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Introduction
Emerging pollutants, such as drugs [1,2], are becoming a serious 

threat to the aquatic environment as they result to be resistant to 
aerobic degradation and hydrolysis, and because the current water 
treatment processes are unable to provide quantitative abatements 
[3] and, often, are energy and capital intensive [4]. Special concern is 
involved by the widespread of pharmaceutically active compounds, 
as indeed antibiotics are, due to stimulation of bacterial resistance 
[2]. Among these, Fluoroquinolone (FQs) antibiotics were detected 
in different environmental waters and wastewater effluents at 
concentrations from nanograms to micrograms per liter [5,6]. Together 
with their photoproducts FQs residues were proved to possess residual 
antimicrobial activity and to exert biotoxic effect [7,8]. In the recent 
years, the development of VIS-light activated photocatalysts based 
on earth abundant materials is growing in importance [9,10], since 
many aromatic refractory compounds have proven to be mineralized 
totally to CO2, H2O and small molecules, in the presence of either 
natural and artificial radiation [11-13]. Heterogeneous photocatalysis 
can be applied to several research areas, especially for environmental 
applications; among these, water remediation [14] and wastewater 
decolourization are important fields the scientific research is focusing 
on. TiO2 in nanometric size is one of the most preferable material [15], 
due to its strong oxidizing ability, excellent chemical stability, long 
durability, non-toxicity, water insolubility, super hydrophilicity, low 
cost and high surface to volume ratio [1,4,12,16-18]. An important 
feature of TiO2 photocatalysis is the sorption affinity of the catalyst for 
the pollutant(s) considering that the degradation process is strongly 
favoured if the target species is adsorbed on the TiO2 surface. Therefore, 
it is clear the need for nanoparticle materials, optionally supported 
on materials with high surface area and high adsorption capacity, 
such as silica, zeolite, activated carbon or clay [1,4,9,12,17-21]. Thus, 
solar powered TiO2 photocatalysis results to be an energy neutral 

technique for water purification and pollution control. However, TiO2 
is limited as a sunlight-driven photocatalyst, due to its large band 
gap (ca. 3.2 eV), which requires for photo-activation a wavelength of 
energy equal to or greater than the band gap [22]. This means that a 
UV light source is mandatory (UV represents only 5-8% of the solar 
spectrum) [17,23,24]. There are two possible ways to overcome this 
limitation: using a dopant capable to promote a bathochromic shift of 
TiO2 absorption towards visible light [11,25], such as N and Fe-doping 
[23,26-28]; using a supporting material for TiO2 capable to emit a 
proper radiation in order to activate internally the photocatalyst [29]. 
It was documented as the support of photocatalyst onto a persistent 
luminescence materials (PeLMs) increased the general efficiency [30] 
and allowed the photocatalytic process to occur even in the darkness 
[18]. In fact, the PeLM is able to be charged with either natural or 
artificial radiation [31-33] and, glowing in darkness, provide the 
necessary photons to the catalyst. The coupled system has potential 
application in the removal of organic pollutants in conditions in which 
the single photocatalyst possesses low or no efficiency, such as in low-
transparent and turbid wastewater both under natural and artificial 
radiation [34,35]. Moreover, the capability to work also in darkness is 
significant in the reduction of electric energy consumption.

Abstract
In the present work, a new photocatalyst based on a new persistent luminescence phosphor, PeLM, and NPs-

