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Electrodeposition of the iron oxide (FexOy) nanoparticles on the graphite felt was prepared from 
a mixture of iron (II) and iron (III) precursor solution with various pHs (2, 7, and 10) by 
applying a constant current (galvanostatic) of 0.1 A for 30 minutes. Each resulting sample was 
coded GF/FexOy -2, GF/FexOy -7, and GF/FexOy -10, respectively. Graphite felt without 
modification, Raw-GF, was used as control. The mass of iron oxide (FexOy) deposited ranged 
from 0.02 to 0.03 grams. The product characterisation using a Scanning Electron Microscope 
(SEM) showed the distribution of 500 nm particles on the surface of the graphite felt for the 
GF/FexOy -2 sample. In comparison, the distribution of larger particles (1 – 2 μm) was observed 
in the samples of GF/FexOy -7 and GF/FexOy -10, respectively. Spectrum resulting from an X-
ray Diffraction Spectroscopy (XRD) showed the formation of iron oxides (FexOy) such as 
magnetite (Fe3O4), haematite (Fe2O3), goethite (FeOOH), and lepidocrocite (FeO(OH)). 
Fourier Transform Infra-Red (FTIR) spectrum also confirmed the presence of Fe2O3 in the 
GF/FexOy -2 sample, Fe3O4 in the GF/FexOy -7 and GF/FexOy -10 samples, and FeOOH in all 
three samples. Applying the iron oxide modified graphite felt in the electro-Fenton approach 
process without aeration showed that it can degrade bio-refractory pollutants, such as methyl 
orange. The observed degradations of methyl orange were a decrease in the colour intensity up 
to 81.37% and a decrease in the COD up to 49.85%. 
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1. INTRODUCTION  
Biorefractory pollutants contain recalcitrant organic 

compounds that cannot be decomposed through 
conventional biological processes (Barrera-Díaz, Linares-
Hernández, Roa-Morales, Bilyeu, & Balderas-Hernández, 
2009; Rajoriya, Carpenter, Saharan, & Pandit, 2016). These 
compounds contain azo bonds (-N=N-) (Guivarch, Trevin, 
Lahitte, & Oturan, 2003), which are difficult to digest by 

microorganisms. Biorefractory organic pollutants are also 
toxic and carcinogenic to macro- and micro-organisms (X. 
Yu, Zhou, Hu, Groenen Serrano, & Yu, 2014). Various 
industries such as textiles, dyes, pesticides, and 
pharmaceuticals continuously produce large amounts of 
organic pollutants (Rajoriya et al., 2016), which 
simultaneously trigger serious pollution problems in both 
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surface water and groundwater (X. Yu et al., 2014). Industrial 
wastes have passed through the treatment system, but the 
remnants of biorefractory compounds still potentially 
endanger the health of ecosystems, animals, and humans, even 
in tiny amounts (X. Yu et al., 2014). Therefore, the existence 
of a waste treatment system that effectively degrades 
biorefractory compounds needs to be developed.  

Biorefractory organic waste treatment methods that 
have been developed include adsorption (Iwuozor, Ighalo, 
Emenike, Ogunfowora, & Igwegbe, 2021), ozonation (Baig 
& Liechti, 2001), membranes (W. Liu, Howell, Arnot, & 
Scott, 2001), electrochemical methods (Ganiyu et al., 2018), 
and advanced oxidation process (AOP) (Rajoriya et al., 2016). 
The electrochemical method with the AOP approach, the so-
called electro-Fenton, is quite effective in degrading the 
biorefractory compounds of coloured azo compounds such as 
methyl orange, methyl red, and azo benzene (Guivarch et al., 
2003). The electro-Fenton involves the reduction of oxygen 
at a cathode to generate hydrogen peroxide (HOOH), which 
can then be decomposed into hydroxide radicals (●OH) in 
the presence of a Fenton catalyst (Fe2+) (Le et al., 2019). 
Hydroxide radicals are powerful oxidising agents for the AOP 
process, which can even degrade various and persistent 
organic compounds (Rajoriya et al., 2016).  

