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a b s t r a c t
Porous lanthanum titanate photocatalyst was synthesized via a sol–gel route by adding polyethylene 
glycol (PEG2000) in the precursor. Photocatalytic degradation of azophloxine on the porous lanthanum 
titanate was studied. The azophloxine solution during photocatalytic degradation was analyzed using 
Fourier transform infrared (FT-IR) spectroscopy, UV-visible (UV-Vis) spectrometry, total organic carbon 
analysis, and ion chromatography. The degradation of benzene ring, naphthalene ring, C–N bond, and 
R–SO3

– in the azophloxine molecule is proven by the reduced absorption intensities in the UV-Vis and 
FT-IR spectra. The large azophloxine molecule is broken up at the beginning, and the organic substances 
can be subsequently degraded. Mineralization of the organic substances is slower than decoloration 
of the dye. The variation of Na+, NH4

+, NO2
–, NO3

–, and SO4
2– concentrations in the azophloxine solution 

with prolonged irradiation time can indicate azophloxine mineralization. The final degradation 
products of nitrogen are NH4

+ and NO3
– ions. The total ionic nitrogen concentration in the solution 

increases with rising reaction time, depending on the activity of the materials.
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1. Introduction

Hazardous organic substances have detrimental effects 
on the environment. Some traditional technologies, such as 
adsorption and microwave catalysis, are applied to treat the 
wastewater before discharging [1–3]. Some kinds of organic 
materials are even harmful to microorganisms, so that the 
well-applied bio-chemical technique cannot be used to such 
kinds of wastewater. Besides, advanced oxidation methods 
such as photocatalytic oxidation technique has been studied 
for decades to deal with most kinds of hazardous organic 
pollutants [4–6]. Interestingly, researchers have reported the 
fully decomposition of various kinds of organic pollutants, 
for example, dyes and antibiotics [7,8].

Photocatalyst is the most important factor and the 
research focus in this field, for example, titania has be 
regarded as the well-applied photocatalytic material [9,10]. 

Moreover, the development of novel and powerful photo-
catalytic material is always interesting. Pyrochloro or per-
ovskite structured titanates have been proven to be potential 
photocatalytic material [11–15]. The properties of titanates 
may be different with the variation of cationic element in the 
materials [16–19]. Modification of titanate is also necessary to 
improve its activity. For example, bisphenol A in water could 
be decomposed on nitrogen-doped perovskite-type La2Ti2O7 
[20]. Dye decolorization was enhanced after loading La2Ti2O7 
on HZSM-5 zeolite [21].

Azophloxine is an azo dye that can be removed from the 
wastewater by adsorption or by the overall mineralization of 
the organic compound [22,23]. Adsorption of organic sub-
stance on photocatalytic material is the primary step, because 
photogenerated oxidative reagents such as hydroxyl radicals 
may migrate to the surface of photocatalytic material and 
react with the adsorbed organic substances to complete the 
degradation step.
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High temperature thermal treatment cannot be avoided 
to synthesize titanate because crystallization of titanate usu-
ally occurs at high temperature. The photocatalytic activity of 
titanate is constrained by particles aggregation in the mate-
rial, and the obtained material does not have porous struc-
ture. In order to promote porosity of titanate, a successful way 
is the use of pore forming reagent. The increment in surface 
area of TiO2 nanowires is responsible for the enhancement 
in atrazine degradation efficiency [24]. Polyethylene glycol 
could modify the porosity of TiO2–InVO4 nanoparticles for 
effective photocatalytic degradation of methylene blue [25]. 
It is an interesting attempt to improve the activity of titanate 
by forming pores in the material.

We reported the role of PEG2000 in sol–gel preparation 
of porous La2Ti2O7 [26]. In this work, the materials were used 
for photocatalytic degradation of azophloxine, an azo dye. 
The focus of this work is to examine photocatalytic degrada-
tion of azophloxine. The azophloxine solution during pho-
tocatalytic degradation process was studied using Fourier 
transform infrared spectroscopy (FT-IR), UV-visible (UV-Vis) 
spectrometry, total organic carbon (TOC) analysis, and ion 
chromatography.

