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Abstract

:

Doxycycline (DOX), a typical antibiotic, is harmful to aquatic ecosystems and human health. This study presents DOX removal by potassium ferrate (Fe(VI)) and montmorillonite and investigates the effect of Fe(VI) dosage, reaction time, initial pH value, montmorillonite dosage, adsorption pH, time and temperature on DOX removal. The results show that DOX removal increases when increasing the Fe(VI) dosage, with the optimal condition for DOX removal (~97%) by Fe(VI) observed under a molar ratio ([Fe(VI)]:[DOX]) of 30:1 at pH 7. The reaction of DOX with Fe(VI) obeyed second-order kinetics with a rate constant of 10.7 ± 0.45 M−1 s−1 at pH 7. The limited promotion (~4%) of DOX adsorption by montmorillonite was observed when the temperature increased and the pH decreased. Moreover, the synergetic effect of Fe(VI) and montmorillonite on DOX removal was obtained when comparing the various types of dosing sequences (Fe(VI) oxidation first and then adsorption; adsorption first and then Fe(VI) oxidation; simultaneous oxidation and adsorption). The best synergistic effect of DOX removal (97%) was observed under the simultaneous addition of Fe(VI) and montmorillonite, maintaining the Fe(VI) dosage (from 30:1 to 5:1). Five intermediates were detected during DOX degradation, and a plausible DOX degradation pathway was proposed.
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1. Introduction


The use of drugs and personal care products (PPCPs) as emerging contaminants has attracted extensive attention from around the world [1]. The “pseudo-durability” of antibiotics caused by the large-scale use of antibiotics in human, veterinary, agricultural and aquaculture activities [2], as well as the residual and continuous testing of antibiotics in the environment, have also attracted widespread concern [3,4,5]. Doxycycline (DOX), as one of the most important antibiotics, has been widely used and transferred to the aquatic environment, resulting in a high concentration in pharmaceutical wastewater, ranging from 3.9 ng/L to 500.0 μg/L [6,7,8,9]. Studies have also indicated that residual DOX in water threatens aquatic ecosystems and human health in the form of endocrine infections, as well as promoting bacterial resistance [10]. Therefore, the remediation of DOX is urgent.



Ferrate(VI) (Fe(VI)), a green and environmentally friendly agent, has multiple functions, such as oxidation, flocculation and adsorption, leading to its increasing use in water treatment. Wang et al. conducted a study of the mechanism of fluoroquinolone antibiotic and sulfonamides degradation by Fe(VI), which revealed the reaction rate constant for the fluoroquinolone reaction with Fe(VI) [11,12]. Su et al. focused on the trimethoprim and carbamazepine degradation by Fe(VI) and proposed a degradation pathway [13]. Yunho et al. assessed a technology for enhancing the dual functions of Fe(VI) to oxidize micropollutants by the formation of ferric phosphates [14]. However, its redox potential decreases from +2.2 to +0.7 V when the environmental pH turns from acid to alkaline [13,15]. This results in the inefficient mineralization of target contaminations, leaving potentially toxic small molecular substances. For this reason, novel technology must be introduced to account for these limitations.



Adsorption technology plays an important role in wastewater treatment. The most important factor of adsorption between adsorbents and adsorbates is their hydrophobic and electrostatic interaction [16]. Montmorillonite, as a natural silicate mineral, has a relatively large specific surface area (SSA), with a high cation exchange capacity (CEC), which can be used as an efficient adsorption agent [17]. Therefore, the addition of montmorillonite may be an effective approach to the adsorptive removal of small molecular substances stemming from Fe(VI) degradation. Furthermore, montmorillonite can not only adsorb target pollutants in solution, but can also enhance the overall adsorption and flocculation capability of Fe(VI) by activating adsorption bridging, net flapping and sweeping and electrical neutralization with in situ Fe(III) particles from Fe(VI) decomposition.



