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 The synthesis of Al2TiO5/SBA-15 (ATO/SBA) catalysts was investigated by 

the sol-gel method using precursors including aluminum nitrate, titanium 

isopropoxide, SBA-15, and citric acid. The formation of ATO/SBA phases 

was analyzed by X-ray diffraction (XRD). The content of ATO in 

ATO/SBA catalysts strongly affected the photocatalytic degradation of 

cinnamic acid (CA). The obtained results showed that 75% ATO in 

ATO/SBA (75ATO/SBA ) phases led to the highest efficiency of CA photo-

degradation. The characteristics of 75ATO/SBA sample were determined 

by Fourier transform infrared spectroscopy, Brunauer-Emmett-Teller 

adsorption, UV-Vis diffuse reflectance spectroscopy, and transmission 

electron microscopy. Moreover, the activity of 75ATO/SBA on photocata-

lytic degradation of CA was also investigated by catalyst dosage, initial 

pH of CA solution, and airflow rate. The optimum condition for photo-

degradation efficiency of CA was found to be at Ccat = 0.75 g/L, pH = 3.8, 

Qair = 0.3 L/min and treact = 6 hrs. 
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1 INTRODUCTION 

Nowadays, water pollution has been considered as 

a disastrous consequence of the rapid development 

in agriculture and industry. Organic materials con-

sisting of organic dyes (Assémian et al., 2018), 

phenolic acids (Madureira et al., 2018), surfactants 

(Wu et al., 2019), pesticides (Dutta et al., 2015), 

and personal care pharmaceuticals (Rovani et al., 

2014) were directly disposed to water that contam-

inated both surface and groundwater. These pollut-

ed compounds in water were difficult to eliminate 

owing to low concentrations and high persistence 

in the natural environment. The recycling of 

wastewater was considered considered powerful to 

sovle the problem  of water shortage. Practically, 

various strategies including physical and biological 

methods were proposed to meet the demand for 

organic wastewater treatment. However, the effi-

ciency of degradation fell short of expectation due 

to the incomplete oxidation of organic pollutants 

and time-consuming for the treatment process. 

Thus, oxidation methods such as ozonation, Fenton 

oxidation, photocatalytic oxidation, supercritical 

water oxidation, and the electrochemical method 

which offered high-efficiency degradation of pol-

luting compounds were widely used to treat 

wastewater (Khin et al., 2012; Brillas et al., 2015). 

Among these, photocatalytic oxidation offered high 

efficiency and low cost in the process of 

wastewater regeneration. Photocatalysis was able 
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to mineralize the persistent organics to carbon di-

oxide, water, and inorganic acids at room tempera-

ture. In the presence of oxygen along with light 

irradiation, electrons, and holes of semiconductor 

catalysts triggered the formation of radicals ( OH
•

and 
2O•−

) which subsequently oxidized organic 

materials in wastewater (Malik et al., 2015). 

It has been reported that pseudobrookite-type oxide 

Al2TiO5 (ATO) offered photocatalytic activities on 

the degradation of waste organic material. Espe-

cially, ATO is effective to eliminate pollutants in 

the wastewater. However, the main disadvantage of 

ATO is a low surface area (21.1 m2/g) which is 

unfavorable to the initial adsorption of reactants in 

photodegradation (Bakhshandeh et al., 2018). In 

order to enhance the surface area of ATO, mesopo-

rous silica SBA-15 (SBA) with a uniform, meso-

pore diameter (9.1–16.7 nm), high surface area 

(609–777 m2/g), and high pore volume (0.92–1.65 

cm3/g) is added to the ATO as a catalyst-host (Dos 

Santos et al., 2013). 

The principal objective of the present research is to 

synthesize a porous host-material Al2TiO5/SBA-15 

(ATO/SBA) and analyze photochemical properties. 

The influence of SBA loading in hybridization has 

been demonstrated by the photocatalytic activity 

towards the cinnamic acid (CA) degradation under 

UV irradiation. In this work, CA was selected as a 

decompositional model of the phenolic acid. The 

CA removal was evaluated by operational factors 

such as catalyst dosages, initial solution pH, and 

airflow rates. Furthermore, reusability and stability 

of photocatalyst were also investigated at optimal 

conditions for the CA removal. 

