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ABSTRACT

Polypropylene (PP) and polyethylene (PE) plastic waste is accumulating in the environment and the oceans at an
alarming rate. The current management methods, mostly landfilling and incineration, are becoming unsustainable.
In this study, thermal catalytic conversion of waste PP and PE polymers into carbon nanotubes (CNTs) using a
trimetallic catalyst prepared from the nitrate salts of iron, cobalt, and molybdenum supported with calcium car-
bonate was reported. The yield and quality of multi-walled carbon nanotubes (MWCNTSs) produced were inves-
tigated. The findings showed a high graphitic value for the CNTs obtained from PP and PE, as corroborated by
the d-spacing of XRD. The I /I, ratio of CNTs synthesized from PP and PE as carbon sources were 0.6724 and
0.9028, respectively, which showed that CNT produced from PP has more ordered graphite. The functional groups
present in the produced CNTs were determined via FITR analysis. The BET and Langmuir surface areas were
found to be (6.834 and 70.468 m*/g) and (6.733 and 70.347 m?/g) for CNTs obtained from PP and PE respectively.
The d-spacing was computed as 0.3425 nm and 0.3442 nm for CNTs made from PP and PE. These fall within the
graphite’s d-spacing at 0.335 nm. The TGA showed high percentage purity of 94.71 and 94.40% for the products
obtained from PP and PE, respectively. The findings showed that recycled PP and PE could be good alternative
carbon sources for CNT production.
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INTRODUCTION

(PE), which are often referred to as commodity
plastics due to their large volume of production

The discovery of synthetic plastic materials
several years ago has brought about several tech-
nological innovations in human endeavours [1].
In almost every aspect of human society, plastics
have been used in electronics, packaging indus-
tries, household utensils, automobile parts, roof-
ing, and ceiling materials [1, 2]. The prolifera-
tion of polymer materials over the years has also
brought about environmental and health hazards
due to their non-biodegradability, making them
a primary global concern [3]. Recycled plastics
comprise polypropylene (PP) and polyethylene
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and usage [4]. These plastic materials are com-
monly used daily, accumulating plastic wastes
(PWs) within the municipal solid waste (MSW)
stream. However, the current methods of plas-
tic waste (PW), which are purely by landfilling
and incineration, are unsustainable, and there
are insufficient land spaces within the metropo-
lis for the construction of new disposal facilities
[1, 5]. Hence, transforming plastic wastes into
new materials of great value like carbon nano-
tubes (CNTs) is a promising route for environ-
mental sustainability [6, 7]. CNTs have become
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much-researched material recently [8], owing to
their distinctive and captivating characteristics [9],
such as high tensile strength, mechanical strength,
electrical toughness, high surface-to-volume ra-
tios for use in different fields like electronics, sen-
sors, biomedical, energy storage, reinforced com-
posites, water treatment and many more [3, 10-
13]. The use of CNTs is still limited due to their
high cost [14], hence, the use of recycled plastics
as cheap feedstocks to produce CNTs would pro-
vide a sustainable way of PWs management [15].
Basically, CNTs are classified based on the num-
ber of walls formed, which could be single-walls
(SWs) or multiple walls (MWs) [16, 17]. Several
approaches have been exploited in the fabrication
of CNTs, which include plasma-assisted deposi-
tion, arc discharge, microwave-assisted synthesis,
laser ablation, pyrolysis and chemical vapor de-
position (CVD) [18-22]. Amongst these methods,
CVD is the most commonly used method due to
its relatively low-cost technology for large-scale
production and allows for effective manipulation
of synthesis parameters for high-quality CNTs
formation [11, 23, 24], The production of CNTs
by CVD is mostly carried out in the presence of
catalysts of transition metals origin supported on
different substrate [11]. These transition metals
can be used as mono-metallic, bi-metallic, tri-
metallic, or poly-metallic for CNTs synthesis [10,
12, 25]. Catalysts composition is a crucial compo-
nent in achieving the required nanoparticle size,
morphology, and quality [10]. In their study, Ab-
dulkareem, et al. [11] reported that the yield and
quality of CNTs depend primarily on the carbon
precursor and appropriate synthesis parameters
[11]. The carbon feedstock mainly used for CNTs
production via the CVD method has been reported
to be ethylene, acetylene, methane, carbon mon-
oxide (CO) and alcohol [11, 12, 25]. A more en-
vironmental and economical carbon source such
as PWs to produce value-added materials such as
CNTs is of great importance to researchers.
Recycled PP and PE have been reported to be
potential hydrocarbon feedstock owing to their
high carbon value and they are commonly avail-
able in large quantities [26, 27]. Wang et al. [28],
in their study, reported the catalytic pyrolysis of
recycled PP in a two-stage fixed reactor over a
nickel-based catalyst and achieved 94% filamen-
tous carbon yield [29]. In their work, Li et al. ,
produced CNTs of diameter 20—30 nm and a few
micrometers long by catalytic pyrolysis of PE
over Fe-Ni bi-metallic catalyst [3]. Modekwe,

