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A B S T R A C T

In this paper, a new reactor design based on central core heating system is presented that optimized the heat
utilization and allowed compact reactor design. Conversion of waste plastic into liquid hydrocarbons, carbon
nanotubes (CNTs) and hydrogen rich gases in a multi–core reactor was carried out. Thermal energy from central
core was utilized for the pyrolysis of waste plastic and synthesis of CNTs. Pyrolysis of waste plastic was carried
out in the outer chamber of reactor followed by catalytic decomposition of pyrolysis gases in the inner chamber.
Tray arrangement inside CNT chamber provided maximum catalyst holdup and effective solid–gas contact.
Reactor performance was studied at different pyrolysis temperatures and a fixed CNT synthesis temperature of
800 °C. Multi walled carbon nanotubes (MWCNTs) having 20–50 nm diameters and average wall thickness of
10 nm were synthesized with an yield of 6.03 g/30 g polyethylene.

1. Introduction

Pyrolysis of plastic gives a huge source of hydrocarbon and can be
converted to carbon nanotubes (CNTs) using a suitable catalyst [1]. An
economic production of CNTs using waste plastic as a precursor can
develop nanotechnology based industries such as solar cells [2],
batteries [3] polymer composites [3–5], electronic devices and displays
[6,7].

In the commercial application of CNTs, challenges remains with
purity, morphology and capital costs for the large–scale production of
CNT from plastic waste [8]. Methods for large–scale synthesis of CNTs
includes arc discharge [9], laser ablation method [10], chemical vapour
deposition (CVD) [11–16], flame synthesis and combustion method.
CVD was found to be the most economical and preferred method for
large–scale synthesis of CNTs [11,17].

Zhou et al. [18,19] reported that, HDPE and LDPE as a carbon
source gives same quality of CNTs synthesized using quartz tube
reactor. Liu et al. [20] reported continuous production of CNTs using
two–stage reactor, where the plastic waste pyrolysis and CNT synthesis
was carried out in two separate units. Synthesis of CNTs using bubbling
fluidized bed reactor gives uniform isothermal conditions due to
effective solid gas contact, which increases the conversion rate of CNTs
[21–24]. However, continuous fluidization using nitrogen and hydro-
gen gas leads more operating cost. CVD method using fixed bed reactor
still has unsolved problems like maximum exposure of catalyst surface
and utilization of entire hydrocarbons from the gaseous stream [8]. It is

customary to utilize entire hydrocarbons generated from waste plastic
pyrolysis to make the process eco–friendly.

Synthesis of CNTs using plastic waste needs the development of
innovative materials and methods to reduce materials, capital cost and
energy consumption. In view of these, the present work deals with
conversion of waste plastic to liquid hydrocarbons, carbon nanotubes
and hydrogen–rich–hydrocarbon gases using multi–core reactor. In this
design, two reactors were coupled into singe reactor system having
multiple cores. Heating media was provided in the annulus of inner and
outer zone to heat both the chambers and lessen energy need. Multiple
trays in the CNT chamber provided maximum catalyst loading and
effective contact between solid and gases.

2. Material and methods

2.1. Materials

The oil recovery and CNT synthesis were carried out using post
consumer edible oilcans made up of high–density polyethylene. Ni/Mo/
MgO catalyst of mole ratio 4/0.2/1 was prepared by dissolving desired
amount of Ni(NO3)2·6H2O, (NH4)6Mo7O24·4H2O, Mg(NO3)2·6H2O and
2 g citric acid in 50 ml of deionized water. Chemicals were purchased
from Merck specialties Pvt. Ltd with 99% purity.
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2.2. Multi–core reactor design

The reactor contained outer core for the pyrolysis of plastic, middle
core as a heating zone and an inner core for synthesis of CNTs (Fig. 1).
The heating coil placed in the middle core was covered with ceramic
insulation wool of thickness 12.7 mm to increase heat flow in the inner
core. In Fig. 2 half–sectional view of reactor shows inner chamber
(high–temperature zone) to synthesize CNTs by CVD method. The tray
arrangement in the CNT chamber provided maximum catalyst holdup.
The up draft and cross flow of hydrocarbon gases across each plate of
the holder increased the solid–gas contact.

