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Abstract: Heavy metals are non-biodegradable and have a high toxicity effect to living things which 

makes their presence in the environment extremely dangerous. The method of handling heavy 

metals waste by photocatalysis techniques using TiO2/SiO2 composite showed a good performance 

in reducing harmful pollutants. In this study, SiO2 from Bengkulu beach sand was used as a support 

material for TiO2 photocatalyst to reduce Cr(VI) and Pb(II) concentrations. SiO2 was obtained 

through leaching techniques using NaOH as a solvent. The TiO2/SiO2 composite photocatalyst were 

synthesized using a solvothermal method at 130 °C and then characterized using XRD, FTIR, SEM 

and PSA. Based on the XRD diffractogram, the synthesized TiO2 showed the anatase structure while 

the SiO2 showed the amorphous structure. Ti-O-Si bond is defined in the IR spectra, which indicates 

that the relationship between TiO2 and SiO2 is a chemical interaction. The results of SEM and PSA 

characterizations show agglomerated spherical (round) particles with a mean particle size of 616.9 

nm. The TiO2/SiO2 composite of 7:1 ratio showed the highest photocatalytic activity after 180 

minutes of UV irradiation, with a concentration-decrease percentage of 93.77% and 93.55% for for 

Cr(VI) and Pb(II), respectively. 
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1. Introduction 

The rapid growth of technology and manufacturing results in an increase in waste pollution to 

the environment. The main contributors to water pollution are industrial waste containing heavy 

metals [1]. These toxic metals cannot be broken down by microorganisms, and when accumulated in 

the body cause severe illness and even death [2]. Chromium or Cr is a metal that is commonly found 

in the environment because it is widely used in large industries such as metal coating, petrochemicals, 

mining, fertilizer, tanning leather, batteries, pesticides and the paper industry [2]. Chromium 

commonly comes in two forms, trivalent chromium Cr(III) and hexavalent chromium Cr(VI). 

Chromium in hexavalent form is 500 times more carcinogenic and very toxic compared to its trivalent 

form because it penetrates into cell membranes and causes harmful effects. The maximum acceptable 

environmental threshold values for Cr(III) and Cr(VI) are 5 mg/L and 0.05 mg/L, respectively [1]. 

Besides chromium, water pollution due to the presence of lead is another global concern. Lead 

or Pb(II) is among the dangerous contaminants found in industrial waste. This compound causes 

mutations and is carcinogenic. Pb metal is naturally present in water and because of human activities. 

This metal enters the waters with rainwater help through Pb crystallization in the air [3]. 

Several methods for removing heavy metals from the environment have been actively 

investigated through various techniques such as adsorption, cross-flow microfiltration, precipitation 

and reverse osmosis [1,2]. However, these methods are relatively expensive and often inefficient 

when working at low concentrations. The method of photocatalysis using semiconductor material 
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has the potential to reduce harmful pollutants and is also effective when working at low 

concentrations. Research conducted by Eddy et al. [4] has succeeded in reducing the concentration of 

Cr(VI) by a percentage of 94% using the photocatalysis method with TiO2 photocatalyst doped by 

gadolinium. 

Titanium dioxide (TiO2) is a semiconductor material widely used as a photocatalyst in the 

purifying wastewater process because it has many advantages such as high photocatalytic activity, 

high chemical stability when exposed to acidic and basic compounds, high oxidizing power, low 

toxicity and easy to obtain [5]. Anatase is a form of photocatalyst claimed to be the best for 

photocatalytic activity, but its transformation into rutile is a weakness that limits its photocatalytic 

activity. Several studies have been conducted to overcome this problem by modifying the surface of 

TiO2 and synthesizing composite catalysts such as TiO2/SiO2, TiO2/ZrO2, TiO2/A12O3/SiO2, and 

TiO2/ZrO2/A12O3 [6]. Furthermore, the modification of TiO2 using SiO2 material to improve 

photocatalytic activity shows a high thermal stability and mechanical strength, and increases the 

active side of the photocatalyst surface. Another advantage of TiO2/SiO2 mixed oxides is that it 

inhibits transformation from anatase to rutile [5]. 

Silica is obtained from both living and non-living natural materials, by synthesis and extraction. 

Based on the types of natural materials that are non-biological, silica is obtained from sand and coal 

waste such as flying ash sludge. Eddy et al. [7] extracted silica successfully from Palangkaraya beach 

sand with a benefit of 91.19% and Munasir et al. [8] extracted silica successfully from Tuban beach 

sand reaching 98.9% gain. In addition, Ishmah et al. [9] and Firdaus et al. [10] have succeeded in 

extracting silica from Bengkulu beach sand by 97.3% and 99.5%, respectively. In this research, we 

evaluated the extraction of silicon dioxide (SiO2) from beach sand precursors and subsequently 

composite with titanium dioxide (TiO2) as a photocatalyst for decreasing the concentrations of Cr(VI) 

and Pb(II). 

