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In this study, we reported sustainable and economical upcycling methods for utilizing plastics such as
polyethylene terephthalate (PET) and polypropylene (PP) compiled from the garbage of a residential area
as cheap precursors for the production of high-value carbon materials such as graphene (G), carbon
spheres (CS), and carbon nanotubes (CNTs) using different thermal treatment techniques. Graphene,
carbon spheres, and carbon nanotubes were successfully synthesized from PET, PP, and PET,
respectively via catalytic pyrolysis. XRD and FTIR analyses were conducted on the three materials,
confirming the formation of carbon and their graphitic structure. TEM images displayed uniform and
consistent morphological structures of the fabricated materials. EDX data confirmed that the prepared
carbon-based materials only contained carbon and oxygen without any significant contaminations. XPS
results revealed significant peaks in the C 1s spectra associated with sp2 and sp® hybridized carbon for
the three materials. BET spectra showed that the prepared CNTs (54.872 m? g™Y) have the highest
surface area followed by carbon spheres (54.807 m? g~3). The thermal stability of graphene surpassed
both carbon spheres and carbon nanotubes which is mainly attributed to the stronger inter-molecular
bonds of graphene. Based on the characterization of the prepared materials, these materials are
promising to be utilized in environmental remediation applications due to their high carbon content, low
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1. Introduction

The yearly massive production of plastics and the improper
management of these plastics have received global concern
owing to the adverse environmental impacts related to the
presence of plastics in the environment.* Plastics are stable and
can remain in the environment for hundreds of years without
degradation.” Due to the low density of plastic waste, it can
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transfer to water streams and sometimes people dispose of
plastic waste directly in water sources as one of the unsuitable
management approaches.®* The presence of plastics in water
streams can harm aquatic organisms and may lead to their
death.* Landfills and incinerators are another improper
management method of plastic waste. Around 79% of plastic
waste is dumped into landfills which could result in the
leaching of plastics into the soil and groundwater.® Therefore,
plants can adsorb plastics which can result in the transfer of
these plastics to humans via the food chain.® Additionally,
plastics’ surfaces can carry toxic contaminants.® On the other
hand, managing plastic wastes by incineration can result in the
pollution of air and the increase of greenhouse gas emissions.”
Accordingly, it is imperative to develop an effective manage-
ment approach for plastic waste that overcomes the problems
associated with traditional management techniques.

The utilization of plastic waste as a precursor for the
synthesis of value-added products (e.g., carbonaceous mate-
rials) has magnetized great solicitude as a sustainable
management approach. Plastic wastes contain high carbon
content with limited inorganic impurities which qualify them to
be used as a precursor for the production of carbon rich
materials.®? Different carbonaceous materials can be prepared
from plastic waste such as graphene,® activated carbon' and
carbon nanotubes." The conversion of plastics to the
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aforementioned valuable materials can contribute to the
sustainable management of plastic wastes leading to the control
of the environmental hazards related to plastics and reducing
the reliance on landfilling and incineration for managing
plastics. The produced carbonaceous materials are inexpensive
because of the abundance of plastic waste, and they can be
produced on a large-scale. Therefore, the produced carbon-rich
materials can be employed in various environmental remedia-
tion technologies such as adsorption,* persulfate activation,
periodate activation,™ photocatalysis’ and Fenton'® tech-
niques. The utilization of carbonaceous materials prepared
from plastic waste in the aforementioned treatment systems
can reduce the treatment cost and facilitate the full-scale of
these techniques.

In this study, mineral water plastic bottles, plastic drinking
cups, and plastic yogurt cups were utilized as precursors for the
preparation of carbon-rich materials such as graphene, carbon
spheres and carbon nanotubes. The chemical composition,
chemical structure, functional groups and morphology of the
prepared materials were investigated using energy dispersive X-
ray spectroscopy, X-ray diffraction, Fourier transform infrared
spectroscopy and transmission electron microscopy, respec-
tively. Further, chemical states and thermal stability of the
prepared materials were studied by X-ray photoelectron spec-
troscopy and thermogravimetric analysis. Moreover, the surface
area of the synthesized materials was estimated using BET
surface area analyzer.

