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ARTICLE INFO ABSTRACT

Keywords: The objective of this study is to assess the suitability of pyrolysis oils produced from organic and plastic wastes
Solid waste for engine application. The assessment was performed by comparing the properties of the obtained pyrolysis oils
HDPE

with those of standard engine fuel. A fast pyrolysis process with an auger reactor was used to convert organic
wastes such as beauty leaf fruit husk (BLFH), macadamia nutshell (MNS), and municipal green waste (MGW),
and plastic waste such as waste high-density polythene (HDPE) into oil. Prior to pyrolysis experiments, all the
wastes were characterized using a thermogravimetric and a CHNS analyser to perform proximate and ultimate
analyses. The experiments were performed using varied temperatures ranging from 400 °C to 550 °C at intervals
of 25 °C, a 3-minute residence time and 2-mm feedstock particle size. The maximum yield of pyrolysis oil was
obtained at 475 °C for BLFH (42.75 %), at 500 °C for MNS (45.09 %) and MGW (44.72 %) and at 525 °C for
HDPE (61.29 %). The chemical and physical properties of the pyrolysis oils were analysed using Fourier
transform infrared spectroscopy (FTIR), Gas chromatography-mass spectrometry (GC-MS), elemental and
physicochemical properties analysis. The characterisation results reveal that the pyrolysis oils obtained from
BLFH, MNS and MGW are enriched with phenolic, aromatic, and oxygenated compounds and oil obtained from
HDPE contains mostly hydrocarbons and aromatics. The BLFH, MNS and MGW derived oils have higher viscosity
and density and lower calorific value compared to that of HDPE derived oil. Due to these features, the oils
obtained from organic wastes are not suitable for engine application without further refinement. HDPE derived
oil, on the other hand, meets most of the criteria to be an engine fuel. However, a firm conclusion cannot be
drawn until this oil has been tested in an engine.

Waste to energy
Fast pyrolysis
Auger reactor
Pyrolysis oil

1. Introduction

The generation of solid waste globally is recognised as a significant
problem due to the major harm this waste does to the environment. Solid
waste is created through variety of human activities. The current waste
management systems, in place in most part of the world, pose significant
dangers to both the natural environment and human health [1]. The
ever-increasing consumption of energy which is primarily produced
from fossil fuel sources has led to severe environmental deterioration.
The reserves for fossil-based fuels have been depleting, and it is expected
that these reserves will not last more than 50 years [2]. As a result, re-
searchers have been looking for alternate sources to produce energy
which will be renewable and be able to make good use of waste [3,4].
This will ultimately resolve both the problems of the depletion of fossil

fuels and the deterioration of the environment. In this regard, different
solid wastes have the potential to act as renewable sources for producing
energy.

Different types of wastes, including organic, inorganic, paper, plas-
tic, metal, cloth, glass, electronic waste, and hazardous waste, are
included in the category known as solid waste. Although numerous
studies have been carried out on different components of solid waste,
there remain some solid wastes which have not been studied or not
properly explored, despite having similar potential to already-studied
solid wastes. The beauty leaf fruit husk (BLFH), macadamia nutshell
(MNS) and municipal green waste (MGW) are three of those less studied
wastes. These three wastes are organic wastes and generated globally on
a large scale as well as possess huge potential to produce energy prod-
ucts. Furthermore, due to their durability, portability, and low cost
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across a wide range of applications, plastics have become an inescapable
feature of solid waste. In the environment, plastics can persist for cen-
turies because they are not biodegradable [5]. Ineffective management
of the persistent build-up in landfills and the global ecosystems is a
growing global concern that threatens coming generations [6]. There
are various types of plastics. Among them high density polyethylene
(HDPE) type plastic is mostly used to make plastic products [7]. As a
result, most of the plastic waste is generated from HDPE plastic. For this
reason, waste HDPE has been chosen in this study along with BLFH, MNS
and MGW.

Pyrolysis is an emerging technology which can convert solid waste
into various energy products in the form of fuels and chemicals [8]. In
this process, materials with a high percentage of carbon are decomposed
thermally in absence of air and energy products such as oil, char and
syngas are produced. By comparison to other thermochemical processes
like combustion, carbonisation, and gasification, pyrolysis results in a
greater yield of a liquid energy product i.e., oil [9]. Pyrolysis oil consists
of various organic compounds and the storage and transportation of it is
easy and risk-free. The pyrolysis oil can be employed as a fuel in ap-
pliances like boilers and furnaces. The pyrolysis process can be broken
down into slow, fast, and flash subcategories depending on the heating
rate. The oil yield from fast pyrolysis is the highest [10]. For this reason
specifically, researchers have a strong interest in studying this mecha-
nism [11]. For the fast pyrolysis process to be successfully implemented,
a suitable reactor must be chosen. This factor has a significant impact on
the yield and quality of the pyrolysis oil [12]. A number of reactors are
utilised for the fast pyrolysis of different solid wastes. Of those reactors,
the auger-type offers an easy handling and smooth operation. Hence, the
reactor is widely regarded as the most practical option for carrying out
the fast pyrolysis process [13,14]. Therefore, an auger reactor was
chosen for the present study to perform fast pyrolysis of BLFH, MNS,
MGW and waste HDPE.