2. Results and Discussion 

2.1. Characterization of Catalyst 

Solvothermal method is widely used for the manufacture of oxides that is usually performed at 

temperatures below 400 °C. The basic principle of this method is the growth of crystals based on 

material solubility in solvents under high-pressure conditions. Medium temperature conditions are 

generally used to increase chemical diffusion while high-pressure results in lesser energy 

consumption compared to temperature. Calcination temperature in the synthesis process has a 

significant impact on the TiO2 crystallinity phase, as it also affects the band gap energy value, which 

has a significant effect on photocatalytic performance. The anatase TiO2 phase is the best TiO2 crystal 

phase to be used in the photocatalytic process with 3.23 eV band gap energy. Based on research by 

[11], structures with optimum anatase phases are formed at temperatures of 400-600 °C. At 

temperatures above 600 °C, i.e. at 700 °C, the anatase structure phase begins to be transformed into 

rutile and the surface area decreases as well as the photocatalyst activity is drastically weakened [12]. 

XRD analysis of TiO2/SiO2 composites was carried out to determine the characteristics of the 

TiO2 formed. The resulting diffractogram showed conformity to ICSD 98-015-5245 for amorphous 

SiO2 structures and ICSD 98-017-2916 for TiO2 anatase structures (tetragonal, space group I41/amd). 

The synthesized TiO2 crystal showed a peak pattern similar to the TiO2 P25 Degussa (standard) with 

the highest peaks at 2θ = 25.25°, 37.80°, 47.89°, and the twin peaks at 53.91° and 55.91°, which is a 

characteristic area of the anatase type TiO2 crystals. Figure 1 shows that the composition of TiO2:SiO2 

affects the peak intensity and the sharpness of the peak produced, while the higher the content of 

TiO2 causes the sharpness of the peak intensity. 
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Figure 1. XRD pattern of TiO2 and TiO2/SiO2 composite. 

 

FTIR analysis was carried out to classify functional groups in TiO2/SiO2 composites at wave 

numbers 400-4000 cm-1. The spectrum produced in Figure 2 shows the IR absorption band 

characteristics at wave numbers 3411-3466 cm-1 is -OH stretch vibrations while at 1630-1638 cm-1 is a 

typical absorption for -OH bend vibrations. Calcination on TiO2/SiO2 composites can be seen to cause 

-OH peak absorption to be lower. The strong and dominant absorption peak found in wave number 

1099-1102 cm-1 is the asymmetrical extension of the Si-O-Si (siloxane) bond. The peak presence at 

wave 798 cm-1 indicates the vibrational strain of the Si-OH bond (silanol) in the amorphous SiO2 

structure. Whereas the absorption peak at wave number 475 cm-1 is caused by O-Si-O (siloxy) bonding 

vibrations. TiO2/SiO2 composite formation is characterized by Ti-O-Si bond appearance in the IR 

spectrum at 940-960 cm-1 wavelengths. Ti-O-Si vibrational peak presence indicates that the interaction 

between TiO2 and SiO2 is a chemical reaction process (chemical bonding occurs) rather than a simple 

physical mixing process. Ti-O-Ti bond appears on wave number 671 cm-1. 

 

 
Figure 2. FTIR spectrum of SiO2 and TiO2/SiO2 composite. 

 

SEM analysis is carried out to determine the morphology of TiO2/SiO2 composites. Based on the 

7000-fold magnification SEM analysis shown in Figure 3, it is known that the TiO2/SiO2 composite 

particles are spherical (round) and agglomeration occurs. 
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Figure 3. The TiO2/SiO2 composite morphology by SEM. 

 

The EDS qualitative analysis is performed to determine the composition of TiO2/SiO2 

composites. This analysis is based on the X-ray radiation emitted by the atoms in the sample. Figure 

4 indicates that the EDS analysis of TiO2/SiO2 composites with ratio 3:1, as shown in the sample, 

elements of titanium (Ti), silicon (Si) and oxygen (O) with atomic percent are 17.94%, 3.43% and 

78.62%, respectively. 

 

 
Figure 4. EDS of TiO2/SiO2 composite. 

 

The particle size analysis research on TiO2/SiO2 composites is carried out to determine the 

average size and size distribution of the particles. From the data provided in Table 1, it is understood 

that the more SiO2 added to the composite, the smaller the average particle size. Z-average values of 

each composite ratio 1:1; 3:1; and 7:1 respectively 557.4 nm, 616.9 nm and 683.9 nm. Increased number 

of SiO2 causes a decrease in agglomeration and therefore reduces the particle size. 

