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Abstract

:

In order to remove high-concentration emulsified oil from wastewater, a chitosan-based magnetic flocculant, denoted as FS@CTS-P(AM-DMC), was employed in this present study. The effects of factors including the magnetic flocculant dose, pH values, and coexisting ions were investigated. A comparative dosing mode with the assistance of polyacrylamide (PAM) was also included. The evolution of floc size was studied using microscopic observation to investigate the properties of flocs under different pH values and dosing modes. Particle image velocimetry (PIV) and extended Deryaguin–Landau–Verwey–Overbeek models were utilized to illustrate the distribution and velocity magnitude of the particle flow fields and to delve into the mechanism of magnetic flocculation. The results showed that FS@CTS-P(AM-DMC) achieved values of 96.4 and 74.5% for both turbidity and COD removal for 3000 mg/L of simulated emulsified oil. In the presence of PAM, the turbidity and COD removal reached 95.7 and 71.6%. In addition, FS@CTS-P(AM-DMC) demonstrated remarkable recycling and reusability performances, maintaining effective removal after eight cycles. The strength and recovery factors of magnetic flocs without PAM reached 69.3 and 76.8%, respectively. However, with the addition of PAM, they decreased to 46.73 and 51.47%, respectively. During the magnetophoretic processes, FS@CTS-P(AM-DMC) and oil droplets continuously collided and aggregated, forming three-dimensional network aggregates. Moreover, the magnetic floc generated a swirling motion, and the residual emulsified oil droplets could be further captured. Emulsified oil droplets were primarily removed through charge neutralization under acidic conditions. Under neutral and alkaline conditions, magnetic interactions played a major role in magnetic flocculation.
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1. Introduction


Due to the rapid development of the oil industry, including sectors such as crude oil extraction, metallurgical machinery, and other petrochemical industries, the generation of emulsified, oily wastewater has become increasingly prevalent [1,2]. Simultaneously, there is also a large amount of emulsified oil in the wastewater generated by this industry [3]. The abundance of emulsifiers or surfactants present in the wastewater contributes to spatial resistance and electrostatic repulsion among the oil droplets. These emulsified oil droplets become more stable and difficult to settle down [4]. If emulsified, oily wastewater is released into the environment without effective treatment, it will cause serious harm to the ecosystem and human health [5]. On the other hand, emulsified oil not only corrodes metal equipment easily but also increases the risk of pollution in subsequent petroleum processing [6]. Therefore, it is necessary to remove the oil droplets in emulsified wastewater before discharge.



Numerous techniques are available for the removal of emulsified oil droplets, encompassing air flotation [7], membrane separation [8,9], adsorption [10], flocculation [11,12,13], and biological treatment [14]. Magnetic flocculation (MF) is a technique that integrates conventional flocculation with magnetic separation, frequently applied in water treatment to remove or separate heavy metals, ultrafine particles, and minerals [15,16,17]. The naked Fe3O4 is frequently used due to its simple preparation and structure. However, the negative charges of both the naked Fe3O4 and emulsified oil droplets lead to a remarkably low flocculation efficiency [18]. Therefore, conventional flocculants, such as polymeric aluminum chloride and polyacrylamide (PAM), are often dosed as assistants for the naked Fe3O4 [19,20,21]. While this approach enhances the removal efficiency of emulsified oil, it complicates the operation and leaves a certain number of flocculants in the water, potentially posing environmental risks.



The naked Fe3O4 can be modified by coating specific chemicals to alter its surface properties, enabling the modified Fe3O4 to exhibit a similar performance to that of traditional flocculant assistants [22]. These materials possessed the excellent flocculant effects on various substances, such as TiO2 nanoparticles, kaolin, and microalgae [23,24,25]. When it comes to the removal of emulsified oil droplets, Fe3O4 is often modified using propylene oxide-ethylene oxide block polyether [26] and N-(aminoethyl)-aminopropyl functionalized silica [27]. A polyvinylpyrrolidone-coated magnetic flocculant can also be used for treatment of emulsified, oily wastewater [28]. However, these modified materials primarily act as magnetic demulsifiers, resulting in a reduced efficiency in oil collection. To address this issue, cationic polymers were introduced to the surface of Fe3O4 to capture negatively charged emulsified oil droplets. Examples include chitosan [29], dimethyl diallyl ammonium chloride [30], and poly(dimethyl-diallyl-ammonium chloride) [31]. Through self-assembly, a self-crosslinked admicelle was grafted onto the surface of Fe3O4, and it maintained a good treatment effect after four cycles [32]. These materials exhibit a commendable efficiency in treating emulsified, oily wastewater, particularly at low concentrations ranging from 10–200 mg/L. Nevertheless, it is noteworthy that in some industrial settings, the concentration of emulsified, oily wastewater can soar as high as 3000 mg/L [33]. Therefore, it is necessary to utilize magnetic materials for the effective treatment of highly concentrated, emulsified, oily wastewater.



Drawing from our previous study, a cationic magnetic flocculant, named FS@CTS-P(AM-DMC), achieved a remarkable separation effectiveness in high-turbidity kaolin wastewater. Here, Fe3O4@SiO2 (abbreviated as FS) served as the magnetic core, while chitosan (CTS), acrylamide (AM), and methacryloyloxyethyl trimethyl ammonium chloride (DMC) acted as the cationic functional layer [34]. This cationic layer boasted a high relative molecular weight, positive charge density, and long graft chain, all of which contributed to its effectiveness. Given these attributes, FS@CTS-P(AM-DMC) is being considered as a candidate for capturing emulsified oil droplets present in high concentrations.



The magnetic flocculation process is typically facilitated by the various interaction forces that exist between the flocculant and pollutant, including van der Waals forces, electrostatic forces, and magnetic forces [35]. Due to the distinct surface charges, sizes, densities of oil droplets, and solution pH values, the interaction between the magnetic flocculant and emulsified oil droplet is a highly intricate process. Previous studies have delved into this interaction through adsorption kinetic modeling, primarily attributing it to electrostatic interactions between the charges on the material surface and the emulsified oil droplets [36,37]. However, this approach overlooked interaction forces and their potential influences.



