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Abstract

Ferrate as an environmentally friendly oxidant has been widely used in the environmental
remediation and versatile functionalization of carbon-based materials. In this study, we
investigated its ability to induce surface wettability of polymers and its emerging applica-
tions in separating mixed plastics through flotation for recycling. It was found that ferrate
(VI) formed oxygen-containing groups on the surface of polycarbonates (PCs) by selectively
oxidizing the sp3-hybridized carbon atoms into hydroxyl and carboxyl moieties, in addition
to introducing nanoscale iron oxides. This facilitated the selective hydrophilization of PC
with a water contact angle of 60.7° but did not clearly affect the surface wettability of
polyvinyl chloride (PVC). This difference in surface wettability highlighted the distinct
floatability properties of PC and PVC, which can be utilized to separate mixtures of these
plastics with the aid of flotation. A central composite design (CCD) utilizing response
surface methodology (RSM) was applied to model ferrate oxidation and to optimize flota-
tion. Under the optimized conditions, mixtures of PC and PVC were efficiently separated
with recovery and purity values of more than 99.8 &+ 0.3%. Our findings provide a rational
understanding of polymer wettability tailoring and expand its emerging applications in
waste plastic recycling to address environmental problems.
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has a high oxidizing ability with a high redox potential (E° = 2.2 V vs. HNE) in acidic
media [3]. Theoretically, 1 mol of ferrate (VI) could capture 3 mol of electrons during its
distributed under the terms and sequential reduction process, Fe (VI) — Fe (V) — Fe (IV) — Fe (III), generating terminal
conditions of the Creative Commons ferric hydroxides in situ [4]. Among these iron intermediates, Fe (V) and Fe (IV) have greater
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Attribution (CC BY) license. oxidation efficiency [5]. In addition, the nanoscale ferric hydroxides have a high dispersity
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and a large amount of hydroxyl moieties, enabling it to serve as an excellent coagulant
based on multiple interactions such as chemical bonds and H-bonding. The aforementioned
characteristics endow ferrate (VI) with wide utilization in environmental remediation, such
as oxidation degradation of electro-rich organics, fabrication of magnetic porous biochar,
disinfection of pathogens, and eliminating soluble humic substances serving as precursors
of halogenated disinfection byproducts (DBPs) [6-8]. In addition, ferrate (VI) has been
applied in chemical synthesis, super metal batteries, and generating oxygen from the
splitting of water [1,9].

In recent years, based on the single-electron (forming radical intermediates) and
two-electron transfer reactions initiated by high-valent iron species, interest has increased
regarding the use of ferrate (VI) to functionalize various carbon-based materials for envi-
ronmental decontamination. In previous studies, ferrate (VI) was first utilized to exfoliate
and oxidize graphite in concentrated sulfuric acid, rapidly producing single-layer graphite
oxide (GO) [10]; graphite oxidization was also explored in a study conducted by Zdenék
Sofer et al., with autodecomposition products and atomic oxygen [O] used synergistically.
In the latter study, after ferrate (VI) oxidation, low-oxidation degree graphite was obtained,
though the ferrate (VI) showed extreme instability [11]. Likewise, other studies have inves-
tigated the application of ferrate (VI) in the oxidative functionalization of fullerene (Cg),
graphite, and carbon nanotubes, with these carbon-based materials showing lower oxidiza-
tion in the aqueous phase than in the solid phase [12-14]. Based on these previous studies,
ferrate (VI) shows promise for the surface functionalization of carbon-based materials by
introducing functional groups.

For functionalization of polymers, some methods such as coating, plasma treatment,
wet modification, UV irradiation, and gas discharge have been intensively studied in
biomedical applications towards tailoring interactions with surrounding biological environ-
ment [15-17]. Basically, the surface functionalization of polymers is based on modifications
of surface composition and topography [18]. More recently, surface functionalization of
polymers has attracted increasing interests as an emerging application in the recycling of
waste plastics, namely flotation separation of plastic mixtures [19]. Due to the extensive
production and consumption of plastic products, a large amount of plastic waste has been
generated, resulting in severe environmental pollution. Mechanical recycling, as one of the
most effective methods to eliminate the problem of waste plastics, possesses environmen-
tally and economically beneficial perspectives [20,21]. However, in a heterogeneous waste
stream, different types of plastics are generally mixed together, severely restricting waste
plastic recycling due to physicochemical incompatibility [22,23], and efficient separation
techniques are therefore required. Of the various proposed separation methods, flotation is
particularly promising due to its simplicity and distinct advantages in separating different
types of plastics with similar densities.

