.

For investigation of the effect of Pd loading on
the photocatalytic degradation efficiency of the phot-
ocatalysts, the variations in concentration of the
AY23 with reaction time were measured using the
absorption peak intensity at wavelength of 428 nm.
The ratio of AY23 concentration after any reaction
time to its initial concentration (C/Co) for the photo-
degradation reactions carried out using 200mg L−1

photocatalysts with different Pd loadings was calcu-
lated and C/Co was plotted vs. reaction time in
Fig. 5. As can be seen in Fig. 5, the photocatalytic
activity of the photocatalyst increases with increase
in the Pd loadings up to certain level (optimum
metal loading) and then decreases. The detrimental
effect of increasing Pd loading on the photocatalytic
activity of TiO2 was explained by several ways in
the literature, such as:

(1) The excess loading of metal particles may cover
active sites on the TiO2 surface, thereby, reduc-
ing photodegradation efficiency [25].

(2) Negatively charged Pd sites attract holes and,
subsequently, recombine them with electrons.
With increasing the Pd loading, and conse-

Fig. 4. Time-dependent UV–Vis spectrum of 0.05mM
solution of AY23 irradiated with UV light in the presence
of 200mg L−1 of: (a) pure TiO2 (b) 0.75 wt% Pd/TiO2 phot-
ocatalysts calcined at 300˚C.

Fig. 5. AY23 concentration ratio as a function of exposure
time under different Pd loadings (initial AY23 concentra-
tion, 0.05mM; initial solution pH, 6.5; [photocatalyst] = 200
mg L−1).

R. Najjar et al. / Desalination and Water Treatment 54 (2015) 2581–2591 2585



quently Pd sites, the metal deposits become
recombination centers for holes and electrons
[34].

3.3. The effect of photocatalyst dosage

The effect of photocatalyst dosage was determined
by experiments carried out at constant AY23 concen-
tration of 0.05 mM, while the photocatalyst dosage was
varied from 100 to 800mg L−1. In Fig. 6, the (C/Co)
values were plotted vs. reaction time for the AY23 pho-
todegradations carried out using 0.75 wt% Pd/TiO2

photocatalyst (optimum Pd loading) with the different
photocatalyst dosages. The results showed that the
AY23 photodegradation rate changes with the dosage
of Pd/TiO2. The degradation efficiencies of AY23
achieved using 0.75 wt% Pd/TiO2 photocatalyst (opti-
mum Pd loading) with the different photocatalyst dos-
ages vs. time are given in Table 2. It can be seen that in
the experiment with 600mg L−1 of photocatalyst with
0.75 wt% Pd loading, after 30min of UV irradiation,
the degradation efficiency (D(%)) has reached to about
98.6%.

When the initial dye concentration (Co) is in the
millimolar range (dilute solution), the rate equation
simply can be written as an apparent first-order rate
equation, Eq. (2):

� ln½C=Co� ¼ kapp � t (2)

A plot of –ln[C/Co] vs. time represents a straight line,
the slope of the best line fitted to the data points
equals to the apparent first-order rate constant kapp
[32].

Linear regression analysis of the plots has presented
a good fit to the data points with R2 values of higher
than 0.987, which confirms the first-order kinetic of the
reaction. The degradation efficiencies (D(%)) as well as
kapp values calculated for photocatalysts with different
dosages of 0.75 wt% Pd/TiO2 photocatalyst after
30min of photodegradation reaction (highlighted raw
in Table 2) are given in Table 3. As can be seen in
Table 3, at 0–30min irradiation time, the highest calcu-
lated kapp (0.1419 s−1) and degradation efficiency
(98.6%) values imply that 600mg L−1 of 0.75 wt% Pd
loading on the TiO2 is the optimum value to obtain the
highest photocatalytic activity.

The increase of the photocatalyst dosage results in
an increase of the rate of generation of active species
reacting with the dye molecules, consequently,
increasing the photodegradation reaction rate. How-
ever, increasing of the Pd/TiO2 dosage to higher than
600mg L−1 limits the intensity of light penetrating into
the reaction medium [35], and also increases the unfa-
vorable light scattering [36], and, hence, inversely
affects the photocatalytic reaction.

3.3.1. The effect of calcination temperature

In order to study the influence of the calcination
temperature on the photocatalytic activity of photocat-
alyst, the samples of 0.75 wt% Pd/TiO2 catalyst (opti-
mum Pd content) were calcined at 300, 450, 600, and
750˚C for 3 h. Then, 600mg L−1 of each of these sam-
ples was employed in a photodegradation experi-
ments, while the other experimental conditions were
kept the same (initial AY23 concentration = 0.05mM).
According to the results, depicted in Fig. 7, the photo-
catalytic activity of Pd/TiO2 catalysts was decreased
with increasing of the calcination temperature, and the
highest photodegradation activity was achieved for
the catalyst calcined at 300˚C. Already, it has been
reported that the increase of the calcination tempera-
ture for the metal doped TiO2 photocatalysts from 300
to 500˚C promote the formation of the more anatase
phase, which has higher photocatalytic activity [37].
Meanwhile, by increasing of the calcination tempera-
ture to higher than 600˚C, anatase phase begins to
transform to rutile phase, which exhibited lower
photocatalytic activity. On the other hand, the con-
glomeration of catalyst particles was reported with
increasing of the calcination temperature [38], causing
reduction in specific surface areas of the samples, and
consequently the catalyst calcined at higher tempera-
ture has a lower photocatalytic activity. Hence,
increasing of the calcination temperature has diverse
effects on the photocatalytic activity of the catalyst. As