The Deryaguin–Landau–Verwey–Overbeek (DLVO) theory and its extended model have been widely used in investigating the aggregation and dispersion processes of magnetic materials with kaolin, minerals, and ultrafine particles [24,38,39,40,41]. These theories have revealed that, apart from the van der Waals force and electrostatic force, the Lewis acid–base force and magnetic force also influence the aggregation and dispersion behaviors between flocculants and solid particles. Nonetheless, emulsified oil droplets differ significantly from solid particles. They typically consist of both oil and surfactants, exhibiting a far more complex chemical composition and surface properties. There is a pressing need to conduct a thorough investigation using DLVO and EDLVO theories. Thus, the interaction force between the material and the emulsified oil droplets is analyzed in a more detailed way, which in turn enriches the mechanism of magnetic flocculation for the treatment of emulsified, oily wastewater.



Moreover, there are limited reports on the magnetophoretic flow field and floc movement behaviors during magnetic separation processes. Particle image velocimetry (PIV) is a well-established and versatile non-contact optical technique that has garnered widespread usage in various fields related to fluid dynamics [42]. It holds a pivotal position in research conducted in the fields of aeronautical, mechanical, and civil engineering [43,44,45]. The PIV technique enables the measurement of particle displacement across specific time intervals, thereby revealing the instantaneous velocity distribution within fluid flow fields. Consequently, it offers a quantitative description of the actual state of the magnetic field [46]. Spatial variations in the motion and velocity of oil-containing flocs during magnetic separation can be elucidated using PIV.



In this study, FS@CTS-P(AM-DMC) was employed to treat emulsified, oily wastewater, and a thorough evaluation of its flocculation performance was assessed under diverse conditions. A systematic investigation was conducted into the reutilization of FS@CTS-P (AM-DMC). A comparative analysis was conducted with the PAM-assisted strategy. The sizes of magnetic flocs in fragmentation and regeneration processes were monitored online. The analysis also included examining the morphological changes and fractal dimensions of the magnetic flocs. The extended DLVO theories and PIV techniques were invoked to study the interaction between the FS@CTS-P(AM-DMC) and emulsified oil droplets.




2. Materials and Methods


2.1. Chemicals and Materials


FeCl3·6H2O, FeCl2·4H2O, (NH4)2S2O8, and PAM (molecular weight ≥ 3,000,000) were purchased from Sinopharm Chemical Reagent (Beijing, China). Chitosan (deacetylation degree of 80–95%), tetraethoxysilane (TEOS, >99% GC), sodium dodecyl sulfonate (SDS), DMC (75 wt.%), and AM were obtained from Sigma-Aldrich (Shanghai, China). Additionally, 0# diesel was purchased from China National Petroleum Corporation. Other reagents including ethanol, HCl, and NaOH were of analytical grade and purchased from a local chemical reagent company.




2.2. Preparation of Emulsified, Oily Wastewater


The emulsified, oily wastewater was prepared by vigorous stirring at room temperature using an experimental agitator (ZR4-6, Resources Water Technology Development, Shenzhen, China). The 0.50 g 0# diesel was added into 495 mL of distilled water and stirred at 1000 rpm for 30 min. Then, the solution was added to 5 mL of 10 g/L SDS solution and stirred for 90 min. The pH values of the emulsion were adjusted using 0.1 mol L-1 HCl and NaOH. The emulsion exhibited the following characteristics: pH value of 7.6 ± 0.5, oil concentration of 1000 mg L−1, turbidity of 950 ± 50 NTU, and COD of 1150 ± 50 mg L−1.




2.3. Synthesis of FS@CTS-P(AM-DMC)


FS@CTS-P(AM-DMC) was synthesized using the free radical copolymerization methods described in our previous work [34]. Briefly, FeCl3·6H2O and FeCl2·4H2O were used as the precursors to synthesize Fe3O4 nanoparticles. Subsequently, the Fe3O4 nanoparticles were coated with silica using the Söber method. Fe3O4@SiO2 particles were added into the acetic acid solution containing chitosan. Subsequently, DMC and AM were sequentially added. Finally, ammonium persulfate was introduced as an initiator to initiate polymerization.




2.4. Characterization and Analysis


The functional groups of FS@CTS-P(AM-DMC) were determined using FT-IR spectroscopy (Nicolet 6700, Thermo Fisher Scientific, Waltham, MA, USA). The zeta potential (ZP) of water samples was measured using a Zetasizer (Malvern Zetasizer Nano ZS90, Malvern, UK). The contact angle of the material and the surface tension components of emulsified oil were measured at an ambient temperature using an optical contact angle meter (OCA 20, Dataphysics, Filderstadt, Germany). The turbidity of the supernatant was measured using a turbidity meter (2100Q, HACH, Loveland, CO, USA). The COD was determined using rapid digestion spectrophotometry (HJ 828-2017, National Environmental Protection Standard, Beijing, China).




2.5. Flocculation Operation


The flocculation experiments were carried out at room temperature with a beaker tester (ZR4-6, Resources Water Technology Development, Shenzhen, China). After FS@CTS-P(AM-DMC) was added to 200 mL of emulsified, oily wastewater, the mixture was vigorously stirred at 400 rpm for 10 min. Then, it was left to stand for 3 min under an applied magnetic field (a NdFeB permanent magnet, L × W × H = 46 × 46 × 22 mm3, 0.43 T, ∇B < 40 T/m). Measurements of the turbidity, COD, and zeta potential were conducted on the supernatant collected from a depth of 5 cm below the surface.