2. Experimental methods

2.1. Photocatalytic activity measurement

Photocatalytic activity of the obtained lanthanum tita-
nate was determined in a lab-scale reactor that was made of 
a 20 W UV lamp and a 100 mL quartz beaker. The initial con-
centration of azophloxine solution was 40 mg L–1. Fifty milli-
liters of azophloxine solution and 30 mg lanthanum titanate 
sample were stirred in the dark for 30 min to reach adsorp-
tion–desorption equilibrium. Photocatalytic degradation of 
azophloxine was also analyzed after turning on the UV lamp. 
The concentration of the azophloxine solution was measured 
by a 721E spectrophotometer at the maximum absorption 
wavelength of 506 nm. The degradation efficiency was cal-
culated using [(C0 – C)/C0] × 100%. Here, C0 is the initial azo-
phloxine concentration and C is the azophloxine concentra-
tion in the solution.

2.2. Determination of azophloxine solution

The mixture of azophloxine solution and photocatalyst 
was centrifuged at 11,000 rpm for 10 min, and the was filtrated 
through a 0.45 µm Millipore filter before the determinations 
of FT-IR, UV-Vis spectrometry, TOC, and ion chromatogra-
phy. Fifteen milliliters of azophloxine solution was dried at 
40°C. The obtained solid was dissolved in 1 mL methane, and 
the solution was mixed with 100 mg KBr. The mixture was 
dried at 30°C before taking infrared spectrum on a Frontier 
FT-IR/FIR spectrometer. The UV-Vis spectra of azophloxine 
solution were recorded by a LAMBDA 35 UV-Vis spectrom-
eter. TOC of the azophloxine solution was measured by an 
multi N/C 3,100 TOC/TN analyzer. The combustion furnace 
temperature was 850°C. The concentrations of Na+, NH4

+, 
NO2

–, NO3
–, and SO4

2– ions were determined by an ICS1100 
ion chromatograph, which was equipped with an AERS 500 
(4 mm) anion suppressor, a CERS 500 (4 mm) cation suppres-
sor, an IonPac AS11-HC (4 × 250 mm) anion analytical col-
umn and a CS12A (4 mm) cation analytical column.

3. Results and discussion

3.1. Photocatalytic degradation of azophloxine

Porous perovskite La2Ti2O7 photocatalyst was synthe-
sized via a sol–gel route in our previous work [26]. The 
materials were characterized using X-ray powder diffraction, 
scanning electron microscopy (SEM), UV-Vis spectrometry, 
surface area and pore analysis, and X-ray photoelectron 
spectroscopy. We will not repeat the detailed characterization 
results in the current work, but the brief experimental results 
need to be summarized. Restrained crystal aggregation 
and porous structure can be observed in the SEM and TEM 
images of the porous samples. The addition of PEG2000 can 
apparently influence porosity of the materials. The La2Ti2O7 
sample prepared using 3 g of PEG2000 has both the maxi-
mum BET surface area and pore volume.

Fig. 1 shows photocatalytic degradation of azophloxine 
on the La2Ti2O7 materials. In prior to photocatalytic oxida-
tion, the dye solution and La2Ti2O7 powders were stirred in 
the dark to ensure adsorption–desorption equilibrium. The 
number of the adsorbed azophloxine molecules on the sam-
ples does not change with the variation of PEG2000 amount. 
The percentage of azophloxine molecules removed by 
adsorption is not more than 2.5% on all the samples. The azo-
phloxine molecules and the La2Ti2O7 powders do not have 
enough affinity.

Photocatalytic degradation of azophloxine can be 
improved by the addition of PEG2000. The porous La2Ti2O7 
sample obtained with 3 g of PEG2000 has the maximum pho-
tocatalytic activity. The decline of photocatalytic activity can 
be observed when 5 g of PEG2000 is used. Photocatalytic 
activity of the porous La2Ti2O7 samples is in accordance to 
the variation of BET surface area. 98.5% of the azophloxine 
molecules are degraded after 180 min of irradiation on the 
La2Ti2O7 sample obtained with 3 g of PEG2000, while much 
longer time is needed for the La2Ti2O7 sample prepared with-
out PEG2000.

The porous La2Ti2O7 sample obtained with 3 g of PEG2000 
was reused to examine the reusability. The azophloxine solu-
tion was restored to the initial concentration after 180 min 
of irradiation in each cycle. Photocatalytic degradation effi-
ciency is 98.5% in the first cycle, and the efficiency is 91.9% 
in the fifth cycle. The slight decline of degradation efficiency 
can be attributed to the loss of fine La2Ti2O7 powders when 
taking solution sample for examination.