TiO2 was synthesized and the synthesis was optimized using a chemometric approach. A solid-state synthesis was 
used to obtain the persistent luminescence material while a sol-gel synthesis was used to obtain anatase NPs-TiO2. 
Each sample was then characterized by means of XRD, SEM and BET analysis, while the photocatalytic activity was 
evaluated testing the percent degradation of a methylene blue aqueous solution. Two different kinds of experiments 
were performed on the optimized sample, using a continuous irradiation or halving it with darkness cycles. It’s been 
demonstrated that the PeLM acts as an internal source for TiO2, providing the excitation required for the photocatalysis 
and so allowing to continue photon absorption even in darkness conditions. The two materials were coupled by means 
of a solid-state synthesis, varying the ratio between the reagents (1, 6), the heating temperature (350, 550°C) and 
time (1, 6 hours) through a chemometric approach, in order to find the optimized values. Validating the model led to 
the conclusion that the parameters affecting the synthesis have no significant interactions among them. The obtained 
results demonstrated the real applicability of this coupled system in the removal of Ofloxacin from water solution as 
probe of emerging organic pollutants.
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Here we report the synthesis of TiO2 nanoparticles, prepared via 
a sol-gel synthesis, supported on (3ZnO:Ga2O3:2GeO2):Cr3+ PeLM 
by solid state reaction, optimized with respect to our previous work 
[18] by a chemometric approach. The catalyst, characterized by 
X-ray diffraction (XRD), scanning electron microscopy (SEM) and 
surface area measurement (by BET), was then tested. In particular, its 
performance was studied for the photocatalytic abatement of methylene 
blue (MB) from aqueous solution – representative of organic dyes [36] 

under simulated solar light. Then the optimized photocatalyst was 
employed for the removal of Ofloxacin antimicrobial from tap water 
under natural sunlight.

Materials and Methods
Synthesis

The TiO2 samples supported on (3ZnO:Ga2O3:2GeO2):Cr3+, the 
persistent luminescent material, was prepared using a solid-state 
reaction. The zinc gallogermanate Cr3+ doped was prepared using as 
precursor, ZnO (Alfa Aesar, 99.99%), Ga2O3 (Alfa Aesar, 99.999%), 
GeO2 (Alfa Aesar, 99.98%), Cr2O3 (Alfa Aesar, 99.97%), which were 
mixed together using an agate mortar and then treated in oven at a 
temperature of 900°C for 2 h and then at 1100°C for 2 h. Between the 
two heat treatments, the samples were re-grinded and re-homogenized. 
The titanium dioxide was prepared using a sol-gel route. 12 mL of 
2-propanol, 6 ml of titanium isopropoxide and 30 ml of water were 
mixed together with magnetic stirring for 4 hours. The gel so formed 
was then treated in oven at 105°C for 12 hours; the xerogel was grinded 
and homogenized in an agate mortar. These two reagents were placed 
in an aqueous solution and left under magnetic stirring for 30 min and 
eventually put in oven for the heating treatment, on the basis of the 
experimental design (as described in paragraph 2.5).

Physical-chemical characterization

The optimized sample was characterized by XRD, SEM and BET. 
Phase identification was performed by XRD analysis using a Philips 
PW1830 diffractometer (Bragg-Brentano geometry; Cu Kα; Ni filtered; 
range 20-80 2θ; step 0.025 2θ; sampling time 10 s). SEM images were 
collected using a Tescan Vega 3 XMV microscope on powders coated 
with gold in low vacuum. Brunauer-Emmett-Teller (BET) analysis was 
carried out using an ASAP 2010 physisorption analyzer (Micromeritics 
Instrument Corp). Before the measurement the sample was pre-treated 
at 200°C in vacuum.

Photocatalytic activity

First, the photocatalytic activity was investigated by testing the 
percent degradation of 25 mL 0.01 g/L MB solution in presence of 
0.0125 g catalyst, as seen in our previous work [18]. MB was quantified 
using a Perkin Elmer UV-Vis spectrophotometer LAMBDA 35 (664 
nm). The catalyst was added to the MB solution and, before irradiation, 
the suspension was equilibrated in the dark under magnetic stirring for 
20 minutes. Then, two different tests were performed. In the first set of 
experiments, the sample was irradiated continuously with simulated 
solar light (300W Ultra-Vitalux lamp, Osram) for 50 minutes; in the 
second one, the sample was irradiated for 10 minutes alternately to 10 
minutes of darkness for a total time of 50 min (total irradiation time: 
30 min).

