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Abstract

:

The compound 4-chlorophenol (4-CP) is known to be a highly toxic compound having harmful effects on human health and the environment. To date, the removal of 4-CP by advanced oxidation processes (AOPs) has attracted tremendous attentions. The persulfate-based AOPs show higher oxidation, better selectivity, wider pH range, and no secondary pollution compared to the traditional Fenton-based AOPs. Carbon materials with low cost and chemical stability are useful for the activation of persulfate (PS) to produce reactive species. Herein, we magnetized activated carbon synthesized from pomegranate husk (MPHAC). By using 4-CP as a model organic pollutant, tests of the activation of PS via MPHAC for the removal of 4-CP were performed. Batch processes were carried out to study the influence of different parameters (initial solution pH, catalyst dose, PS dose, and initial 4-CP concentration) on the adsorption of 4-CP on PHAC with ferric oxide (Fe3O4-PHAC). The results show that under the obtained optimal conditions (MPHAC dose: 1250 mg/L, PS dose: 350 mg/L, solution pH 5, an initial 4-CP concentration of 100 mg/L, and a contact time of 60 min), a 4-CP removal factor of 99.5% was reached by the developed MPHAC/PS system. In addition, it was found that reusing MPHAC in five successive cycles is feasible because the catalyst in the last cycle kept exhibiting a high potential for 4-CP absorption, indicating the economically viable procedure. Therefore, this study provides a comprehensive understanding on the degradation of 4-CP by the magnetized activated carbon persulfate system.
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1. Introduction


Today, the presence of organic pollutants in water is a major problem for human, animal and environmental health [1]. Chlorophenols (CPs) are organochlorides of phenol recognized as priority pollutants by the US Environmental Protection Agency. These compounds are very toxic and can cause many environmental problems due to their widespread use and release into the environment. These have been detected in surface water, groundwater, landfills, disposal sites and sludge produced in treatment plants [2]. CP are also found in bactericides, insecticides, herbicides, and fungicides [3]. In addition, CP can be produced as by-products during various processes, such as disinfection of drinking water by chlorination process. The presence of CP in gases emitted from incinerators has been also identified [4]. Therefore, treatments of CP-contaminated wastewaters and CP removal before the discharge of wastewaters is essential.



Water and wastewater treatment methods are generally divided into three categories: physical, chemical, and biological. The physical methods include filtration, adsorption, flotation by air, extraction, flocculation, and sedimentation; the biological methods are aerobic (such as activated sludge) and anaerobic degradation; and the chemical methods include oxidation, ion exchange, and chemical precipitation [5,6,7]. These methods have disadvantages such as their high investment costs, high energy consumption, low operating speed, volatile emissions, toxic sludge production, complex equipment maintenance, etc. [8,9].



One of the most important applied methods to purify pollutants are the advanced oxidation processes (AOPs). In the AOPs methods, hydroxyl (•OH), sulfate (SO4•−), and superoxide (O2•−) free radicals are produced, leading to the breakdown of pollutants and turning them into simple and low risk molecules. The advantages of this method include its non-toxicity, high oxidizing power of active radicals, no sludge production, short life of radicals, no corrosion of equipment, and its simple application [10]. Oxidants such as persulfate (PS) and hydrogen peroxide (H2O2) can be used. Persulfates are low-cost and environmentally stable oxidants that exist in both proxymonosulfate (PMS) and proxydisulfate (PDS). PS produces SO4•− radicals, which have a higher oxidation power (E0 = 2.5–3.1 V) than hydroxyl radicals (E0 = 1.89–2.72 V) [11]. These oxidants can be activated by different methods, such as heating, ultraviolet irradiation, and ultrasound (with different frequencies) [12,13]. In traditional AOPs like the Fenton process, the H2O2 and PS ions were applied with homogeneous iron salt as catalysts to produce •OH and SO4•− radicals. However, the main disadvantages of the Fenton process are the additional purification of iron ions, handling produced sludge, and effluents neutralization [14].



