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Abstract 

Carbon-silica nanocomposites (CSNs) from gelatin as a carbon source and natural template and TEOS as a silica source 

have been successfully synthesized and impregnated into ZnO and TiO2 photocatalysts. The structural, morphological, 

and textural properties and photocatalytic activity for methylene blue degradation of TiO2/CSNs and ZnO/CSNs were 

investigated. XRD data revealed that TiO2/CSNs and ZnO/CSNs had different structural characteristics with similar 

crystallinity. FTIR spectra demonstrated the presence of Zn–O and Ti–OC bonds, respectively, at about 500-450 cm-1 

and 1500 cm-1. The morphological surface exhibited stacked tubular shapes of TiO2/CSNs and ZnO/CSNs with the 

primary elements of Ti, Zn, Si, C, and O. The nitrogen adsorption-desorption curves revealed both micropores and 

mesopores of TiO2/CSNs and ZnO/CSNs where the surface area reduced due to the blocking pore after impregnation. 

Moreover, ZnO/CSNs verified a higher degradation percentage against methylene blue than that of TiO2/CSNs. 
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1. Introduction 

Methylene blue (C16H18ClN3S) is a toxic 

aromatic hydrocarbon compound generally used 

as a dye for textiles, paper, cosmetics, and office 

equipment [1,2]. Unfortunately, this compound 

only uses around 5% of the coloring, while the 

remaining 95% is discarded as waste [3]. In large 

concentrations, methylene blue waste can 

enhance COD (Chemical Oxygen Demand), which 

can damage the environmental ecosystem . To 

remove pollutants of methylene blue dye waste, 

several technologies have been applied, including 

coagulation, flocculation, Fenton, ozonation, 

photocatalysis, adsorption, and a combination of 

ozonation with photocatalysis [4,5]. Among these 

methods, photocatalysis is considered the most 

* Corresponding Author. 
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efficient and superior in degrading dyes since it 

can transform organic compounds into more 

straightforward and safer components for the 

environment. This process employs energy 

originating from UV light or sunlight to activate 

the photocatalysis process on the surface of 

semiconductor materials (photocatalyst), which 

will produce hydroxyl radicals (OH-) as organic 

pollutant degraders [6–8]. Hydroxyl radicals have 

high reactivity, so if the number of hydroxyl 

radicals increases, more dye will be degraded. Two 

semiconductor materials extensively used as 

photocatalysts are TiO2 and ZnO [9–12]. 

Titanium dioxide (TiO2) is a metal oxide 

semiconductor with a bandgap energy of 3.2 eV for 

the anatase phase that is nontoxic and chemically 

and structurally stable [13]. TiO2 photocatalysts 

have been well-known for their applications, one 

of which is the degradation of pollutants. 
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Meanwhile, ZnO is inert, abundantly available in 

nature, nontoxic, inexpensive to manufacture, 

environmentally friendly, and can be made under 

standard reaction conditions, so it is often used as 

a photocatalyst in photodegradation [11]. The 

bandgap energy of ZnO is slightly lower than that 

of TiO2, namely 3.17 eV. Prior research reported 

that ZnO nanoparticles could degrade 50 ppm of 

methylene blue dye solution up to 92.34% [14]. 

However, semiconductor metal oxides such as 

ZnO and TiO2 tend to experience agglomeration, 

which can reduce their photocatalytic 

performance [15,16]. Besides, the high level of 

agglomeration causes a photocatalytic reaction 

that requires a lot of semiconductors as active 

centers, which requires high costs. Therefore, 

efforts to minimize catalyst agglomeration are 

often carried out by dispersing the catalyst in a 

porous matrix such as silica, carbon, metal, or 

polymer [17–19]. Carbon-silica composite is a 

porous material that is rarely used as a catalyst 

matrix because of the complexity of the 

manufacturing process [5,20,21]. 

Carbon-silica composites are materials 

consisting of carbon and silica, where the 

physicochemical properties of carbon combined 

with the unique characteristics of silica produce 

materials with extraordinary features such as 

high thermal stability, large surface area, and 

regular structure and texture [22,23]. The 

properties cause carbon-silica composites to be 

included in the category of promising materials in 

various applications, especially as matrix/catalyst 

supports, fillers, absorbers, adsorbents, filters, 

and solar absorbers. Carbon-silica in previous 

research has been made with various chemicals or 

polymers such as hydrocarbon gas (C3H6), 

(poly)furfural alcohol (PFA), furfuryl alcohol (plus 

acid catalyst), and dichloromethane as carbon 

sources [24,25]. 