2. Experimental
2.1 Materials

Post-consumer waste plastic bottles, plastic drinking cups, and
plastic yogurt cups were obtained from the garbage of a resi-
dential area in Alexandria, Egypt. All the gathered plastics were
washed, shredded, and dried at room temperature prior their
usage in the preparation process. Iron chloride anhydrous
(FeClz, MW = 162.21), citric acid anhydrous crystalline (C¢HgO-,
MW = 192.13), and nickel chloride hexahydrate (NiCl,-2H,0,
MW = 237.71) were purchased from Fisher Bio-Reagents, USA.
Aluminum nitrate nonahydrate (Al(NOj;);-9H,0, ASC reagent
98%, MW = 375.13) and Hydrofluoric acid [HF] (48 wt% in H,O,
=99.99%) were purchased from Sigma Aldrich, USA. Stober
silica spheres were obtained from Sharc Matter, UK.

2.2 Synthesis of graphene from plastic waste

Catalytic pyrolysis is a promising method to fabricate high-
value carbon materials while reducing oxygenated
compounds, lowering viscosity, and increasing stability."”
Firstly, a catalyst was prepared by citric acid combustion
method, where 8.11 g FeCls, 18.756 g Al(NO3);-9H,0, and
9.606 g citric acid were mixed at an equal molar ratio. The
mixture was kept on continuous stirring on a hotplate at 120 °C
until a viscous orange gel was obtained. Then, the gel was dried
at 90 °C overnight. Next, the powder was calcined in a muffle
furnace at 350 °C for 3 h. Finally, the catalyst was grounded into
a fine powder.
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5 g of the prepared catalyst was added to 10 g of the washed
and shredded polyethylene terephthalate (PET) = plastic cups
inside a stainless-steel reactor. Then, the reactor was placed in
a muffle furnace at 800 °C for 2 h in the presence of nitrogen
flow as shown in Fig. 1a."® The produced black char was grinned
using a mortar for further characterization.

2.3 Synthesis of carbon spheres (CS) from plastic waste

In order to fabricate carbon spheres, 4 g of the washed and
shredded polypropylene (PP) yogurt cups contained in a quartz
boat was placed in the first stage of a tube-furnace reactor
(NABERTHERM R 120/500/13 Compact tube furnace) and 2 gm
of Stober silica spheres (performs as a catalyst) was placed in the
middle of the second stage of the tube-furnace reactor as shown
in Fig. 1b. The temperature of the second stage reactor was
elevated from room temperature to 900 °C with an increase rate
of 10 °C min~" under a flow of nitrogen.

Once the temperature of the catalyst stage reached 900 °C,
the temperature of the pyrolysis stage of the furnace was ram-
ped up to 500 °C at a ramping rate of 10 °C min . Poly-
propylene gas flow generated from the pyrolysis of PP waste
flushed the Stober spheres’ surface for 1 h. After, the tube
furnace was allowed to cool to room temperature. The yield of
this process is silica/carbon material. Carbon spheres were
obtained by removing the Stober silica template, using 10 mL of
10% HF solution for 24 h.™ Finally, carbon spheres were care-
fully filtered and washed with distilled water several times until
a neutral pH of the water was reached.
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Fig. 1 Schematic illustration of catalytic fabrication of graphene (a),
synthesis of carbon spheres (b), and fabrication carbon nanotubes (c).
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2.4 Synthesis of carbon nanotubes (CNTs) from plastic waste