Intrinsically, flotation separation is based on the varying surface wettability between
different types of polymers, as surfaces with high and low wettability exhibit differences in
floatability due to the selective attachment of air bubbles. Most polymers are hydrophobic,
meaning that they must be functionalized prior to flotation separation [24]. Some func-
tionalization methods, such as wave/heat treatment [25], nano-metal calcium composite
coating [26], permanganate oxidation [27], and zinc oxide coating/microwave, have been
used to selectively modify the surface of polymers for flotation separation [28]. For exam-
ple, UV and microwave irradiations have been utilized to modify the surface wettiability
of plastics and facilitated the flotation separation of plastic mixtures [29,30]. However,
these methods involve complicated treatment procedures, hazardous reagents, and poor
practicality. In this regard, simple and green functionalization methods for polymers are
necessary. Given that the separation of widely used polyvinyl chloride (PVC) and polycar-
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bonate (PC) is still a major challenge in the recycling process, we therefore attempted to
utilize ferrate (VI) modification to enhance the flotation separation of PVC and PC during
recycling.

Initially, we studied the effects of ferrate (VI) oxidation on the surface characteris-
tics of PC and PVC, including wettability, zeta potentials, topographies, and functional
groups. Afterward, insights concerning ferrate (VI)-induced functionalization mechanisms
of polymers were proposed. Furthermore, the application of ferrate (VI)-induced tailor-
ing wettability of polymers in flotation separation of plastic mixtures was studied and
optimized with central composite design (CCD) of response surface methodology (RSM).
Finally, models were created to determine the effect of ferrate (VI) oxidation on PC and
PVC floatability and optimize experimental conditions, successfully separating a mixture
of PC and PVC.

2. Results and Discussion
2.1. Wettability Tniloring

The surface wettability was measured by WCAs on the surfaces of plastics before
and after ferrate (VI) oxidation (Figure la). After oxidation, the WCAs of all surfaces
decreased by varying degrees, meaning that the intrinsic surface hydrophobicity of the
plastics was successfully transformed into hydrophilicity through ferrate (VI) oxidation-
induced wettability tailoring. A greater effect was seen in PC samples, with a larger
decrease in WCA observed from 91.9° to 61.7°. Furthermore, the surface charge of PC and
PVC samples was measured with zeta potentials (Figure 1b). The zeta potentials of both
PC and PVC decreased rapidly with the increase in pH. The zeta potential of PC showed
an obvious decrease after wettability tailoring, while PVC did not show obvious changes.
Meanwhile, while measuring zeta potential, we observed that the powder of PC showed
a better aqueous dispersibility, in contrast to its counterparts before tailoring. Functional
groups and morphological features have been proved to play a role in modulating the
surface wettability of materials [31,32]. Therefore, SEM images were recorded to visualize
the surface morphology of the plastics.
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Figure 1. CAWs (a) and zeta potential (b) of the plastics.

SEM images of plastics exhibit a characteristic planar pattern, which proves that their
surface topography is not clearly affected by oxidation (Figure 2). In particular, a few
heterogeneous protuberances are observed on the surface of plastic, which are ascribed to
the smashing process for sample preparation. Accordingly, we could speculate that ferrate
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(VI) oxidation induces the surface functionalization of plastics by mainly modifying surface
chemistry.

PC-before

1pm
PVC-after

1pm
PVC-before

Figure 2. SEM images of plastics.

