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Abstract
We report in this study the effect of Kankara zeolite-Y-based catalyst on the chemi-
cal properties of liquid fuel from mixed waste plastics pyrolysis using a batch reac-
tor. Fourteen set of 200 g of waste plastics comprising 27 wt%HDPE, 33 wt%LDPE, 
13  wt%PP, 18  wt%PS, 9  wt%PET were de-polymerized with catalyst and a set 
without catalyst. The catalyst used comprises of a mixture of zeolite-Y, metakao-
lin, aluminum hydroxide and sodium silicate all synthesized from Kankara kaolin 
from Kankara in Katsina state, Nigeria. Fourteen different catalyst combinations 
derived from design of experiment using Design expert 11.0 were used to produce 
fourteen different liquid fuel samples, and the liquid sample with the highest yield 
was determined. Fourier transform infrared spectroscopy was used to detect vari-
ous characteristic functional groups present in the samples. Furthermore, the various 
compounds in the uncatalyzed (thermal pyrolysis) and catalyzed samples with high-
est yield were determined using GC/MS. The results show that the highest yield of 
liquid fuel from the fourteen catalyst combination was 46.7 wt% while the thermal 
pyrolysis gave a yield of 66.9 wt%. The GC/MS result shows carbon in the range of 
C6–C13 and absence of long straight chain paraffins in the catalyzed fuel samples 
while the uncatalyzed sample has carbon in the range of C7–C20. Consequently, the 
thermal pyrolysis sample consists of 59%, 36% and 5% of gasoline, diesel and fuel 
oil, respectively, while the catalyzed sample consists of 93% gasoline and 7% diesel 
fraction.
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Introduction

The use of plastics is becoming more prevailing and indispensable in all facets of 
human endeavors, as a result of their inherent properties such as lightweight, dura-
bility and energy efficiency, accompanying with a high rate of production and ease 
of design. These materials are increasingly been used in most industrial and domes-
tic applications; hence, plastics have become crucial materials for advancement of 
technology in all sectors. Consequently, huge volume of waste from plastics has cre-
ated a very serious environmental challenge because of their enormous quantities 
and non-degradability over a reasonable period after disposal [1, 2]. These plastic 
wastes pose serious danger on soil availability for cultivation and living organisms 
throughout the ecosystem, with an increasingly high impact on aquatic animals. Evi-
dently, conventional plastics waste management practices (such as landfill, incinera-
tion, primary and secondary recycling) have been seen to be inadequate in managing 
these wastes [3]. The landfill and incineration approach of managing waste plastics 
are undesirable due to non-biodegradability and harmful gas emissions, respectively 
[4, 5]. However, mechanical recycling of plastic wastes seems to be a popular alter-
native process presently, but the recycling operation is quite expensive as it requires 
high cost for cleaning, sorting and transportation besides the additives used to pro-
vide a useable product [6].

Most authorities around the world therefore, have resorted to partial or total ban 
on single-use plastics in their localities as a way to reduce this disposal problem and 
to have a greener environment. To this end, many researchers and scientist are work-
ing on the exploitation of more sustainable approach to managing this global prob-
lem [3]. Again, the high heating values associated with consumable plastics also 
suggest their suitability as a source of energy or fuel recovery [7, 8]. For this reason, 
pyrolysis, a thermal decomposition reaction of plastics at temperatures in the range 
of 350 and 600 °C in the absence of oxygen [9–11], could be considered a suitable 
technique for both the treatment of plastics wastes and fuel production or chemical 
feedstock from plastics wastes.

