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1. Introduction  

Advanced oxidation processes (AOPs) has been widely employed in SW effluent treatment for 

quickly and non-selectively oxidizing refractory and poisonous soil pollutants [1]. Among different 

AOPs, the homogeneous photo-Fenton process is commonly one of the most effective and promising 

method to decompose contaminants by HO• generated through the reactions of iron with H2O2 and/or light 

energy [2]. Photo-Fenton process has been applied to various kinds of SW solutions with high efficiency 

[3]. The drawbacks encountered with the insufficient efficiency of contaminants degradation at pH 

greater than 2.8 can be alleviated by addition of organic complexes. The application of iron complexes in 

photo-Fenton processes has exhibited huge advantages over traditional processes due to the higher 

absorption of light radiation, the stabilization of Fe(II) or Fe(III) in the soluble forms over a wider pH 

range as well as better performance of pollutants oxidation by using the iron organic complexes [4]. 

Among the various polycarboxylates and aminopolycarboxylates, CA is more attractive than other iron 

ligand for application due to its inexpensive availability (it present with high concentration in lemon 

juice), easy biodegradability, and therefore environmental friendly (citrate is a safe food additive) [5]. 

CA involved photo-Fenton processes has been employed to eliminate various contaminants in 

wastewater [6]. However, photo-Fenton process using Fe(III)-CA has not been evaluated for destruction 

of hydrophobic soil pollutant in the SW effluent. In this study the oxidation performance of phenanthrene 

(PHE), one representative of PAHs, was investigated by Fe(III)-CA enhanced photo-Fenton process 

under UV irradiation. The degradation mechanism of PHE oxidation was probed through radical 

scavenging experiments.  
2. Experimental  

The synthetic SW solution was prepared by addition of 10 mg PHE and 0.5 g TW80 to 1 L purified 

water. The mixture was intensely stirred until PHE was completely dissolved. The prepared solution was 

then used to the degradation experiments. 

To prepare the iron complexes, predefined dosages of Fe(ClO4)3·9H2O and organic ligands were 

added to pure water and placed in dark for 20 minutes to ensure the complexes being homogeneously 

mixed. Ferrous complexes were then synthetic with mixing appropriate amount of the Fe(II) solution with 

ligand. 

Irradiations experiments were carried out in the same irradiation system as our previous work [7]. 

Predetermined amounts of iron complexes were mixed with the prepared SW solution, and the solution 

pH was adjusted to a predefined value. After addition of H2O2 to the solution, the pH value was 

rechecked and it was found that the pH was almost unchanged. The reactions began with turning on the 

light radiation and samples were withdrawn from the reactor at fixed time intervals to be analyzed. 

PHE concentration was analyzed by a high performance liquid chromatography (HPLC, Alliance) 

equipped with a photodiode array detector (Waters 2998, U.S.A) at the wavelength of 221 nm.  

3. Results and Discussion  

3.1 The stabilization and photochemical evolution of Fe(III)-CA 

The iron/ligand molar ratio is an important parameter to yield adequate chelation efficiency and to 

achieve better operating conditions of work. If the quantity of ligand is inadequate, the metal will not be 

completely chelated [8]. The photochemical absorption of complexes with different CA molar ratios was 

checked to determine the optimal ligand ratio of satisfactory chelation. The test was performed using iron 

CA complexing solutions with fixed Fe(III) dosage and different amount of CA. As illustrated in Figure 

1a, the spectrum of complexes shifted with Fe(III)/CA ratio less than 1:1, while the absorbance become 

stable and the spectra were well overlapped with the Fe(III)/CA ratio ranging from 1:1 to 1:3, 

demonstrating complete complexation of Fe(III) by CA with CA molar ratio higher than 1:1. Therefore, 

the Fe(III)/CA was fixed at 1:1 and the Fe(III)-CA complex was used for the following experiments. The 



evolution spectra of Fe(III)-CA in dark with time was also recorded in Figure 1b and it was found that the 

spectra maintained unchanged, suggesting the stabilization of Fe(III)-CA in dark. 

  
(a)                                 (b) 

Figure 1 UV-vis absorption spectra: (a) Fe(Ⅲ) complexes with different CA ratio, inset is the absorbance 

of Fe(Ⅲ) complexes at 250 nm with different CA ratio; (b) spectra of Fe(III)-CA in dark with time. 

Conditions: [iron complexes] = 0.3 mM. 