The chemical groups of plastics were ascertained with FI-IR spectra (Figure 3a,b). For
PC, the intensities of the O=C-O absorption band at 1770 cm !, and the C-O absorption
bands at 1150 cm~! and 1230 cm ! seem to increase after wettability tailoring, while no
obvious changes were found in the FT-IR spectra of PVC [33,34], probably because the
oxidation mainly occurred on the outermost surface and the C—Cl backbone of PVC is
chemically inert to ferrate (VI) oxidation [35]. Furthermore, we performed XPS analysis to
ascertain the changes in surface compositions (Figure S1), since XPS can measure the chemi-
cal compositions on the outermost layers of the surface of materials (about 5.0-10.0 nm) [9].
Based on the atomic ratios obtained, the O/C ratio of PC increased by 8.98%, and that of
PVC increased by 1.11% with a simultaneous decrease in Cl1/C ratio by 0.96%. The trace
Fe element on the surface of PC after tailoring was also detected at a surface proportion
of 0.44%. The high-resolution Fe 2p spectrum is shown in Figure S2. Interestingly, the Fe
spectrum with two deconvoluted major peaks at 710.8 eV (Fe 2p3,,) and at 724.8 eV (Fe
2p1 /) revealed the formation of residual ferric oxides. These ferric oxides have also been
considered as moieties with hydrophilic characteristics [36].

The peak deconvolution of the core-region C 1s spectra was performed (Figure 3c—f).
The fitting results of C 1s peaks are summarized in Table 1. Regarding PC after wettability
tailoring, the C 1s peaks corresponding to the C-O peak at 286.3 eV and the C=0-O peak at
288.5 eV were found to increase with increased contents by 6.69% and 0.95%, respectively,
in good agreement with FT-IR analysis. This was also accompanied by an apparent decrease
of 7.46% for sp>-hybridized carbon (sp>-C, C-C/C-H) at 285.2 eV [32]. In terms of PVC
after wettability tailoring, the C-O and C=0-O peaks newly appeared with contents of
2.27% and 1.31%; meanwhile, the contents of the sp3-C and the C-Cl peaks decreased
by 1.35% and 2.23%, respectively. Note that prior to wettability tailoring, the contents
of original C=0-O and C-ClI peaks on the surfaces of PC and PVC are not consistent
with their macromolecular structure, respectively, which can be referred to in terms of
hydrophobic regeneration through the inverse migration of polar groups and components
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with low-surface energy [37]. In conclusion, the above results demonstrated that ferrate
(VI) oxidation introduces oxygen groups, including carboxyl and hydroxyl moieties, on the
surface of plastic, and these groups are responsible for the increased surface wettability [38].
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Figure 3. FT-IR spectra of PC (a) and PVC (b). The fitting of C 1s peak of PC plastics before (c) and
after (d) oxidation. The fitting of C 1s peak of PVC plastics before (e) and after (f) oxidation.

As XPS revealed, the amount of carboxyl and hydroxyl moieties introduced was
approximately equivalent to the amount of decreased sp>-C peak for PC, and as to PVC,
this value corresponded with the amount of decreased sp3-C and C-Cl peaks. In this
regard, it could be speculated that sp>-C moieties with high reactivity in the molecular
structures of plastics can be preferentially oxidized by ferrate (VI). This is highly consistent
with previous studies that report how ferrate (VI) preferentially hydroxylated the sp3-C of
fullerene (Cgp), graphite, and carbon nanotubes rather than the sp?-C [12]. Regarding PVC,
ferrate (VI) oxidation was also effective within the C-Cl groups and induced dechlorination
reactions. Accordingly, the major mechanism of wettability tailoring of polymers was to
selective surface oxidation. The possible pathways of major reactions are presented in
Figure 4. Single-electron transfer reactions may occur on the sp®-C of plastics and induce
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the formation of radical intermediates, which can be hydroxylated by ferrate (VI) [2]. Then,
these hydroxyl moieties can be further oxidized into carboxyl moieties. In addition, atomic
oxygen [O] generated from the autodecomposition of ferrate (VI) can also oxidize the
plastic surface [10]. The surface’s changed wettability and zeta potentials were attributed
to these introduced carboxyl and hydroxyl moieties, along with the changed morphology.

Table 1. The types and content (%) of C1s fitting peaks on the surface of plastics.
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Figure 4. Schematic mechanism of ferrate (VI) oxidation of plastics.