A metal-based catalyst was prepared by the wet-impregnation
method, where nickel and iron were employed as the base
metals as shown in Fig. 1c. Nickel-based catalysts have been
shown to improve the efficiency of the pyrolysis process, as
higher amounts of hydrogen are produced.*® Ni to Fe molar
ratio of 1:3 was selected based on the previous studies.**
13.68 g of NiCl, - 6H,0 and 24.33 g of FeCl; were firstly dissolved
in ethanol and then placed on a hotplate at 50 °C under
a continuous stirring, followed by the addition of a support
material (metal loading) until 10 wt% was achieved. The
mixture was stirred for 4 h and dried at 100 °C in an oven
overnight. Afterward, the dry catalyst powder was calcined at
800 °C in a muffle for 3 h in air with a heating rate of 10 °
C min~"."* 4 g of the washed and shredded PET plastic bottles
were thermally treated using a catalytic pyrolysis tube-
furnace.**?* The sample was placed in a quartz boat in the first
stage of the tube-furnace. 2 g of the catalyst was placed in
a quartz boat in the second stage, where the catalysis temper-
ature was set to 800 °C. Carrier gas (nitrogen) was supplied at
a flow rate of 100 mL min~'. Once the catalyst achieved the
desired temperature, the plastic sample was heated to 500 °C
with an increase rate of 30 °C min~". The final pyrolysis
temperature was held for 20 min and then the furnace was
allowed to cool.

2.5 Characterization of the produced carbon-based
materials

Graphene, carbon spheres, and carbon nanotubes were char-
acterized using different techniques such as: Fourier transform
infrared analysis (FTIR) (Bruker Bremen, Germany), X-ray
diffraction (XRD) using an X-ray powder diffractometer (CuK
o1 radiation, A = 1.54056 A) at 40 kV and 40 mA and intensity
data for 26 from 20° to 80° over a period of 30 min (Schimadzu-
7000, Shimadzu Corporation, Kyoto, Japan), transmission
electron microscope (TEM) and energy dispersive X-ray spec-
troscopy (EDX) (JEOL, JEM-2100, Japan with an accelerating
voltage of 80 kV), X-ray photoelectron spectroscopy (XPS)
(Thermo Fisher Scientific, USA), Brunauer-Emmett-Teller
(BET) surface area analyzer (Beckman Coulter SA3100, Brea, CA,
USA), and the measurement of the N, adsorption-desorption
isotherms were performed at 77 K. All samples were degassed
before measurements under vacuum at room temperature for
12 h, and finally thermogravimetric analysis (TGA) (Shimadzu
TGA-50 instrument).

3. Results and discussion

3.1 Morphological structure of the synthesized carbon
materials

The morphological structure of the synthesized carbon mate-
rials was determined using TEM. TEM images confirm that the
carbon structure in the case of the graphene is likely to be in
form of a single, or a few layers sheet as indicated in Fig. 1a. The
surface morphology and porosity of carbon spheres grow in
a specific manner at elevated temperatures during the pyrolysis
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process. In these polycondensation reactions, carbon-
containing materials can form an extended polymer chain
that can curl up around a center point to form carbon spheres if
suitable conditions are achieved.”” Fig. 2a shows the TEM
analysis of graphene, the outline of graphene flakes can be
detected among the stalked graphene layers. The average
diameter of the graphene flake is around 3.2 nm. Fig. 2b illus-
trates the formation of carbon spheres with a well-defined
spherical structure having an average diameter of 32 nm. As
shown in Fig. 2c, the structure of carbon nanotubes is clearly
observed. They are homogeneous, with a diameter that ranges
from 5 to 12 nm, which is well visible in TEM images. The
results also confirm that the carbon nanotubes synthesized by
this method showed poor crystallinity resulting from the
dispersed graphene sheath that is not properly aligned and
present in a disordered form.*®

3.2 Chemical properties of prepared carbon materials

The chemical structures and crystallinity of graphene, carbon
spheres, and carbon nanotubes were investigated via XRD as
depicted in Fig. 3. Both graphene and carbon spheres have
diffraction peaks at around 26 = 25-26° which can be indexed to
(002) crystal plane of graphitic structures® and another smaller
peak at around 26 = 43° that is attributed to the (100) diffraction
plane of graphitic structures. The weak peaks around 23.2° and
42.1° for (002) and (101) planes, respectively were observed
indicates the absence of high regularity stacked graphene
structure confirming the results of TEM analysis. On the other
hand, XRD analysis of carbon nanotubes indicates a different
pattern. A sharp and intense peak at 29.4° corresponds to the
(002) reflection plane which affirms that a tetragonal arrange-
ment of carbon atoms is formed*® indicating that a high level of
crystalline carbon structure is obtained.****> Despite the sharp
peak at the (002) plane, the resulting carbon-based material can
be non-crystalline with a periodic structure that results in
a distinct X-ray diffraction peak. This phenomenon can be due
to the production of some extra hexagonal peak arrays which
can be noticed multiple times at different azimuths but at much
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Fig. 2 TEM images of graphene (a), carbon spheres (b), and carbon
nanotubes (c).
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Fig. 3 XRD patterns of graphene, carbon spheres, and carbon
nanotubes.

