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A novel strategy of waste recycling of polypropylene plastics (PP) bags for generation of commercially viable byproducts using
nanoforms of nickel as catalyst is presented in this work. After pyrolysis of waste PP bags (>20𝜇m) under continuous argon flow,
90% conversion efficiency to high petroleum oil was observed at 550∘C. To assess the physicochemical attributes of formed oil,
flash point, pour point, viscosity, specific gravity, heating value, and density were also measured and found to be very close to ideal
values of commercial fuel oil. Moreover, GC-MS was used to resolve the range of trace mass hydrocarbon present in the liquefied
hydrocarbon.Our robust recycling system can be exploited as economical technique to solve the nuisance of waste plastic hazardous
to ecosystem.

1. Introduction

Due to the nondegradability of PP plastics, their heavy accu-
mulation in the environment is causing hostile effects on
ecosystem including soil erosion [1]. Conventional routes to
recycle PP plastics such as mechanical recycling, land filling,
incineration, and chemical recycling [2] suffer from many
hostile impacts such as landfill waste, clogged waterways,
occupational health hazards, energy consumption, animal
death, water contamination, foreign oil dependency, toxic
pollution, soil degradation, costly production/recycling of
plastics, and landscape litter. Additionally, these techniques
have following limitations.

(1) Low-conversion efficiency.
(2) No valuable by products are formed; rather one form

of plastic is converted to another, which has no com-
mercial value.

(3) Requiring high energy and manual efforts.
(4) Heavy pollutants are generated during the process.

Keeping these cardinal issues under consideration, a
facile route to convert waste plastics into high-performance
fuel oil using high temperature pyrolysis is discussed in this
paper. Fuel oil generated by our method was found to have
all the characteristics to be used as fuel oil in factories. Since
waste plastics like polypropylene (PP) contain 85% the carbon
and rest is hydrogen, this makes them extremely suitable
for feedstock recycling with the production of valuable
hydrocarbon products. This fact can be explained with the
difference in the activation energy of two polymers. PP
requires lower activation energy to break the C−H bond
than polyethylene (PE) because carbon chain of PP polymer
contains tertiary carbon atoms which have considerably
lower resistance against degradation [3]. There are several
products obtained from the catalytic pyrolysis of PP which
are carbon nano-materials (CNMs) of differentmorphologies
[4–6], wax [7–9], oil [10–13] and gases [3, 14]. Most of the
works, concerned with production of oils from waste PP
plastics, and conversion efficiency was found to be <50%.

Our main efforts were focused on converting WPP
into less nonhazardous forms by ecofriendly method like
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Figure 1: Schematic diagram of unit used for synthesizing liquefied hydrocarbon by catalytic pyrolysis reactor. In this diagram, stainless steel
reactor (A), gas inlet, condenser (B), liquid collection tank, valve, pressure gauge, and safety valve have been shown.

catalytic pyrolysis. In our previous paper, conversion of
PP to MWCNTs was reported [15]. However, during these
conversion experiments, traces of liquid hydrocarbons were
also noted. Therefore, a systematic study of oil-like liquefied
hydrocarbon production was undertaken. This conversion
has been demonstrated earlier by a simple thermal process
in which polymers are melted and broken down to smaller
molecules, at high temperature, into gaseous, liquid, and solid
hydrocarbons [16]. Sarker et al. in 2012 [11] have performed
thermal degradation of HDPE-2 in a fiber glass reactor
system at a reaction temperature between 370 and 420∘C
and a reaction time of 4 h using HZSM-5 molecular sieves
as catalyst to obtain hydrocarbon liquid fuel. Tymoshevskyy
et al. in 2009 [17] have used pyrolysis method to convert
PP, PE, and polystyrene (PS) waste to fuel with trial of
several catalysts. They have separated the product of catalytic
cracking used in a distillation column into gas, gasoline, light
oil, andheavy oil fractions. Tiwari et al. in 2009 [12] have done
the catalytic degradation of Linear Low Density PE (LLDPE)
using two commercial cracking catalyst-1 and cracking
catalyst-2 containing 20% and 40%US-Y zeolite, respectively,
with average particle size in micrometers at temperature of
600∘C to produce light hydrocarbon fuel. Catalytic pyrolysis
of LDPEwas investigated using various fly ash-derived silica-
alumina catalysts (FSAs) by Na et al. in 2006 [18]. In the
present work, our trials involve simple catalyst preparation
as well as cost effective pyrolysis reactor for the synthesis of
liquefied hydrocarbons. Catalytic pyrolysis due to combined
impact of pyrolysis and catalytic reforming is shown as a
more efficient method for processing large amounts of waste
plastics [19]. We have made an attempt to utilize WPP as
potential precursor for synthesis of liquefied hydrocarbons
using catalytic pyrolysis. The synthesis of liquefied hydrocar-
bons fromwaste PP plastics using Ni as a catalyst in reactor at

