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This study involves the synthesis of activated carbon (AC) doped iron oxide (Fe2O3) nanoparticles by a sol-gel technique, 
followed by calcination at 600 °C. The prepared nanoparticles are characterized to study the microstructure, optical, 
magnetic and photocatalytic activity using X-ray diffraction, Field emission scanning electron microscopy, UV-Visible 
spectroscopy, vibration sample magnetometer, and photoreactor. XRD studies confirmed the presence of Fe2O3 phase with 
the mean crystallite size of 18 nm. The optical studies revealed a bandgap of 2.15 eV. The magnetic studies confirmed the 
ferromagnetic nature of the nanoparticles. Photocatalytic activity of the nanoparticles was studied for MB dye and found 
the degradation efficiency of 87 % in 2 h. 
Keywords: iron oxide, activated carbon, microstructure, optical properties, photocatalytic activity, magnetic property, 
nanoparticles 

 
1. INTRODUCTION∗ 

Due to the huge population, the necessity of clean 
drinking water and clean environment increases 
tremendously. Water and soils are experiencing significant 
contamination as a result of industrial expansion, 
urbanisation, and population increase. Contaminated water 
accounts for 70 – 80 % of all diseases. Heavy metals and 
poisonous dyes are primary contributors to water pollution, 
posing a global environmental hazard. There is an 
immediate necessity for economical solutions for water and 
wastewater treatment that can satisfy worldwide 
requirements [1 – 3]. Iron oxide nanotechnology has 
garnered the interest of researchers to address 
environmental issues. Iron oxide nanoparticles serve as 
nano adsorbents offering methods for water purification 
[4 – 6]. Iron oxides are suitable for various applications, 
including corrosion science, magnetic devices, 
photocatalysis, and biomedicine. Iron oxides naturally 
display polymorphism, with magnetite (Fe3O4), maghemite 
(γ-Fe2O3), and haematite (α-Fe2O3) being the predominant 
varieties. Iron oxides possess two valence states, Fe²⁺ and 
Fe³⁺, exhibiting magnetic properties and serving effectively 
as adsorbents for water cleanup. The variable oxidation state 
of iron allows iron oxides to adopt several phases and single 
crystalline forms, exhibiting significantly diverse chemical 
and physical properties. Magnetite (Fe3O4) is a magnetic 
substance, recognised for its magnetic capabilities as a 
recording medium, and has recently acquired prominence in 
the domain of spintronics. Moreover, iron oxide 
nanoparticles are significant in biomedicine owing to their 
magnetic characteristics and non-toxicity. α-Fe2O3 has 
lately garnered significant interest in the domain of energy 
storage. At ambient temperature, Fe3O4 oxidises to γ-Fe2O3, 
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which subsequently converts to the most stable form, α-
Fe2O3, at temperatures over 300 °C [7 – 9]. Iron oxide is 
highly effective in eliminating different pollutants via 
adsorption and photodegradation [10, 11]. Iron oxide serves 
as an effective adsorbent due to its high surface area, 
superior magnetic characteristics, biocompatibility, and 
comparatively inexpensive cost [12, 13]. However, iron 
oxide possesses a drawback: the agglomeration of 
nanoparticles resulting from their elevated surface to 
volume ratio and diminished surface energy [14, 15]. 
Consequently, surface modification is necessary to avoid 
agglomeration and aggregation, achieved through doping 
with activated carbon, which enhances their sorption 
capacity.  

The AC is a form of carbon having a high surface area, 
making it highly effective at adsorbing molecules. This 
involves incorporating activated carbon into iron oxide 
nanoparticles. This was done by chemically integrating 
them. The doping process aims to enhance the properties of 
the nanoparticles. Activated carbon is known for its 
excellent adsorption capabilities. Doping activated carbon 
with iron oxide nanoparticles can improve their ability to 
adsorb pollutants, making them useful for environmental 
clean-up and water purification [16]. The combination of 
activated carbon with iron oxide nanoparticles can enhance 
catalytic processes. This can be useful in various chemical 
reactions, including those used in pollution control and 
energy production. The presence of activated carbon may 
influence these magnetic properties, potentially leading to 
new applications. The combination might lead to synergistic 
effects where the overall performance of the material is 
greater than the sum of its individual components. This 
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could improve performance in applications such as sensors, 
drug delivery systems, and energy storage [17,18]. 

