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Abstract 

This study explores the effect of hematite (α-Fe₂O₃) crystallinity on the heterogeneous photo-Fenton 

degradation of para-nitrophenol (PNP). Hematite was synthesized by precipitating FeCl₃ with NaOH, 

followed by oven drying at 100°C and calcination at 250°C and 500°C to obtain catalysts with 

different crystallinity levels. The degradation was carried out under UV irradiation in the presence 

of H₂O₂ and hematite, with optimization of catalyst dosage, H₂O₂ concentration, initial pH, and 

irradiation time. The catalysts were characterized by XRF, XRD, BET, FTIR, and UV-Vis DRS. 

XRD and FTIR confirmed that higher calcination temperatures promoted crystallinity and phase 

purity, while BET analysis showed that elevated temperatures reduced surface area due to particle 

growth and sintering. UV-Vis DRS revealed band gap narrowing with increased crystallinity. Among 

the catalysts, hematite calcined at 250°C displayed moderate crystallinity, mesoporosity (2.9 nm), 

and the largest surface area (70.89 m²/g), achieving the highest PNP degradation (98.89%) at pH 6. 

In contrast, the oven-dried and highly crystalline (500°C) hematite exhibited lower catalytic 

performance. The 250°C catalyst also showed stability with minimal Fe leaching. These results 

highlight that moderate crystallinity optimizes catalytic activity and demonstrate the potential of 

engineered hematite as an efficient and reusable catalyst for sustainable water treatment. 
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1. Introduction 

 

The presence of para-nitrophenol (PNP) in the 

environment can originate from the discharge of 

wastewater from industries such as pesticides, 

insecticides, herbicides, explosives, synthetic dyes, and 

pharmaceuticals [1]. PNP in aquatic environments is toxic 

to aquatic organisms and leads to environmental damage. 

Moreover, the accumulation of PNP in the human body 

can cause kidney and liver damage, central nervous 

system dysfunction, and symptoms such as headaches, 

skin rashes, cyanosis, methemoglobinemia, drowsiness, 

and nausea [2]. Therefore, the removal of PNP from 

wastewater before it is released into the environment is 

essential to prevent these adverse effects. An effective 

method for PNP removal is degradation into harmless 

small molecules such as CO₂ and H₂O [3]. Among the 

degradation methods available, the photo-Fenton process 

has been widely applied due to its ability to generate 

hydroxyl radicals (•OH), which are powerful oxidants 
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capable of degrading stable organic compounds like PNP 

[1,4,5]. The photo-Fenton process involves a reaction 

between H₂O₂ and Fe²⁺ (known as Fenton's reagent) under 

UV irradiation, producing •OH radicals (Eq.1-3). This 

method has been extensively studied for organic 

wastewater treatment due to several advantages, including 

rapid reaction times, simple operation, ambient 

temperature and pressure conditions, and the use of 

environmentally friendly reagents such as iron and H₂O₂, 

which decompose into water and oxygen [3,6]. 
 

Fe²⁺ + H₂O₂ → Fe³⁺ + •OH + OH⁻  (1) 

Fe³⁺ + H₂O₂ → Fe²⁺ + HO₂• + H⁺ (2) 

H₂O₂ + hv → 2•OH (3) 
 

However, the photo-Fenton process operates most 

efficiently at low pH (between 2.8 and 3.5) [7–9], and its 

effectiveness significantly decreases at higher pH levels. 

This limits its application in wastewater treatment, as 

most wastewater typically has a near-neutral pH. 

Furthermore, using the photo-Fenton process at neutral 

pH can lead to the formation of iron sludge, primarily in 

the form of Fe(OH)₃, as Fe³⁺ ions react with OH⁻ ions 

(Eq.4). This sludge increases water turbidity, obstructs 

light penetration, reduces degradation efficiency, and 

raises treatment costs [7,9–14].  
 

Fe³⁺ + OH⁻ → Fe(OH)₃ (4) 
 

To improve the photo-Fenton process at near-neutral 

pH, recent studies have replaced dissolved Fe²⁺ catalysts 

with solid iron oxides in what is known as the 

heterogeneous photo-Fenton process. The use of solid iron 

oxide catalysts prevents the formation of iron sludge, thus 

maintaining efficiency at neutral pH. Iron oxides used in 

this process include hematite (α-Fe₂O₃) [15–18], goethite 

(α-FeOOH) [19,20], and magnetite (Fe₃O₄) [21–25]. The 

iron ions are often bonded to hydroxide ions (OH⁻) as a 

ligand and forming ≡Fe³⁺–OH able to react with H₂O₂ to 

form ≡Fe²⁺ species and •OH (Eq. 5). Later, ≡Fe²⁺ species 

generated can further react with H₂O₂ oxidized into ≡Fe³⁺ 

and produce more •OH (Eq.6) [12]. 

≡Fe³⁺–OH + H₂O₂ → ≡Fe²⁺ + H₂O + HO₂•  (5) 

≡Fe²⁺ + H₂O₂ → ≡Fe³⁺–OH + •OH (6) 

≡Fe³⁺–OH + HO₂• → ≡Fe²⁺ + H₂O/OH⁻ + O₂  (7) 

In the presence of applied UV light (hv), the reaction 

will generate electrons (e⁻) and holes (h⁺) on the surface 

of iron oxides. This photochemical activation process can 

be represented in Eq. 8. The generated e⁻ can reduce ≡Fe³⁺ 

to ≡Fe²⁺ (Eq.9) and react with dissolved oxygen (O₂) to 

produce superoxide radicals (•O₂⁻) (Eq.10), while the h⁺ 

can generate •OH (Eq.11). UV light also directly 

photolyze hydrogen peroxide (H₂O₂) to generate •OH 

(Eq.3) [12]. 