et al. [10] synthesized CNTs from waste PP
over NiMo/TiO, using the CVD technique and
obtained a 44% yield [10]. It has been reported
that the more of the combination of metallic cata-
lysts, the better the resultant effect on the yield
and quality of CNTs produced [12]. Although
the use of the combination of metallic catalysts
on a suitable substrate would enhance the yield
and quality of CNTs. The trimetallic and quater-
nary metallic catalysts reported in the literature
utilized petroleum hydrocarbon gases as carbon
feedstock. However, the use of trimetallic cata-
lyst using waste plastic remains a route that has
not received much attention. In this study, a tri-
metallic catalyst has been developed by wet im-
pregnation from the nitrate salts of iron (Fe), co-
balt (Co), and molybdenum (Mo) supported on
CaCO, for the catalytic decomposition of recy-
cled PP and PE in CVD to produce CNTs. Recent
studies have shown that iron catalyst has excel-
lent catalytic activity on hydrocarbon dissolution,
leading to high CNT yield but low graphitization.
Using Co results in high graphitization of CNTs
but with low yield, and Mo improves the disper-
sion and enhances the catalyst’s performance [12,
25]. It is hypothesized that combining these met-
als would improve the quality and yield of CNTs
synthesized using recycled PP and PE plastics.
To the extent that we are aware, no work has re-
ported the production of CNTs from recycled PP
and PE over the trimetallic catalyst and compared
its quality and yield. This work described the wet
impregnation method of Fe-Co-Mo/CaCO, cata-
lyst preparation and application with recycled PP
and PE as feed for synthesizing CNTs.

MATERIALS AND METHODS

Materials

Recycled PP and PE were obtained from the
University of Johannesburg (UJ) Doornfontein
Campus (DFC) recycling facility. Samples were
cleaned and left to dry at ambient temperature.
The color coding on the samples was removed
using acetone and shredded using scissors (2-3
mm). Iron nitrate nonahydrate [(Fe(NO,),.9H,0),
>98.10% trace metals basis], Cobalt nitrate hexa-
hydrate (Co(NO,),.6H,0), >98%, Ammonium
molybdate tetrahydrate ((NH,)6Mo.O,,.4H,0),
> 98.98%, Calcium trioxocarbonate (CaCO,),
99% and deionized water were employed in the
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development of the catalyst. All chemicals were
used as supplied by Sigma-Aldrich Chemicals
Company South Africa.

Preparation of Fe-Co-Mo/CaCO, catalysts

For the preparation of Fe-Co-Mo/CaCO,; cata-
lysts, the wet impregnation method, a procedure
similar to that reported by Rather [30], was adapt-
ed with slight modification. The catalysts weight
composition of SFe:3Co:2Mo: 40CaCO, was em-
ployed. A higher Fe ratio was chosen based on
the fact that Fe has higher carbon solubility and
will enhance the large quantity of carbon precipi-
tation, which is a vital step for improved MW-
CNTs development [31]. In the preparation of
the catalyst, 14.46 g of Fe(NO,),.9H,0, 7.19 g of
Co(NO,),.6H,0, and 0.80 g (NH,)6Mo.0,,.4H,0
were mixed in 50 mL deionized water in a 100 mL
beaker and the blend was vigorously agitated via
magnetic stirrer for 30 min to ensure uniformity,
16.0 g of CaCO, support was introduced into the
solution, allowed to age, continuously agitated for
3 h and subsequently desiccated at 120 °C in an
oven. The prepared catalyst was pulverized and
calcined at 700 °C for 3 h and kept for application.