Dyes are mostly utilised as colouring agents in the 
textile sector. The textile and dye industries generate 
detrimental organic waste, exacerbating environmental 
contamination. This results from the release of untreated 
effluents from businesses into water sources. Dyes and 
heavy metals are mostly released into the environment by 
chemical manufacturing, electroplating, agriculture, 
effluents and home wastewater. The activated carbon-doped 
iron oxide nanoparticles signify a prospective study domain 
with significant implications across diverse domains, 
including environmental science and medicine [6, 19, 20]. 
The nanoparticles were employed to investigate the 
microstructural, optical, magnetic, and photocatalytic 
properties. 

2. EXPERIMENTAL DETAILS 

2.1. Preparation of AC doped iron oxide 
nanoparticles by sol-gel method 

4.353 g of iron nitrate and 0.024 g of activated carbon 
(AC) were dissolved in 20 ml of DI water separately. These 
solutions were mixed together and 0.01 g of CTAB was 
added to the solution. 2.1014 g of citric acid was dissolved 
in 10 ml of DI water and added as drops to the precursor 
solution. The temperature was ~ 80 – 90 oC during the 
synthesis process and annealed at 600 oC for 2 h using 
muffle furnace. The diffraction pattern of the prepared 
sample was acquired using an X-Ray diffractometer 
(Rigaku, Japan) with CuKα radiation. The morphology, 
shape and distribution of the crystallites were determined 
using a Field Emission Scanning Electron Microscope (Carl 
Zeiss Microscopy Ltd, UK). The optical absorption 
spectrum of the synthesized sample was recorded using a 
UV-visible double beam spectrophotometer (UV-1800, 
Shimadzu). The vibrating sample magnetometer (VSM, 
Model 7400-Lake Shore) was used to study the magnetic 
characteristics of the sample at room temperature. A 
photocatalytic investigation was conducted utilising 
photoreactor to analyse the degradation efficiency of AC 
doped Iron oxide nanoparticles with MB dye. 

2.2. Photocatalytic studies 
The photocatalytic studies were evaluated using the MB 

dye with AC/Fe2O3 catalyst. The catalyst (1 g/l) was 
dissolved in the MB dye solution of 10 ppm concentration. 
The solution was kept under darkness for 30 min to attain 
equilibrium. The visible light source (550 nm and 
125 watts) was used to observe the degradation of MB dye 
solution for 2 h duration. Following exposure to light, a 
2 mL solution was taken at every 30 min intervals and 
centrifuged subsequently. Then, the spectrophotometer was 
used to analyse the absorption spectra of the solution 
collected [21, 22]. 

3. RESULTS AND DISCUSSION 

3.1. Microstructural analysis 
X-ray diffraction was used to characterize the 

crystallinity, structure and phase of the nanoparticles. XRD 

pattern of AC doped iron oxide is shown in Fig. 1. The 
sample showed well-defined peaks indicating the crystalline 
nature. The diffraction peaks were observed at 2θ of 24.20 
(012), 33.19° (104), 35.70° (110), 40.90 (113), 49.50° (024), 
54.10° (116), 57.6 (018), 62.4° (214) and 64.10 (300) 
respectively [23]. 
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Fig. 1. XRD pattern of the AC doped Fe2O3 nanoparticles 

The diffracted peaks of the sample coincide well with 
the standard pattern of the rhombohedral hematite phase. All 
the peaks correspond to the rhombohedral structure of Fe2O3 
(JCPDS No. 33-0664). A small peak at 43.5° was detected 
in the sample, demonstrating the presence of AC within the 
iron oxide nanoparticles. The crystallite size of the AC-
Fe2O3 was evaluated by Scherer equation: 

θβ
λ

cos
KD = , (1) 

where λ  is the X-ray radiation = 1.5418 Å; b is the full-
width at half maximum; θ is the Bragg angle; k is the shape 
factor (0.9). The crystallite size of the nanoparticles was 
found to be ~ 8 nm. 

