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ABSTRACT 

A series of titanium dioxide nanoparticles anchored on mordenite zeolite from an Indonesian 

natural deposit were prepared by the sol-gel route using a titanium isopropoxide sol as the 

precursor. Mordenite was incorporated during the sol-gel process by dispersing mordenite 

powder into the titania sol-gel precursor. The resulting titanium dioxide nanoparticles were in 

the anatase and rutile form, as confirmed by X-Ray diffraction (XRD) spectroscopy. Diffuse 

reflectance ultra violet visible (DR-UVVis) spectroscopy analysis indicated a red shift for the 

band gap energy, which enabled the materials to absorb ultraviolet to visible light. Subjecting 

the material to photodegradation in a reactor under ultraviolet and visible radiation gave better 

dye degradation under visible light than ultraviolet irradiation and the yield was proportional 

with the content of TiO2 nanoparticles incorporated into the zeolite.  
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1. INTRODUCTION 

The various applications of photocatalysis based on titanium dioxide is driving rapid growth in 

this research (Alvarez et al., 2018). One of the prominent applications in this field is the 

decomposition of organic pollutants. The photocatalytic activity of TiO2 for organic pollutant 

decomposition is mainly influenced by the crystallinity, particle size, crystal phase, and surface 

area of the TiO2. A study conducted by Yener et al. (2017) revealed that the anatase form of 

TiO2, which has a small particle size and high crystallinity, is needed to obtain high 

photocatalytic activity. However, the presence of a certain amount of TiO2 in the rutile phase 

can increase photocatalytic activity. This is related to the creation of holes and electrons on the 

surface of TiO2 for reaction with the substrate and the lifetime of these holes and electrons (Sun 

et al., 2015).  

Many synthesis methods have been developed to obtain TiO2 nanoparticles, such as aerosol 

pyrolysis, amorphous TiO2 calcination, and colloidal surfactant synthesis (Sun et al., 2015). In 

general, these methods have the disadvantage of generating products that do not perform 
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sufficiently for photocatalytic applications. However, several methods of synthesis of TiO2 

nanoparticles, such as hydrothermal, solvothermal, and microwave methods, can produce TiO2 

nanoparticles with high crystallinity and controlled size. Nevertheless, these methods are 

relatively complicated and require high temperatures and pressures. All three methods require 

the conversion of the precursors into colloidal forms through the sol-gel process and special 

equipment to facilitate the TiO2 crystal formation. 

In the sol-gel process, metal alkoxides are hydrolyzed by alcohol to metal hydroxide. The sol-

gel method has been widely used for the synthesis of oxide materials or other materials, such as 

SiO2 and PbI2 (Lalena & Cleary, 2005). Using this method, anatase, rutile, and brookite TiO2 

nanoparticles have been successfully synthesized (Zhang et al., 2014). Zhang et al. (2018) 

successfully made rutile and anatase TiO2 nanoparticles, whereas Yener et al. (2017) 

successfully produced TiO2 nanoparticles in the mordenite structure. 

The use of porous material as a host to control the metal oxide particle size has been reported. 

TiO2, CdO, and ZnO have been successfully synthesized by an ion exchange method using NaY 

zeolite as a host (Zhao et al., 1996). The use of clinoptilolite natural zeolites as host materials 

for biogas purification was reported by Kusrini et al. (2016). Efforts to utilize Indonesian 

natural zeolite for catalysis applications were made by Hidayat et al. (2018). The utilization of 

zeolite as a carrier in TiO2 synthesis results in smaller particle sizes of TiO2 than can be 

obtained with pure TiO2 (Hadjltaief et al., 2016), making this zeolite use more desirable in the 

synthesis of TiO2 nanoparticles. This is because  the photocatalytic activity of the TiO2-zeolite 

system increases when compared to the TiO2 system (Chang et al., 2015). 