This work’s objectives were to: (i) explore the degradation performance of Fe(VI) by assessing the oxidation efficiency and mineralization of DOX; (ii) investigate the adsorption performance of DOX by montmorillonite; (iii) elucidate the mechanism of the synergistic effect of the oxidation and adsorption of DOX by Fe(VI) and montmorillonite; and (iv) identify the degradation products of DOX and propose a degradation pathway for DOX, considering the molecular structure of target pollutants and the oxidation mechanism of Fe(VI).




2. Materials and Methods


2.1. Chemicals and Materials


Doxycycline (DOX) with a purity of 98% and montmorillonite with a purity of over 95% were purchased from Aladdin (Shanghai, China). Fe(VI) was prepared by electrochemical methods with a purity of at least 90% [18]. Other chemical reagents were of analytical grade, purchased at Xiaoshan Chemical Reagent Factory (Hangzhou, China). All chemical solutions were prepared in Milli-Q water, with the initial concentration of DOX being 11.25 μM. The Fe(VI) stock solution was prepared in a borate buffer solution composed of 81% 0.05 M borax and 19% 0.2 M boric acid, with a pH of 9.2.




2.2. DOX Removal by Fe(VI)


In this study, the Fe(VI) concentration was determined by ABTS methods and detailed information is given in Text S1 [19]. Subsequently, a 1.0 mM Fe(VI) stock solution was prepared in borate buffer solution at pH 9.1 prior to the experiment. A total of 50 mL of 11.25 μM DOX was dispensed into a beaker and stirred using a magnetic stirrer (Thermo Scientific, MA, USA) at 200 rpm. The pH of the solution was adjusted using 0.1 M hydrochloric acid and 0.05 M sodium hydroxide to various levels, ranging from 4.0 to 10.0. Subsequently, various volumes of a 1 mM Fe(VI) stock solution were introduced to the reaction to maintain an initial Fe(VI) concentration range of 56.25 to 337.50 μM. At predetermined intervals, samples were collected, the reaction was quenched with 30.0 μL of 0.1 M sodium thiosulfate and filtered through a 0.22 μm membrane filter (Xingya, Shanghai, China). These samples were further used to quantify the residual DOX concentration and total organic carbon (TOC), to determine the DOX removal efficiency and mineralization. To exclude the effect of filtering, the recovery rate after filtering was measured (Figure S1). The result showed that the recovery rate was close to 100% with various initial DOX concentration injections, indicating that the filtering process did not affect the subsequent experiments.




2.3. DOX Removal by Montmorillonite Adsorption


Before the experiment, 50 mL of 11.25 μM DOX was added to a beaker. The pH of the solution was adjusted, as described in Section 2.2. Subsequently, the solution was supplemented with montmorillonite powder. The mixture was then stirred using a magnetic stirrer (IKA, Schwarzwald, Germany) at 250 rpm, at a temperature of 25 °C. After 24 h of adsorption, the supernatant was withdrawn and centrifugated at 200 rpm for 10 min. The centrifuged sample was then filtered through a 0.22 μm membrane filter (MF-Millipore, Hongkong, China), to determine the DOX concentration.




2.4. Kinetics Study


The reaction kinetics of Fe(VI) with DOX were investigated at 20 °C under pseudo-order conditions, with an excess Fe(VI) concentration of [Fe(VI)]:[DOX] = 49.8:1 to 199.2:1 at pH 7.0. The initial concentration of DOX was 2.25 μM. Samples were taken from the mixture at pre-determined time intervals, up to 1800 s, and then immediately quenched with 30.0 μL of a 0.10 M sodium thiosulfate solution. The rate expression for the reaction of Fe(VI) with DOX is represented by Equation (1):


  r = − d     D O X    /  d t   = − k     f e r r a t e   V I       a   ·   [ D O X ]   b    



(1)







The reaction rate between Fe(VI) and DOX is represented by r, while k stands for the reaction rate constant. The parameters a and b in Equation (1) denote the reaction orders relating to the concentrations of Fe(VI) and DOX, respectively. It was widely reported that the oxidation of an organic contaminant by Fe(VI) follow second-order kinetics [18,19,20]. Therefore, Equation (1) can be reduced to Equation (2):


    ln  ⁡          D O X     t         D O X     0         = −   k   a p p     ∫  0   t      F e   V I     d t    



(2)




where [DOX]t and [DOX]0 are the concentrations of DOX at different reaction time, t and zero, respectively. All the samples were withdrawn and analyzed in triplicate.




