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Abstract: 

 Metal Organic Frameworks (MOFs) have been gaining attention as emerging 

photocatalysts that can degrade organic pollutants in water. In this study, Iron(III) Fumarate 

MOF was successfully synthesized using a simple hydrothermal method by refluxing a 

mixture of iron(III) chloride and fumaric acid, with water as the solvent. 60 mM of both 

iron(III) chloride and fumaric acid resulted in the greatest yield of Iron(III) Fumarate MOF 

with the optimum morphology. Iron(III) Fumarate MOF synthesized was able to 

photocatalytically degrade methylene blue, brilliant green and methyl orange dyes by radical 

generation, which was proven using Mass and Photoluminescence spectra analysis. Iron(III) 

Fumarate MOF degraded methyl orange, an azo dye, via demethylation, desulfonation 

followed by deamination and the cleavage of the azo bond. The band gap of Iron(III) 

Fumarate MOF was determined to be 1.49 eV, which was lower than that of conventional 

photocatalysts such as titanium dioxide and zinc oxide. The effect of the presence of visible 

light and hydrogen peroxide on the amount of dye degraded was investigated. It was found 

that Iron(III) Fumarate MOF outperformed conventional photocatalysts, titanium dioxide and 

zinc oxide, in degrading all the dyes tested when both visible light and hydrogen peroxide 

were present, removing over 97% of all dyes. Hence, Iron(III) Fumarate MOF is a promising 

alternative to conventional photocatalysts in degrading dyes. 

 

1. Introduction 

 In recent years, the rapid development of industries has generated an increasing 

amount of wastewater. With over 10,000 types of dyes that are available commercially, and 

factories that produce over 70 million kg of dyes per year (Zollinger, 2003), severe 

environmental problems will arise if these dyes are disposed into the wastewater. Dyes are 

highly toxic and mutagenic (Adeyemo, Adeoye, & Bello, 2012), and the introduction of 

organic dyes into aquatic ecosystems interferes with bacteria growth, preventing them from 

degrading pollutants (Allen & Koumanova, 2005). Wastewater treatment technologies that 

are currently available for industries, such as adsorption and coagulation, merely concentrate 

or separate the organic pollutants from water (Padmanabhan et al., 2006). They are not 

completely degraded into biodegradable or less toxic compounds (Gaya & Abdullah, 2008). 
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Other water treatment methods, including membrane technologies, are expensive (Chequer et 

al., 2013). 

Among various methods used to remove organic pollutants, photocatalysis is 

increasingly adopted for the removal of organic contaminants, due to their high efficiency, 

good reproducibility, and ease of handling (Gaya & Abdullah, 2008). In general, 

photocatalysis involves the generation of highly reactive and non-selective chemical oxidants 

(such as radicals) under light to degrade toxic organic substances into less toxic ones (Chong, 

Jin, Chow & Saint, 2010). In advanced oxidation processes (AOPs), the heterogeneous 

photocatalytic removal of organic pollutants using semiconductor catalysts (such as TiO2 and 

ZnO) has been demonstrated to be highly efficient in degrading a wide range of organic 

pollutants (Chong et al., 2010). However, one typical drawback in this process is that the 

photocatalysts are not stable in aqueous medium. Usually, the illumination of these catalysts 

leads to their corrosion, introducing metal ions into water (Chong et al., 2010).  

On the other hand, Metal Organic Frameworks (MOFs), a class of metal-organic 

hybrid porous materials, have recently caught the attention of researchers due to their diverse 

and easily tailored structures. MOFs are composed of metal-containing nodes connected by 

organic ligands through strong covalent bonds. Some MOFs behave as semiconductors when 

exposed to light, implying that they can be used as photocatalysts (Silva, Corma & García, 

2010). Comparing them with reported photocatalysts, photocatalytic MOFs have many 

advantages since they have versatile synthesis strategies and large surface area (Xu et al., 

2014). Iron(III) Fumarate MOF is a 3D metal-organic framework formed from trimers of 

iron(III) octahedral linked to fumarate dianions (Figure 1), forming cages with open channels 

running along the c-axis (Chalati et al., 

2011). Iron(III) Fumarate MOF swells by 

85% after being exposed to a polar solvent, 

while fully maintaining its open-framework 

topology. This large increase in surface 

area of Iron(III) Fumarate MOFs is very 

favorable for photocatalytic reactions. 