Zeolite is a porous aluminosilicate material with a unique three-dimensional structure. It is 

widely used as a catalyst, adsorbent, and ion exchanger. Its pore structure also allows zeolite to 

be used as a host material. The utilization of zeolite is limited by the high cost of basic 

materials in industrial scale applications (Maraschi et al., 2014)  

In this report, we incorporate TiO2 nanoparticles onto zeolite pores through sol-gel and 

impregnation processes to enhance the reactivity of the particles. We characterized the catalyst 

system and examined it for photocatalytic dye degradation under visible light than ultraviolet 

irradiation. 

 

2. METHODS 

2.1. Materials 

Titanium (IV) isopropoxide 97% (Aldrich), nitric acid 65% (Merck), Methyl Orange (MO), and 

2-propanol (Merck) were used directly without purification. Demineralized water (aqua DM) 

was used as the solvent. Mordenite type natural zeolite (150 mesh) was obtained from 

Lampung, Indonesia. 

2.2.  Synthesis TiO2 Sol-gel 

The TiO2 sol solution was made from titanium (IV) isopropoxide. A total of 67.5 mL of 

titanium (IV) isopropoxide and 16 mL of 2-propanol were combined in a 100 mL beaker. The 

resulting solution was added slowly to 223.5 mL of demineralized water in a 500 mL beaker, 

with constant stirring using a magnetic stirrer. The solution was homogenized with stirring for 

10 minutes and then added slowly to 3 mL of 65% HNO3. This mixture was then heated to 80ºC 

for 8 hours with constant stirring. A white TiO2 solution was produced and was used to make 

zeolite-TiO2. 

2.3.  Synthesis of TiO2/Natural Zeolite 

The desired amounts of natural zeolites were dispersed in water and then slowly added to a sol-

gel solution of TiO2 with constant stirring. Stirring was continued for 2 hours to generate 
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homogeneous TiO2/zeolite preparations with a concentration of 2.5%, 5%, and 10%. The 

TiO2/zeolite obtained was then dried at 100ºC for 4 hours. Some samples were calcined at 

500ºC for 6 hours. Dried and calcined samples were characterized by fourier-transform infrared 

spectroscopy (FTIR), specific surface area (SSA), XRD, and DR-UVVis techniques. The 

quantitative analyses were done on a Biospec 1601V (Shimadzu) spectrophotometer, FTIR 

instrument (Perkin Elmer), DR UV-Vis Spectroscopy instrument (Pharmaspec UV 1700 UV-

VIS Spectrophotometer with a Specular Reflectance Attachment), and an XRD instrument 

(Shimadzu X-Ray Diffractometer 7000).  

2.4.  Photocatalysis Experiments 

A total of 1 gram of sample was dispersed in 200 ml of demineralized water, and then 

homogenized by constant stirring using a magnetic stirrer. A 60 mL volume of 30 ppm MO 

solution was then added to the sample. The decomposition rate of MO was observed by 

removing 10 mL of the mixture every 30 minutes for 5 hours and measuring the absorption with 

the spectrophotometer at maximum wavelength of 464 nm. The experiments to evaluate 

photocatalysis performance were carried out in the dark, in natural sunlight, and under UV 

lights. 

 

3. RESULTS AND DISCUSSION 

3.1.  TiO2/Natural Zeolite Characterization 
The loading of low concentrations TiO2 into zeolites produced relatively small amounts of 

TiO2, this was confirmed by atomic absorbance spectroscopy. Loading of titanium dioxide onto 

natural zeolites does not damage the structure of the zeolites, although high loading of TiO2 

onto zeolites will usually cause some damage to the zeolite structure (Li et al., 2005). We 

observed the interaction of titanium dioxide on zeolite by FTIR spectroscopy and examined the 

effect of the loaded TiO2 on the zeolite structure, the TiO2 phase, and the effect of the 

concentration of the precursor. The samples were analyzed by X-ray diffraction.  