The electro-Fenton process requires oxygen to 
generate H2O2, Fenton catalysts, and suitable electrodes that 
can facilitate the oxygen reduction reaction to H2O2. The 
oxygen in the water as dissolved oxygen is about 9 mg/L (Tai, 
Yang, Liu, & Li, 2012). The oxygen is usually supplied by 
purging oxygen gas or compressed atmospheric air to increase 
its saturation during the electro-Fenton process (Le et al., 
2019). In a conventional electro-Fenton, a Fenton catalyst is 
added to the solution at a pH of 3 (Le et al., 2015). Carbon-
based electrode materials are widely used as electrodes to 
generate H2O2, namely, graphite felt (Kosimaningrum et al., 
2017; Miao, Zhu, Tang, Chen, & Wan, 2014), carbon felt 
(Huong Le, Bechelany, & Cretin, 2017), and activated 
carbon fibre (X. Yu et al., 2014). Various modifications of the 
carbon electrode were also carried out to improve its 
performance in the electro-Fenton process, one of which is by 
loading nanoparticles catalyst (Lian, Huang, Liang, Li, & Xi, 
2019; K. Liu, Yu, Dong, Wu, & Hoffmann, 2018).  

Iron oxide (FexOy) nanoparticles, such as haematite 
(Fe2O3) and magnetite (Fe3O4), are materials commonly 
applied to water and wastewater treatment (Petrov et al., 
2020; Stoia, Pəcurariu, Istratie, & Nižňanský, 2015). The 
iron oxide nanoparticles are potential catalysts in the electro-
Fenton process (Ben Hafaiedh, Fourcade, Bellakhal, & 
Amrane, 2020). The iron oxide nanoparticles can be loaded 
onto carbon-based cathode materials through various 
processes such as chemical precipitation (Huiqun, Meifang, 
& Yaogang, 2006), adsorption (Gupta, Agarwal, & Saleh, 
2011), encapsulation (Z. Wu, Li, Webley, & Zhao, 2012), 
and electrodeposition (M.-S. Wu, Ou, & Lin, 2010). In the 
electro-Fenton process, the iron oxide can be dissociated into 
Fe2+ and Fe3+ ions, which catalyse the breakdown of hydrogen 
peroxide to form hydroxide radicals in the solution (Ben 
Hafaiedh et al., 2020). 

The electrodeposition method has successfully 
developed the preparation of iron oxide nanostructure, as 
reported elsewhere (Aghazadeh & Ganjali, 2018; Martinez et 
al., 2007; M.-S. Wu et al., 2010). This electrochemical 
method enables the regulation of the deposited nanomaterial 
by controlling the composition of precursor solution, pH, 
deposition mode, salt, and bath type. The electrodeposition 
method reveals a simple one-step process at room 
temperature, even without an additional capping agent to 
fabricate iron oxide nanoparticles. The conventional chemical 
method involves expensive materials, high temperatures, 
multi-step processes, and long-time synthesis. Thus, in 
general, electrochemical synthesis has been taken into account 
as a preferred method in the development of nanostructure 
materials due to its many advantages over the standard 
chemical method (Aghazadeh, 2019).  

The advantages of the electrodeposition method are 
as follows; the mild operating conditions that can be carried 
out at room temperature and pressure, the use of fewer 
chemicals both in quantity and type, and fast reaction rates. 
Therefore, this study aimed to synthesise iron oxide, FexOy, 
which was carried out using a simple cathodic 
electrodeposition method on graphite felt carbon substrate in 
a mixture of iron(II) and iron(III) precursor solutions with 
various pHs. The electrodeposition product was then tested 
for its performance as a cathode in the electrochemical 
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degradation of methyl orange through the electro-Fenton 
process. During the electro-Fenton process, neither oxygen 
gas nor compressed air was bubbled into the synthetic 
wastewater solution for aeration purposes. The novelty of this 
research was the study of the effect of precursor solution pH 
on the characteristics of the as-resulted iron oxide modified 
graphite felt and its performance in the electrochemical 
degradation of biorefractory compounds. 