2.5. Analytical Methods


2.5.1. The DOX Concentration


The DOX concentration was determined using high-performance liquid chromatography (HPLC) (Shimadzu, LC-20A), as referred to in the previous literature [21].Under the conditions in Table S1, the characteristic peak of DOX appeared at about 3.9 min, and the calibration curve of DOX concentration is presented in Figure S2.




2.5.2. Identification of Oxidized Products


The intermediate products of DOX were characterized by GC–MS with the conditions in Table S1 (Shimadzu GCMS-QP2010plus, Kyoto, Japan), using parameters referenced previously [22]. All samples were acidified with hydrochloric acid to pH < 1 and concentrated by using a liquid–liquid method, extracted using trichloromethane.





2.6. Characterization


The specific surface area and porosity was carried out using ASAP 2460 devices (Micromeritics, Atlanta, GA, USA) by the Brunauer–Emmett–Teller (BET) and Barret–Joyner–Halender (BJH) methods. Fourier transform infrared (FTIR) spectra were measured by Nicolet iS20 devices (400–4000 cm−1, Thermo Scientific, MA, USA).





3. Results and Discussion


3.1. DOX Removal by Fe(VI) Oxidation


3.1.1. The Impact of Fe(VI) Dosage


In this experiment, various quantities of Fe(VI) were introduced to a solution containing 11.25 μM DOX at pH 7.0, with the objective of removing it within 60 min. The result in Figure 1 showed that DOX removal increased from 82.47 to 96.98% as the molar ratio ([Fe(VI)]:[DOX]) increased from 5:1 to 30:1. This demonstrated that DOX was almost fully removed by Fe(VI) at a molar ratio of 30:1. This could be attributed to the increased probability of collisions between Fe(VI) and DOX molecules when increasing the Fe(VI) dosage. In addition, the results showed that DOX removal can reach more than 70% within 5 min under all conditions. However, at lower Fe(VI) doses, DOX removal was quicker in the initial stages of the reaction, which might be attributed to its rapid self-decomposition (Equations (3) and (4)) as the Fe(VI) concentration increased [22]. This led to the ability of per unit Fe(VI) to remove DOX reduced [23].


  2     H   3   F e   O   4     +   → [   H   4     F e   2     O   7     ]   2 +   +   H   2   O  



(3)






  [   H   4     F e   2     O   7     ]   2 +   + 2   H   +   + 6   H   2   O → F e ( O H   )   2   (   H   2   O     )   8     4 +   +   3   2     O   2    



(4)








3.1.2. Impact of pH


Given that pH greatly influences the redox potential and stability of Fe(VI), the impact of pH on the removal of DOX by Fe(VI) was explored (Figure 2). In the experiment, the pH ranged from 4.0 to 10.0, the initial concentration of DOX was 11.25 μM and the molar ratio ([Fe(VI)]:[DOX]) was set at 5:1. The reaction between DOX and Fe(VI) ended within 10 min, and DOX removal reached more than 80% under all pH conditions. With the increase in pH, DOX removal showed a tendency to decrease first and then rise. At pH 7.0, DOX removal was the lowest (80.92%), and reached its maximum at pH 9.0 (97.48%). DOX removal under the other pH conditions were 91.04 (pH 4.0), 88.53 (pH 5.0), 86.61 (pH 6.0), 95.12 (pH 8.0) and 93.01% (pH 10.0). The reaction rates between DOX and Fe(VI) gradually decreased as pH increased during the initial reaction period (within the first 2 min), but DOX removal by Fe(VI) was more efficient under alkaline conditions. This may attributed to the higher redox potential (+2.2 V) of Fe(VI) [15] under acidic conditions compared to alkaline conditions (0.72 eV). Another reasonable explanation of the decrease in the reaction rate under acid conditions with the increase in pH could be that it is due to the conversion of the protonated form of Fe(VI) (HFeO4−) to the less reactive deprotonated Fe(VI) species (FeO42−) in alkaline conditions [24]. Moreover, the potential explanation for improved DOX removal at pH 9 could be due to the pH value being close to DOX’s dissociation constant of 9.15 (Table S2) [25], causing the best DOX degradation effect at pH 9.




