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ABSTRACT

In this study, Mg/TiO,-UV100 nanoparticles were prepared by the impregnation method.
The structural characteristics and properties of the obtained materials were investigated by
X-ray diffraction (XRD), scanning electron microscopy, transmission electron microscopy
(TEM), Brunauer-Emmett-Teller (BET) and diffuse reflectance spectroscopy (DRS)
techniques. XRD patterns of pure and impregnated TiO,-UV100 nanoparticles revealed that
all phases were anatase. The results of BET analysis for Mg/TiO,-UV100 nanoparticles
indicated a surface area of 171.8m”g '. Maximum distribution pore size is about 2nm,
which is consistent with microporous structure. The particle size obtained from TEM
was close to crystallite size calculated from XRD pattern. A comparison of DRS of the
Mg/TiO,-UV100 with bare TiO,-UV100 showed a slight red shift. The photocatalytic
degradation of C.I. Acid Red 27 (AR27) was investigated in the presence of TiO,-UV100 and
Mg/TiO»-UV100 nanoparticles under different conditions. The photocatalytic activity of
Mg-impregnated (0.8 mol%) TiO,-UV100 in the removal of AR27 was higher than that of bare
TiO,-UV100 nanoparticles. The photocatalytic activity of Mg-impregnated (0.8 mol%)
TiO,-UV100 was very sensitive to dopant content, initial concentration of the AR27, catalyst
dosage, light intensity, and pH. The results indicated that the use of photocatalytic method
in the presence of Mg-impregnated TiO,-UV100 nanoparticles was a good choice for
eliminating organic pollutants from aqueous media.

Keywords: Heterogeneous photocatalysis; Impregnation; TiO,-UV100 nanoparticles; Magnesium;
C.I. Acid Red 27

1. Introduction

The growing amount of industrial waste-contain-
ing refractory organic pollutants has entailed attempts
to find new technologies for purifying the polluted
water. One of the main modern technologies in this
area has been the heterogeneous photocatalysis [1].

*Corresponding author.

Ultraviolet irradiation on the semiconductor particles
causes an excitation of electrons from valance band to
the conduction band leading to the formation of holes
in the wvalance band that are positively charged.
Some species adsorbed on the surface of the semi-
conductor such as hydroxyl ions, water molecules,
dissolved oxygen molecules and organic species get
involved in redox reactions with photogenerated
electrons and holes [2,3]. One of the important factors
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in photocatalytic efficiency is the competition between
the ratio of the transfer of surface charge carrier and the
electron-hole pair recombination. If the recombination
process is too fast, other surface chemical operations do
not occur [4]. Photocatalysis process has some
shortcomings that limit its use in high-scale operations.
For example, the rate of this process is limited by the
low rate of the transfer of electrons to oxygen and more
recombining of electron-hole pairs [5]. Moreover, the
relatively wide band gap of semiconductors, such as
TiO,, practically limits the use of sunlight or visible
light as a radiation source in photocatalysis process. To
decrease the rate of electron-hole recombination in
photocatalytic process and increase the amount of the
absorption of solar spectrum, some efforts have been
made [6,7]. Methods that have been used include
semiconductor coupling [8-12], doping metal or non-
metal ions at TiO, [13-18] and dye photosensitization
on the TiO, surface [19-21]. The increase in the
absorption of light and changing the capacities of TiO,
into visible light is primarily affected by dopant [22]. It
should be noted that further increase in dopant content
exerts a negative effect on the activity of photocatalyst
[23].

However, the TiO, doped with transition metals
has some weaknesses including thermal instability
and low quantum efficiency of the photoinduced
charge carriers [24]. Among these metals, some of
them like Ag are toxic. Magnesium is particularly
suitable because of its low cost, easy preparation and
nontoxicity. Feng et al. [25] prepared eight metal ions
doped TiO, by an ultrasonic method and indicated
the highest photocatalytic activity for Mg/TiO, under
solar light. Venkatachalamet al. [26] have reported
higher photocatalytic activity for magnesium and bar-
ium doped TiO, nanoparticles in comparison with
bare TiO, in removing 4-chlorophenol. In this investi-
gation, pure TiO, with anatase and rutile phases and
ion-doped TiO, with pure anatase phase were synthe-
sized by the sol-gel method. In other words, adding
magnesium or barium hinders the crystallization of
rutile phase of TiO, after calcination in a muffle fur-
nace at 500°C for 5h.