 
2. METHODS 
2.1. Materials 
The materials used in this study were commercial graphite felt 
technical grade, ethanol (96%) purchased from Bratachem, 
iron sulfate heptahydrate, FeSO4.7H2O (99%), iron nitrate 
nonahydrate, Fe(NO3)3.9H2O (99%), methyl orange, sodium 
sulfate anhydrous, and sodium hydroxide were purchased 
from Merck. 
2.2. Graphite felt sample preparation 
Graphite felt was the basic carbon material to be modified in 
this study. The graphite felt was washed with 96% ethanol to 
remove the contaminants. The graphite felt was cut into 
pieces, 5 × 10 cm, soaked in 96% ethanol, and then 
ultrasonicated for 30 minutes. Next, the graphite felt was 
separated from the ethanol and washed with distilled water 
three times. The graphite felt was dried in an oven at 60°C for 
24 hours. Furthermore, the cleaned and dried graphite felt 
was stored in a silica gel container. 
2.3. Electrodeposition of iron oxide on graphite felt 
Iron oxide was coated on graphite felt using the 
electrodeposition method developed by Aghazadeh & Ganjali 
(Aghazadeh & Ganjali, 2018) with several modifications. The 
electrodeposition was carried out in an electrochemical cell 
containing 125 mL of a 0.005 M precursor solution in the 
form of a mixture of Fe (II), from FeSO4.7H2O, and Fe (III), 
from Fe(NO3)3.9H2O with pH variations of 2, 7, and 10, 
respectively. The graphite felt as a cathode, and the titanium 
mesh coated with platinum as an anode were set in the cell at 
a fixed distance of 3 cm. The electrodeposition was carried 
out, without stirring, by flowing a constant current of 0.1 A 
(2.4 mA/cm2) for 30 minutes at room temperature and 
pressure. The resulting modified graphite felt was dried in a 
vacuum oven at 60°C for 24 hours. The mass of graphite felt 

before and after electrodeposition was weighed to determine 
the mass of iron oxide deposited on the graphite felt. The iron 
oxide modified graphite felts, FexOy, produced from the 
precursor solution with variations in pH of 2, 7, and 10, were 
coded as GF/ FexOy -2, GF/ FexOy -7, and GF/ FexOy -10, 
respectively. Meanwhile, Raw-GF, graphite felt without 
modification, was used as the experimental control. 
2.4. Physicochemical Analysis 
The morphology of the electrosynthesis product samples was 
scanned with a Jeol JSM-6510 scanning electron microscope 
(SEM). At the same time, the material structure was analysed 
using an X-Ray Diffraction Spectrophotometer, XRD, 
Shimadzu XRD-7000, and a Fourier-Transform Infra-Red, 
FTIR, Perkin Elmer. 
2.5. The electrochemical degradation process of synthetic 

waste 
The resulting iron oxide coated graphite felt sample was used 
as an electrode in the degradation process of synthetic waste. 
Each sample was cut to a 0.5 × 1  10 cm size with an iron 
oxide coated area of about 0.5 × 1 × 3.5 cm. This iron oxide 
modified graphite felt was used as a cathode, and the 
platinum-coated titanium was used as an anode in the electro-
Fenton process. The electro-Fenton was carried out on 125 
mL of 0.1 mM methyl orange synthetic waste in 0.05 M 
sodium sulfate solution for 1 hour with a constant current of 
0.2 A and continuous stirring. Before and after the electro-
Fenton process, the synthetic waste's colour and Chemical 
Oxygen Demand (COD) were analysed. The colour of the 
synthetic waste was determined based on the absorbance value 
of the methyl orange solution measured using a UV-Visible 
spectrophotometer at a wavelength of 470 nm. Furthermore, 
the COD of the synthetic waste was measured using the 
Standard Method 5220D. The colour and COD removal 
efficiencies were calculated using equations 1 (Parshetti, 
Telke, Kalyani, & Govindwar, 2010) and 2 (Yang, Liang, 
Zhang, & Liang, 2016), respectively. 