3.1.3. Kinetics


Initially, the decline over time in both DOX and Fe(VI) in the reaction with excess Fe(VI) was determined at pH 7.0. The changes of Fe(VI) and DOX concentration over time with different dosage of Fe(VI) in Figure S3. The plots of ln([DOX]t/[DOX]0) versus     ∫  0   t    [ F e ( V I ) ]     are displayed in Figure 3. A linear relationship can be observed (R2 = 0.99), indicating that the reaction of Fe(VI) with DOX followed second-order kinetics. The slope represents the second-order rate constant (kapp), which was 10.7 ± 0.45 M−1 s −1.




3.1.4. Mineralization


In order to investigate the degradation degree of DOX by Fe(VI), the mineralization changes of DOX were recorded (Figure 4) [26,27,28,29]. The degradation of DOX reached a maximum within 5 min. At this time, DOX removal exceeded 77.0%, while TOC removal was only 39.2%. At 30 min, DOX removal reached 83%, while TOC removal in the solution barely increased. The results showed that, although Fe(VI) was able to remove DOX in a short time, it was limited in its ability eliminate DOX degradation products. Fe(VI) only oxidized DOX into other organic substances, and the mineralization degree was low. One study showed that that the mineralization efficiency of pristine Ag/AgCl and composites ACM-5 reached 18.97% and 46.65%, respectively, within 60 min [26]. Another study found that the transformation products of DOX with a small molecular weight were not observed even after 60 min of ozonation, suggesting that mineralization might be difficult [30]. Additionally, another study did not observe DOX degradation by peroxydisulfate oxidation [31]. The reasonable explanation for this may be that the structure of the naphthalene benzene ring in DOX is very stable and difficult to degrade, which is investigated further in Section 3.4.





3.2. Adsorption of DOX by Montmorillonite


3.2.1. Impact of Montmorillonite Dosage


To investigate the impact of montmorillonite dosage on DOX removal, different concentrations of montmorillonite were added to remove DOX in a solution at pH 7.0. The adsorption time was 24 h, with an initial DOX concentration of 11.25 μM. As the montmorillonite dosage increased from 100 to 600 mg/L, DOX removal by adsorption increased from 7.58 to 12.57%. Meanwhile, the absolute value of the zeta potential gradually increased from 15 to 27 mV, indicating that montmorillonite was stable and dispersed in the solution, resulting in an increase in DOX adsorption (Figure 5).




3.2.2. Impact of pH


In order to explore the effect of pH on the DOX adsorption efficiency by montmorillonite, the initial pH of the experimental solution was set at 2, 4, 6, 7, 8 and 10. All experiments were conducted at room temperature, the reaction time was 24 h, the initial concentration of DOX was 5 mg/L and the concentration of montmorillonite was 100 mg/L. With the increase in pH from 2.0 to 10.0, DOX removal decreased (Figure 6).