Currently, pyrolysis is receiving attention for its flexibility to produce a combina-
tion of solid, liquid and gaseous materials in different proportions by varying the 
operating parameters such as temperature or heating rate [12]. Pyrolysis could be 
achieved through hydrocracking, thermal cracking and catalytic cracking processes. 
Nevertheless, the thermal degradation of polymers to low molecular weight mate-
rials requires high temperatures. Moreover, the output has been a major limitation 
as its product has limited use due to broad carbon range products obtained [10]. 
But catalytic pyrolysis process attempts to address these problems. The presence 
of catalyst lowers the reaction temperature and time [13], inhibits the creation of 
unwanted products, increases product yield and production of liquid products with 
a lower boiling point [14, 15]. Furthermore, catalytic degradation produces a much 
narrower product distribution of carbon atom number having peaks at lower amount 
of hydrocarbons and at significantly lower temperatures [10, 15]. This process can 
be optimized by reuse of catalysts and the use of effective catalysts in lesser quanti-
ties. Many studies on the catalytic pyrolysis of plastic wastes have been reported.
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Seo, Lee and Shin [16] reported the effect of a catalyst (ZSM-5) on the degra-
dation of HDPE at 450 °C in a batch reactor. Li et al. [17] also reported the cata-
lytic activity of different kinds of catalysts in the pyrolysis of waste PE and PP mix-
ture using a batch reactor at 500  °C. Three microporous catalysts (HUN-ZSM-5, 
C-ZSM-5 and β-zeolite) and three mesoporous catalysts (Al-MCM-41, KFS-16B 
and Al-SBA-15(wo)) were used. They concluded that the acidity and textural prop-
erties of the catalysts determined the yield and the catalytic pyrolysis products could 
be a potential alternative to fossil fuel. Uemichi et al. [18] investigated the catalytic 
pyrolysis of PE using HZSM-5 catalyst. Aguado et al. [19] employed a two-stage, 
pyrolysis–catalysis reactor for processing PE using zeolite HZSM-5 and MCM-41 
catalysts at temperatures range of 425 and 475 °C.

Presently, the use of kaolin clay or its derived zeolite as catalyst in plastic pyroly-
sis is gaining attention largely as a result of its high silica-to-alumina ratio which 
makes it suitable for use as catalyst and has been reported as used on single plas-
tic type [20, 21]. Currently, the use of these catalysts on mixed plastics pyrolysis 
has not received adequate attention by researchers; using mixed plastics as feed will 
potentially lower the cost associated with pre-recycling operation (sorting). Nigeria 
has an abundance of kaolin deposit in deferent geographical locations; it is impor-
tant to state that the properties and elemental composition of these raw kaolin vary 
with their geographical source or mining location within the same country; Hakeem 
et  al. [21] reported silica-to-alumina ratio (SiO2/Al2O3) of 3.8 for Ahoko kaolin 
from Kogi state of Nigeria; Ajibola et al. [20] reported SiO2/Al2O3 of 1.45 for Aro-
bieye kaolin from Sango Ota, Ogun state of Nigeria; Babalola et al. [22] reported 
silica/alumina molar ratio of 3.90, 2.287, 3.03, 2.55 and 2.76 for raw kaolinite clay 
from Eket, Etinan, IbionoIbom, Ikot Abasi and UdungUko clay deposits, respec-
tively, in Akwa Ibom state, Nigeria.

But in the present study, the proposed use of combination of local zeolite-Y, 
metakaolin, aluminum hydroxide and sodium silicate from Kankara kaolin from 
Katsina state of Nigeria as catalyst for the pyrolysis of mixed plastic waste plastics 
has the potential of producing liquid fuel with narrow carbon range. Furthermore, 
the success of this study will reduce significantly the cost associated with the use of 
analytical grade catalyst for plastics pyrolysis and also open a new market for abun-
dant kaolin deposit in Nigeria and Africa at large [23].

Materials and methods

Mixed waste plastics

Commingled waste plastics were collected from the municipal waste dump site 
located in Sabon Gari Market, Zaria, Kaduna state, Nigeria.

The plastics type selected are polypropylene, polystyrene, polyethyleneterephta-
late, low- and high-density polyethylene waste. Samples were washed, sun dried for 
2–4 days and then chopped into 2–4 mm so they can mix properly in the reactor. The 
composition of MWPs used in this study for each batch is shown in Fig. 1. 
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Preparation of the catalyst

The zeolite-Y used for this study was received from the petroleum trust fund chair 
laboratory, Ahmadu Bello University, Zaria, Nigeria. The other catalyst compo-
nents metakaolin, aluminum hydroxide and sodium silicate including the said 
zeolite-Y were synthesized from Kankara kaolin a local source in Kankara Local 
Government Area in Katsina, Nigeria.

The process employed for the preparation of the metakaolin, aluminum hydrox-
ide and sodium silicate from raw Kankara kaolin was adopted from literature;

Beneficiation of Kankara kaolinite clay

Raw kaolin clay from Kankara community in Katsina state, Nigeria, was benefici-
ated according to the method reported by Ajayi et al. [24]. Raw kaolin was soaked 
in water for 3 days in a plastic bucket; with periodic stirring, the suspended impu-
rities were decanted each day. The mixture left after 3  days was sieved using 
75-micron mesh and allowed to settle for 24 h. After settling, it was decanted and 
dried atmospherically for 2 days. The beneficiated clay was ground and re-sieved.