Among different commercially available titania
powders, TiO,-P25 (Degussa Co.) shows the highest
activity in the majority of photocatalytic oxidation
reactions. TiO,-P25 consisting of a mixture of anatase
and rutile in a proportion of 80/20% is characterized
by a specific surface area of 50m”g ' and particle size
of 21 nm. TiO,-UV100 Hombikat is another commer-
cial titania powder consisting of pure anatase phase.
This commercial product is characterized by a specific
surface area of 350m’g ' and particle size of 8nm
[27]. FTIR studies indicated that TiO,-UV100, unlike

TiO,—P25, does not contain isolated hydroxyl groups
[28,29]. Recently, Patil et al. [30] have reported higher
photocatalytic activity for TiO,-UV100 in comparison
with TiO,-P25 in photocatalytic degradation of Congo
red. The higher surface area of TiO,-UV100 compared
with TiO,-P25 (=~ 7 times) indicates that it can be a
suitable catalyst in the impregnation process for
higher photoactivity.

This study aims to improve the photocatalytic
activity of TiO,-UV100 nanoparticles with a crystallite
size of 8nm by using surface modification with Mg.
The photocatalytic activity of the modified catalyst
was compared with pure TiO,-UV100 nanoparticles in
removing C.I. Acid Red 27 (AR27) as a modal
contaminant from textile industry. Various reaction
parameters such as the effect of Mg-doping content,
AR27 concentration, TiO,-UV100 dosage and light
intensity on the photocatalytic activity have been
investigated.

2. The experiment
2.1. Materials

The titanium dioxide sample used in all
experiments was TiO,-UV100 Hombikat from Sachtle-
ben Chemie-Germany. Magnesium nitrate was used
from Scharlau Co., and C.I. Acid Red 27 (AR27), a
mono-azo-anionic dye, was obtained from Merck. Its
chemical structure and other characteristics are listed
in Table 1.

2.2. Catalyst preparation

Magnesium-impregnated TiO,-UV100 was prepared
in the following way: TiO,-UV100 was dispersed in
distilled water, and then, a concentration of magnesium
nitrate was added to the calculated amount of TiO, to
obtain a dopant concentration within the range of 0-1%
mol. The solution prepared in this way was placed in
ultrasonic batch for 15min and refluxed at 80°C for 4 h.
Afterwards, the precipitate was washed and dried at
80°C for 10h and calcined at 350°C for 1h.

2.3. The characterization of the obtained nanoparticles

The crystalline phase and crystallite size of TiO,-
UV100 nanoparticles (bare and impregnated) were
analyzed by X-ray diffraction (XRD) measurements
that were carried out at room temperature by using
Siemens XRD D5000 with Cu Ko radiation as the
X-ray source. The average crystallite size (D) was
calculated using Scherrer’s equation:
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Table 1
Chemical structure and characteristics of C.I. Acid Red 27

691

Structure

SO;Na

]
l l :

SO;Na
Other names Molecular formula
Amaranth, Azorubin S, FD & C Red 2, Food Red 9 CyoH11N>NazO19Ss
Molecular mass (gmol ") Absorption maximum (nm) Colour index no. Appearance
604.48 522 16,185 Dark red solid
ki the solution, O, flow was maintained in the
fcos 0 photoreactor. After 30 min, when the lamp was turned

where k is the shape factor (0.89), 4 is the X-ray
wavelength (0.154056nm), f is the full width at half-
maximum of the diffraction line, and 6 is the diffrac-
tion angle. Diffuse reflectance spectroscopy (DRS) of
photocatalysts was obtained using Avaspec 2048 TEC
as spectrometer. The surface morphology was ana-
lyzed by scanning electron microscopy (SEM) tech-
nique (Tescan Vegal). SEM was equipped with an
EDX system. The size of nanoparticles was observed
using transmission electronic microscopy (Philips CM-
10 HT-100keV). The specific surface area, total pore
volume, and the mean pore diameter of the impreg-
nated sample were determined by Brunauer-Emmett-
Teller (BET) and Barratt-Joyner-Halenda (BJH) meth-
ods. Photocatalytic degradation of the model contami-
nant (AR27) was carried out in a bath quartz
photoreactor of 100 mL volume. The light source was
a visible light (300W, 98% wavelength greater than
400nm, manufactured by Osram) in vertical array
with tubular quartz reactor. Light intensity was mea-
sured by Lux-UV-IR meter (Leybold Co.), and varia-
tion in the distance between radiation source and
quartz photoreactor caused changes in light intensity.

2.4. Procedures

For photocatalytic degradation of AR27, in each
experiment, 100mL of the dye solution (containing
AR27 and Mg/TiO,-UV100 or TiO,-UV100 nanoparti-
cles) was used. The solution was kept in the darkness for
30min. Oxygen was bubbled through the reactor with
0.5mLmin ' flow rate. To maintain the homogeneity of

on, the reaction was initiated, and at certain time
intervals, 5mL of the sample was withdrawn and
analyzed with a UV-Vis spectrophotometer (Ultrospec
2000, Biotech Pharmacia, England). Total organic carbon
(TOC) measurements were carried out by TOC analyzer
(Shimadzu TOC-V ).