However, many carbon sources are expensive 

and potentially toxic and produce toxic by-

products during carbonization. Therefore, recent 

studies have focused on synthesizing carbon-silica 

composites from economical, abundant, naturally 

derived, and nontoxic sources. Recent research 

demonstrated that the use of pyrolysis oil from 

cellulose waste could yield carbon-silica materials 

with high porosity. Sucrose has also been used as 

a safer and more sustainable carbon source. Still, 

as a high-quality food product, it requires high 

costs in the production of chemicals, raw 

materials, and fuel. In particular, gelatin is a 

waste product from the hydrolysis of animal skin 

and bone that is cheap and safe and can be used 

as an effective carbon source for making carbon 

silica [26,27]. Besides, gelatin in several previous 

studies has been successfully employed not only 

as a carbon source but also as a natural template. 

This present study was novel, reporting the 

synthesis of carbon-silica nanocomposites from 

gelatin as a carbon source and natural template 

and tetraethyl-orthosilicate (TEOS) as a silica 

source with a one-pot method. The resulting 

carbon-silica nanocomposite was employed as a 

supporting material for ZnO and TiO2 

photocatalysts by applying a simple wet 

impregnation method. Thus, this study further 

investigated the properties of ZnO- and TiO2-

impregnated carbon-silica nanocomposites, 

including structural, morphological, and textural. 

Moreover, ZnO-impregnated and TiO2-

impregnated carbon-silica nanocomposites were 

applied as the photocatalyst for degrading 

methylene blue. Hence, this study observed the 

photocatalytic activities of the two samples for 

degrading methylene blue. 

 

2. Methods 

2.1  Materials 

The materials were HCl 37% (MW = 36.5 

g/mol), distilled water (MW = 18 g/mol), pluronic 

triblock copolymer P123 (MW = 5750 g/mol), 

commercial gelatin (MW = 90,000 g/mol), 

Tetraethyl orthosilicate (TEOS) (MW = 208.33 

g/mol), Tetraethyl ortho titanate (TEOT) (MW =  

228.109 g/mol), Zn((CH3COO)2.2H2O), n-hexane 

pro analysis (MW =  86.178 g/mol), and Methylene 

Blue (MW = 319.85 g/mol). All reagents were 

purchased from Sigma Aldrich. 

 

2.2  Synthesis of Carbon-silica Nanocomposites 

(CSNs) 

19.5 mL of 37% HCl was diluted in 127 mL of 

distilled water. After that, 4 grams of P123 and 

0.04 grams of gelatin were mixed with the HCl 

solution by stirring at a speed of 500 rpm at 40 oC 

for 3 hours, followed by 9.24 mL of TEOS. The 

mixture was put into an autoclave reactor for the 

hydrothermal reaction. The autoclave was heated 

at 90 oC for 24 hours, and the result was filtered 

and dried. The resulting white powder was then 

calcined in a furnace at 550 oC for 5 hours until 

carbon-silica nanocomposite powder (CSNs) was 

formed. 

 

2.3  Synthesis of ZnO/CSNs  

The 5% (w/w) of Zn is impregnated on CSNs 

as the support from  precursor. The impregnation 

of ZnO in CSNs was done by separately dissolving 

Zn((CH3COO)2.2H2O) (Zn precursor) in 20 mL of 

water followed by homogenization using stirrer 

magnetic 5 h at room temperature in 150 rpm. The 

results were then dried 100 oC for 24 h then 

calcined at 550 oC for 5 hours. The resulting 

samples were named ZnO/CSNs.  