3.2. Determination of azophloxine solution

The UV-Vis spectra of azophloxine solution during pho-
tocatalytic degradation on the porous La2Ti2O7 samples are 
presented in Fig. 2. The characteristic group in azophloxine 
molecule is the azo conjugated system. This is the major chro-
mophore group of the azo dye that has strong absorption at 
506 nm. The intrinsic absorption of benzene ring and naph-
thalene ring is at 235 nm, while the absorption at 320 nm is 
due to the interplay of benzene ring and naphthalene ring 
with the chromophore group. The weak absorption peak at 
249 nm is related to n–π conjugated absorption of secondary 
amide.

There are still strong absorptions in the whole spectra for 
the nonporous sample after 240 min of irradiation, while the 



M. Lian et al. / Desalination and Water Treatment 194 (2020) 214–221216

porous sample obtained using 3 g PEG2000 can lead to nearly 
overall degradation of azophloxine molecule after only 
180 min of reaction. The organic groups in azophloxine can 
be degraded during photocatalytic oxidation process, which 
is proven by the reduced absorption intensity in the UV-Vis 
spectra. Apparently, the dropping off rate of the absorption 
intensity can be used to identify photocatalytic activity of 
the La2Ti2O7 samples. The La2Ti2O7 sample obtained using 
3 g of PEG2000 can lead to the fastest reducing rate of all 
the absorption intensities in both the visible and ultraviolet 
regions.

Fig. 3 shows the UV-Vis spectra of azophloxine solu-
tion with respect to PEG2000 amount after 60 and 180 min 
of photocatalytic degradation. The photocatalytic activity 
sequence of the materials can be identified in the spectra. The 
La2Ti2O7 sample obtained without PEG2000 has the lowest 
activity, while the activity of the porous samples also differs 
from each other in dependence of PEG2000 amount. All the 
major absorption peaks in the whole spectrum are reduced 
during photocatalytic degradation of azophloxine. As shown 
in Fig. 3b, the La2Ti2O7 samples obtained using more than 2 g 
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Fig. 1. Photocatalytic degradation of azophloxine on the La2Ti2O7 
materials with prolonged irradiation time.
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Fig. 2. UV-Vis spectra of azophloxine solution during photocatalytic degradation on the porous La2Ti2O7 samples obtained (a) without 
PEG2000, (b) using 1 g PEG2000, and (c) using 3 g PEG2000.
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of PEG2000 can degrade nearly all of the organic groups in 
azophloxine molecules after 180 min of irradiation.

Fig. 4 presents the FT-IR spectra of azophloxine solution 
during photocatalytic degradation on the porous La2Ti2O7 
samples. As a complex azo dye, the azophloxine molecule 
has characteristic infrared absorption in the wavenumber 
range between 500 and 4,000 cm–1. The absorption peak at 
634 cm–1 is related to in-plane bending vibration of naphtha-
lene ring, the peak at 988 cm–1 is due to bending vibration 
of C–H bond on both benzene ring and naphthalene ring, 
and the skeleton stretching vibrations of benzene ring and 
naphthalene ring are observed at 1,456; 1,496; and 1,564 cm–1 
[27]. Carbonyl group has an absorption at 1,614 cm–1, and the 
vibration of C–O bond in organic acid or ester has an absorp-
tion at 1,108 cm–1 [28]. The stretching vibration of C–N bond 
can be observed at 1,400 cm–1, while the absorptions at 1,050 
and 1,214 cm–1 are attributed to R–SO3

– [29]. The stretching 
vibrations of methyl and methylene groups have absorptions 
at 2,928 and 2,856 cm–1. The out-of-plane bending vibration of 

N–H bond in the amide group of azophloxine has absorption 
at 756 cm–1, while the broad absorption centered at 3,445 cm–1 
is due to the vibrations of N–H and O–H bonds [30]. The 
sharp absorption peak at 1,382 cm–1 is attributed to bending 
vibration of –OH in carboxylic acids.

The variation of FT-IR spectra of azophloxine solu-
tion during degradation can be clearly identified in Fig. 4c. 
Degradation of azophloxine results in decomposition of the 
characteristic groups in the molecule, and therefore oxida-
tion products might be formed during photocatalytic oxida-
tion process. The absorption of in-plane bending vibration 
of naphthalene ring undergoes a blue shift during degrada-
tion, indicating the breakup of naphthalene ring. The cyclic 
olefinic bond is weakened at the decomposed naphthalene 
ring. The same phenomenon can also be observed for skel-
eton stretching vibrations of benzene ring and naphthalene 
ring at 1,456; 1,496; and 1,564 cm–1, since these absorptions 
disappear after 120 min of irradiation. The bending vibration 
of C–H bond at 988 cm–1 is reduced with extended reaction 
time.

