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Abstract

:

In this work, the activation effect of vacuum thermal treatment on MIL-101(Fe) (MIL: Materials of Institute Lavoisier) was investigated for the first time. It demonstrated that vacuum thermal activation could accelerate the activation of persulfate (PS) by MIL-101(Fe), and the enhancement of the catalytic capacity of MIL-101(Fe) was mainly attributed to the change in the FeII/FeIII mixed-valence center. The results of the SEM and XRD showed that vacuum thermal activation had a negligible effect on the crystal structure and particle morphology of MIL-101(Fe). Meanwhile, the higher temperature of vacuum thermal activation caused a higher relative content ratio of FeII/FeIII. A widely used azo dye, X-3B, was chosen as the probe molecule to investigate the catalytic performance of all samples. The results showed that the activated samples could remove X-3B more effectively, and the sample activated at 150 °C without regeneration could effectively activate PS to remove X-3B for at least 5 runs and approximately 900 min. This work highlights the often-overlooked activation effect of vacuum thermal treatment and provides a simple way to improve the catalytic capacity and reusability of MIL-101(Fe) which is beneficial for the application of MIL-101(Fe)/PS systems in azo dye wastewater treatment.
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1. Introduction


Effluents of textile industries, pulp mills, and dyestuff manufacturing are known to contain considerable colors which are caused by dyes. Among these dyes, azo dyes constitute the largest and the most important class of commercial dyes [1,2]. Numerous studies on dyes have shown that azo dyes are unlikely to be biodegradable, toxic, and possibly carcinogenic and mutagenic to living organisms [3,4,5]. Thus, efficient removal of azo dyes is necessary and important.



Advanced oxidation processes (AOPs) have proved to be economical and efficient in treating dye effluents and producing high-quality water [6,7]. Sulfate radical-based AOPs have been regarded as effective technologies for degradation of recalcitrant organic contaminants and received considerable attention for destruction of azo dye compounds [8,9,10]. In general, persulfate (PS) exhibits low reactivity toward contaminants in water. Therefore, a proper activation method for PS is crucial and requisite in wastewater treatment. The most extensively used activators for PS are transition metals, including Co, Ag, Fe, etc. [11,12,13,14]. Among these transition metals, Fe has often been selected as a PS activator owing to its low toxicity, low cost, high activity, and natural abundance [15]. However, the Fe/PS system has some intrinsic drawbacks, such as strict pH range limits and accumulation of ferric oxide sludge, which limit its widespread application [16,17,18].



Thus, researchers have focused on preparing Fe-containing heterogeneous catalysts with various support materials to solve the problems mentioned above [19,20,21,22]. Metal–organic frameworks (MOFs) are a class of versatile inorganic–organic hybrid materials which are composed of metal atoms or clusters linked by polydentate organic ligands [23]. Iron-based MOFs are extremely attractive, since they have a high content of active metal sites and iron-containing complexes are commonly used in catalysis [24,25]. The MIL (Materials of Institute Lavoisier) family, built from trivalent metal centers and carboxylate-bridging ligands pioneered by Férey and co-workers [26], has good stability in water. Thus, we focused on the Fe-based MILs and some of them have been reported to activate H2O2/PS for organic contaminants removal. For instance, MIL-53(Fe) was proved to accelerate removal of acid orange 7 with PS and visible light [27]. The MIL-88A, produced at the synthesis temperature of 85 °C, had good catalytic performance for orange G removal through PS activation [28]. Furthermore, Li and Guo et al. [29] conducted a comparison between MIL-101(Fe), MIL-100(Fe), MIL-53(Fe), and MIL-88B(Fe) for acid orange 7 removal via PS activation, while MIL-101(Fe) had the best performance on adsorption and catalytic oxidation.



As mentioned above, MIL-101(Fe) is a promising candidate for PS activation. However, the catalytic performance of bare MIL-101(Fe) was not satisfactory due to the fact of it possessing a high proportion of FeIII sites in the active metal center [30]. Some studies focused on modification with an Fe2+-containing compound. For example, Wang et al. [31,32] prepared a ferrocene-modified MIL-101(Fe) which exhibits excellent Fenton-like activity through the electron transfer of ferrocene as a redox mediator. Meanwhile, some efforts have been devoted to the synthesis of a composite catalyst with MIL-101(Fe). A core–shell Fe3O4@MIL-101 composite was successfully synthesized by Yue et al. [30] which was introduced as a catalyst to generate powerful radicals from PS for the removal of acid orange 7. A composite consisting of graphitic carbon nitride and MIL-101(Fe) was reported by Gone et al. [33] which exhibited improved photocatalytic performance for bisphenol A degradation in the presence of PS.