Fig. 6. AY23 concentration ratio as a function of exposure
time under different dosages of 0.75 wt% Pd/TiO2 photo-
catalyst calcined at 300˚C (initial AY23 concentration = 0.05
mM).
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the catalyst calcined at 300˚C has presented the
highest photocatalytic activity, implies that the
decreasing effect of the conglomeration of catalyst par-
ticles is much more pronounced compared to the
increasing effect of the formation of the anatase phase.
The mentioned reports mainly dealt with the effect of
calcination temperature, either on the support parti-
cles, such as carbon-supported Au–Pd catalysts [39],
Pd on the porous Nb2O5 and Ta2O5 supports [40] or
on the agglomerates of the precursor salts impreg-
nated on the supports, i.e. before reduction of the salts

to metallic nanoparticles, Pd/SiO2 catalysts [41], Pd/
LDH [42]. The results of the above works indicated
that the heat treatment of the supports have imposed
significant effect on the size and also catalytic activity
of the produced catalysts. It has been mentioned that
the calcination may influence the catalyst activity via
changing the crystalline phase, size of crystallites,
and/or surface area of the active phase of the catalyst.
Regarding the calcination temperatures used in the
present study (<750˚C), and also as the calcinations
have been performed on the catalysts containing
metallic Pd particles, hence, it may only affect the sup-
port, rather than the metalic particles doped on the
support. As the melting point of the Pd is 1,550˚C,
which is too far from the used highest calcination tem-
perature (750˚C), calcination process cannot change
the crystalline phase or size of Pd crystallites. Ther-
fore, the differences observed in the photocatalytic
activities of the catalysts by changing of the calcina-
tion temperature have been attributed to the effect of
calcination on the support particles. The effect of
changing calcination temperature on the size or
agglomeration of the Pd nanoparticles has been not
investigated here, and probably because of the lower
Pd content of the catalysts, a pronounced agglomera-
tion of the Pd particles was not observed by increasing
of the calcination temperature.

Table 2
The photodegradation efficiencies of AY23 vs. time using different dosages of 0.75 wt% Pd/TiO2 photocatalyst, calcined
at 300˚C (initial AY23 concentration = 0.05mM)

Time (min)

Degradation efficiency (D%)

100mg L−1 200mg L−1 300mg L−1 400mg L−1 500mg L−1 600mg L−1 800mg L−1

10 27.13 38.29 45.81 51.42 59.73 66.99 55.56
20 51.24 67.24 74.63 81.57 87.49 92.09 84.32
30 70.88 84.36 90.45 94.48 97.26 98.56 95.31
40 86.19 96.11 98.24 99.40 99.61 100 99.19
50 95.52 99.36 99.74 100 100 100 99.84
60 98.83 100 100 100 100 100 100

Table 3
The degradation efficiencies and kapp and R2 values obtained for the photodegradation of AY23 after 30min reaction for
different dosages of 0.75 wt% Pd/TiO2 photocatalyst calcined at 300˚C (initial AY23 concentration = 0.05mM)

Dosage of photocatalyst 100mg L−1 200mg L−1 300mg L−1 400mg L−1 500mg L−1 600mg L−1 800mg L−1

D (%) 70.88 84.36 90.45 94.48 97.26 98.56 95.31
kapp (s−1) 0.041 0.062 0.078 0.096 0.120 0.142 0.102
R2 0.988 0.991 0.989 0.987 0.987 0.990 0.992

Fig. 7. AY23 concentration ratio as a function of exposure
time using 600mg L−1 of 0.75 wt% Pd/TiO2 photocatalyst
calcined at different temperatures (initial AY23 concentra-
tion = 0.05mM).
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3.3.2. Effect of initial AY23 concentration

The results of the studying of the effect of initial
AY23 concentration on the photodegradation effi-
ciency are presented in Fig. 8. It was observed that the
photodegradation conversion of AY23 decreases with
an increase in the initial concentration of AY23. The
presumed reason is that, by increasing of the initial
concentration of dye, more and more dye molecules
are adsorbed on the surface of TiO2. This large
amount of adsorbed dye is believed to have an inhibi-
tive effect on the reaction of dye molecules with
photogenerated holes or hydroxyl radicals, which is
due to the lack of any direct contact between them.
The increasing of the dye concentration also resulted
in the coverage of surface of TiO2 by the dye mole-
cules, which absorb the light and, consequently, low-
ers the number of photons reaching to the surface of
photocatalyst, thus the photodegradation efficiency
decreases [43].

In order to evaluate the degree of mineralization
during the photocatalytic treatment, the formation of
CO2 and inorganic ions is generally determined [32],
via TOC measurements.