Fe₂O₃ + hv → Fe₂O₃ (e⁻ + h⁺) (8) 

≡Fe³⁺ + 𝑒⁻ → ≡Fe²⁺ (9) 

e⁻ + O₂ → •O₂⁻ (10) 

h⁺ + H₂O → •OH + H⁺ (11) 
 

Among iron oxide, hematite (α-Fe₂O₃) has shown the 

most promising performance in enhancing the photo-

Fenton process at neutral pH [12], due to its 

thermodynamic stability and suitable band gap of 2.1–2.2 

eV for photocatalytic applications. Hematite and other 

iron oxides have been tested in the photodegradation of 

various organic pollutants such as tetracycline [26], acid 

orange 7 [27], methylene blue [12], and rhodamine B [26]; 

however, recent studies have also demonstrated their 

potential for PNP degradation. Tiar et al. (2025) 

investigated the photocatalytic oxidation of 4-nitrophenol 

using various iron-containing clays, including hematite 

(Fe₂O₃), under UV irradiation in the presence of H₂O₂. 

Although hematite was primarily used as a comparison 

material, the study confirmed its ability to participate in 

radical-mediated degradation reactions through both 

hydroxyl (•OH) and superoxide (•O₂⁻) species [28]. 

Similarly, Sun and Lemley (2011) reported the efficient 

degradation of PNP via a heterogeneous Fenton-like 

reaction catalysed by nano-magnetite (Fe₃O₄), achieving 

over 90% removal efficiency and elucidating a detailed 

degradation pathway [29]. These findings indicate that 

several iron oxides, including hematite and magnetite, 

have already exhibited strong catalytic activity toward 

PNP degradation and should be considered in related 

discussions. 

Moreover, the iron oxides used in previous studies 

were often expensive commercial chemicals [30], even 

though hematite can be synthesized easily. The synthesis 

process typically involves a calcination step at high 

temperature, which influences the crystallinity of the iron 

oxide. Crystallinity, in turn, can affect the specific surface 

area [31], both of which collectively determine the 

material’s ability to generate hydroxyl radicals (•OH) 

critical for pollutant degradation [12]. However, to date, 

no studies have specifically evaluated the effect of 

synthesized hematite’s crystallinity on its catalytic 

activity in heterogeneous photo-Fenton systems. 

Therefore, this study aims to fill that gap by investigating 

the relationship between the crystallinity of hematite 

controlled via calcination temperature variation and its 

catalytic activity in the photo-Fenton degradation of para-

nitrophenol. 

 

2. Materials and methods 

 

2.1. Materials 

 

The materials used in this study included iron(III) chloride 

hexahydrate (FeCl₃·6H₂O, ≥99%, Merck), iron(II) sulfate 

heptahydrate (FeSO₄·7H₂O, ≥99%, Merck), sodium 
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hydroxide (NaOH, ≥98%, Merck), para-nitrophenol 

(PNP, ≥99%, Merck), hydrogen peroxide (H₂O₂, 30% 

w/w, Merck), and sulfuric acid (H₂SO₄, 95–98%, Merck). 

Technical materials such as Whatman filter paper No. 42 

(110 mm), deionized water, and double-distilled water 

were also used in all experiments. 

 

2.2. Instrumentation 

 

The equipment used in this research included standard 

laboratory glassware, an analytical balance (Mettler 

Toledo ME 204), hot plate stirrer (Thermo Scientific 

Cimarec), oven (Kirin-190), furnace (Vulcan-130), muffle 

furnace (Barnstead Thermolyne), magnetic stirrer 

(Ultrasonic Krisbow), and a photocatalytic reactor 

equipped with UV lamps (Himawari, λ = 330–380 nm), 

and visible light lamps (Philips, λ = 400–680 nm, P = 36 

W), as well as a pH meter (ATC).  

      Characterization and analysis instruments included an 

X-ray Diffractometer (XRD, PANalytical: X’Pert PRO 

Series 2318, Cu source), X-ray Fluorescence (XRF, 

Rigaku NEX CG II), Fourier Transform Infrared 

Spectroscopy (FT-IR, IPRPrestige-21 Shimadzu), Surface 

Area Analyzer (SAA, Quantachrome Novatouch Lx4), 

Diffuse Reflectance UV-Visible Spectroscopy (DR-UV, 

Perkin Elmer 365+), Atomic Absorption Spectroscopy 

(AAS, Perkin Elmer Model 3110), and a UV-Visible 

Spectrophotometer (Thermo Scientific GENESYS 150).  

 

2.3. Synthesis of hematite 

 

Hematite catalysts were synthesized using a chemical 

precipitation method. An iron chloride solution was 

prepared by dissolving 4.0576 g of FeCl₃·6H₂O in 100 mL 

of deionized water. A 2 M NaOH solution was then added 

dropwise under magnetic stirring until the pH reached 11. 

