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Abstract—Microplastics are gaining growing research interest due to their significant potential threats to ecosystems
and public health. Physical techniques have been proposed as a promising strategy for removing microplastics from the
environment. This work innovatively proposes a process of microplastic removal by froth flotation and subsequent car-
bonization for synthesis of heterogeneous Fenton catalyst. The feasibility of separating different microplastics from
water was verified by froth flotation, and iron-loaded carbon derived from separated microplastics was fabricated as
catalyst. Carbon material was obtained by carbonization of microplastics, and iron loading was conducted to improve
catalytic ability. The catalyst of iron-loaded iron was characterized by scanning electron microscopy and energy-disper-
sive X-ray spectroscopy. The degradation of tetracycline hydrochloride in the heterogeneous Fenton system was evalu-
ated by single factor experiment and kinetic analysis. The catalytic performance was mainly influenced by H,O,
concentration, solution pH, and co-existing ions. Under the conditions of catalyst 20 mg/L, H,O, concentration 0.99
mmol/L, initial tetracycline hydrochloride concentration 20 mg/L, pH 4.0, and temperature 25 °C, the removal rate of
tetracycline hydrochloride within 15 min reached 81.6%, and the rate constant was 0.138 min'. The catalytic mecha-
nism dominated by hydroxyl radical was verified for the degradation of tetracycline hydrochloride. This work offers

insights into the management of microplastics and sustainable treatment of antibiotic wastewater.
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INTRODUCTION

Organic wastewater pollution has become a serious environmen-
tal problem. These substances can directly or indirectly harm the
environment and human health [1,2]. Antibiotics are emerging pol-
lutants that have received widespread attention in recent years. Anti-
biotics are widely used in industries such as animal feed, pharma-
ceuticals, and poultry farming [3,4]. The antibiotics in wastewater
can cause serious harm to the aquatic ecological environment and
human health [5]. Currently, the main methods for the treatment
of novel pollutant antibiotics include biodegradation, chemical oxi-
dation, and physical separation. Among them, heterogeneous ad-
vanced oxidation processes have been widely studied and applied,
and this technology can efficiently decompose antibiotics, trans-
forming them into harmless substances [6,7]. Various materials have
been developed and used as heterogeneous catalysts in advanced
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oxidation processes [8-10]. There is still a high requirement for devel-
oping efficient and cheap heterogeneous catalysts.

Microplastics are emerging pollutants in the environment [11,12].
The main sources of microplastics include the use of plastic prod-
ucts and the disposal of plastic wastes [13]. They exist in the natural
environment for a long time and continue to accumulate, poten-
tially harming the environment and ecosystem, such as polluting
water sources and poisoning the food chain [14]. Various removal
technologies have emerged to address the problem of microplastic
pollution, such as froth flotation [15], coagulation [16], membrane
separation [17], and adsorption [18]. Physical methods have the
advantages of simple operation, low cost, and small secondary pol-
lution risk, and have good application prospects for microplastic
removal. Jiang et al. [19] used froth flotation to remove microplas-
tics and found that the removal rates of polyvinyl chloride and
acrylonitrile butadiene styrene could reach 98.5% when terpineol
was 0.219 mg/L and the airflow rate was 7.2 mL/min. Zhang et al.
reported that froth flotation was more effective in removing micro-
plastics with high density and large size [20]. Physical techniques
have proven to be effective in separating microplastics from the
environment, and the disposal of collected microplastics is becom-
ing an essential issue to avoid re-releasing them into the environ-
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ment and causing pollution. Plastics have high content of carbon
elements in the polymer molecules and can be used as a carbon
source to prepare carbon materials. Through processes such as pyrol-
ysis and carbonization of waste plastics, carbon materials with certain
structures and properties can be prepared. These carbon materials
can be used as materials for organic wastewater treatment and
have good application prospects.

This study investigated the removal of microplastics using froth
flotation. Carbonization of microplastic and subsequent iron load-
ing were conducted to prepare heterogeneous catalyst for degrada-
tion of tetracydline hydrochloride in simulated wastewater. This work
provides a strategy of simultaneous treatment of microplastics and
antibiotic wastewater.

