Exploring flotation separation of polycarbonate from multi-microplastic mixtures via experiment and numerical simulation
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Abstract
Plastic recycling is a promising technology, as it can both contribute to circular economy goals and reducing plastic pollution; however, it faces significant challenges due to the lack of effective separation methods. Herein, we studied the flotation separation of polycarbonate (PC), a major component of plastic waste, from multi-plastic mixtures after hydrophilization by Fe(VI). First, the effect of Fe(VI) treatment on the surface properties of the plastics was studied. Fe(VI) induced hydrophilization of PC, with a decreased contact angle of about 19°; this was attributed to the introduction of hydrophilic moieties by surface oxidation and hydrolysis reactions. Then, the effect of operating conditions in both hydrophilization and flotation on the flotability of plastics was investigated. In both binary and multi-plastic mixtures, hydrophilization selectively suppressed the flotability of PC from 100% to about 0.0%. Numerical simulation was performed using the population balance model of computational fluid dynamics to determine the gas-liquid flows during flotation. It was found that the flow rate affected flotation of plastics via bubble formation rather than flow fields. Finally, the optimization of hydrophilization was performed using the Box Behnken design of response surface methodology. The results showed that PC was separated from multi-plastic mixtures with recovery and purity of 100.0% under the optimum conditions. These results would greatly facilitate the development of plastic recycling.
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1. Introduction
Plastics as the largest synthetic materials are commonly used for packaging, electronics, and construction 1. Due to its low cost, versatile properties, light weight, stability, and good moldability, the global production of plastics reached 359 million tons in 2018 2. Of these, most plastics are discarded, landfilled, and incinerated, and only 20% are recycled 3, 4. Discarding and landfilling lead to an accumulation of plastics in the natural environment, and generate massive microplastics and nanoplastics 5, 6. Microplastics are ubiquitous in the hydrological cycle, and as vectors of organic/inorganic pollutants, are considered an emerging contaminant of global concern 7. Through the food chain, microplastics ingested by a person are estimated to be 81000~12300 particles per year 6. Incineration not only depletes resources, but also releases toxic gaseous pollutants 8. Recycling, including mechanical and chemical recycling, is considered an effective method of eliminating plastic pollution for environmental and economic reasons 4, 9.
However, different types of plastics are often found together in the waste stream. There are as many as 15 types of plastics found in the waste stream, and common components include polycarbonate (PC), polystyrene (PS), poly (vinyl chloride) (PVC), poly (methyl-methacrylate) (PMMA), and poly (acrylonitrile-butadiene-styrene) (ABS)10. This heterogeneity is considered to be the biggest challenge of plastics recycling, as plastics of different types exhibit strong physical and chemical incompatibility, which significantly affects the quality of the recycled plastics. For instance, small amounts of PVC can severely affect the quality of other plastics during mechanical recycling 11. In this regard, the separation of plastic waste into individual types of plastic is the most important phase of plastic recycling. Among plastic waste, PC is at the top of plastic consumption with an annual production of ~6 million tons12, 13. Therefore, further efforts are needed to develop effective methods for separating plastic waste, especially for targeted PC.
Various methods have been proposed for the separation of plastic waste, such as levitation 14, hydrocyclone 15, magnetic separation 16, and flotation 11, 17. Flotation is a promising method due to its wide applicability, cost efficiency, and simple procedures 18. The intrinsical principle of flotation is the selective adhesion of air bubbles to hydrophobic surfaces, leading to the hydrophobic and hydrophilic particles being floated and submerged in the liquid phase, respectively 19. Since most plastics have a hydrophobic surface, the selective hydrophilization (i.e., made hydrophilic) of targeted plastics is prior to flotation. Recently, ozonation 20, metallic calcium coating 10, microwave treatment 21, and activated carbon coating 22 have been proposed to facilitate the hydrophilization of plastics. However, most of these studies focused on the separation of hazardous ABS and PVC from plastic waste, and only a few studies reported the separation of PC in binary mixtures 23, 24. To date, PC-targeted separation from multi-plastic mixtures has rarely been reported.
Very interestingly, Li et al. 25 reported that Fe(VI) treatment as a green and ultralow-cost approach can facilitate the modification and exfoliation of graphite and induce the production of graphene oxide. Our recent studies have shown that Fe(VI) can facilitate the selective hydrophilization of PC and not PS 26. It can be deduced that Fe(VI) could induce the selective hydrophilization of PC and facilitate the separation of PC from multi-plastic mixtures. Thus, the aim of this study was to investigate Fe(VI) induced hydrophilization of plastic waste and selective separation of PC from multi-plastic mixtures, including PC, ABS, PVC, PS, and PMMA. To the best of our knowledge, this is the first study to report the selective separation of PC from multi-plastic mixtures. These results will provide promising prospects for facilitating the recycling of plastic waste, eliminating the severe pollution of plastic waste and microplastics.