The reaction mixture was heated to 80°C for 3 hours. The 

resulting precipitate was separated by centrifugation and 

washed with deionized water and ethanol. The precipitate 

was then dried at 100°C and calcined at 250°C, and 500°C 

for 4 hours.  

2.4. Characterization of hematite 

 

The synthesized materials were characterized using XRD, 

XRF, FT-IR, SAA, DR-UV, AAS, and UV-Vis 

spectroscopy. XRD was used to determine the crystal 

structure and phase composition, as well as to estimate 

crystallite size and crystallinity influenced by the 

calcination temperature. XRF was employed to analyze 

elemental composition and assess purity and possible 

contamination.  

      FT-IR was used to identify bond vibrations or 

functional groups to understand the chemical bonds 

formed during synthesis. SAA was used to determine the 

specific surface area to evaluate the effect of calcination 

temperature on morphology. DR-UV was used to assess 

the optical properties and band gap energy of the 

materials, providing insight into their light absorption and 

energy transitions.  

      AAS was used to evaluate the possible contribution of 

dissolved Fe species in the reaction. UV-Vis spectroscopy 

was used to measure absorbance before and after para-

nitrophenol photodegradation.  

 

3. Photodegradation activity test of para-

nitrophenol via photo-Fenton method 

 

The photocatalytic degradation activity of para-

nitrophenol using hematite via the photo-Fenton method 

was evaluated using a standard para-nitrophenol solution. 

Optimization of reaction conditions, including H₂O₂ 

concentration, catalyst mass, pH, and UV irradiation time, 

was carried out using the hematite catalyst calcined at 

250°C.  

      A reaction mixture was prepared by adding 13.4 mg 

of catalyst into 20 mL of a 10 mg/L para-nitrophenol 

solution, followed by 10 mL of 60 mmol/L H₂O₂. The 

mixture was continuously stirred under UV light in a 

reactor for 90 minutes. Although the reactor was equipped 

with both UV and visible light lamps, all photocatalytic 

experiments in this study were conducted under UV 

irradiation (λ = 330–380 nm, P = 36 W).  

The visible light source was not used in this work, as the 

focus was to evaluate the catalytic performance of 

hematite under UV-assisted photo-Fenton conditions. 

After the reaction, the catalyst was separated by 

centrifugation at 5000 rpm for 10 minutes and filtered 

using Whatman No. 42 filter paper. The filtrate was 

analyzed using a UV-Vis spectrophotometer to determine 

the absorbance before and after degradation.  

The samples were treated under various conditions, 

including different H₂O₂ concentrations (20, 40, 60, 80, 

and 100 mmol/L), catalyst masses (6.7, 13.4, 20.1, 26.8, 

32.5, and 40.2 mg), pH levels (2, 3, 4, 5, and 6), and UV 

irradiation times (30, 60, 90, 120, and 150 minutes). When 

one variable was varied, the others were kept constant. 

The effect of calcination temperatures (250°C, and 

500°C) and oven-dried temperature 100°C on the 

degradation efficiency of para-nitrophenol was also 

investigated by weighing 13.4, 13.1 mg, and 13.7 mg of 

the respective catalysts, with the catalyst mass adjusted to 

maintain an equivalent amount of iron in all experiments 

rather than using an identical catalyst mass; the iron molar 

content was calculated in advance based on the Fe 

percentage obtained from XRF analysis to ensure 

equivalence. The best results under each condition were 

determined by calculating the highest degradation 

efficiency, which indicated the optimal condition. 
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3. Comparison between heterogeneous and 

homogeneous photo-Fenton 

 

For the homogeneous system, a solution was prepared by 

mixing 10 mL of 20 mmol/L FeSO₄·7H₂O with 20 mL of 

10 mg/L para-nitrophenol solution in a beaker, followed 

by the addition of 10 mL of 60 mmol/L H₂O₂. The pH was 

adjusted to 6. The solution was continuously stirred under 

UV irradiation for 120 minutes. Afterward, the sample 

was filtered and analyzed using a UV-Vis 

spectrophotometer. 

 

4. Analysis of para-nitrophenol solution after 

photodegradation 

 

The final concentration of para-nitrophenol was 

determined by measuring the absorbance before and after 

photodegradation. The maximum wavelength (λmax) was 

first determined using a standard solution of para-

nitrophenol scanned from 200 to 450 nm at 1 nm intervals. 

The sample absorbance was measured by UV–Vis 

spectrophotometry and quantified using a calibration 

curve constructed from standard PNP solutions with 

concentrations of 2, 4, 6, 8, 10, and 12 ppm. The 

calibration curve exhibited good linearity within this 

concentration range and was described by the linear 

regression equation y = 0.0674x + 0.003 with R² = 0.9999. 

The corresponding regression equation was used to 

determine the PNP concentration after degradation. The 

degradation efficiency was calculated using Eq. (12), 

where C₀ is the initial PNP concentration and C is the final 

concentration after photodegradation. 

E = ((C₀ - C) / C₀) × 100%  
(12) 

 

5. Results and discussion 

 

5.1. X-ray diffraction (XRD) analysis 

 

X-ray diffraction (XRD) analysis was performed to assess 

the crystallinity of the synthesized materials based on their 

diffraction patterns. The XRD patterns of all samples 

(100°C, 250°C, and 500°C) are presented in Fig. 1. Fig. 1 

shows the comparison of XRD patterns for the 

synthesized materials calcined at different temperatures. 

