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This study evaluated the performance of humic acid (HA)/ferrous ion (Fe (II)) activating persulfate (PS) for fluorene (FLU) degradation. Results showed that HA/Fe(II)/PS system exhibited the best performance for PS activation to eliminate FLU. Compared to the non-activated case, the degradation efficiency of FLU had increased by 37%–43% in HA activated PS system. HA had significant synergistic effects on Fe (II) activated PS process, but ferric ion (Fe(III)) inhibited the degradation. We confirmed that semiquinone radical (SQ·-) acted as the dominant activating group by quenching and electron spin resonance (ESR) experiments, which promoted more radicals generated. The proportion of benzoquinone (BQ) and Fe(II) wielded a considerable influence on FLU degradation, and the optimal concentration ratio was 1:1. Four possible degradation pathways of FLU were deduced, involving ring-opening of the aromatic ring, decarboxylation, oxidative dehydrogenation and hydroxylation.
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INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) act as common hazardous contaminants, which are widely distributed throughout the sediments and groundwater. The worldwide discharge of PAHs has aroused wide public concern because of their highly lipophilic, bio-accumulative and highly toxic (Rombola et al., 2015; Drwal et al., 2019). Nam et al. (2015) conducted a series of toxicity tests on Fluorene (FLU), Anthracene, Phenanthrene, Fluoranthene, and Pyrene through earthworm experiments. Results showed that only FLU and Phenanthrene took on great toxicity which could cause cancer, abnormality and sudden change (Nam et al., 2015). Besides, the heterocyclic derivatives (O-PAHs, S-PAHs and N-PAHs) of FLU have strong persistence and higher toxicity than the parent, and the environmental risk may be seriously underestimated (Hayakawa, 2016; Ding et al., 2019).
Persulfate (PS) oxidation is considered as an emerging advanced technology for recalcitrant organic compounds, with the advantages of a long half-life period and high reactivity (Dong et al., 2017; Li et al., 2017; Zhou et al., 2018; Yousefi et al., 2019; Zhou et al., 2019). But PS needs to be activated to maintain powerful oxidization by producing free radicals, including sulfate radical (SO4·-) and hydroxyl radical (OH). Various strategies for PS activation have been proposed including transition metal ion (Liu et al., 2020; Xiao et al., 2020), heating (Wang et al., 2017), alkali (Qi et al., 2016; Garcia et al., 2022), photocatalysis (Liu et al., 2017) and carbon-based materials (Liu et al., 2022). Among the varied approaches, scientists are seeking to establish a more environmental and cost-effective activated method for PS.
Humic acid (HA) is a kind of complex polymer containing carboxyl, alcohol hydroxyl, phenolic hydroxyl, carbonyl, quinone and other functional groups, as well as many aromatic ring conjugated structures and unstable free radicals (Duesteberg and Waite, 2007; Kang and Choi, 2009; Sun et al., 2016). Recently, HA has been demonstrated as a potential activator for PS, with the advantages of biocompatibility, sustainability, and environmental friendliness, but the limited catalytic performance hindered its further applications (Xu et al., 2022; Yao et al., 2022). UV-visible analysis showed that the π electron in HA strongly affected DNT degradation, and the complexation between HA and Fe(II) could promote the degradation process (Li et al., 2019). Besides, a cyclic reaction may happen between quinones and Fe(II), which can promote the generation of more active species, thus improving the degradation effect of contaminants (Leng et al., 2014). To sum up, combining HA and iron-based catalysts may be a feasible idea for PS activation to eliminate FLU from environmental substances.
The dosages and proportion of various activators are crucial for toxic recalcitrant organic pollutants degradation. Studies have shown that small quantities of HA can enhance the degradation rate of trichloroacetic acid (TCA), but excessive HA will be consumed unproductively with SO4·- and OH, resulting in a lag period of degradation (Westerhoff et al., 2007; Li et al., 2013). The reactivity of quinones in HA is in connection with the REDOX cycle, including the reversible paths between quinones and semiquinone radicals. Research has found that the degradation performance of activated PS was greatly improved by adding quinones (Leng et al., 2014). The removal of 2,4,4′-trichlorobiphenyls (PCB28) has reached 88% by quinones activated PS, while the degradation efficiency of single PS and quinones system is only 20% and 9% respectively (Fang et al., 2013). Therefore, it is important to figure out the feasibility of HA combined with Fe for PS activation in PAHs degradation. Moreover, the involved mechanisms including degradation products and the complete degradation pathway of PAHs need to be further systematically studied.