2. Materials and methods
2.1 Plastic samples and chemicals
Plastic waste, including PC (1.19 g·cm-3), ABS (1.03 g·cm-3), PVC (1.36 g·cm-3), PMMA (1.14 g·cm-3), and PS (1.03 g·cm-3) was purchased from the plastic recycling market (Beijing, China). The authenticity of the plastics was determined by Fourier transform infrared spectroscopy (FT-IR) (Fig. S1 and Section S1). The colors of the plastics were different, so it was easy to sort them manually to determine the separation efficiency of the flotation. The particle size of the plastics was 2.0~3.0 mm, since this range was within the size suitable for plastic flotation, as demonstrated in our previous studies 27. The samples with a particle size < 74 μm were prepared to perform some special characterizations. Potassium ferrate (K2FeO4, > 90%; loss on drying < 1%) was purchased from Aladdin Biochemical Technology Co., Ltd. China. α-Terpineol (> 96%) was purchased from Sinopharm Chemical Reagent Co., Ltd. China. The Millipore water purification system was used to produce ultrapure water with a resistivity of 18.2 MΩ, which was used throughout the experiment.
2.2 Characterization and analysis techniques
The contact angle (CA) was measured on an OCAH200 dataphysics using the images of ultrapure water droplets at 25 ℃. The CA values given are the average of three measurements. Morphology was visualized using a JEOL JSM -7401 scanning electron microscope (SEM) at a voltage of 30 kV. Because the low electrical conductivity of plastics limits obtaining high-resolution SEM images, platinum sputtering was performed prior to recording SEM images. Surface composition was analyzed using a PHI 5300 ESCA X-ray photoelectron spectrometer (XPS) with an Al Kα anode source. All binding energies in the XPS spectra were referenced to the C 1s peak at 284.6 eV. Functional groups were analyzed using FT-IR analysis on a Nicolet iS5 instrument. The excitation emission matrix (EEM) has been widely used to study the properties of organics leached from microplastics 28. Therefore, we used EEM to characterize the Fe(VI) solution after hydrophilization using a spectrophotometer (F-7000, Hitachi, Japan). Excitation (Ex) and emission (Em) were recorded at 200 to 450 nm and 280 to 550 nm, respectively. The Raman and Rayleigh scattering of the EEM spectra were corrected using the MATLAB software. The ultraviolet-visible spectrum was recorded with a spectrophotometer (UV-1800, Shimadzu, Japan).
2.3 Experimental procedures
2.3.1 Surface hydrophilization of plastics induced by Fe(VI)
As reported by Machala et al. 29, the critical Fe(V) and Fe(IV) species were generated during the thermal decay of Fe(VI), which significantly affects the oxidation performance of Fe(VI). As a result, the initial Fe(VI) concentration (, M), temperature (, ℃), and treatment time (, min) were considered. In a typical procedure, plastic mixtures of 5.0 g with equal mass ratio were treated in Fe(VI) solution (100 mL) on a magnetic stirring apparatus (ZNCL-BS, Yuhua Co., LTD, Gongyi, Henan Province, China), filtered through a 0.45 μm membrane, and washed with ultrapure water for surface characterization. The Fe(VI) solution with different concentrations was freshly prepared by dissolving the purchased K2FeO4 powder in ultrapure water. The residual solution was characterized by EEM and ultraviolet-visible spectra. The details of the experimental procedures are summarized in Table S1.
2.3.2 Flotation separation of PC from binary and multi-plastic mixtures
Flotation separation of PC was studied in binary and multi-plastic systems. In the first system, PC was mixed with PVC, ABS, PS, and PMMA in equal proportions; in the second system, PC, PVC, ABS, PS, and PMMA were mixed in equal proportions. In a typical procedure, plastic mixtures of 5.0 g were treated in Fe(VI) solution (100 mL), filtered, washed with ultrapure water, and sent to perform flotation experiments. The flotation column used in this study has a height and inner diameter of 580 mm and 60 mm, respectively, as described in detail in a previous study 27. In the flotation experiments, the initial frother concentration (, mg·L-1), flow rate (, L·min-1), and flotation time (, min) were considered as single factors (Table S1).
As previously reported, due to natural hydrophobicity, almost all plastics floated completely in the flotation 30. Thus, the flotability (, %) was calculated to study the flotation behavior of plastics, according to the equation: , where  (g) and  (g) are the mass of the floated and submerged plastic , respectively. Flotation separation of PC from multi-plastic mixtures was evaluated by recovery (, %) and purity (, %), as described by the equations:  and , where  (g),  (g), and  (g) are the mass of the submerged PC, residual PC in the mixtures, and the other submerged plastics, respectively.
2.3.3 Experimental design and optimization
