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ABSTRACT 

This study highlighted a facile preparation of a low-cost and efficient iron dopant photocatalyst using rice husk (RH) 

for water treatment. RH was not only used as a template but also as a multi-dopant source to prepare biowaste-

templated TiO2 nanoparticles with iron ions (RH-Fe-TiO2). RH, as an agricultural waste, was used to prepare RH-

Fe-TiO2 nanoparticles through a sol-gel method, followed by iron doping via a wet impregnation method. XRD 

analysis results indicated that the RH-Fe-TiO2 specimen contained a mixed phase, primarily composed of anatase 

and a smaller amount of rutile TiO2. The removal of the sacrificial template and the iron doping were confirmed 

through SEM-EDAX and XPS analysis. FTIR analysis also proved the presence of silicon derived from RH and iron 

dopant ions resulting from the doping procedure. The morphology of the RH-Fe-TiO2 specimen exhibited a fibrous 

and lamellar structure with cracks formed due to the removal of the sacrificial template. The iron doping process 

resulted in a reduction of the band gap and an observed red shift in the spectrum. The BET surface area of the 

photocatalyst was found to be 47 m2/g. The RH-Fe-TiO2 catalyst degraded 41% of 4-nitrophenol (4-NP) in 120 min. 

Keywords: 4-Nitrophenol, biotemplate, biowaste, iron doping, rice husk, photocatalysis. 

ÖZET 

Bu çalışmada, pirinç kabuğu (RH) kullanılması ile düşük maliyetli ve etkili bir demir katkılı fotokatalizörün su 

arıtımında kullanılması için kolay bir yöntemle sentezi konusu vurgulanmıştır. RH sadece bir şablon olarak 

kullanılmamış, aynı zamanda çoklu bir katkılandırma kaynağı olarak da demir iyonları içeren biyo-atık içerikli TiO2 

nano taneciklerinin (RH-Fe-TiO2) hazırlanmasında kullanılmıştır. RH-Fe-TiO2 örneğinin hazırlanmasında tarımsal 

atık olan RH ile sol-jel yöntemi ve ardından ıslak emdirme yöntemi kullanılarak demir katkılandırılması sağlanmıştır. 

XRD analiz sonuçları, RH-Fe-TiO2 nano taneciklerinin başlıca anataz fazı ve eser miktarda rutil TiO2 fazı içeren bir 

faz karışımından oluştuğunu göstermiştir. SEM-EDAX ve XPS analizleri ile şablonunun uzaklaştırılması ve demir 

katkısının varlığı doğrulandı. FTIR analizi ile RH’den gelen silikonun ve katkılandırma işleminden oluşan demir 

iyonlarının varlığı kanıtlanmıştır. RH-Fe-TiO2 numunesinin morfolojisi, şablonunun uzaklaşması sonucunda oluşan 

çatlaklar içeren lifli ve lamelli bir yapı göstermiştir. Demir ile katkılandırma işlemi sonucunda, band boşluğu azalmış 

ve spektrumda kırmızıya doğru bir kayma gözlenmiştir. Fotokatalizörün BET yüzey alanı 47 m2/g olarak 

bulunmuştur. RH-Fe-TiO2 katalizörü, 4-nitrofenolün (4-NP) %41'ini 120 dakikada giderebilmiştir.  

Anahtar Kelimeler: 4-Nitrofenol, biyo-şablon, biyo-atık, demir katkılandırma, pirinç kapçığı, fotokataliz. 
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INTRODUCTION 

Agricultural waste is considered a low-cost, easily accessible, and rich source of lignocellulosic biomass. The 

improper disposal of enhanced agro-waste can lead to environmental and economic issues, leading to water and soil 

pollution. Rice husk (RH), sugarcane bagasse, and coconut husk are regarded as sustainable and innovative materials 

for various applications, including adsorbents or catalysts in water treatment, and as clean alternative fossil fuel 

energy sources (Liou and Wang, 2025; Sujanto et al., 2024). RH is formed by milling approximately 20% of the total 

grain weight, primarily comprising silica, cellulose, and mineral components (De Gregori da Rocha et al., 2025). 