% colour removal = (Initial absorbance-Final absorbance)
Initial absorbance

×  100% (1) 

% COD removal = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶−𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶

×  100 %          (2) 

3. RESULT AND DISCUSSION 
Figure 1 shows a mixed solution of iron(II) and 

iron(III), as referred to by Aghazadeh et al. (Aghazadeh & 
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Ganjali, 2018) at pH of 2, 7, and 10 as a representation of 
acidic, neutral, and basic conditions. A mixed solution of iron 
(II) and iron (III) had a pH of 2.36. The solution pH was 
adjusted to 7 and 10 by adding 5 M NaOH solution 
dropwise. An increase in pH caused a change in the colour of 
the solution to dark brown. The solution was brown at a pH 
of 7 and black at a pH of 10. This indicated that iron(II) and 
iron(III) ions reacted with hydroxide ions, as stated by Koo et 
al. in equation 3 (Koo, Ismail, Othman, Rahman, & Sheng, 
2019). 

Fe2+ + Fe3+ + 8OH-  Fe(OH)2 + 2Fe(OH)3  
Fe3O4 + 4H2O   (3) 

The observed colour of the pH-7 solution was brown, 
resulting from the mixture of the Fe(OH)2 solution (green) 
and the Fe(OH)3 solution (brick red) (Ghernaout et al., 
2009). While the colour observed in the pH-10 solution, 
black, indicated the formation of iron oxide magnetite, Fe3O4 
(Koo et al., 2019). 

 
Figure 1. Profile of the mixture of iron (II) and iron (III) 
precursor solutions at (a) acidic, (b) neutral, and (c) basic pH 

 
Figure 2. The resulting iron oxide modified graphite felt from 
the precursor solution at various pH; a. GF/FexOy -2, b. 
GF/FexOy -7, dan c. GF/FexOy -10 

The electrodeposition in each precursor solution was 
carried out using the galvanostatic method at 2.4 mA/cm2 for 

30 minutes. Applying the current can cause the oxidation of 
ferrous ions to ferric oxide. The reaction at the graphite felt 
cathode was the reduction of water to hydroxide ions and 
hydrogen gas (equation 4) and the reduction of Fe3+ ions to 
Fe2+ ions (equation 5) (Aghazadeh & Ganjali, 2018). 

H2O + 2e-  2OH- + H2  (4) 
Fe3+ + e-  Fe2+   (5) 
The presence of OH- ions and Fe2+ and Fe3+ ions can 

stimulate the formation of iron oxide magnetite (Fe3O4) 
deposits based on equation 6 on the cathode surface 
(Aghazadeh & Ganjali, 2018). 

Fe3+ + Fe2+ + OH- Fe3O4        (6) 
Figure 2 shows the electrodeposition of graphite felt 

in a solution of iron ion precursors under acidic, neutral, and 
basic conditions, respectively. On each surface of the graphite 
felt, the presence of a coating, which was a deposit of iron 
oxide (FexOy), can be observed. The deposits formed in the 
GF/FexOy -2 sample (Figure 2a) were brown with a mass of 
0.02 grams. The brownish iron oxide indicated the iron oxide 
hematite, Fe2O3. The black deposits in the samples of GF/ 
FexOy -7 (Figure 2b) and GF/FexOy-10 (Figure 2c) that 
weighed 0.03 and 0.02 grams, respectively, indicated the 
formation of iron oxide magnetite, Fe3O4. Based on the XRD 
and FTIR spectrum (Fig. 5a and 5b), the GF/FexOy -7 
contains a mixture of haematite and magnetite, which may 
cause a slightly higher mass than the two other products. 

Figure 3 shows the morphology of clean graphite felt 
(Raw-GF) and the three samples of electrodeposition 
products, namely GF/FexOy -2, GF/FexOy -7, and GF/FexOy -
10 at 1000× magnification. Graphite felt as a support material 
was composed of carbon fibres with a diameter of about 20 
μm. The Raw-GF sample (Figure 3a), which was a sample 
without modification, showed clean carbon fibres. The 
GF/FexOy -2 sample (Figure 3b) showed the distribution of 
white dots deposited around the carbon fibres. In contrast, the 
GF/FexOy -7 (Figure 3c) and GF/FexOy -10 samples (Figure 
3d) showed the presence of deposits on the surface of the 
carbon fibres in the form of larger particles or lumps. 