To achieve the above goals, FLU was selected as representative PAHs in this study. The coupling of HA and Fe (Ⅱ) for PS activation in degradating FLU was systematically studied and crucial parameters on oxidation properties were explored. The key active species and functional groups were investigated by quenching experiments, characterization analysis and electron spin resonance (ESR). Moreover, the degradation products and environmental risks were analyzed and evaluated, then possible degradation pathways were proposed. The work can provide novel insights into the oxidation mechanism of FLU by HA activated PS.
MATERIALS AND METHODS
Materials
All chemicals used in this study were analytical grade or higher. Sodium PS (Na2S2O8, >99%), ferrous sulfate (FeSO4, >99%), Ferric sulfate (Fe2(SO4)3, >99%), HA (>90%), 1,4-benzoquinone (BQ), anhydrous sodium sulfate, silica gel, n-hexane (95%, HPLC grade), dichloromethane and acetone (99.9%, HPLC grade) were purchased from China National Pharmaceutical Group Corporation. The standard PAH samples were purchased from the National Center for Standard Substances. All solutions were prepared using deionized water (18.2 MΩ cm−1).
Degradation kinetics experiment
A series of batch experiments were carried out at room temperature. Four treatments were set up in the experiment, including HA/Fe(II)/PS, HA/PS, Fe(II)/PS and PS alone, respectively. In detail, a set amount of FLU solution (15 mM, 10 ml), 10 ml of catalysts (FeSO4, 0.5 M; HA, 0.5 M) and a certain amount of PS (0.5 M, 10 ml) were all added into a 100 ml conical flask. Then they were mixed in a constant temperature incubator shaker (25°C) at 150 rpm for 24 h. The samples were collected within a preset time (5 min, 10 min, 20 min, 30 min, 1 h, 2 h, 4 h, 8 h, 16 h and 24 h), and immediately terminated the reaction process by adding anhydrous ethanol in tiny quantities. The samples were collected and filtered through 0.45 μm PTFE membranes at a predetermined time, then they were stored in a refrigerator at 4°C for further analyses. After filtration, extraction, purification and condensation, the concentrations of FLU were determined. Results showed that the recoveries of all treatments were in the range of 89.8%–95.1%. Besides, the relative deviations of FLU concentrations in all parallel treatments were less than 10%. The reproducibility of the measurements was determined in triplicates and then mean value was calculated.
EPR experiments
In order to evaluate the feasibility of HA combined with iron in PS activation, the key parameters were systematically analyzed. Benzoquinone (BQ) was choosn as the representative active substance in HA to explore the free radical process of synergistic activation of PS with Fe (Ⅱ). In a typical experiment, the concentration of PS is fixed at 5 mm, the concentration of DMPO is 0.1 mm, and various dosages of BQ, Fe (Ⅱ) and Fe (Ⅲ) were set up. The variables had been combined to examine the free radicals of the PS oxidation system. Briefly, all the reagents or solution were quickly put into the centrifuge tube and determined on site.
Analytical methods
The pre-treatment processes, analytical methods and determining techniques for PAHs had been described elsewhere (Li et al., 2019). FLU in the reaction solution was extracted with 10 ml dichloromethane three times at 250 r min−1 for 10 min. The extraction solutions were collected in an eggplant bottle. Subsequently, it was concentrated to 0.5 ml by a rotary evaporator and diluted with n-hexane to constant volume (1 ml). The samples were determined by gas chromatography-mass spectrometry (GC-MS 7890A-5975C, United States) for quantitative analysis. The instrument condition and parameters settings were not reiterated here. Full scan mode of GC-MS was employed and the intermediates generated were distinguished the by the ChemStation library. According to the relative response area compared with the internal standard, the quantitative and semi-quantitative analysis of PAHs were undertaken. The detection limit of FLU was 0.0029 ug ml−1 and the average recovery were between 87.36.
To investigate the variation of functional groups, the Fourier transform infrared (FTIR) spectra of the HA in HA/Fe (Ⅱ)/PS system over time were obtained by an infrared spectrometer (Frontier FT-IR, United States). The test parameters were set as follows: wave number range: 4000–400 cm−1; scan times: 32; resolution ratio: 4 cm−1; sample thickness: 10–50 um.