3. Results and discussion
3.1. The characterization of the photocatalyst
3.1.1. XRD measurement

Based on XRD patterns (Fig. 1), the crystallite size
and phase composition of pure and Mg/TiO,-UV100

X-1ay intensity (2.u.)

17 20 40 50

2Theta (degree)

Fig. 1. XRD patterns of (A) bare TiO,-UV100, (B) 0.8 mol%
Mg/TiO,-UV100 nanoparticles.
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Table 2

XRD, BET, and BJH analysis results for TiO,-UV100 and 0.8 mol% Mg/TiO,-UV100 nanoparticles

Catalyst TiO,-UV100 0.8 mol% Mg/TiO,-UV100
Anatase (A)/Rutile (R) ratio 100% (A) 100% (A)

Crystallite size (nm) 8 10

Surface area (m?/g) 350.81 171.85

Most distribution pore size (nm) 1.21 2.10

Mean pore diameter (nm) 5.99 10.37

Total pore volume (cm’g ™) 0.5255 0.4455

nanoparticles are reported in Table 2. The major crys-
tallite peak in the XRD patterns of TiO,-UV100 and
Mg/TiO,-UV100 was anatase without any impurity
peak as for Mg or rutile phase. This is probably
attributed to low Mg content as well as appropriate
dispersion of impregnated ion onto TiO,-UV100 nano-
particles [31]. The characteristic peak of anatase phase
at 20~25.4° becomes stronger and sharper under Mg
impregnation process.

3.1.2. TEM analysis

The transmission electron microscopy (TEM)
image of Mg/TiO,-UV100 nanoparticles is shown in
Fig. 2. The bright gray particles in the micrograph are
titania. It can be seen that the prepared sample has
agglomerated to larger particles. However, the aver-
age particle size of the Mg/TiO,-UV100 nanoparticles
is close to the crystallite size calculated from the XRD
pattern.

3.1.3. SEM—-EDX analysis

Besides the crystallite size and phase composition,
morphology is another important factor that deter-
mines the quality of a powder and its usefulness
when being used. Therefore, SEM was used to investi-

Fig. 2. TEM image of the 0.8 mol% Mg/TiO,-UV100 nano
particles.

gate the morphology of Mg/TiO,-UV100 nanoparticles
(Fig. 3). As shown in SEM image, Mg/TiO,-UV100
nanoparticles tend to form large agglomerates. This
result is in agreement with the findings of other
studies indicating that the particles with smaller grain
size have higher tendency for agglomeration [32].

EDX analysis was carried out for Mg/TiO,-UV100
nanoparticles to identify the elements present in an
impregnated sample. Fig. 4 shows the EDX result for
0.8 mol% Mg/TiO,-UV100 nanoparticles. The analyti-
cal results from EDX are in reasonable agreement with
the experimental value of Mg impregnated onto
TiO,-UV100 nanoparticles.

3.1.4. DRS analysis

Fig. 5 shows the DRS of the Mg/TiO,-UV100 and
bare TiO,-UV100 nanoparticles. The spectrum of the
Mg-impregnated sample in Fig. 5 shows a slight red
shift in the band-gap transition to longer wavelengths.
The absorption edge cutoff was obtained by
extrapolating the linear region of the DRS to zero.
Bare TiO,-UV100 shows the absorption edge cutoff
around 392nm, while Mg-impregnated TiO,-UV100
shows the absorption edge cutoff around 402nm. It is

Fig. 3. SEM micrograph of 0.8 mol% Mg/TiO,-UV100 nano
particles.
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Fig. 4. EDX spectra of 0.8mol% Mg/TiO,-UV100 nano
particles.
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Fig. 5. DRS of bare TiO,-UV100 and 0.8mol% Mg/
TiO,-UV100 nanoparticles.

expected to observe higher photocatalytic activity for
Mg-impregnated TiO,-UV100 in comparison with bare
TiO, under visible light irradiation, because
Mg-impregnated TiO,-UV100 absorbs light in wider
wavelengths. The band-gap value of doped sample
can be related to the crystallite size and defect concen-
tration. It was observed that the sample with larger
crystallite size and higher defect concentration
showed smaller amount of band-gap value [33].