To investigate the effects of cationic PAM, a PAM solution (1 g/L) and FS@CTS-P(AM-DMC) were simultaneously added to flocculation beakers at different dosages. The effects of the FS@CTS-P(AM-DMC) (300–2000 mg/L), PAM dosages (0–20 mg/L), stirring time (1–15 min), magnetic separation time (1–15 min), pH values (3.0–11.0), coexisting ions (Ca2+, Mg2+, K+, and Na+), and magnetic field strength (0.04, 0.13, and 0.43 T) were evaluated. The following basic conditions were established: pH 7.0, stirring at 400 rpm for 10 min, a dose of 2000 mg/L FS@CTS-P(AM-DMC), and a magnetic separation of 3 min. For the dose of 1000 mg/L FS@CTS-P(AM-DMC) combined with 2 mg/L PAM, the conditions for the flocculation experiment were identical to those mentioned above.




2.6. Distribution of Floc Size


Online measurements of the magnetic floc size were conducted using the Mastersizer 3000 (Malvern 3000, Malvern, UK). The process began with magnetic flocculation at 400 rpm for 10 min, and magnetic separation for 3 min. Then, the magnetic flocs were broken at a stirring speed of 400 rpm for 1 min. Subsequently, the magnet was repositioned beside the beaker for an additional 3 min to regenerate the flocs. During this process, the suspension was continuously pumped into the sample pool at 30 mL/min, and the floc particle size was measured every 20 s. The floc size was represented by the median diameter of equal volume (D50). The strength factor, recovery factor, and growth rate of the floc were calculated using Equation (1), Equation (2), and Equation (3), respectively.


Strength Factor (%) = d2/d1 × 100%,



(1)






Recovery Factor (%) = (d3 − d2)/(d1 − d2) × 100%,



(2)






Growth rate = Δsize/Δtime



(3)




where the d1, d2, and d3 (μm) are the average floc sizes in the new stable stage before crushing, after crushing, and after regrowth, respectively.




2.7. Recycling Experiment


After flocculation, the magnetic oil flocs were collected, dispersed in 5 mL of absolute ethanol, and ultrasonicated for 1 min to separate the FS@CTS-P(AM-DMC) from the flocs. FS@CTS-P(AM-DMC) was collected using an external magnet, subjected to three alternating washes with deionized water and absolute ethanol, and reused following freeze drying. The infrared spectrum of detached FS@CTS-P(AM-DMC) was measured. The reusability of FS@CTS-P(AM-DMC) was assessed based on the turbidity removal efficiency.




2.8. Microscopic Image Analysis


Under the optimal dose and varying pH levels (5.0, 7.0, and 9.0), the flocs were collected during the rapid stirring stages and placed on slides for observation with an optical microscope (BX 51, Olympus, Tokyo, Japan). Image-Pro Plus v.6.0 (Media Controbernetics) was employed to measure the image area (A) and projected perimeter (L) of the flocs. The fractal dimension (Df) of the floc was obtained by calculating the slope of the linear regression line from plotting ln(A) against ln(L), as shown by Equation (4).


ln(A) = Df × ln(L)



(4)








2.9. PIV Measurement of Magnetophoretic Flow Field


A PIV system encompassing a laser illumination device, a high-speed charge-coupled device (CCD) camera, and process control and image processing software was utilized for tracking the movement and flow velocity of flocs throughout the magnetic separation process (Figure S1). This experiment utilized the laser transmitter to emit high-intensity laser beams for tracking the flocs, employing a double-pulse laser configuration. The CCD camera captured two consecutive images of the measurement area within a specific time interval to generate two PIV frames. During image acquisition, it was ensured that the positions of the light source and the CCD camera were perpendicular to each other. Both devices were synchronized with the computer through a synchronizer. After rapidly stirring at 400 rpm for 10 min, the magnet was placed adjacent to the container to initiate magnetic separation. The flow field data and particle motion trajectory images were captured with a time interval of 25 ms, accumulating a total of 19,200 images. These images were analyzed using MicroVec 3.6.5 (Cube Tiandi Ltd., Beijing, China) and TecPlot 360 (TecPlot Inc., Washington, DC, USA) software to obtain flow field velocities and particle motion trajectory information.




2.10. Interaction Energy Analysis


The DLVO, EDLVO, and MDLVO theories were used to analyze the interaction energy (van der Waals, electrostatic, Lewis acid–base, and magnetic interaction forces). The relevant formulas and parameters used for calculating the interaction energy were provided in the Supplementary Information S2.




2.11. Statistical Analysis


A one-way analysis of variance (ANOVA) was performed with SPSS Statistics 20.0 software (SPSS Inc., Chicago, IL, USA). The results are presented as mean values ± standard deviations (SD). Significant differences were considered if p < 0.05.





3. Results and Discussion


3.1. Flocculation Performance


3.1.1. Effects of Flocculant Dose


The effects of dosing were evaluated using two dosing modes. One mode involved solely adding FS@CTS-P(AM-DMC), while the other encompassed concurrent dosing with PAM. As shown in Figure 1a, in the absence of PAM, a turbidity removal of 81.3% was achieved with 300 mg/L FS@CTS-P(AM-DMC). When the dose increased to 1000 mg/L, the removal efficiency climbed to 92.5%. However, increasing the dose beyond 1000 mg/L did not result in apparent improvements, as evidenced by a turbidity removal of 96.4% at 2000 mg/L. Additionally, compared to previously reported magnetic flocculants, FS@CTS-P(AM-DMC) demonstrated excellent efficiency in treating emulsified, oily wastewater (Table S6).



To investigate the effect of flocculant dose on various initial oil concentrations, experiments were carried out with oil concentrations from 200 to 3000 mg/L. Even when the initial oil concentration increased to 3000 mg/L, the removal of turbidity and COD still reached 98.7 and 88.9%, respectively, under 5000 mg/L FS@CTS-P(AM-DMC) (Figure S2d). This dose is evidently lower compared to the 100 g/L used in other studies for 3000 mg/L oil [47].