Most functionalized carbon-based materials such as carbon nanotubes and polymers
have been applied in material science [39,40] and biomedical applications [31]. In this
study, we found that ferrate (VI) showed functionalization potentials for PC and PVC,
resulting in clearly different surface wettability. This difference inspired us to try to
apply ferrate (VI)-induced wettability tailoring in the flotation separation of mixtures
of PC and PVC towards material recycling. Thus, a hypothesis can be made that after
wettability tailoring, hydrophilic PC and hydrophobic PVC samples would possess different
floatability, resulting in the effective separation of their mixtures. In order to achieve
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the efficient separation of PC and PVC, we intensively studied the conditions [ferrate
(VI) concentration, contact time, temperature, and stirring rate], generated the prediction
models for describing separation performance, and optimized conditions.

2.2. Application in Separation of Plastics
2.2.1. Determination of Critical Factors

PBD experiments, as a widely used approach for screening critical factors, are suit-
able in determining the critical factors from 2 to 47 factors, and this specialized design
with two-level factors assumes the absence of interactions [41]. The design matrix and
experimental results are shown in Table 2. A simple linear equation was used to fit the
relation between the response and variables, and the results of the ANOVA analysis are
shown in Table S1. From Table S1, D (stirring rate) had the largest p-value among these
variables, which indicated that stirring rate had the lowest significance on the response.
Therefore, concentration, contact time, and temperature as critical factors were selected
to further optimize for achieving the efficient flotation separation of plastic mixtures. On
the other hand, preliminary SFEs were also conducted to determine the range of factors in
optimization design (Figure 5). As shown in Figure 5, the PC and PVC samples exhibited
differing floatability after wettability tailoring, which validated the above hypothesis and
proved the feasibility of utilizing ferrate (VI) functionalization to separate polymers via
flotation. After wettability tailoring, the floatability of PC showed a remarkable decline as
the tested factors increased, while PVC displayed negligible changes. Accordingly, we can
conclude that (1) ferrate (VI)-induced functionalization selectively resulted in the decreased
floatability of PC, and (2) the ranges of factors for further CCD optimization were within
10.0-30.0 mM for ferrate (VI) concentration, 10.0-25.0 min for contact time, and 45.0-80.0 °C
for temperature.
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Figure 5. The results of SFEs for determining the range of factors in optimization: (a) concentration,
(b) contact time, (c) temperature, and (d) stirring rate.
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Table 2. The design matrix and results of PBD experiments.

Concentration Contact Time Temperature Stirring Floatability

Run (A, mM) (B, min) (C,°C) Rate (D, of PC
rpm) (%)
1 15.0 15.0 80.0 100.0 65.6 +4.5
2 30.0 25.0 80.0 100.0 34403
3 15.0 25.0 45.0 300.0 75.7 £ 0.1
4 30.0 15.0 80.0 300.0 0.0+ 0.0
5 30.0 15.0 45.0 100.0 0.0+0.0
6 30.0 25.0 45.0 300.0 0.0+0.0
7 30.0 25.0 45.0 100.0 0.0+0.0
8 15.0 25.0 80.0 300.0 3.6+03
9 15.0 15.0 45.0 300.0 16.7 £ 1.0
10 15.0 25.0 80.0 100.0 57+0.7
11 30.0 15.0 80.0 300.0 16,5+ 0.7
12 15.0 15.0 45.0 100.0 874+ 1.7

2.2.2. Analysis of Regression and Modeling

The CCD optimization design matrix and factual A-floatability are summarized in
Table 3. We performed multiple regression analysis, which suggested the use of a modified
quadratic equation to fit the empirical relationship between A-floatability and the factors
tested. The final equations, in accordance with the coded and actual factors, are shown as
Equations (1) and (2) below, respectively.

Y = 96.37 4+ 18.16A + 7.78B + 32.26C — 1.85AB — 0.4AC — 16.09A% — 7.71B*> — 16.83C2 (1)
A Floatability = —406.24 + 8.83Concentration + 6.33Contact time + 8.77Temperature—

0.0247Concentration x Contact time — 0.00229Concentration x Temperature— (2)
0.1609Concentration? — 0.13714Contact time? — 0.05496 Temperature?

Table 3. CCD matrix and the factual values of A-floatability.