3.1.5. BET analysis

Fig. 6 presents N, adsorption/desorption iso-
therms and BJH pore size distribution curve (inset) of
0.8 mol% Mg-impregnated TiO,-UV100 nanoparticles
calcined at 350°C for 1h. Results obtained from BET
and BJH methods are reported in Table 2. According
to IUPAC classification, Mg-impregnated TiO,-UV100
nanoparticles display a Type-III isotherm. BET surface
area was 171.85m”g '. The pore size distribution
from the adsorption branch was determined by the

450
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Fig. 6. The N, adsorption/desorption isotherm and BJH
pore size distribution curve (inset) of 0.8 mol% Mg/TiO,-
UV100 nanoparticles.

BJH method. As shown in the inset in Fig. 6, the most
distribution pore size is about 2nm, which is consis-
tent with the microporous structure.

3.2. Photocatalytic activity studies
3.2.1. The effect of Mg doping content

Photolysis of AR27 under UV irradiation alone has
a negligible effect on the removal of AR27. Also, due
to proximity of the natural pH of the solution to TiO,-
UV100 pH,,., adsorption of AR27 onto TiO, surface
was low. The photocatalytic oxidation kinetics of
many organic compounds has often been modeled
with the modified Langmuir-Hinshelwood equation
[34] as Eq. (1):

d[AR27] ki K. [AR27]

R= @ " 1+Ku [AR27], Kap| AR27] @)
and

_ kL—HKads
Ko = T Ko [ARZT], @

where R is the reaction rate (mgLf] min~Y), kg is
the reaction rate constant (mg L 'min™"), K,qs is the
adsorption coefficient of AR27 on the TiO, particles
(rng_1 L), [AR27] is the concentration of AR27
(mgL™"), and [AR27], is the initial concentration of
AR27 (mgL™'). Eq. (1) shows a pseudo-first-order
reaction with respect to AR27 concentration. By inte-
grating Eq. (1), the following equation is obtained:
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[AR27],
In ARy = Fer ®)

The semi-logarithmic graphs of the AR27 concen-
tration in the presence of various photocatalysts vs.
visible light irradiation time yield straight lines that
confirm the pseudo-first-order kinetics for the removal
of AR27 in this process. The apparent reaction rate
constants (k,p) for the photocatalytic removal of AR27
were obtained from the slope of the semi-logarithmic
graphs.

The change in the photocatalytic activity of
TiO,-UV100 nanoparticles by impregnation method
with various contents of Mg ions is shown in Fig. 7.
The results in Fig. 7 show that Mg loading on
TiO,-UV100 surface has an optimum value of 0.8 mol
% in the removal of AR27. As it can be seen, the k.,
increased with an increase in the Mg loading up to
optimum loading point and then decreased. The Mg
loaded on TiO, particles may create a space charge
layer separating the photo-induced electron-hole pairs.
With increasing Mg loading, the barrier on the surface
gets higher, and the large electric fields separate the
electron-hole pairs, but the excess Mg on the surface
of TiO, screens the TiO, surface from light leading to
low photoactivity [35].

3.2.2. The effect of catalyst dosage

Fig. 8 shows the variation of kap vs. 0.8mol%
Mg-impregnated TiO,-UV100 nanoparticles dosage.
The results indicate that the photocatalytic removal
rate increases with catalyst loading until 800mgL ™"
and then decreases at high values due to light
scattering and screening effects. Higher dosages of the
solids cause higher agglomeration (particle/particle
interaction); this reduces the available surface area for

absorbing the light and also adsorbing AR27
0.15
~ 01
£
g
< 005 '
0
0 0.2 0.5 0.8 1

Doping content of Mg (mol %)

Fig. 7. Effect of Mg content on the photoactivity of Mg/
TiO,-UV100 nanoparticles at degradation of AR27.
I,=190klx, [AR27],=33x10°mM, [Mg/TiO,-UV100]
=400mgL "
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Fig. 8. Effect of various dosages of 0.8mol% Mg/TiO,-
UV100 nanoparticles at degradation of AR27. I,=190Kklx,
[AR27],=33 x 10> mM.

molecules. Therefore, although with the rise of
catalyst loading, the active sites of the catalyst
increases, photocatalytic activity decreases due to light
scattering in higher dosages [36].

3.2.3. The effect of initial concentration of AR27

After optimizing the catalyst dosage, the photocata-
lytic removal of AR27 was carried out by varying the
initial concentration of AR27. The influence of initial
AR27 concentration within the range of 33 x 10 -
66 x 10>mM on the removal rate was studied in the
presence of 0.8 mol% Mg-impregnated TiO, (Fig. 9). It is
generally noted that the degradation rate decreases with
increase in pollutant concentration. This may be justi-
fied with the fact that high absorption coefficient of
AR27 in UV-vis regions in higher initial concentrations
causes an inner filter effect. On the other hand, in high
AR27 initial concentrations, more organic substances
are adsorbed on the surface of catalyst, and conse-
quently, the amount of hydroxyl radicals and photocat-
alytic activity decrease [27].