As illustrated in Figure 1b, the COD removal trend closely mirrored the turbidity removal. However, the overall removal efficiency was much lower than that of turbidity. Specifically, at a dose of 1000 mg/L FS@CTS-P(AM-DMC), the COD removal only amounted to 69.4%. This was primarily attributed to the presence of dissolved oil compounds and excess surfactants in the water. The removal effect of dissolved organic matter was less effective than that of the oil droplets.



When PAM was dosed alone, it also showed a certain treatment effect (Figure 1a). Although the turbidity removal was only 28.7% at 2 mg/L PAM, it markedly improved to 88.1% at 20 mg/L (Figure 1a), whereas the high dose of 20 mg/L led to residual PAM in the water [48]. Notably, the removal efficiency was greatly increased when FS@CTS-P(AM-DMC) was assisted with PAM. The combination of 300 mg/L FS@CTS-P(AM-DMC) with 2 mg/L PAM achieved a turbidity removal of 91.5%, which was comparable to that achieved with 1000 mg/L FS@CTS-P(AM-DMC). Furthermore, the removal efficiency increased to 95.7% when 1000 mg/L FS@CTS-P(AM-DMC) was used with 2 mg/L PAM. PAM enhanced the removal of emulsified oil droplets primarily through its net catching and sweeping actions [49]. Therefore, the addition of PAM conspicuously reduced the required dose of FS@CTS-P(AM-DMC).




3.1.2. Effects of pH Values


Because the pH value influences the surface properties of flocculants and emulsified oil droplets, it serves as an important factor in the magnetic flocculation process [50,51]. Based on the aforementioned findings, two dosing modes were chosen for the investigation, namely 2000 mg/L FS@CTS-P(AM-DMC) and the combination of 1000 mg/L FS@CTS-P(AM-DMC) with 2 mg/L PAM.



As shown in Figure 1c, the 2000 mg/L FS@CTS-P(AM-DMC) achieved a satisfactory removal performance (96.0–96.3%) within pH 3.0–9.0. From Figure 1d, the emulsified oil droplets exhibited a negative potential at pH 2.0–12.0, while the point of zero charge (pHPZC) of FS@CTS-P(AM-DMC) was determined to be 6.6. Consequently, charge neutralization emerged as the predominant mechanism driving the flocculation process at pH 3.0–6.6. However, both the material and oil droplets were electronegative when pH > 6.6, indicating ineffective charge neutralization. Nevertheless, FS@CTS-P(AM-DMC) still maintained a great removal effect at pH 7.0–9.0. Based on subsequent EDLVO and MDLVO calculations (detailed in Section 3.3.4), electrostatic repulsion was minimal, and there was no energy barrier across a wide interaction distance range (0–200 µm) at pH 7.0 and 9.0. The FS@CTS-P(AM-DMC) could aggregate with emulsified oil droplets through magnetic attraction forces. However, an obvious decrease to 92.8% was observed at pH 11.0. According to the EDLVO and MDLVO calculations, while there was no energy barrier between the magnetic materials, the electrostatic repulsion with the oil droplets was notably higher than that at 9.0. Compared to using the magnetic material alone, the influence of a pH of 11.0 was much more pronounced when PAM was added. The removal efficiency decreased sharply to 68.0% due to the hydrolysis of PAM under alkaline conditions, which weakened its net catching and sweeping actions [52].



The trend in COD removal presented a similar pattern to turbidity removal across different pH values (Figure 1c). However, the influence of pH on COD removal was apparently greater than on turbidity. It can be noted that the decline in turbidity removal commenced at pH 9.0, whereas the decrease in COD removal started from pH 7.0. Additionally, the inclusion of PAM rendered COD removal less effective under alkaline conditions. At pH 11.0, the COD removal efficiency for FS@CTS-P(AM-DMC) alone decreased to 70.03%, whereas the inclusion of PAM caused a sharp decrease to 52.0%. This decrease could be attributed to two primary reasons. Firstly, the electric double layer on the surfaces of the emulsified oil droplets was compressed under alkaline conditions, thereby diminishing the interfacial film of the oil droplets and facilitating the breakdown and dispersal of emulsified oil into the water [53]. Secondly, the hydrolysis of PAM resulted in the contraction of PAM chains, reducing their ability to effectively capture emulsified oil droplets under strongly alkaline conditions [54]. Although PAM reduced the required amount of FS@CTS-P(AM-DMC), the alkaline environment brought about a greater impact on emulsified oil removal.




3.1.3. Effects of Stirring and Settling Time


In traditional flocculation processes, two stirring stages—rapid and slow—are typically employed [22]. However, magnetic flocculation differs, as it can achieve a satisfactory removal efficiency with rapid stirring alone [24]. Therefore, optimizing the rapid stirring time is conducive to dispersing flocculants and promoting the formation of flocs.



As depicted in Figure 2a, there were no significant differences in the turbidity removal between two dosing modes (p > 0.05), namely 2000 mg/L FS@CTS-P(AM-DMC) and 1000 mg/L FS@CTS-P(AM-DMC) + 2 mg/L PAM. With the increase in the stirring time from 2 to 10 min, the turbidity removal raised from approximately 90% to 96%. Extending the duration to 15 min did not yield an apparent improvement, as the removal efficiency remained at 95%. However, prolonging the stirring time resulted in an obvious decline in the COD removal. Compared to the 72.3 and 72.7% at 10 min for the two dosing modes, respectively, the removal efficiencies at 15 min sharply dropped to 69.5 and 71.3%. Excessive stirring disrupted the formed magnetic flocs, resulting in the leakage of oily droplets into the water.