Production of CNTs

A CVD setup comprising a horizontal furnace
and a quartz tube reactor of 110 cm by 50 mm
dimensions was used for the synthesis of CNTs.
A quartz boat holding 0.1 g of catalyst evenly
spread was positioned in the center of the reac-
tor, and the power source was switched on. The
heating commenced at a ramped temperature of
10 °C/min until the target temperature of 750 °C
was achieved. The catalyst was left for 30 min to
undergo a complete reduction in the presence of 5
vol% of Hydrogen and 95 vol% Argon gases at a
flow rate of 90 sccm. A second ceramic boat with
1.0 g of recycled PP was positioned in the moder-
ate temperature region of the reactor next to the
catalyst-bearing quartz boat, and the reaction was
left to proceed continuously for 30 min and the
furnace power source was subsequently turned
off. The furnace was left to cool overnight in a
nitrogen environment. To ensure the accuracy of
the findings, the experiment repeated in triplicate.
The process was repeated using PE as feed sub-
sequently. The yield of the deposited carbon with
respect to the feed and catalyst was determined
utilizing equations (1) and (2) respectively:
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where: Yrand Y, are yield based on feed and cata-
lyst, respectively;
M; is the mass of the catalyst used;
M5 is the mass of the catalyst and depos-
ited CNTs;
M3 is the recycled PP/PE mass used as a
carbon source.

Characterization of catalyst (Fe-Co-Mo/CaCO,)
and CNTs

X-ray diffraction (XRD) was utilized to de-
termine the mineralogical composition of the pre-
pared catalyst and MWCNTs. This investigation
was done via a Bruker AXS D8 Advance utiliz-
ing Cu-K radiation and a scan velocity current of
40 mA operating at an acceleration voltage of 40
kV. Fourier Transmission Infrared (FTIR) spec-
troscopy analysis was performed using Thermo
Scientific FTIR device with wave numbers range
of 4000 to 500 cm™ in absorption mode, using
KBr to prepare the samples into a disc-like pat-
tern. Employing a Micromeritics ASAP 2460
(Micromeritics, Atlanta, GA, USA) and particle
analyzer for surface area at -196 °C for nitrogen
physisorption study, the textural characteristics of
the produced CNTs were identified. The sample
was degassed by a Micromeritics flow Prep 060
sample degas system for 3 h at 300 °C, 0.25 g
of CNT was degassed under vacuum before be-
ing subjected to the analysis. The specific surface
area, pore size and pore volume of the CNTs were
determined by adsorption-desorption isotherm
process. Scanning electron microscopy (SEM)
was performed with JSM7900F high-resolution
scanning electron microscope (HR-SEM) (Unit-
ed Kingdom). The samples were crushed and
sputter-coated with a thin layer of carbon and
adhered to the two-sided carbon tape, which was
fastened to a glass slide and then inserted into the
SEM compartment for examination. The Energy-
dispersive X-ray (EDX) attached to the SEM was
utilized to determine the elemental compositions
of the samples. Transmission electron micros-
copy (TEM) was done using a JEOL JEM-2100
at a voltage of 200 kV. A small amount of the
sample powder was mixed with 100% ethanol
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and sonicated for 10 min. The prepared sample
was dropped onto a copper grid, and the solvent
was allowed to dry before taking TEM images.
Images of the selected area electron diffraction
structure were also captured. Perkin Elma STA
4000 was used to perform thermal profiles on the
catalysts and MWCNTs. The thermal behaviour
of the CNTs were examined from 50 to 1000 °C at
a ramped temperature of 10 °C/min using 11 mg
of the sample in an air environment at a flow rate
of 20 mL/min. The WiTec focus innovations Ra-
man spectroscopy (Germany) with a Raman shift
from 800-3500 cm™ at 532.105 nm excitation
wavelength and a diode Nd: YAG laser operating
at an ambient temperature condition was used to
establish the graphitic quality of the synthesized
CNTs. Samples were exposed for 10 seconds on
a 10-mW laser.