Many research and pilot projects have been carried out in various
nations to test the viability of auger pyrolysis as a viable technology for
recovering energy and raw materials from organic and plastic wastes.
Table 1 provides short overview of such research endeavours. These
experiments used a variety of auger reactor operating parameters using
both organic and plastic wastes.

From the above literature, it is evident that organic and plastic
wastes are promising sources of energy that have the potential to replace
existing fossil fuels. On the other hand, the utilisation of these wastes
through their conversion into various energy products will definitely
reduce landfill usage and pollution in the near future [24]. Therefore, a
significant number of studies are required to appropriately assess the

Table 1
The research activities undertaken in auger pyrolysis reactor using various
organic and plastic wastes.

Researcher Feedstock Operating parameters Pyrolysis oil

yield (%)

Yang et el. [15] Waste wood T: 450 °C; RT: 1.5 min; 54.3

pellets FPS: 6 mm
Kelkar et al. [16] Spent coffee T: 450 °C; RT: 0.5 min; 46.7
grounds FPS: 2 mm
Al-Salem et al. Waste HDPE T: 500 °C; RT: 10 min; 29.3
[17] FPS: 4 mm
Bhattacharya HDPE + Pine T: 450 °C; RT: 1 min; 38.9
etal. [18] wood FPS: 2 mm
Puy et al. [19] Forestry waste T: 500 °C; RT: 5 min; 56.5
FPS: 20 mm

Lugovoy et al. Flax shive T: 500 °C; RT: 8 sec; FPS:  22.2
[20] 1 mm

Nurul et al. [21] Palm empty T: 500 °C; RT: 2 min; 58.67
fruit bunch FPS: 2 mm

Park et al. [22] Waste LDPE T: 500 °C; RT: 5 min; 35.92
FPS: 2 mm

Sekar et al. [23] Mixed plastics T: 300-600 °C; RT: 3-5 80

hr; FPS: 10-15 mm
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potential of these wastes toward replacing conventional transport fuels.
In this context, the pyrolysis in an auger reactor using organic and
plastic wastes as feedstocks to produce energy in the form of oil can be a
good approach. However, to the best of our knowledge, there have only
been a handful of studies conducted with auger pyrolysis reactors using
both organic and plastic wastes. Keeping it in mind, this study seeks to
characterise and analyse the outcomes of using a fast pyrolysis process in
an auger reactor to extract oil from BLFH, MNS, MGW, and waste HDPE.
Using Fourier transform infrared spectroscopy (FTIR) and Gas chroma-
tography—mass spectrometry (GC-MS), the qualitative and quantitative
characteristics of the obtained oils were analysed in depth and also
compared. The kinematic viscosity, density, pH, water content, and
calorific value of pyrolysis oils were measured and analysed in order to
determine whether or not these oils have the potential to be used as a
fuel for transportation. Expanding the current work to extract particular
desired components for synthesising of chemical products from pyrolysis
oil via novel upgradation routes requires only minor process modifica-
tions to established methods.

2. Materials and methods
2.1. Raw materials

The beauty leaf and macadamia fruits were collected from different
parts of Australia. The MGW and waste plastics were collected from
Waste Transfer Station located at Rockhampton, Australia. The collected
MGW was a mixture of hedge trimmings and branches, trunks and
stumps of trees. The HDPE were sorted out from waste plastic stream to
use in the present study. All the materials were dried using a dryer
(16CUD BenchFoods) to reduce the moisture content. A hammer was
used to separate the seeds and nuts from the dry fruits. This resulted
husks and shells that were then used in the pyrolysis process. After that,
each of the raw materials was put through a shredder (FZ105) in order to
produce particles of the desired size, which was 2 mm. Before being used
in the experiments, the shredded materials were kept in an airtight
container in order to prevent them from absorbing any moisture.

2.2. Pyrolysis process

An auger reactor was used in this study for the fast pyrolysis process.
The reactor can be found at Central Queensland University’s Fuel and
Energy Research Laboratory in Rockhampton, Australia. The complete
reactor setup is depicted in Fig. 1 as a picture and in Fig. 2 as a schematic
diagram. Our prior work describes the auger reactor and the time-
—temperature profile of the fast pyrolysis process [10].

Fig. 1. The pictorial view of the whole reactor setup used in the present study.
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Fig. 2. Schematic diagram of auger pyrolysis reactor system used in the present study.

The auger reactor mainly consists of four parts: the feeding section,
the reactor part, the char collection part, and the condensing part. The
feed material is transported via a screw that is contained within the
reactor and runs from one end of the reactor to the other. For each py-
rolysis experiment, a batch of 2 kg of raw material was used. Before
beginning the experiment, nitrogen purging was done for 15 min to
remove any oxygen that might have been present in the reactor system.
Because of this, the system became inert. The temperature of the py-
rolysis reactor was set and the heating components in the reactor were
activated accordingly to bring up to that temperature. After that, the
auger motor was activated: this motor is responsible for regulating the
amount of time that the feedstock spends within the reactor (residence
time) by managing the speed at which the auger or screw rotates. In this
study, the auger speed was set to 1 rpm, so, it took feed materials
approximately 3 min to travel through the reactor. The fast pyrolysis
that took place inside the reactor while the auger was transporting the
feed material resulted in the production of two products - char and
vapour. The vapour was passed through the condenser. The non-
condensable pyrolysis product, known as syngas, was released from
the system through an exhaust valve, while the condensable product,
known as pyrolysis oil, was stored in a tank. After the process was
finished and the system had completely cooled, the char was removed
from the vessel and placed in a collection tank.