Montmorillonite had the best effect on DOX removal (9.36%) at pH 7.0. Its removal under different pH conditions were: 8.7 (pH 4.0), 7.74 (pH 6.0), 7.58 (pH 7.0), 5.85 (pH 8.0) and 3.49% (pH 10.0). The adsorption of DOX by montmorillonite under acidic conditions was significantly higher than under alkaline conditions. For this result, one reasonable explanation is that the adsorption of DOX is influenced by DOX dissociation (pKa1 = 3.02, pKa2 = 7.97 and pKa3 = 9.15) [25]. The dominant species of DOX was ionized DOX+ at pH 3.0. Concurrently, the zeta potential of the solution containing montmorillonite was negative, indicating that DOX could have been adsorbed via charge neutralization on the negatively charged surface of montmorillonite. Therefore, DOX adsorption by montmorillonite was the highest at pH 2. However, the dominant DOX species gradually turned from ionized DOX+ to deprotonated DOX− or DOX2− as pH increased and the Zeta potential of montmorillonite surface become more negative (Figure 6) [32]. On account of the principle of heterogeneous charge repulsion, DOX adsorption by montmorillonite gradually decreased.




3.2.3. Impact of Adsorption Time


Adsorption time is one of the main factors affecting adsorption efficiency. In this experiment, 100 mg/L of montmorillonite was placed into a solution containing DOX (5 mg/L, 11.25 μM) at pH 7.0. Additionally, samples at predetermined times—0, 0.5, 1, 2, 4, 6, 10, 12, 14, 18 and 24 h—were analyzed (Figure 7).



DOX adsorption by montmorillonite reached an equilibrium at 4 h, and the adsorption efficiency was very high in the early stages. The adsorption efficiency at 10 min was 2.63%, and with the extension of the adsorption time, the adsorption efficiency gradually increased to 4.14% at 30 min, 5.66% after 1 h and then 7.39% at 4 h. Afterwards, although the DOX concentration in the solution fluctuated slightly, it remained roughly unchanged. Therefore, there were two adsorption stages of DOX by montmorillonite, namely, an early rapid adsorption stage (0~4 h) and a later slow adsorption stage (4~24 h).




3.2.4. Effect of Adsorption Temperature


As temperature strongly affects adsorption, the influence of temperature on DOX adsorption by montmorillonite was investigated (Figure 8). In this study, 100 mg/L of montmorillonite was added to a solution containing DOX with concentrations ranging from 11.25 μM to 675.01 μM at pH 7. When the initial DOX concentration increased to 337.51 μM, adsorption equilibriums at different temperatures were observed: 20.38 (25 °C), 26.40 (35 °C) and 29.43 mg/g (45 °C), indicating that the temperature increase was beneficial to DOX adsorption by montmorillonite. The reason for this result may be that the ionized DOX− under neutral conditions was predominantly adsorbed by montmorillonite via van der Waals forces, which increased with faster molecular diffusion following a temperature rise [33].





3.3. Removal of DOX by Fe(VI) and Montmorillonite


To investigate the synergistic effect of oxidation and adsorption, Fe(VI) and montmorillonite were dosed in three different sequences under neutral conditions: (i) oxidation first and adsorption; (ii) adsorption first and then oxidation; (iii) simultaneous oxidation and adsorption. The above experimental results are shown in Figure 9. Additionally, the results of DOX removal by Fe(VI) and montmorillonite alone at pH 7.0 are shown in Figure 10. At pH 7.0, DOX removal (5 mg/L, 11.25 μM) by Fe(VI) with a molar ratio of 5:1 ([Fe(VI)]:[DOX]) was 82.07% after 60 min. Under the same experimental conditions, DOX adsorption by 100 mg/L montmorillonite after adsorption for 24 h was 7.58% (Figure S4).