Concentration  Contact Time Temperature  A-Floatability

Run (A, mM) (B, min) (C, °C) (%)

1 20.0 30.11 62.5 99.6 +£ 0.6
2 20.0 4.89 62.5 58.8 +23
3 20.0 175 62.5 96.2 +0.3
4 10.0 25.0 80.0 858+ 1.1
5 30.0 25.0 80.0 352 +28
6 30.0 25.0 80.0 100.0 = 0.0
7 10.0 25.0 45.0 7.6 +2.8

8 30.0 10.0 45.0 238 +£45
9 36.81 175 62.5 100.0 & 0.0
10 20.0 17.5 33.07 6.8 £ 3.7

11 20.0 175 91.93 100.0 = 0.0
12 10.0 10.0 80.0 66.6 +2.3
13 20.0 17.5 62.5 96.0 + 2.8
14 20.0 175 62.5 96.2 + 1.1
15 10.0 10.0 45.0 0.6 £0.8

16 30.0 10.0 80.0 100.0 = 0.0
17 20.0 17.5 62.5 96.4 +0.8
18 20.0 17.5 62.5 96.0 + 2.8
19 20.0 175 62.4 958 +£25
20 3.18 175 62.5 11.0+ 3.1
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ANOVA was utilized to evaluate the adequacy of this model (Table 4). The F-value
27.80 revealed that the model was statistically significant, which was further confirmed
with the model p-Value (<0.0001). For the model terms, significant terms included linear
terms (A, B, and C) and quadratic terms (Az, B2, and Cz), while interaction terms (AB
and AC) were insignificant. The Lack of Fit F-value was significant, indicating that there
was only 0.01% chance it could occur due to noise. The determination coefficient (R-
Squared) and adjusted determination coefficient (Adj R-Squared) were 0.9529 and 0.9186,
respectively, indicating that this model showed good fit to the data [42]. As a measure of
the signal-to-noise ratio, a greater Adeq Precision than 4 is desired, and this model with
an Adeq Precision of 15.857 indicated an adequate signal. In addition, residuals, namely
the difference between the factual and predicted values, were also a general measure for
evaluating the adequacy of a prediction model. Standard probability plots of the model
are illustrated in Figure S3. From Figure S3, the residuals were randomly scattered around
the diagonal, which revealed reasonably well-behaved residuals. Overall, this statistically
significant model can be used in depicting ferrate (VI)-induced wettability tailoring of
polymers and predicting A-floatability in subsequent flotation separation.

Table 4. ANOVA of the generated model.

Sum of Mean -Value
Source Squares df Square F-Value (I”]rob >F)
Model Y 27,102.41 8 3387.80 27.80 <0.0001
A-concentration 4502.64 1 4502.64 36.94 <0.0001
B-Contact time 826.01 1 826.01 6.78 0.0245
C-temperature 14,301.59 1 14,301.59 117.35 <0.0001
AB 27.38 1 27.38 0.22 0.6448
AC 1.28 1 1.28 0.011 0.9202
A2 3731.00 1 3731.0 30.61 0.0002
B? 865.92 1 856.92 7.03 0.0225
C2 4082.83 1 4082.83 33.50 0.0001
Residual 1340.62 11 121.87
Lack of Fit 1340.40 6 223.40 5077.29 <0.0001
Pure Error 0.22 5 0.044
Cor Total 28,443.03 19

R-Squared: 0.9529; Adj R-Squared: 0.9186; Pred R-Squared: 0.7292; Adeq Precision: 15.857; C.V., %: 16.09; Std.
Dev.: 11.04.