Nanoparticles are used in AOPs as nanocatalysts to increase the process efficiency. Methods such as filtration and centrifugation are often used to separate these nanoparticles, which have the disadvantages of being time-consuming and interrupting processes. To solve these problems, magnetic nanocatalysts can be used. These are synthesized by various methods such as sol-gel, heat decomposition, radiation, microwave, biological synthesis, and co-precipitation. The advantages of magnetic nanocatalysts include their easy synthesis, lack of toxicity, high chemical stability, and simple separation under a magnetic field without the use of chemicals and filtration. To make AOPs more efficient, magnetic nanocatalysts can be used in combination with various oxidants. Among all these procedures, the activation of PS by magnetic nanocatalysts is less complex and cheaper. It is carried out without the need for external energy [2]. Iron in magnetic nanocatalysts is one of the metals that is generally used to activate PS according to the following reactions [15].


   S 2     O 8    2 −   + 2 F  e  2 +   → 2 F  e  3 +   + 2 S  O 4     • −    



(1)






   S 2   O 8     2 −   + F  e  2 +   → F  e  3 +   + S  O 4     2 −   + S  O 4     • −    



(2)







One of the advantages of magnetic nanocatalysts is that the use of metal nanocatalysts is limited because of the drawbacks of the generated secondary pollution and environmental toxicity. This issue can be solved by bringing into contact the metal catalysts with carriers of a porous structure, such as graphene, activated carbon, zeolite or clay, after which the catalysts can be separated from water [16]. Because of its low cost, no electricity consumption and high efficiency, Fe-C micro-electrolysis has been widely used for the treatment of various wastewaters. In the Fe-C micro-electrolysis system, a large number of microscopic galvanic cells are formed between Fe and C, which produced highly active reactants like Fe(II) and H, and led to organic pollutants decomposition [17]. This method can increase the performance of catalysts by preventing the release of iron in solution and its adsorption at a given surface, thereby enhancing the removal efficiency of pollutants. For instance, activated carbon can be used as an iron support adsorbent [18]. It is considered one of the most efficient adsorbents for removing organic compounds from wastewaters due to its porous structure and high adsorption capacity [19]. However, the use of activated carbon is limited due to its high cost, and agricultural wastes have been proposed for its production [20].



The pomegranate was cultivated in various countries including Iran, China, India, Greece, and Spain [21,22]. Pomegranates contain antioxidants and are consumed in large quantities due to their positive effects on human health [23,24] and antimicrobial properties [25]. Pomegranate husk (PH) is always treated as waste and is thrown in the trash. Since pomegranate husk contains organic acids, proteins, sugars, as well as large phenolic compounds, it can serve as a carbon precursor for the manufacture of carbon-based materials. In addition, as a result, the proper functioning of the pomegranate husk surface enhances the performance of carbon materials [21,26].



The aim of this study is to investigate the simultaneous adsorption and degradation of 4-chlorophenol (4-CP) by magnetized activated carbon synthesized from pomegranate husk (MPHAC) by the chemical activation method and surface coating of iron oxide particles (Fe3O4) for PS activation. 4-CP was selected as a model contaminant from wastewater because of its high toxicity and hard biodegradability. We used the MPHAC/PS system to remove 4-CP from water as it involves simultaneous adsorption and degradation processes to achieve a high 4-CP removal. The optimal conditions for 4-CP removal from water by the MPHAC/PS system were determined, its reusability was studied, and a possible mechanism and pathway of 4-CP removal is proposed.




2. Material and Methods


2.1. MPHAC Synthesis


To prepare MPHAC, collected pomegranate husk (PH) from a local market was first washed many times with deionized water and subsequently dried at 105 °C and ground. Then, 100 g of PH was added to 50 mL of ZnCl2 aqueous solution (3M), and mixed under a temperature of 70–80 °C. The resulting paste was dried for 4 h at 105 °C in a furnace, and then the dried paste was transferred to a stainless-steel reactor and heated from room temperature to 600 °C at 10 °C/min for 30 min under the N2 flux of 150 mL/min. Then, 10.0 g of carbonized material and 200 mL of HCl (6 M) were placed in a 500 mL boiling flask and the mixture was stirred on a magnetic stirrer and reflux for 2 h at 70–80 °C. The slurry was cooled down and filtered, washed with deionized water several times, milled, and finally, sieved. For PHAC magnetization, 2 mM FeCl3•6H2O and 1 mM FeCl2•4H2O were first mixed in 100 mL double distilled water and then 2 g of PHAC was added to the formed mixture. The obtained suspension was mixed under heating at 70 ± 2 °C and then ammonia solution was added drop-wise under N2 atmosphere until the pH reached 11. After cooling, the synthesized MPHAC was repeatedly rinsed with double distilled water until its pH became neutral and finally dried at 105 °C.