 

2.4  Synthesis of TiO2/CSNs. 

The 5% (w/w) of Zn is impregnated on CSNs 

as the support from  precursor. The impregnation 
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Sample 
Crystallinity  

(%) 
D (nm) 

ZnO/CSNs 43.390 12.64 

TiO2/CSNs 43.558 27.91 

of TiO2 in CSNs was done by separately dissolving 

Tetraethyl ortho titanate (TEOT) (Ti precursor) in 

20 mL of n-hexane followed by homogenization 

using stirrer magnetic 5 h at room temperature in 

150 rpm. The results were then dried 100 oC for 24 

h then calcined at 550 oC for 5 hours. The resulting 

samples were named TiO2/CSNs.  

 

2.5 Characterizations 

X-ray diffraction (XRD) by Pananalytica 

Version PW3050/60 instrument with Cu-Kα 

radiation (1.5418 Å) with an angle range of 10o-80o 

was performed to determine the crystal size and 

crystallinity. Fourier Transform Infrared (FTIR) 

by Spectrum GX FT-IR (Perkin Elmer) with a 

potassium bromide (KBr) beam splitter was 

employed to observe the functional groups. 

Scanning Electron Microscopy-Energy Dispersive 

X-ray (SEM-EDX) by Tescan Mira3 SEM-Czechia 

SEM was applied to investigate the morphology 

and diameter of the particles. Bruneuer Emmet 

Teller (BET) method was used to identify surface 

area, pore volume, and pore diameter using BET 

by Quantacrome Nova 1200e. UV-Vis DRS 

(Diffuse Reflectance Spectroscopy) was utilized to 

estimate the bandgap energy using a double-beam 

spectrophotometer (UV-1800, Shimadzu) in the 

200-900 nm range. 

 

2.6  Photodegradation of Methylene Blue 

The photodegradation activity of the two 

catalysts was evaluated by measuring the 

degradation of Methylene Blue in wastewater 

solution under UV light radiation. The 

experiment was done in a photocatalytic reactor. 

Before the experiment, 50 mg of photocatalyst was 

added to 200 mL of methylene blue solution (5 

mg/L) by stirring for 30 minutes in the dark 

condition to reach adsorption-desorption 

equilibrium. Then, the mixture was placed 

vertically under a 300 W Xenon lamp equipped 

with an optical transmission filter (λ = 365 nm). 

After that, 10 mL of the irradiated mixture was 

collected at fixed irradiation times (10, 20, 30, 40, 

50, 60, 70, 80, and 90 min) and centrifuged to 

remove the photocatalyst. The methylene blue 

concentrations before and after irradiation were 

determined by measuring the absorbances at a 

wavelength of 665 nm with a UV-Vis 

spectrophotometer (Shimadzu UV-3600). 

 

3. Results and Discussion 

Figure 1 depicts the XRD patterns of the 

prepared photocatalysts. The XRD patterns 

showed a large hump at 2θ = 20-26° and 42.6°, 

indicating the carbon's amorphous nature. They 

were indexed to the (002) and (101) planes of the 

hexagonal graphite lattice corresponding to 

JCPDS card number 41-1487 [28,29]. Besides, all 

spectra showed a peak at 22°, indicating silica's 

cristobalite structure [30]. In Zn/CSNs, other 

prominent peaks were revealed at 2θ = 31°, 34°, 

36°, 47°, 56°, 62°, 66°, 67°, and 69°, corresponding 

to the crystalline hexagonal structure of ZnO 

assigned to planes (100), (002), and (101). 

Meanwhile, the XRD patterns of TiO2/CSNs 

lacked significant peaks, possibly due to TiO2 

concentrations below the XRD instrument's 

detection range. It is also suggested that the TiO2 

crystallites (Equations 1-2) formed were less than 

13 nm (Table 1), indicating highly dispersed. This 

results in intensities of the peaks responsible for 

the typical attributes of the diffraction patterns 

for the anatase structure at approximately 25.3°, 

37.0°, 38.0°, 38.5°, and 48.0° (JCPDS 21-1272) 

[31,32]. Furthermore, although the XRD patterns 

of all samples revealed the different structural 

properties of TiO2 and ZnO, their crystallinity 

(Equation 1) remained consistent. 