Calcination of beneficiated of Kankara kaolin clay

The dried kaolinite powder was calcined in an electric furnace at 750 °C for 5 h 
to obtain the more reactive phase of kaolin known as metakaolin. The resulting 
metakaolin were characterized, for elemental composition as shown in Table 1.

Part of the metakaolin was used for synthesis of sodium silicate and aluminum 
hydroxide, and the procedure was adopted from the literature [25–26].

Fig. 1   The composition of MWPs waste
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Dealumination of metakaolin using sulfuric acid

One hundred fifty grams of the metakaolin was mixed with 3000 ml of distilled 
water and stirred to achieve homogenous mixture. Calculated quantity of 98% 
sulfuric acid that will give acid concentration of 60 wt% was measured and then 
added to the metakaolin suspension in the conical flask and the exothermic reac-
tion was left for 30 min, after which additional distilled water was then added to 
quench the reaction.

The resulting mixture consists of silica component which was inert to the sul-
furic acid used during the reaction and was obtained as a solid product. The alu-
mina which reacted with the sulfuric acid was obtained in liquid form as aluminum 
sulfate, known as alum. The two components were separated and the solid (silica) 
washed with distilled water several times filtered and dried for further processing 
into sodium silicate. The aluminum sulfate (alum) was collected for further process-
ing into aluminum hydroxide.

Processing aluminum hydroxide and sodium silicate

Aluminum hydroxide was precipitated from aqueous solutions of aluminum sulfate 
by alkaline solution of sodium hydroxide; the precipitation was carried out at 25 °C 
and pH below 9. The precipitate was characterized as shown in Table 1.

Table 1   Elemental compositions 
of catalyst components. Source: 
Eze et al. [23]

Analyte concentration table

Zeolite-Y Metakaolin Aluminum 
hydroxide

Sodium silicate

Element Concentration (wt%)

Na2O 10.118 0.000 0.307 32.217
MgO 0.349 0.743 0.803 0.185
Al2O3 29.070 41.536 91.437 5.887
SiO2 57.597 55.284 3.354 58.510
P2O5 0.00 0.000 0.000 0.000
SO3 0.689 0.150 2.064 0.335
Cl 0.069 0.010 0.000 0.020
K2O 0.145 1.123 0.013 2.129
CaO 0.669 0.229 0.015 0.179
TiO2 0.058 0.084 0.032 0.151
Cr2O3 0.015 0.002 0.008 0.000
Mn2O3 0.017 0.011 0.006 0.003
Fe2O3 1.081 0.815 1.926 0.374
ZnO 0.119 0.009 0.035 0.005
SrO 0.005 0.004 0.000 0.005
SiO2/Al2O3 1.981 0.000
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Hundred grams of silica were dissolved in 2.5 M of sodium hydroxide in distilled 
water and placed in a plastic bottle and heated at 90 °C with constant stirring on a mag-
netic stirrer for 1–3 h. The resulting mixture was allowed to cool to room temperature 
and then filtered. Hot deionized water at 100 °C was used to wash the residue. The 
resulting product was characterized (Table 1).

To examine the composition and the textural properties of the zeolite-Y, metaka-
olin, aluminum hydroxide and sodium silicate, the X-ray fluorescence (XRF) and 
(Brunauer–Emmett–Teller) BET analyses were conducted. The composition of the 
zeolite-Y and other catalyst components is shown in Table 1. The high amount of SiO2 
and Al2O3 in the zeolite-Y and metakaolin showed that they are proper to be used as 
a catalyst. These compounds could increase the cracking efficiency and improve the 
properties of liquid pyrolytic products.

The textural properties of the catalyst components were determined from BET 
technique by N2 adsorption at − 196 °C using Tristar 3000 Micrometrics equipment, 
Table 2.

The various catalyst components and the design of experiment (DOE) for the four-
teen runs are shown in Table 2.