Short-lived intermediates include a variety of free radical adducts were observed by an electron paramagnetic resonance (EPR) spectrometer (E-500, BRUKER, Germany). The free radicals adduct generated from the capture of 5,5-dimethyl-1-pyrroline N-oxide (DMPO), then they were collected at selected intervals and tested by means of electron spin resonance (ESR) technique.
The instrument conditions of ESR were set as follows: sweep width, 100 G; modulation amplitude, 3.08 G; a resonance frequency, 9.75 GHz; time constant, 10.24 ms; conversion time, 20.48 ms.
RESULTS AND DISCUSSION
Degradation kinetics and radical identification for HA/Fe (Ⅱ)/PS system
To verify the feasibility of PS activated by HA, the performance of various activation ways of PS for FLU degradation was investigated. The elimination of FLU directly demonstrated the PS activation performance. As shown in Figure 1A, the concentrations of FLU presented a continuous downward trend after degradation. The largest loss in FLU yields was observed in HA/Fe (Ⅱ)/PS system, which had reached 98% after 24 h. While separately 66% or 92% of FLU was degraded by Fe (Ⅱ)/PS and HA/PS. The findings revealed that HA had significant synergistic effects on Fe (Ⅱ) activated PS process (Zhang et al., 2022). The EPR spectra of free radicals generated in various systems were presented in Figure 1B. As we know, hydroxyl radical (OH) and SO4·- made a decisive contribution to the successful degradation of the organic pollutant in PS oxidation (Tsitonaki et al., 2010; Yuan et al., 2011; Zeng et al., 2015; Zeng et al., 2016; Lee et al., 2020). Apart from the above free radicals, semiquinone radical (SQ·-) was also detected in the presence of BQ. Besides, the intensity of OH·, SO4·-, and SQ·- were significantly enhanced when introduced BQ into the reaction system, especially for the HA/Fe (Ⅱ)/PS system. The results were consistent with the kinetic experiments. Result had reported that carbon-based catalyst exhibited an excellent performance on persulfate activation, primarily relay on OH and SO4·- (Luo et al., 2020; Li et al., 2022). This might be attributed to the rich porous structure, huge surface area and abundant functional groups of HA, which could benefit the formation of countless bonding sites (Hung et al., 2022; Xu et al., 2022; Yao et al., 2022). The existence of functional groups in HA, especially quinones, was considered to be an important factor in PS activation (Fang et al., 2013; Zhang et al., 2021).
[image: Figure 1]FIGURE 1 | (A) Degradation kinetics of FLU under various activation conditions; (B) EPR spectra for the detection of PS, Fe (Ⅱ)/PS, HA/PS and HA/Fe (Ⅱ)/PS system. Conditions: [PS]0 = 5 mM, [BQ]0 = [PS]0 = 0.2 mM,[image: FX 1]DMPO-OH,[image: FX 2]: DMPO-SO4, [image: FX 3]: SQ·-.
Identification of functional groups in HA
To explore the leading functional groups which take responsible for FLU degradation, FTIR spectra of HA were obtained at different reaction time with the region from 4000 to 500 cm−1 (Figure 2). The absorption peaks at 3415 cm−1 gradually decreased along with the prolonged time (0–7 days), that might be ascribed to N-H stretching vibration or O-H stretching (Li et al., 2022; Zhang et al., 2022). The prominent peak at 1612 cm−1 was attributed to asymmetric stretching of ionized carboxyl groups and aromatic C=C, C=O of quinone or H-bonded conjugated ketones (Ghosh et al., 2009; Yao et al., 2022). The peaks of the hydroxyl group showed the same pattern as the quinone group, which indicated HA played an active role in the production of hydroxyl radicals. A band around 1415 cm−1 had been assigned to the C-OH stretching of phenolic hydroxyl. Studies had shown that phenolic hydroxyl was the main group to reduce Cr(VI) into Cr(III) and generate carbonyl and carboxyl groups as well (Hsu et al., 2009). As the decline of carboxylic groups, the peaks at 1380 cm−1 presented decreased, which were assigned to O-H bending deformation of carboxylic groups, C-O stretching of phenolic groups or C-H deformation (Monda et al., 2017; Zhang et al., 2017). The small peak at 615 cm−1 might be caused by the presence of a large number of iron ions in the reaction system (Yao et al., 2022). The results indicated that the carboxylic, phenolic, hydroxyl, quinone groups were the dominant groups which involved in the electron transfer and oxidation-reduction reactions.