pyrolysis temperature of 550∘C is reported. It was observed by
Na et al. in 2006 [18] and Pandian and Kamalakannan in 2012
[20], that liquefied hydrocarbon synthesized at lower tem-
perature or below 500∘C after 1-2 days turns into wax whereas
oil prepared above 500∘C remains as it is after long period
of time. Synthesized liquefied product was characterized by
GCMS.Moreover, its flash point, pour point, viscosity, specif-
ic gravity, and density were also measured.

2. Experiment

Waste PP was collected from Brihanmumbai Municipal
Corporation (BMC) garbage disposal centre. Immediately
after collection, WPP were washed, air-dried, and shredded
into small pieces prior to pyrolysis in presence of nano-sized
nickel as catalyst. To synthesize Ni catalyst, 10mL of 5mM
nickel nitrate was mixed with the same volume of ethanol
under constant stirring for 2 hrs [21]. One kg of shredded
WPP was mixed with 10mL of nickel (Ni) catalyst and
subjected to pyrolysis as displayed in Figure 1.

Pyrolysis of waste plastic under controlled Ar (500 sccm)
gas atmosphere at fixed temperature of 550∘C (the ramp
temperature of 10∘C/min was used during this whole reaction
process until the required temperature was achieved) with
1 h of dwell time in the presence of Ni as catalyst resulted in
production of liquefied hydrocarbon or oil. This liquid was
collected after the furnace temperature was allowed to cool
down naturally once the reaction time was over in the
atmosphere of 100 sccm of Ar gas (Figure 1). Due to high tem-
perature, plastics get fragmented into monomers and reacted
with catalyst and converted into the form of respective gases
form which condense through condenser and are stored in
the collection tank (Figure 1).
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Figure 2: SEM and EDEX of Ni nanoparticles.
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Figure 3: Elemental analysis of fuel oil.

3. Characterisation Technique

Gas chromatography coupledwith high resolutionmass spec-
trometer (GC-HRMS) was done by using an Agilent 7890
chromatograph with a (15mm × 0.25mm × 0.25 𝜇m) glass
column packed with 80–100 mesh n-octanes, Porasil C, and
with a flame ionization detector (FID). In gas chromatog-
raphy, helium gas at the flow rate 1.5mL/min was used as
a carrier gas with a head space injection temperature of
250∘C. The oven temperature was programmed from 40∘C
(2min hold) to 140∘C (10min hold) with heating ramp rate of
8∘C/min. Data scan rate of the sample was kept at 0.6 sec/scan
with mass scan range of 10 to 425m/z.

Electron energy of mass spectrometer (Jeol, AccuTOF
GCV) was 70 eV, and the ion source and coupling tempera-
tures were 230 and 300∘C, respectively. The ion mass spectra
derived were automatically compared to TLC, MS spectral

libraries. Standard solutions were analyzed to verify the iden-
tity of the peaks by retention time and provide quantitative
analysis.

Elemental analysis was carried out by CHNS (O) analyser
of Thermo Finnigan (FLASH EA112 series) of IIT Bombay,
Mumbai.