RESULTS AND DISCUSSION

Characterization of prepared catalyst

X-ray diffraction (XRD) evaluation

XRD study was employed to ascertain the
crystallinity and the crystalline phases of the
catalyst sample, as shown in Figure 1. The XRD
spectra of the Fe-Co-Mo/CaCO, catalyst revealed
the diffraction points at 26 values of 33°, 37°, 43°
and 61°, which correspond to the reflection crys-
tal planes of (110), (111), (200) and (000) respec-
tively [11]. The measured XRD pattern matches

various phases. The diffraction peaks at 20 con-
sists of CaO (01-078-0649) at 26 value of 32°,
37°, 54°, 64°, 80°, and 89°, Ca,Fe O, (00-049-
1555) at 26 value of 29°, 33°, 47°, 52°, 59°, 64°,
and 67°, CaMoO, (04-013-6758) at 20 value of
19°, 31°, 32°, 34°,37°, 45°,49°, 54°,67°, 76.11°
and 80.0°, Ca,Co,0, (04-016-9652) at 20 value
of 18°, 23°,45°,47°, 48.0°, 51°, 54.0°, and 59.5°
and CaCO, (01-072-1937) 20 value of 36°, 40°,
43°, 56°, 86° and 87°. The presence of Fe, Co,
and Mo in the produced catalysts has been estab-
lished by the XRD spectra and the results were
consistent with published data [11, 32].

Scanning electron microscopy (SEM)
and energy dispersive X-ray (EDX)

The morphology and elemental composition
of'the catalyst were examined, and the findings are
depicted in Figure 2. The HR-SEM image (Figure
2a) showed a homogenously well dispersed and
clustered metallic grains on the surface of the sup-
port material. The produced catalyst’s porous sur-
face was visible in the micrograph, which would
facilitate the transport of the vapour generated
from the feedstock onto the catalyst’s active site
during the synthesis of CNTs. To determine the
catalyst’s elemental composition, the elemental
dispersive X-ray (EDX) technique was used. The
EDX was obtained in the binding energy range of
0-10 KeV, as presented in Figure 2b. The EDX
spectra showed that Fe, Co, Mo, Ca, O, and C
were present in various percentage compositions.
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Fig. 1. XRD spectra of Fe-Co-Mo/CaCO, catalyst applied in the synthesize CNTs
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Fig. 2. (a) SEM morphology and (b) EDX spectra of Fe-Co-Mo/CaCO, catalyst

The atomic proportion of Fe, Co, Mo, Ca, O and
C are shown in Figure 2b. Based on the EDX re-
sult, oxygen (O) has a higher percentage value
of 38.0%. The increase in the oxygen percentage
could result from the decomposition of the metal
salts to metallic oxides during the calcination pro-
cess of the catalyst [11]. The EDX has revealed
the composition of the catalyst, which further cor-
roborated the XRD result in Figure 1.

Thermogravimetric analysis of the catalyst

The thermal response of trimetallic catalyst
(Fe-Co-Mo) supported on CaCO, heated in an
air environment was examined using thermo-
gravimetric analysis (TGA). The result was rep-
resented in Figure 3. The weight loss as a func-
tion of the applied temperature was conducted to
determine the feasibility of the catalyst in a CVD
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Fig. 3. TGA/DTG of prepared Fe-Co-Mo/CaCO, catalyst under air environment
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reactor operated within the temperature range of
650-850 °C for CNTs synthesis. Figure 3 clearly
shows two significant degradations that could be
attributed to weight loss due to the loaded metal
salts’ transformation into the corresponding com-
bination of metal oxides, such as CoFe,O,, Mo-
Fe,O,, and MoCoFe O,. Weight loss also could
result from the evolution of CO, when different
mixed metallic oxides were formed when Fe, Co,
and Mo salts interacted with CaCO, [11]. The first
weight loss of ~7.1% started at ~380 °C with the
peak of'its first derivative at ~430 °C and could be
attributed to metal salts changing to their corre-
sponding metal oxides. The second weight loss of
~11.2% started at ~600 °C to 730 °C, which could
be correlated to the putrefaction of CaCO, with
the maximum decomposition rate at ~720 °C to
form CaO and CO, [33]. The result demonstrated
the catalyst’s suitability for use in a CVD reactor
for the synthesis of CNTs using the reaction tem-
perature of 750 °C.