[image: Figure 2]FIGURE 2 | FTIR spectrum of HA samples at different reaction time.
Effect of the dosages of BQ and Fe (Ⅱ) on the production of free radicals
The dosages and proportions of various activators were crucial for degrading toxic recalcitrant organic pollutants (Zhang et al., 2022). To further explore the enhancement of BQ on activation, the orthogonal experiments were designed to figure out the optimum conditions in terms of the concentration of BQ and Fe (Ⅱ). The production of free radicals under various conditions were displayed in Figure 3. In general, the response intensity of free radicals was strongly affected by the BQ/Fe (Ⅱ) molar ratio.
[image: Figure 3]FIGURE 3 | The response intensity of free radicals in BQ/Fe (Ⅱ)/PS system with DMPO spin trapping agent: (A) OH·, (B) SO4·-, (C) SQ·-.
Figure 3A indicated that OH intensity significantly enhanced when introduced BQ into Fe (Ⅱ)/PS system. The results demonstrated that the intensity of OH increased as the reaction time extending. There continues to be a gradual decline of OH with the increasing concentration of Fe(II) when BQ concentration was 0 mm. At the given initial concentration of BQ (0.1 and 0.2 mm), the intensity of OH presented a slow increase followed by a rapid decrease. The highest catalytic activity of OH was exhibited when BQ concentration was 0.1 and 0.2 mm, respectively. When the concentration of BQ was 1.0 mm, the intensity of OH increased gradually as Fe(II) concentration rose, and reached the maximum at 1.0 mm. Basically, the yield of OH will decline once the proportion of Fe(II)/BQ exceeds 1. The most OH was produced at the same concentration of BQ and Fe(II).
The intensity of SO4·- was described in Figure 3B. It had demonstrated that BQ could coordinate with Fe(II) to promote more SO4·- production. Moreover, there was no distinct difference among all the treatments without BQ. When BQ was added, the intensity of SO4·- improved obviously. The most significant enhancement generally happened when the BQ concentration was in the range of 0.1–0.2 mm. The catalytic activity of SO4·- seemed to decline due to an excessive amount of BQ and Fe (Ⅱ), which might be due to the competitive effect of Fe (II) on SO4·- (Dominguez et al., 2019).
The variation of SQ·- in different systems was exhibited in Figure 3C. There was evidence that SQ·- could not generate in the absence of BQ. Besides, the intensity of SQ·- had decreased markedly over time, which differed from the variation of OH and SO4·-. With the content of BQ fixed, the order of SQ·- intensity was similar to that of OH·. When the concentration of BQ was in the range of 0.1–0.2 mm, the variation of SQ·- intensity with Fe(II) concentration increased first, and then decreased. While as the BQ concentration rose to 1.0 mM, the intensity of SQ·- was significantly strengthened with the increase of Fe(II) concentration. The maximum SQ·- was usually produced at the same concentration of BQ and Fe(II).
The catalytic performance had been greatly enhanced by quinone groups. Specifically, as the BQ concentration increased, the response intensity of SQ·- and OH had strengthened rapidly. Without BQ, Fe (II) had an inhibitory effect on hydroxyl radicals, which might be caused by the unproductive consumption of OH from Fe(II) (Wang et al., 2020). The moderate level of quinones could reduce the unproductive consumption of PS, while excessive dosage could grab SO4·- and OH from the system. Quinone could affect directly on the production of active species, which was attributed to the electron shuttles action during chemical processes (Aeschbacher et al., 2012; Zhang et al., 2021). The preliminary study noted that there might be Fe(II)/Fe(III) and semiquinone/quinone cycle in the catalyzed oxidation system (Leng et al., 2014; Li et al., 2022). In conclusion, the addition of an appropriate amount of Fe (II) and quinone could promote the decomposition of PS and the generation of free radicals to attack FLU. In this study, we had confirmed the optimizing ratio of Fe (II) and BQ was 1:1, which demonstrated a superior performance on FLU degradation.