3.2 Comparison of PHE oxidation under various systems 

PHE degradation performance was evaluated using five different systems, including UVB/H2O2, 

H2O2/Fe(III)-CA and H2O2/Fe(III) systems with or without irradiation. As displayed in Figure 2, in the 

dark Fenton-like and H2O2/Fe(III)-CA processes, PHE oxidation could be neglected since the efficiencies 

were less than 14.0% with 3 h reaction, indicating the generation of active species in dark systems were 

generally slow. The photolysis of PHE in UVB/H2O2 process reached 34.8% after 3 h irradiation. It was 

interesting to find that PHE oxidation was scarcely enhanced in the UVB/H2O2/Fe(III) photo-Fenton 

process comparing with the photolysis of PHE in UVB/H2O2 process. Although, Fe(III) can adsorb UV 

light in the form of Fe(OH)2+ to yield Fe(II) and additional HO• radical through Eq. (1), the quantum yield 

of HO• was very low. In the meanwhile, the yielded Fe(II) through series of reactions such as Eqs. (1)-(4) 

was inadequate (less than 0.06 mM in 3 h) reacting with H2O2 to generate sufficient HO• for 

intensification of PHE degradation. Similar phenomenon that photo-Fenton process was not as efficient as 

UV/H2O2 process was also reported in previous research [9-10]. 

Fe(OH)2+ + hυ → Fe(II) + HO•        (1) 

Fe(III) + H2O2 → Fe(II) + HO2
• + H+       (2) 

HO2
• ↔ O2

−• + H+ pKa = 4.8         (3) 

Fe(III) + O2
−• → Fe(II) + O2         (4) 

In UVB/H2O2/Fe(III)-CA process, PHE oxidation was strongly intensified and reached a final 

removal of 46.4% (Figure 2). It was also observed PHE degradation exhibited two-stage in the Fe(III)-CA 

involved photo-Fenton process. In the initial 30 min, PHE was decomposed rapidly (42.6% removal), 

then nearly ceased within the left irradiation time. Pollutant degradation with the two-stage decay step 

was also observed in organic iron complexes involved photo-degradation processes [11-12]. 

 
Figure 2  Degradation of PHE in different systems. Initial conditions: [PHE] = 10 mg L−1, [TW80] = 0.5 g 

L−1, [H2O2]= 5 mM, [Fe(Ⅲ)-CA] = [Fe(Ⅲ)] = 0.5 mM, pH 3.0 ± 0.2 
3.3 Comparison of PHE oxidation using different organic ligands 

EDTA, EDDS and NTA were also commonly used organic ligands in the photo-Fenton process for 

pollutants oxidation. Experiments of oxidizing PHE using different ligands chelated Fe(III) complexes 

were performed and the results are depicted in Figure 3. PHE oxidation efficiencies were also enhanced 

with EDTA, NTA and EDDS chelated Fe(III) complexes, and PHE oxidation efficiency with application 

of the four different complexes followed the order of Fe(III)-CA > Fe(III)-EDDS > Fe(III)-NTA > 



Fe(III)-EDTA. With Fe(III)-EDTA and Fe(III)-NTA being employed, PHE decay present the same one-

stage pattern with that in the UVB/H2O2 system. The attenuation of PHE appeared similar two-stage 

model with involvement of Fe(III)-EDDS when compared with the photo-Fenton system of Fe(III)-CA, 

however the duration of the first stage prolonged to 60 min. 

 
Figure 3 Degradation of PHE using different organic ligand chelated Fe(III) complexes. Initial conditions: 

[PHE] = 10 mg L−1, [TW80] = 0.5 g L−1, [H2O2] = 5 mM, [Iron complexes] = 0.5 mM, pH 3.0 ± 0.2 

3.4 Radicals scavenging tests 

 
Figure 4 Free radicals scavenging tests. Initial conditions: [PHE] = 10 mg L−1, [TW80] = 0.5 g L−1, 

[H2O2] = 5 mM, [Fe(III)-CA] = 0.5 mM, [CF] = [TBA] = 50 mM 

According to the equations involved in the photo-Fenton reactions as discussed above, O2
−• and HO• 

probably exerted important role on PHE oxidation. Hence, scavending tests were performed to ascertain 

the role of the two types of radicals. Chloroform (CF) was employed as a quencher of O2
−• due to its high 

reactivity with reductants (3.0 × 1010 M−1 s−1) and poor reactivity with HO• (7.0 × 106 M−1 s−1). Owing to 

the strong reactivity with HO• (5.2 × 108 M−1 s−1), tert-butanol (TBA) is used as a scavenger of HO• [13]. 

As illustrated in Figure 4, with absence of radical quenchers, 46.4% of PHE removal could be achieved in 

180 min. PHE removal was negligibly inhibited by the addition of CF, demonstrating that O2
−• barely 

contributed to PHE oxidation. With the addition of TBA, PHE degradation was intensely suppressed and 

PHE removal dramatically lessened to 12.8%, which suggested HO• was predominantly respnosible for 

PHE oxidation in Fe(III)-CA employed photo-Fenton process. 

4. Conclusions 

In this work, Fe(III)-CA was employed to replace traditional iron ions in the photo-Fenton systems for 

oxidizing PHE from mimic SW solution. Compared with Fe(III) involved photo-Fenton process, the 

employment of Fe(III)-CA strongly facilitated PHE oxidation in the initial 30 min, however PHE 

degradation almost ceased in the follow irradiation time. Fe(III)-CA is more efficient for PHE oxidation 

that other organic ligand chelated complexes. The dominant active species was HO• though O2
−• were also 

involved in the photo-Fenton reactions. 
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