Recently, response surface methodology (RSM) has been widely used as an effective optimization technique in the chemical and biochemical processes 31, 32. Here, the box behnken design (BBD) under the category of RSM was used to determine the significance of the factors and optimize the operating conditions (Section S2). The optimization procedures considered three independent factors, including , , and , coded as , , and , respectively; the response was the flotability of PC, PVC, ABS, PS, and PMMA, coded as , ,,, and , respectively. The independent factors included three-levels, coded as -1 (low), 0 (medium), and +1 (high) (Table S2). The adequacy of the fitting models and the statistical significance of the factors were tested by some control tests of analysis of variance (ANOVA). Using the overall desirability function (Section S3), the optimum conditions were determined and further confirmed with batch experiments.
2.4 Numerical simulation
Numerical simulation using Fluent@ software (2022R1) was performed to study the gas-liquid flow in the flotation column, including turbulent flow, bubbles’ coalescence and breakage, and bubble size distribution. The effect of the flow rate (1.2-7.2 L·min-1) on the flow fields of the flotation column was investigated using population balance model within computational fluid dynamics (CFD-PBM). The detailed procedures of the simulation with the CFD-PBM model can be found in Section S4. The gas-liquid mixing was simulated with the Eulerian-Eulerian multiphase model. The -epsilon standard model was used to simulate the turbulent gas-liquid flow. The mixtures of water (continuous-phase) and air (discrete-phase) were simulated. The modified Luo-model was used to simulate the coalescence and the breaking of air bubbles.
3. Results and discussion
3.1 Mechanism of surface hydrophilization of plastics by Fe(VI)
Basically, flotation is based on the selective adhesion of air bubbles to the hydrophobic surface of materials by long-range hydrophobic forces 21. The surface hydrophobicity is a critical property that significantly influences the flotation behavior of plastics. Thus, the effect of Fe(VI) treatment on the surface hydrophobicity of plastics was studied (Fig. 1). It was found that the CA of all plastics was above 95.4° before treatment, indicating the inherent hydrophobicity of plastics. This is consistent with the earlier studies conducted by Mallampati et al. 10 and Reddy et al. 20. After treatment, the CA of ABS, PVC, and PC decreased to varying degrees. The CA of PC decreased by 19°, and that of ABS and PVC decreased about 9° when  was 0.06 M, in comparison to the untreated samples. By contrast, the CA of PS and PMMA was stable. We speculated that such a selectivity was due to the different molecular structure. He et al. 33 reported that Fe(VI) showed oxidative selectivity to phenolic pollutants. Likewise, Jiang 34 indicated that Fe(VI) readily oxidized phenolic compounds. In this regard, the clearly decreased CA of PC was due to its phenolic structures (in contrast to other plastics), which were readily oxidized by Fe(VI). Nevertheless, the hydrophobicity of materials is mainly affected by the chemical structure and morphology 35. Thus, the mechanism of hydrophilization of plastics by Fe(VI) needs to be further ascertained.
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Fig. 1 The CA of ABS, PMMA, PS, PVC, and PC along with the typical CA images of PC before and after hydrophilization [=0.02, 0.04, and 0.06 M, =30 min, and =60 ℃]
Since PC, ABS, and PVC showed clear decreases in CA, these plastics were subjected to further characterization. The surface compositions and XPS spectra of PC, ABS, and PVC are shown in Fig. 2a-c and Fig. S2, respectively. It was found that after hydrophilization, the O atomic ratio of PC increased from 18.77% to 19.59%, and at the same time the C atomic ratio decreased from 81.23% to 79.01%. This indicated that Fe(VI) promoted the surface oxidation of PC. Similar findings were reported by Zhou et al. 36 for the oxidation of carbon nanomaterials by Fe(VI). In comparison, the O atomic ratio of ABS and PVC decreased slightly, which could be due to leaching of oxygen-containing plasticizers. Henkel et al. 37 reported that phthalates are commonly found in PVC and can leach out in the aqueous environment. Moreover, a clear Fe 2p peak was observed in the XPS spectra of PC, ABS, and PVC with Fe atomic ratio of 0.98%~1.67% after surface hydrophilization (Fig. 2a-c and Fig. S3), indicating the coating of iron oxides on the surface of these plastics.
[image: F:\4-投稿文章\投稿文章\2-Ferrate分离PC（CH）\图片\Fig.2.tif]
[bookmark: _GoBack]Fig. 2 The surface composition of PC (a), ABS (b), and PVC (c) before and after hydrophilization [=0.04, 0.06 M, =30 min, and =60 ℃]. The O 1s (d) and C 1s (e) region of PC before and after hydrophilization [=0.04 , 0.06 M, =30 min, and =60 ℃]. The FT-IR spectra of PC (f) before and after hydrophilization [=0.06 M, =30 min, and =60 ℃].
The O 1s and C 1s core region of PC, ABS, and PVC was further investigated. As shown in Fig. 2d, the O 1s region of PC was decomposed into two peaks: the peaks at 532.0 eV and 533.8 eV represented the oxygen in O=C and O=C-O-C, respectively38. Semi-quantitative analysis showed that the relative content of the former increased, while the latter decreased by about 6.5% (Table S3). Wang et al. 23 reported that alkaline conditions induced hydrolysis of the ester groups of PC, producing organic compounds with phenolic hydroxyl groups. During the decay of FeO42-, the production of a large amount of OH- was observed by Gong et al. 39. We also measured the pH of Fe(VI) solution (Fig. S4). The results showed that the pH of the original Fe(VI) solution was > 12 and increased significantly after treatment, resulting in a strongly alkaline environment. In this respect, it was convincing that the decrease of O=C-O-C was due to the hydrolysis of ester groups. On the other hand, the oxidation of hydrocarbons to alcohols, aldehydes, and ketones (not to carboxylic groups) by Fe(VI) has been widely reported in previous studies 40. The increased O=C content was thus caused by the hydrolysis or/and the oxidation reactions at the surface of PC.