2.2. MPHAC Characterization


Scanning electron microscope (SEM), X-ray powder diffraction (XRD), FTIR measurements, energy-dispersive X-ray spectroscopy (EDS), and vibrating sample magnetometry (VSM) was performed to determine the surface morphology, crystallization, the surface functional groups, chemical characterization, and magnetic properties of MPHAC, respectively. The surface area (SBET) and pore size were determined by the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) methods. In addition, the drift method was employed to determine the pH of point of zero charge (pHPZC) of MPHAC.




2.3. 4-CP Adsorption and Degradation Tests


The degradation tests of 4-CP were performed in 100 mL flasks containing 50 mL of the reaction solution formed by mixing PS and MPHAC. The solution was agitated at 180 rpm and 20 ± 3 °C for up to 90 min. Subsequently, the suspension was filtered and the residual concentration 4-CP was determined using an UV spectrophotometer (DR 2000, Hach, Germany) at the wavelength 510 nm [2]. The effects of the solution pH (3–9), the MPHAC dose (250–1250 mg/L), the PS dose (50–350 mg/L), and the 4-CP initial concertation (100–250 mg/L) were investigated together with the MPHAC reusability. In order to perform the 4-CP extraction from MPHAC, 5 mL of acetonitrile/methanol (1/1, v/v) was mixed with the MPHAC sample for 2 h under 180 rpm, and finally dissolved with 5 mL of methanol for 4-CP detection.



To determine the 4-CP distribution in the aqueous phase (A1) and solid phase (A2), Equations (3) and (4) were employed.


   A 1  =  C  a q u e o u s   × V /  C 0  × V  



(3)






   A 2  =  C  M P H A C   × M /  C 0  × V  



(4)




where Caqueous is the 4-CP concentration in the aqueous phase (mg/L), CMPHAC is the concentration of 4-CP adsorbed on the MPHAC (mg/g), C0 is the initial 4-CP concentration in the aqueous solution (mg/L), V is the volume of the aqueous phase (L), and M is the MPHAC mass in the aqueous solution (g).



The following equations were used to calculate the degradation of 4-CP by PS, its adsorption by MPHAC, and its removal factor:


  D e g r a d a t i o n ( % ) = [ 1 − (  A 1  +  A 2  ) ] × 100  



(5)






      R e m o v a l     f a c t o r     ( % ) = ( 1 −  A 1  ) × 100  



(6)






  A d s o r p t i o n ( % ) = R e m o v a l ( % ) - D e g r a d a t i o n ( % )  



(7)









3. Results and Discussion


3.1. Characteristics of MPHAC


The synthesized MPHAC was characterized by means of different techniques and the obtained results are shown in Figure 1 and Figure 2. The obtained SEM images of MPHAC microstructure are displayed in Figure 1a,b. As can be seen, the synthesized MPHAC exhibits a rough surface with cracks and pores, together with aggregation having a mean size of 57.61 ± 8.65 nm. In order to determine the chemical composition of MPHAC, EDS analysis was carried out and the results are presented in Figure 1c. The MPHAC powder contains not only carbon (C) with the highest fraction (52.3 wt%), oxygen (O) with 35 wt%, and a very low fraction of sulfur (S, 0.1 wt%), but also a high proportion of the metal iron (Fe, 12 wt%) and a lower proportion of zinc (Zn, 0.7 wt%). Moreover, the MPHAC was characterized by FTIR to analyze its chemical structure and functional groups. The obtained FTIR spectrum is plotted in Figure 1d. The vibrations at 3423.8 cm−1 are assigned to the bands O-H stretch, while the band located at 2922.6 cm−1 corresponds to the C-H vibrations in methyl and methylene groups [2]. The peak band at 1623.3 cm−1 is related to the aromatic ring mode [27]. The C-H band is associated to the peak at 1388 cm−1, while the C–O stretching of phenolic or carboxylate groups corresponds to the peak at 1086.9 cm−1 [27]. The band at 564.7 cm−1 is assigned to Fe-O vibration [28]. The C–H out-of-plane bending causes the band at 477.8 cm−1 [27]. Ben-Ali [29] reported that the functional groups of PH include hydroxylic groups, the aliphatic C-H group, C=O stretching of the carbonyl group, and C-O groups of carboxylic acid, alcoholic, phenolic, ether, and ester groups.