To study the mineralization of AY23 on Pd/TiO2,
dye solution with initial TOC concentration of
around 9.6mg L−1 was photodegraded for 120min at
the optimum conditions (600mg L−1 of 0.75 wt%
Pd/TiO2 photocatalyst, calcined at 300˚C, initial AY23
concentration = 0.05mM; initial solution pH ≈ 6.5;
temperature ≈ 25˚C). The measurements of TOC values
for the samples taken after 60 and 120min of UV
irradiation of the dye solution revealed that the TOC
values were decreased by 50 and 82%, respectively.
This indicate that after 120min of the irradiation, 82%
of the initial pollutant dye molecules have been
removed from the samples, and the remaining 18%
have been converted to small molecules with much
more lower environmental toxicities than dye mole-
cules. It is clear that the mineralization does not
change in the same way as degree of decolorization
and always complete mineralization takes much
longer times, which occurs almost by the first degra-
dation reaction of the dye molecule.

For the comparison of the results obtained in this
work with the literature, a summary is shown in
Table 4. Besides of the extensive literature on the
applications of Pd/TiO2 catalysts, no report has been
found dealing with the removal of AY23 by this cata-
lyst. As can be seen in Table 4, relatively promising
results have been obtained for the photodegradation of
the different organic dyes and chemicals. The highest
efficiencies have been observed for the degradation of
the pollutants such as Acid Green 16, 90% in 60min
[25], or 73% for formic acid in 30min [44]. Comparison
of the our results with the literature for methyl red and

Fig. 8. AY23 concentration ratio as a function of exposure
time for different initial AY23 concentrations using
600mg L−1 of 0.75 wt% Pd/TiO2 photocatalyst calcined at
300˚C.

Table 4
Summary of the literature on the photocatalytic degradation efficiencies of the Pd/TiO2 photocataysts and the optimum
catalyst prepared in this work

Catalyst Pollutant Efficiency–time Reference

Pd–TiO2,—visible light Rhodamine B 97%—6.5 h [46]
Au–Pd–TiO2 nanotube film Malathion 172% to TiO2 [47]
Pd–TiO2 thin film–UV Methylene Blue 90%—6 h [27]
Pd–TiO2 nanotubes—solar light Methyl Orange ~100%—2.5–4.5 h [45]
Pt–Pd-doped TiO2 Trichloroethylene 35%—30min [48]
Pd–TiO2 film—UV Formic acid 73%—30min [44]
Pd–TiO2 Phenol 90% [5]
ZnO–SnO2—UV Acid Yellow 23 Decolorization-50min [16]
Pd–TiO2—UV Acid Green 16 90%—60min [25]
Pd–N-doped TiO2 Natural organic matter 96% [9]
Pd–TiO2 NO (gas) 72% [43]
Pd–TiO2—UV Acid Yellow 23 98.6%—30min 0.75% Pd/TiO2
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methyl orange as dyes with very similar structures to
AY23, indicates that the prepared photocatalysts in this
work presented much more better results. Mohapatra
et al. [45] have prepared the TiO2 nanotube arrays by
the sonoelectrochemical anodization technique and
doped with 10 nm Pd nanoparticles. They have found
that the prepared Pd doped TiO2 nanotube arrays can
completely photodegrade methyl red and methyl
orange dyes under ilumination of simulated solar light
for 2.5–4.5 h, meanwhile the 0.75%Pd/TiO2 photocata-
lyst could degrade up to 98% of the AY23 dye only in
30min of irradiation with UV light (Table 4, last row).
The improvements observed in the photocatalytic effi-
cincies of the prepared photocatalysts compared to the
literature may be attributed to the uniform and efficient
dispersion of the monodisperse Pd nanoparticles
formed by the microemulsion method. However, more
research is required to make exact conclusions on the
issue.

4. Conclusion

The AY23 dye was successfully photodegraded
using Pd-doped TiO2 nanoparticles under UV light
illumination, and also the effects of different parame-
ters on the photocatalytic efficiencies were investigated.
The Pd/TiO2 nanoparticles were synthesized via two
microemulsion method, using n-heptane/AOT/water/
NaBH4 or PdCl2. The characterization of prepared Pd/
TiO2 photocatalysts using XRD, SEM, EDX, and TEM
techniques revealed the presence of uniformly distrib-
uted palladium nanoparticles on the surface of TiO2.
According to the TEM micrographs, the distribution of
Pd nanoparticles on TiO2 obtained by microemulsion
method was almost uniform with size of around 5–15
nm. It was found that the 0.75 wt% Pd loading has been
the optimum loading to achieve the highest efficiency
of the AY23 photodegradation. Also, the results
showed that the maximum degradation rate (or the
optimum conditions to obtain the highest photocata-
lytic activity) of 0.05mM AY23 solutions at room tem-
perature has been observed for the experiments carried
out using 600mg L−1 of 0.75 wt% Pd/TiO2 photocata-
lyst calcined at the optimum temperature of 300˚C and
natural pH of reaction medium (pH = 6.5). For the pho-
todegradation reactions carried out at optimum condi-
tions, about 82% reduction in TOC values has been
observed after 120min of reaction time.
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