The C 1s region of PC was split into four peaks, along with the π→π* excitations at 290.7 eV (Fig. 2e). The peaks with binding energies at 284.7, 285.3, 286.0, and 286.8 eV were assigned to the sp2-hybridized carbon (sp2-C), the sp3-hybridized carbon (sp3-C), C-O, and C=O, respectively 41, 42. After hydrophilization, the relative content of sp2-C and sp3-C decreased by about 3%, while that of C-O and C=O increased by 2-4% (Table S3). The FT-IR spectra of PC before and after hydrophilization were also recorded (Fig. 2f). It was found that before and after hydrophilization, the FT-IR spectra of PC had characteristic peaks, including the C-H peak at 3018-2840 and 830 cm-1, ester groups at 1776 and 1197 cm-1, aromatic rings at 1500 cm-1, and the C-O peak at 1400, 1230, and 1150 cm-1 24. In addition, the integrated area ratio (IAR) of ester groups (1776 cm-1) on the basis of the C-H peak (3018-2840 cm-1) was determined, which is widely used for the semiquantitative analysis of the functional groups of plastics 27. It was found that after hydrophilization, IAR values decreased by about 0.70. Meanwhile, the intensity of the O-H deformation vibration in the ether and alcohol groups at 1400 cm-1 increased clearly, in line with the results of O 1s and C 1s analysis. These results provided convincing evidence for the hydrolysis of ester groups and the oxidation of sp2-C and sp3-C at the surface of PC by Fe(VI).
In the C 1s region of ABS (Fig. S5), the peaks at 284.6, 285.3, 286.5, and 291.5 eV were assigned to the sp2-C, sp3-C, C≡N, and π→π* excitations, respectively. However, no obvious changes were observed in the relative content of the peaks in the C 1s region of ABS before and after hydrophilization (Table S4). In the C 1s region of PVC (Fig. S5), the peaks at 284.7, 286.1, and 289.0 eV belonged to sp3-C, C-Cl, and C-O, respectively. After hydrophilization, the relative content of C-Cl decreased from 15.70% to 13.59% (Table S4), indicating that Fe(VI) induced the dechlorination reactions. Meanwhile, the relative content of C-O decreased, in accordance with the surface composition, which could be due to the leaching of additives (as discussed above). In contrast to PC, ABS and PVC were less oxidized, since the phenolic structures of PC were easily oxidized by Fe(VI) due to its electron-rich properties 43. Similarly, Bielski et al. 44 reported that the oxidation of carboxylic acids by Fe(VI) varied with the α-carbon substituents (α-C-OH > α-C-H).
In addition, the Fe(VI) solution before and after hydrophilization of PC was characterized with EEM and UV-vis spectra. As shown in Fig. 3a-b, the fluorescence of original Fe(VI) was at Em > 380 nm/Ex < 250 nm. After hydrophilization under identical conditions (without PC), it shifted to higher Em values, which was attributed to the decay of FeO42-. 0.04 M Fe(VI) solution showed a similar EEM to the blank samples after hydrophilization of PC (Fig. 3c). In contrast, the fluorescence of 0.06 M Fe(VI) solution after hydrophilization of PC was at Em > 380 nm/Ex > 220 nm (Fig. 3d), which was very similar to the EEM of Sawanee River humic acid (HA), an international standard HA established from International Humic Substances Society (Fig. 3e) 45, 46.
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Fig. 3 The EEM of Fe(VI) solution: (a) pristine Fe(VI), (b) Fe(VI) after treatment as the blank samples (= 0.06 M, =30 min, and =60 ℃), (c) Fe(VI) + PC after treatment (=0.04 M, =30 min, and =60 ℃), and (c) Fe(VI) + PC after treatment (=0.06 M, =30 min, and =60 ℃). The EEM of Sawanee River HA (e). The UV-vis spectra of Fe(VI) solution (f): F1, F2, F3, and F4 represent Fe(VI) solution with identical treatment procedures to EEM measurements.
We speculated that the presence of HAs was due to the oxidative polymerization of the phenols from the breakdown structures of PC 47. Similarly, Lee et al. 28 and Chen et al. 48 previously reported that HAs were leached from PVC, PS, and polyethylene microplastics. More importantly, a weak peak at Em 270 nm/Ex 320 nm was observed and assigned to phenols, in line with the above speculations 49. In the UV-vis spectra of Fe(VI) solution (Fig. 3f), we also found the decay of Fe(VI), as its characteristic peak at 505 nm disappeared after hydrophilization, although for the blank samples. However, the characteristic peak of phenols was not observed, since the peak of phenols was overlapped with that of iron oxides. In addition, the UV-vis spectra were not highly sensitive enough compared to EEM to detect these intermediates 50.