2 EXPERIMENTS 

2.1 Materials 

Pluronic P-123 (EO20PO70EO20, Sigma-Aldrich, Mn 

= 5,800), tetraethyl orthosilicate ((C2H5O)4Si, Sig-

ma-Aldrich, 98.0%) and hydrochloric acid (HCl, 

Prolabo, 98.0%) were used to prepare silica materi-

al SBA. Aluminum nitrate nonahydrate 

(Al(NO3)3·9H2O, Xilong, 99.7%), ethanol absolute 

(C2H6O, Xilong, 95.0%), monohydrate citric acid 

(C6H8O7·H2O, Sigma-Aldrich, 99.5%) and titanium 

isopropoxide (Ti(OC3H7)4, Sigma-Aldrich, 97.0%) 

used to synthesize ATO/SBA catalysts. Cinnamic 

acid (C9H8O2, Sigma-Aldrich, 97.0%) was used to 

study photocatalytic degradation. Sodium chloride 

(NaCl, Sigma-Aldrich, 99.0%) and sodium hydrox-

ide (NaOH, Sigma-Aldrich, 97.0%) were used for 

adjusting solution pH. 

2.2 Synthesis of catalyst 

2.2.1 Preparation of SBA 

Silica material SBA was synthesized based on the 

procedure in reported literature (Aranda, et al., 

2010). Four grams of pluronic P-123 was first dis-

solved in distilled water and stirred for 2 hrs to 

form a homogeneous solution. Secondly, 8.52 g of 

(C2H5O)4Si and 24 mL of HCl were  added to the 

pluronic P-123 solution. The obtained mixture so-

lution was hydrolyzed by autoclave at 60°C for 24 

hrs to produce a white precipitate. After washing 

and drying to remove impurities, the precipitate 

was annealed at 550oC for 10 hrs to obtain silica 

material SBA. 

2.2.2 Preparation of ATO/SBA catalysts 

ATO/SBA catalysts were synthesized by the sol-

gel approach. The ATO solution was prepared by 

mixing 3.75 g of Al(NO3)3·9H2O, 2.10 g of 

C6H8O7·H2O, 5 mL of C2H5OH and 3 mL of 

Ti(OC3H7)4. A specific amount of silica material 

SBA was added to the ATO solution, and then the 

mixture solution was stirred for 1 hr to form an 

identical gel. After drying at 60°C for 24 hrs, the 

ATO/SBA gel was calcined at 700°C with a heat-

ing rate of 10°C/min for 3 hrs to obtain ATO/SBA 

catalysts. In these experiments, the mass percent-

ages of ATO in the ATO/SBA catalyst were stud-

ied at 60, 70, 75, 80, and 90%. The corresponding 

catalysts were denoted as 60ATO/SBA, 

70ATO/SBA, 75ATO/SBA, 80ATO/SBA, and 

90ATO/SBA, respectively.  

2.3 Characteristics of catalyst 

X-ray diffraction (XRD) patterns of ATO/SBA 

catalysts were recorded on Bruker D2 Pharser X-

Ray Diffractometer with Cu Kα radiation in 2θ = 

10‒80º. In the case of SBA, XRD patterns were 

recorded on  Bruker D8 Pharser X-Ray Diffrac-

tometer in 2θ = 0.5‒10º. Nitrogen adsorption-

desorption isotherms were determined by using a 

Nova 2200e instrument. The specific surface area 

of catalysts was calculated according to the 

Brunauer-Emmett-Teller (BET) nitrogen adsorp-

tion isotherms. The morphology and surface prop-

erties of materials were investigated by Jeol Jem 

7401 scanning electron microscope (SEM) and Jeol 

Jem 1400 transmission electron microscopy (TEM) 

apparatuses. Fourier transform infrared spectrosco-

py (FTIR) measurements were used for the charac-
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teristics of functional groups and recorded in the 

range from 400 to 4000 cm–1. UV-Vis diffuse re-

flectance spectroscopy (DRS) was used to examine 

the bandgap of the catalysts and recorded on a Var-

ian Cary 5000 UV-Vis-NIR spectrophotometer 

with an integrating sphere in the range of 200−800 

nm. 