The photographs of different cores and multi-core reactor assembly
are presented for the reference (Fig. S1). The heating coil is directly
wrapped over the CNT chamber so that it can achieve the temperature

of 800 °C in 20 min. The thermal heat from the heating coil is
transferred through the thin slayer of insulation to the inner wall of
pyrolysis chamber (3 mm thick) by radiation. The heat transfer occurs
from inner wall to the pyrolysis chamber by the mode of conduction.
Pyrolysis chamber takes 120 min to attain the temperature of 700 °C
due to larger volume as compared to the CNT chamber. The fins inside
the pyrolysis chamber also increase the rate of heat transfer to the
plastic mass.

The temperature of CNT chamber is maintained at 800 °C by using
on/off controller. The experiments were performed after the desired
temperature of pyrolysis chamber has been reached, with temperature
fluctuation of± 10 °C.

The condenser design provides direct purging of hydrocarbon gases
into the water and circulation of non–condensable gases to the CNT
chamber. Provision was made to send non–condensable gases to the
CNT chamber from the top (downdraft flow) and from the bottom (up
draft flow). In the present study, synthesis of CNTs was carried out
using up draft flow of hydrocarbon gases.

2.3. Synthesis experiments

Ni/Mo/MgO catalyst of molar ratio 4/0.2/1 was prepared similar
the procedure reported in our previous study[25].

Shredded plastic (5 × 5 cm) was fed into reactor when the reactor
reached the desired temperature. The plastic was fed through the
hopper provided at the top closure of pyrolysis chamber. The total
plastic feed of 30 g was charged at a regular interval (5 g/2 min) into
the pyrolysis chamber. Pyrolysis temperature was varied from 450 to
700 °C and optimum temperature of 800 °C for CNT chamber was used
as per our earlier study [26]. Vapours from the pyrolysis chamber were
condensed in the water purge tank and non–condensable vapours with
a flow rate of 1–2 standard litter per minute (SLM) were sent to the CNT
chamber. The condensed oil was collected from the oil drain valve
provided at the bottom of condenser.

Each tray of holder was loaded with 0.2 g of catalyst and further
kept in the CNT chamber at 800 °C. Air from both the chambers was
evacuated using a vacuum pump. Non–condensable gases from the
water purge tank were sent to the CNT chamber with the up–draft flow
of 1–2 SLM, for 12 min. Tray filled with a black carbonaceous product
was removed from the CNT chamber after 15 min. The tray was cooled
to room temperature and the carbon product was removed and
weighed.

2.4. Material characterization

The gas composition was analyzed by Gas Chromatography
(Thermo Fisher Trace 1110 GC). The GC was equipped with thermal
conductivity detector (TCD) and Flame ionization Detector (FID). TCD
fitted with 10 feet length by 1/8 inch diameter column, MS.13X was
used for the detection of H2 and CO. The FID detector used for the
analysis of hydrocarbon gases was fitted with 50 m × 0.32 mm × 5 μm
(Agilent CP–Al2O3/KCI) column.

The liquid composition was analyzed by Gas Chromatography
(Thermo Fisher Trace 1110 GC). The FID detector used for the analysis
of hydrocarbon liquid was fitted with 50 m× 0.2 mm× 0.5 μm film
thickness (SUPELCO, Petrocol™ DH 50.2, Fused silica) capillary col-
umn. The test conditions were kept similar to the PIONA quantitative
analytical standard Supelco, n-paraffin mix (catalogue No. 48265-U)
and peaks were identified using Hydrocarbon Expert V5.06.

The FTIR spectra for oil were recorded using a Shimadzu spectro-
photometer(Japan) at a resolution of 4 cm−1 in the range of
500–4000 cm−1. Microscopic structures of the CNTs were obtained
using A– Tecnai G2F30 transmission electron microscopy at 300 kV.
The Raman spectroscopy of CNTs was obtained using a Thermo–Nicolet
6700 HR 800 spectrometer in the range of 200–3000 cm−1.

Fig. 1. Front view of multi–core reactor to produce fuel oil and CNTs using waste plastic
as precursor. (1 – pyrolysis chamber, 2 – pyrolysis gases to condenser, 3 – gas outlet from
condenser to CNT chamber, 4 – condenser, 5 – optional gas line, 6 & 7 – needle valve, 14 –
off gas valve (for down draft flow), 8 – CNT chamber, 9 – feed hopper for plastic, 10 – off
gas valve (for up draft flow), 11 – water drain, 12 – oil drain, 13 & 15 – gas sampling
valve).