For the settling process, the turbidity removal under the addition of PAM was significantly lower than that only using FS@CTS-P(AM-DMC) (p < 0.05). Similarly, an excessive settling time was also detrimental to the removal of COD (Figure 2b). For both dosing modes, the optimal COD removal was realized at 3 min, namely 72.6 and 71.4%, respectively. However, following a settling period of 15 min, both the turbidity and COD removal decreased to 68.6 and 68.1%, respectively. The extended settling time led to a small amount of oil being released into the water. The impact of the settling time differed from the magnetic flocculation of algal cells and aerobic granular sludge [55,56], because solid particles were more difficult to detach from the flocs. The strong buoyancy of oil droplets made them susceptible to floating, particularly with an extended settling time.




3.1.4. Effects of Coexisting Ions


In practical applications, emulsified, oily wastewater typically comprises numerous inorganic ions. In particular, the cationic ions have profound influences on the interfacial tension between water and oil as well as oil–water separation performance [4,24,57]. Therefore, K+, Na+, Ca2+, and Mg2+ were selected for the investigation in this study. As shown in Figure 2c,d, K+ and Na+ exerted no significant effects on either the turbidity or COD removal compared with the controls (p > 0.05). Due to the weak Coulomb forces of monovalent ions, the influence of K+ and Na+ on the removal processes was negligible [58]. Contrastingly, the divalent ions, such as Ca2+ and Mg2+, significantly enhanced the flocculation performance for both dosing modes (p < 0.05). The application of 2000 mg/L FS@CTS-P(AM-DMC) achieved an impressive removal of 99.4% for turbidity and 82.9% for COD at 0.01 mol/L Ca2+. Moreover, with the escalation in the concentrations of these ions, there was a corresponding augmentation in the removal efficiency. This was due to the divalent cations possessing a stronger ability to compress the double electric layer and offering more effective binding sites [59,60], thereby exerting a greater anchoring effect for the flocculant.




3.1.5. Effects of Magnetic Field Strength


The influence of the magnetic field strength on the flocculation efficiency was examined. As presented in Figure S3, the magnetic field strength had significant effects on the removal of emulsified oil droplets (p < 0.05). For both dosing modes, the optimal removals for turbidity and COD were 96.8% and 95.7% as well as 74.7% and 72.6% at 0.43 T, respectively (Figure S3a,b). An enhanced magnetic field strength proved beneficial in improving the removal efficiency (Figure S3a,b). The separation of emulsified oil droplets occurred, owing to a combination of forces, including magnetic forces, van der Waals forces, and fluid motion [61]. According to the MDLVO formulation, the degree of magnetic interaction increased with the strength of the saturation magnetization and size of the particles [62]. The high magnetic field strength enhanced the probability of collision and combination among magnetic flocs, leading to the formation of sizable magnetic conglomerates (Yu et al., 2020). During the magnetophoretic process, magnetic fields attract magnetic flocs, which could also be mutually attracted to each other through magnetic force. However, the removal efficiency decreased significantly when using 1000 mg/L FS@CTS-P(AM-DMC) with 2 mg/L PAM at 0.04 T and 0.13 T (p < 0.05). This was attributed to the incorporation of PAM, which interfered with the collisions and combinations of the flocs at lower magnetic field strengths, thereby preventing the further removal of emulsified oil droplets. Hence, the exclusive usage of FS@CTS-P(AM-DMC) exhibited a superior removal effect under different magnetic field strengths. Additionally, a higher magnetic field strength facilitated improved the magnetic separation efficiency and resulted in faster magnetic separation speeds.





3.2. Recovery and Reuse


From the economic and practical feasibility standpoint, the recovery and reuse of FS@CTS-P(AM-DMC) play a crucial role in the magnetic flocculation [63]. As demonstrated in Figure 3a, the turbidity removal decreased from 96.9% to 79.0% after eight cycles of reuse at 2000 mg/L FS@CTS-P(AM-DMC). However, under the PAM-assisted conditions, the removal efficiency slightly increased to 82.4%. This enhancement might be attributed to the reconfiguration and addition of PAM in each cycle. The FTIR spectra showed that the peak positions remained unchanged after the recycling and reuse processes, suggesting that the structural integrity of FS@CTS-P(AM-DMC) was preserved (Figure 3c,d). The peaks at 1173 and 1176 cm−1 corresponded to the C-O-C in CTS [64]. The vibrational peaks at 1635 and 1629 cm−1 were attributed to the -C=O bond in AM [65]. The characteristic absorption peaks of the submethyl and methyl groups of DMC were detected at 1443 and 1450 cm−1 as well as 953 and 947 cm−1 [66,67]. Notably, there were no new functional groups observed, indicating the stability of the material.



Furthermore, despite washing several times, there was no residual oil attached to the material surface. However, there was an apparent decrease in the intensity of the characteristic peaks. Ultrasonic vibration during the cleaning processes caused the detachment of surface functional groups, which in turn reduced the binding sites on FS@CTS-P(AM-DMC). This decrease resulted in the descend catchment of oil droplets. Nevertheless, the removal efficiency remained at 80% after eight cycles. Additionally, the saturation magnetization slightly decreased from 52.1 and 50.1 emu/g after eight cycles (Figure 3b), suggesting that FS@CTS-P(AM-DMC) still maintained its strong magnetic response.




3.3. Magnetic Flocculation Mechanism


3.3.1. Floc Size Distribution


The characteristics of flocs provide crucial insights into the flocculation process, which are essential for comprehending the flocculation mechanism [68,69]. First, the variations in the size distribution during rapid stirring and magnetic separation were investigated. At a pH value of 7.0, the floc size greatly increased from 9.29 μm to 63.1 μm during rapid stirring, followed by a gradual rise to 65.5 μm and subsequent stability (Figure 4a). As for the dosing mode involving PAM, the floc size steadily grew with the duration of rapid stirring, rising from 32.4 to 123 μm (Figure 4b). The rapid stirring converted the mechanical energy into fluid kinetic energy, thereby overcoming the energy barriers that hindered particle movement [70]. This energy conversion enhanced the frequency of collisions and interaction efficiency between the FS@CTS-P(AM-DMC) and emulsified oil droplets, further enlarging the floc particle size [71]. Moreover, unlike FS@CTS-P(AM-DMC) alone, the incorporation of PAM resulted in continuous floc growth and aggregation, promoting the formation of larger magnetic flocs. The large flocs facilitated their separation, thereby enhancing treatment effectiveness. Subsequently, during the magnetic separation stage, the floc particle size further increased, reaching 72.9 and 147 μm for the respective modes. This indicated that the magnetic flocs undergo further collisions and aggregation during magnetic separation, leading to the formation of even larger flocs.