The diffractogram of the MPHAC shown in Figure 1e presents a broad peak at approximately 2θ = 23.5°, corresponding to the plane, which is a feature of amorphous carbon. In addition, the peak of Fe3O4 particles was detected at 2θ = 35.2°, confirming their presence in MPHAC. The magnetic property of MPHAC was also evaluated and displayed in Figure 1f. The saturation magnetization value, related to Fe3O4 formation in the matrix of MPHAC, was 1.75 emu/g. This is higher than the reported value for the magnetic separation by Du et al. [30], who synthesized magnetic activated carbon (AC/Fe3O4) with iron contents of 5%, and reported that the saturation magnetization was 0.3 emu/g. In contrast, Khaledi et al. [31] reported that the saturation magnetization of magnetic activated carbon is around 13 emu/g at room temperature. All the above results confirmed the successful synthesis of MPHAC.



Figure 2a,b shows the BET isotherms of N2 adsorption and desorption cycles, together with the porosity distribution of MPHAC. Based on the classification of IUPAC [32], the Type I adsorption isotherm was observed for MPHAC and the curve raised rapidly when the relative pressure P/P0 was low, and then seemed to stabilize for higher P/P0 values. When the relative pressure P/P0 was lower than 0.1, the isothermal adsorption curve was related to the number of microspores [2,33]. The estimated specific total pore volume (Vtotal), specific surface area (SBET), and mean pore diameter of the synthesized MPHAC were 0.75 cm3/g, 1363.4 m2/g and 2.19 nm, respectively.



The variation of different background electrolytes on the pHPZC is shown in Figure 2c for the MPHAC dose 200 mg/L. As can be seen, the registered pHPZC value, 6.35 ± 0.1, is independent on the background electrolyte, ranging from deionized water to 1M NaCl. This result agrees with those reported in previous studies [34,35].




3.2. Removal of 4-CP by MPHAC, PS and the Combined MPHAC/PS System


In order to clarify the synergistic effect of MPHAC and PS, a series of preliminary experiments were performed under the same conditions using MPHAC alone, PS alone, and the MPHAC/PS system. The obtained 4-CP removal factor is plotted in Figure 3 as a function of the contact time. It was found that PS alone was able to remove only 9.7 ± 0.5 of 4-CP at a reaction time of 90 min. This low removal factor is due to the low activation of PS. As mentioned earlier, PS needs activators such as UV light, heat, or transfer metals, to activate and produce sulfate radicals. When using PS alone, the 4-CP removal mechanism is attributed only to the degradation process, which is not very efficient due to the inactivation of PS. On the other hand, when using MPHAC alone, the adsorption process is the predominant process for 4-CP removal. In this case, due to the high adsorption capacity of the used catalyst, a higher removal factor of 4-CP up to 49.7 ± 2.2% was achieved at a reaction time of 90 min. However, the combined MPHAC/PS system exhibited the highest 4-CP removal factor, 79.1 ± 3.5%, at a reaction time of 90 min. This system removes a high percentage of 4-CP from the beginning of the reaction, 47.8 ± 2.4% after 2 min, indicating that MPHAC is a highly efficient catalyst in the Fenton-like process. Simultaneous adsorption and degradation processes are involved in this system, resulting in an effective removal of 4-CP. The Fe3O4 particles on the catalyst surface lead to the activation of PS and the subsequent degradation process. As a result, the MPHAC/PS system was used in the following experiments and the optimized parameters for an efficient 4-CP removal were determined. Su et al. [36] prepared nano Fe0-loaded superfine powdered activated carbon for synergistic adsorption and PS activation to remove carbamazepine (CBZ) from aqueous solution. It was observed that CBZ could not be degraded by PS alone. However, a higher removal efficiency of CBZ was obtained for Fe0-loaded activated carbon in the presence of PS, suggesting that the removal efficiency was improved by adding PS to the reaction.