The following equation was used to determine the yield (%) of py-
rolysis oil produced from the fast pyrolysis of different solid wastes [25]:
y, - m, x 100% M

my

where, Y, is the yield (%) of oil, m, is the mass (kg) of oil and m is the
total mass (kg) of the shredded raw material used in each experiment.

2.3. Characterisation of raw materials

Dried samples of the raw materials were subjected to proximate
analysis in order to ascertain their relative amounts of moisture, volatile
matter, fixed carbon, and ash. In accordance with ASTM D3172-07a, a
Thermogravimetric analyser (Metler Toledo TGA/SDTA 85le) was
employed in the present study. The range of sample sizes used in this
analysis was from 5 mg to 15 mg. At a constant rate of 5 °C per minute,
the temperature was raised to 500 °C while 100 mL/min of N; was
delivered. Each sample’s percentage of weight loss was meticulously
recorded. By determining the percentage of weight loss in the derivative

curve, the total amount of volatile matter in each sample could be
calculated. The ash percentage was calculated by burning the by-
product of raw material decomposition i.e., char. Combustion
occurred with the help of air. The dried samples of the raw materials
were also subjected to a Vario Micro Cube CHNS analyser for ultimate
analysis to calculate the elements’ relative abundances, including car-
bon, hydrogen, nitrogen, oxygen, and sulphur. The ASTM D5373 stan-
dard was followed while performing ultimate analysis. In addition, the
HHYV of the various solid wastes was calculated using an oxygen-bomb
calorimeter. The outcomes of characterisation studies on various solid
wastes are tabulated in Table 2.

2.4. Characterisation of pyrolysis oil

The samples of pyrolysis oils were analysed using FTIR to look for
existence of functional groups. In this investigation, an FTIR/ATR
spectrum analyser made by Perkin Elmer was used for the analysis. A 1
cm ™! resolution was achieved by the analyser. Potassium Bromide (KBr)
was used as the matrix material in the analyzer’s Attenuated Total
Reflectance (ATR) technique. Between 4000 and 400 cm~! was the wave
number range investigated. Detector data included measurements of
infrared photon transmission through the sample chamber. The spec-
troscopic information was obtained using a Fourier Transform.

Gas chromatography-mass spectrometry (GC-MS) with a Varian
CP3800 mass spectrometry detector was used to conduct a quantitative
analysis of oils produced by the fast pyrolysis of various solid wastes. An

Table 2

Properties of different solid wastes used in the present study.
Property BLFH MNS MGW HDPE
Proximate analysis (wt%)
Moisture 9.4 9.2 9.72 0
Volatile matter 69.24 72.3 69.57 100
Ash 3.143 0.4 0.93 0
Fixed carbon® 18.22 18.1 19.78 0
Ultimate analysis (Wt%)
Carbon 46.14 48.1 47.32 81.57
Hydrogen 5.81 5.24 5.14 13.26
Nitrogen 0.4 0.32 0.42 0.6
Sulphur 0.29 0.01 0.06 0.01
Oxygen® 37.96 36.73 37.34 4.56
HHV (MJ/kg) 189 19.36 18.24 45.98
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oil sample was prepared for each type of solid waste before analysis. The
process was started by filtering 2 mL of oil through a nylon microfilter. A
1:5 v/v methanol solvent solution was used to dilute the filtered oil. One
microliter of this diluted sample was injected into the GC-MS machine.
There were numerous peaks in the spectra of each individual sample. In
order to determine what chemicals were already in the oil, the peaks
were compared to those in the NIST database. Using this analysis, each
individual compound existing in the produced pyrolysis oils could be
identified.

The Flash 2000 Elemental Analyzer was used to determine the
elemental composition of the pyrolysis oil. The oil samples’ percentages
of carbon, hydrogen, nitrogen, sulphur, and oxygen were determined
using ASTM D5291. Dropping a tiny amount of oil in a tin capsule into a
vertical quartz reactor full of helium and pure oxygen led to rapid
combustion at extremely high temperatures. Reacting the exhaust gases
yielded nitrogen, carbon monoxide, water, and sulfuric acid. These were
separated on a chromatographic column and then their thermal con-
ductivity was measured with a conductivity detector. Finally, each ele-
ment’s mass percentage was calculated by a software.

In order to evaluate the produced oil’s potential as a fuel, its physi-
cochemical properties were measured. ASTM D7052 and D4052 are the
accepted methods for measuring kinematic viscosity and density,
respectively and these methods were followed in the present study.
Following the ASTM E70 standard, the pH was determined using an
Omega DP24-pH metre. The measurement of water content was per-
formed using a centrifuge sigma and the ASTM D2709 standard. Each
obtained pyrolysis oil’s calorific value was determined using an Oxygen-
bomb calorimeter in accordance with the ASTM method D4809.