Table 2   Textural properties of the catalyst components. Source: Eze et al. [23]

Properties Zeolite-Y Metakaolin Aluminum 
hydroxide

Sodium silicate

Surface area (m2/g) 321 9.1217 166 426
Pore size (nm) 3.4 25.96991 24.5 15.8
Pore volume (cm3/g) 0.271 0.059222 0.39 0.9

Gas Heat 

Thermo well

Second condenser (at least 
10oC)

Non 
condensing gas

Lagged 
Reactor

Water outlet Water outlet 

Water inlets

Liquid 
product 
collector

Catalyst 
bed

Fig. 2   Setup for the pyrolysis. Source: Eze et al. [23]
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Pyrolysis experiment

A diagram of the experimental setup is as shown in Fig. 2. The setup consists of 
a stainless steel (reactor) heated with gas source, a galvanized steel container, two 
condensers, oil collectors. The maximum loading capacity of the reactor is 1 kg. The 
reactor consists of inner stainless steel container and an outer galvanize steel con-
tainer and in between is clay as lagging material. A cast iron pipe of 17 cm diameter 
and 60 cm length is connected to the top cover of the reactor. A double pipe counter-
flow heat exchanger of length 90 cm connected in series functions as the condenser. 
Water at 28 °C (room temperature) was used as the coolant in the first condenser, 
and the temperature of water being supplied to the second heat exchanger was not 
more than 10 °C. The waste plastic was placed inside the stainless steel container of 
15 cm diameter and 20 cm height.

An amount of 200  g of MWPs and 20  g of the compounded catalyst was put 
into reactor locked to airtight. The reaction time was 120 min for thermal pyrolysis 
(uncatalyzed) and 90  min for catalyzed pyrolysis experiments. Heat was supplied 
from external gas source; the temperature was monitored using a digital thermocou-
ple and regulated from the gas cylinder. The temperature range for the uncatalyzed 
pyrolysis was between 450 and 490 °C, while for the catalyzed pyrolysis the maxi-
mum temperature was 350 °C. The gas produced was flowed into the first condenser 
to the shell and tube condensers at 28  °C while the second condenser was main-
tained at 10 °C maximum. The experiments were conducted for fourteen different 
catalyst combination as indicated in Table 3 to determine the catalyst composition 
that gives optimum yield. The char remained in the reactor was collected after each 
batch of pyrolysis reaction was finished. The various liquid fuels are shown in Fig. 3.  

Table 3   Catalyst formulations

Run Component 1 Component 2 Component 3 Component 4
A: zeolite (%) B: metakaolin (%) C: aluminum 

hydroxide (%)
D: sodium silicate (%)

1 23.2167 30 16.7833 30
2 10.4902 32.4225 27.0872 30
3 10 35 30 25
4 17.3149 36.2456 21.4395 25
5 30 30 15 25
6 10 41.1615 21.6425 27.196
7 15.4945 41.9491 17.2819 25.2746
8 10.9892 43.5185 15.4923 30
9 12.139 47.861 15 25
10 13.6606 37.014 19.3254 30
11 20.2381 37.4235 15 27.3384
12 17.1346 30 25.9072 26.9582
13 10 41.1615 21.6425 27.196
14 17.1346 30 25.9072 26.9582
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The solid (S), gaseous (G) and liquid product (L) yields were calculated using 
the formula given below as shown in Eqs. 1, 2, 3 (Source: Anene et al. [27]):

Results and discussion

Characterization of the catalyst

The chemical composition of the zeolite-Y, metakaolin, aluminum hydrox-
ide and sodium silicate were analyzed using X-ray fluorescence (XRF) analy-
sis (Table  1). Table  2 shows their textural properties. The zeolite is described 
as a near micrporous material because it has a pore size of 3.4  nm which is 
slightly greater than 2 nm for microporous materials. However, its large surface 
area (321 m2 g) and silica-to-alumina ratio of 1.981 makes it adequate for use 
as catalyst for cracking hydrocarbon [7]. The mesoporous metakaolin has pore 
size, surface area and silica-to-alumina ratio of 25.96991 nm, 9.1217 m2 g and 
1.331, respectively. These results show that the Si/Al ratio is within the accept-
able ranges of 1–2 for the metakaolin and 1.5–3.8 for the zeolite-Y [13].