MATERIALS AND METHODS

1. Materials

Ferric chloride (FeCl,), tetracycline hydrochloride (C,,H,,N,Og-
HC TCH), tert-butanol (C,H,,0; TBA), and o-phenylenediamine
(C¢HsN,) were provided by the Aladdin Bio-Chem Technology
(China). Chemicals used in this work were of analytic purity. Micro-
plastic samples of polystyrene (PS), polyethylene terephthalate (PET),
and polymethylmethacrylate (PMMA) used for flotation tests were
obtained from Dongguan Kemai New Material Co., Ltd, China.
PET particles from waste plastics were used to synthesize catalyst.
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Fig. 1. Schematic diagram of the flotation process.
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2. Tests of Froth Flotation

The flotation behavior of microplastics including PS, PMMA,
and PET was examined. Suspensions containing microplastics were
prepared by mixing a certain amount of microplastics with 100 mL
tap water in a 500 mL beaker. The suspension was transferred into
the flotation column, and a certain amount of methyl isobutyl carbi-
nol used as frother was added and stirred for 2 min. Then, the air
compressor was turned on and the air flow rate (7 mL/min) was
adjusted to begin flotation tests. A large number of bubbles were
produced by the compressed air passing through the sand core at
the bottom of the flotation column. The attachment of microplastic
particle and bubbles enabled them float to the top, and the prod-
uct was collected after sufficient flotation. After drying the prod-
uct at 60 °C for 10 h, the flotation ratio was calculated according to
mass balance [21]. A schematic diagram of flotation process is shown
in Fig. 1.
3. Fabrication of Catalyst

PET plastic was mixed with zinc chloride (weight ratio 2: 1), and
the mixture was carbonized in a muffle furnace. The program was
set to carbonize for 10 min at 250 °C and 550 °C, respectively, with
a heating rate of 10 °C/min. The carbonized product was stirred in
HCI solution (0.5 mol/L) for 6h to remove metals. Then, after rins-
ing with ultrapure water, filtering, drying at 80 °C for 10h, and
grounding into particles less than 0.15 mm. The obtained carbon
material was mixed with Fe’* solution, stirred at 60 °C to remove
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water, dried at 80°C for 10h, and then carbonized at 600 °C for
60 min in a muffle furnace. The iron loaded carbon material (MC-
Fe) was obtained and used as catalyst. The preparation process is
shown in Fig. 2.
4. Catalytic Tests for TCH Removal

A 50 mL solution of TCH with a concentration of 40 mg/L was
placed in a 150 mL conical flask for catalytic experiments. The
effects of H,O, amount, pH value, initial TCH concentration, and
reaction temperature on the catalytic efficiency were examined under
shaking conditions. During the experiments, samples were taken
and centrifuged for 1 min using a microcentrifuge. The superna-
tant was then transferred to a cuvette to record the absorbance at
357 nm using a UV-visible spectrophotometer. The calculation of
removal rate, linear fitting of pseudo-first-order kinetic, and cal-
culation of the activation energy are same to our previous study
[22].

RESULTS AND DISCUSSION

1. Froth Flotation for Microplastic Removal

The flotation behavior of different microplastics is shown in Fig.
3(a). Preliminary tests proved microplastic particles can be com-
pletely removed from water by froth flotation due to large inher-
ent hydrophobicity. The required time for complete removal by
froth flotation is 352 s (PS), 108 s (PMMA), 27 s (PET), and 368 s
for the mixtures. This suggests that the flotation behavior of micro-
plastics may be related to their physicochemical properties, espe-
cially surface wettability [23,24]. Jiang et al. found that the hydro-
philicity of different types of microplastics was different during the
hydrophilic process of microplastics in the natural environment
[25]. The flotation performance of plastic particles is closely related
to the bubble formation and abundance, which is predominantly
regulated by the addition of a frother. Fig. 3(b) shows the effect of
methyl isobutyl carbinol (MIBC) used as frother on PS flotation.
The addition of MIBC improves the formation and stability of
microbubbles [26], which is helpful for flotation removal of plastic
particles. The required time for complete flotation is significantly
reduced with addition of more frother. Frother can increase the num-
ber of bubbles generated, increase the bubble surface area and car-
rying capacity, and allow more microplastic particles to adhere to
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bubble surface [27]. The pictures of the flotation process are shown
in Fig. S1. Overall, microplastics in water can be easily removed by
froth flotation. However, how to further process the removed micro-
plastics is an emerging challenge. If the collected microplastics are
not handled properly, the microplastics may be released back into
the environment, causing secondary pollution.
2. Catalyst Synthesis