Table 1. This is a table. Tables should be placed in the main text near to the first time they are cited. 

Particle size 
TiO2/SiO2 ratio 

1:1 3:1 7:1 

Median (nm) 797.7 628.9 719.0 

Mode (nm) 698.5 620.1 696.4 

Z-Average (nm) 557.4 616.9 683.9 

 

Decreasing the size of the TiO2 particle shortens the photoelectron time and the formation of a 

hole during photocatalytic reactions on the sample surface. It effectively reduces the photoelectron 
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and hole recombination as well as increases the photoelectron rate and the hole reduction or oxidation 

which also increases the catalytic photocatalytic performance [6]. The composition of TiO2 with SiO2 

produces a more even distribution of TiO2 and a relatively small particle size; therefore, the surface 

area of TiO2 is relatively larger and will increase its photocatalytic activity [13]. SiO2 substrate is an 

adsorbent that provides an adsorption side that supports TiO2 through the adsorption process so that 

more pollutants can be degraded as a remediation procedure [14]. 

 

2.2. Photocatalytic Activity 

The photocatalyst activity of TiO2/SiO2 was tested for decreased concentration of Cr(VI) and 

Pb(II) metal ions in order to determine the synthesized photocatalyst performance compared to the 

Degussa TiO2 P-25. Chromium and lead were chosen as objects because they are examples of heavy 

metals often found in industrial waste streams. This test was performed using a simulation sample, 

namely Cr(VI) and Pb(II) ion solution. 

 

  
Figure 5. (a) Photocatalytic activity and; (b) Adsorption activity of catalyst on Cr(VI). 

 

Photocatalytic and adsorption test results of Cr(VI) ions are shown in Figure 5a and 5b. In the 

same time span, the efficiency of the decreased concentration of Cr(VI) ions in Figure 5a, the UV 

irradiation sample is greater than the decreased efficiency in Figure 5b without irradiation. It shows 

that composite powder plays a role as a photocatalytic agent for the reduction of Cr(VI). 

Photocatalytic and adsorption test results for Pb(II) ion are shown in Figures 6a and 6b. At the 

same time, the effect of decreasing the concentration of Pb(II) ions in Figure 6a, with the sample under 

UV irradiation being greater than the decreasing efficiency in Figure 6b without irradiation, shows 

that the composite powder plays a role as photocatalytic reducing agent in Pb(II). 

 

  
Figure 6. (a) Photocatalytic activity and; (b) Adsorption activity of catalyst on Pb(II). 

 

Photocatalyst performance exposed to UV rays has a better percentage of reduction compared 

to photocatalyst not exposed to UV rays. It indicates that photons from UV light determine the 

performance of photocatalyst in Cr(VI) ions and Pb(II) ions. In photocatalyst exposed to UV light, the 

photoreduction process begins when photons with more energy than the photocatalyst band gap are 

absorbed by TiO2/SiO2 photocatalyst. Therefore, electron jumps from the valence band to the 

conduction band and forms a hole in the conduction band (hvb) and the electrons in valence band (ecb) 
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and hole (hvb) will react with oxygen (O2) and water (H2O) which are absorbed by photocatalyst then 

form radicals •OH. Radicals •OH formed then reacts with metals after the process of reduction 

occurs [15]. Photocatalyst that was not exposed to UV rays (dark conditions), there are no photons 

that activate the performance of the photocatalyst. Therefore, there was no photoreduction reaction 

under these conditions. The process that occurs due to a decrease in the concentration of metal Cr(VI) 

and Pb(II) is a catalytic adsorption process. The adsorption process increases in capacity due to the 

high content of silica in photocatalyst, because silica is a good adsorbent with a high adsorption 

capacity. 

 

 
(a) 

 
(b) 

Figure 7. (a) Efficiency of decreasing Cr(VI) and; (b) Pb(II) concentrations after UV irradiation for 180 

minutes. 

 

The effectiveness of chromium and lead concentrations reduction is shown in Figures 7a and 7b. 

Photocatalytic activity tests with UV irradiation for Cr(VI) ions using TiO2 photocatalyst only was 

71.03%. While those using TiO2/SiO2 composites with ratios of 1:1; 3:1; and 7:1 was 79.59%, 82.81% 

and 93.77%, respectively. The efficiency of concentration reduction after UV irradiation for Pb(II) ions 

using TiO2 photocatalyst only was 80.91% and for TiO2/SiO2 composites at 1:1; 3:1; and 7:1 ratio were 

86.52%, 92.22% and 93.55%, respectively. Although the 1:1 composite has a lower average particle 

size than the others, the particle size of this composite ratio is very heterogeneous (it can be seen from 

the maximum width of the wider PSA histogram) causing faster agglomeration, and therefore 

interferes with the photocatalysis performance of the reduced metal concentrations. 