The crystallinity (%) (Equation 1) of the 

sample can also be calculated through X-ray 

Diffraction characterization data using the 

following formula: 

 

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 =
𝑐𝑟𝑦𝑠𝑡.𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎

𝑐𝑟𝑦𝑠𝑡.𝑎𝑛𝑑 𝑎𝑚𝑜𝑟𝑝ℎ.𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠
𝑥100% (1) 

 

Calculating crystal size is done using the Debye 

Scherrer formula as in the equation below: 

 

𝐷 =
0.9 𝜆

𝐵.𝑐𝑜𝑠 𝜃  
     (2) 

 

Figure 1. XRD patterns of TiO2/CSNs and 

ZnO/CSNs 

Table 1 Crystallite size (D) and crystallinity of 

catalysts by XRD 
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Photocatalyst 
Diameter, 

(nm) 

Elemental Composition Analysis (%wt)* 

C O Si Ti Zn 

CSNs 524.95 9.4 49.03 41.57 - - 

TiO2/CSNs 388.61 28.81 45.72 21.76 3.00 - 

ZnO/CSNs 434.76 28.05 49.47 20.22 - 2.26 

D is the crystallite size (Equation 2) in Ǻ, λ is the 

wavelength used in the XRD test which is 1.540 Ǻ, 

and B is the half-peak width in radians. θ is the 

angular position of the peak formation. The XRD 

results also show the FWHM to determine the B 

value (rad). 

Figure 2 displays the FT-IR spectra of 

TiO2/CSNs and ZnO/CSNs. The spectra revealed 

silica bands at 3500, 1060, and 800 cm−1, 

indicating OH stretching, asymmetric Si–O–Si 

bond stretching, and SiO4 tetrahedron ring, 

respectively [33,34]. The band at 1620 cm−1 was 

attributed to the stretching of C=C [35]. The 

absorption band at 1456 cm−1 was associated with 

C–H from the methylene group, while the band at 

1582 cm−1 denoted the C=C aromatic skeletal 

vibrations [36]. The resulting IR spectra show 

several significant differences between samples 

containing ZnO and TiO2 metal oxides. The sharp 

peak in the ZnO/CSNs spectrum at 500-450 cm-1 

was related to the presence of metal oxide 

stretching vibrations from the Zn–O bond [37]. 

Meanwhile, in the TiO2/CSNs spectrum, a peak at 

about 1500 cm-1 was a typical characteristic of Ti–

O–C [38]. This study found that aromatic 

structures were produced during high-

temperature treatment, and Ti and Zn elements 

were successfully incorporated into the carbon-

silica framework. FTIR results were supported by 

EDX data. 

Figure 3 depicts the SEM images, EDX 

spectra, and particle size distribution of the 

TiO2/CSNs and ZnO/CSNs composites. The 

results indicate that the ZnO and TiO2 phase was 

successfully integrated into the carbon-silica 

nanocomposite support. The EDX analysis 

(Figures 3c and 3d and Table 2) confirmed this 

conclusion in which Ti, Zn, Si, C, and O became 

the primary constituents in the samples. This 

approach also examined the C/Si = 1.32-1.38 ratio, 

which is consistent with conventional carbon-

silica nanocomposite values. Besides, as seen in 

Figure 3a, the TiO2 is uniformly distributed over 

the carbon-silica surface (not detectable on SEM 

due to the small percentages of Ti and Zn, which 

was less than 5% (Table 2). Further, the SEM 

images (Figures 3a and 3b) illustrate a type of 

composite in which carbon-silica presents its 

characteristic stacked tubular morphology. 

The diameter of the support decreases after 

metal impregnation. This is because the Ti and Zn 

particles impregnated into the Mesoporous Silica 

experience interatomic attraction and form 

smaller particle sizes. The addition of gelatin 

affects the formation of silica morphology. Gelatin 

can activate the condensation process of silica 

precursors through hydrogen bonds or 

electrostatic interactions of the NH3+ or COO- 

groups on the peptide chain with silanol species. 

Gelatin also plays a role in the growth of silica 

nuclei to the aggregation of silica particles which 

is an aggregation process that plays an important 

role in the formation of mesoporous material 

morphology. Gelatin can make materials more 

porous, because it can form more surfactant 

micelles and micelles can create more pores, 

thereby increasing the surface area and total pore 

volume. 