Effect of the dosages of BQ and Fe (Ⅲ) on the production of free radicals
To further prove the effect of iron in various valence on the degradation characteristic, the interaction between Fe (Ⅲ) and BQ was investigated (see Figure 4). According to the previous results, the study was conducted with 1.0 mM BQ. In contrast, the intensity of free radicals was restrained in the co-existence of HA and Fe (Ⅲ), revealing that Fe (Ⅲ) had inhibited the activation process. Specifically, the intensity of OH and SQ·- gradually reduced with the increase of Fe(III) concentration. The intensity of SQ·- reached the maximum within 2–4 min, then decreased sharply and tended to be flat after 10 min. It might be due to the decomposition of persulfate and the generation of free redicals decelerated. The more Fe (Ⅲ) we added, the effect of antagonism was more abvious. By contrast, there was little variation in SO4·-. It might be caused by the reversible reaction between Fe(II)/Fe(III) and SQ·-/Q·-, which promote the formation of more SO4·−in the system (Fang et al., 2013). Besides, excessive Fe(III) would diminish the reduction capacity and electron transfer process, resulting in low generation of free radicals and poor degradation efficiency.
[image: Figure 4]FIGURE 4 | The response intensity of free radicals in BQ/Fe (Ⅲ)/PS system with DMPO spin trapping agent: (A) OH·, (B) SO4·-, (C) SQ·-.
Degradation mechanisms and pathway
The degradation of PAHs usually resulted in ring-opening and forming some oxidized intermediates. To further verify the risk in HA/Fe (Ⅱ)/PS system, generated by-products were discerned by electron ionization mass spectrometry (EI-MS). The degradation components of FLU in inactivated and activated PS systems in contaminated soil were summarized in Table 1. In this study, the oxidized intermediates of FLU contained furan, phenol, ketone, thiophene and aromatic derivatives, etc. Among them, Polar PAHs had higher toxicity than nonpolar PAHs because of their high mobility and bioavailability (Lundstedt et al., 2007; Cai et al., 2017; Idowu et al., 2019). However, polar PAHs are not included in the Monitoring list of the United States Environmental Protection Agency (USEPA), indicating that the environmental risk might be seriously underrated (Witter and Nguyen 2016). Compared to the inactivated system, the degradation component had fallen from 31 to 13, indicating an even lower risk in practical application.
TABLE 1 | Identification of degradation components in inactivated and activated PS systems.
[image: Table 1]According to the EI-MS analysis results, four conceivable degradation pathways of FLU in HA/Fe (Ⅱ)/PS system were proposed (Figure 5). The crutial routes of reactions involved decarboxylation, oxidative dehydrogenation, hydroxylation and ring-opening, which resulted in the formation of oxidized intermediate including phenols, furans, ketones, aldehydes. In pathway Ⅰ, product I-3 (m/z = 198) was produced by the ring-opening and gradual oxidization. Subsequently, product I-3 was further transformed to product I-6 (m/z = 154) by decarboxylation, or oxidized to product I-5 (m/z = 168). In pathway ⅠI and III, fluorenone (m/z = 180) was an important intermediate that should be a matter of concern. Phthalic aldehyde (m/z = 134) was identified as the products of multistage oxidation. Phthalic aldehyde (m/z = 134) was also generated via hydroxylation, oxidative dehydrogenation and ring-opening process in pathway IV. Finally, the by-products were transformed into small molecule material and further oxidized to H2O and CO2−, etc.
[image: Figure 5]FIGURE 5 | Proposed FLU degradation pathways in HA/Fe (Ⅱ)/PS system.
CONCLUSION
In this study, HA/Fe (Ⅱ)/PS has been verified as an effective method for FLU degradation. HA is attractive material characterized by renewable, low-cost and environmental-friendly. The findings of this work provide new insights into the degradation of PAHs and a certain basis for the remediation of organic contaminated sites. The main conclusions are summarized as follows.
(1) HA/Fe (Ⅱ)/PS achieved the best performance in FLU degradation, and OH·, SO4·- and SQ·- were observed by EPR experiment.
(2) The combination of BQ/Fe (Ⅱ) was endowed with a synergistic effect, while the presence of Fe (Ⅲ) restrained PS activation by BQ. The optimum proportion of BQ/Fe (Ⅱ) had been identified as 1:1.
(3) Significantly, SQ·- was the dominant active specie that could stimulate PS decomposition and the generation of free radicals to attack FLU. The oxidation involved decarboxylation, oxidative dehydrogenation, hydroxylation and ring-opening, resulting a decline in the variety and toxicity of degradation components.
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