Based on the above results, the pathways for the oxidation and hydrolysis of PC with Fe(VI) are schematically proposed (Fig. 4). Initially, Fe(VI) attacked the phenolic hydroxyl groups of PC by forming the quinones, since the electron-donating hydroxyl groups can increase the electron density of aromatic rings. This was confirmed by the increased C=O determined by XPS analysis. Then, the newly formed quinones were further oxidized with Fe(VI), by producing phenols and benzoquinone. This was evidenced by the increased C-O and C=O in XPS analysis, the increased O-H deformation vibration in FT-IR analysis, and the presence of phenols in EEM analysis. Likewise, Li et al. 51 reported that Fe(VI) induced the oxidation of phenols into benzoquinone. On the other hand, the decomposition of Fe(VI) took place, producing a large amount of OH-1 43. Such a strong alkaline condition would induce the hydrolysis of the ester groups of PC, by forming organic compounds with carboxylic and phenolic hydroxyl groups. This was confirmed by the decreased O=C-O-C in both XPS and FT-IR analyses. Similarly, the hydrolysis of the ester groups of plastics under alkaline conditions was reported by Pongstabodee et al. 52 and Fraunholcz 53. The hydrolyzed products containing carboxylic and phenolic hydroxyl groups would be further oxidized with Fe(VI), similar to the oxidized products. The organic compounds with carboxylic groups were oxidized to quinones, and subsequently to phenols and benzoquinone. The organic compounds with phenolic hydroxyl groups were oxidized to quinones and then to benzoquinone. In addition, the phenols and quinones produced during the oxidation and hydrolysis would be polymerized to HAs, induced by Fe(VI) and/or Fe oxide. This was supported by the presence of HAs in EEM of Fe(VI) solution. Similarly, Sharma 54 reported that Fe(VI) facilitated the oxidative polymerization of phenols and quinones. Likewise, Lee et al. 28 found the leaching of humic-like and phenol-like substances from microplastics under UV radiation because of polymerization of oxidative products.
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Fig. 4 The proposed reaction pathway of hydrolysis and oxidation of PC by Fe(VI)
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Fig. 5 The SEM images of PC (a), ABS (b), and PVC (c) under different magnification before and after hydrophilization using Fe(VI) (=0.06 M, =30 min, and =60 ℃)
The morphology of PC, ABS, and PVC before and after hydrophilization was investigated by SEM with different magnifications (Fig. 5). The irregular gouges and cracks were observed on pristine plastics, probably because of the grinding process 42. After hydrophilization, numerous nanoparticles were found on PC (Fig. 5a), while the surface of ABS and PVC did not show significant changes (Fig. 5b-c). Yang et al. 55 reported that the decay of Fe(VI) in situ formed nanoscale ferric(oxyhydr) oxides with abundant hydroxylation groups. Therefore, we speculated that these nanoparticles were ferric(oxyhydr) oxides, in line with the XPS analysis. Based on the above results, it was concluded that the hydrophilization of PC with Fe(VI) was due to the changed chemical structure and morphology. The former was that Fe(VI) facilitated the surface oxidation and hydrolysis of PC by introducing the polar and hydrophilic C-O and C=O groups 21. Similarly, Thanh Truc and Lee 56 reported that C-O and C=O increased the hydrophilicity of various plastics. The latter was because the nanoscale ferric(oxyhydr) oxides were coated on the surface of PC, and the abundant hydroxylation groups confer a strong hydrophilic property to these nanoparticles 35, 57. Likewise, this was responsible for the slight increase in hydrophilicity of ABS and PVC.
3.2 Effect of single factors in hydrophilization and flotation separation
3.2.1 The effect of single factors on the flotation of PC in binary mixtures
Fe(VI)-induced hydrophilization is expected to facilitate the flotation separation of PC from multi-plastic mixtures. However, the presence of interactions between different plastics during hydrophilization has been reported 30. Therefore, we first studied the effect of single factors on the flotability of plastics in the system of binary mixtures, including PC/PVC, PC/ABS, PC/PS, and PC/PMMA (Fig. 6). It was found that all pristine plastics had a flotability of 100%, attributed to the natural hydrophobicity. After hydrophilization, the flotability of PC was found to decrease from 100.0% to 0.0% with the increase of , , and  in all binary mixtures. However, the conditions that rendered the flotability of PC to 0.0% were highly dependent on the binary mixture systems. Specifically, the conditions were =0.06 M, =60 ℃, =25-35 min for PC/PVC (Fig. 6a), PC/ABS (Fig. 6b), and PC/PS (Fig. 6c), whereas these were =0.04 M, =50 ℃, =20 min for PC/PMMA (Fig. 6d). This phenomenon indicated that in addition to the conditions for hydrophilization, the flotability of PC was clearly influenced by the types of other plastics in binary mixtures. Similar results have been widely reported in previous studies 24, 30. The reasons for such a phenomenon were the presence of interactions between different plastics, which affected both hydrophilization and flotability of plastics58. In addition, the flotability of ABS under the elevated conditions showed a remarkable decrease from 100.0% to 20.0% (Fig. 6b), which was consistent with the slightly reduced CA.
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Fig. 6 The effect of single factors in hydrophilization on the flotability of plastics in different systems of binary mixtures: (a) PC/PVC, (b) PC/ABS, (c) PC/PS, and (d) PC/PS (=10 mg·L-1, =4 min, and =7.2 L·min-1).
3.2.2 The effect of single factors on the flotation of PC in multi-plastic mixtures