 

Table 1 Effect of precursor concentrations on loaded TiO2 into natural zeolite 

Samples 
Concentration of TiO2 in 

precursor solutions (% m/m) 

TiO2 loaded onto zeolites 

samples (% mass) 

   Zeolite - 0.26 

   Zeolite-TiO2 2.5% 2.5 9.5 

   Zeolite-TiO2 5% 5 18.1 

   Zeolite-TiO2 10% 10 28.6 

 

The presence of a pore system in the zeolite structure increased the amount of TiO2 loaded onto 

the zeolite. The interaction between TiO2 and zeolite can be observed by investigating the 

transmission spectra of FTIR for zeolite and TiO2-zeolite. The FTIR zeolite spectra have peaks 

in the regions of 3622, 3640, 1634, 1051, 790, 607, 523, and 467 cm-1. The typical peaks for 

zeolites are 1051 and 467 cm-1 for the zeolite internal tetrahedral system, as well as 790, 607, 

and 523 cm-1 for the zeolite external system. The peaks at 3622, 3640, and 1634 cm-1 are the 

peaks that show the –OH stretch vibration. 

The most common peak is in the area of 950–1250 cm-1 and 420–500 cm-1. The area of 950–

1250 cm-1 shows the asymmetric stretch vibration of T-O-T (T; Al or Si) in the double ring and 

pore interactions in the zeolite external system, whereas the area of 420–500 cm-1 is the internal 

tetrahedral system (Lechert, 1984). 
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The FTIR spectra of the 2.5% Zeolite-TiO2 samples were similar to the zeolite spectra but had 

new peaks at 2426 and 1384 cm-1. The new peaks show the bond between C-H and C-O from 

the alkoxide compounds that were used as precursors. As well as these new peaks, we also 

observed peak widening and shifting. The widening and shifting peak at 1055 cm-1 occurs due 

to the presence of TiO2 attached to the zeolite (Chen et al., 1999). Peak shifts also occurred 

from the 790 cm-1 area in the zeolite to 789 cm-1. We found a change in the shape of the 

shoulder at an area of 600–700 cm-1. A change in the shape of the spectrum in the region of 

600–790 cm-1 indicates the interaction of TiO2 with the zeolite external pore system. The 

interaction of TiO2 with the zeolite system occurs in the formation of Ti-O-Si and / or Ti-O-Al 

bonds, as reported by Li et al. (2005).  

 

Figure 1 FTIR spectra of TiO2 loaded onto a natural zeolite structure via the sol-gel route 

 

The diffraction pattern of TiO2-zeolite samples in Figure 2 shows that the TiO2 precursor does 

not damage the zeolite structure. This can be observed from the presence of a typical peak for 

mordenite at 2θ = 22° and this peak does not decrease in intensity over various concentrations 
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of TiO2 precursor. The XRD patterns also exhibit TiO2 crystalline phases in the anatase and 

rutile form. The typical peak is in the area of 2θ = 25° for anatase, and 2θ = 28° for rutile. The 

XRD pattern reveals that each loading concentration has both anatase and rutile TiO2 phases. 

The intensity of both the anatase and rutile peaks increases with increasing TiO2 concentration.  

 

 

Figure 2 X-ray diffractogram from loaded TiO2 into natural zeolite (+: anatase TiO2, *: rutile TiO2) 

 

Band gap energy measurements were carried out by DR UV-Vis spectroscopy analysis. The 

aim of band gap energy measurement is to determine whether a shift has occurred in the edge 

absorption to a smaller wavelength. This would occur as a result of the reduced size of the TiO2 

particles and is referred to as the quantum size effect (Zhao et al., 1996). 

 

Table 2 Band gap energy of composite TiO2/natural zeolite 

Sample λ (nm) Eg (eV) 

TiO2 404 3.07 

Zeolite-TiO2 2.50% 360 3.44 

Zeolite-TiO2 5% 368 3.37 

Zeolite-TiO2 10% 375 3.30 

 

Figure 3 shows a shift in the absorption edge of the Zeolite-TiO2 sample towards a shorter 

wavelength (blue shift) when compared to the TiO2 bulk uptake. A shift in edge absorption also 

occurs, indicating the widening of the valence band and conductance bands. This widening of 

these bands occurs because of the reduction in particle size, again indicating the quantum size 

effect, as stated by Hoffmann et al. (1995). 
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Figure 3 shows the maximum peak in the area 360–375. In addition to the maximum peak, 

peaks are also evident at longer wavelengths. These peaks show the hydroxide species of Ti. 