The results of many experiments showed that DOX removal can be improved by combining Fe(VI) with montmorillonite. The synergy mechanism is shown in Figure 10. All three dosing sequences (Fe(VI) oxidation first and then adsorption, adsorption first and then Fe(VI) oxidation, simultaneous oxidation with adsorption) contribute to DOX removal (Figure 9). The optimal DOX removal efficiency (97.18%) was obtained under the synergetic effect of simultaneous Fe(VI) oxidation and montmorillonite adsorption. There may be two reasonable explanations for this. First, the highly positively charged intermediate product generated during Fe(VI) decomposition was neutralized with negatively charged montmorillonite. Additionally, the oxidation characteristics of Fe(VI) made DOX react with parts of the organic surface coating of colloidal particles, thus breaking through the organic coating, enhancing the electric neutralization of Fe(OH)3 coagulants and colloidal particles [34]. This may reduce the repulsion between particles and enable larger flocs to agglomerate, improving the settling performance of flocs and the turbidity removal effect. Secondly, in the simultaneous adsorption experiment, montmorillonite not only adsorbed DOX and its degradation products, but it can also promote adsorption bridging, net flapping and sweeping and electric neutralization with negatively charged in situ Fe(III) particles, enhancing adsorption and flocculation. Furthermore, the turbidity caused by montmorillonite can be settled by Fe(III) flocculation.




3.4. Characterization of Fe(III)-Montmorillonite Composite and Montmorillonite


In order to evaluate the pore characteristic (specific surface, pore volume and pore size) of the Fe(VI)-montmorillonite composite, N2 adsorption–desorption analysis was performed. Consistent with the IUPAC classification [35], both Fe(III)-montmorillonite composite and montmorillonite showed Type IVa isotherm pattern with a significant H3 type hysteresis loop (Figure S5), indicating the presence of mesopores [36], this can also be seen from BJH adsorption dV/dD pore volume(Figure S6). Due to the existence of the hysteresis curve, the pores are corrugated, resilient and expansible [37]. The Fe(III)-montmorillonite composite and montmorillonite surfaces were analyzed with a scanning electron microscope (SEM) and a transmission electron microscope (TEM). The results showed that montmorillonite has a layered structure (Figure S7a); after being combined with Fe(III) particles, it presents a non-geometric shape (Figure S7b,c), which indicated that Fe(III) and montmorillonite were successfully combined.



The BET surface area and BJH pore size of montmorillonite were 159.33 m2/g and 6.42 nm, respectively. Comparatively, the Fe(III)-montmorillonite composite had a higher BET surface area and BJH pore size (195.37 m2/g and 5.98 nm) (Figure S6 and Table S4), indicating the coordination of Fe(III) particle and montmorillonite promoted the adsorption capacity of sole montmorillonite. This result validated the synergistic effect of Fe(VI) and montmorillonite combination on DOX removal, due to the enhanced adsorption by formation of Fe(III)-montmorillonite composite.




3.5. Plausible DOX Degradation Pathway


GC–MS was used to identify the five intermediates of DOX when oxidized by Fe(VI). The degradation products detected at each reaction period are shown in Table S3 and Figure S8. Referring to the measured m/z value, the previous literature and considering the molecular structure of the target pollutants with the oxidation characteristics of Fe(VI) [30,31,38,39], the possible degradation pathway of DOX is proposed in Figure 11. The molecular structure of DOX contains a stable naphthol ring, so when Fe(VI) oxidizes DOX it predominantly attacks the hydroxyl, amino and methyl groups in the DOX structure. Combined with the TOC degradation results, it can be seen that it is difficult for Fe(VI) to open the naphthol ring and oxidize DOX into small molecules. From the TOC degradation effect of DOX (41.68%), it can be noted that, while the degradation efficiency of DOX by Fe(VI) was high, the degree of oxidation mineralization was insignificant, similar to previous research results concerning tetracycline hydrochloride removal by Fe(VI) [29,40,41]. As seen in Figure 10, when oxidized by Fe(VI), the phenolic hydroxyl groups and hydroxyl groups on the naphthol ring of DOX are first oxidized, and the phenolic hydroxyl groups are broken and oxidized into p-benzoquinone, while the C–O bond on the naphthol ring is broken, losing two hydroxyl groups to generate the intermediate product OP1. Subsequently, one C–N bond on the naphthol ring of OP1 is broken, losing one amino group and turning into a carboxyl group, while the other two C–N bonds break and lose two methyl groups to produce the intermediate OP2. Later, the intermediate OP2 continues to be oxidized, resulting in C–C bond breaking and the loss of a carboxyl group to form the intermediate OP3. At this point, the p-benzoquinone structure on the naphthol ring continues to lose one H2C=CH2 bond due to the oxidation of Fe(VI), producing the intermediate product OP4. Finally, OP4 continues to be oxidized, losing two carboxyl groups, and becomes OP5, the final product of DOX oxidation.