3.3. Factors Affecting the Removal of 4-CP by the Combined MPHAC/PS System


3.3.1. Effect of the Initial Solution pH on 4-CP Adsorption and Degradation


One of the most important and fundamental factors in advanced oxidation processes is the pH of the solution to be treated, because of its importance in the ionization of pollutants and oxidants, pollutant decomposition, catalyst surface structure, oxidant activity, and solubility [37]. For instance, it plays an important role on the activity of active species in the MPHAC/PS system, as shown in Figure 4, presenting both the adsorption and degradation of 4-CP at different pH values 3, 5, 7 and 9.



As can be seen from Figure 4, in acidic conditions, the removal of 4-CP was higher than in alkaline conditions. The percentage of 4-CP removal decreased dramatically from 80 to 50%, as the initial pH increased from 5 to 9 due to the electrostatic attraction between the 4-CP molecules and the surface of MPHAC. It is necessary to know the pHPZC of the catalyst and pKa of 4-CP in order to analyze the observed different 4-CP removal factors of the MPHAC/PS system at different pH values. The obtained pHPZC value of the synthesized MPHAC in this study was 6.35. When the pH of the solution is higher than 6.35 (pH > pHPZC), the surface charge of the catalyst becomes negative, and at pH values below 6.35 (pH < pHPZC), the surface load of the catalyst becomes positive [28]. On the other hand, taking into consideration that the 4-CP pKa value is 4.7, 4-CP has a positive charge in acidic conditions (pH < pKa), preventing the adsorption of 4-CP on the surface of the catalyst. According to the above description, the highest removal efficiency was observed when pKa < pH < pHPZC. In other words, in this pH range, 4-CP molecules have an anion form and are adsorbed on the surface of the catalyst having a positive charge. Moreover, the observed higher 4-CP removal factors in acidic solutions compared to alkaline solutions is attributed partly to the fact that in alkaline conditions, PS is repelled from the catalyst surface due to its anionic property, released in the solution, and its activation is stopped as consequence [38]. This phenomenon is noticeable at pH 9, confirming the decrease of the PS activity. The obtained results are in line with those reported by Liu et al. [39], who studied propachlor degradation by ferrous and copper ion activated PS, and reported that at basic pH conditions, the activation of PS decreased via copper hydrolysis. However, the findings were opposite to those of Chen et al. [40], who demonstrated that the combination of biochar and PS had relatively good activation efficacy of PS under a wide range of initial pH 4–9 values.



In addition to the effect of the initial pH value on the 4-CP adsorption and degradation processes of the MPHAC/PS system, the effect of the reaction time on the 4-CP removal process was investigated in order to understand the behavior of 4-CP adsorption and degradation along the contact reaction time. As shown in Figure 4, in all ranges of pH values, at the beginning of the reaction, the adsorption process dominated the 4-CP removal process. Then, over time, the degradation process becomes gradually dominant for all test pH values, except at the pH 9, in which the adsorption process is maintained to be higher than the degradation process. At the beginning of the reaction, PS does not have enough time to be activated and 4-CP removal often occurs by the adsorption process. However, over time, PS is adsorbed to the catalyst surface of the MPHAC and sulfate radicals are produced, inducing 4-CP degradation and enhancement of 4-CP removal [16]. As indicated previously, at pH 9, PS is repelled from the catalyst surface due to its anionic property and its activation is reduced, confirming that, for this pH value, adsorption is the predominant process for 4-CP removal.