The peaks are formed to a greater extent as the concentration of the sol-gel precursor increases. 

Thus, the Ti hydroxide species are formed to a greater extent by increasing the concentration of 

the sol-gel precursor. 

Because of the difference in size between the bulk TiO2 and the TiO2 produced, the size of the 

Eg for both TiO2 forms is also quite different. This difference in Eg values occurs because of 

the quantum size effect or QSE, where a smaller sized material will have a greater Eg value 

(Linsebigler et al., 1995). This is due to the increasing distance between the valence band and 

the conductance band in the smaller material. The Eg values can be determined from the results 

of spectroscopic analysis by DR UV-Vis. 

 
 

Figure 3 Diffuse reflectance spectroscopy spectra of composite TiO2/natural zeolite 

3.2.  Photocatalysis Performance 
The effect of the amount of TiO2 on photocatalysts has been reported by Chatti et al. (2007). In 

that report, an increase in MO reduction was observed both with visible light and sunlight by 

increasing the amount of TiO2 in the photocatalysts from 5% to 10%. The presence of light and 

the light sources themselves affect the photocatalytic process. The results from the present 

study confirmed that the photocatalysis process does not occur in the dark. This is because, in 

the dark condition, recombination occurs between the holes + (h +) and electrons (e-) that form 

when the excitation occurs. This recombination can occur inside the particle or on the surface of 

the particle. The occurrence of this recombination causes a reduction or even a loss of 

photocatalytic activity from the photocatalysts (Chatti et al., 2007). The difference in the light 

source used also affects the photocatalysis that occurs. In the present study, the photocatalysis 

process occurs with the use of UV light and sunlight as a light source. The photocatalysis 

process is better with sunlight as a light source than with UV light. This is because sunlight has 

greater energy when compared to UV light, so it causes more electron excitation to occur.  

The influence of light sources on the photocatalysis process has been observed by several 

researchers. For example, Rashed and El-Amin (2007) reported that the MO degradation 

process is very good in the presence of sunlight when compared to the use of halogen lamps or 

fluorescent lamps as light sources. Kansal et al. (2007) reported that MO removal occurs faster 

in the presence of sunlight than in UV light. 
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(a) 

 
(b) 

Figure 4 Photocatalytic performance under solar light (a) and under UV light (b) 

 

The effect of the TiO2 system and TiO2-zeolite system on the photocatalysis process was also 

examined in this study. The results show that the MO degradation process occurs better with the 

TiO2-zeolite systems than with the TiO2 systems. This is because of the super adsorption ability 

of zeolites (Li et al., 2005). In addition, the electron zeolite TiO2 system from the conductance 

band moves rapidly out of TiO2 particles before recombination occurs, because the surface of 

the electron-rich zeolite functions as an h + inhibitor. This is the reason why TiO2-zeolite 

systems have better photocatalytic activity than TiO2 systems (Anandan and Yoon, 2003). 

Zhang et al. (2018) and Sayilkan et al. (2007) reported photocatalytic activity on Rhodamine B 

for pure SiO2 / TiO2 and TiO2 oxide mixtures. The SiO2 / TiO2 had better photocatalytic activity 

than pure TiO2 because the addition of a number of SiO2 molecules to TiO2 will increase the 

thermal stability, the surface area, and the surface acidity, which then influence the addition of 

active sites that support the occurrence of photocatalytic processes.  

 

4. CONCLUSION 

Taken together, the results of this study indicate that TiO2 nanoparticles synthesized using the 

impregnated sol-gel method in natural zeolites have a smaller size than the bulk TiO2, which is 
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in the nanometer range. The interaction of TiO2 with zeolite occurs on the external surface of 

the zeolites, where the TiO2 crystalline phase is a mixture of anatase and rutile. The TiO2-

zeolite produced has photocatalytic activity. The photocatalytic activity increases with 

increasing concentration of the titanium dioxide precursor. 
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