To further understand the strength and regeneration capability of the flocs, fragmentation and regeneration tests were conducted. During the breakage stage at pH 7.0, shear forces disrupted the floc structure, reducing the floc size from 72.9 to 50.5 μm when using 2000 mg/L FS@CTS-P(AM-DMC) alone (Figure 4a). Despite this, the floc exhibited a high strength factor of 69.3%, apparently surpassing the 10–34% observed with conventional coagulants [72,73,74]. The magnetic flocs possessed a robust resistance to breakage, suggesting the ability of the magnetic force to produce dense magnetic flocs. In contrast, when PAM was added, although the floc size reached 68.7 μm, the strength factor sharply decreased to 46.7%. The magnetic flocs involving PAM were more susceptible to breakage. During the regeneration stage, the broken flocs recombined, forming rearranged flocs of 67.7 and 109 μm under the two dosing modes, respectively. The regeneration factor for FS@CTS-P(AM-DMC) alone was 76.8%, higher than the 51.5% observed with PAM assistance. The tight chain structure, disrupted by the hydrolysis of PAM, proved challenging to reform after breakage [75]. Additionally, the flocs formed primarily through net catching and sweeping tended to exhibit a lower regeneration capacity.



To assess the influence of the pH on floc growth, the variations in floc sizes were compared under various pH conditions. During rapid stirring, the magnetic flocs obtained were 70.3, 65.6, and 61.5 μm at pH 5.0, 7.0, and 9.0, respectively (Figure 4a). Similarly, for the PAM-added dosing mode, the floc size followed a comparable trend, reaching 140, 123, and 109 μm at the corresponding pH values (Figure 4b). Alkaline conditions were detrimental to the aggregation process between the magnetic material and emulsified oil droplets. The zeta potentials presented that both the surface charge of the emulsified oil droplets and FS@CTS-P(AM-DMC) decreased as the pH values increased (Figure 1d). Therefore, the electrostatic repulsion was stronger at pH 9.0, resulting in smaller floc sizes. The growth rates were observed to be 12.3 and 11.9 μm/min at pH 5.0 and 7.0, respectively, whereas at pH 9.0, it decreased to 9.78 μm/min (Table S7). After adding PAM, the corresponding growth rates accelerated, reaching 15.63, 14.86, and 14.32 μm/min, respectively. This indicated that the pH conditions not only affected the size of the formed flocs but also influenced the growth rate of the flocs.




3.3.2. Fractal Dimension of Magnetic Flocs


The fractal dimension (Df) is a mathematical parameter used to quantify the complexity and morphological characteristics of the objects. It is defined by measuring the scaling relationship between the spatial occupancy and the geometric shape of the structure [76]. Df is often employed to evaluate the compactness of flocs. High Df values indicate a compact internal structure, whereas lower values suggest a loose structure [77]. As shown in Figure 5a, when using 2000 mg/L FS@CTS-P(AM-DMC) alone, the Df values were 1.56, 1.51, and 1.48 at pH 5.0, 7.0, and 9.0, respectively. The flocs formed under acidic conditions were relatively denser. Due to the electrostatic neutralization effect, the combination of emulsified oil droplets and FS@CTS-P(AM-DMC) became tighter. In contrast, under alkaline conditions, the flocs exhibited a looser structure. This might be attributed to the gradual increase in electrostatic repulsion between them. When PAM was added, there was a general increase in the overall Df values, reaching 1.68, 1.66, and 1.61 at pH 5.0, 7.0, and 9.0, respectively (Figure 5c). The addition of PAM resulted in denser and more compact flocs. In summary, under the combined effects of electrostatic attraction, adsorption bridging, and magnetic forces, emulsified oil droplets and FS@CTS-P(AM-DMC) formed the dense three-dimensional network floc, facilitating effective oil–water separation.



The morphology and structure of magnetic flocs during rapid stirring and magnetic separation processes were investigated using microscopy and Df analysis. When the pH was set at 7.0 for FS@CTS-P(AM-DMC), the Df gradually increased from 1.46 at 2 min to 1.51 at 8 min during the rapid stirring (Figure 5a). Under the influence of magnetic dipoles, the magnetic flocs initially formed chain-like structures at 2 min (Figure S4a). Then, the network of magnetic flocs was formed at 8 min through constant collisions and aggregation. Unlike the dosing mode of FS@CTS-P(AM-DMC), the addition of PAM led to the appearance of small block-like flocs at 2 min (Figure S4b), with Df increasing from 1.57 at 2 min to 1.66 at 10 min (Figure 5c). Subsequently, these small blocks aggregated to form larger block-like flocs within 10 min. This indicated that the addition of PAM facilitated the formation of block flocs in a short period of time, thereby achieving more effective oil–water separation.



During the magnetic separation process, both dosing modes demonstrated an increase in Df. For FS@CTS-P(AM-DMC), the Df increased from 1.51 to 1.62, whereas with PAM addition, it rose from 1.53 to 1.72 (Figure 4b,d). Similar flocculation processes were observed in both cases, involving floc aggregation, chain-like floc formation, and the subsequent development of a reticular floc network (Figure S5). These observations underscored the ability of FS@CTS-P(AM-DMC) to generate larger and more compact magnetic flocs under the influence of a magnetic force. Overall, FS@CTS-P(AM-DMC) could form compact magnetic flocs, and it demonstrated advantages in rapidly removing emulsified oil droplets under the action of the applied magnetic field.