The pattern for the 100°C sample (Fig. 1a) displays 

several characteristic peaks of α-FeOOH at 2θ values of 

21.14°, 33.11°, 35.56°, 36.63°, and 53.9°, corresponding 

to the (110), (130), (101), (111), and (240) planes of 

goethite with an orthorhombic structure (JCPDS No. 29-

0713). This indicates that at 100°C, the material remained 

in the goethite phase and had not yet transformed into 

hematite. The broad and low-intensity diffraction peaks 

further suggest a low degree of crystallinity, indicating an 

early stage of crystal formation [32]. At 250°C (Fig. 1b), 

characteristic peaks of α-Fe₂O₃ begin to appear at 2θ 

values of 24.05°, 33.04°, 35.55°, 40.79°, 49.36°, 53.94°, 

62.33°, and 63.9°, suggesting the transformation from 

goethite to hematite. These peaks are also observed for the 

sample calcined at 500°C (Fig. 1c) with very similar 2θ 

values. The diffraction patterns at both 250°C and 500°C 

match the rhombohedral hematite structure according to 

JCPDS No. 33-0664, with corresponding Miller indices 

(012), (104), (110), (113), (024), (116), (214), and (300). 

Compared to the 250°C sample, the diffraction peaks for 

the 500°C sample are sharper and narrower, indicating 

higher crystallinity due to more extensive crystal growth 

at elevated temperatures [31]. 

 

5.2. X-ray fluorescence (XRF) analysis 

 

The powdered iron oxide samples were subjected to X-ray 

fluorescence (XRF) analysis showed in Table 1. The 

results indicate that iron (Fe) was the predominant 

element detected, with mass percentages of 82.92%, 

83.78%, and 85.60% for the iron oxide samples 100°C, 

250°C, and 500°C, respectively. 

 
Figure 1. XRD patterns of samples calcined at 100°C, 250°C, and 500°C 
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Table 1. Elemental composition of synthesized iron oxide 

Element 
Mass (%) 

100°C 250°C 500°C 

Fe 82.92 83,78 85,6 

Cl 16,82 15,96 14,3 

Br 0,257 0,259 0,277 

 

Figure 2. N₂ adsorption–desorption isotherms of synthesized iron oxide 

These findings suggest a high iron content in the 

synthesized materials, consistent with the composition of 

hematite (Fe₂O₃). The increase in iron content with higher 

calcination temperature indicates that elevated 

temperatures facilitate the removal of volatile impurities, 

leading to higher purity of the iron oxide material [10].  It 

is important to note that the XRF instrument quantifies 

only detectable heavy elements (Fe, Cl, and Br) and does 

not detect oxygen. Consequently, the measured values are 

normalized to the detected elements and represent relative 

rather than absolute stoichiometric composition. This 

normalization explains the apparently higher Fe 

percentage compared to the theoretical Fe content in 

Fe₂O₃ (~70%). The data are thus used primarily to 

evaluate the relative variation in Fe and Cl among the 

samples. In addition to Fe, residual chlorine (14.3–16.8%) 

and minor bromine (<0.3%) were detected. The detected 

Cl does not correspond to unreacted FeCl₃ but to residual 

chloride species (e.g., Fe–Cl surface complexes or 

adsorbed Cl⁻) that may remain after hydrolysis and 

calcination. The absence of FeCl₃ peaks in the XRD 

patterns confirms that no crystalline FeCl₃ remains. The 

dominance of Fe and the absence of precursor phases 

demonstrate that the synthesis successfully yielded phase-

pure hematite (α-Fe₂O₃) suitable for catalytic applications.  

 

5.3. BET surface area analysis 

 

The surface characteristics of the iron oxide samples were 

evaluated using nitrogen adsorption–desorption 

isotherms, as shown in Fig. 2. All samples exhibit Type 

IV isotherms with H3-type hysteresis loops according to 

the International Union of Pure and Applied Chemistry 

(IUPAC) classification, which are characteristic of 

mesoporous materials with slit-shaped pores [33,34].   

As the calcination temperature increased, the 

isotherms became progressively flatter, and the adsorption 

volume decreased, particularly for the sample calcined at 

500°C. This behavior indicates a significant reduction in 

mesoporosity, likely due to enhanced crystallinity leading 

to particle growth and partial pore collapse at elevated 

temperatures [35]. The specific surface area, pore volume, 

and average pore diameter for each sample are 

summarized in Table 2. Increasing the calcination 

temperature resulted in a marked decrease in both surface 

area and total pore volume from 98.07 m²/g and 0.09 

cm³/g at 100°C to 13.17 m²/g and 0.08 cm³/g at 500°C 

while the average pore diameter remained within the 

mesoporous range.  

These findings highlight the critical role of calcination 

temperature in balancing crystallinity and surface 

properties to achieve optimal catalytic performance. As 

shown in Table 2, increasing the calcination temperature 

significantly reduces the surface area and total pore 

volume of the samples. The oven-dried material at 100°C 

has the highest surface area (98.07 m²/g), which is 

beneficial for catalytic applications due to the availability 

of more active sites.  