2.5. Uncertainty analysis and instrument details

The term “uncertainty in a measurement” describes the degree to
which one has doubts about the accuracy of a given instrument’s results.
Measurement accuracy relies on the precision of the instrument and the
results of an analysis of the uncertainty in the measured values.
Following the guidelines of Imdadul et al. [26], an uncertainty analysis
was performed by calculating the standard deviation of the means at a p-
value of 0.05 (95 % confidence level). At least three independent rep-
lications of each experiment were conducted, and the mean of those
results is presented here for credibility. The errors associated with the
instruments used in this study are detailed in Table 3.

3. Results and discussion
3.1. Pyrolysis oil yield distribution

The distribution of the oil yield resulted from the fast pyrolysis of
different solid wastes at different temperatures is presented in Fig. 3.
This was carried out to determine the pyrolysis temperature that gave
the maximum yield of oil for each solid waste. Three experiments were
performed at each temperature and standard deviation is represented by
error bars in Fig. 3. The pyrolysis temperature ranging from 400 to

Table 3

The accuracy and uncertainties of the instruments used in the present study.
Instrument Accuracy Uncertainty
Thermogravimetric analyzer +0.3 % +0.4
CHNS analyzer +0.3 % +0.4
Spectrum analyzer +0.1 cm ™! +0.006
Elemental analyzer +0.3 % +0.4
GC-MS +0.5 % +0.17
Viscometer +3% +1.28
Density meter +0.01 g/cc +0.28
pH meter +0.02 pH +1.18
Centrifuge sigma +0.01 % +0.28
Calorimeter +0.05 % +1.23
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Fig. 3. The yield of pyrolysis oil obtained from the fast pyrolysis of different
solid wastes at different temperatures.

550 °C was utilised in this study. It is seen from Fig. 3 that there is no
data presented for HDPE derived oil at 400 °C and 425 °C. This is
because of the incomplete pyrolysis occurred at these lower tempera-
tures. During the pyrolysis process at these temperatures, the waste
HDPE was converted to wax which caused the auger to stop from
rotating. Consequently, the pyrolysis process was not carried further.
The yield of pyrolysis oil from HDPE was 47.59 % when the temperature
was increased to 450 °C. A particular temperature is required for a
particular material for the pyrolysis reaction to take place and for the
bonds to be easily broken [27]. In this regard, 450 °C is that temperature
for waste HDPE used in this study. Then, the yield of oil was increased
with increasing pyrolysis temperature up to 525 °C where the maximum
oil yield of 61.29 % was obtained. The further increase of temperature to
550 °C slightly decreased the oil yield to 59.86 %. Linear and branched
hydrocarbons have reduced thermal stability at higher temperatures and
cracking of the C=C bond in HDPE is therefore more likely to occur at
higher temperatures, leading to an increase in the yield of volatile
chemicals that are favourable to the production of pyrolysis oil [24,28].
This is the reason why a higher temperature results in a greater pro-
duction of oil from pyrolysis. On the other hand, the secondary cracking
of primary volatiles that occurred when the temperature was 550 °C can
be credited with promoting the creation of gases, which led to a minor
drop in the amount of pyrolysis oil [29]. In contrast to HDPE, other three
solid wastes produced oil at 400 °C and 425 °C. However, the yields of
oils obtained from these three wastes at each temperature were far
below from the oil yields obtained from HDPE. A material with higher
volatile matter and lower ash and sulphur content is regarded as the best
material for pyrolysis process and the yield of pyrolysis oil from a spe-
cific material depends on the material’s volatile matter content [30].
The volatile substance decomposes and evaporates at high temperatures,
releasing a number of compounds, including short-chain carbon. Most of
these compounds contain gaseous components that can be condensed to
produce valuable liquid energy products [31]. From Table 1, it is seen
that the volatile matters of HDPE, BLFH, MNS and MGW are 100, 69.24,
72.3 and 69.57, respectively. Due to this fact waste HDPE provided
highest yield of oil [32]. Similar yield of oil was found at each tem-
perature from BLFH, MNS and MGW. This phenomenon can be attrib-
uted to similar results obtained from proximate and ultimate analyses
(Table 1) of these three wastes [33]. It can be seen from Fig. 3 that
similar trend like HDPE pyrolysis oil yield was followed by the yields of
oils from BLFH, MNS and MGW. The yield of oil was increased with the
increase of temperature up to certain point and then slightly decreased
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with further increasing temperature. The maximum yield of pyrolysis oil
was obtained at 475 °C for BLFH (42.75 %) and at 500 °C for MNS
(45.09 %) and MGW (44.72 %). Further increasing the temperature up
to 550 °C decreased the oil yield to 40.39 %, 39.74 % and 39.97 % for
BLFH, MNS and MGW, respectively. This is due to the secondary
cracking of pyrolysis vapour at high temperatures [34,35]. The
following subsections discuss the chemical and physical characterisation
results obtained from different solid wastes derived oil samples. The
maximum yield of oil obtained for each waste at a certain temperature
was utilised for the characterisation purpose.

3.2. FTIR analysis of pyrolysis oil

FTIR spectra provide insight into the functional groups of chemical
compounds found in oils recovered from a wide range of solid wastes.
Fig. 4 displays the spectra of oils produced by the fast pyrolysis of BLFH,
MNS, MGW, and HDPE. It should be noted that a qualitative analysis of
the spectra was performed in order to make a comparison. As can be seen
in Fig. 4 that different spectral absorption bands are shaped, located, and
have varying intensities. In Table 4, the functional groups present in
each spectrum, along with their associated wavenumber and vibrational
characteristics are depicted.