Figure 4 shows the SEM result of each modified 
FexOy electrode with a magnification of 5000× – 10000×. 
According to Buzea et al., nanoparticles have a size below 1 
μm (<1000 nm), while microparticles have a size above 1 μm 
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(>1000 nm) (Buzea, Pacheco, & Robbie, 2007). 
Nanoparticle-sized deposits (<500 nm) tended to form in the 
GF/FexOy -2 sample (Figures 4a,b), which was produced by 
electrodeposition in the precursor solution at a pH of 2. 
Electrodeposition in the precursor solution with pH of 7 
produced the deposit of particles, with an approximate size of 
500 – 1000 nm (Figures 4c,d), and electrodeposition at pH 
10 resulted in the deposit of larger particles size (Figures 4e,f). 
In an acidic environment, the ions were more dissociated so 
that the iron ions could quickly spread throughout the surface 
of the graphite felt.  Once the iron ions arrive on the graphite 
surface, they can react with hydroxide ions as-resulted of water 
reduction (Aghazadeh & Ganjali, 2018) to form small 
particles (≤ 500 nm), then were deposited on the surface of 
the graphite felt. The external addition of hydroxide ions to 
the solution caused an uncontrolled reaction with iron(II) and 
iron(III) in the precursor solution. It allowed the formation 
of larger particles (> 500 nm) which can be deposited as lumps 
on the graphite felt surface. 

Figure 5a shows the spectrum of XRD measurement 
results. The increase in the pH of the electrodeposition 
precursor solution increased the intensity in the theta area of 
20-30°. Based on the Reference Database Library, the peak at 
the mentioned area was FeOOH, interpreted as goethite and 
lepidocrocite, as can be observed in equation 7 (Martinez et 
al., 2007). 
Fe2+ + 2H2O  Fe-OOH + e + 3H+                        (7) 

The peak observed in the area between 40 – 50° 
indicated the existence of iron oxide magnetite, Fe3O4. This 
peak was visible in the electrodeposition sample at a pH of 10. 
The formation of Fe3O4, black deposits on the surface of 
graphite felt, was effective at a pH above 8. At pH of 7 and 2, 
magnetite peaks did not appear clearly. Meanwhile, at pH 7 
and 2, the 37° area peak was interpreted as forming Fe2O3. 
Furthermore, at a pH of 2, the reddish-brown layer formed 
was characterised as haematite. The FTIR spectrum of the 
GF/FexOy -2 sample (Figure 5b) showed a sharp stretching 
peak of Fe-O at wave number 594 cm-1 (Fard, Mirjalili, & 
Najafi, 2018) and 450 cm-1 (Sobhanardakani, Jafari, 
Zandipak, & Meidanchi, 2018) which were typical for Fe2O3. 
The spectra of GF/FexOy -7 and GF/FexOy -10 (Figure 5b) 
were quite similar to each other, which shows the broad weak 

peak in the area between 500 cm-1 and 700 cm-1 as the Fe-O 
stretching peak of Fe3O4(Raghu et al., 2017). 

 

 
Figure 3. Morphological profile of the sample based on SEM 
measurements at 1000× magnification for the samples; a) 
control sample, coded Raw-GF or graphite felt without 
modification, b. sample GF/FexOy -2, c. sample GF/FexOy -7, 
and d. GF/FexOy -10. 

 
Figure 4 Morphological profile of the samples based on SEM 
measurements at a magnification of 5000× and 10,000× for 
the samples; a, b. sample GF/FexOy -2, c, d. sample GF/ FexOy 
-7, and e,f. GF/FexOy -10. 
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Methyl orange is an organic compound with an azo 
bond (-N=N-) in its structure, so it is hardly degraded 
through the conventional microbial degradation method 
(Han et al., 2015). Furthermore, the ionic sulphonate group 
makes it very soluble in water (Han et al., 2015), which can 
quickly spread in aquifers, making it difficult to remove. 
Therefore, methyl orange can be classified as a biorefractory 
organic waste that can increase water's chemical oxygen 
demand (COD) (Guivarch et al., 2003). 