0.3

Kap (min'l)
o
o

0.1
0.05 -
0

0.033 0.05 0.066
Concentration of AR27 (mM)

Fig. 9. Effect of the initial AR27 concentration on the
photoactivity of 0.8 mol% Mg/TiO,-UV100 nanoparticles at
degradation of AR27. I,=190klx, [0.8mol% Mg/TiO,-
UV100] =800 mg L.
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Fig. 10. Effect of the light intensity on the photoactivity of
0.8 mol% Mg/TiO,-UV100 nanoparticles at degradation of
AR27. [AR27],=33 x 10> mM, [0.8 mol% Mg/ TiO»-UV100]
=800mgL "

3.2.4. The effect of light intensity

Fig. 10 shows the effect of light intensity on the
removal of AR27 in the presence of 0.8mol%-
Mg-impregnated TiO,-UV100 nanoparticles. With
increasing light intensity from 40.5 to 190klx, the
percentage of degradation increases from 10 to 98% at
30-min radiation time. Under higher light intensities,
the catalyst absorbs more photons. Therefore, the
more electron-hole pairs and hydroxyl radicals will be
formed. In lower light intensity, there is a competition
between electron-hole recombination and consump-
tion leading to less creation of hydroxyl radicals [37].
Mineralization of the pollutant was monitored
through TOC measurement under 190klx light inten-
sity. The results of mineralization study indicated that
81% TOC reduction of AR27 with an initial concentra-
tion of 33 x 10 °mM is possible in the presence of
0.8 mol% Mg-impregnated TiO,-UV100 nanoparticles
after 60 min irradiation.

3.2.5. The effect of pH

An important parameter governing the photocata-
lytic activity of TiO, is the pH of the dispersions. Due
to amphoteric behavior of TiO,, pH influences the sur-
face charge of metal oxide and also ionization state of
solute [38]. Experiments were carried out at pH values
of 3, 54 (natural pH of solution) and 9, using
20mgL~" AR27 solutions along with 800mgL~"' of
0.8 mol% Mg-impregnated TiO,-UV100 nanoparticles
under 190klx light intensity.

The pH of zero point of charge (pH,p.) represents
surface charge of metal oxide at different initial pHs.
The pH,,. for TiO,-UV100 nanoparticles is 6.2 [39].
When pH is lower than, 6.2 the positively charged
surface sites on the TiO,-UV100 nanoparticles
increase. Interactions between AR27 molecules with

anionic character and TiO,-UV100 nanoparticles sites
will be favored at low pH (<6.2). The results of exper-
iment at the pH=3 indicates a considerable adsorp-
tion of AR27 onto the surface of the «catalyst;
therefore, a comparison of photocatalytic activity with
other pHs is not possible. Blank experiment was also
performed in the dark, confirming that significant
adsorption of AR27 occurred at acidic conditions. The
comparison between photocatalytic activity of 0.8 mol
% Mg-impregnated TiO,-UV100 nanoparticles at pHs
of 5.4 (natural pH of solution) and 9 indicated that the
enhancement of pH to alkaline pH causes the decrease
of k,p from 0.216 to 0.016min~'. The adsorption of
AR27 at basic pH is prevented by repulsive electro-
static forces existing between AR27 molecules with
anionic character and negatively charged surface sites
that are predominant in this range of pH. Thus,
decreased adsorption would result in a considerable
decline in AR27 removal rate.

4. Conclusion

The TiO,-UV100 nanoparticles with different Mg
contents were prepared via impregnation method, and
photocatalytic activity was investigated in the removal
of AR27. The comparison of the bare TiO,-UV100 and
Mg-impregnated TiO,-UV100 DRS indicated that the
impregnated sample showed a slight red shift. The
results of XRD indicated that the major phase of
Mg-impregnated TiO,-UV100 nanoparticles was ana-
tase without any other peak corresponding to Mg.
The SEM micrograph of Mg-impregnated TiO,-UV100
nanoparticles showed aggregated particles. The BET
and BJH graphs showed microporous structure with a
narrow distribution of pore size. Increasing photocata-
lytic activity of TiO,-UV100 in the removal of AR27
was made possible by increasing Mg content up to
0.8 mol%. The removal rate of AR27 in the presence of
Mg-impregnated TiO, nanoparticles was a function of
catalyst dosage, pollutant concentration, light inten-
sity, and pH.
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