2.4 Photocatalytic activity of the catalyst 

The photocatalytic activity of catalysts was studied 

by the degradation of 50 mg/L CA solution at room 

temperature and atmospheric pressure. The reac-

tion mixture of ATO/SBA and CA was stirred in 

the dark for 40 mins to establish the adsorp-

tion/desorption equilibrium before exposure to the 

UV light irradiation of 36 UVA Engin LZ1-

00U600 lamps (λ = 350‒400 nm with the maxi-

mum peak at 365 nm). The entire process of de-

composition lasted 6 hrs. The influence of catalyst 

dosage, initial solution pH, and airflow rate on the 

photoactivity of ATO/SBA catalyst with the high-

est CA removal was investigated in detail. The 

reaction solution was separated by filtration and 

analyzed the obtained CA solution by a UV-visible 

spectrophotometer on UV-1800 (Shimadzu) at 272 

nm. CA solution was removed at the end of each 

batch and replaced by a fresh CA solution to con-

duct the photocatalytic reactions in succession. The 

stability of catalysts was tested at the optimized 

conditions until CA conversion decreased at 30%. 

3 RESULTS AND DISCUSSION 

The small-angle XRD patterns of SBA materials 

were illustrated in Figure 1. The main peak at value 

2θ of 0.95°, and two smaller peaks placed at 1.58° 

and 1.84° were typical for mesoporous materials 

and hexagonal structure corresponding to (100), 

(110), and (200) planes of SBA (Thielemann et al., 

2011). It can be concluded that SBA material was 

successfully synthesized. 

 

Fig. 1: The small-angle XRD pattern of SBA 

The XRD patterns of ATO/SBA catalysts with 

different ATO loadings from 60 to 90% were pre-

sented in Figure 2. All catalysts consisted of the 

peaks at 18.9, 26.6, 33.7, 38.0, 42.0, 47.7, 50.7, 

54.1, 57.0, 58.3, and 62.4° which was assigned to 

ATO phases (Keyvani et al., 2019). A minor peak 

at 25.2° was identified to anatase TiO2 as well as 

SiO2 (Azarniya et al., 2015;  Yao et al., 2015). The 

obtained results showed that ATO phases were 

maintained and the intensity of the SiO2 phase in-

creased with a higher loading of SBA. It means 

that there was the formation of ATO and SBA 

phase in the synthesized catalysts. 

 

Fig. 2: XRD pattern of ATO/SBA catalysts 

The effect of CA degradation for 360 mins in the 

photocatalytic reaction on the obtained ATO/SBA 

catalysts was shown in Figure 3. The amount of 

ATO in hybrid catalysts significantly affected their 

photocatalytic activity for CA removal. The 360-

minute conversion percentage (X360) slightly rose 

from 62.2% to 80.2% with an increase of ATO 

content in ATO/SBA catalysts from 60% to 75% 

and decreased with a further increase of ATO con-

tent.  The highest photocatalytic activity toward 

CA elimination at 75% of ATO in ATO/SBA cata-

lysts might relate to high dispersion between ATO 

and SBA to form more active sites. The decrease of 

CA degradation efficiency at higher 75% ATO 

loadings was due to the  decrease in pores which 

absorb CA from solution (Li et al., 2016;  Phan et 

al., 2018). According to the obtained results, 

75ATO/SBA catalyst was chosen as the optimum 

materials in the present study.  

The FTIR spectra of the 75ATO/SBA catalyst was 

measured in the range of 400‒4000 cm‒1 (Figure 

4). A broad peak appeared at 3423 cm−1 was to 

stretch vibrations of OH groups while the peak at 

1645 cm−1 was assigned for the scissor bending 

vibration of O‒H (Mojet et al., 2010). The peaks at 

463, 806, and 1080 cm−1 were attributed to Si–O 
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asymmetric stretching. On the other hand, a peak at 

930 cm‒1 belonged to Si–OH vibration (Jin et al., 

2013;  Zeng et al., 2013). These results agreed with 

the XRD analysis in which the obtained materials 

comprised both SBA and ATO.    