Meanwhile, the sample calcined at 500°C exhibits a 

drastically reduced surface area (13.17 m²/g), confirming 

the adverse effect of high-temperature calcination on 

porosity.  
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Table 2. BET specific surface area and pore characteristics of iron oxide samples calcined at different temperatures 

Sample 
Specific surface area  

(m2g-1) 

Pore volume  

(cm3g-1) 

Average pore diameter 

(nm) 

100°C 98.07 0.09 1.81 

250°C 70.89 0.10 2.94 

500°C 13.17 0.08 13.29 

 

 

Figure 3. FT-IR spectra of iron oxide with different calcination temperature 

Although the average pore diameter remains in the 

mesoporous range for all samples, the decline in surface 

area and pore volume at higher temperatures suggests that 

pore structure is compromised due to particle sintering 

and densification during crystal growth. These findings 

highlight the importance of controlling calcination 

temperature to balance crystallinity and surface properties 

for optimal catalytic performance.  

 

5.3. Fourier-transform infrared (FTIR) analysis  

 

Fourier-transform infrared (FTIR) spectroscopy was 

employed to identify functional groups and assess the 

phase transformation of synthesized iron oxide materials. 

The FTIR spectra (Fig. 3a–c) display absorption bands at 

~3400, 1632, 1365, 928, 598, and 470 cm⁻¹. The broad 

band around 3400 cm⁻¹ corresponds to O–H stretching 

vibrations from adsorbed water and hydroxyl groups in 

FeOOH, consistent with the XRD results. Peaks at 1632 

cm⁻¹ and 1365 cm⁻¹ are attributed to bending vibrations of 

Fe–OH and physically bound water. The band at 928 cm⁻¹ 

is associated with Fe–O–Fe stretching, while bands at 598 

cm⁻¹ and 470 cm⁻¹ indicate Fe–O stretching and bending 

typical of hematite (α-Fe₂O₃) [36,37]. In the 100°C sample 

(Fig. 3a), additional bands at 803 and 893 cm⁻¹ correspond 

to in-plane and out-of-plane bending modes (δ–OH and γ–

OH) of Fe–OH, characteristic of goethite [38]. A band at 

629 cm⁻¹ also indicates the presence of Fe–O vibrations in 

goethite [39]. These findings suggest incomplete phase 

transformation, with abundant surface hydroxyl groups 

and adsorbed water, in agreement with the dominant 

goethite phase observed in XRD. At 250°C (Fig. 3b), 

reduced intensity of O–H related bands indicate ongoing 

dehydration and transformation from goethite to hematite. 

The appearance of a sharper Fe–O–Fe band and loss of 

goethite-specific bands further confirm the phase 

transition. By 500°C (Fig. 3c), Fe–O vibrations 

significantly intensify while O–H related bands nearly 

disappear, indicating complete dehydration and formation 

of well-crystallized hematite. This structural transition is 

expected to enhance the catalyst’s stability and 

performance in heterogeneous photo-Fenton reactions at 

near-neutral pH.  

      As shown in Figure IV.5, the samples calcined at 

100°C, 250°C, and 500°C all absorb light in the visible 

region, particularly within the wavelength range of 450–

700 nm. The highest visible light absorption was observed 

for sample calcined at 500°C, followed by 250°C and 

100°C. This trend correlates with the increase in average 

crystallite size and degree of crystallinity. The ability to 

absorb visible light suggests that these iron oxides possess 

semiconductor-like structures characterized by their band 

gap energy (Eg) [40]. As the next step in determining the 

band gap energy (Eg), the  diffuse reflectance data 

processed using the Kubelka-Munk function were 

analyzed through the Tauc plot method [41]. The Tauc 

plot visualization for the iron oxide samples is presented 

in Fig. 5. 
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Figure 4. Absorbance spectra of iron oxide samples 

 

 

Figure 5. Tauc plot of iron oxide 

 

The calculated band gaps for samples at 100°C, 

250°C, and 500°C were 2.227, 2.224, and 1.982 eV, 

respectively. These Eg values represent the energy 

separation between the valence and conduction bands in 

the semiconductor's electronic structure. The progressive 

narrowing of the band gap with increasing calcination 

temperature is attributed to microstructural changes, 

including particle growth and improved crystallinity. 

Higher temperatures enhance atomic coordination and 

reduce interatomic distances, facilitating electron 

excitation from the valence to conduction band by 

lowering the energy barrier [31,40,42]. Although the 

sample calcined at 500 °C exhibits a narrower band gap 

that is beneficial for light absorption, this advantage is 

counterbalanced by a drastic reduction in specific surface 

area caused by particle sintering and pore collapse at 

elevated temperatures. The band gap value for sample 

calcined at 500°C (1.982 eV) aligns well with previously 

reported values, such as 1.93 eV [26], and theoretical band 

gap of Fe2O3 materials estimates in the range of 2.2 eV 

which also align with sample calcined at 250°C 

[12,43,44]. The 2.227 eV band gap obtained for sample 

calcined at 100°C is also consistent with the value 

reported by Liu et al. (2022) [45]. 
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5.4. Heterogenous photo-Fenton with iron oxide as 

catalyst for PNP degradation 

 

The photodegradation of PNP was used to evaluate the 

catalytic performance of iron oxide in heterogenous 

photo-Fenton reactions. The degradation efficiency is 

calculated by Eq.12, where C₀ is the initial concentration 

of PNP and C is the final concentration after PNP is 

degraded. The following factors are evaluated and 

discussed in this study as they affect the efficiency of the 

photo-Fenton processes. This includes catalyst dose, H₂O₂ 

concentration, solution pH, and irradiation duration.  