The FTIR band is captured for Fe(III)-montmorillonite at 400–4000 cm−1, the FTIR spectra were performed to reveal the nature of the interfacial interactions between interlayers of Fe(III)-montmorillonite composite and montmorillonite after reaction (Figure 12). The bands located at 1043 cm−1 are assigned to NO3− symmetry stretching [42,43]. The spectrum also shows stretching modes at 3434 cm−1 [43], while the bending modes appear at 1635 cm−1 [44]. These samples show evidence for the presence of NH3+ [44]. It proves that the C-N bond on the naphthol ring of OP1 was broken, losing one amino group, and parts of them were oxidized to NO3− by Fe(VI).





4. Conclusions


Fe(VI) is highly oxidizing and DOX removal can be effectively improved by the incremental dosage of Fe(VI) and montmorillonite. Under acidic conditions, DOX oxidation by Fe(VI) and the adsorption of DOX by montmorillonite can be promoted in the initial reaction stage. The oxidation of DOX by Fe(VI) finishes within 30 min at an optimal pH of 9. The adsorption of DOX by montmorillonite reaches an equilibrium at 4 h, and an increase in temperature promotes adsorption. In addition, DOX oxidation reactions by Fe(VI) follow second-order kinetics. Due to the stability of the structure of DOX, Fe(VI) cannot completely mineralize it. Although DOX was completely removed by Fe(VI), adding a small amount of montmorillonite to the system can promote the further degradation of DOX (DOX removal increased from 82.07 to 97.18%). The removal rate was observed to be higher than simple oxidation. For example, 82% of DOX was removed by the electrochemically generated Fe(VI) at the molar ratio of 5:1 [18]. The degradation ratios of DOX in the carbon black-activated peroxydisulfate and manganese–cobalt–tungsten composite oxidation process reached 87 and 80%, which was lower than Fe(VI)-montmorillonite synergetic system [31,38]. This indicated that the Fe(VI)-montmorillonite synergetic system was an efficient approach to the removal of DOX. In addition to the excellent degradation rate, the in situ Fe(III) particles formed by Fe(VI) decomposition acted as a good coagulant and flocculant, promoting the flocculation and precipitation of particles in solution, removing turbidity. Overall, this work demonstrates that DOX was almost eliminated via the synergy of Fe(VI) and montmorillonite, and provides insight into the combination of oxidants and adsorbents in water treatment.
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Figure 1. Effect of Fe(VI) dose on DOX degradation. 
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Figure 2. Effect of different pH values on DOX degradation. 
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Figure 3. Kinetics analyses of DOX degradation by potassium Fe(VI). 
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Figure 4. TOC and DOX removal at different reaction times. 
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Figure 5. Effect of different dosages of montmorillonite on DOX removal. 
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Figure 6. Effect of different pH values of montmorillonite on DOX removal. 
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Figure 7. Effect of time on DOX removal by montmorillonite. 
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Figure 8. Effect of temperature on DOX removal by montmorillonite. 
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Figure 9. Comparison of different dosing sequences of Fe(VI) and montmorillonite on DOX removal. 
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Figure 10. The synergy mechanism of DOX removal by Fe(VI) and montmorillonite. 
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Figure 11. Proposed pathway of DOX degradation by Fe(VI). 
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Figure 12. FTIR spectra for the Fe(III) + montmorillonite composite. 
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