 

Fig. 3: The CA degradation for 360 mins in the 

photocatalytic reaction on ATO/SBA catalysts 

at pH = 3.8, Ccat = 0.75 g/L, Qair = 0.3 L/min, and 

T = 25 ºC 

Table 1: The bandgap energy Eg and the ab-

sorbable wavelength λ of catalysts: 

ATO and 75ATO/SBA 

Catalyst Eg (eV) λ (nm) 

ATO 3.18 390 

75ATO/SBA 3.42 363 

 

Fig. 4: FTIR spectra of 75ATO/SBA catalyst 

  
Fig. 5: SEM (a) and TEM (b) images of 75ATO/SBA catalyst 

The SEM and TEM images of the 75ATO/SBA 

catalyst were shown in Figure 5. There was the 

appearance of quasi-sphere-like nanoparticles with 

various channels related to the aggregation of 

ATO/SBA particles (Figure 5a). The particle sizes 

ranged from 30 to 50 nm. ATO with the particle 

size of 20 nm was observed on the pore channels of 

SBA, which elucidated that ATO was present in 

nanoparticle form and well-dispersed on the meso-

porous structure of SBA (Figure 5b). 

Figure 6a demonstrated the DRS spectra of cata-

lysts: ATO and 75ATO/SBA. The bandgap energy 

of ATO and 75ATO/SBA catalysts calculated by 

the Tauc plot (Figure 6b) reached 3.18 and 3.42 

eV, respectively. Two catalysts also absorbed 

wavelengths in the UV light (Table 1). 
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Fig. 6: UV-Vis diffuse reflectance spectra (a) and Tauc plot (b) of ATO/SBA catalysts 

Table 2: The specific surface area SBET, the pore 

size dpore, and the pore volume Vpore of 

catalysts: ATO and ATO/SBA 

Catalyst SBET (m2/g) 
dpore 

(nm) 

Vpore 

(mL/g) 

ATO 26.8 2.2 0.028 

75ATO/SBA 149.3 2.2 0.151 

The nitrogen adsorption-desorption isotherms of 

ATO and ATO/SBA catalysts were shown in Fig-

ure 7. Two catalysts were typical type IV isotherms 

mesoporous materials with type H1 hysteresis 

(Bardestani et al., 2019). Especially, the surface 

area and pore volume of the 75ATO/SBA catalyst 

were much higher than that of a single ATO cata-

lyst (Table 2).  

 

Fig. 7: Nitrogen adsorption-desorption iso-

therms on ATO and 75ATO/SBA catalyst 

The influence of the operational parameters on the 

photoactivity in CA degradation was determined 

on 75ATO/SBA catalyst. The effect of catalyst 

dosage on CA removal was studied by varying 

amounts of catalysts in the range of 0.50–1.25 g/L 

while the effect of reaction time was tested in the 

range of 30-360 min. The obtained results were 

shown in Figure 8, the conversion percentage of 

CA  was significantly affected by the catalyst dos-

ages and reaction time. The conversion percentage 

of CA steadily increased with an increase of reac-

tion time with any catalyst dosages. The percentage 

of CA removal strongly increased from 50 to 

80.2% after the 360-min reaction with an increase 

of catalyst dosage from 0.5 g/L to 0.75 g/L and 

slightly decreased with a further increase of cata-

lyst dosage. The increase in the amount of catalyst 

led to an increase of active sites on the catalyst 

surface, which in turns formed more hydroxyl radi-

cals to initiate the decomposition reaction 

(Kalantary et al., 2015). When the amount of the 

catalyst was higher than the optimum value, a con-

siderable reduction in the activity of the catalyst 

may link to the transmission of UV light through 

suspension (Georgaki et al., 2014). According to 

the obtained results, 0.75 g/L of 75ATO/SBA cata-

lyst was suggested as the optimum condition for 

CA removal. 

 
Fig. 8: The effect of the catalyst dosage on the 

photocatalytic degradation of CA on the 

75ATO/SBA catalyst 
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It has been reported that the airflow rate primarily 

affected the activity of the photochemical catalyst. 