However, considering the advantages of MIL-101(Fe) itself, such as a high content of Fe, a high dispersibility of active metal sites, and a crystalline open structure which provides efficient entrances for penetration of reactant molecules, a suitable method to activate MIL-101(Fe) may be a more efficient and simple way to improve its catalytic capacity for PS activation. According to Wuttke’s study [34], heating to 423 K under a helium flow could cause a huge departure of free water molecules in frameworks of MIL-100(Fe). Meanwhile, Aggarwal et al. [35] found that a long-time vacuum thermal treatment (120 °C, 24 h) would lead to a change in the interpenetration and a transformation of the crystalline phase on Zn-based MOF. In addition, Yoon et al. [36] found that thermal activation at inert gas flow or in vacuum can introduce reducibility to MIL-100(Fe), and the treatment leads to a dramatic improvement of preferential gas sorption due to the formation of FeII sites.



As a drying method, vacuum thermal treatment is widely used in material preparation. However, the potential activation effect of vacuum thermal treatment was often ignored by researchers. Based on the limited relevant studies mentioned above, we speculated that the vacuum thermal activation could also remove free water molecules in the framework and, hence, provide more feasible active sites for PS activation. Meanwhile, vacuum thermal activation may lead to a change in the FeII/FeIII mixed-valence center which may affect the catalytic capacity of MIL-101(Fe) for PS activation.



Therefore, in this work, MIL-101(Fe) was prepared and treated in vacuum at different temperatures. Then, the samples were characterized and used for PS activation to remove a widely used azo dye, X-3B. The objective of this study was to investigate the change of catalytic performance of MIL-101(Fe) after the vacuum thermal activation and try to understand the role of the FeII/FeIII mixed-valence center in MIL-101(Fe) for PS activation. Meanwhile, the stability and reusability of activated MIL-101(Fe) were also evaluated through long-term PS activation (5 cycles).




2. Results and Discussion


2.1. Characterization


The MIL-101(Fe) was synthesized and divided into five parts. One was denoted as M-0 without further treatment, and the other four were treated, respectively, in vacuum at a required temperature (120 °C, 150 °C, 170 °Cm and 200 °C) for 7 h and denoted as M-120, M-150, M-170, and M-200, respectively. The X-ray diffraction (XRD) patterns of all samples are shown in Figure 1. The main diffraction peaks of M-0 are in accordance with the data reported in the literature [37,38,39], indicating that the MIL-101(Fe) was successfully prepared. Meanwhile, the XRD patterns of activated samples were very similar to that of as-prepared MIL-101(Fe), and no additional signals are observed. This confirmed that the vacuum thermal activation did not change the crystalline structure of MIL-101(Fe). Moreover, the high intensities of the peaks suggested a high degree of crystallinity for all samples.



A scanning electron microscope (SEM) was used to characterize the surface morphology of prepared samples. As shown in Figure 2A, the sample M-0 had the characteristic of a typical cubo-octahedral shape which was previously reported for MIL-101(Fe) [40]. It can also be seen from Figure 2A(1) that the MIL-101(Fe) with a uniform size distribution was successfully synthesized.



Figure 2B–E shows that all the activated samples had the same morphology—cubo-octahedral, which was same as that of M-0. However, the surface roughness of the particles showed some changes with the vacuum thermal activation. As shown in Figure 2A, the as-prepared MIL-101(Fe) had a dense and smooth surface. In contrast, the surfaces of M-120 and M-150 were less dense, and it was even rough and loose for M-200. The change in the particle texture from dense to loose was also observed in TEM (Supplementary Materials Figures S1–S4). This may be due to the removal of free or bond water molecules from the framework of MIL-101(Fe).




2.2. Catalytic Performance


The catalytic performances of as-prepared MIL-101(Fe) and activated samples were investigated through X-3B removal experiments. As shown in Figure 3, no appreciable X-3B removal was observed when persulfate (PS) was applied alone. When prepared samples were introduced into the system, sharp increases in the removal ratio of X-3B were subsequently observed, which demonstrated that all the samples were potential catalysts for PS activation.