Dahlang Tahir et al [24] prepared the Fe2O3-carbon 
composite and the XRD studies confirmed the formation of 
Fe2O3. Settakorn Upasen et al [16] prepared α-Fe2O3 NPs 
using the precipitation method and the TEM analysis 
showed the hematite nanoparticles with a quasi-spherical 
shape. Jain et al. [19] synthesised and examined Fe3O4 and 
Fe3O4/AC nanoparticles, demonstrating that the iron oxide 
nanoparticles exhibit a crystalline cubic structure. 

The micrographs obtained for the sample are shown in 
Fig. 2. FE-SEM images provide details about the size, 
shape, and distribution of the nanoparticles. AC has a tube-
like and porous structure with a smooth surface reveal that 
the nanoparticles are uniform with dense structure. Figure 
shows the NPs are in uniform size, dense structure with 
smooth morphology [25]. 

3.2. Optical properties using UV-visible 
spectroscopy 

The absorbance spectrum was recorded in the 
200 – 1000 nm wavelength range (Fig.  – 3). The spectrum 
shows the increase of absorbance, indicating the bandgap of 
the sample. If the incident energy is equal to the bandgap of 
the sample, it causes the absorbance to rise. i.e. move from 
the valence band to the conduction band. The increase of 



absorption was found about 600 nm, indicating the shift 
from VB to CB. The bandgap was obtained using the Tauc 
plot. 
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Fig. 2. FESEM images and EDS analysis of the AC doped Fe2O3 
NPs: a – 15 KX; b – 20 KX; c – 40 KX; d – 65 KX 

The equation (ahv)2=A (hν-Eg) was used to find the 
bandgap of the sample. The energy gap of the sample was 
evaluated using the Tauc plot, (ahv)2 Vs hν at α = 0 (Fig. 3). 
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Fig. 3. UV–visible spectroscopy studies of the AC doped Fe2O3 
sample: a – absorption spectra; b – Tauc plot 

Where α is the absorption coefficient, n value is related 
to the transition type direct or indirect or forbidden. The 
bandgap of the sample was found to be ∼ 2.15 eV, and this 
value is similar to other reported results. The bandgap of the 
sample lies between the AC and Fe2O3 particles, indicating 
a good interface between both components, resulting in the 
bandgap alignment. 

The optical absorbance of the iron oxide NPs showed 
an absorption about 366 nm, indicating the formation of iron 
oxide [26]. Dahlang Tahir et al. [24] investigated the optical 
properties. The band gap of Fe2O3 is 2 eV, which can be 
increased by doping with a high bandgap material like 
activated carbon (AC), (Eg = 4.5 eV), to enhance visible 
light absorption. The bandgap increased from 2.14 to 
2.64 eV with a rise in AC from 10 % to 25 %, respectively. 
Haghir Ebrahim Abadi and Bagheri-Mohagheghi [25] 
studied the green synthesized activated carbon /metal oxide 
properties. The bandgap of nanocomposite showed the two 
absorption edges, indicating the presence of two materials 
in the sample, i.e., active carbon and metal oxide. Settakorn 
Upasen et al. [16] synthesised nanoparticles and found that 
the sample is considerably higher for light absorption in the 
visible range. 

3.3. Magnetic properties 
The magnetization nature of the prepared sample was 

analysed with vibration sample magnetometer for the 
applied magnetic field of 0 – 1.5 T range and the observed 
magnetization nature was shown in Fig. 4. Upon increasing 
the field from -1.5 T to 1.5 T, the sample's magnetization 
exhibited a pronounced increase, resulting in an S-shaped 
curve that produced a hysteresis loop with a coercivity field 
of around 0.0158 T. 
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Fig. 4. Magnetisation (M- H) curve of AC doped Fe2O3 