Although MOFs have been investigated for their ability to degrade organic pollutants 

in the presence of persulfate (Lin, Chang, & Hsu, 2015), studies on the use of MOFs to 

degrade dyes in the presence of hydrogen peroxide is limited. Therefore, this project aims to 

synthesize Iron(III) Fumarate MOF using a hydrothermal process, and also to study the 

MOFs’ ability to degrade brilliant green, methylene blue and methyl orange dyes.  
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2. Objectives and Hypotheses 

2.1 Objectives 

• Synthesize Iron(III) Fumarate MOF via a hydrothermal reaction using iron(III) 

chloride and fumaric acid  

• Study the effects of volume and concentration of the above reactants on the 

morphology and yield of Iron(III) Fumarate MOF  

• Determine the effectiveness of the Iron(III) Fumarate MOF in degrading brilliant 

green, methylene blue and methyl orange dyes in the presence and absence of H2O2 

• Compare the effectiveness of Iron(III) Fumarate MOF in degrading the dyes with 

conventional photocatalysts, titanium dioxide and zinc oxide 

  

2.2 Hypothesis 

• Volume and concentration of reactants used would affect the morphology and yield of 

Iron(III) Fumarate MOF 

• Under visible light irradiation and in the presence of hydrogen peroxide, Iron(III) 

Fumarate MOF synthesized is comparable with conventional photocatalysts in 

degrading methylene blue, brilliant green and methyl orange dyes 

 

3. Materials and Methods 

3.1 Materials 

 Iron(III) chloride, fumaric acid, brilliant green, methyl orange, terephthalic acid, 

titanium dioxide and zinc oxide were purchased from Sigma Aldrich. Hydrogen peroxide and 

methylene blue were purchased from GCE Chemicals and Unichem respectively.  

 

3.2 Synthesis of Iron(III) Fumarate MOF 

Iron(III) chloride and fumaric acid solutions were mixed with a mole ratio of 1:1 and 

refluxed for 2 hours under continuous stirring at 100 °C. The concentration and amount of 

both reactants used were set at 20 mM or 60 mM, and 50 ml or 100 ml respectively. The 

resulting precipitate obtained was centrifuged, washed and dried at 60°C until constant mass. 

      



4 

3.3 Determination of effectiveness of Iron(III) Fumarate MOF in degrading dyes 

0.050g of Iron(III) Fumarate MOF and 1 ml of 6% hydrogen peroxide was added to 

20 ml of 25 ppm dye solution and stirred for 24 hours in darkness or under the irradiation of 

visible light. After which, the final absorbance of dye was measured using a UV-Vis 

Spectrophotometer at λ=664 nm for methylene blue, at λ=625 nm for brilliant green and at 

λ=464 nm for methyl orange. A control with no Iron(III) Fumarate MOF and hydrogen 

peroxide was included in the set up. The experiments were repeated with titanium dioxide 

and zinc oxide. Five replicates were conducted for each photocatalyst.  

The formula below was used to calculate the final concentration of dye: 

 

3.4 Analysis of the generation of hydroxyl radicals by Iron(III) Fumarate MOF  

 Varying amounts of Iron(III) Fumarate MOF and 6% hydrogen peroxide were added 

to 20 ml of a mixture of 0.2 mM terephthalic acid and 1.4 mM sodium hydroxide and stirred 

for 15 minutes. After which, the photoluminescence of the resulting solution was measured 

using a Spectrofluorophotometer. A control with no Iron(III) Fumarate MOF and hydrogen 

peroxide was included in the set up. 

 

4. Results and Discussion 

4.1  Characterization of Iron(III) Fumarate MOF by X-Ray Diffraction (XRD) 

Iron(III) Fumarate MOF was successfully synthesized through the hydrothermal 

process, as confirmed by the XRD pattern of the MOF where 2-Theta peaks at 10.2°, 10.9° 

and 13.3°, characteristic of Iron(III) Fumarate MOF (Xu et al, 2014), were identified.  