The R–SO3
– group in azophloxine molecule is broken up 

to release SO4
2– ion, accompanied by the decreased absorption 

at 1,050 and 1,214 cm–1. Benzene rings are totally decomposed 
and the residues are small organic substances containing 
carbonyl group or carboxyl group, showing by the slightly 
raised absorption at 1,108 cm–1. The stretching vibrations of 
methyl and methylene still have weak absorptions at 2,928 
and 2,856 cm–1 after 240 min of reaction, showing the exis-
tence of organic substances in the solution. Meanwhile, the 
change of C=O absorption at 1,614 cm–1 is quite small with the 
variation of reaction time, since the carbonyl group is hardly 
decomposed during photocatalytic oxidation.

Fig. 5 shows the FT-IR spectra of azophloxine solution 
with respect to PEG2000 amount after 60 and 180 min of 
photocatalytic degradation. The effects of PEG2000 addi-
tion on degradation of the groups in azophloxine molecule 
can be clarified. The spectra in Fig. 5a cannot show appar-
ent difference with the variation of PEG2000 amount since 
the reaction time is only 60 min. Whereas, many differences 
can be observed after 180 min of reaction, as shown in Fig. 
5b. Degradation of azophloxine can be accomplished much 
quicker if the material has better activity. This can be proven 
by the enhanced degradation rates of the groups in azophlox-
ine molecule and by the formation of intermediates and final 
oxidation products.

When the porous La2Ti2O7 samples are used as photocata-
lyst, the degradation of benzene ring, naphthalene ring, C–N 
bond, and R–SO3

– can be ensured because the corresponding 
absorptions at 1,456; 1,496; 1,564; 1,400; 1,050; and 1,214 cm–1 
disappear after 180 min of irradiation. The oxidation prod-
ucts of benzene rings and naphthalene rings are small organic 
substances containing carbonyl group or carboxyl group, 
whose strong absorption can be seen at 1,108 cm–1. The for-
mation of small organic acids in the solution also results in 
the sharp absorption peak at 1,382 cm–1, attributing to bend-
ing vibration of –OH in carboxylic acids.

Fig. 6 shows TOC removal in azophloxine solution during 
photocatalytic degradation. As an advanced oxidation tech-
nique, photocatalytic oxidation of organic substance can lead 
to partial or complete mineralization of many kinds of haz-
ardous pollutants. The mineralization can be measured by 
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Fig. 3. UV-Vis spectra of azophloxine solution with respect to 
PEG2000 amount after (a) 60 min and (b) 180 min of photocat-
alytic degradation.
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TOC removal efficiency during photocatalytic degradation 
process. Although all the La2Ti2O7 samples have the ability 
on oxidizing azophloxine, mineralization efficiency depends 
on the activity of the materials.

As stated before, azophloxine can be fully decolorized 
after 180 min of photocatalytic degradation, and at this time, 
the major chromophore groups in both visible and ultravio-
let regions are decomposed into small fractions. However, it 
does not mean that all the organic substances have been con-
verted into CO2 and H2O. The La2Ti2O7 sample obtained using 
3 g PEG2000 can decolorize all the azophloxine molecules in 
180 min. Meanwhile, TOC removal efficiency is only 67.5% 
after 240 min of irradiation. As shown in Fig. 6, TOC values in 
the solution are nearly unchanged in the first 30 min during 
photocatalytic degradation. The large azophloxine molecule 
has to be broken up into small intermediates at the begin-
ning, and the intermediates can be subsequently degraded. 
Oxidation of the organic substances into CO2 and H2O in the 
solution may take longer time.

Fig. 7 shows ion concentrations in azophloxine solu-
tion during photocatalytic degradation as a function of 
PEG2000 amount. The changes of Na+, NH4

+, NO2
–, NO3

–, and 

SO4
2– concentrations in the azophloxine solution during deg-

radation can give information on degradation products. As 
shown in Fig. 7a, the Na+ ion concentration of 3.6 mg L–1 is 
nearly unchanged during the whole period, because Na+ 
ions dissociate into the solution as free ions right after dis-
solving of azophloxine. The –N=N– azo group and R2–N–H 
group are broken up from azophloxine molecule, and the 
nitrogen-containing intermediates can subsequently be oxi-
dized to produce NH4

+, NO2
–, and NO3

– ions. As shown in 
Fig. 7b, the NH4

+ concentration constantly increases in all 
the solutions during degradation process, and more NH4

+ 
ions are produced in the solution containing stronger pho-
tocatalyst. The NH4

+ concentration in the initial azophloxine 
solution is small, so that most of the NH4

+ ions are the degra-
dation product of –N=N– azo group and R2–N–H group in 
azophloxine.