Fig. 2. Reactor cut section showing inner chambers and catalyst tray arrangement. (1 –
pyrolysis chamber, 2 – heating chamber, 3 – CNT chamber, 4 – catalyst tray, 5 – oil drain
line, 6 – water drain line, 7 – pyrolysis gas line to condenser, 8–non condensable gases to
CNT chamber, 9 – Plastic feeder, 10 – first tray, 11 & 12 – thermo well).
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3. Result and discussion

3.1. Batch production of CNTs

The study aims to make use of all hydrocarbons generated from
pyrolysis of plastic waste to produce fuel oil and CNTs. Experiments
were carried out to study the effect of pyrolysis temperature on the
yield of gas, oil and CNTs.

The material of construction and fabrication details for different
chambers is given in supplementary data (see Table S1). Pyrolysis
chamber was designed to occupy polymeric material up to 3 kg. A
hopper arrangement was provided for continuous feeding of plastic
material to the pyrolysis chamber. The CNT section was designed as
vertical chamber with catalyst tray arrangement. The tray was made up
of SS 304 material having six circular plates of diameter 60 mm with a
distance of 72 mm between two plates.

In the CNT chamber, the gap between chamber wall and edge of
tray were sealed using ceramic wool (Fig. 3). The red arrow indicates

gas flow direction through the sidewall and across the plate. The sealing
was staggered on each plate to prevent channeling of gas along the
periphery of reactor wall and to increase gas solid interaction on each
plate. When the hydrocarbon gas contacts the catalyst particles, it
dissociates into carbon and hydrogen by catalytic decomposition. The
dissociated carbon further diffuses into the catalyst and the growth of
CNT occurs by precipitating carbon atoms.

The temperature profile for the pyrolysis chamber and CNT
chamber is given in supplementary data (see Fig. S2). The heating coil
(Kanthal Wire of 2000 W) was provided in the annulus to heat both the
chambers and the heating was controlled using PID controller. An
additional heater (Kanthal Wire of 1000 W) underneath pyrolysis
chamber was used at the initial stage of operation to increase heating
rate.

The effect of pyrolysis temperature on the yield of oil and CNTs is
shown in Fig. 4. Increase in pyrolysis temperature from 450 to 700 °C,
the oil yield decreased from 20 to 1.2 g/30 g PE, while the CNT yield
increased from 0.23 to 6.033 g/30 g PE. Miskolczi et al. [27] reported
that the degradation product of PE at the higher temperatures mainly
yields methane, ethane, ethylene, propylene and hydrogen, which
considerably increased the gas volume and lowers the oil yield [28].
The CNT yield was varied due to change in composition of pyrolysis
gases at different pyrolysis temperatures [20].

The carbon weight retained on various trays at different pyrolysis
temperature is shown in Fig. 5. The result indicates variation in the
carbon products retained on different trays and the carbon yield
increased with the increase in pyrolysis temperature. First tray located
at the bottom showed maximum carbon product and the carbon yield
decreased on subsequent trays. This is plausibly due to the updraft flow
of non-condensable gases in the CNT chamber. The hydrocarbon
vapours rich in carbon source may encounters with the catalyst on
the first tray and the growth of CNTs occurs through the release of
hydrogen gas. Further, the hydrogen–rich hydrocarbon gas travels
further to the subsequent trays and interact with catalyst. The decrease
in carbon source in the gaseous stream could be the reason for the
decrease in CNT yield in subsequent trays. The result showed maximum
carbon product of 2.13 g for the first tray and total carbon yield of
6.033 g/30 g PE over entire catalyst tray at pyrolysis temperature of
700 °C.

The composition of gases obtained from pyrolysis of PE at different
pyrolysis temperature was determined by gas chromatography
(Fig. 6a). The concentration of hydrogen and methane increased from
2.18 to 23.64 Vol.% and 12.60 to 27.66 Vol.% respectively with
increase in pyrolysis temperature from 450 °C to 700 °C. However,

Fig. 3. The gas flow direction along the chamber wall and across the catalyst tray. (1 – gas
inlet, 2 – gas flow direction, 3 – ceramic wool packing, 4 – tray no. 6, 5 – thermo well
insertion whole, 6 – gas outlet).