It can obviously be seen that the removal ratios of X-3B over M-120/150/170/200 were much higher than that of M-0. After a 180 min reaction, the X-3B removal ratio reached 90.3%, 95.7%, 95.2%, and 92.5% for M-120, M-150, M-170, and M-200, respectively. The X-3B removal ratio was just 67.3% for M-0. This implies that vacuum thermal activation did have an influence on the catalytic capacity of MIL-101(Fe).



It is worth noting that the adsorption of X-3B by M-0/120/150/170/200 also contributes to the removal of X-3B (Figure 4). For a visual comparison of the catalytic ability of all samples, the value of the removal ratio was processed by subtracting the part caused by adsorption. As depicted in Figure 5, the removal ratio increased with the increase in activation temperature. It was proven that a higher temperature of vacuum thermal activation caused a higher catalytic capacity of MIL-101(Fe). This may be attributed to the change in the mixed-valence state of iron in MIL-101(Fe) which played a key role in PS activation.




2.3. Mechanism


2.3.1. Mixed-Valence State of Iron in MIL-101(Fe)


In order to verify the change in the mixed-valence state of iron in MIL-101(Fe) after the vacuum thermal activation, X-ray photoelectron spectroscopy (XPS) was used to analyze the chemical states of the Fe element. X-ray photoelectron spectroscopy is often used to study the composition of mixed-valence iron oxides, as it is extremely sensitive to Fe2+ and Fe3+. As shown in Figure 5 and Figure 6, the Fe2p high-resolution spectra of all samples consisted of two main peaks at binding energies of 711.4 ± 0.3 and 724.8 ± 0.3 eV, which were assigned to Fe 2p3/2 and Fe 2p1/2, respectively.



The Fe2p spectra were fitted into three components, corresponding to FeII (green), FeIII (orange), and satellite peaks (gray), as illustrated in Figure 6 and Figure 7. The full width at half-maximum (FWHM) of FeII (or FeIII) peak in Fe 2p3/2 was consistent with the one in Fe 2p1/2. Meanwhile, the ratio of the peak area of FeII (or FeIII) peak in Fe 2p3/2 and Fe 2p1/2 should keep to 2:1. The peak parameters are presented in Table 1.



As can be seen from Table 1, the relative content ratios of FeII/FeIII (calculated by peak area) of the activated samples were higher than that of as-prepared MIL-101(Fe). Furthermore, the ratios of FeII/FeIII increased with the increase of activation temperature. The ratio of FeII/FeIII of M-150 was very close to that of M-170, which was in accordance with the catalytic performance of these two samples (see Figure 5). This implies that vacuum thermal activation did have an influence on the chemical state of the iron center in MIL-101(Fe) and that a higher temperature was beneficial to promote the generation of FeII sites. In addition, an increase in the proportion of FeII could accelerate the decomposition of PS, for the activation capacity of FeII was higher than that of FeIII. The experimental results of the X-3B removal were consistent with the above statement.




2.3.2. Quenching Experiments and EPR (electron paramagnetic resonance) tests


To identify the reactive species generated in an MIL-101(Fe)/PS system, quenching experiments were conducted with M-150. As is well known, methanol and tertiary butyl alcohol (TBA) are commonly used quenching agents, and methanol is regarded as a scavenger of both SO4−· and OH·, while TBA is considered as a scavenger of only OH· rather than SO4−· [30]. Figure 8 displays the reduction in X-3B removal in the presence of different trapping agents.



It can be found that the introduction of methanol caused the removal ratio of X-3B to decrease from 95.7% to 42.2% after 180 min. While the addition of TBA had a relatively moderate impact on the removal ratio. This indicated that both SO4−· and OH· were involved in the process of X-3B removal.



In order to gain insight into the predominant free radicals, electron paramagnetic resonance (EPR) studies were also conducted. As shown in Figure 9, the typical six-line patterns can be recognized as the signal of the DMPO-SO4−· adduct based on their hyperfine splitting constants (αN = 13.01 G, αβ-H = 10.22 G, αγ1-H = 1.43 G, αγ2-H = 0.79 G), and the four split lines can be recognized as the signal of the DMPO-OH· adduct, according to their hyperfine splitting constants (αβ-H = 14.95 G, αN = 14.96) [41,42].



In addition, comparing the EPR spectra tested at the beginning of the reaction without X-3B (0 min, black line) and the one tested after the reaction had proceeded for 60 min (60 min, blue line), the intensity of the signals sharply decreased but did not disappear. This demonstrated that both SO4−· and OH· were continually generated in the PS/MIL-101(Fe) system for a long time. Meanwhile, both SO4−· and OH· contributed to the removal of X-3B.