Characterization of the synthesized
carbon nanotubes

XRD profile of the produced carbon nanotubes

Figure 4 shows XRD spectra of CNTs ob-
tained from recycled PP and PE with the prepared
catalyst of Fe-Co-Mo on CaCO, support. The
existence of a robust diffraction peak of CNTs at
20 of ~26.0° and 44.8° matched the plane (002)
and (101) of the graphitized carbon in the CNTs

obtained from the waste plastics as carbon source
[34], it is represented with the letter “C” in Fig-
ure 4 respectively. The peak intensity indicates
the degree of crystallinity of the produced CNTs.
It could be observed from Figure 4 that the intensity
at 20 of 26.0° for CNT obtained from PP was higher
than that of PE. The crystalline carbon’s d-spacing
can be found using Bragg’s equation (d = /2 sin 6)
which were 0.3425 and 0.3442 nm for CNTs pro-
duced using waste PP and PE as carbon sources.
These values are similar to the identical graphite d-
spacing at 0.3354 nm, which suggests an excellent
graphitic quality of the produced CNTs [12]. The
other smaller peaks could be ascribed to catalyst
impurities encapsulated in the CNTs [35].

Fourier transform infrared (FTIR)

FTIR study was performed to establish the sur-
face functional groups available in the synthesized
CNTs from recycled PP and PE as carbon sources.
The spectra are shown in Figure 5, the spectra are
identical with almost all the functional groups oc-
curring at the same wave number. The broad peaks
at 3436.54 cm’! caused by the stretching vibra-
tions of the hydroxyl (-OH) group indicates that
water molecule was absorbed by the sidewalls of
the CNTs [36], was observed in spectra of both
CNTs obtained from PP and PE. The stretching
bands of 2847.96 and 2854.77 cm! respectively
were observed in both spectra which correspond
to asymmetric and symmetric C-H of alkanes [37].
Most often, the existence of C-C and C-O bending
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Fig. 4. XRD spectra of CNTs synthesized from recycled (a) PP and (b) PE as carbon
sources over Fe-Co-Mo supported with CaCO, in a single CVD reactor system
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Fig. 5. FTIR spectrum of CNTs produced from recycled plastic wastes (a) PP and (b) PE over Fe-Co-Mo catalyst

bands between 600—1400 cm™, is mainly identi-
fied as fingerprint zone [11]. These findings show
that the surface of the produced CNTs was devoid
of any major peaks connected to any unexpected
functional groups in the produced CNTs.

Raman spectroscopy of the produced carbon
nanotubes

The Raman spectra for the produced CNTs
from waste PP and PE as feedstock over a trime-
tallic catalyst of Fe-Co-Mo on CaCO, support in
a CVD are presented in Figure 6. Raman spec-
tra for CNTs produced from waste PP and PE

showed peaks at 1354 cm™ for the D-band and
1582 and 1585 cm! for the G-band, respectively
and 2D-band occurred at 2700 cm'. The peaks at
1582 and 1585 cm™! corresponded to the G-band
of graphite carbon, which relates to the vibration
of sp>-bonded carbon atoms in graphite sheets
[36]. The D and G-bands suggested that amor-
phous and ordered graphitic carbon are present
in the synthesized samples. The 2D-band peak
is observed in the products of the two samples,
representing the resonance peak that could be
related to the amount and purity of CNTs [38].
The intensity ratio of the D-band to the G-band