Fig. 4. Effect of pyrolysis temperature on the yield of oil and CNTs (CNT chamber
maintained at constant temperature of 800 °C).
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the concentrations of C2–C5 decreased with the increase in pyrolysis
temperature. The result indicates that, PE decomposes to unsaturated
hydrocarbons at lower pyrolysis temperature and gives more oil yield.
Whereas at high temperature, cracking of unsaturated gases (alkenes)
occurred and generated more methane and hydrogen. The less amount
of carbon product at lower pyrolysis temperature (Fig. 5) indicated that
unsaturated gases were unfavorable for the growth of CNTs.

The gases obtained at different pyrolysis temperature were utilized
to synthesize CNTs at a fixed temperature of 800 °C. In Fig. 6b
composition of gases obtained from CNT chamber is plotted as a
function of pyrolysis temperature. The result showed small variations
in the Vol.% of all gases at different temperature range. The gas
contained major proportion of hydrogen and methane, while ethane,
ethylene and CO were observed to be in trace amount.

The traces of CO (0.59–2.07 Vol.%) can be observed at different
temperature range due to air inclusion while feeding the plastic in the
reactor. The gas chromatogram in Fig. 7 shows presence of CO in the
gases sample obtained at pyrolysis temperature of 450, 600, 700 °C.

The effect of thermal and catalytic decomposition can be under-
stood by comparing Fig. 6a and b. In the pyrolysis chamber, due to
thermal decomposition at 700 °C the product gases contained
23.64 Vol.% Hydrogen, 27.66 Vol.% Methane and other hydrocarbon

gases. While sending these gases to CNT chamber, the hydrogen gas
increased to 75.37 Vol.%. It is worth noting that both thermal and
catalytic decomposition of gases occurs in CNT chamber. Mainly the
unsaturated hydrocarbon gases from lower pyrolysis temperature were
thermally decomposed to methane and hydrogen and further the
methane was cracked to individual carbon atom and hydrogen by
catalytic decomposition at 800 °C.

Fig. 5. Weight of carbon product collected from various trays at different pyrolysis
temperature.

Fig. 6. (a) Composition of gases product obtained from pyrolysis chamber as a function of temperature, (b) Composition of gases product obtained from CNT chamber (800 °C) at different
pyrolysis temperature.

Fig. 7. Gas chromatogram showing presence of H2 and CO in the gases sample obtained at
pyrolysis temperature of (a) 450, (b) 600, (c) 700 °C.
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3.2. Characterization of condensed oil

3.2.1. FTIR analysis of oil
The FTIR spectra for the oil obtained from pyrolysis of waste HDPE

cans at 450 °C and 550 °C are shown in Fig. 8(a and b) respectively. The
symmetric and asymmetric stretching bands of CeH bonds correspond-
ing to alcoholic eCH2 bond around 2853, 2924 and 1458 cm−1 are
similar to the bond present in commercial waxes [29,30].

The band around 3076 cm−1 occurs due to presence of aromatic
eCeH bond. The bands around 1377 cm−1 corresponding to the
aliphatic chains are due to the vibration of CH2 or eCH3 bend. The
peak at 991 cm−1 show the presence of vinyl eCeH bond in mono
substituted alkenes. The olefinic nature of pyrolysis oil/waxes was
confirmed by the presence of ReCH]CH2 group at 908, 991 cm−1. The
peak at 1640 cm−1 can be attributed to the C]C stretching vibrations
in the polyaromatic compounds. The band around 1600–1450 cm−1,
850–660 cm−1 and the characteristic pattern in the overtone region

around 2000–1800 cm−1 are related to mono − substituted aromatic
compound [29,30]. The peaks at 552, 632, 812 cm−1 respectively
shows the presence of alkyl halides, vinyl eCeH and vinyl ethers in the
pyrolysis sample. The spectrum is similar to that of the oil prepared
from pure polyethylene by Arabiourrutia et al. [31].