Density, API gravity, specific gravity, pour point, and flash
point—all these tests of liquid hydrocarbon, were character-
ized by standard methods [20].

4. Result and Discussion

During the catalytic degradation ofWPP, the following cardi-
nal steps decided the efficiency of conversion.

(1) Size monodispersity of the catalyst.
(2) Ratio of WPP and catalyst.
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Figure 4: Total ion chromatogram of liquefied hydrocarbon obtained from the pyrolysis of waste PP at 550∘C in the presence of Ni as catalyst
for a duration of 1 hr in atmosphere of Ar.
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Figure 5: Mass spectra of peaks at 3.9min.

(3) Temperature gradient between site of pyrolysis
(Figure 1(A)) and site of collection (Figure 1(B)).

As displayed in Figure 2, size of Ni catalyst was found to
be ranging between 5 and 10 nm. At nanoscale, enhanced cat-
alytic activity of Ni involved in cracking and hydrogenation

leads to efficient conversion ofWPP to oil [22, 23]. Addition-
ally, efficient diffusion of Ni during the process of pyrolysis
helps to accelerate the entire reaction [24].

Ratio of WPP and catalyst (1%w/w) was also found
to be vital parameter due to quantity-dependent reaction
mechanism of Ni catalyst. At higher quantities, Ni influences
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Figure 6: Mass spectra of peaks at 4min.

conversion of PP to higher aromatic compounds which leads
to amorphous carbon, thus decreasing the yield of oil. This is
also due to self-pyrolytic properties of aromatic compounds
which get converted to amorphous carbon [25]. Conversion
of WPP to oil mainly depends upon the vaporization fol-
lowed by prompt condensation of vapours with the help of
condenser. Due to unique design of our furnace, vaporisation
of PP was initiated at 350∘C followed by complete process at
550∘C. Till the vapours reach to condenser for the formation
oil, there was sharp maintenance of temperature to avoid loss
of higher carbon numbers (which may decrease the yield).
This gradient in the temperature of the reaction vessel (550∘C)
and condenser (150∘C) was possible due to kink (Figure 1(B))
separating the vapours at high as well as low temperatures.

Most preliminary analysis of the oil was its visual inspec-
tion of the colour obtained after catalytic pyrolysis of WPP.
The appearance of oil was transparent and yellowish red in
colour. The oil obtained from the pyrolysis was fractionated
by distillation and the fuel properties were studied. Elemental
composition of fuel oil is found to be C (83%), H (14%), andO
(1%)which confirmed hydrocarbon nature of oil (Figure 3). A
comparative analysis of sulfur content, pour point, viscosity,
and distillation recovery of oil synthesized using various
methods is presented in Table 1. Pour point of the sample was

found to be less than 10∘C, which is in accordance with the
standard values of fuel oil [26]. Flash points, density, acidity
of fuel oil were found to be ∼40∘C, 0.7930 g/mL, and 0.76,
respectively. All the above values were found to be standard
values of fuel oil [11, 27].

American Petroleum Institute (API) gravity of liquefied
hydrocarbon prepared from waste plastics was found to be
46.67. There is an inverse relationship between API gravity
and density; that is, the higher the density, the lower the API
gravity. Light crude is generally that with API gravity over
40 [20].Therefore, liquefied hydrocarbon produced from our
pyrolysis system was found to be light.

Specific gravity of liquefied hydrocarbon prepared from
pyrolysis of waste PPwas estimated to be 0.7932 at 15∘Cwhich
is similar to specific gravity of petroleum (density compared
to water), that is, 0.8 [20, 29].

Liquefied hydrocarbon synthesized from pyrolysis of
WPP has 25 ppm (0.0025%) of sulfur content which is very
less compared to standard fuel oil. Fuel oil is normally
described as sweet (low sulfur) or sour (high sulfur) depend-
ing on their sulfur content. Sweet fuel oil has sulfur content
less than 0.5%, and anything more than that is sour. Sweet
oil is more preferable than the sour due to its applicability
to produce most of the refined products [18, 27]. Another
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Table 1: Comparative study of physical properties of fuel oil obtained by WPP with other waste plastic products.