In this study, methyl orange was electrochemically 
degraded using the GF/FexOy -2, GF/FexOy -7, and GF/FexOy 
-10 samples. Figure 6a shows the methyl orange synthesis 
waste solution before and after electrochemical treatment. 
Samples of Raw-GF, GF/FexOy -2, GF/FexOy -7, and 
GF/FexOy -10 were used as the cathode, and platinum-coated 
titanium was used as the anode, respectively. Visually, the 
processed solution showed a significant decrease in colour 
intensity. Measurements with a UV-Vis spectrophotometer at 
a wavelength of 470 nm also showed a sharp decrease in 
absorbance in the post-treatment solution. The average colour 
loss based on the absorbance measurement results was 
between 77.69 – 81.43 % for the three modified and the 
control electrodes (Figure 6b).  

The GF/FexOy -7 resulted in a higher colour removal 
efficiency than the GF/FexOy -2. The formerly contained 
magnetite (Fe3O4), and the latter contained haematite 
(Fe2O3). It showed that Fe3O4 had a higher catalytic activity 
than Fe2O3. This result was in line with the study of Prasetyo 
et al. reporting that Fe3O4 was more effective than Fe2O3 in 
the Fenton reaction (Prasetyo, Akbar, Prabandari, & 
Ariyanto, 2019). However, the GF/FexOy -10 resulted in a 
lower colour removal efficiency than the GF/FexOy -2, 
although the former dominantly contained Fe3O4 and the 
latter dominantly contained Fe2O3. The particle size of the 
materials caused this. The GF/FexOy -10 and GF/FexOy -2 
had microparticle and nanoparticle sizes, respectively. The 
GF/FexOy -2 was more effective than the GF/FexOy -10 
because the former had a smaller particle size, namely 
nanoparticle. Graphite felt, a material composed of carbon 
fibers, can adsorb methyl orange compound in the solution, 
so the colour of the solution fades. The presence of iron oxide 

can aid in colour removal by catalysing the breakdown of azo 
bonds in methyl orange compounds (Han et al., 2015).  

In this study, iron oxide's role was insignificant 
compared to raw graphite felt (Figure 6b). So, in this case, the 
colour removal can be inferred to be dominated by the 
adsorption process. Figure 6b also shows that colour removal 
was not in line with the COD removal. Concentration, color 
removal, and COD removal should be in harmony in the case 
of dilution but not in the case of oxidation. In this research, 
methyl orange experienced oxidative degradation through a 
series of breakdowns to form small organic fragments as 
intermediates and CO2 and H2O as the expected final 
product.  

 

 

 
Figure 5. The spectrum of the control and the FexOy 
modified graphite felt samples; a. XRD dan b. FTIR 
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The detailed mechanism of methyl orange 
degradation has been proposed by Kgatle et al., as shown in 
Figure 7. Hydroxyl radical attacks the azo bond of the methyl 
orange, which splits methyl orange into N-N dimethyl-p-
phenyl diamine and sulphanilic acid. The radical attacks 
continue the breakdown of these intermediate compounds 
into many smaller and aliphatic organic fragments. The 
hydroxyl radicals are expected to oxidize all organic fragments 
to carbon dioxide completely and water(Kgatle, Sikhwivhilu, 
Ndlovu, & Moloto, 2021) hence eliminating COD. 
However, incomplete oxidation can occur, which leaves a 
high content of small organic fragments and make the COD 
remain high or increase. In this case, decolourisation can be 
occurred due to the change of organic compound 
composition instead of dilution. Initially, methyl orange 
contains a chromophore group in its structure which is 
responsible for its colour that absorbs visible light. After the 
breakdown,  the small organic fragments may not contain the 
chromophore group anymore, and thus, the colour 
disappears. Herein, the resulting fade colour of the post-
oxidation solution may not mean a low COD or organic 
compound concentration. 