Later the catalyst was tested under natural solar light (462 W 
m-2 VIS, 28 W m-2 UV, Pavia, 45°11′ N, 9°09′ E, May 2016) for the 
degradation of OFL (> 99%, Sigma-Aldrich, Milan, Italy). Tap water 
solutions (100 mL 20 mg L-1 OFL, 0.050 g catalyst) were equilibrated for 

20 minutes (dark stirring) and then submitted to alternate irradiation/
darkness cycles (10 +10 min each). OFL was quantified by HPLC-UV, 
by using a Shimadzu (Milan, Italy) LC-20AT solvent delivery module 
equipped with a DGU-20A3 degasser and interfaced with a SPD-20A 
UV detector. The analysis wavelength selected was 275 nm. 20 µL of 
each sample was injected into a 250 × 4.6 mm, 5 µm Analytical Ascentis 
C18 (Supelco) coupled with a similar guard-column. The mobile phase 
was 25 mM H3PO4-acetonitrile (85:15), flow rate 1 mL min-1.

All the photocatalytic tests were carried out in triplicate.

Luminescence analysis

The luminescence analysis on (3ZnO:Ga2O3:2GeO2):Cr3+ are 
reported in our previous work [18]. The photos were collected by 
means of a Fujifilm – FinepixS1 camera set with ISO equal to 12800 and 
acquisition time of 8 seconds. Samples were charged under simulated 
solar light (300 W Ultra-Vitalux lamp, Osram) for 5 minutes.

Multivariate experimental design

In order to find out the most convenient experimental conditions to 
prepare a catalyst with the highest photocatalytic activity, a chemometric 
approach was chosen to evaluate the significance of the variables 
involved in the preparation procedure. A multivariate experimental 23 
factorial design was carried out considering the variables ratio between 
TiO2 and the luminescent support (x1), temperature (x2), and heating 
time (x3). As reported in Table 1, the experimental domain comprised 
of different levels of TiO2/PeLM ratio (1 and 6), temperature (350 and 
550°C) and heating time (1 and 6 h). TiO2/(3ZnO:Ga2O3:2GeO2):Cr3+ 

ratio equal to 1:1 was the minimum ratio for the complete coverage 
of the PeLM support, while the temperature interval was chosen 
considering that, at least, a treatment at 350°C for 1 h was necessary 
to guarantee the formation of a crystalline phase. Temperature higher 
than 550°C were not explored to avoid phase transformation from 
anatase to rutile; no significant differences in the XRD diffractograms 
of samples prepared at 350°C and 550°C were detected.

Each sample was synthesized in triplicate and then tested for the 
photodegradation of MB aqueous solutions, under simulated solar 
light.

Results and Discussion
Chemometric optimization of the synthesis

The photocatalytic activity results, obtained from the factorial 
design experiments, are expressed as MB percent degradation (Table 2).

Figure 1 shows the plot of the coefficients of the model elaborated 
on the basis of the responses (MB degradation yields, %) reported in 
Table 2.

The responses were modelled according to the equation:

y=b0+b1 x1+b2 x2+b3 x3+b12 x1 x2+b13 x1 x3+b23 x2 x3                   (1)

and the estimated coefficients of the model are reported in Table 3. 

Variable Level codes
+1 -1

TiO2/(3ZnO:Ga2O3:2GeO2):Cr3+ratioa 6 1
Temperature (°C) 550 350

Time (h) 6 1
aAmount of PeLM 0.5 g.

Table 1: Variables experimental domain for the 23 factorial design. All the samples 
were synthesized in triplicate.
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The significance of each coefficient was evaluated according to usual 
convention: *p<0.05, **p<0.01 and ***p<0.0001. As shown in Figure 
1, the variables and the interactions between the variables were not 
significant. This suggests that the synthesis can be conveniently carried 
out at the low values of the variables reported in the experimental 
domain (Table 1).

Indeed, even working at the high value of x1 variable, the 
photocatalytic efficiency was slightly improved as can be observed 
from the MB percent degradation reported in Figure 2. The model 
was validated on a test point (x1=1; x2=0; x3=0) chosen within the 
experimental domain. The experimentally obtained result, expressed 
as MB percent degradation (90 ± 6 p=0.05, n=3) was not significantly 
different from that predicted according to eqn. (1).