nanoparticles 

The magnetic saturation curves reveal the ferroic nature 
of the prepared sample and the observed magnetic saturation 
value of 0.66491 emu of the sample confirms the strong 
attractive nature as compared to the parent Iron oxide 
(Fe2O3) system [19, 27]. From the magnetization nature, it 
was noticed that the activated carbon creates a support or 
matrix that disperses the iron oxide nanoparticles more 
uniformly. This reduces particle agglomeration (clumping) 
and allows the individual nanoparticles to maintain their 
magnetic integrity. Further, the presence of carbon in the 
nanoparticle matrix can enhance the magnetic anisotropy 
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property, making it more stable for the magnetic moments 
to change direction. Henceforth, doping of activated carbon 
into iron oxide nanoparticles enhances their magnetic 
stability, saturation magnetization, and coercivity, while 
also helping to prevent agglomeration and improve 
dispersibility. 

3.4. Photocatalytic properties 
Nanoparticles have attracted considerable interest 

owing to their remarkable properties and several benefits. 
The adsorption process is a highly effective method for 
eliminating heavy ions and colours from waste water and 
has garnered significant interest. Visible light 
photocatalysis has garnered significant interest owing to its 
applications in solar energy conversion and environmental 
remediation under solar illumination. The photocatalytic 
activity of nanoparticles was examined under visible light 
conditions (550 nm) for MB dye. The degradation 
percentage of MB dye was evaluated throughout a reaction 
duration of 120 min. The degradation of dye relies on both 
time and concentration. Fig. 5 shows the photocatalytic 
activity of the sample and illustrates the peak intensity level 
of the MB dye at its distinctive wavelength in dark 
conditions. The primary absorption peaks' intensity reduces 
over time due to the degradation of dyes in the presence of 
nanoparticles, caused by their absorption in the visible 
spectrum. Due to its band gap of 2.15 e.V, this material 
effectively absorbs visible light [11]. The MB 
photodegradation (%) is determined using the formula [17]. 

MB photodegradation = (A0-At)/A0×100, (2) 

where A0 and At are the initial and final absorbance values 
of MB, respectively. The AC-Fe2O3 NPs showed superior 
photocatalytic performance, and achieved the degradation 
efficiency of 87 % within 120 min. The synthesized sample 
was found to be an excellent photocatalyst under visible 
light and showed promising results for MB dye degradation. 
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Fig. 5. Photocatalytic degradation of MB dye using AC-Fe2O3 

catalyst 

Upon exposure to visible light, an electron in the 
photocatalyst is activated, generating electrons and holes. 
The holes created on the catalyst's surface can react with 
water to produce hydroxyl radicals, potent oxidants that can 
oxidise various organic contaminants, leading to their 
destruction. The photogenerated electron may either 
recombine with holes or react with available O2 to generate 

oxide ions, which might then produce hydroxyl radicals that 
may further react to form H2O2 and further hydroxyl 
radicals. Dahlang Tahir et al [24] prepared the AC doped 
Fe2O3 nanoparticles and studied the photodegradation using 
halogen lamp and found the degradation efficiency of 
89.51 % in 90 min for 25 % AC. Shabnam Shabanpour and 
Mehran Riazian [28] prepared the α-Fe2O3 nanoparticles 
and studied the photocatalytic properties for MB dye. The 
results indicated the breakdown of a complex organic 
pollutant under UV light, resulting in the total degradation 
of MB within 90 min. The findings suggest that Fe2O3-AC 
is a viable material for the photodegradation of wastewater 
through the optimisation of its structural, optical, and 
magnetic properties. 

4. CONCLUSIONS 
AC doped α-Fe2O3 nanoparticles was synthesized using 

sol-gel method and calcined at 600 °C for 2 h. XRD studies 
revealed the formation of α-Fe2O3 of rhombohedral 
structure with the crystallite size of 18 nm. FE-SEM images 
indicated the formation of nanocrystallites with dense and 
uniform structure. The Tauc plot derived from the optical 
absorption spectrum revealed the bandgap of 2.15 eV. The 
magnetic characteristics revealed the ferroic nature of the 
AC-Fe2O3 nanoparticles. The nanoparticles exhibited higher 
87 % degradation efficiency for MB dye under visible light 
irradiation. 
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