 

5.4.1. The comparison between three different 

crystallinities  

 

The influence of catalyst crystallinity on PNP 

photodegradation was investigated using sample calcined 

at 100°C, corresponds to FeOOH, while the 250°C and 

500°C samples are hematite (Fe₂O₃) at doses of 13.7, 13.4, 

and 13.1 mg, respectively, in 10 mL of 60 mM H₂O₂ and 

20 mL of 10 mg/L PNP at pH 3 and 6 for 120 minutes. 

The sample calcined at 250°C achieved the highest 

degradation efficiency (98.89%), outperforming those 

calcined at 100°C (94.44%) and 500°C (90.00%), 

indicating that crystallinity plays a key role in catalytic 

performance. Increasing calcination temperature 

progressively improved the crystallinity of the catalysts. 

The 100°C sample exhibited a poorly crystalline FeOOH 

structure, whereas the samples calcined at 250°C and 

500°C showed the formation of well-crystallized α-Fe₂O₃. 

Higher crystallinity enhances charge mobility, thus 

improving photocatalytic efficiency. However, 

crystallinity alone does not determine activity. BET 

surface area values (Table 2) indicate that sample calcined 

at 100°C had the highest surface area (98.07 m²/g), 

followed by 250°C at 70.89 m²/g and 500°C at only 13.17 

m²/g. Despite its high surface area, sample calcined at 

100°C exhibited lower activity due to inefficient charge 

transfer and limited pore size, which hinders PNP 

diffusion. In contrast, sample calcined at 250°C, 

correspond to hematite, offered a favorable balance of 

surface area and pore size, facilitating PNP adsorption and 

degradation. At 500°C, although crystallinity increased, 

the drastic reduction in surface area and pore volume 

limited active site availability and decreased degradation 

efficiency. Overall, heterogeneous photo-Fenton 

performance depends on the synergy between 

crystallinity, surface area, and pore structure. α-Fe₂O₃ 

calcined at 250°C exhibited the most effective balance 

among these parameters, resulting in the highest 

photocatalytic performance and thus being used for the 

next operation conditions. 

 

5.4.2. The effect of H₂O₂ 

 

The effect of H₂O₂ concentration, as shown in Fig. 6, 

revealed that the photodegradation efficiency of PNP 

increased as the H₂O₂ concentration rose from 20 mmol/L 

to 60 mmol/L. This enhancement can be attributed to the 

increased generation of hydroxyl radicals (•OH) through 

the photolytic decomposition of H₂O₂ under UV 

irradiation, where •OH plays a crucial role in the oxidative 

degradation of PNP. The highest degradation efficiency 

was observed at 60 mmol/L, indicating the optimal 

concentration of H₂O₂ for •OH production. Beyond this 

optimal concentration, a decline in degradation efficiency 

was observed. This phenomenon can be explained by the 

scavenging effect of excess H₂O₂, which competes with 

PNP for reaction with •OH, thereby reducing the 

availability of reactive species required for effective 

degradation. As described in Eqs.13−14 [10,14,33,46,47], 

excessive H₂O₂ can act as a scavenger of •OH, leading to 

the formation of less reactive species such as HO₂• and 

ultimately lowering the degradation performance. 

•OH + H₂O₂ → H₂O + HO₂• 
(13) 

HO₂• + •OH → H₂O + O₂   (14) 

       For comparison, a control experiment using only 

H₂O₂ under UV irradiation (without the catalyst) resulted 

in 33.39% PNP degradation after 120 minutes. This 

indicates that some PNP removal can occur through direct 

photolysis of H₂O₂, which generates •OH radicals under 

UV light. Nevertheless, the much higher degradation 

efficiencies (above 94%) achieved with the catalysts 

clearly confirm that the heterogeneous photo-Fenton 

process is the dominant degradation pathway. 

 

Figure 6. The effect of H₂O₂ concentration on PNP photodegradation (mixture of 13,4 mg hematite, 10 mL H₂O₂, and 20 mL PNP 10 ppm at pH 6 for 90 

minutes) 
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5.4.3. The effect on catalyst dose 

 

The effect of catalyst dosage on PNP photodegradation, 

as shown in Fig. 7, indicates that degradation efficiency 

increased with the catalyst mass from 6.7 mg to 13.4 mg. 

This enhancement is attributed to the increased number of 

active sites on the catalyst surface, which promotes the 

generation of hydroxyl radicals (•OH) crucial for the 

oxidative degradation of PNP. The maximum degradation 

efficiency of 98.39% was achieved at 13.4 mg, identifying 

this as the optimal catalyst dosage. Beyond this point, 

further increases in catalyst mass did not result in 

significant improvements and instead led to a slight 

decline in efficiency. This decline can be explained by the 

saturation effect, where excess catalyst increases 

suspension turbidity, causing a shielding effect that 

hinders UV light penetration and reduces •OH generation 

[10,33,46,47]. Additionally, an excessive amount of 

catalyst may promote radical scavenging, as described in 

Eq. 15 [8,48,49]. This kind of behavior is characteristic of 

catalytic processes where optimum efficiency is achieved 

at the ideal catalyst dose.  