From Table 4, it is seen that there are a total of 9 functional groups
identified in the obtained FTIR spectra. The functional groups of ester
and carboxylic acid were identified only in the spectrum obtained for
MGW derived oil and the functional groups of ketone, aldehyde, ester,
and carboxylic acid were not present in the spectrum obtained for HDPE
derived oil. Various types of vibrations can be seen in the spectra pre-
sented in Fig. 4 like O-H, C-H, C=0 and C=C stretching vibrations and C-
H bending vibration. The O-H stretching vibrations are represented by
broad absorbance signals located approximately between 3000 cm ™!
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Fig. 4. The FTIR spectra of oils obtained from the fast pyrolysis of different
solid wastes.
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and 3600 cm ™! and indicating the existence of alcohols and phenols in
the obtained oils [36]. The presence of alcohols and phenols in pyrolysis
oil contributes to the preservation stability and keeps it from oxidising
when it is exposed to the atmosphere around it [37]. The C-H stretching
vibrations between 2800 cm ™! and 3000 cm ™}, as well as C-H bending
vibrations between 1350 cm ™! and 1550 em™}, are indicators that al-
kanes are present in the obtained oils [38]. The presence of ketones,
aldehydes, and esters in oil samples can be revealed by C=O stretching
vibrations at approximately the region of 1600 cm ™! [39]. The presence
of aldehyde reduces the capacity of pyrolysis oil to maintain its stability
[40]. The C-O stretching vibrations represented by the large peak at the
fingerprint region of spectrum obtained for MGW derived oil at
approximately 1000 cm™! point to the existence of carboxylic acids
[41]. The presence of aromatic compounds can be identified by the
existence of C-H and C-C stretching vibrations [42]. As functional groups
of aromatics, alkanes, and alkenes were found in the obtained pyrolysis
oils, it is clear that the obtained oils have the capacity to form liquid
hydrocarbons [43]. The FTIR analysis can be used to rapidly categorise
the wide range of chemical compounds found in pyrolysis oil, while
GC-MS can be used to undertake quantitative study of the same com-
ponents [44].

3.3. GC-MS analysis of pyrolysis oil

The obtained oils from the fast pyrolysis of BLFH, MNS, MGW and
HDPE were analysed using GC-MS to detect chemical compounds con-
tained in the oils. A chemical compound with significant peak areas and
80 % or more similarity was compiled in this study. An average of the
peak areas from each triplicate test was used to determine the peak area
for each compound at a specific retention time. This method of mea-
surement confirmed the accuracy of the data. Listed in Table 5 are the
major chemical compounds found in the obtained oil samples. There are
a wide range of chemical compounds present in the obtained oils and
some compounds were found in more than one oil sample. Benzene is an
aromatic hydrocarbon which was found in MNS and MGW derived oil
and the peak are 1.75 % and 1.89 %, respectively. Benzene, 1,1'-(1,3-
propanediyl)bis- and benzene, 1,1’-(3-methyl-1-propene-1,3-diyl)bis-
are another aromatic hydrocarbon which were identified in HDPE
derived oil at high percentages i.e., 5.88 % and 5.25 %, respectively.
Aromatic hydrocarbon plays a significant role in the process of making
gasoline [43]. The presence of these compounds indicates that the ob-
tained oils have the capability of producing liquid hydrocarbons. There
were other aromatic compounds like pyridine and pyrrole were found in
the oil obtained from MNS pyrolysis. Both of these compounds contain
nitrogen and are widely used in pharmaceutical industries as in-
termediates in synthesis to manufacture various medicines [45]. An
alcoholic compound like 1-heptadecanol was found in oil sample ob-
tained from BLFH (1.67 %) and MNS (1.61 %). This compound is
generally used in food industries as a flavoring agent [46]. Phenol,
phenol, 2-methyl, phenol, 4-ethyl-2-methoxy and 3-phenyl-5-t-butyl-
pyridazine are some of the phenolic compounds which were identified at
different proportions in the GC-MS analysis of organic wastes derived
oil samples. The lignin content of organic wastes is decomposed during
pyrolysis process and results in high portion and wide range of phenolic
compounds [47]. Phenol, one of the phenolic compounds; is frequently
used as a disinfectant and antiseptic to make various household products
like cleaners, mouthwash, sore throat lozenges, etc. [48]. The chemical
compounds of alkanes, such as cyclopropane, undecane, dodecane, tet-
radecane, pentadecane and hexadecane, are also present in the obtained
oils. These compounds are recognised as primary components of gaso-
line fuel and are commonly utilised in the chemical industry as additives
for the production of a variety of different chemicals [49]. The acidic
compounds such as hexadecenoic acid methyl ester and octadecanoic
acid methyl ester, identified in MGW derived pyrolysis oil are commonly
observed in biodiesel. These compounds have the potential to be utilised
in treating serious diseases like ulcers and schizophrenia [50]. Pyrene, a
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Table 4
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The list of functional group present in spectra obtained for different solid wastes derived oils.