 

 

 

 

 

 

Figure 5: XRD pattern of Iron(III) Fumarate MOF 
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4.2 Effect of concentration and volume of reactant solutions on MOF 

 Figure 6 shows the effect of varying the volume and concentration of both reactant 

solutions on the yield of the MOF. Other than increasing the yield of the MOF by more than 

200%, doubling the volume had no effect on the morphology of the MOF synthesized.  

However, increasing the concentrations of both precursors from 20 mM to 60 mM resulted in 

a greater yield and a more complete formation of the MOF crystals.  

           
 

Figure 7 shows the SEM images of the MOF synthesized with different precursor 

concentrations. It could be seen that MOF synthesized using 20 mM precursors yielded small, 

spherically-shaped MOF while MOF synthesized using 60 mM precursors yielded large, 

hexagonally-shaped MOF rods, which was the reported structure of Iron(III) Fumarate MOF 

by other researchers (Xu et al, 2014). This is because higher concentrations of reactants 

allowed for a more complete nucleation and crystallization of MOF. 

 

 

 

 

 

 

 

(a) (b) 

Figure 7: SEM image of MOF synthesised using (a) 20 mM precursors, (b) 60 mM precursors 

with total volume of both reactant solutions being 100 ml 

Figure 6: Effect of precursor volume and concentration on yield of Iron(III) Fumarate MOF 
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4.3 Effect of presence of visible light and hydrogen peroxide on degradation of dyes 

 Figure 8 reveals that the presence of hydrogen peroxide enhances the degradation of 

all three dyes by Iron(III) fumarate MOF, with the percentage of dyes removed being greater 

than 97%. Using the Mann Whitney U-Test, it was shown that there was a significant 

difference in the amount of dye degraded with or without the presence of hydrogen peroxide, 

since the calculated P-values are all below 0.05.  

 

Figure 8: Effect of presence of hydrogen peroxide on the percentage of dye degraded 

 

Figure 9 shows the percentage of dye degraded by the MOF with or without the 

irradiation of visible light. It could be observed that the presence of visible light enhanced the 

effectiveness of the MOF to degrade the three dyes. 

 

   Figure 9: Effect of presence of visible light on dye degradation by the MOF 
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Using the Mann Whitney U-Test, it was shown that there was a significant difference 

in the amount of dyes degraded when visible light was present. The reason why the 

degradation of dyes by the MOF was enhanced by both visible light and hydrogen peroxide is 

because it is a photocatalyst. Under visible light, electrons would be promoted from the 

valence band to the conduction band, reducing other molecules, and the electron holes 

formed acted as an oxidizing agent. Together they can take part in redox reactions to generate 

radicals which degrade the dyes (Xu et al., 2014). H2O2 could also be reduced and oxidized 

readily to generate more radicals (as shown in Figure 10), enhancing the ability of the MOF 

to degrade dyes. 

 

Figure 10: Redox reactions that generate radicals during dye degradation 

 
 

4.4 Comparison of Iron(III) Fumarate MOF to conventional photocatalysts 

 Figure 11 compares Iron(III) Fumarate MOF with conventional photocatalysts on the 

effectiveness of dye degradation. Remarkably, MOF synthesized in this study was more 

effective than both zinc oxide and titanium dioxide in degrading all 3 dyes. However, based 

on the Mann Whitney U-Test, only methylene blue and methyl orange showed a significant 

difference in the percentage of dye removed. The reason why Iron(III) Fumarate was more 

effective in degrading dyes may be due to its lower band gap, as discussed in the next section. 

 

 

Figure 11: Comparison of Iron(III) Fumarate MOF with conventional 

photocatalysts on the percentage of dye degraded 



8 

4.5 Determination of the band gap of Iron (III) Fumarate MOF synthesized 

 The band gap of semiconductor photocatalysts is a crucial factor in determining their 

photocatalytic efficiency, since it is an indicator of how much energy from the visible light 

region (photon energy of 1.7-3.0 eV) they could capitalize. Zinc oxide and titanium dioxide 

both have high band gaps of 3.2 eV (Dodd, Mckinley, Tsuzuki & Saunders, 2009), which 

limit their ability to initiate photocatalytic reactions using visible light. However, MOF 

synthesised in this study was determined to have a band gap of 1.49 eV (Figure 12), which 

means that even light in the near infrared region could be used to initiate the photocatalytic 

reaction, unlike the conventional photocatalysts which can only harness UV radiation.  