Recently, several studies have been focused on transforming this low-value waste into appreciated products such as 

biochars, construction materials, polymer composites, supercapacitors, and biosensors in various applications  (Onu 

et al., 2022; Prabha et al., 2021; Suhot et al., 2021).   

  

The increasing trend of manufacturing sectors in industrial countries can cause an environmental threat due to their 

improper disposal of liquid waste. Common hazardous pollutants in wastewater include pharmaceuticals, dyes, 

aromatic compounds, phenols, pesticides, and micropollutants, which are frequently released into the environment. 

Exceeding the permitted levels of these compounds can result in serious consequences (Mohd Zaki et al., 2024). 

Numerous efforts have been made to eliminate phenol and its substituted compounds from water due to the adverse 

effects these compounds pose on human health, as they are toxic, carcinogenic, and mutagenic (Bibi et al., 2023; 

Gurkan et al., 2017; San et al., 2001; San et al., 2002; Sun et al., 2022). Hence, cost-effective and efficient materials 

for water technologies can help address the issue of water pollution. The utilization of RH highlights the economic 

concept of “waste to wealth” in this field (Hussain et al., 2024; Yadav and Shrotriya, 2024). Recently, RH biochar 

and RH biochar-based composites have already been used to remove toxic contaminants from water, regarded as 

high-value-added either adsorbents or catalysts (Li et al., 2023; Rangarajan et al., 2022; Thuan et al., 2023).  

 

Photocatalysis is a promising and environmentally friendly method for water treatment, which relies on the 

generation of hydroxyl radicals and superoxide radicals. This phenomenon primarily refers to various semiconductor 

oxides, such as TiO2 and ZnO, which play a crucial role in catalytic reactions as photocatalysts. However, these 

photocatalysts encounter limitations in practical applications due to their large band gap, rapid electron-hole 

recombination, and lack of visible light activity. Significant strategies have focused on modifying and designing the 

materials of TiO2 to improve its photocatalytic performance (Hong et al., 2022; Mohd Zaki et al., 2024; Zia and Riaz, 

2021). In this context, several researchers have utilized RH to prepare efficient RH-derived TiO2 photocatalysts (Banu 

Yener and Helvacı, 2015; Hui et al., 2015; Joseph et al., 2021; Turkten et al., 2023; Wang et al., 2019). Wang et al. 

prepared mesoporous SiO2@TiO2 photocatalysts that effectively eliminate rhodamine B dye under xenon lamp and 

visible light irradiation (Wang et al., 2019). In another photocatalytic study, rice husk ash was utilized as a SiO2 

source to prepare TiO2-SiO2 composites, and their photocatalytic performance was tested on the degradation of 

terephthalic acid (Banu Yener and Helvacı, 2015). Hui et al. synthesized TiO2-SiO2 nanoporous composites using RH 

as a template, reporting a high photocatalytic degradation of methylene blue, achieving up to 82% in 4 hours (Hui et 

al., 2015).  

 

So far, RH has been employed as a biogenic precursor to develop hierarchical TiO2 composites and mesoporous TiO2 

photocatalysts (de Cordoba et al., 2019; Turkten et al., 2023; Zhaohui et al., 2018). Cordoba et al. synthesized carbon-

containing TiO2-SiO2 photocatalysts using RH as both the silicon source and mesoporous template from the 

solvothermal treatment (de Cordoba et al., 2019). In another study, RH was employed as a biogenic template to 

prepare hierarchical MIL-125/TiO2@SiO2 composites, and the photocatalytic activity of the composite was evaluated 

through the degradation of rhodamine B dye (Zhaohui et al., 2018). In our previous study, RH served as both a 

template and a source of dopants to synthesize a hierarchical microstructure TiO2 photocatalyst via the sol-gel 

method, which incorporated multiple dopant elements resulting from the calcination of RH (Turkten et al., 2023). 

This hierarchical microstructure of TiO2 exhibited a higher photocatalytic activity on the degradation of 4-nitrophenol 

(4-NP) compared to TiO2 nanoparticles.  