Functional group Range of wavenumbers (em™)

Nature of vibration

BLFH MNS MGW HDPE
Phenol 3200-3400 3200-3600 3300-3600 3050-3200 O-H stretching
Alcohol 3200-3400 3200-3600 3300-3600 3050-3200 O-H stretching
Alkane 2800-3000 2800-3000 2800-3000 2800-3000 C-H stretching

1350-1450 1250-1400 1450-1550 1350-1500 C-H bending
Ketone 1680-1750 1680-1750 1530-1650 - C=O0 stretching
Aldehyde 1680-1750 1680-1750 1530-1650 - C=0 stretching
Ester - - 1530-1650 - C=O0 stretching
Alkene 1500-1645 1550-1650 - C=C stretching

850-950 C-H bending

Aromatic 1350-1450 1100-1200 1650-1750 1575-1675 C-H stretching

690-900 400-900 600-900 C-C stretching
Carboxylic acid - - 920-1050 - C-O stretching

N.D.: Not detected.

polycyclic aromatic hydrocarbon (PAH), identified in MNS derived oil,
is one of the PAHs that has been researched the most due to the
distinctive optical and electrical properties it possesses. It is possible to
incorporate it into electrical insulation as a component [51]. There are
some compounds like o-xylene, mesitylene, indane and prunetin to
name a few, were only found in the oil obtained from HDPE. According
to the results of the GC-MS analysis, the obtained oils contain a wide
variety of valuable chemical compounds. However, in order to extract
such compounds from the pyrolysis oils, an extremely efficient method
of separation and purification is required. This will finally result in the
transformation of such compounds into products with an increased
value.

The chemical compounds detected during GC-MS analysis were
organized into 12 different functional groups. Fig. 5 illustrates the total
peak area percentages of each functional group’s chemical compounds
present in the obtained oil samples. The results of the GC-MS analysis
point to the presence of a diverse range of chemicals, including those
that are phenolic, aromatic, oxygenated, and hydrocarbons. The total
number of functional groups present in BLFH, MNS, MGW and HDPE
derived oils are 9, 11, 9 and 8, respectively. It is seen from Fig. 5 that the
functional groups of aromatics and hydrocarbons are present in very
higher proportions in HDPE derived pyrolysis oil compared to the oils
obtained from the other three wastes. Both monocyclic and polycyclic
aromatic compounds were found in the obtained oils. The aromatic
functional group is important because these compounds may have far-
reaching positive effects on the economy or the environment [52].
The more hydrocarbon compound present in a pyrolysis oil, the more
suitability to transform it into transport fuel [53]. The less amount of
hydrocarbon compounds presents in organic wastes derived oils can be
attributed to the fact that reactive free radical is released during the
decomposition of cellulose part of these wastes and containing of high
proportion of oxygen rich compounds. This leads to the secondary
cracking of pyrolysis vapour resulting the formation of light hydrocar-
bons [54]. The phenolic compounds have the highest total area per-
centages in the oils obtained from organic wastes. The presence of
phenols at high concentration in the oil samples may be traced back to
the primary cause, which is the breakdown of lignin structures of the
organic waste [47]. The phenols in pyrolysis oil help it to resist oxidation
and prolong its shelf life when exposed to air [37].

From Fig. 5, it is also seen that the obtained oils mainly from organic
wastes contained oxygenated compounds at detectable concentrations.
A variety of problems can arise when a fuel contains excessive amounts
of oxygenated compounds, such as low stability of storage, lower energy
density and calorific value as well as higher acidity [55]. Acidic chem-
icals in pyrolysis oil speed up polymerisation reactions in the conden-
sation phase. This behaviour can be traced back to the presence of
volatile chemical compounds in pyrolysis oil obtained from BLFH, MNS
and MGW. This causes major concerns with the ageing process of oil,

which restricts its use as a fuel for engines [56]. Because of the presence
of acidic compounds at higher percentages in organic waste derived oil,
it is hard to store these oils for extended periods [57]. Therefore, these
unwanted compounds need to be extracted from these oils for improving
their suitability.

3.4. Elemental analysis of pyrolysis oil

Table 6 displays the elemental concentrations that are present in the
oils produced from the rapid pyrolysis of BLFH, MNS, MGW, and HDPE.
These elements include carbon, hydrogen, oxygen, nitrogen, and
sulphur. It is seen from the Table 6 that the percentages of carbon (84.97
%) and hydrogen (14.49 %) present in the HDPE derived pyrolysis oil is
far greater than the carbon and hydrogen present in the oils obtained
from BLFH (C: 57.31 %; H: 6.89 %), MNS (C: 59.27 %; H: 7.31 %) and
MGW (C: 58.14 %; H: 7.01 %). This finding of carbon and hydrogen
contents in pyrolysis oil from solid wastes is in good agreement with the
literature [18,54,58]. The reason for higher carbon and hydrogen con-
tents in HDPE derived oil compared to organic waste derived oil is the
higher content of hydrocarbon compound (Table 4 and Fig. 5) present in
the HDPE derived pyrolysis oil. High hydrocarbon content results high
carbon and hydrogen contents in pyrolysis oil [29]. The general ranges
of carbon and hydrogen present in organic waste derived pyrolysis oil
are 55 - 60 % and 5 — 8 %, respectively [59,60]. The results obtained in
the present study satisfies this criterion.