lower intensity compared to the main graphitic peak as a result
of the passage of X-ray beams through the empty central core of
a small tube.?® The XRD pattern of the CNTs also shows that
nickel, nickel oxide, and iron oxide were present in the spec-
trum attributable to the catalyst used. In a high-temperature
environment (above 400 °C), nickel and iron react with oxygen
and become nickel/iron oxide. The typical peaks near 43.2° and
53.74° disappeared due to existing Ni and Fe.'*3*3*
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Fig. 4 EDX analysis of graphene (a), carbon spheres (b), and carbon
nanotubes (c).
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EDX spectroscopy specified the elemental composition of
materials as shown in Fig. 4. It was observed that only high-
intensity carbon and low content of oxygen are detected corre-
sponding to (002) and (100) planes and there are no other
visible peaks indicating that the material is free of
contamination.

Table 1 presents the structural carbon/oxygen content which
provides an excellent platform for both the chemical composi-
tion and morphology of the materials.*® As shown in Table 1,
graphene possesses the highest carbon content compared to
carbon spheres and carbon nanotubes which suggests a stacked
array of graphene layers. The higher oxygen content in both
carbon spheres and carbon nanotubes may be attributed to the
amorphous nature of the material.

The functional groups of the fabricated graphene, carbon
spheres, and carbon nanotubes were specified using FTIR as
shown in Fig. 5. The three products contain distinctive O-H
stretching vibrations around the 3400 cm™' range.***” This
bond is associated with the presence of amorphous
carbon.'>'33-% The smaller peaks at 2800 cm™* to 2900 cm ™ *
correspond to the stretching vibration of the C-H bond.**
Further, a stretching vibration of C=C=0 can be noticed
around 2300 cm™'. The peaks at around 1600 cm™ ' are due to
the stretching vibration of carboxyl groups C=0.*** The three
products own the same main functional groups due to their
carbonic structures.

The chemical composition and chemical states of the
synthesized carbon materials were analyzed using XPS. Fig. 6
shows the high-resolution survey, C 1s, and O 1s spectra of the
different structures. The C 1s spectrum of graphene is charac-
terized by the peaks at 284.62 + 0.1, 286.27 & 0.1, and 288.38 £
0.2 eV, which are imputed to the C=C (sp> bonded carbons),
C-C (sp® bonded carbons), and carbonyl C=0.%® On the other
hand, the peaks in carbon spheres at 284.38 + 0.1, 285.96 + 0.1,
286.77 4 0.1, and 288.3 £ 0.2 eV correspond to the C=C (sp>
bonded carbons), C-C (sp® bonded carbons), alkoxy C-O-H and
carbonyl C=0, while carbon nanotubes had peaked at 284.83 +
0.1 eV, 286.18 = 0.1 eV, 288.14 £ 0.1 eV and 289.7 £ 0.1 eV
which are associated with sp> and sp® hybridized carbon (C=C
and C-C), hydroxyl/phenols (C-OH) and carboxyl (O-C=0)

groups, respectively.*-*

3.3 Physical characteristics of the fabricated carbon
materials

The thermal behavior of graphene, carbon spheres, and carbon
nanotubes was examined by thermal gravimetric analysis (TGA)

Table 1 Elemental content of graphene, carbon spheres, and carbon
nanotubes

Element content wt%

Sample C O

Graphene 97.98 2.02
Carbon spheres 96.59 3.41
Carbon nanotubes 95.51 4.49

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FTIR analysis of graphene, carbon spheres, and carbon
nanotubes.