(1)L (wt%) =
weight of liquid product

weight of plastic feed
× 100,

(2)S (wt%) =
weight of solid product

weight of plastic feed
× 100,

(3)G (wt%) = 100 − (L (wt%) + S (wt%)),

Fig. 3   Mixed waste plastic pyrolysis liquid samples. Source: Eze et al. [23]
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Yield of MPWs liquid fuel

Table 4 shows the percentage yield of uncatalyzed and catalyzed pyrolysis; it is evi-
dent that the yield of liquid fuel decreased significantly with the use of the catalyst 
at all combination under investigation. The uncatalyzed pyrolysis (thermal pyroly-
sis) has a percentage yield of 66.9% while the maximum yield for the catalyzed 
pyrolysis is 46.7% (Table 4 and Fig. 4). This decrease in yield for catalyzed reaction 
is in agreement with findings of Rehan et al. [28] who studied the effect of zeolite 

Table 4   Percentage yield of mixed waste plastic fuel

Run Component 1 Component 2 Component 3 Component 4 Response 1
A: zeolite (%) B: metakaolin (%) C: aluminum 

hydroxide (%)
D: sodium silicate (%) Percentage yield (%)

1 23.2167 30 16.7833 30 13
2 10.4902 32.4225 27.0872 30 46.7
3 10 35 30 25 32.2
4 17.3149 36.2456 21.4395 25 18.3
5 30 30 15 25 7.4
6 10 41.1615 21.6425 27.196 45.6
7 15.4945 41.9491 17.2819 25.2746 44
8 10.9892 43.5185 15.4923 30 37.2
9 12.139 47.861 15 25 25.4
10 13.6606 37.014 19.3254 30 14.7
11 20.2381 37.4235 15 27.3384 22.2
12 17.1346 30 25.9072 26.9582 35.1
13 10 41.1615 21.6425 27.196 45.6
14 17.1346 30 25.9072 26.9582 35.1
*C 0 0 0 0 66.9

Fig. 4   Effect of catalyst components on percentage yield of liquid fuel
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catalysts on pyrolysis liquid oil and reported that thermal pyrolysis produced maxi-
mum liquid oil (80.8%) with gases (13%) and char (6.2%), while catalytic pyroly-
sis using synthetic and natural zeolite decreased the liquid oil yield (52%) with an 
increase in gases (17.7%) and char (30.1%) production.

In this study, the optimum yield (sample 2) was obtained with 
10.4902%:32.4225%:27.0872%:30% of zeolite-Y, metakoalin, aluminum hydroxide 
and sodium silicate catalyst composition, respectively.

Similar observation as above was also reported by Seo et al. [12] who studied the 
catalytic degradation of HDPE using a batch reactor at a temperature of 450 °C and 
noted that the pyrolysis performed with the zeolite ZSM-5 had higher yield of the 
gaseous fraction and smaller liquid fraction when compared with thermal cracking.

Figure 4 shows the combine effects of catalyst component on the yield of waste 
plastic fuel; it is clear from the chart that the variation of the catalyst components 
has significant effect on the yield. The yield increased significantly with the decrease 
in fraction of zeolite-Y and increased with higher fraction of metakaolin and alu-
minum hydroxide for all the experiment under investigation. This can be attributed 
to pore size of the catalyst components; metakaolin has a larger pore size while the 
zeolite has smaller pore size and has higher selectivity.

The lower yield but improved quality of liquid oil through catalytic pyrolysis is 
due to catalytic features of zeolites such as very small pore size and high BET sur-
face area. However, the larger pore size of aluminum hydroxide lowers molecular 
sieving activity and tends to favor more liquid yield.

FTIR analysis of MPWs liquid fuel

FTIR analysis of the liquid sample obtained by thermal pyrolysis and the liquid 
fuel at optimum catalytic yield condition was carried out to reveal the presence of 
different functional groups within the waveband of 400–4000 cm−1 with the high-
est signal occurring at 98%T showing different types of vibrations (Figs. 5, 6). A 
close study on the spectra was done to reveal the difference is the functional groups 

Fig. 5   Fourier transform infrared absorption frequencies for thermal pyrolysis
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appearing in the thermal pyrolysis sample and the catalyzed sample. A broadband of 
2922.2–3026.6 cm−1 indicates the presence of aromatic alkyl groups (C–H stretch) 
in both samples. The sample from thermal pyrolysis (control sample) shows higher 
peak intensity in this range, which is an indication of higher concentration and rela-
tive abundance of aromatic compounds due to lack of cracking. On the contrary, 
the catalyzed sample with ultimate yield shows weak peaks in the same wavelength 
range of 2922.2–3026.6 cm−1.