2.3.3. Mechanism of Activation of PS by MIL-101(Fe)


It is evident that SO4−· and OH· are the key active species for removal of X-3B in a PS/MIL-101(Fe) system based on the results of the quenching experiments and EPR tests. It is noted that the relative content ratio of FeII/FeIII increased with the increase in the activation temperature which improved the catalytic performance of MIL-101(Fe). Thus, the activation mechanism is hypothesized as follows: First, the crystalline open structures of MIL-101(Fe) provided efficient entrances for penetration of reactant molecules. Second, the active iron sites, which distributed uniformly in the whole structure, were accessible for PS in the solution. Thus, the FeII sites could activate PS to generate SO4−· through a one-electron transition reaction, and the FeII sites changed into a trivalent state (Equation (1)). Meanwhile, the FeIII sites were also able to initiate the decomposition of PS and transformed into FeII sites with the generated S2O8−· (Equation (2)) [43]. As active metal sites, FeII sites and FeIII sites converted into each other continuously with the activation of PS. Simultaneously, SO4−· could directly convert into OH· via hydrolysis reaction with water (at all pH conditions) (Equation (3)), and this could explain the existence of OH· in this system (the solution pH was acidic). Besides, SO4−· and OH· could react with persulfate anions to generate additional S2O8−· (Equations (4) and (5)).


  ≡ Fe II +  S 2   O 8  2 −   →   ≡ Fe III +   SO  4 −  · +      SO   4  2 −    



(1)






  ≡ Fe III +  S 2   O 8  2 −   →   ≡ Fe II +  S 2   O 8 −   



(2)






    SO  4 −  · +      H   2  O →   SO  4  2 −   +    OH  · +      H   +   



(3)






    SO  4 −  · +      S   2   O 8  2 −   →  S 2   O 8 −  · +      SO   4  2 −    



(4)






  OH · +      S   2   O 8  2 −   →   OH  −  +  S 2   O 8 −   



(5)









2.4. Stability and Reusability


The reusability and stability are a prerequisite for the catalyst to be used in practical applications and, therefore, the activity of M-150 was assessed in five repeated X-3B removal experiments under the identical experimental conditions. After each run, catalyst was collected by centrifugation and washed with deionized water several times and then vacuum dried at 60 °C for 12 h which was the drying condition for as-prepared MIL-101(Fe). Several parallel experiments were carried out simultaneously to ensure the amount of catalyst was sufficient for each run. The results obtained with M-150 are shown in Figure 10. After a reaction of 180 min, the final X-3B removal ratio in the M-150/PS system was maintained above 90% for the first four recycling experiments and decreased to 87% for the 5th.



The surface morphology and crystal structure of M-150 after five recycling experiments were examined by SEM and XRD. As seen in Figure 11, the position of the diffraction peaks was very similar to that of pristine M-150, while the relative intensity of peaks had changed. This implies that, the used M-150 was still composed of crystalline particles, while there was some change in the structure of these particles. As depicted in Figure 12, an obvious distinction was observed between the as-prepared and the used M-150. The raw catalyst M-150 was composed of cubo-octahedron crystals with a uniform size distribution, whereas the image of the used catalyst shows rod-like particles and large particles with irregular shape. Therefore, the reduction of the X-3B removal ratio can be explained by the following reasons: a) the active metal sites of MIL-101(Fe) were occupied by adsorbed X-3B and the degradation intermediates; b) the change in the open structure of MIL-101(Fe) may have decreased the accessibility of the active iron sites for reactant molecules.



These results demonstrate that M-150, without regeneration, could effectively activate PS to remove X-3B for at least 5 runs and approximately 900 min.





3. Materials and Methods


3.1. Chemical Reagents


Iron chloride hexahydrate (FeCl3·6H2O) was purchased from DaMao Chemical Co. (Tianjin, China). Terephthalic acid (PTA) and tert-butyl alcohol (TBA) were purchased from Aladdin Co. (Shanghai, China). N,N-Dimethylformamide (DMF) was purchased from SiYou Chemical Co. (Tianjin, China). Ethanol and methanol were purchased from BeiChenFangZheng Chemical Co. (Tianjin, China). The commercially available dye X-3B was supplied by JiangLai Biological Co. (Shanghai, China). Potassium persulfate (PS) was purchased from TianLi Chemical Co. (Tianjin, China). 5, 5-Dimethyl-1-pyrroline-N-oxide (DMPO) was purchased from APExBIO Technology LLC (Shanghai, China).