3.3.2. Effect of MPHAC dose on 4-CP Adsorption and Degradation


In general, the catalyst plays an important role in removing pollutants from contaminated waters. Figure 5 shows the performance of the MPHAC/PS system at different doses of MPHAC for 4-CP removal. As it can be seen, the removal efficiency of 4-CP with different MPHAC doses 250, 750 and 1250 mg/L is 79.9, 83.6 and 94.7% at a reaction time of 90 min, respectively. The increase of the 4-CP removal with increasing MPHAC dose is due to the enhancement of the number of active sites on the catalyst surface, which increases the likelihood of adsorption and degradation of 4-CP.



With the increase of catalyst, the iron ions existing on the surface of the catalyst increase, leading to more activation of PS and production of more sulfate radicals [41]. Moreover, by increasing the amount of the catalyst, the adsorption process acquired a more effective role in 4-CP removal than the degradation process because the amount of PS is maintained constant for the different considered doses of the catalyst. In other words, although there are more active sites in higher catalyst doses in the MPHAC/PS system, not enough PS is present to produce sulfate radicals and the relative degradation process is reduced [42]. These results are similar to the ones obtained by Rao et al. [43], who found that by applying an appropriate dose of the catalyst, 97.8% of reactive red M-3BE was removed after 20 min reaction time.




3.3.3. Effect of PS Dose on 4-CP Adsorption and Degradation


The dose of PS plays an important role for the production of sulfate radicals and the subsequent degradation of 4-CP. In order to determine the role of PS in 4-CP removal using the MPHAC/PS system, different doses of PS ranging from 50 to 350 mg/L were investigated (Figure 6). The results showed that 4-CP removal factor increased with increasing the PS dose (i.e., 92.5%, 94.72%, 97.9%, and 99.5% for the PS doses 50, 150, 250 and 350 mg/L, respectively, after 90 min).



As shown in Figure 6, at low doses of PS, the adsorption process plays a major role in removing 4-CP by the MPHAC/PS system. This can be explained by the fact that at low doses of PS, sufficient sulfate radicals are not produced resulting in low 4-CP degradation. This is obvious from the figure corresponding to 50 mg/L of PS dose. Moreover, by increasing the dose of PS from 50 to 350 mg/L, the degradation rate of 4-CP is enhanced, surpassing the adsorption one and inducing a higher 4-CP removal. This is due to the increase of sulfate radicals produced by the activation of PS at the catalyst surface [40]. Similar results were obtained by Zhou et al. [44], who claimed an improvement of the removal efficiency of 4-CP and a reduction of the required time to completely remove 4-CP when the concentration of the oxidant in magnetic biochar and the PS system was increased from 5 mM to 10 mM.




3.3.4. Effect of 4-CP Initial Concentration on 4-CP Adsorption and Degradation


In addition to the initial pH of the solution, MPHAC dose and PS dose, the initial concentration of 4-CP is also important to take into account for a more efficient removal by the MPHAC/PS system. Figure 7 shows the effect of the initial 4-CP concentration on both its adsorption and degradation by the MPHAC/PS system.



As illustrated, the removal of 4-CP decreased with an increase of the initial 4-CP concentration. This is attributed to several reasons: (i) by increasing the initial 4-CP concentration from 100 to 250 mg/L, the amount of PS and catalyst is maintained constant and the ability of the MPHAC/PS system to adsorb and degrade 4-CP decreases; (ii) the competition between PS and 4-CP for placement on the catalyst surface increases with increased initial 4-CP concentration [42]; and (iii) at higher concentrations of 4-CP, it is possible to produce reaction by products (e.g., phenol, hydroquinone, benzoquinone and malonic acid, as will be explained later on), which also use sulfate radicals for their reactions and reduce 4-CP degradation [26]. Pang et al. [45] also observed a decrease of the removal efficiency of 2,4-dichlorophenol with the increase of its initial concentration. From Figure 7, it can also be seen that the increase of the initial concentration of 4-CP results in a reduction of the adsorption process with an increase of the degradation process. In fact, many of the active sites of the MPHAC are filled with 4-CP molecules as the 4-CP initial concentration increases; then, the relative portion of the adsorption process is reduced, thus the additional 4-CP molecules react with sulfate radicals, increasing the degradation process.