This work proposes a sustainable strategy for disposal of col-
lected microplastics by physical techniques. Microplastics contain
abundant sources of carbon, and research has found that they can
be converted into carbon materials through thermochemical pro-
cesses [28]. This not only solves the problem of microplastic pollu-
tion but also converts waste plastics into value-added products. The
carbonization of PET in the presence of zinc chloride produces
porous carbon, which can be used as support for loading active
metal. The reduction of Fe** occurs during the carbonization of iron
loaded carbon, and the iron species with low valence in the cata-
lyst improves the catalytic ability towards hydrogen peroxide for
pollutant degradation [22,29]. Fe** or Fe” reacts with H,0, to gen-
erate hydroxyl radicals, which has high oxidizability for pollutant
degradation. To verify the product of MC-Fe, the morphology and
elemental content were analyzed by scanning electron microscopy
and energy dispersive spectrometer. The energy dispersive spec-
trum shows the presence of elements such as carbon, iron, and
oxygen in MC-Fe (Fig. S2), indicating that iron has been success-
fully loaded onto carbon material. From micromorphology; it can
be seen the presence of irregular carbon particles, and the small
particles on relatively smooth carbon surface may be iron phases
(Fig. S3). During carbonization, microplastics are transformed into
irregular carbon, and the loaded iron particles provide active sites
for hydrogen peroxide activation [28,30].
3. Catalytic Degradation of TCH

TCH is one of the common antibiotics widely existing in aquatic
environments. TCH is chosen as target pollutant to examine the
catalytic ability of MC-Fe in the presence of H,O,. Fig. $4 shows the
comparison of TCH removal in different systems. For the addi-
tion of only H,O,, TCH concentration is nearly unchanged for
reaction 15 min, and this can be ascribed to the poor oxidizing
ability of H,O,. In the presence of only MC-Fe, the concentration
of TCH is minorly declined after reaction 15 min, implying the
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Fig. 3. (a) The required time for complete removal of different microplastics by froth flotation, (b) the effect of frother addition on PS flotation.
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Fig. 4. (a) Effect of H,0, concentration on TCH degradation, (b) the removal rate of TCH at 15 min, (c) linear fitting of kinetic model, and
(d) the value of rate constants (MC-Fe 20 mg/L, pH 4.0, initial TCH concentration 40 mg/L, temperature 25 °C).

poor adsorption impact of MC-Fe for TCH removal. This can be
ascribed to low surface area and fewer adsorption sites on MC-Fe
surface [31]. TCH concentration rapidly decreased in MC-Fe/H,0,
system, and 81.6% of TCH was removed within 15 min. This sug-
gests the high catalytic ability of MC-Fe. The heterogeneous Fen-
ton degradation of TCH using different catalysts is compared in
Table S1, and it can be observed that MC-Fe is superior or compa-
rable to other well-designed catalysts.
3-1. Effect of H,0, Concentration