SR. no. Test Method of
testing Result Waste LDPE

[20]

Waste mixed
plastic
[12]

Waste HDPE
[27]

Gulf fuel oil
[28]

1 Density @ 15∘C ASTM D
4052:2002 0.7930 g/mL 0.8760 g/mL NA 0.7828 g/mL NA

2 Acidity (mg KOH/g) ASTM D
974:2002 0.76 Nil NA NA Nil

3 API gravity @ 60∘F ASTM D
1298:1999 46.67 NA 60.65 NA 31.4

4 Flash point COC ASTM D
92-05a <40∘C 45∘C 22 Plus 1∘C NA

5 Kinematic viscosity @ 40∘C ASTM D
445:2005 2.149mm2/s 1.47mm2/s NA 1.63mm2/s 5.69

6 Colour ASTM D
1500:2004a

D 8 (light
yellowish-
red clear)

NA Pale yellow
Dark

brownish
clear

Orange

7 Conradson carbon residue ASTM D
189:2005 0.010% (wt%) NA NA 0.01% NA

8 Asphaltene content ASTM D
3279:2001 0.21 (wt%) NA NA NA NA

9 Ash content ASTM D
482:2003 <0.01% (wt) 0.02% NA NA NA

10 Calculated carbon aromatic
index ISO 8217:1996 763.4 NA NA NA NA

11 Pour point ASTM D
97-05a Minus 10∘C NA < −20∘C Minus 15∘C 1.6∘C

12 Sediment by extraction ASTM D
473:2002 0.012 (wt) 0.001 NA NA NA

13 Specific gravity @ 15∘C ASTM D
4052:2002 0.7932 NA 0.7365 0.7835 0.8690

14 Sulphur content ASTM D
4094:2003 0.0025% 0.083% 0.002% 0.019% 0.09%

15 Water by distillation ASTM D
95-05el <0.05% 0.01% NA NA 0.05%

16 Calorific value ASTM D
240 cal/g 10,000 10,810 10,498 10,244 10,460

17 Distillation range ASTM D
86:04b

Initial boiling range 71∘C 82
5% recovery 110∘C
10% recovery 141∘C 126

20% 185∘C
30% 226∘C 188
40% 261∘C
50% 291∘C 226
60% 319∘C
70% 343∘C 278
80% 365∘C
85% 380∘C
90% 390∘C 320
100% 400∘C 85.3% 352 99.6%

Total recovery 90% 95%
∗NA: not available.
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Figure 7: Mass spectra of peaks at 11min.

important attribute was found to be kinematic viscosity of
liquefied hydrocarbon synthesized from waste plastic that
was estimated to be 2.149mm2/s at 40∘C. As per the standard
kinematic viscosities of fuel oil (3.5–9.7mm2/s), oil formed
by our method was found to be less viscous [20, 30, 31].

Calorific value of oil synthesized from pyrolysis of waste
plastic was recorded to be 10,000 cal/g (41.86MJ/kg), whereas
Calorific values of various fuel oils, for example, diesel, gaso-
line, petrol and petroleum fuel are 44.8, 47.3, 48 and 43MJ/Kg
respectively [20, 30, 31]. Hence, it can be said that this
liquefied hydrocarbon obtained from waste plastic can be
used for fuel.

From the distillation report of the liquefied hydrocarbon,
it was found that boiling range of the oil is 71–390∘C, which
suggests the presence of a mixture of different fractions such
as gasoline, kerosene, and diesel [17, 20, 30–32].