The effect of iron oxide was seen in the COD 
measurement results correlated with the content of organic 
compounds in the solution (Guivarch et al., 2003). The 
decrease in COD indicated the presence of 
mineralization/oxidative degradation of methyl orange with 
hydroxyl radicals to the inorganic residue, as briefly shown in 
equation 8. The expected end products are only carbon 
dioxide and water. However, some other side products, such 
as SO2 or acid, considered pollutant compounds, can be 
emerged. Therefore, other treatments should be conducted 
before effluent discharge to avoid environmental hazards.  
2C14H14N3SO3Na + 82OH·  28CO2 + 14H2O + 3N2 + 
2SO2 + 82H+          (8) 

The Raw-GF sample was only able to reduce COD 
by 20.11 % (Figure 6b), which conforms with the work by 
Yu et al. (F. Yu, Zhou, & Yu, 2015). The COD removal 
capability of Raw-GF is predicted due to its adsorptive 
process. Although Raw-GF also produces hydrogen peroxide 
(Zhou, Zhou, Hu, Bi, & Serrano, 2014), the formation of 
hydroxyl radicals for mineralisation is unfeasible due to the 

lack of a catalyst. In this research, the addition of iron oxide 
to graphite felt has affected the methyl orange degradation 
performance. Iron oxides catalyze the Fenton reaction, which 
is the breakdown of H2O2 to hydroxyl radical and performs 
oxidative degradation. Herein, The GF/FexOy -2 sample gave 
the best COD reduction up to 49.84 %. This result is slightly 
higher than Santana et al. work which utilized Fe2O3/MCM 
for methyl orange degradation that reached 45 % of COD 
removal (Sidney Santana, Freire Bonfim, da Cruz, da Silva 
Batista, & Fabiano, 2021).  
 

 

 
Figure 6. Performance of the iron oxide (FexOy) modified 
graphite felt samples upon electrochemical degradation of 
methyl orange waste; a. the colour of the waste before (i) and 
after the process (ii – v), b. the colour and COD removal 
efficiencies 
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Figure 7 The proposed oxidative methyl orange degradation 
(Kgatle et al., 2021) 

The nanoparticle size of the iron oxide formed on the 
graphite felt contributes to a better effectivity of the catalyst 
in the hydroxyl radical generation to conduct mineralisation. 
The GF/FexOy -10 sample reduced COD by 30.73%, close to 
the Jiang et al. work result that used Fe3O4 catalyst in methyl 
orange degradation and reached 32 % of total organic carbon 
removal(Jiang, Sun, Feng, & Wang, 2016). The GF/FexOy -
10 was indicated to contain iron oxide as magnetite, Fe3O4, 
which has been reported as an effective catalyst in the Fenton 
reaction (Prasetyo et al., 2019). However, the GF/FexOy -7 
shows only 22.22 % of COD removal. According to its 
physicochemical characterization, GF/FexOy -7 contains a 
mixture of Fe2O3 and Fe3O4, each having different catalytic 
properties. The combination of Fe2O3 and Fe3O4 is predicted 
to lead to an adverse reaction and incomplete oxidation, 
leaving abundant small organic fragments and increasing the 
COD in the post-treatment solution. Thus, the effectiveness 
of iron oxide on the degradation of methyl orange waste 
depends on the particle size, the kind, and the composition 
controlled by the pH (Aghazadeh, 2019) during synthesis. 

 
 
 

4. CONCLUSION 
The pH of the precursor solution affected the 

characteristics of the iron oxide (FexOy) deposited on the 
graphite felt. In an acid solution (pH of 2), the iron oxide 
formed indicated the dominant type of FeOOH (goethite and 
lepidocrocite) and Fe2O3 (haematite) as 500 nm. The 
synthesized iron oxide in neutral (pH of 7) and basic (pH of 
10) solutions also indicated the type of FeOOH (goethite and 
lepidocrocite) and Fe3O4 (magnetite) with a particle size of 
more than 500 nm. The colour removal performances of 
Raw-GF, GF/FexOy -2, GF/FexOy -7, and GF/FexOy -10 were 
79.16 %, 81.39 %, 81.43 %, and 77.69 %, respectively. The 
GF/FexOy -2 sample gave a dominant COD reduction of up 
to 49.84 %, while the GF/FexOy -7 and the GF/FexOy -10 
sample reduced COD by 22.22 % and 30.73%, respectively. 
The non-modified graphite felt, Raw-GF, the sample was 
only able to reduce COD by 20.11 %. 
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