 

Figure 12: UV-Vis Spectrum of MOF and determination of optimum band gap E of the MOF 

 

4.6 Photocatalytic generation of hydroxyl radicals using Iron (III) Fumarate MOF 

 

Figure 13: Photoluminescence spectra as differing amounts of a) MOF or b) H2O2 were added 
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It is commonly established that terephthalic acid can react specifically with hydroxyl 

radicals in alkaline conditions to form 2-hydroxyterephthalic acid, which emits a strong 

fluorescence signal at around 426 nm when excited by light at 310 nm (Xu et al., 2014). Thus, 

this reaction was used to qualitatively determine the difference in the amount of hydroxyl 

radicals generated when differing amounts of MOF (Figure 13(a)) or hydrogen peroxide 

(Figure 13 (b)) were added. Peaks of higher intensity were obtained when a larger amount of 

MOF or hydrogen peroxide was added into the terephthalic acid solution, suggesting that the 

amount of hydroxyl radicals photocatalytically generated increased when the amount of MOF 

or H2O2 added increased.  

 

4.7 Proposed mechanism of photocatalytic degradation of methyl orange dye 

Figure 14 shows the different mass spectra obtained when hydrogen peroxide is added. 

The intensity of methyl orange at peak 304 was more than 30 times lower when hydrogen 

peroxide was added, implying that much more methyl orange was degraded in the presence 

of hydrogen peroxide. Furthermore, many more peaks were observed when H2O2 was added, 

further suggesting that the photodegradation was more complete with more intermediates.  

Figure 14: Mass Spectra of methyl orange residue in a) absence of H2O2 b) presence of H2O2 

 

Considering the different types of radicals generated, as well as the masses of the 

degraded products, the mechanism of photodegradation of methyl orange by Iron (III) 

Fumarate MOF was proposed (Figure 15). Without H2O2, demethylation occurs, removing 

the 2 methyl groups from the dimethylamino group of methyl orange. However, with H2O2, 

the presence of more radicals resulted in the deamination and desulfonation of methyl orange. 

Remarkably, methyl orange was also degraded by the cleavage of the azo group, which 

suggests that the MOF has the potential to break down persistent azo compounds.  
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Figure 15: Proposed degradation pathways of methyl orange: a) Demethylation,  

b) Desulfonation followed by Deamination, and c) 2 ways the azo group is cleaved  
 

 

5. Conclusion and Recommendations for Future Work 

Iron(III) Fumarate MOF was synthesized by a simple hydrothermal process with a 

mixture of iron(III) chloride and fumaric acid solutions. The Iron(III) Fumarate MOF had the 

highest yield and the optimum morphology when it was synthesized with a reactant 

concentration of 60mM. In addition, the Iron(III) Fumarate MOF could degrade at least 97% 

of the tested methylene blue, brilliant green and methyl orange dyes in the presence of visible 

light and hydrogen peroxide. Iron(III) Fumarate MOF outperformed the tested conventional 

catalysts, zinc oxide and titanium dioxide, in degrading the 3 dyes. The band gap of Iron(III) 

Fumarate MOF was determined to be 1.49 eV, suggesting that light in the near-infrared and 

visible region can be used to initiate the photocatalytic reaction. This is unlike titanium 

dioxide and zinc oxide, which can only harness UV radiation. Iron(III) Fumarate MOF 

degraded methyl orange, an azo dye, via demethylation, desulfonation followed by 

deamination and the cleavage of the azo bond. Iron(III) Fumarate MOF is therefore a very 

promising photocatalyst that can even be used against azo pollutants, with its remarkable 

ability to degrade persistent azo compounds through different pathways. 

 In the future, the Iron(III) Fumarate MOF can be tested against other organic 

pollutants, such as pesticides, drug residues and azo compounds, to evaluate its effectiveness 

in degrading other organic pollutants. Kinetic studies could also be conducted to investigate 

the rate of dye degradation. The toxicity of the organic pollutant residues could be evaluated 

and compared with the organic pollutants itself.  
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