3. Materials and Methods  

3.1. Materials 

The beach sand used in this study were from the Bengkulu province, Indonesia. Distilled water 

was used throughout the experiments. Highest-purity available chemicals used in this study were 

hydrochloric acid (HCl 37%, Merck), ethanol (C2H5OH 99.5%, Merck), potassium dichromate 

(K2Cr2O7 99%, Merck), sodium hydroxide (NaOH 98%, Merck), lead(II) nitrate (Pb(NO3)2 99.9%, 

Merck), titanium dioxide (TiO2, P25 Degussa, Merck), and titanium tetraisopropoxide (TTIP, 

Ti(OC3H7)4, 97%, Sigma-Aldrich). 

 

3.2. Extraction of Silica 

Initially, the beach sand was crushed using ring mill and then sieved with a 325-mesh sieve. In 

addition, the sand that escaped the sieve was soaked for 12 hours in HCl 2 M and filtered. The 

resulting residue was then washed with distilled water until no yellowish color is present and then 

dried at 110 °C. After that, the sandstone was reacted with NaOH 3 M at 95 °C while stirring for 4 

hours, and then filtered. The filtrate (sodium silicate) was then stirred and poured drop-by-drop to 
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form a gel (pH 7) with HCl 6 M addition. The gel formed was stored for 18 hours, and then filtered 

and rinsed with distilled water and dried at 110 °C. The dried gel was crushed to obtain silica powder. 

 

3.3. The Synthesis of TiO2/SiO2 Composite 

The TiO2/SiO2 composites were synthesized with mole ratio of 1:1; 3:1; and 7:1 (TiO2:SiO2). 

Titanium tetraisopropoxide (TTIP, 520 μL) was prepared and then added to 40 mL of ethanol while 

stirring to prepare TiO2/SiO2 composites with a mole ratio of 3:1. Furthermore, the SiO2 powder was 

prepared 0.036 g and sonicated in 20 mL of ethanol for 30 minutes. The SiO2 suspension was then 

mixed with the TTIP solution, transferred to an autoclave of 100 mL, and heated in an oven at 130 °C 

for 15 hours. After cooling until room temperature was achieved, the solution was then centrifuged 

at 6000 rpm for 10 minutes, and then the pH solution was adjusted to 7.0. The TiO2/SiO2 composites 

formed were then dried at 110 °C for 2 hours and calcinated at 500 °C for 5 hours. Similar procedure 

was also applied to TiO2/SiO2 composites with 1:1 and 7:1 mole ratio variation. 

 

3.4. Characterization of Catalysis 

The X-ray diffraction (XRD) diffractogram was carry out using XRD (Rigaku Miniflex 600). 

Measurement carried out at room temperature using Cu Kα radiation (λ = 1.5406 Å) with scan range 

from 10° to 80° (2θ). The Fourier Transform Infrared spectra were acquired by a FTIR (Perkin Elmer 

Spectrum 100) and scan range from 400-4000 cm-1. Particle size of the composites was measured by 

particle size analyzer (PSA, Horiba SZ-100). Scanning electron microscopy (SEM) was performed by 

SEM-EDX (Hitachi SU 3500). 

 

3.5. Characterization of Catalysis 

The Cr(VI) ion solution was poured to a beaker glass and then added with 100 mg TiO2/SiO2 

composite with 1:1 ratio. The mixture was then placed on a photoreactor and irradiated with Hg 

lamps on a magnetic stirrer for 180 minutes. A 10 mL of chromium solution was then taken every 30 

minutes using a syringe membrane. The concentration of metal ion was again measured using atomic 

absorption spectroscopy (AAS, Shimadzu AA 7000). The same treatment was applied to TiO2/SiO2 

composite with 3:1 and 7:1 ratio, and to TiO2 without SiO2 as a control. This photocatalytic activity 

test was also conducted without irradiation of Hg lamps (for UV irradiation) at the same time interval 

for each sample. The same photocatalytic activity test procedure was also applied to Pb(II) solution. 

4. Conclusions 

The composite of SiO2/TiO2 increase the photocatalytic activity in decreasing Cr(VI) and Pb(II) 

concentration. By using the optimum condition, the percentages of heavy metals concentration 

reduction were 93.77% and 93.55% for Cr(VI) and Pb(II) ions, respectively. The high effectiveness of 

this method for reducing the concentration of heavy metals can be use as an alternative remediation 

method of Cr and Pb waste.  
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