From all the above performed experiments, optimum operating parameters permitting a high removal of 4-CP can be determined. The highest 4-CP removal factor, 99.5%, was registered for an initial 4-CP concentration of 100 mg/L, a MPHAC dose of 1250 mg/L, PS dose of 350 mg/L, and a solution pH of 5 for 60 min contact reaction time. Pang et al. [45] studied the influence of the initial 2,4-dichlorophenol (2,4-DCP) concentration on the degradation efficiency of 2,4-DCP by means of PS activation using magnetic graphene oxide, and observed a decrease of the 2,4-DCP removal efficiency from 100% to 40% with the increase of the concentration of 2,4-DCP from 10 to 80 mg/L.





3.4. Reusability of MPHAC


Reuse of catalysts is an important factor to take into consideration for their practical application. The reusability of the MPHAC was assessed through five adsorption–desorption cycles. Desorption cycle was carried out using 5 mL of acetonitrile/methanol (1/1, v/v), vibrated under 180 rpm for 2 h at room temperature. The adsorbent was subsequently filtered and dried overnight for subsequent use. Figure 8 shows the removal factor of 4-CP by the MPHAC/PS system used in five consecutive cycles under the defined optimum conditions (i.e., initial 4-CP concentration: 100 mg/L, MPHAC dose: 1250 mg/L, PS dose: 350 mg/L, with a solution pH of 5, and a contact reaction time of 60 min). As can be seen, the 4-CP removal factor was gradually decreased for each progressive number of cycles (i.e., 99.3%, 98.4%, 97.0%, 93.2% and 89.5%, for the cycle 1, 2, 3, 4 and 5, respectively). This decline of the 4-CP removal factor of the MPHAC/PS system is due to the reduction of both adsorption and degradation processes.



As can be seen from Figure 8, the used catalyst exhibits good stability and high efficiency towards 4-CP removal even after five cycles. This indicates its high reusability and economic viability. The slight decrease of the 4-CP removal factor observed after five cycles (<10%) can be due to the blockage of the active sites of the catalyst by intermediate products in the solution (e.g., phenol, hydroquinone, benzoquinone, malonic acid, as will be detailed in the following section), therefore hindering the binding of 4-CP molecules to the surface of the catalyst and reducing the removal of 4-CP through the adsorption process [44]. In addition, as reported by Gan et al. [46], the reduction of 4-CP removal efficiency can be attributed partly to the oxidation of divalent iron ions, which in turn reduces the production of sulfate radicals and the degradation of 4-CP.




3.5. Possible Mechanism and Pathway of 4-CP Removal by MPHAC/PS System


In heterogeneous systems, the mechanisms of reaction are normally more complicated than homogenous systems since the reactions are catalyst surface-limiting. In addition, the chemical reactions could occur on the heterogeneous surface of iron oxides and in the homogeneous bulk solution, and also influence the iron leaching to the bulk solution [2]. Figure 9 illustrates the possible cooperation mechanism for 4-CP removal based on the simultaneous adsorption and degradation processes in the MPHAC/PS system.



During adsorption and degradation of 4-CP by the MPHAC/PS system, two mechanisms were involved, including (i) the adsorption 4-CP molecule by MPHAC grains, and (ii) the degradation of 4-CP molecules by the produced free activated radicals. For the first mechanism, the 4-CP molecules are adsorbed on the surface of the MPHAC rains and removed from the solution without changing their structure. In the case of the second mechanism, the degradation process leads to the breakdown of the 4-CP molecule structure. In this case, the Fe3O4 particles present on the surface of the catalyst induce the production of iron ions, which according to Equation (1), play an important role for the enhanced activation of PS and the formation of SO4•− radicals. In addition, the produced SO4•− radicals can react with water molecules, according to Equation (8), and generate active •OH radicals, which, together with SO4•− radicals, play an important role in the 4-CP degradation [47].