 

Iron doping with TiO2 has emerged as one of the most effective options among transition metal ions due to its cation 

radius being nearly identical to that of Ti4+. This offers a strategy for enhancing the visible light region response of 

TiO2 (Jahantiq et al., 2020; Matias et al., 2022). In our previous studies, the various methods for preparing iron-doped 

TiO2 and their effects on humic acid degradation and characterization were investigated (Birben et al., 2017; Türkten 

and Uyguner Demirel, 2020). Yalcin et al. Fe-doped TiO2 photocatalysts were synthesized using commercial P25 via 
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a wet impregnation method, indicating a high photocatalytic degradation of 4-NP. They reported that the presence of 

the additional electronic states could result in visible light activity of the photocatalyst (Yalçın et al., 2010). 

Herein, a value-added photocatalyst used in water treatment, originating from an agricultural waste, RH, was 

proposed. Therefore, RH was proposed as an economical, self-sacrificing bio-template and a derived multi-dopant 

source for preparing TiO2 nanoparticles with iron ions. FTIR, XRD, SEM, BET, XPS, and UV-DRS spectroscopy 

tools were employed to analyze the structural, morphological, optical, and surface characteristic properties of the 

photocatalyst. 4-NP was chosen as a recalcitrant organic pollutant to evaluate the photocatalytic activity of RH-

templated TiO2 nanoparticles with iron ions (RH-Fe-TiO2) under visible light irradiation. 

MATERIALS AND METHODS 

Titanium(IV) isopropoxide (TIP) was obtained from Aldrich. Ethanol, 4-nitrophenol (4-NP), hydrochloric acid 

(HCl), and iron(III) nitrate (Fe(NO3)3·9H2O) were purchased from Merck and used without further purification in the 

analyses. RH-templated TiO2 nanoparticles were synthesized using a sol-gel method, as detailed in our previous study 

(Turkten et al., 2023). Iron doping (0.5wt% Fe) was prepared by an incipient wet impregnation method as reported 

in our previous research (Birben et al., 2017). Briefly, 10 g of RH-templated TiO2 nanoparticles containing 0.36 g 

Fe(NO3)3·9H2O in 10 mL distilled water were stirred on a magnetic stirrer for 1 h. Then, RH-Fe-TiO2 particles were 

washed, dried, calcined at 500°C for 5 h, ground, and sieved. Comprehensive details on the characterization analysis 

were discussed in our previous study (Turkten et al., 2023). Crystallite size (D, nm) of RH-Fe-TiO2 nanoparticles 

was calculated using the Scherrer equation (Scherrer, 1918). The band-gap energy of the RH-Fe-TiO2 specimen was 

calculated using the Kubelka-Munk equation (Kubelka and Munk, 1931). From plotting the Tauc formula of 

[F(R).hν]n vs hν (photon energy, eV and n=1/2), the band-gap energy was deduced by the linear intersection of this 

plot’s extrapolation. The photocatalytic activity of RH-Fe-TiO2 nanoparticles (0.2 g/100 mL) was evaluated on the 

degradation of 4-NP (1x10-4 mol/L) in a 600 mL suspension, which was placed in a double-jacket Pyrex photoreactor. 

The photocatalytic tests were conducted without adjusting the pH, which remained approximately at pH=6 

throughout the experiments. Detailed information on photocatalytic experiments was also reported in our previous 

study (Turkten et al., 2023). 

RESULTS AND DISCUSSION 

Characterization of RH-Fe-TiO2 Nanoparticles 

The characteristic properties of RH and TiO2 nanoparticles were identified in our previous study (Turkten et al., 

2023). XRD diffractogram of RH-Fe-TiO2 nanoparticles revealed the diffraction peaks at 2=25.16, 37.38°, 38.42°, 

47.84°, 53.66°, 54.60°, and 62.37° related to the (1 0 1), (0 0 4), (1 1 2), (2 0 0), (1 0 5), (2 1 1), and (0 0 2)  reflection 

planes of anatase TiO2, respectively (JCPDS No. 73–1764), and a minor rutile peak at 2θ=27.33° corresponded to (1 

1 0) plane (JCPDS No. 99–0090) (Figure 1 (a)). No characteristic crystalline phases corresponding to iron, such as 