Therefore, the effect of air flow rate on the photo-

catalytic degradation of CA by 75ATO/SBA cata-

lyst was studied in the range of 0-0.4 L/min in the 

present study. The obtained results were shown in 

Figure 9. The conversion percentage of CA slightly 

rose to 80.2% when the airflow rate increased from 

0 to 0.3 L/min. There is a slight decrease in CA 

conversion with an increase in the airflow rate 

from 0.3 to 0.4 L/min. In the photocatalytic reac-

tion, oxygen acted as an electron capture agent to 

prolong the recombination time of the photogener-

ated electrons with holes and simultaneously gen-

erate superoxide radicals (Reddy et al., 2018). On 

the contrary, the higher oxygen flow rate may hin-

der the transmission of light into the catalyst (Lam 

et al., 2010). This is the reason why the conversion 

percentage of CA  decreased at a higher 0.3 L/min 

of the oxygen flow rate. 

 

Fig. 9: The effect of the airflow rate on the pho-

tocatalytic degradation of CA on the 

75ATO/SBA catalyst 

The pH was acknowledged as an important param-

eter affecting the adsorption process on the surface 

charge of the catalyst. The effect of the initial pH 

on the CA removal was exhibited in Figure 10. The 

highest conversion percentage of CA was found to 

be at pH 3.8. At lower or higher pH 3.8, the CA 

conversion was not high. The observed phenome-

non was due to the nature of the CA molecule and 

initial adsorption of CA on the catalyst surface. 

According to Pirilä et al. (2015), phenolic com-

pound exhibited the best-degraded ability at low 

pH. Similar results were found in the study of Ma-

dureira et al. (2018) for the degradation of phenolic 

acids. The formation of radicals reduced in a strong 

acid medium. Meanwhile, the pH nature of phenol-

ic compounds favored elimination thanks to the 

increased yields for the formation of radicals. 

 

Fig. 10: The effect of the initial pH solution on 

the photocatalytic degradation of CA on the 

75ATO/SBA catalyst 

The reusability and stability of photocatalyst 

played an essential role in practical applications. In 

this study, the stability of 75ATO/SBA catalyst in 

optimal conditions including catalyst concentration 

at 0.75 g/L, airflow rate of 0.3 L/min, and initial 

pH of 3.8 was measured for 360 min from continu-

ous cycles (Figure 11). It was clear that a slight 

decrease in CA degradation was observed in each 

cycle. Under similar experimental conditions, the 

CA removal decreased about 33%: X360 = 79.6% at 

the first cycle compared to X360 = 53.4% in the 

sixth cycle. The reduction of 75ATO/SBA photo-

catalyst to eliminate CA could be explained by the 

precipitation of the CA degraded sediments on the 

catalyst, which may potentially block active sites 

on the surface (Kakavandi et al., 2019). 

 

Fig. 11: Reusable 75ATO/SBA catalyst for CA 

degradation 

The difference in the photocatalytic activity and 

photochemical characteristics of 75ATO/SBA 
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compared to the ATO catalyst as illustrated in Fig-

ure 12. In comparison with the ATO catalyst, there 

was a modest variation in CA conversion on 

75ATO/SBA catalyst. X360 of 75ATO/SBA cata-

lyst was slightly lower than that of the ATO cata-

lyst. Although the addition of SBA to ATO was 

favorable to the development of the surface area 

(with the 5.6-fold rise), an upsurge of the bandgap 

energy occurred on 75ATO/SBA. Thus, the lower 

activity of 75ATO/SBA catalysts in the CA elimi-

nation could be explained by increasing the value 

of the bandgap energy. 

 

Fig. 12: The photocatalytic degradation and 

characteristics of catalysts: ATO and 

75ATO/SBA 

4 CONCLUSIONS 

A series of ATO/SBA catalysts was successfully 

synthesized by the sol-gel technique. From the in-

vestigation of photocatalytic activity, it can be con-

cluded 75ATO/SBA effectively degraded CA in 

photocatalytic conditions. The surface area of pho-

tocatalyst remarkably increased in the presence of 

SBA. The maximum conversion of CA was 

achieved at the optimum conditions: catalyst dos-

age of 0.75 g/L, the airflow rate of 0.3 L/min, and 

initial pH of 3.8 for 50 mg/L of CA after the 360-

minute reaction. After six cycles, CA conversion 

remained more than 50%, which indicated that 

75ATO/SBA was a good catalyst for recyclability 

and durability. Thus, 75ATO/SBA can be applied 

as a promising heterogeneous photocatalyst for the 

efficient degradation of organic pollutants. 
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