  S  O 4     • −   +  H 2  O → S  O 4     2 −    + •  O H +  H +   



(8)







The produced sulfate and hydroxyl radicals react with 4-CP molecules inducing their degradation and formation of H2O and CO2 after the formation of a series of intermediate compounds, as schematized in Figure 10. As illustrated in this figure, the oxidative degradation of 4-CP leads to the formation of phenol via the reduction of 4-CP by iron ions on the surface of MPHAC [48]. In addition, due to the large amount of the generated SO4•− and •OH radicals, 4-CP may be attacked by the mentioned radicals during the degradation process to produce phenol and also hydroquinone [49]. This may be due to the fact that the energy of the carbon–chloride bond is lower than that of the carbon–oxygen bond, so the first broken bands are those of carbon–chloride, resulting in the release of Clˉ ions [14]. In addition, SO4•− and •OH radicals would attack the C-C bond of benzoquinone, which was decayed to malonic acid [50]. Finally, the malonic acid was oxidized into CO2 and H2O with the action of activated radicals [48].





4. Conclusions


The catalyst, magnetized activated carbon (MPHAC), was successfully synthesized, and its simultaneous use with persulfate (PS) through the MPHAC/PS system increased the removal efficiency of 4-CP from water, thanks to the simultaneous adsorption and degradation processes. The initial solution pH, catalyst dose and PS dose exerted significant effects on the 4-CP removal. The obtained optimal conditions (MPHAC dose: 1250 mg/L, PS dose: 350 mg/L, and a solution pH of 5) for an initial 4-CP concentration of 100 mg/L and a contact time of 60 min, resulted in a 99.5% removal factor of 4-CP from water. The catalyst has a high stability, and after five successive cycles, the 4-CP removal efficiency decreased by only 10%. The possible mechanism and pathway, in addition to how adsorption and degradation processes affect the removal of 4-CP from the MPHAC/PS system, investigated possible intermediaries created during the reaction. Given the above explanations and the excellent removal of 4-CP from water by the MPHAC/PS system, it can be concluded that the MPHAC/PS system is a type of Fenton-like process that can be used to remove organic compounds, such as phenolic compounds.
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Figure 1. Characteristics of the synthesized MPHAC: Scanning electron microscopy (SEM) images (a) 500 nm magnitude (b), 200 nm magnitude, (c) Energy dispersive spectroscopy (EDS), (d) Fourier-transform infrared spectroscopy (FTIR), (e) X-ray diffraction (XRD), and (f) Vibrating sample magnetometry (VSM) patterns. 
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Figure 2. (a) Isotherms of N2 adsorption and desorption, (b) distribution curve of pore size, and (c) effect of background electrolytes on pHPZC of the synthesized MPHAC. 
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Figure 3. 4-CP removal factor of MPHAC, PS, and the combined MPHAC/PS system as a function of the reaction contact time (4-CP concentration: 150 mg/L; MPHAC dose: 250 mg/L; PS dose: 150 mg/L; and a solution pH of 7). 
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Figure 4. Effect of the initial solution pH on 4-CP removal factor using the MPHAC/PS system (initial 4-CP concentration: 100 mg/L; MPHAC dose: 150 mg/L; and PS dose: 150 mg/L). 
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Figure 5. Effect of MPHAC dose on 4-CP removal factor by the MPHAC/PS system (initial 4-CP concentration: 100 mg/L; PS dose: 150 mg/L; and a solution pH of 5). 
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Figure 6. Effect of PS dose on 4-CP removal factor by the MPHAC/PS system (initial 4-CP concentration: 100 mg/L; MPHAC dose: 1250 mg/L; and a solution pH of 5). 
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Figure 7. Effect of 4-CP concentration on 4-CP removal by the MPHAC/PS system (MPHAC dose: 1250 mg/L; PS dose: 350 mg/L; and a solution pH of 5). 
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Figure 8. Reusability of MPHAC for 4-CP removal by the MPHAC/PS system (initial 4-CP concentration: 100 mg/L; MPHAC dose: 1250 mg/L; PS dose: 350 mg/L; a solution pH of 5, and a contact time of 60 min). 
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Figure 9. Simultaneous adsorption and degradation of 4-CP by the MPHAC/PS system for 4-CP removal from contaminated aqueous solutions. 
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Figure 10. Possible pathway of 4-CP removal by the MPHAC/PS system. 
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