The optimized catalyst, provides the highest value of MB percent 
degradation (87(1)%), after 50 minutes of continuous irradiation 
(Figure 3). Moreover, performing the experiment using just half of 
irradiation time (irradiation/darkness) the same performance was 

gained. Compared with our previous results, in which the percent 
degradation of MB solution reached the value of 79% with continuous 
irradiation and 70% with alternate irradiation/darkness, respectively, 
after 50 minutes, we observed a yield increase of about 10% under 
continuous irradiation and 17% with alternate irradiation/darkness. 
Therefore, it is possible to state that the synthesis performed under 
the optimized conditions positively influenced the photocatalytic 
behaviour of the material. The stability of the catalyst was measured 
carrying out three experiments in sequence. The results, respectively 
87(1)%, 84(1)%, 88(5)% for the first, second and third test, suggested a 
good durability of the material.

Basing on the excellent results obtained on 0.01 g/L MB solution, 
the photocatalytic efficiency of the catalyst was tested doubling the 
concentration of MB, under both continuous and alternate irradiation 
obtaining 80(1)% and 62(2)% respectively.

With continuous irradiation, the percent of degradation was 
actually comparable to the values obtained on 0.01 g/L MB solution 
(Table 2), with a loss in the percent degradation of just 10%, considering 
that the amount of catalyst is the same as in previous experiment. 
Moreover, the percent degradation is similar in both the experiments 
but the dye/catalyst ratio here employed is twice compared with the 
previous. The loss in the percent degradation resulted to be about 18% 
in the alternate irradiation/darkness test. This result can be attributed 
to the higher absorbance of 0.02 g/L MB solution, which did not allow 
a full charge of the photoluminescent material during 10 minutes of 
irradiation. Moreover, at the highest MB concentration all the active 
sites were reasonably saturated, with a consequent loss in efficiency.

3

2

1

0

-1

-2

-3
b1                    b2                    b3                  b12                  b13                  b23

Figure 1: Plot of the coefficients of the model showing the significance of the variables considered in the chemometric study. Error bars indicate the confidence 
intervals at p=0.05.

Sample TiO2/(3ZnO:Ga2O3:2GeO2):Cr3+ ratioa Temperature (°C) Time (h) Mean Percent Degradationb (SD) (n=3)
1 1 550 1 89(2)
2 1 350 1 87(1)
3 1 350 6 89(6)
4 1 550 6 90(4)
5 6 350 1 91(1)
6 6 350 6 93(2)
7 6 550 6 89(7)
8 6 550 1 92(3)

aamount of PeLM 0.5 g.
birradiation time 50 min.

Table 2: MB percent degradation obtained at different experimental conditions.

Coefficient Standard deviation
b0 89.9 0.8
b1 1.2 0.8
b2 0 0.8
b3 0 0.8
b12 -0.7 0.8
b13 -0.4 0.8
b23 -0.7 0.8

Table 3: Estimated coefficients of regression model for dependent variables.
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Physical-chemical characterization

In Figure 4, the XRD analysis on the optimized sample (TiO2/PeLM) 
is reported together with the experimental pattern of the persistent 
luminescence material (PeLM) and the reference pattern of TiO2 
anatase. The optimized sample presents both the characteristic peaks 
of anatase and PeLM, according to our previous work [18]. Indeed, 
the signals of PeLM are lower compared with the non-functionalized 
material, due to the effect of the crystalline TiO2 on the surface that 
smooths the intensity.

The emission of PeLM is formed by a broad peak centered at ~350 
nm and a narrower signal at ~700 nm; hence, the overall emission 
resulted “white” [18]. Figure 5 reports the behavior of the persistent 
luminescence both for PeLM and TiO2/PeLM. The latter possessed 
a lower intensity probably induced by the titanium dioxide onto 
the surface. Indeed, it demonstrates that the coverage occurred. The 
persistent luminescence was visible up to 10 min, even if instrumentally 
can be measured still after 30 min [18]. Consequently, it is reasonable 

that during this time, the TiO2 is able to exploit the photons provided 
by PeLM, allowing the photocatalytic process to occur.