3.3.3. PIV Analysis of Velocity Field


The PIV method was employed to observe the velocity and direction of fluid flow of the magnetic flocs in the magnetic field [78], thereby allowing for an understanding of the dynamic characteristics of the flow field. For the usage of 2000 mg/L FS@CTS-P(AM-DMC) alone, the flow velocity of magnetic flocs reached 0.15 m/s, and the magnetic separation time was approximately 100 s (Figure 6a). The dosing mode with PAM had a faster flow rate of 0.15 m/s and shortened the magnetic separation time to 70 s (Figure 6b). This was attributed to the larger magnetic flocs formed with the addition of PAM, facilitating their rapid aggregation and swift movement under magnetic forces.



As shown in Figure 6a, the flow velocity and its spatial distribution gradually increased within the range of 2–30 s. At 30 s, the acceleration region aligned parallel to the magnetic field gradient, situated near the central area of the magnet, and the high flow velocity region was large. Eddies became distinctly visible at 50 s. The intensity of the eddies amplified with the prolonged separation time, and the regions of high flow velocity became concentrated at the peripheries of the eddies, where the relative motion was most pronounced. Due to the presence of eddies, flocs could collide and merge with each other during movement, ultimately forming large and dense flocs. After 20 s of accelerated motion, the magnetostriction speed gradually diminished. By 100 s, the magnetic separation was completed, and the subsequent variation in the flow field was mainly due to the flow of the solution itself.



For the dosing mode with PAM, the magnetic flocs underwent three stages of acceleration, stabilization, and deceleration. Notably, eddies were observed at 10 s of separation time (Figure 6b). This observation suggested that the motion and size of magnetic flocs influenced the distribution and velocity of the flow field during the magnetic separation process. Overall, PIV provided a highly intuitive display of the flow field velocity, motion patterns, and trajectories of oil-containing flocs during the magnetophoretic process, which facilitated the selection of suitable conditions for the flocculation processes.




3.3.4. Interaction Energy Analysis


The van der Waals, electrostatic, and total interaction energies between the FS@CTS-P(AM-DMC) and emulsified oil droplets were first investigated using the DLVO models. In the DLVO theory, the total interaction energy (UDLVO) comprises the combined van der Waals potential energy (Uvdw) and the electrostatic potential energy (UEL) between the particles [79]. As depicted in Figure 7a, the UDLVO between emulsified oil droplets was measured to be 3125.2 KBT at pH 3.0. With the increase in pH levels, the UDLVO reached 8185.8 KBT at pH 11.0. This indicated that as the pH gradually increased, emulsified oil droplets became more stable under alkaline conditions. As depicted in Figure 7b, no energy barrier existed between the FS@CTS-P(AM-DMC) and emulsified oil droplets at pH 3.0 and 5.0, indicating that they were easy to aggregate. Moreover, the predicted lines for the UDLVO and UEL values between the FS@CTS-P(AM-DMC) and emulsified oil droplets closely overlapped at pH 3.0 and 5.0 (Figure S7a,b). This meant that under acidic conditions, electrostatic interactions dominated the flocculation of emulsified oil droplets. Compared to the interaction energy between emulsified oil droplets, the energy barriers between the FS@CTS-P(AM-DMC) and emulsified oil droplets decreased to 966.5, 1312.3, and 3274.1 KBT at pH 7.0, 9.0, and 11.0, respectively (Figure 7b). This hinted that the presence of FS@CTS-P(AM-DMC) significantly promoted the aggregation of emulsified oil droplets, despite the existence of an energy barrier between them.



In order to explore the hydration, hydrophilic, and hydrophobic interactions between the FS@CTS-P(AM-DMC) and emulsified oil droplets, calculations were performed using the EDLVO theoretical models [80]. The EDLVO models regard the interaction energy between particles as comprising van der Waals, electrostatic, and acid–base interaction energy [81]. The Lewis acid–base interaction energy (UAB) represents the polarity interaction force between particles, encompassing the repulsion between particles caused by hydration effects as well as hydrophilic and hydrophobic effects [82]. In the present study, the ΔGAB (h = h0) values for emulsified oil droplet-to-emulsified oil droplet and FS@CTS-P(AM-DMC)-to-emulsified oil were determined to be −1.69 × 10−7 mJ m−2 and −2.09 × 10−7 mJ m−2, respectively. The interaction energies calculated through the EDLVO models did not differ noticeably from those obtained through the DLVO models (Figure S9a,b). Hydrophobic interactions might occur when the water contact angle > 65°, leading to a reduction in the interaction energy and promoting particle aggregation [25,82,83]. The water contact angle of FS@CTS-P(AM-DMC) measured 13.1° (Table S4), indicating its hydrophilic nature. The presence of the emulsifier SDS conferred hydrophilic properties upon the emulsified oil droplets [84]. Therefore, there was no hydrophobic interaction between the FS@CTS-P(AM-DMC) and emulsified oil droplets.



Due to the introduction of an external magnetic field, magnetic forces become an important component among the interparticle forces alongside van der Waals, electrostatic, and acid–base interaction forces. Therefore, the magnetic interaction energy among the particles was further investigated using the MDLVO theory models. As illustrated in Figure 7c, the magnetic attraction between the FS@CTS-P(AM-DMC) was eight orders of magnitude higher than electrostatic and van der Waals forces, with no discernible energy barriers observed across a wide range of interaction distances (0–200 µm). This could be attributed to the high magnetic saturation (53.81 kA/m) and large particle size (radius = 10.3 µm) of FS@CTS-P(AM-DMC). Under various forces of interaction, such as van der Waals and magnetic forces, FS@CTS-P(AM-DMC) and emulsified oil droplets formed chain-like and network-like magnetic flocs. And the magnetic flocs further collided and aggregated with each other under the influence of an external magnetic field, forming larger flocs. Notably, the magnetic forces could overcome the electrostatic repulsion between the negatively charged FS@CTS-P(AM-DMC) and emulsified oil droplets. This facilitated the collision and movement between them, achieving their effective removal at pH 7.0 and 9.0. However, at pH 11.0, the energy barrier between the emulsified oil droplets and FS@CTS-P(AM-DMC) was much higher, featuring strong electrostatic repulsion (3416.1 KBT). Therefore, despite the high magnetic forces, the removal efficiency of emulsified oil droplets inevitably decreased under strongly alkaline conditions. This explained why flocculation could still be highly fulfilled at pH 7.0 and 9.0 without electro−neutralization, whereas at pH 11.0, its flocculation efficiency drastically declined.