A peak at 2855.1 cm−1 appeared in both thermal and catalyzed samples; again the 
catalyzed sample shows weak peak compared to the control sample with high inten-
sity. This peak is the characteristic peak of alkane (paraffin).

A characteristic alkene stretch was noticed in both catalyzed and control sample 
at 1695.9  cm−1 with both peaks having similarly intensity. Similarly, a weak and 
sharp peak at 2549.5 cm−1 appeared in both spectra denoting the presence of thiol 
(S–H) which can be attributed to the sulfur present in the natural gas, the monomer 
of the polymers, mixed waste plastics.

Short waveband 1285.9 cm−1 denotes the presence of thiocarbonyl groups (C=S 
stretch); this is expected as the monomers are derived from natural gas.

Spectrum in the waveband of 1818.9  cm−1 confirms the presence of hydroxyl 
and carbonyl groups (O–H, C=O stretch); the presence of hydroxyl groups can be 
largely attributed to the additives added during polymer processing. It was reported 
by Panda et  al. [10] that polypropylene has higher affinity to oxidation than other 
polymeric materials because of the presence of tertiary carbon which is bonded to 
a methyl group and can easily form peroxide in the chemical form of (–C–O–O–H) 
in the presence of oxygen even at lower temperature of about 150  °C. Peroxides 

Fig. 6   Fourier transform infrared absorption frequencies for catalyzed sample at optimum yield (sample 
2)
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are further decomposed to a more stable oxygen containing compounds such as 
hydroxyl (–O–H), carbonyl (–C–O) and nitro (–N–O) groups.

Other functional groups present were amine (N–H, C=O) with a waveband 
of 1602.8 cm−1, aromatic rings (C–C double bond) of wavelength 1453.7 cm−1 
and organohalogens (C–Cl and C–Br) with a wavelength of 697.0.26 cm−1 and 
909.5  cm−1, respectively. The presence of traces of impurities in the Kankara 

Table 5   Fourier transform infrared absorption frequencies for thermal pyrolysis of mixed waste plastics 
(control sample)

Bond position cm−1 Intensity Possible assignment Functional group

3078.8 Medium =C–H Alkane grp
3026.6 Strong C–H stretch Aromatic alkyl groups
2922.2 Strong C–H stretch Aromatic alkyl groups
2855.1 Strong C–H stretch Alkane grp
2672.5 Weak C–H stretch Alkane grp
2549.5 Weak S–H stretch Mercaptans
2139.5 Weak N=C=N stretch Diimides
1982.9 Strong N=C=S stretch Isothiocynate
1818.9 Strong C=O stretch Carboxylic grp
1695.9 Strong C=N stretch Ketones
1640.8 Weak C=C Alkenes
1602.8 Med-strong N=H bend Amines
1453.7 Strong C–C bend Aromatic group

Table 6   Fourier transform infrared absorption frequencies for pyrolysis of mixed waste plastics at opti-
mal yield (sample number 2)

Bond position cm−1 Intensity Possible assignment Functional group

3078.8 Medium =C–H Alkane grp
3026.6 Weak C–H stretch Aromatic alkyl groups
2922.2 Weak C–H stretch Aromatic alkyl groups
2855.1 Strong C–H stretch Alkane grp
2672.5 Weak C–H stretch Alkane grp
2549.5 Weak S–H stretch Mercaptans
2139.5 Weak N=C=N stretch Diimides
1982.9 Strong N=C=S stretch Isothiocynate
1818.9 Strong C=O stretch Carboxylic grp
1695.9 Strong C=N stretch Ketones
1640.8 Weak C=C Alkenes
1602.8 Med-strong N=H bend Amines
1453.7 Strong C–C bend Aromatic group
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kaolin used might be a possible reason for the presence of amine, organohalo-
gens functional groups. Tables 5 and 6 show the summary of the FTIR analysis.

Gas chromatography and mass spectrometer (GC/MS) analysis of MWPs liquid 
fuel

In GC/MS analysis result, compounds were detected based on retention time and 
trace mass. The GC-MS analysis of the catalyzed liquid product with optimum 
yield (Sample 2) and uncatalyzed (thermal pyrolysis) liquid product was car-
ried out and compounds having peaks with quality ranging from 38 to 97% were 
identified, and their tentative assignments were confirmed using the Chemical 
Abstract Service (CAS) registry of mass spectra.