Results from SEM-EDS investigation are reported in Figure 6. The 
morphology of the final products results inhomogeneous, presenting 
micrometric particles dispersed in sizes. The TiO2 coating is not visible 
even if, through the elementary mapping of Ti through EDS analysis, 
the distribution onto the PeLM surface results well evident (Figure 6B. 
Red area indicate titanium signal). The brightest areas in Figure 6A are 
related to a lack of Ti signal in Figure 6B, indicating a lower amount of 
TiO2 in those spots.

According to BET analysis, the surface area of the optimized 
sample (TiO2/PeLM) resulted to be 62.49 ± 0.01 m2/g. Comparing 
with our previous results [18], which showed a surface area of 4.49 
± 0.01 m2/g for the PeLM itself, it is well evident that the optimized 
synthesis allowed to obtain a catalyst with a surface area much closer to 
that of un-supported TiO2 (88.64 ± 0.01 m2/g). The material provides a 
better photocatalytic performance due to the presence of the persistent 
luminescence material and, at the same time, retains a consistent 
surface area, which is absolutely important in a phenomenon which 
takes place at the catalyst interface.
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Figure 2: Response surfaces for the abatement of MB from water.

Figure 3: Degradation curve of MB in presence of the optimized catalyst (n=3).

Figure 4: XRD analyses of the persistent luminescence material (PeLM) and 
of the TiO2 funzionalized persistent luminescence material (TiO2/PeLM). TiO2 
anatase: diffraction pattern from Pearson Crystal Data no:1024705.
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Ofloxacin test

The optimal catalyst was then tested for the degradation of OFL 
in aqueous solution (tap water), directly under natural sunlight. This 
FQ was selected due to its wide presence in environmental matrices 
[6], and also because it is characterized by a slower photolytic decay 
in water matrices compared with other related drugs [37]. Before 
irradiation, spiked samples (20 mg/L OFL, 0.5 g/L catalyst) were stirred 
in the dark for 20 minutes to achieve sorption equilibrium. Under these 
conditions, a significant percentage of OFL was adsorbed onto the 
catalyst, namely 26%. Then the suspension was submitted to alternate 
irradiation/darkness cycles (10 minutes each).

The degradation profile (Figure 7). The antibiotic was quantitatively 
degraded (95%) in just 30 min (20 min of irradiation + 10 min of 
darkness), compared with 110 min required for direct photolysis under 
natural sunlight and continuous irradiation.

Conclusions
A new photocatalyst based on TiO2 nanoparticles supported on 

the persistent luminescence material (3ZnO:Ga2O3:2GeO2):Cr3+ was 
synthesized and optimized by a chemometric approach. The activity 
of the new catalytic system was tested for the abatement of methylene 
blue (MB) aqueous solution, and also for removal of Ofloxacin 
antibiotic. The optimized catalyst reached the highest value of percent 
degradation (87(1)%) with the most convenient synthesis conditions 
after 50 minutes of continuous irradiation, while a comparable 
performance was gained by just half irradiation time, i.e. alternating 
irradiation/darkness cycles. High degradation of Ofloxacin (>95%) was 
achieved by 30 minutes of total irradiation, alternating irradiation and 
darkness cycles, 10 minutes each. These results demonstrated the real 

applicability of coupled system photocatalyst/persistent luminescence 
material in the removal of organic pollutants from water solution. The 
capability of the persistent luminescence material to store and release 
the light allowed the photocatalyst to work also in absence of external 
irradiation; consequently it could be employed in aqueous cloudy 
suspension, as indeed wastewaters are.
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Figure 5: Behaviour of the emission intensity, in darkness, of the persistent luminescence material (PeLM) and of the TiO2 funzionalized persistent luminescence 
material (TiO2/PeLM).

Figure 6: A: Back scattered image of the optimized sample. B: EDS mapping of Ti referred to image 4A. Red spots indicate titanium signal.

Figure 7: Degradation profile of OFL under alternate solar light radiation/
darkness cycles.
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