≡Fe²⁺ + •OH → ≡Fe³⁺ + OH⁻   
 (15) 

 

5.4.4. The effect of solution pH 

 

The influence of pH on the photodegradation efficiency of 

para-nitrophenol (PNP) is shown in Fig. 8. A significant 

increase in degradation was observed as the pH increased 

from 2 to 3, after which the efficiency remained relatively 

stable up to pH 7. At pH 2, degradation was minimal due 

to the excess H⁺ ions scavenging •OH radicals and the 

formation of stable Fe-aquo complexes, which inhibit 

•OH generation [14,46,47]. In contrast, at pH 3, the 

availability of free Fe²⁺ and H₂O₂ led to increased •OH 

formation, and the neutral form of PNP (pKa = 7.15) 

interacted more readily with the positively charged 

catalyst surface, resulting in optimal degradation [14]. 

From pH 4 to 7, degradation remained high but slightly 

decreased, partly due to the decomposition of H₂O₂ [47]. 

Nonetheless, the catalyst surface retained a positive 

charge (pHpzc = 8), promoting interaction with neutral 

PNP via weak electrostatic attraction. This facilitated 

effective adsorption and subsequent degradation of PNP. 

This indicates that the heterogeneous photo-Fenton 

system using α-Fe₂O₃ (250 °C) catalyst operates 

effectively across a wider pH range compared to the 

conventional homogeneous system. 

 

Figure 7. The effect of the catalyst dose on PNP photodegradation (mixture of 10 mL H₂O₂ 60 mmol/L and 20 mL PNP 10 ppm at pH 6 for 90 minutes) 

 

Figure 8. The effect of solution pH on PNP photodegradation (mixture of 13,4 mg hematite, 10 mL H₂O₂ 60 mmol/L and 20 mL PNP 10 ppm for 90 minutes) 
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Figure 9. The effect of irradiation time on PNP photodegradation (mixture of 13,4 mg hematite, 10 mL H₂O₂ 60 mmol/L and 20 mL PNP 10 ppm at pH 6) 

5.4.5. The effect of irradiation duration 

 

The degradation process indicated that irradiation time 

plays a crucial role in photodegradation efficiency, as 

presented in Fig. 9. Initially, the efficiency increased 

significantly with longer irradiation, reaching its optimum 

at 120 minutes. Beyond this point, the efficiency showed 

a slight decline and then stabilized, indicating a plateau 

where extended exposure no longer enhances degradation. 

These conditions supported effective interaction between 

hematite, H₂O₂, and light, promoting the generation of 

•OH radicals for PNP degradation. The slight decrease in 

efficiency after the optimal irradiation time is likely due 

to the recombination of intermediate radicals (Eq. 13–14) 

or the depletion of H₂O₂ as the reactive species 

[12,14,50,51], which limited further degradation. For 

comparison, a control test was conducted under dark 

conditions to evaluate the contribution of UV irradiation. 

In the absence of light (conventional Fenton reaction), the 

degradation of p-nitrophenol reached only 41.98% after 

120 min, whereas the UV-assisted photo-Fenton system 

achieved 97.46% degradation under identical conditions. 

This demonstrates that UV illumination significantly 

accelerates the formation of hydroxyl radicals by 

promoting Fe³⁺ photoreduction to Fe²⁺, thereby enhancing 

the overall catalytic activity. The result confirms that the 

photo-Fenton process provides a clear advantage over the 

conventional Fenton reaction in terms of degradation rate 

and efficiency. 

 

5.4.6. Comparative behavior between heterogeneous and 

homogeneous photo-Fenton 

 

The photo-Fenton performance of homogeneous and 

heterogeneous systems was compared under identical 

conditions (Fig. 10) using a Fe:H₂O₂ molar ratio of 1:3, 20 

m L of 10 mg·L⁻¹ PNP solution, and pH 3 and 6. As shown 

in Fig.10, at pH 3, the homogeneous system achieved 

97.46% degradation, marginally lower than that of the 

heterogeneous system (99.6%). The high efficiency of the 

homogeneous reaction under acidic conditions is 

attributed to the stability and high reactivity of Fe²⁺ with 

H₂O₂, generating hydroxyl radicals (•OH) via the classical 

Fenton reaction. However, the homogeneous system is 

highly pH-dependent. At pH 6, Fe³⁺ precipitates as 

Fe(OH)₃, hindering the Fe²⁺/Fe³⁺ redox cycle and reducing 

the degradation efficiency to 42.43%. 

In contrast, the heterogeneous system exhibited high 

and stable performance across pH values. At pH 3, it 

reached 99.6% efficiency, driven by active surface sites 

that generate •OH and simultaneously facilitate valence 

band hole (h⁺)-mediated degradation. Additionally, 

limited leaching of Fe²⁺/Fe³⁺ under acidic conditions 

enhances •OH formation [10], while the positively 

charged catalyst surface promotes adsorption of neutral 

PNP molecules. At pH 6, the heterogeneous system 

maintained high efficiency (98.12%), outperforming the 

homogeneous counterpart. This stability is attributed to 

surface-bound Fe species that remain catalytically active 

despite the lower Fe solubility. Hydroxyl radical 

generation is sustained through H₂O₂ interaction with 

surface Fe sites and direct h⁺ participation under UV light 

[10,52]. No Fe(OH)₃ precipitation occurs, as iron remains 

in a solid, catalytically active phase.  