Figure 2. FTIR spectra of TiO2/CSNs and 

ZnO/CSNs 

Table 2. Elemental compositions of TiO2/CSNs and ZnO/CSNs observed by EDX 

*The elemental compositions were measured using Energy-Dispersive X-ray Spectroscopy (EDX). The EDX tests 

were carried out using a scanning electron microscope (SEM) equipped with an EDX detector. To guarantee that 

the surface composition was represented, the samples were scanned in multiple locations. Elements were 

quantified by integrating the distinctive X-ray peaks for each element and normalising to the overall number of 

elements found. The accuracy of the analysis was ensured by using ZAF (atomic number, absorption, and 

fluorescence) correction factors during the quantification process. 
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Figure 4 presents the nitrogen adsorption-

desorption isotherms and pore size distribution of 

TiO2/CSNs and ZnO/CSNs. The nitrogen 

adsorption-desorption curves show that all 

samples exhibited a combination of types I and IV 

isotherms, suggesting the existence of both 

micropores and mesopores in the structure. 

TiO2/CSNs and ZnO/CSNs inherited mesoporosity 

characteristics from the parent CSNs, with the 

surface area decreased (Table 3) due to the 

blocking pore after impregnation. 

ZnO has strong electron bond energy and high 

electron bond energy. Zn2+ in ZnO has an orbital 

diagram of 1s2 2s2 2p6 3s2 3p6 3d10 where the d 

orbitals are full. This causes a low level of ZnO 

agglomeration when ZnO is impregnated into 

Figure 3. SEM images, EDX spectra, and particle distributions of TiO2/CSNs (a, c, and e) and ZnO/CSNs 

(b, d, and f) 
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Sample Type CSNs ZnO/CSNs TiO2/CSNs 
aSBET (m2/g) 500.800 390.435 369.631 
bPore volume (cm3/g) 0.706 0.600 0.639 
cPore diameter (Å) 28.161 30.740 34.609 
d% Efficiency 61.500 92.800 77.170 

CSNs. Further, this causes a smaller level of 

surface area reduction compared to TiO2 because 

Zn tends not to easily attract electrons from other 

elements such as oxygen or Zn fellow.  This 

condition prevents massive agglomeration from 

occurring, which causes only a small portion of the 

CSN's surface to be covered with ZnO 

agglomerates. 

Figures 5-6 shows the percentages  dan 

psectra of methylene blue photodegradation by 

TiO2/CSNs and ZnO/CSNs with various 

irradiation times. ZnO/CSNs has the ability to 

degrade methylene blue by 92.80%, TiO2/CSNs by 

77.17%, while CSNs is only 61.50%. This proves 

that CSNs that have been added with active 

metals Zn and Ti have higher and better 

photocatalytic activity. Further, the figure 

exhibits that ZnO/CSNs resulted in a higher 

degradation percentage than that of TiO2/CSNs. 

This can be explained based on the type of metal 

on the photocatalyst surface. Zn metal in the form 

of Zn2+ on the carbon-silica surface is an active site 

Figure 4. Nitrogen adsorption-desorption isotherms and pore size distribution of TiO2/CSNs and 

ZnO/CSNs 

Figure 5. Methylene blue photodegradation by TiO2/CSNs and ZnO/CSNs 

Table 3. Textural properties of TiO2/CSNs and ZnO/CSNs. a = Surface area of material resulting from 

BET instrument; b = Pore volume determined by BJH method; c = Pore diameter (D) determined by BJH 

method; d = The photodegradation efficiency of MB by UV-VIS 
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Sample  %Efficiency Condition  Ref 

TiO2 rutile 78 Irradiation 240 min [39] 

ZnO nanosheets 99 pH = 2, MB 40 mg/L, catalyst 0.1 g. UV light 500 W 

Hg lamp irradiation 50 min 

[40] 

ZnO (with sulfur) 73 Irradiation 5 h, MB solution 1 M [41] 

Pure ZnO 59 using a 200W Xe lamp (light intensity=25 mW/cm2), 

irradiation 180 min 

[42] 

TiO2 (with inulin) 90 50 mL of MB, 0.01 catalyst, irradiation strength 

17.0 µW/cm2 , 150 min 

[43] 

TiO2 80 Solgel method, UV lamp 366 nm, 30 W, 0.2 g of 

photocatalyst, 500 mL of MB solution (20 mg/L 

[44] 