All reagents were of analytical reagent grade or higher and used without further purification. All aqueous solutions were made using reverse-osmosis-type quality water (conductivity < 1 μS cm–1).




3.2. Preparation and Characterization of Catalysts


The MIL-101(Fe) was prepared as described in the literature [44,45] with some minor modifications. In brief, a mixture of 0.675 g of FeCl3·6H2O, 0.206 g PTA, and 15 mL DMF was heated at 110 °C for 20 h in a Teflon-lined stainless-steel bomb. The resulting dark red solid was collected via centrifugation, washed 3 times with DMF and twice with hot ethanol (60 °C, 3 h), and finally dried in a vacuum oven (60 °C, 12 h).



Then, the synthesized MIL-101(Fe) was divided into 5 parts, one was denoted as M-0 without further treatment, the other four were treated, respectively, in a vacuum oven at a required temperature (120 °C, 150℃, 170 °C, and 200 °C) for 7 h and denoted as M-120, M-150, M-170, and M-200, respectively. The resulting powder samples were kept in a desiccator containing allochroic silica gel at room temperature until needed.



The X-ray diffraction (XRD) patterns of the samples were obtained on a D8-ADVANCE-A25 power diffractometer (Bruker, Germany) using Cu-Kα radiation (λ = 1.5418 Å) in the range of 5–70° with a step size of 0.02°. The surface morphology of the samples was observed using a JSM-7001F (JEOL, Japan) scanning electron microscope (SEM). The X-ray photoelectron spectroscopy (XPS) of the samples was recorded on an AXIS ULTRA DLD using an Al-Ka X-ray source (1486.6 eV).




3.3. Catalytic and Adsorption Experiments


Typical catalytic experiments were carried out in 250 ml conical flasks containing 100 mL of X-3B solution at 25 °C without pH adjustment. The flasks were shaken at the speed of 180 rpm for 180 min in a constant temperature shaker. Unless otherwise specified, all experiments were performed at initial concentration of 100 mg L−1 of X-3B and 15 mmol L−1 of PS and 0.1 g L−1 of catalyst. A control experiment with PS alone was also carried out. The conditions of the adsorption experiments were the same as the catalytic experiments only without the addition of PS.



At given time intervals, a certain amount of solution was sampled and filtered through a 0.22 μm Millipore membrane and then analyzed at 540.0 nm (maximum absorbance wavelength of X-3B) with a UV-5200 UV/VIS spectrophotometer (Metash, Shanghai).




3.4. EPR Tests


Electron paramagnetic resonance (EPR) experiments were conducted by mixing 100 μl of reaction solution with 10 μl DMPO in a 1 mL sample vial and then tested and recorded immediately. The EPR spectra were recorded at liquid nitrogen temperature on an EMXPLUS10/12 spectrometer (Bruker, Germany) with the conditions as follows: magnetic field: center field = 3510.00 G, sweep width = 100.0 G, sweep time = 60.00 s, sample g-factor = 2.0000; signal channel: receiver gain = 30 dB, mod. amp = 0.600 G; microwave: attenuation = 13.0 dB, power = 10.02 mW.