These results highlight the superior stability and 

efficiency of the heterogeneous photo-Fenton system, 

particularly at near-neutral pH, making it a promising and 

environmentally favorable alternative for real wastewater 

treatment without extensive pH adjustment. The 

degradation efficiencies were determined from the 

average of three independent experiments, with a standard 

deviation within ±2%. Therefore, the small difference 

between 97.46% and 99.6% degradation lies within the 

experimental error and is not statistically significant. This 

confirms the stability and reproducibility of the photo-

Fenton system. 

 

5.5. Characterization post-used photodegradation 

reaction 

 

The stability of the α-Fe₂O₃ catalyst was assessed using 

XRD, FTIR, and AAS to monitor potential changes in 
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crystal structure and iron leaching during the reaction. The 

XRD patterns (Fig. 11) of both fresh (a) and used (b) α-

Fe₂O₃ catalysts revealed characteristic diffraction peaks at 

2θ values of 24.09°, 33.11°, 35.59°, 40.81°, 49.42°, 

54.00°, 62.39°, and 63.94°, corresponding to hematite 

planes based on JCPDS No. 33-0664.  

The absence of significant changes in the diffraction 

pattern after use indicates that the crystalline structure of 

α-Fe₂O₃ remained stable, confirming its potential for reuse 

in photo-Fenton applications. FTIR spectra (Fig. 12) 

supported the XRD results, with Fe–O stretching bands at 

554 and 471 cm⁻¹ remaining evident after the reaction. 

However, new absorption bands appeared at 2923 and 

2865 cm⁻¹, attributed to C–H stretching from organic 

residues, and at 2370 and 2335 cm⁻¹, possibly from 

adsorbed CO₂.  

Broadened bands at 3414 and 1649 cm⁻¹ were 

associated with O–H and H–O–H stretching, indicating 

hydroxyl group presence. These changes suggest surface 

interactions between α-Fe₂O₃ and para-nitrophenol (PNP) 

molecules during the reaction, without compromising the 

hematite structure. 

 

Figure 10. The comparation between heterogenous at pH 3 and pH 6, homogenous at pH 3 and pH 6 of PNP photodegradation  

 

Figure 11. The XRD patterns of hematite (a) pre-used and (b) post-used as photodegradation catalyst 
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Figure 12. The FTIR patterns of hematite (a) pre-used and (b) post-used as photodegradation catalyst 

 

Figure 13. Percentage of Fe leached within various time 

 

Figure 14. Percentage of Fe leached within various pH 
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catalyst's chemical stability. As shown in Fig. 13, Fe 

dissolution increased up to 60 minutes and then decreased 
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hydroxyl radicals [21]. Over time, Fe³⁺ ions may have 

reprecipitated as Fe(OH)₃ due to the availability of OH⁻ 

ions at near-neutral pH [53]. 

Fig. 14 indicates that Fe dissolution is highly pH-

dependent, peaking at pH 2 and dropping significantly at 

higher pH values, consistent with the findings of Tiar et 

al. (2024) [1]. Thus, operating the photo-Fenton process 
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with α-Fe₂O₃ under near-neutral pH conditions not only 

ensures structural stability but also minimizes iron 

leaching, supporting its environmentally friendly 

application in wastewater treatment.  

The heterogeneous nature of the reaction was inferred 

from the excellent reusability and stable catalytic activity 

of the Fe₂O₃ catalyst. Although a specific hot-filtration test 

was not conducted in this study, the stable catalytic 

performance and unchanged color of the reaction solution 

suggest minimal Fe leaching during the reaction. Previous 

work by Demarchis et al. (2015), reported that Fe 

dissolution from hematite under photo-Fenton conditions 

was below 10 mg/L, with Fe mainly present as Fe³⁺ due to 

oxidation by H₂O₂ at acidic pH. These results indicate that 

the homogeneous contribution from dissolved Fe is 

negligible, and the system can be considered 

predominantly heterogeneous [54].  

 

6. Conclusion 

 

This study introduces a temperature-tuned approach for 

synthesizing hematite (α-Fe₂O₃) catalysts with tailored 

crystallinity and surface characteristics through controlled 

calcination. Increasing the calcination temperature led to 

enhanced crystallinity and particle growth, while 

simultaneously reducing the surface area due to sintering. 

Among the variations tested, hematite calcined at 250°C 

exhibited the most effective photo-Fenton catalytic 

activity for para-nitrophenol (PNP) degradation, offering 

an optimal balance between structural order and surface 

accessibility. System optimization revealed that 

degradation efficiency was highly dependent on catalyst 

dosage, H₂O₂ concentration, and UV irradiation time, with 

the best performance achieved at a Fe:H₂O₂ molar ratio of 

1:3, moderate catalyst mass, and 120 minutes of UV 

exposure. The reaction system maintained high 

performance within a pH range of 3–6, demonstrating 

stability and environmental compatibility. Structural and 

spectroscopic analyses (XRD, FTIR) confirmed the 

material’s post-reaction stability, while AAS results 

indicated minimal Fe leaching, suggesting good structural 

stability under the applied reaction conditions. These 

findings highlight α-Fe₂O₃ as a promising, low-cost, and 

reusable heterogeneous catalyst for photo-Fenton-based 

degradation under near-neutral conditions. Future studies 

should investigate catalyst reusability, performance in real 

wastewater matrices, and the contribution of photo-

induced versus dark Fenton processes through appropriate 

control experiments. 
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