3.2.2. GC analysis of oils
In this study, oil compositions obtained from pyrolysis of HDPE

have been evaluated by gas chromatography. The detailed component
analysis is shown in Tables S2 and S3. The distribution of compounds
was determined using percentage area of chromatographic peaks.
Fig. 9a–c shows the GC profile for the composition of liquid product
obtained from pyrolysis of HDPE at 500, 600, 700 °C respectively. The
liquid product obtained at different pyrolysis temperature contained
alkanes, long chain olefins and aromatics which occur due to thermal
degradation of PE by the formation of free radicals and cracking of CeC
and CeH bonds [32]. The result showed higher yield of aromatic and
cyclic compounds (83–85%) than aliphatic compounds (14–16%). This

Fig. 8. FTIR spectroscopy of oil obtained from pyrolysis of waste HDPE cans at 450 °C (a)
and 550 °C (b).

Fig. 9. Gas chromatogram showing composition of liquid product obtained at pyrolysis temperature of (a) 500, (b) 600, (c) 700 °C.

Fig. 10. Raman spectra of CNTs synthesize over Ni4Mo0.2MgO1 catalyst on different trays.
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Fig. 11. HRTEM image of CNTs synthesized over Ni4Mo0.2MgO1 catalyst on different trays (A, B, C, D tray number 4, 3, 2, 1 respectively), Pyrolysis chamber at 650 °C and CNT chamber
at 800 °C.
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could be due to the formation of aromatics by the secondary reactions
such as oligomerization, cyclization and dehydrogenation of olefins
[32].

3.3. Characterization of catalyst and CNTs

The characterization of catalyst Ni4Mo0.2MgO1 was studied in detail
elsewhere [26]. The Raman spectrum of CNTs in Fig. 10 shows small
variations in the peak intensity ratio of G–band and D–band (IG/ID) on
different trays. The larger IG/ID ratio indicates a higher degree of
structural ordering for CNTs [33,34]. The ratio was found to be
increasing from bottom to top tray. This could be because the catalyst
Ni4Mo0.2MgO1 kept on the various trays exposed to the gases contain-
ing different proportions of hydrocarbons. The decomposition of
saturated hydrocarbons to carbon and hydrogen and unsaturated
hydrocarbons to saturated hydrocarbons could occur on the first tray.
The catalyst on the second tray could expose to the hydrocarbon
containing more amount of hydrogen and saturated hydrocarbon like
methane and ethane. Similar observations for the variation in the trend
of CNT yield using two stage reactor at different composition of gases
was reported by Liu et al. [20].

The HRTEM images of CNTs collected from different tray (A − 4th
tray and D − 1st tray, bottom tray) are shown in Fig. 11A–D. The
morphological study of CNTs collected from various trays indicated
random growth of tubes over Ni/Mo/MgO catalyst. The growth of CNTs
could occur by base–growth mechanism having a hollow structure,
which appears as a continuous white line in Fig. 11. The catalyst on the
top tray exposed to the hydrocarbon containing more amount of
hydrogen which lead to the better aligned graphene walls than the
bottom tray [35].

The HRTEM study shows small variation in the diameter of CNTs.
The bottom tray contained CNTs having 50–55 nm inner diameter and
95–100 nm outer diameter. Subsequently tray number 2, 3, 4 contained
CNTs having inner/outer diameter of 20–25/50–60 nm, 15–20/
35–45 nm and 10–15/25–35 nm respectively. The 4th tray of CNT
chamber exposed to the more amount of hydrogen gas, which was
liberated from the CNT synthesis process from preceding trays. This
hydrogen could reduced the NiO present in the catalyst to Ni metal ion
and subsequently interacted with unreacted hydrocarbon gases, thereby
altered the rate of carbon supply to the catalyst particles [36].

4. Conclusion

A facile multi–core reactor design has been proposed for the
efficient production of CNTs. Batch synthesis of CNTs was successfully
carried out using waste plastic as a hydrocarbon source and Ni/Mo/
MgO as a catalyst. Pyrolysis temperatures affected the yield of fuel oil
and CNTs. The maximum yield of CNTs was 6.033 g/30 g PE at a feed
rate of 5 g/2 min at a pyrolysis temperature of 700 °C and CNT
synthesis temperature of 800 °C. The maximum yield of oil was 23 g/
30 g PE at 450 °C but at this temperature, the CNT yield was very low.
The CNTs collected from different trays showed variations in the
diameter. However, the present study helps to understand the changes
in morphology of CNTs at different height of the reactor.
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