Fig. 4 shows the impact of H,O, concentration on TCH degra-
dation. TCH concentration decreases with reaction time, and the
addition of H,0, improves TCH removal. Increasing H,O, from 0
to 0.99 mmol/L significantly enhances the degradation of TCH
molecules, while further adding more H,0, does improve TCH
degradation and even lowers the degradation process. The removal
rates of TCH at 15 min are 6.3% (0 mmol/L), 46.2% (0.20 mmol/L),
81.6% (0.99 mmol/L), 82.9% (4.95 mmol/L), and 78.0% (9.90 mmol/
L). The relationship between —In(C,/C,) and reaction time t is linear,
implying that TCH degradation can be well fitted by the pseudo-
first-order kinetic. This agrees well with previous reports [32]. When
the H,0O, concentration is 0 mmol/L, 0.20 mmol/L, 0.99 mmol/L,
4.95 mmol/L, and 9.90 mmol/L, the rate constants are 0.005 min ',
0.048 min ™', 0.138 min "', 0.148 min™", and 0.123 min ™", respectively.
At low concentration of H,0,, the addition of H,0O, makes a sig-
nificant contribution to TCH degradation due to the generation of
more ‘OH through H,0, activation by MC-Fe catalyst. After satu-
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ration concentration, the increase of H,0O, does not improve TCH
degradation. Additionally; the excessive H,O, has an inhibitory effect
on ‘OH generation, and excess ‘OH may be consumed by side reac-
tions [33,34]. The H,O, concentration of 0.99 mmol/L was cho-
sen for subsequent experiments.
3-2. Effect of Initial pH Value

The impact of initial pH on TCH removal is demonstrated in
Fig. 5. TCH concentration decreases with reaction time at pH 4.0.
When the initial pH is increased from 4.0 to 11.0, TCH removal is
significantly lowered. The removal rates of TCH within at pH of
4.0, 7.0, 9.0, and 11.0 are 81.6%, 54.6%, 39.0%, and 19.2%, respec-
tively. The rate constants are 0.138 min™", 0.062 min™", 0.036 min™",
and 0.016 min ™" at pH 4.0, 7.0, 9.0, and 11.0. Fenton reactions occur
at optimal pH around 3.5. Acidic condition favors iron leaching
and Fenton reactions, thus generating more "OH for TCH degra-
dation. Moreover, H' in acidic solution reacts with H,0, to gener-
ate H,0;, which enhances the stability of H,O, and suppresses the
production of "OH [35]. When the solution pH is higher than 4.0,
the removal rate of TCH decreases, which is due to the precipita-
tion of Fe* at solution pH higher than 4.0 and Fe** at solution pH
higher than 6.0, which adheres to the surface of the catalyst, affect-
ing the contact between active sites and pollutants, and reducing
the catalytic ability [36]. The formation equation of iron hydroxide
is shown as Egs. (1)-(5) [37]. In previous studies, high catalytic
ability at low pH was reported for Sun et al. [30]. MC-Fe exhibits
good catalytic ability at 4.0, and further research should be con-
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Fig. 5. (a) Effect of initial pH on TCH degradation, (b) the removal rate of TCH at 15 min, (c) linear fitting of kinetic model, and (d) the
value of rate constants (H,0, 0.99 mmol/L, MC-Fe 20 mg/L, initial TCH concentration 40 mg/L, temperature 25 °C).
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Fig. 6. (a) Effect of initial TCH concentration on TCH degradation, (b) the removal rate of TCH at 15 min, (c) linear fitting of kinetic model,
and (d) the value of rate constants (H,0, 0.99 mmol/L, MC-Fe 20 mg/L, pH 4.0, temperature 25 °C).

ducted to broaden operation pH for TCH degradation.

Fe’*+H,0,—>Fe* +' OH+OH M
Fe'+H,0—>FeOH'+2H" (k=1957") @
Fe’* +H,0—>FeOH +H' (k=2.3x10"s") 3
Fe**+2 H,0—>Fe(OH); +2H" (k=4.7x10"s™") 4
2Fe’* +2 H,0—Fe,(OH);" +2H" (k=1.1x10"s™") ©)