In systems of multi-plastic mixtures, the effect of single factors during hydrophilization on the flotability of plastics was further investigated (Fig. 7). It was found that the flotability of PC decreased clearly with increasing , , and  and reached 0.0% when , , and  were about 0.05 M, 60 ℃, and 25 min, respectively. Under these conditions, a video describing the submerging of PC and the floating of other plastics was created to illustrate the flotation separation (Supporting video 1). The results were consistent with the results in the binary mixtures. However, PVC showed lower flotability when , , and  were 0.05 M, 90 ℃, and 30 min or 0.05 M, 60 ℃, and 50 min, which was different from the results of binary mixtures. This showed the presence of interactions between different plastics within the hydrophilization with Fe(VI). Kakasaheb et al. 59 reported that the single-factor experiment does not describe the full effect of the factors, and the conditions obtained are unreliable because it ignores the interactions of the factors. In this regard, the suitable conditions for hydrophilization obtained from the single-factor experiment for the flotation separation of PC need to be further optimized (3. 3 section).
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Fig. 7 The effect of single factors during hydrophilization on the flotability of plastics in the system of multi-plastic mixtures [=10 mg·L-1, =4 min, and =7.2 L·min-1].
3.2.3 The effect of flotation conditions on the flotation of PC and its mechanism
In addition to inherent properties, the flotation of particles is affected by air bubbles and hydrodynamic characteristics 60, 61. Thus, the effect of , , and  on the flotability of plastics after hydrophilization was investigated (Fig. 8a-b). It was found that the flotability of PVC, PS, PMMA, and ABS increased with , , and  and reached about 100% when , , and  were 10.0 mg·L-1, 7.2 L·min-1, and 2.0 min, respectively. In contrast, the flotability of PC remained stable at about 0.0% when these factors were changed, in good agreement with the hydrophilization induced by Fe(VI). Thus, for the flotation separation of PC from the multi-plastic mixture, =10.0 mg·L-1, =7.2 L·min-1, and =2.0 min were optimum flotation conditions. The effect of frother on flotation has been widely clarified 62. For instance, Li et al. 63 and Park et al. 64 reported that frother can control bubble size and increase froth stability by reducing surface tension. Similar results have been reported for the plastic flotation system 65. However, there are few studies that focus on determining the hydrodynamic characteristics of plastic flotation.
The CFD-PBM modeling has been successfully applied to gain insights into hydrodynamics in the bubble column 66. Here, the numerical simulation using CFD-PBM was used to elucidate the hydrodynamic characteristics of the plastic flotation. Flow patterns in the flotation column were determined as a function of  from 1.2 L·min-1 to 7.2 L·min-1 (Fig. 8d-e and Fig. S6). It was found that the flow structure changed with the increase of , and the velocities in the flotation column increased. In particular, a weak turbulent flow formed in the middle zone of the flotation column at elevated . Nevertheless, the flow field generally showed a laminar structure. Koh and Schwarz 67 found that the adhesion of bubbles and particles is influenced by the flow structure in the flotation cell, which affects the flotation behavior. Therefore, in our case, the slightly changed flow structure with  had a minor effect on the plastic flotation.
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Fig. 8 The effect of  (a),  (b), and  (c) on the flotability of plastics after hydrophilization [=0.05 M, =20.0 min, and =60.0 ℃]. The flow field (pressure, velocity, and velocity vector) of bubbles within the flotation column at  of 3.6 L·min-1 (d) and 7.2 L·min-1 (e). The distribution of bubble size within the flotation column at different flow rates (f).
The number and size of air bubbles in the flotation column were further calculated. As can be seen in Fig. 8f, only a few air bubbles formed in the flotation column at  ≤ 3.6 L·min-1, whereas the number of air bubbles increased significantly as  increased from 4.8 L·min-1 to 7.2 L·min-1. This agreed to a large extent with the effect of  on the flotability of plastics as described in Fig. 8b. In this context, it was speculated that the lower flotability of PVC, PS, PMMA, and ABS to 0.0% was due to the lack of sufficient air bubbles, restricting the floating of the plastics. Furthermore, the bubbles exhibited a bimodal size distribution, and with increasing , the bubbles showed a slight shift toward a larger size. Similar findings within the bubble column were reported by Yang et al. 68. This was due to the decreased bubble breakup rate and increased bubble coalescence rate 69. In summary, the effect of  on the flotation behavior of plastics was mainly to produce abundant bubbles, rather than to affect the flow structures, which was very similar to the effect of frother.
3.3 Optimizing the condition in hydrophilization with RSM-BBD
3.3.1 RSM experiments and fitting the model
Nandiwale and Bokade 59 reported that RSM is an efficient statistical method to build models, evaluate the interactions of single factors, and optimize operating conditions. Here, BBD design of RSM was used to optimize the hydrophilization conditions for the flotation of PC from multi-plastic mixtures. The values of the variables for all runs and their responses are shown in Table 1.
Table 1 the design matrix of RSM-BBD and the experimental values of responses
	Run
	a (M)
	b (℃)
	c (min)
	 (%)
	 (%)
	(%)
	 (%)
	 (%)