Compounds assigned and their peak qualities are as shown in Tables 7 and 8 
representing thermal pyrolysis and catalyzed pyrolysis samples with optimum 
yield, respectively. It can be seen from GC–MS results that the mixed waste 
plastic pyrolysis gave liquid products that are very complex mixture, containing 
many aliphatic and cyclic compounds as presented in Figs. 7 and 8. The liquid 
product from the thermal pyrolysis of mixed waste plastics is made up of numer-
ous hydrocarbons, alkane, alkene, cyclic and halogenated hydrocarbons. Other 
compounds detected include halogenated, oxygenated alcoholic and nitrogen-
ated compounds.

However, the liquid product from the catalytic pyrolysis of mixed waste 
plastics shows absence of long-chain alkanes and alkenes (C14–C20) such as 
eicosane, nonadecane, heptadecane, octadecene, pentadecane, tetradecane and 
undecene. This could be attributed to the ability of the catalyst to crack large 
hydrocarbon compounds into lower hydrocarbons. Similar observation has been 
reported by Kumar et al. [29]; ‘ZY catalyst in powder form is reported to pro-
mote the formation of olefins, while the same catalyst in pellet form promotes 
the formation of paraffins and naphthalenes in HDPE pyrolysis.’

The uncatalyzed pyrolysis liquid is dominated by styrene, also present in 
high concentration are; single ring toluene, benzene and ethylbenzene which are 
lesser in the catalyzed sample.

Generally, both catalyzed and uncatalyzed samples contain aromatics, naph-
thenes, paraffins and other trace compounds. However, the uncatalyzed sample 
shows higher concentration of aromatics as well as long-chain paraffins. The 
range of paraffins in the catalyzed sample is between C6 and C13 while that of 
uncatalyzed samples is between C7 and C20.

Furthermore, Table 9 reveals the percentage composition of the fuel fraction 
in the thermal pyrolysis sample to be 59%, 36% and 5% of gasoline, diesel and 
fuel oil, respectively, while the catalyzed sample consist of 93% gasoline and 7% 
diesel fraction. This suggests that the catalyst combination is effective in crack-
ing large hydrocarbon molecules in the liquid fuel to lighter molecules with 
lower carbon chain length.
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Fig. 7   GC/MS chromatogram of mixed waste plastic to liquid fuel by thermal pyrolysis

Fig. 8   GC/MS chromatogram of mixed waste plastic to liquid fuel by catalytic pyrolysis

Table 9   Range of hydrocarbon and fuel type distribution in the thermal pyrolysis and catalyzed liquid 
fuel samples

Gasoline (wt%) 
(C6–C12)

Diesel (wt%) 
(C13–C18)

Fuel oil (wt%) 
(C19–C23)

Residual fuel 
(wt%) (> C24)

Thermal pyrolysis 59 36 5 –
Catalyzed pyrolysis 93 7 – –



396	 Polymer Bulletin (2021) 78:377–398

1 3

Conclusion

Waste plastics are a great potential raw material to be converted into liquid fuel 
by pyrolysis. The result of this study shows that the liquid fuel obtained from the 
uncatalyzed and catalyzed (optimum yield) pyrolysis of MWPs contains alkenes, 
alkanes, naphthene and aromatics.

The catalyzed liquid fuel contains light liquid product with carbon in the range 
of C6–C13 and absence of long-chain alkanes and alkenes such as eicosane, nona-
decane, heptadecane, octadecene, pentadecane, tetradecane and undecene com-
pared to the uncatalyzed liquid product with carbon in the range of C7–C20. Con-
sequently, the catalyst combination was effective in cracking the hydrocarbon in 
the MWPs such that the catalyzed liquid sample consists of predominantly gaso-
line (93%) and 7% diesel range of fuel compared to the thermal pyrolysis liquid 
sample with 59%, 36% and 5% of gasoline, diesel and fuel oil, respectively.

The study further shows that the optimum yield was obtained with 
10.4902%:32.4225%:27.0872%:30% of zeolite-Y, metakoalin, aluminum hydrox-
ide and sodium silicate catalyst composition, respectively.

Combination of zeolite-Y, metakaolin, aluminum hydroxide and sodium sili-
cate from Kankara Kaolin has proven effective in cracking heavy hydrocarbon 
into lighter liquid product which suggests that the liquid fuel so produced will 
deposit less sooth upon burning.
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