=T . @ [ ]

Counts/s

Counts/s

20 1000 0 60 400 200
Binding Energy (eV)

298 29 294 292 290 288 286 284 282 280
Binding Energy (eV)

—¢ (c)
—Cs
|—CNTs

Counts/s

544 542 540 538 536 534 532 530 528 526
Binding Energy (eV)

Fig. 6 XPS analysis of graphene (G), carbon spheres (CS), and carbon
nanotubes (CNTs); XPS survey of G, CS, and CNTs (a), C 1s spectra of G,
CS, and CNTs (b), and O 1s spectra of G, CS, and CNTs (c).

in a nitrogen atmosphere, to identify the quality of their thermal
characteristics and possible structural deterioration. The TGA
behavior is mainly affected by the number of layers, particle
size, defects, and oxygen level.*> As shown in Fig. 7, graphene
started to lose weight at 32 °C, which is related to the physically
adsorbed moisture, whereas the sudden weight loss at 650 °C is
attributed to the combustion of the carbon backbone to carbon
dioxide. The results affirmed that graphene had the highest
thermal stability, where mass loss ratios of 50.34%, 50.78%, and
58.91% were achieved in the case of graphene, carbon nano-
tubes, and carbon spheres, respectively due to the removal of
moisture and the decomposition carbon backbone. On the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 TGA analysis of graphene (G), carbon spheres (CS), and carbon
nanotubes (CNTs).

other hand, the mass loss ratio in the case of carbon spheres
was around 3.22% compared to 10.12% in the case of carbon
nanotubes until 690 °C which affirmed the high thermal
stability of carbon spheres under low temperature and the high
thermal stability of carbon nanotubes under higher
temperatures.

To further investigate the structural morphology and its
influence on physical properties, nitrogen physisorption
measurements were conducted to investigate the surface area
and porosity of the samples using BET analyzer as shown in
Fig. 8. The nitrogen adsorption-desorption curves of graphene
exhibited a typical type IV isotherm, suggesting a porous
structure of the composite. The BET-specific surface area of the
fabricated graphene was 11.860 m> g~ ' with an average pore
diameter of 9.518 nm. A large hysteresis area is observed,
indicative of a wide distribution of pore sizes. The adsorption-
desorption curves of the carbon spheres and carbon nanotubes
showed a greater pore diameter compared to graphene
(14.454 nm and 15.557 nm, respectively) despite having the
same chemical graphitic composition, they showed distinctly
different physical properties. The surface area and pore diam-
eter of carbon nanotubes are mainly affected by the number of
walls, tube diameter, and impurities.*”**>* The reported values
for the surface area of single-walled CNTs ranged from ~150 m?>
g " to 600 m”> g~ ', and from ~15 m> g~ to 300 m”> g~ " for multi-
walled CNTs.*® The total pore volume of graphene, carbon
spheres, and carbon nanotubes are 2.823 cm® g%, 0.183 em®
g ', and 0.214 cm® g, respectively.
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Fig.8 Adsorption—desorption curves of graphene (G), carbon spheres
(CS), and carbon nanotubes (CNTs).

4. Conclusions

Three carbon-derived materials were successfully synthesized
using catalytic pyrolysis technique utilizing different common
plastic wastes (plastic cups, yogurt cups, and plastic bottles).
XRD, FTIR, and EDX results of the three materials confirmed
the formation of carbon and its graphitic structure and the
presence of the main active surface groups associated with
graphene, carbon spheres, and carbon nanotubes as well as the
chemical composition. The presence of sp? and sp® hybridized
carbon in the C 1s spectra reaffirmed the chemical structure of
the three materials. CNTs exhibited the highest surface area of
54.872 m”> g~' compared to graphene and carbon spheres.
Graphene showed the highest thermal stability attaining a mass
loss ratio of 50.34% followed by CNTs and carbon spheres. TEM
images revealed a smooth and uniform morphology for the
three materials. This study presents promising carbonaceous
materials that can be used in various environmental purifica-
tion applications such as adsorption, persulfate activation, and
periodic activation processes due to their cheapness and high
carbon ratios.
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