Fe2TiO5 and -Fe2O3, were detected. The reason could be a low calcination doping process, preventing Fe3+ cations 

from reacting with TiO2 and forming these crystalline phases (Yalçın et al., 2010). The crystallite particle size of RH-  
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Figure 1. (a) XRD Diffractogram (·Anatase and¨Rutile) and (b) FTIR Spectrum of RH-Fe-TiO2 Specimen. 
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Fe-TiO2 nanoparticles was 13.8 nm. Yelda et al. reported a slightly higher crystallite particle size value (17.9 nm) for 

the 0.50 wt% Fe3+–TiO2 photocatalyst, which was prepared by a wet impregnation method (Yalçın et al., 2010). 

 

FTIR spectrum of RH-Fe-TiO2 nanoparticles revealed peaks at 2971 cm⁻¹ and 2891cm⁻¹ , which were assigned to the 

stretching of C−H and originated from –CH2 and –CH3 of TTIP (Kapridaki et al., 2019) (Figure (b)). The peak at 

1624 cm⁻¹ belonged to the bending vibration of adsorbed water. In the spectral region, the absorption peaks below 

around 950 cm⁻¹ were related to the Ti–O stretching and O–Ti–O bending vibrations. The observed three additional 

peaks at 1082 cm⁻¹, 814 cm⁻¹, and 438 cm⁻¹ could be attributed to RH, indicating that TiO2 was coated onto the 

biogenic template. The peak at 1082 cm-1 corresponded to the C–OH and Si–O vibrations in siloxane, whereas the 

peaks at 814 cm⁻¹ and 438 cm⁻¹ related to the symmetric Si–O and Si-O-Si bending vibrations, respectively (Turkten 

et al., 2023). The observed peak at 664 cm⁻¹ could be attributed to the Fe-O stretching vibration (Jayasaranya et al., 

2024).  

 

SEM images and EDAX spectra of RH and RH-Fe-TiO2 nanoparticles are presented in Figure 2. The morphology of 

the RH featured a fibrous structure that was both longitudinal and lamellar. In contrast, the RH-Fe-TiO2 specimen  

 

 
Figure 2. SEM Images of x2500 (left) and x5000 (right), (a) RH and (b) RH-Fe-TiO2, and EDAX Spectra of RH-

(c) RH and (d) RH- Fe-TiO2 Specimens. 

         

         

                                         

(b) 

(a) 

 Element  Wt %  At %

 C K 31.99 46.36

 N K 4.05 5.04

 O K 20.22 22

 SiK 40.24 24.94

 S K 1.04 0.56

 K K 2.47 1.1

 Total 100 100

(c) (d) 

 Element  Wt %  At %

 C K 4.7 7.78

 N K 11.35 16.09

 O K 35.84 44.49

 SiK 40.21 28.43

 TiK 6.74 2.79

 FeK 1.16 0.41

 Total 100 100
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revealed a hierarchical matrix within the cracks formed by the burned biogenic template. The dominant elements 

were Si, C, and O atoms in both EDAX spectra. The detection of derived elements from RH and iron in the EDAX 

spectra of RH-Fe-TiO2 confirmed the calcination of the biogenic template and indicated a successful doping process. 
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Figure 3. XPS Spectra of (a) Ti 2p, (b) O 1s, (c) Si 2p, (d) C 1s, and (e) Fe 2p Core Level of RH-Fe-TiO2 

Nanoparticles.  
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XPS spectra of RH-Fe-TiO2 nanoparticles consisted of five spectral regions corresponding to Ti 2p, O 1s, Si 2p, C 

1s, and Fe 2p (Figure 3). In the Ti 2p XPS spectrum, the peaks at 458.1 eV and 464.2 eV were attributed to the Ti 

2p1/2 and Ti 2p3/2 states of TiO2, respectively, indicating a Ti4+ oxidation state. For the O 1s energy core level, two 

binding energies were observed at 529.7 eV and 533.2 eV, corresponding to the metallic oxides and SiO bond 

derived from the calcined biogenic template, respectively. The Si 2p core level exhibited a binding energy peak at 

103.9 eV, belonging to the Si 2p1/2. Considering the C 1s core level, a major peak at 284.7 eV was assigned to the C 

sp2 graphitic carbon (Turkten et al., 2023). In the Fe 2p core level spectrum, a characteristic peak was detected at 

710.5 eV, corresponding to Fe 2p3/2 , which revealed that the oxidation state of Fe was (III) (Hung et al., 2008). The 

XPS results were confirmed by both the SEM analysis and the EDAX. This also indicated that multi-doped elements 

were derived from the calcination of the biogenic template and successful iron doping.  