3-3. Effect of Initial TCH Concentration

Fig. 6 shows TCH degradation under different initial concentra-
tions. It can be seen that the increasing initial concentration results
in lower TCH removal. The removal rates at 15min of TCH at
initial concentrations of 20 mg/L, 40 mg/L, 60 mg/L, and 80 mg/L
are 84.4%, 81.6%, 74.8%, and 65.4%, respectively. The linear fitting
of kinetic model gives the rate constants. The rate constants are
0.1406 min™', 0.1379 min"', 0.1148 min', and 0.0812 min™", respec-
tively. The negative impact of high TCH concentration can be ex-
plained from two aspects. When the addition of MC-Fe catalyst
and H,0, is designed, the amount of active species generated by
catalytic reactions is constant, and thus there is an upper limit to

the removal of TCH. In addition, at high TCH concentration, exces-
sive TCH molecules or degradation intermediates may adsorb on
the surface of MC-Fe, occupying the active sites of the catalyst,
hindering the reactions between MC-Fe and H,0,, and causing a
decrease in TCH degradation. As to wastewater with high TCH
concentration, an effective process can be realized by increasing
reaction time.
3-4. Effect of Reaction Temperature

From Fig. 7, the impact of temperature on TCH degradation can
be seen. Increasing temperature slightly improves TCH degradation.
The removal rates of TCH at 10 min are 75.2% (25 °C), 79.1%
(35°C), 82.3% (45 °C), and 83.2% (55 °C). A slight increase of rate
constant is also observed when the temperature increases from
25°C to 55°C. The positive effect of temperature on TCH degra-
dation may be since increasing temperature can accelerate the molec-
ular motion in the solution, thereby accelerating the reaction rate
of TCH degradation. Previous studies reported similar results of
improving pollutant degradation at higher temperatures. In MC-Fe/
H,O, system, the contribution of reaction temperature to TCH de-
gradation is minor. And TCH degradation can be achieved at room
temperature without energy consumption at higher temperature.

Korean J. Chem. Eng.(Vol. 40, No. 12)
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(d) the value of rate constants (H,0, 0.99 mmol/L, MC-Fe 20 mg/L, pH 4.0, initial TCH concentration 40 mg/L).
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3-5. Effect of Co-existing Anions

There are co-existing ions in a real aquatic environment. It has
been reported that anions may influence the pollutant degradation
in the heterogeneous Fenton process [38]. To examine the impact
of co-existing anions, TCH degradation in the presence of com-
mon anions including CO3, HCO;, Cl', and SO;~ was conducted
(Fig. 8). The anions exhibit different impacts on the removal of
TCH. Compared to Cl” and SO}, CO;” and HCO; manifest sig-
nificant inhibition on TCH removal. The removal rates of TCH at
15min are 81.6% (no anion), 72.7% (CI'), 77.0% (SO; ), 11.3%
(COy), and 33.0% (HCO;3), respectively. As to the rate constant, it
follows the order: SO; >Cl >HCO;>COj3 . The inhibitory effect
of CO;” and HCO; can be ascribed to the consumption of the
generated hydroxyl radical (Egs. (6)-(7)) and elevated solution pH
[39]. In Huangs study, CI" could compete to consume "OH, but
the inhibition effect of CI” on tetracycline degradation was very
weak, only decreasing from 91.34% to 85.69% [40]. Studies have
shown that the effect of inorganic anions on pollutant degrada-
tion may depend on their initial concentration [29]. It was found
that chloride ions had an obvious inhibitory effect only at high
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concentration (Egs. (8)-(10)) in the process of removing sulfame-
thoxazole, while for bicarbonate and carbonate ions, high concen-
tration would enhance the pollutant removal [41].

HCO; + OH—CO; +H,0 ©
COF +'OH—CO;'+OH @)
CI'+'OH—CIOH™ @)
CIOH™ +H'—>CI'+H,0 )

CIOH™ +ClI' >CL; +OH" (10)

4. Catalytic Mechanism

Quenching tests using radical scavenger have been identified as
effective for identifying the role of radicals in pollutant degrada-
tion in heterogeneous Fenton process [42,43]. TBA is an efficient
scavenger of ‘OH, and its reaction rate constant with ‘OH is as high
as 6x10°mol ™' s™' [44]. To verify whether TCH removal in the
system is caused by "“OH, the effect of TBA addition on TCH deg-
radation was studied and shown in Fig. 9(a). In the presence of
TBA, TCH degradation is remarkably inhibited, and the removal
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Fig. 9. (a) Effect of TBA addition on TCH degradation, (b) the UV spectrum in the presence of ortho-phenylenediamine, (c) the tentative

mechanism of TCH degradation in MC-Fe/H,0, system.