In contrast to carbon and hydrogen contents, the concentration of
oxygen present in oils obtained from organic wastes is very high. The
oxygen contents in BLFH, MNS and MGW derived oils are 35.2 %, 33.21
% and 34.29 %, respectively. Although these values are within the
general range of oxygen content (32 — 38 %), high concentration of
oxygen in pyrolysis oil leads to lower calorific value and stronger cor-
rosive properties [54]. The percentage of oxygen present in HDPE
derived oil is very low i.e., 0.27 %. This indicates its high potential to use
as transport fuel. Other two elements such as nitrogen and sulphur were
either found in a small proportion or not found at all in the obtained oils.
For example, there was no sulphur found in MNS and HDPE derived
pyrolysis oils. The presence of nitrogen and sulphur in pyrolysis oil is
seen negatively since they release NOx and SOx when they are burned
[61]. The amounts of nitrogen and sulphur in the feedstock greatly affect
the corresponding amounts in the resulting pyrolysis oil. Better
elemental values were found in the obtained oils compared to the
feedstocks, indicating that chemical processes such as thermal decom-
position of the chemical structure of the feedstock’s volatile matter,
cracking of pyrolysis vapour, etc. occurred during the fast pyrolysis of
various solid wastes [62,63].
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Table 5 Table 5 (continued)
Ll.St of chem.lcal compounds present in oils obtained from the fast pyrolysis of Chemical Compound Molecular Peak area (%)
different solid wastes. formula