	1
	0.04
	50
	15.0
	100.0
	100.0
	100.0
	100.0
	100.0

	2
	0.04
	50
	15.0
	100.0
	100.0
	100.0
	100.0
	100.0

	3
	0.05
	60
	15.0
	8.1±1.8
	100.0
	100.0
	100.0
	100.0

	4
	0.04
	50
	15.0
	100.0
	100.0
	100.0
	100.0
	100.0

	5
	0.04
	50
	15.0
	100.0
	100.0
	100.0
	100.0
	100.0

	6
	0.03
	50
	20.0
	100.0
	100.0
	100.0
	100.0
	100.0

	7
	0.04
	50
	15.0
	100.0
	100.0
	100.0
	100.0
	100.0

	8
	0.04
	60
	20.0
	0.0
	100.0
	100.0
	100.0
	100.0

	9
	0.03
	40
	15.0
	100.0
	100.0
	100.0
	100.0
	100.0

	10
	0.05
	50
	10.0
	100.0
	100.0
	100.0
	100.0
	100.0

	11
	0.04
	60
	10.0
	100.0
	100.0
	100.0
	100.0
	100.0

	12
	0.05
	40
	15.0
	100.0
	100.0
	100.0
	100.0
	100.0

	13
	0.03
	50
	10.0
	100.0
	100.0
	100.0
	100.0
	100.0

	14
	0.03
	60
	15.0
	100.0
	100.0
	100.0
	100.0
	100.0

	15
	0.05
	50
	20.0
	62.8±6.3
	100.0
	100.0
	100.0
	100.0

	16
	0.04
	40
	10.0
	100.0
	100.0
	100.0
	100.0
	100.0

	17
	0.04
	40
	20.0
	100.0
	100.0
	100.0
	100.0
	100.0


Remarkably, only the response  (the flotability of PC) followed some specific trends. A model was created to describe the relationship between the variables and the responses, based on the equation in coded units: . ANOVA was used to estimate the adequacy of the model (Table S5) 59, 70.  (13.42) showed the significance of the model, and there was only a 0.03% chance that such a large  could occur due to noise. The model terms, including , , , , , and  were significant because the  was less than 0.05.  and  were 88.95% and 82.32%, respectively, suggesting a satisfactory adjustment between the experimental data and predicted values.  of 13.76 showed the adequate signal, indicating adequate model discrimination. These results indicated that the model can reliably predict the optimum operating conditions during the hydrophilization for the efficient flotation separation of PC.
3.3.2 Effect of operating variables on the flotability of PC
The interactions of the factors were further ascertained with three-dimensional (3D) and two-dimensional (2D) response surface plots (Fig. 9). It was observed that the contour of the response surfaces was elliptical, indicating that the interactions of the factors were significant. These results were supported by the low  of the interaction terms, including  (0.0147) and  (0.0021) (Table S6). By contrast, the interactions of  () and  () was not significant and not included in the model. Moreover, among the factors,  showed a more significant effect than  and . For instance, when  was 50.0 ℃, the flotability of PC decreased slightly as  increased from 0.03 M to 0.05 M (Fig. 9b). Similar trends were observed in Fig. 9d. Likewise, similar results were confirmed by the  of the factors. Sharma et al. 43 reported that the decay of Fe(VI) was rapid at high temperature, forming highly reactive species, Fe(V) and Fe(IV). These species could facilitate the hydrophilization of PC by oxidation and hydrolysis (as shown above).
3.3.3 Optimizing the operating conditions and confirmatory experiments
To optimize the operating conditions during hydrophilization for efficient flotation separation of PC, the overall desirability function (ODF) was applied. The detailed procedures of the ODF are presented in Section S3. The results presented in Fig. 9e-f showed that ten solutions were generated for the optimum conditions with the highest desirability (0.985). Based on desirability and minimization of factors, the best solution for the optimum conditions was selected: =0.046 M, =59.94 ℃, and =19.9 min; under the optimum conditions, the flotability of PC was predicted to be 1.48%. In order to confirm the optimum conditions, three confirmatory experiments were carried out. The results presented in Table S7 showed that the flotability of PC was 0.0%, in good agreement with the predicted value. In this context, the  and  of the separated PC were 100.0% and 100.0%, respectively, indicating the great performance of this method. Accordingly, the model was adequate and statistically accurate to optimize hydrophilization for highly efficient flotation separation of PC from multi-plastic mixtures.