 

Nitrogen adsorption-desorption plot of RH-Fe-TiO2 nanoparticles (Figure 4 (a)) revealed a Type IV isotherm 

according to IUPAC classification (Sing, 1985). BET surface area of RH-Fe-TiO2 nanoparticles was 47 m2/g. The 

UV-DRS spectrum of RH-Fe-TiO2 nanoparticles revealed a distinct absorption edge at approximately 340 nm, 

extending to around 480 nm, and then to 690 nm (Figure 4 (b)). The band gap energy of the RH-Fe-TiO2 specimen 

was 2.62 eV (λ = 474 nm). In our previous study, the band gap of TiO2 hierarchical microstructure was found to be 

2.74 eV (λ = 452 nm). The iron doping process could result in additional doping energy levels, leading to a decrease 

in the band gap and a red shift (Turkten et al., 2023). The introduction of additional doping energy levels within the 

band gap was responsible for this change (Yalçın et al., 2010). 
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Figure 4. RH-Fe-TiO2 Nanoparticles (a) N2 Adsorption-Desorption (b) UV-DRS Spectra. 

Photocatalytic Activity of RH-Fe-TiO2 nanoparticles  

The photocatalytic activity of RH-Fe-TiO2 nanoparticles on the degradation of 4-NP was investigated in 120 minutes 

of UV light irradiation (Figure 5).  

 

The percent removal of 4-NP was calculated using Equation (1). 

 

  ,  %  -  / 100
o otDegradation C C C x          (1) 

 

where, 

o
C  initial concentration of 4-NP, 

t
C : concentration of 4-NP at time t . 

 

The removal efficiency of 4-NP in the presence of the RH-Fe-TiO2 specimen was 41% after 120 min. It was reported 

that the iron doping process of TiO2 resulted in reduced electron/hole recombination and improved charge separation, 

because Fe3+ dopant ions could serve as recombination centers (Komaraiah et al., 2019). Yelda et al. reported that 



KSÜ Mühendislik Bilimleri Dergisi, 29(1), 2026                     426 KSU J Eng Sci, 29(1), 2026 

Araştırma Makalesi  Research Article 

N. Turkten, Y. Karatas, Z. Cınar 

 

the iron doping amount affected the photocatalytic activity, and they found the photocatalytic degradation of 4-NP 

varied between 64% and 80% (Yalçın et al., 2010).  
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Figure 5. Removal Efficiencies of RH-Fe-TiO2 Nanoparticles. 

CONCLUSION 

In this current study, RH-Fe-TiO2 nanoparticles were synthesized from a biowaste, RH, using a sol-gel method, 

followed by iron doping through a wet impregnation process. RH was applied as both a sacrificial template and a 

multi-dopant source, such as Si, C, and N. The removal of RH in the photocatalyst after a calcination process resulted 

in a similar sacrificial template morphology that formed in the cracks of a fibrous structure. The crystallite particle 

size of RH-Fe-TiO2 nanoparticles was 13.8 nm, and both anatase and a minor rutile phase of TiO2 were detected. 

XPS results confirmed the sacrificial template and iron doping process. The BET surface area of the RH-Fe-TiO2 

specimen was 47 m2/g and revealed a Type IV isotherm.  According to UV-DRS analysis, the band gap energy of the 

RH-Fe-TiO2 specimen was 2.62 eV, and the iron doping procedure resulted in a red shift. Through photocatalytic 

results, it was found that the removal efficiency of 4-NP was 41% in 120 min. The results of this study emphasized 

that agricultural biowaste can be transformed into a valuable photocatalyst for water treatment.  

 

The present article is dedicated to the memory of Prof. Dr. Zekiye Cinar, who passed away on July 22, 2021. 
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