4. Conclusions


In this study, vacuum thermal activation was used to activate MIL-101(Fe) for the first time. The as-prepared MIL-101(Fe) and the samples activated at different temperatures of vacuum thermal activation were characterized by XRD, SEM, and XPS. Meanwhile, the catalytic capacity for PS activation was investigated through X-3B removal experiments. The results showed that the vacuum thermal activation did have positive impact on the catalytic capacity of MIL-101(Fe) with a negligible change in the crystal structure and particle morphology. It is worth noting that a higher temperature of vacuum thermal activation was beneficial to increase the amount of FeII sites, demonstrated by the increase in the relative content ratio of FeII/FeIII. With the increase in the ratio of FeII/FeIII from 0.327 (M-0) to 1.064 (M-150), the final removal ratio was increased to 95.78% in the M-150/PS system which was nearly 1.5 times as much as that in the M-0/PS system. In addition, quenching experiments and EPR tests showed that SO4−· and OH· were generated in the MIL-101(Fe)/PS system, and both of them contributed to the removal of X-3B. The stability and reusability of the activated sample were also evaluated by recycling experiments, and the results imply that M-150, without regeneration, could effectively activate PS to remove X-3B for at least 5 runs and approximately 900 min. This finding provides a new insight into the application of vacuum thermal activation for Fe-based metal–organic frameworks and highlights the great potential of MIL-101(Fe)/PS systems for the removal of azo dye.
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Figure 1. XRD patterns of as-prepared MIL-101(Fe) and activated samples. 
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Figure 2. SEM micrographs of as-prepared MIL-101(Fe) and activated samples. (A) M-0, at magnifications of 20,000×; (A-1): M-0, at magnifications of 5000×; (B) M-120, at magnifications of 20,000×; (C) M-150, at magnifications of 20,000×; (D) M-170, at magnifications of 20,000×; (E) M-200, at magnifications of 20,000×. 
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Figure 3. Removal of X-3B under different processes. Experimental conditions: (X-3B) = 100 mg L−1, (PS) = 15 mmol L−1, catalyst dosage = 0.1 g L−1, T = 25 °C. 
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Figure 4. The X-3B adsorption of all samples. Experimental conditions: (X-3B) = 100 mg L−1, (PS) = 15 mmol L−1, catalyst dosage = 0.1 g L−1, T = 25 °C. 
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Figure 5. Catalytic performance of all samples (subtract the value of adsorption). Experimental conditions: (X-3B) = 100 mg L−1, (PS) = 15 mmol L−1, catalyst dosage = 0.1 g L−1, T = 25 °C. 
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Figure 6. Fe2p high-resolution spectra of as-prepared MIL-101(Fe). 
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Figure 7. Fe2p high-resolution spectra of activated samples. 
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Figure 8. Influence of radical scavenger (methanol/TBA) on X-3B removal. Experimental conditions: (X-3B) = 100 mg L−1, (PS) = 15 mmol L−1, M-150 dosage = 0.1 g L−1, T = 25 °C. 
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Figure 9. The electron paramagnetic resonance (EPR) spectra of the PS/M-150 system with DMPO (5, 5-Dimethyl-1-pyrroline-N-oxide) as a trapping agent.  [image: Catalysts 09 00906 i001] DMPO-OH· adduct;  [image: Catalysts 09 00906 i002] DMPO-SO4−· adduct; Experimental conditions: (PS) = 15 mmol L−1, M-150 dosage = 0.1 g L−1, (DMPO) = 0.9 mol L−1, (X-3B) = 100 mg L−1, T = 25 °C. 
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Figure 10. Reusability of M-150 for X-3B removal. Experimental conditions: (X-3B) = 100 mg L−1, (PS) = 15 mmol L−1, M-150 dosage = 0.1 g L−1, T = 25 °C. 
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Figure 11. XRD patterns of M-150 before and after the recycling experiments. 
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Figure 12. SEM micrographs of M-150 before and after the recycling experiments. 
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Table 1. Chemical states of Fe elements and the corresponding parameters.
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Samples

	

	
Assignment

	
Peak position

	
FWHM

	
FeII/FeIII






	
M-0

	
Fe 2p3/2

	
FeII

	
710.99

	
2.1

	
0.327




	
FeIII

	
712.09

	
3.3




	
Fe 2p1/2

	
FeII

	
724.29

	
2.15




	
FeIII

	
725.49

	
3.3




	
M-120

	
Fe 2p3/2

	
FeII

	
711.09

	
2.0

	
0.890




	
FeIII

	
712.49

	
2.9




	
Fe 2p1/2

	
FeII

	
724.29

	
2.1




	
FeIII

	
725.75

	
2.9




	
M-150

	
Fe 2p3/2

	
FeII

	
711.15

	
2.0

	
1.064




	
FeIII

	
712.60

	
2.89




	
Fe 2p1/2

	
FeII

	
724.34

	
2.15




	
FeIII

	
725.66

	
2.89




	
M-170

	
Fe 2p3/2

	
FeII

	
711.05

	
2.08

	
1.070




	
FeIII

	
712.45

	
2.78




	
Fe 2p1/2

	
FeII

	
724.42

	
2.1




	
FeIII

	
725.55

	
2.8




	
M-200

	
Fe 2p3/2

	
FeII

	
711.19

	
2.2

	
1.417




	
FeIII

	
712.59

	
3.3




	
Fe 2p1/2

	
FeII

	
724.49

	
2.25




	
FeIII

	
725.73

	
3.3
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