A typical GC chromatogram diagram for the liquid frac-
tion taken from plastics pyrolysis is illustrated in Figure 4.
It is clear that chromatogram obtained in high efficient
column contains two dominant products which are alk-1-
enes and n-alkanes in the range C6–C23, with only a small
proportion of cyclic and alcoholic substances. Besides these
mainmixed plastics decomposition products, chromatogram
is fully occupied by several hundred small peaks of other

compounds including broad peak of many unresolved com-
pounds which is characteristic for multicomponent hydro-
carbon mixtures. This is due to low pyrolysis temperature.
Furthermore, a detailed list of all hydrocarbons detected in
the liquid fraction of pyrolysis of waste products based on
high-density polyethylene (HDPE) and low-density polyeth-
ylene (LDPE) was well explained by Achilias et al. in 2007
[8]. It was observed that pyrolysis of the plastic bag made
from PE and PP leads to a fraction mainly in the region
of C7–C12, which is in the gasoline region. Also, the main
components were alkanes and alkenes. A mass spectrum
indicates that the fragment of polymers contains only one
carbon atom; this is due to the fragmentation at interval
of –CH

2
break from long chain. Mass spectra at different

time intervals show that oil contained alkanes, alkenes, some
cycloalkanes, and alcohol. Mass spectra at 3.9min show that
oil might contain cycloalkane and alkenes like cyclodecane
and 1-decene, respectively (Figure 5).There are some aliphatic
alkanes found to be present at time interval of 4min having
m/z ratio of 142 corresponds to decane (C

10
H
22
) (Figure 6).

It is seen from Figure 7 that there are some higher alcoholic
groups like n-pentadecanol (C

15
H
32
O). Figure 8 indicates

higher alkanes, present at interval time of 29.4 minutes;
they are nonacosane (C

29
H
60
) and triacontane (C

30
H
62
). It
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Figure 8: Mass spectra of peaks at 29.4min.

is concluded from the GC-MS data that oil contain alkanes,
alkenes, cyclic alkanes, and some alcoholic groups.

5. Mechanism of Catalytic
Degradation of Plastics

Thepresence of a small amount of Ni catalyst could efficiently
promote the dehydrogenation of PP into light hydrocarbons.
It was because that the Ni catalyst attacked PP surface to
form cationic active sites and promoted the formation of
more molecules with a lower carbon number by a cationic
mechanism [14, 15]. Catalysts such as metal oxides have
appeared to be used mainly for enhancement of monomer
recovery [32]. Degradation of PP on nickel oxide solution

yield more oils than that on solid acids, and time required
to complete degradation on nickel oxide is lower than on
solid acids. The composition of oil on metal oxide (NiO) is
reported to be rich in 1-olefins and is poor in aromatics and
branched isomers. In our case, plastics reacted with catalyst
and were converted into smaller fragments or monomers.
As the temperature increases these fragments are converted
into vapour state which condense to give fuel oil. Octane
number is expected to be low for the oils produced on
solid bases, since the oils mainly consisted of straight chain
hydrocarbons: n-paraffins, and 1-olefins. From an economic
point of view, reducing the cost even further will make this
process an even more attractive option. This option can
be optimized by reuse of catalysts and the use of effective
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catalysts in smaller quantities [28, 33]. This method seems to
be the most promising to be developed into a cost-effective
commercial plastic waste recycling process to solve the keen
environmental problem of plastic waste disposal.

6. Conclusion

Catalytic degradation of waste plastics in the presence of Ni
catalyst for duration of 1 h in presence of Ar atmosphere leads
to following concluding remarks.

(1) Conversion efficiency of Ni catalysed pyrolysis of
WPP was found to be more than 90% yield. The
catalytic degradation process produces much less
residue content than that from thermal degradation.

(2) Physicochemical properties of obtained fuel oil can be
exploited to make highly efficient fuel or furnace oil
after blending with other petroleum products.

(3) The knowledge of design and process of the semiscale
plant will be helpful for developing a commercial
scale plant in the future. From this result, it can be
concluded that the fuel properties of the catalytic
pyrolysis oil match the properties of petroleum fuels.

Highlights

(i) Ecofriendly method for waste management of poly-
propylene plastics.

(ii) Use of nano-sized catalyst to enhance the rate of con-
version of waste plastics to fuel oil.

(iii) Ideal properties of fuel oil for efficient commercial
usage.

(iv) Unique design of the furnace to facilitate efficient
conversion.
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