rate at 15 min is decreased from 81.6% to 29.2%. The proves the
important role of "OH for TCH degradation in the MC-Fe/H,0,
system [29]. After adding TBA, TCH degradation is not fully inhib-
ited, and this can be the existence of other reactive species such as
"OOH and O;" [45]. The presence of ‘OH in the MC-Fe/H,0, sys-
tem is further verified by UV spectrophotometry [46]. Ortho-phenyl-
enediamine reacts with *OH, and the product can be identified by the
UV spectrum. The absorbance at 420 nm shown in Fig. 9(b) verifies
the existence of ‘OH. The intensity of absorbance increases with
prolonging reaction time, indicating the formation of more ‘OH.
According to the above results, a tentative mechanism of TCH degra-
dation in MC-Fe/H,O, system can be illustrated in Fig. 9(c). The
loaded iron in MC-Fe partially leaches under acidic condition, and
the iron ions react with H,O, to generate "OH, which results in the
decomposition and mineralization of TCH molecules into inorganic
species such as CO, and H,O [47]. Also, the iron on catalyst sur-
face can react with H,0, to produce "OH for TCH degradation.

CONCLUSIONS
This work provides an effective strategy for management of mi-

croplastics. Froth flotation is effective for removing different micro-
plastics from water. The microplastics can be converted iron loaded

carbon as heterogeneous Fenton catalyst for catalytic degradation
of antibiotics. TCH degradation in the catalytic system is influenced
by process factors including H,O, concentration, solution pH, ini-
tial TCH concentration, reaction temperature, and co-existing ions.
Under the conditions of MC-Fe 20 mg/L, H,O, concentration 0.99
mmol/L, initial TCH concentration 20 mg/L, pH 4.0, and tem-
perature 25 °C, the removal rate of TCH within 15 min reached
81.6%, and the rate constant was 0.138 min . The catalytic mech-
anism dominated by hydroxyl radical was verified for the degra-
dation of TCH. The proposed process simultaneously solves the
problem of emerging pollutants, including microplastics and anti-
biotics. Future researches should be conducted to optimize catalyst
synthesis and apply it to real wastewater treatment.
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Table S1. Heterogeneous Fenton degradation of tetracycline hydrochloride using different catalysts

Catal Reaction conditions Removal Ref
atalyst . ef.
7 Catalyst H,0, TCH pH Time efficiency
CuFeS, 2gL! 0.04 mol-L" 40mgL" - 100 min 86.4% (1]
Fe-GAC 04 gL' 9 mmol.g" 10mg-L™" 3.0 60 min 92.6% (2]
Fe’/CeO, 0.1 gL 100 mmol-L" 100 mg-L™ 5.8 60 min 91.0% (3]
Pal@Fe;0, 02 gL' 100 mM 100 mg-L™! 7.0 60 min 72.9% (4]
Fe-MPC 0.02 gL 1 mM 40 mg-L™" 43 10 min 83.0% (5]
CuFeO,/BC 05 gL 50 mM 20 mg-L™ 5.0 300 min 88.4% (6]
FeNi,@SiO, 01 gL 150 mg-L™ 10 mg-L™" 7.0 180 min 87.0% (7]
MC-Fe 20 mg L 0.99 mmol L 40mg L™ 4.0 15 min 81.6% This work
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Fig. S1. Pictures of microplastic separation by froth flotation.

Fig. S2. Energy dispersive spectrum of MC-Fe.




Fig. $3. Scanning electron microscopy image of MC-Fe.
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Fig. S4. TCH removal in the presence of only H,0,, only MC-Fe, and
H,0,/MC-Fe (H,0, 0.99 mmol/L, MC-Fe 20 mg/L, pH 4.0,
initial TCH concentration 40 mg/L, temperature 25 °C).
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