TiO2 microsphere 82 UV illumination 375 W mercury lamp, 0.02 g of 

catalyst 100 mL MB 10 mg/L , irradiation 180 min 

[45] 

TiO2 P25 40 Partice size 25 µm, irradiation 40 min [31] 

TiO2/CSNs 91 50 mg catalyst, 200 mL MB 5 mg/L, irradiated 90 

min  

This 

work ZnO/CSNs 77 

that emits electrons supported by the surface area 

of the support material. This condition supports 

the adsorption of methylene blue on the ZnO 

surface and increases the direct oxidation of 

methylene blue. Degradation is expected to occur 

on the surface of the material. The carbon-silica 

composition of ZnO/CSNS can contribute to 

absorption through electrostatic interactions, so 

total photodegradation was higher than that of 

TiO2/CSNs. Among the catalyst samples that have 

been synthesized, the highest photocatalytic 

efficiency achieved by ZnO/CSNs in minutes is 

higher than the average for pure ZnO and TiO2 

from previous references (Table 3). This is new 

insight into the importance of support materials 

such as carbon-silica based CSNs, which have 

great potential in air treatment. 

The mechanism of the methylene blue 

degradation reaction on TiO2/CSNs and 

ZnO/CSNs photocatalysts under light irradiation 

can be written as follows: 

 

TiO2 + hv → TiO2 (e– + h+)   (3) 

ZnO + hv → ZnO (e– + h+)     (4) 

OH– + h+ → OH•    (5) 

H2O + h+ →OH• + H+    (6) 

 •OH + Methylene blue → CO2 + H2O  (7) 

Methylene blue + e– → CO2 + H2O  (6) 

 

When TiO2/CSNs and ZnO/CSNs photocatalysts 

absorb photons from a light source with energy 

equal to or greater than their band gap energy, 

then the electrons in TiO2 and ZnO are excited 

from the valence band to the conduction band, 

producing electron-hole pairs. In which, e- dan h+ 

are respectively electrons in the conduction band 

and holes in the valence band. Both of these 

entities can migrate to the surface of TiO2/CSNs 

and ZnO/CSNs and enters into a redox reaction 

Figure 6. UV-Vis spectrum of methylene blue solution degraded by a. ZnO/CSNs and b. TiO2/CSNs 

Table 4. Comparation study  with previous  research 
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with organic pollutants, in this case, methylene 

blue, on the surface. Holes will react with H2O or 

OH– to generate hydroxyl radicals (•OH). These 

radicals are powerful oxidizing agents and the 

main oxidizers in the photocatalytic oxidation 

process of methylene blue to carbon dioxide, 

water, and other mineralized products. 

Meanwhile, electrons (e-) will react with 

methylene blue to produce reduction products, 

namely CO2 and H2O. 

 

4. Conclusion 

Carbon-silica nanocomposites (CSNs) from 

gelatin as a carbon source and natural template 

and TEOS as a silica source have been 

successfully synthesized with a one-pot method.  

Carbon-silica nanocomposites were employed as a 

supporting material for ZnO and TiO2 

photocatalysts by applying a simple wet 

impregnation method. TiO2/CSNs and ZnO/CSNs 

exhibited different structural characteristics with 

similar crystallinity. The typical characteristics of 

ZnO- and TiO2-impregnated samples were 

revealed with the presence of Zn-O and Ti-OC 

bonds, respectively, at about 500-450 cm-1 and 

1500 cm-1. The morphological surface exhibited a 

typical composite in which carbon-silica presents 

its characteristic stacked tubular shape, and Ti, 

Zn, Si, C, and O became the primary elements in 

the two samples. The nitrogen adsorption-

desorption curves of TiO2/CSNs and ZnO/CSNs 

revealed a combination of types I and IV 

isotherms, indicating the existence of both 

micropores and mesopores with the surface area 

of the impregnated samples decreased due to the 

blocking pore after impregnation. Moreover, 

ZnO/CSNs demonstrated a higher degradation 

percentage against methylene blue than that of 

TiO2/CSNs because the active site of Zn2+ on the 

carbon-silica surface that supports the adsorption 

and direct oxidation of methylene blue on the ZnO 

surface.  
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