2.2.3. Interactions Among the Factors

The interactive effect of single factors on A-floatability is shown by the three-
dimensional plots (Figure S4). From Figure S4a, at a constant temperature of 62.5 °C,
A-floatability increased remarkably and slowly with the increase in concentration and con-
tact time, respectively, and their interactive effect on A-floatability was insignificant with a
very low p-Value of 0.6448. The slight effect of contact time was ascribed to the solution
changing from a homogeneous state to a heterogeneous state due to the formation of iron
hydroxide precipitates, restricting the effective contact between ferrate (VI) and plastics [43].
As shown in Figure S4b, at a constant contact time of 17.5 min, A-floatability also rapidly
increased with temperature, which can be explained by the enhanced oxidation potential of
high ferrate (VI) concentration and high temperature [12]. This could induce the oxidation
of polymers by introducing a large amount of carboxyl and hydroxyl moieties, resulting in a
much more hydrophilic PC. Temperature and concentration had an insignificant interactive
effect on A-floatability, with a high p-Value of 0.9202. Overall, after wettability tailoring, PC
and PVC had a distinct floatability due to the difference in surface wettability, and thus
A-floatability can be enhanced simultaneously by the investigated factors.
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2.2.4. Separation Efficiency

The overall desirability function was used to numerically optimize the separation
efficiency of plastic mixtures (Section S1). The physical properties of polymers can be
remarkably deteriorated even if a little PVC is present during the recycling process. In this
regard, the desired separation efficiency was set to 100.0%, and then the optimized condi-
tions were determined, including a concentration of 29.99 mM, a contact time of 10.01 min,
and a temperature of 79.12 °C. Confirmatory experiments were performed to verify the
optimized conditions and results revealed A-floatability reached 99.9%, demonstrating
that the factual values were in good agreement with the predicted values. Recoverypyc,
Puritypyc, Recoverypc, and Puritypc reached 100.0 £ 0.0%, 99.8 £+ 0.3%, 99.8 £ 0.3%, and
100.0 % 0.0%, respectively. We conducted a detailed comparison of the reported methods
for separating of mixtures of PC and PVC, which indicated that our method was more
effective (Section S2). As a green oxidant, ferrate (VI) improves the sustainability and
environmental friendliness of the method [43,44]. In addition, a simple economic feasibility
analysis proves that ferrate (VI)-induced wettability tailoring of polymers was feasible
to be applied in separating plastic mixtures with flotation (Section S3). Accordingly, fer-
rate (VI)-induced wettability tailoring of polymers is effective and green, and it can be
envisioned to be used in the separation of plastic mixtures toward mechanical recycling
to eliminate the environmental problems of plastic waste. Nevertheless, the feasibility of
ferrate (VI) oxidation-facilitated flotation separation needs to be further evaluated with a
pilot or large-scale experiment, to assess its practical application in the near future.

3. Materials and Methods
3.1. Plastic Samples and Equipment

Plastic samples of about 2-3 mm in size were purchased (Beijing, China), washed
with tap water and ultrapure water successively, dried in a vacuum drier at 40 °C, and
identified by Fourier transform infrared spectroscopy (FT-IR). PVC and PC, along with
molecular structures and FI-IR spectra, are shown in Supporting Information (SI) Figure S5.
Ferrate (VI), namely potassium ferrate (KyFeOj,), and terpineol were of analytical grade and
purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Ultrapure water
with a resistivity of about 18.2 M() was used throughout the experiments. A self-designed
flotation column was used in flotation tests as previously described [45]. In detail, the
flotation column is 580 mm height and 60 mm inside with a sand core as a flow diffuser
plate installed at the bottom. Design Expert@software, Version 10.0 (Stat-Ease, Minneapolis,
MN, USA) was used for optimizing experiment design.

3.2. Wettability Tailoring and Characterization

In single systems, wettability tailoring using ferrate (VI) oxidation was performed.
Typically, ferrate (VI) was added to ultrapure water of 100.0 mL in a 200 mL conical flask,
PC or PVC samples of 1.0 g were added into the flask, and the mixtures were treated under
0.1 M, at 60.0 °C, for 30.0 min. After reaction, samples were filtrated with standard sieves
(2 mm) and washed with ultrapure water several times. The characterization including
wettability, surface charge, chemical structures, oxidation degree, and morphology was
performed with water contact angle (WCA), zeta potentials measurements, FT-IR, X-ray
photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM). WCA was
measured with an OCAH200 (Dataphysics, Germany), and the average value of three
measurements were reported. During measuring zeta potentials, two measurements were
included, and pH was adjusted by adding 0.1 M NaOH or 0.1 M HCL. XPS patterns were
recorded using an ESCALAB 250Xi (Thermo Fisher, USA) with an Al K« radiation. FT-IR
(Nicolet iS5, Thermo Scientific, USA) and zeta potentials (SOE-070, Delsa Nano C, Beckman
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Coulter, USA) were recorded based on a distinct experimental procedure, and the details
are shown in Supporting Information Section S4. SEM images were recorded on a S5-3400 II
(Hitachi, Japan) after gold spraying (10.0 mA) for 3.0 min.