2D
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AN

1000 1500

2000

2500 3000

Raman shift (cm™)

Fig. 6. Raman spectra of CNTs produced over a trimetallic catalyst of Fe-Co-Mo on CaCO,
support using waste PP and PE as a carbon source in a single CVD reactor system
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(I/1,) describes the extent of graphitization of
the deposited CNTs. The lower value of [ /1 in-
dicates a higher quality, purity and structural or-
dering of CNTs [36]. The I /I ratio obtained for
the synthesized CNTs were 0.6724 and 0.9028
using waste PP and PE, respectively. The results
confirmed that the CNTs developed from PP were
more graphitized compared to that of PE [12].

Comparison of yield and quality of CNTs
produced from PP and PE

The summary of comparison of yield and
quality of CNTs obtained from recycled PP and
PE over the trimetallic catalyst of Fe-Co-Mo/
CaCO, is presented in Table 1. Both feedstocks
showed excellent potential for alternative carbon
sources for CNTs synthesis as compared to the
use of conventional hydrocarbon gases.

Surface area and pore size of synthesized CNTs

BET analysis of CNTs produced from recy-
cled PP and PE as carbon sources was determined
via N, physisorption at -196 °C detailed results
were shown in Table 2. It could be observed that
there are minimal differences in the properties of
the CNTs produced from the PP and PE as carbon
sources as it could be observed from the BET pa-
rameters. The surface area of CNT produced from
PP waste was 6.834 m?/g which is higher than the
CNT produced from PE waste with surface area
of 6.733 m?/g. The slight differences observed in
the BET and Langmuir surface areas could be at-
tributed to impurities accumulated in the pores of
the samples. The BET surface area graph analy-
ses at -196 °C for the CNT samples are shown in
Figure 7. From Figure 7 (a) it could be observed
that the data from the CNT sample produced from
PP gave a perfect linear with all the points fallen

Table 1. Product quality and yield of CNT from recycled polypropylene and polyethylene over Fe-Co-Mo/CaCO,

catalyst
Carbon source Polypropylene Polyethylene
Amount of feed (g) 1.0 1.0
Catalyst (g) 0.1 0.1
Catalyst and carbon deposited (g) 0.4512 0.3376
Raman intensity ratio (I,/1;) 0.6724 0.9028
Yield (%) 35.12 23.76

Table 2. Parameters of BET analysis of as-synthesized CNTs from recycled PP and PE over Fe-Co-Mo/CaCO,

catalyst
Carbon source Sy Area (m?/g) Langmuir surface area (m?/g) | Pore volume (cm®/g) Pore size (A)
PP-CNT 6.834 70.468 0.0138 80.587
PE-CNT 6.733 70.347 0.0138 80.587
- 0.014
71 a b A
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Fig. 7. BET-specific surface area plots of CNTs synthesized from recycled
(a) PP and (b) PE over Fe-Co-Mo/CaCO, catalyst
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on the line of the graph compared to the graph
obtained for CNT produced from PE Figure 6 (b).
This observation could be attributed to the extent
of quality of the CNTs developed from PP and PE
as carbon sources as corroborated by the Raman
spectroscopy analysis depicted in Figure 6.

Thermogravimetric analysis (TGA) of
the produced carbon nanotubes

The purity and quality of CNTs achieved from
PP and PE over the catalysts Fe-Co-Mo/CaCO,
were evaluated by thermal gravimetric analysis
(TGA). The weight loss was attributed to the de-
posited carbon burnt in the air environment, which
describes the yield of solid carbon on the catalysts
[39]. Figures 8 (a) and (b) showed the percentage
weight loss of CNTs produced from waste PP and
PE, signifying that the samples have high carbon
content, which described high purity CNTs cor-
responding to 94.71% and 94.40%. The contami-
nants in the CNT samples may have been caused
by leftover catalysts from the process and other
species that may have been present in the samples.
An acid leaching has been used to treat the CNT
samples to separate the residual catalyst particles
from other substances, such as residual catalysts.
Amorphous carbon has many more structural de-
fects than graphitic carbon and burns at a lower
temperature of around 400 °C [40], while graphit-
ic carbon burns between 600 to 700 °C [41]. The
DTG profiles showed mono peak for each product
at 650.60 and 648.30 °C for CNTs produced us-
ing PP and PE as carbon feedstock, respectively,
which could be attributed to oxidation of CNT of
larger diameter coated with a layer of carbon [42].
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Transmission electron microscopy (TEM)