[image: C:\Users\赖名\Desktop\Fig.9.tif]
Fig. 9 The interactions of factors on the response  (the flotability of PC): (a) the 3D plot of  () and  (), (b) the 3D plot of  () and  (), (c) the 2D plot of  () and  (), and (d) the 2D plot of  () and  (); these plots were plotted with a function to two factors by maintaining the third factor at its zero level. (e-f) the solutions of the overall desirability function.
3.4 Environmental implications
Plastics are widely used in daily life and in various industries, resulting in a large amount of plastic waste. Recycling is fascinating due to its environmental benefits and economic profits, but faces the major challenge that plastic waste is very heterogeneous in practice 19. Hence, segregation of plastic waste by type is highly desirable. Recently, flotation has attracted more and more attention due to wide applicability, cost efficiency, and simple procedures. However, most researchers have focused on the separation of toxic ABS and PVC. PC is a major component of plastic waste, and its separation from multi-plastic mixtures is rarely reported. Here, based on hydrophilization by Fe(VI), a highly effective flotation approach for the separation of PC from the multi-plastic mixtures was proposed. These results provided valuable insights into the surface hydrophilization of plastics, the application of plastic flotation, and the recycling of plastic waste. First, the surface hydrophilization of plastics by Fe(VI) was fully demonstrated, facilitating the understanding of plastic surface properties. Second, for the first time, we have elucidated the hydrodynamic characteristics of plastic flotation using CFD-PBM modeling, which not only contributes to the understanding of flow fields, but also provides a theoretical framework for the design of plastic flotation. After optimization using the RSM-BBD design, PC was finally completely separated from multi-plastic mixtures with  and  of 100.0%, offering prospects for promoting the development of plastic recycling.
4. Conclusion	
The objective of this study was to separate PC from multi-plastic mixtures by flotation after hydrophilization by Fe(VI), thus facilitating the recycling of plastic waste. The main conclusions can be formulated as follows:
· Fe(VI) was found to induce hydrophilization of some plastics, especially at PC. The main mechanism was that Fe(VI) facilitated the introduction of hydrophilic groups and the coating of nanoscale ferric(oxyhydr) oxides.
· The introduction of hydrophilic moieties (C-O and C=O groups) was due to the hydrolysis and oxidation reactions that took place on PC surface by Fe(VI), including the hydrolysis of ester groups, the oxidation of phenyl groups, and the oxidation of intermediates (quinones and phenols).
· Surface hydrophilization by Fe(VI) selectively reduced the flotability of PC from 100.0% to about 0.0% in flotation, whereas the flotability of other plastics was not affected (PS and PMMA) or was affected only under elevated conditions (PVC and ABS).
· Flotation conditions, including , , and , were found to remarkably affect the flotability of other plastics. CFD-PBM modeling clarified that  affected the flotability of other plastics via promoting the formation of abundant air bubbles rather than flow field structures.
· Optimization using RSM-BBD design determined the optimum conditions in hydrophilization. Under the optimum conditions, PC was completely separated from multi-plastic mixtures by flotation with  and  of 100.0%.
In summary, the effective separation of PC from multi-plastic mixtures was realized by flotation after hydrophilization by Fe(VI), which offered far-reaching prospects for promoting the recycling of plastic waste and reducing microplastic pollution.
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