3.3. Flotation Separation Procedures of Plastic Mixtures

The investigation and optimization were conducted to apply tailoring wettability of
polymers into separating mixtures of PC and PVC with flotation. The methodology for the
optimization procedures adopted in this work is presented in Figure 6. Initially, the critical
factors in ferrate (VI) oxidation were determined with Plackett-Burman design (PBD),
and the ranges of factors were confirmed with single-factor experiments (SFEs). In SFE,
the conditions included concentration (0-35 mM), contact time (0-30 min), temperature
(15-80 °C), and stirring rate (50-400 rpm). Then, we utilized CCD of RSM to regress
the model of the tailoring wettability process, and analysis of variance (ANOVA) was
used to evaluate statistical significances. Lastly, numerical optimization was performed
based on the model, and confirmatory experiments were conducted to verify the simulated
optimized conditions. For SFE and CCD experiments, two replicates were included and
the average values were reported.

g - T _--------= >\
1
1 [ SFE experiments J [ PBD experiments } :
1
1
Determination of critical : \ / 1
factors ] . :
: Critical factors .
\ (Determination and Ranges) ,l
B
,’—___r ______________ \___~\\
‘ / CCD design RSM \
I & J 1
I 1
1 l ~ 1
: Regression model :
Optimizing 1 \ Y .
functionalization for ! P ‘ N !
flotation separation : !
ANOVA analysis !
! . ’ ) -
1
1 l 1
! 1
\ Confirmatory experiment !
AN N J P

Figure 6. Methodology of the optimization procedure for flotation separation.

(1) Determination of Critical Factors

PBD experiments are suited to multiple factors and assume the absence of interactions
of single factors, which is helpful for ruggedness testing to find critical factors. We applied
SFE and PBD experiments to screen the critical factors in ferrate (VI) oxidation, and the
factors included concentration, contact time, temperature, and stirring rate. The conditions
of SFE are shown in Supporting Information Table S2. Typically, mixtures of PVC (5.0 g)
and PC (5.0 g) were added into a conical flask with ferrate (VI) solutions of 100 mL under
preset conditions. After reaction, plastic samples were washed with similar procedures
as in characterization for performing flotation tests under preset conditions (terpineol
16.0 mg/L, flotation time 1.0 min, and air flow rate 7.2 mL/min). These flotation conditions
were generally selected for flotation separation of plastic mixtures with similar particle
sizes to our study [45]. Then, floated and sunk samples in flotation tests were collected.
For PBD experiments, two replicates were included and the average values were reported.
Floatability as a direct indicator is used to evaluate separation efficiency, and thus we
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selected its floatability as the response in this section, which is defined as follows in
Equation (3).
w fi
0 = ———— x 100% 3)
Wi+ Ws;
where §; is the floatability of plastic i, %; ws; and w; are the floated and sunk plastic i in
flotation tests, g.

(2) CCD Optimization

CCD optimization of RSM was generated using Design Expert@software, Version 10.0
to model the wettability tailoring and optimize separation efficiency of mixtures of PC
and PVC. Critical factors confirmed in PBD experiments were selected as variables, and
each variable included three levels (Table S3). The difference between the floatability of
PVC and the floatability of PC (A-floatability) was selected as the response since it directly
determines the separation efficiency. Wettability tailoring of plastics was conducted with
same procedures as in PBD experiments under preset conditions, and particularly stirring
rate in this section was set at 200 rpm. The total runs generated consist of 8 factorial points,
6 axial, 12 points, and 6 center points.