TEM was employed to study the morphologi-
cal characteristics of the CNTs with more preci-
sion and accuracy. TEM images of the deposited
CNTs were collected, and the results demon-
strated that CNT wall structures differ, and their
diameter distribution is not uniform, as shown in
Figure 9. Metal catalyst nanoparticles are encap-
sulated inside CNTs as they develop through a
tip or root mechanism. The diameter of the final
nanotubes may vary depending on how small the
metal particles are [43]. Hence, the wide-diame-
ter distributions of CNTs are caused by the varied
metal sizes in the catalyst alloy. As a result of the
diverse sizes of the catalyst metal nanoparticles,
the CNTs outer diameters and wall structures
vary. The average diameter of the synthesized
CNTs from PP and PE were 36 and 34 nm re-
spectively. It is obvious from the TEM images
that CNTs produced from PP and PE showed a
long hollow core MWCNTs. Similar results were
reported by [27]. Additionally, the nanotube’s in-
terior and exterior surfaces seem to be quite even
and smooth. These findings proved that the cata-
lyst created MWCNTs in the graphene layers that
were of good quality and with few flaws. Howev-
er, the agglomeration of certain catalyst metallic
particles that were not in contact with one another
during the reduction process may be responsible
for the occurrence of relatively large-diameter
MWCNTs. The SAED of the synthesized CNTs
was shown together with the TEM in Figure 9.
It exhibits a circle diffraction pattern of the MW-
CNTs. The interplanar spacing of the CNTs crys-
tal structure was used to name the ring pattern
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Fig. 8. TG/DTG profiles of as-synthesized CNTs from PP (a) and PE (b) as
carbon sources over Fe-Co-Mo on calcium carbonate support
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Fig. 9. TEM and SEAD of CNTs obtained from PP (A) and PE (B) over Fe-Co-Mo/CaCO, catalyst respectively

using the Miller indices [44]. A sample’s ring pat-
tern shows a crystal structure similar to the ring
pattern found in graphite. Therefore, MWCNTS’
interplanar spacing is essentially identical to that
of graphite. The graphite crystal structure was
used to measure the interplanar spacing of CNTs.

CONCLUSIONS

The prospect of developing high-value prod-
ucts from PW stream, often viewed as a problem,
has become attractive due to the growing percep-
tion of waste plastics as a resource. The benefits
derived from CNTs and potential revenues gen-
erated from them have fascinated the conversion
of PW into CNTs through different approaches.
This study successfully used the CVD technique
to synthesize MWCNTs from PP and PE wastes
over Fe-Co-Mo catalyst supported on calcium
carbonate. The XRD, Raman, and TGA confirmed
high graphitic carbon in the synthesized prod-
ucts. The d-spacing of CNTs from XRD analy-
sis was 0.3425 nm and 0.3442 nm for products
obtained from PP and PE as feedstocks, respec-
tively. The BET and Langmuir surface areas were
found to be (6.834 and 70.468 m?/g) and (6.733
and 70.347 m*/g) for CNTs obtained from PP and
PE respectively. The Raman analysis established
the degree of graphitization and the computed I/
I, to be 0.6724 and 0.9028 for CNTs obtained

from PP and PE, respectively. The TEM images
clearly showed the formation of MWCNT. Al-
though recycled PP showed a higher percentage
yield and quality over PE; nonetheless, the two
materials have been shown to provide alterna-
tive feedstocks for CNT synthesis using the CVD
technique. CNTs produced in this study could be
used in diverse spheres of scientific applications
such as energy storage, adsorbent for emerging
pollutants removal from wastewater, ultra-strong
light-weight materials development, biomedical,
smart nanomaterial development and so on.
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