Nitrogen in azophloxine can be oxidized to produce N2, 
NO2

–, and NO3
–. The concentrations of NO2

– and NO3
– ions in 

the solution also vary during degradation process, as shown 
in Figs. 7c and d. The initial azophloxine solution has the 
maximum concentration of NO2

– ion, and the concentration of 
NO2

– ion decreases constantly under irradiation. Apparently, 
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Fig. 4. FT-IR spectra of azophloxine solution during photocatalytic degradation on the porous La2Ti2O7 samples obtained (a) without 
PEG2000, (b) using 1 g PEG2000, and (c) using 3 g PEG2000.
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the NO2
– ions come from the impurity in the azophloxine 

dye, and can hardly be the oxidation product of –N=N– azo 
group and R2–N–H group in azophloxine. The NO2

– ions are 
unstable during photocatalytic process, and are transformed 
into other nitrogen containing species. NO3

– ions are also 
produced during photocatalytic reaction of azophloxine, 
and the number of NO3

– ions depends on the activity of 
the materials. The original NO3

– ion concentration in the 
azophloxine solution is quite small, which is as similar as 
NH4

+ ion concentration.
Sulfur in azophloxine is oxidized to SO4

2 ion, as shown 
in Fig. 7e. There is no SO4

2 ion in the original solution of 
azophloxine, and all the SO4

2 ions are the oxidation prod-
uct of sulfonic acid group in azophloxine molecule. The 
concentration of SO4

2– ion constantly increases during 
photocatalytic oxidation, according to the activity of the 
La2Ti2O7 samples. With the existence of the La2Ti2O7 sample 
obtained using 3 g of PEG2000, the SO4

2– ion concentration 
in the solution is 14.0 mg L–1 after 240 min of irradiation. 

Since the theoretical concentration of SO4
2– ion in 40 mg L–1 

azophloxine solution is 15.1 mg L–1, nearly all of the sul-
fonic acid groups in azophloxine molecule are degraded 
into SO4

2– ions. This is in accordance to the results obtained 
in FT-IR spectra.

Fig. 8 shows ionic nitrogen concentration in azophlox-
ine solution during degradation. Organic nitrogen in azo-
phloxine molecule can be degraded into NH4

+, NO2
–, and 

NO3
– ions. The final degradation products of nitrogen 

are NH4
+ and NO3

– ions, and NO2
– ion is not stable during 

photocatalytic oxidation. The total ionic nitrogen concen-
tration in the solution increases with rising reaction time, 
depending on the activity of the materials. In presence of 
the La2Ti2O7 sample obtained using 3 g of PEG2000, the 
ionic nitrogen concentration is 0.688 mg L–1 after 240 min 
photocatalytic degradation. The ionic nitrogen is much 
smaller than the theoretical nitrogen content of 3.32 mg L–1 
in the original azophloxine solution. As mentioned before, 
TOC removal efficiency is only 67.5% after 240 min of irra-
diation. Nitrogen can also be reduced to produce molec-
ular nitrogen, and gaseous N2 can be released from the 
solution.

4. Conclusions

Photocatalytic degradation of azophloxine can be 
improved by the addition of PEG2000 in sol–gel synthesiz-
ing of porous La2Ti2O7. When PEG2000 amount is increased 
from 0 to 3 g, photocatalytic degradation efficiency in 60 min 
increases from 12.8% to 55.9%. The reduced absorption inten-
sity in both UV-Vis and FT-IR spectra of azophloxine solu-
tion demonstrates photocatalytic degradation of azophloxine 
on the La2Ti2O7 samples. Mineralization of the organic sub-
stances is slower than decoloration of the dye. Degradation 
of azophloxine can be accomplished much quicker on the 
material possessing higher activity, which can be proven by 
the enhanced degradation rates of the organic groups in azo-
phloxine molecule.
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Fig. 5. FT-IR spectra of azophloxine solution with respect to 
PEG2000 amount after (a) 60 min and (b) 180 min of photocat-
alytic reaction.
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Fig. 7. Ion concentrations in azophloxine solution during photocatalytic degradation as a function of PEG2000 amount. (a) Na+,  
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Fig. 8. Ionic nitrogen concentration in azophloxine solution 
during degradation.
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