(3) Regression Modeling and Statistical Analysis

Based on the results of CCD optimization, A-floatability was variable and well fitted
to a quadratic model. ANOVA was used to evaluate the statistical significances of the
model and the terms of factors, and, in particular, a p < 0.05 can be considered statistically
significant. The overall desirability function was utilized to optimize separation efficiency
and numerically simulate the optimized conditions, and its details are shown in Section S1.
The quadratic model used is shown as follows in Equation (4).

k k k—1 k
Y =uap+ Zi:l D‘iXH_Zi:l Déii(Xi)2 + Zi:l Zj:Z Oéi]‘Xin 4)

where Y is response (A-floatability), and X; and X; are independent variables (namely criti-
cal factors); ao, a;, a;;, and a;; are the constant, liner, quadratic, and interactive coefficients,
respectively.

(4) Separation Efficiency

The confirmatory experiments were performed to verify the model soundness, and
these experiments were conducted under the optimized conditions via simulation. For
confirmatory experiments, three replicates were included and the average values were
reported. In addition, the recovery of PVC (Recoverypyc), the purity of PVC (Puritypyc),
the recovery of PC (Recoverypc), and the purity of PC (Puritypc) were selected as the
indicators for evaluating the separation efficiency of proposed method. Results indicated
that PVC samples as floated products and PC samples as sunk products were collected
after wettability tailoring in flotation tests, and thus Recoverypyc, Puritypyc, Recoverypc,
and Puritypc are defined as follows in Equations (5)—(8), respectively.

Wil

o = ——1L % 100% (5)
We + Wgg
Wil
= x 100% 6
1 Wi+ Wa (6)
= — 2 100% )
Wg2 + Wi
Ws2
= X 100% 8
& Wg2 + W ° ®)
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where a1 and 1 are Recoverypyc and Puritypyc, ap and ; are Recoverypc and Puritypc,
respectively; Wr1, Ws1, Wp, and ws, are PVC floated, PVC sunk, PC floated, and PC sunk, g,
respectively.

4. Conclusions

In this study, we evaluated ferrate (VI)-induced polymer wettability tailoring and its
application in separating mixtures of PC and PVC via floatation for recycling. Ferrate (VI)
was found to selectively facilitate the wettability tailoring of PC via oxidation. The sp3-C
(C-C/C-H) on the surfaces of PC as original sites can be selectively oxidized into oxygen
functionalities, including carboxyl and hydroxyl moieties, by ferrate (VI). This tailoring
was found to be more effective for PC than PVC, endowing PC with a more hydrophilic
surface. Based on this selectivity, ferrate (VI)-induced wettability tailoring was applied to
the flotation separation of mixtures of PC and PVC. Optimizing ferrate (VI) treatment was
conducted using CCD of RSM to generate models for depicting the wettability tailoring
process and obtaining the optimized conditions. After wettability tailoring under the
optimized conditions, PC and PVC exhibited distinct floatability in flotation, and their
mixtures can be separated effectively. Recoverypyc, Puritypyc, Recoverypc, and Puritypc
reach up to 100.0 £ 0.0%, 99.8 £ 0.3%, 99.8 + 0.3%, and 100.0 £ 0.0%, respectively. Overall,
this work could contribute to the fundamental understanding of ferrate-induced wettability
tailoring of polymer materials, and also expand its emerging applications in the mechanical
recycling of waste plastics for eliminating the severe pollution of plastic waste.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/separations13010005/s1, Figure S1: The full XPS spectra of
plastics before and after ferrate (VI) oxidation; Figure S2: The Fe 2p spectrum on the surface of
PC plastics obtained from the XPS analysis; Figure S3: The normal probability plots of the model;
Figure S4: Three-dimensional plots for the effect of factors on A-floatability; Figure S5: The FI-IR,
molecular structures, and images of plastics; Figure S6 The set of various factors and the results
of optimization; Table S1: The ANOVA results of PBD experiment for screening critical factors;
Table S2: The experimental design of SFEs for ferrate (VI) oxidation; Table S3: The levels and codes
of variables in CCD optimization; Section S1: The details of overall desirability function in CCD
optimization [46—48]; Section S2: A detailed comparison of reported methods for separation of the
PC and PVC plastic mixtures [27,49,50]; Section S3: A simple analysis of economic feasibility for
the proposed method; Section S4: The experimental procedures for recording FT-IR spectra and
measuring zeta potential of plastics.
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