4. Conclusions


In this study, FS@CTS-P(AM-DMC) demonstrated an outstanding efficacy in removing emulsified oil droplets in a wide pH range (3.0–9.0) and initial oil concentration range (200–3000 mg/L). Dosing 5000 mg/L FS@CTS-P(AM-DMC) alone achieved values of 98.7 and 88.9% for turbidity and COD removal, respectively, at pH 7.0 and an initial oil concentration of 3000 mg/L. Another dosing mode, namely FS@CTS-P(AM-DMC) with PAM, also demonstrated an effective flocculation efficiency. PAM addition could boost the particle size and Df of the floc, therefore improving the removal efficiency and reducing the dose of FS@CTS-P(AM-DMC). However, the PAM-assisted mode was strongly influenced by the pH, with the flocculation efficiency dropping sharply at pH 11.0. And under varying magnetic field strengths, the removal efficiency was inferior compared to the use of FS@CTS−P(AM−DMC) alone. After eight cycles, the removal efficiency still remained above 79.0%, indicating the robust stability and reusability of FS@CTS-P(AM-DMC). Meanwhile, FS@CTS-P(AM-DMC) also demonstrated outstanding salt resistance, as K+, Na+, Ca2+, and Mg2+ ions did not affect its flocculation performance. The floc size and Df of magnetic flocs decreased with increasing pH values. However, the flocs exhibited high regeneration and resistance to fragmentation at pH 5.0, 7.0, and 9.0. Due to electrostatic attraction, van der Waals forces, and magnetic forces, FS@CTS-P(AM-DMC) and emulsified oil droplets colliding with each other formed chain and three-dimensional mesh magnetic flocs. During the magnetophoretic processes, eddies formed by the movement of magnetic flocs, facilitated the capture of residual emulsified oil droplets through sweeping and netting effects. The pHPZC of FS@CTS-P(AM-DMC) was 6.6, and the zeta potential of emulsified oil droplets was negative in the range of pH 2.0–12.0. The electrical neutralization dominated under acidic conditions, while magnetic interactions were the main mechanism of magnetic flocculation under neutral and alkaline conditions. The remarkable performance of FS@CTS-P(AM-DMC) provided a new insight in the treatment of high-concentration emulsified, oily wastewater.
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Figure 1. The effect of the (a,b) dose and (c) pH value on the turbidity removal and COD removal using FS@CTS-P(AM-DMC) and PAM. (d) Zeta potential of emulsified oil droplet. Stirring speed = 400 r/min. Stirring time = 10 min. Settling time = 3 min. 
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Figure 2. The effects of (a) stirring time, (b) settling time, and (c,d) coexisting ions. Dosing mode: 2000 mg/L FS@CTS-P(AM-DMC) and 1000 mg/L FS@CTS-P(AM-DMC) + 2 mg/L PAM. pH = 7.0. Stirring speed = 400 rpm. 
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Figure 3. (a) Reusability of FS@CTS-P(AM-DMC) over eight cycles. (b) Magnetic hysteresis loops and (c,d) FT-IR spectra of two dosing modes of original and recycled FS@CTS-P(AM-DMC). Dosing mode: 2000 mg/L FS@CTS-P(AM-DMC) and 1000 mg/L FS@CTS-P(AM-DMC) + 2 mg/L PAM. pH = 7.0. Stirring time = 10 min. Settling time = 3 min. 






Figure 3. (a) Reusability of FS@CTS-P(AM-DMC) over eight cycles. (b) Magnetic hysteresis loops and (c,d) FT-IR spectra of two dosing modes of original and recycled FS@CTS-P(AM-DMC). Dosing mode: 2000 mg/L FS@CTS-P(AM-DMC) and 1000 mg/L FS@CTS-P(AM-DMC) + 2 mg/L PAM. pH = 7.0. Stirring time = 10 min. Settling time = 3 min.
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Figure 4. The evolution of floc size under (a) 2000 mg/L FS@CTS-P(AM-DMC) and (b) 1000 mg/L FS@CTS-P(AM-DMC) + 2 mg/L PAM. Stirring speed = 400 rpm. Stirring time = 10 min. Settling time = 3 min. Breakage time = 1 min. Regeneration time = 3 min. 
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Figure 5. Variations in floc size and Df during rapid stirring (a) and magnetic separation (b) for 2000 mg/L FS@CTS-P(AM-DMC) and (c,d) for 1000 mg/L FS@CTS-P(AM-DMC) + 2 mg/L PAM. Stirring speed = 400 rpm. Stirring time = 10 min. Settling time = 3 min. 
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Figure 6. The magnetophoretic flow field under (a) 2000 mg/L FS@CTS-P(AM-DMC) and (b) 1000 mg/L FS@CTS-P(AM-DMC) + 2 mg/L PAM. pH = 7.0. Stirring speed = 400 rpm. Stirring time = 10 min. Settling time = 3 min. 
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Figure 7. Interaction energy of DLVO between (a) oil emulsified droplet and oil emulsified droplet, (b) FS@CTS-P(AM-DMC) and oil emulsified droplet. Interaction energy of MDLVO between (c) FS@CTS-P(AM-DMC) and FS@CTS-P(AM-DMC). 
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