BLFH MNS MGW  HDPE

Chemical Compound Molecular Peak area (%)
formula 2-methoxyphenol C7HgO, N.D. 1.33 N.D. N.D.
BLFH MNS MGW HDPE m-cresol CrHg0 ND. 099 ND. ND.
cyclopropane CsHg N.D. 0.54 0.51 N.D. cyclopropylmethanol C4HgO N.D. 0.68 N.D. N.D.
benzene CgHg N.D. 1.75 1.89 N.D. 3,4-dimethylphenol CgH;00 N.D. 0.99 N.D. N.D.
propan-1-ol C3HgO N.D. 0.99 0.99 N.D. phenol, 4-ethyl-2-methoxy CoH1202 1.38 0.99 N.D. N.D.
ethyl acetate C4HgO» N.D. 0.54 0.59 N.D. 2-methylnaphthalene C11Hio N.D. 0.69 0.71 N.D.
pyrrole C,HsN N.D. 0.39 N.D. N.D. 1-methylnaphthalene Ci1Hio N.D. 0.53 0.45 N.D.
3-hexanone CeHi20 0.81 ND. 066 ND. biphenyl Ci2Hio ND. 045 067  ND.
toluene C,Hg 1.45 1.57 1.07 N.D. cyclohexanecarboxylic acid, =~ CaoH3502 N.D. N.D. N.D. 2.22
3-methylbut-3-en-2-one CsHgO 079 ND. ND. N.D. 2-tridecyl ester
acetic acid C,H40, N.D. 1.08 N.D. N.D. 11-methyldodecanol Cy3Hz50 N.D. N.D. N.D. 1.92
1-Allyl cyclopropane C7H;40, 029 ND. 049 N.D. 1H-indene, 1-ethylidene- Ci1Hio ND.  ND. ND. 1.86
carboxylic acid 1-hexadecanol C16H340 N.D. N.D. N.D. 4.86
2-methylpropan-1-ol C4H;00 0.81 N.D. N.D. N.D. 4-nonene, 5-butyl- Ci3Has N.D. ~ ND. ND. 4.47
cyclopentanone,2-methyl CgH100 1.58 1.3 N.D. N.D. 2-methoxy-4-vinylphenol CoH1002 N.D. 0.83 N.D. N.D.
3-hydroxypropanal C3HgO2 ND. 059 063  ND. 1H-indole CsH7N ND. 087 ND. ND.
ethanone,1-(2-furanyl) CeHgO2 1.21 N.D. N.D. N.D. 9H-fluorene Ciztho N.D. 0.82  N.D. N.D.
2-cyclopenten-1-one,3- CgHgO N.D. N.D. 1.11 N.D. phenol,2-methoxy-4-propyl C10H1402 1.73 N.D. 1.32 N.D.
methyl acenaphthene Cq2Hio N.D. N.D. 0.51 N.D.
phenol CeHgO 1.71 1.54 1.47 N.D. 3-phenyl-5-t- C14H;6N> 1.87 N.D. 1.42 N.D.
ethylbenzene CsHyg 152 ND. 041 162 butylpyridazine
o-xylene CgHig N.D. N.D. N.D. 1.62 fluorene Ci3Hio N.D. N.D. 0.97 N.D.
styrene CgHs N.D. 0.91 N.D. 3.42 phenanthrene Ci4Hyo N.D. 0.49 N.D. N.D.
furan-2-carbaldehyde CsH40, N.D. 0.49  N.D. N.D. anthracene Ci4Hio N.D. 0.94  N.D. N.D.
2-Cyclopenten-1-one,2- CeHgO 096 ND. ND. ND. 2-cyclohexen-1-one CeHsO 089 ND. ND. ND.
methyl naphthalene,2-methyl C11H10 0.78 N.D. N.D. N.D.
2-Cyclopenten-1-one, 3- CeHgO 1.18 N.D. N.D. N.D. 1,7-dimethyl-4-(1- Cy5Hso N.D. N.D. N.D. 2.94
methyl- methylethyl)cyclodecane
benzene, (1-methylethyl)- CoHya ND. ND. ND.  3.09 benzene, 1,1'-(1,3- Cistie ND. ND. ND. 588
benzene, 1-ethyl-3-methyl- CoH1s 2.18 N.D. N.D. 1.8 propanediyl)bis-
cyclopentanol, 1-(1- CoH;40 N.D. N.D. N.D. 1.65 benzene, 1,1’-(3-methyl-1- Ci6Hie N.D. N.D. N.D. 5.25
methylene-2-propenyl)- propene-1,3-diyl)bis-
undecane Ci1Hay 1.39 0.74 0.75 N.D. tert-hexadecanethiol Cy6H34S N.D. N.D. N.D. 2.31
cycloheptene, 1-methyl CgHi4 0.59 N.D.  N.D. N.D. benzene, 1,1'-(1,2- Ci6Hi6 N.D. N.D. N.D. 2.64
benzene, 1-ethyl-2-methyl CoHyp 1.98 ND. ND. N.D. dimethyl-1,2-ethenediyl)
cyclooctane, 1,4-dimethyl-, Ci10Hao N.D. N.D. N.D. 1.86 bis-, (Z)-
cis- 2-hexadecanol Cy6H340 N.D. N.D. N.D. 2.55
dodec-1-ene CioHoa 1.41 N.D. N.D. N.D. 4,6-dimethyldodecane Ci4H3o N.D. N.D. N.D. 0.33
dodecane CyoHag N.D. 0.81 0.79 N.D. 1-heptadecanol C17H360 1.67 N.D. 1.61 N.D.
piperidine-2,5-dione CsH,NO, 151 ND. ND. ND. heptadecane Ci7Hse 065 ND. ND.  ND.
2-oxopropyl acetate CsHgO5 N.D. 0.59 0.61 N.D. naphthalene,2,3-dimethyl Ci2Hi 0.77 N.D. N.D. N.D.
furan-2-ylmethanol CsHeO» N.D. 0.44 N.D. N.D. naphthalene, 2,7 dimethyl Ci2H12 0.78 N.D. N.D. N.D.
succinaldehyde C4HeO- N.D. N.D. 0.71 N.D. 14-pentadecynoic acid, Ci17H3402 N.D. N.D. 0.77 N.D.
butan-2-one C4HgO ND. 081 ND. ND. methyl ester
phenol, 2-methyl C7HgO 1.57 N.D. 172  ND. pyrene Cietio N.D.  ND. 043  ND.
phenol, 2,3-dimethyl CgH00 1.28 ND. 176 N.D. hexadecenoic acid, methyl Ci7H3402 N.D. ND. 047 N.D.
benzofuran CgHeO N.D. N.D. 0.23 N.D. ester
2-methoxy-5-methyl phenol  CgH;(05 157 ND. 171 N.D. nonadecane CioHao 0.81 N.D.  N.D. N.D.
cyclooctane, 1,4-dimethyl-,  CjoHao N.D. N.D. ND. 1.86 1-nonadecene CioHsg N.D. N.D.  N.D. 1.26
cis- octadecanoic acid, methyl C19H3g0, 0.32 N.D. 0.41 N.D.
hydroxylamine, O-decyl- C10H23NO N.D. N.D. N.D. 2.55 ester
mesitylene CoHis N.D. N.D. N.D. 2.95 tetracosane Co4Hso N.D. N.D. N.D. 1.34
indane CoHio N.D. N.D. N.D. 1.65 docosane Ca2Hye N.D. N.D. N.D. 0.99
benzene, 1-ethynyl-4- CoHg N.D. N.D. N.D. 1.77 carbonic acid, eicosyl vinyl Ca3H4403 N.D. N.D. N.D. 2.28
methyl- ester
cyclooctane, 1,4-dimethyl-, C10Hao N.D. N.D. N.D. 3.96 paromomycin C23H4sN5014 0.21 N.D. N.D. N.D.
trans- n-tetracosanol-1 Ca4Hs500 N.D. N.D. N.D. 0.43
dodecane, 2,6,10-trimethyl CysHso 0.33 N.D. N.D. N.D. N.D.: Not detected.
tetradecane Cy4H3o 0.87 0.59 0.67 N.D.
1H-indene CoHg 0.98 N.D. N.D. N.D.
benzonitrile C7HsN 0.61 N.D. N.D. N.D. 3.5. Physicochemical properties analysis of pyrolysis oil
1-H indene, 3-methyl CioH10 0.79 N.D. N.D. N.D.
grilcm:;:[ls 4.0.0G3.7)] 216?205 E‘g‘ E‘g‘ E‘g‘ 1‘25 The physicochemical properties analysis of the obtained pyrolysis
y .4.0. 5 12H14 -D. -D. .D. . . . . . .
dodeca-1,9.11-triene oils was carried out to assess the quality of the oils. To ascertain whether
cyclododecane CioHag N.D. N.D. ND. 4.38 or not the obtained properties were adequate for use as engine fuels, the
naphthalene CioHs N.D. 091  1.05 3.24 produced oils were compared with standard fuel properties. The phys-
7-tetradecene, (Z)- Ci14Hog N.D. N.D. N.D. 4.38

icochemical properties of the oils obtained from the fast pyrolysis of

1-decanol, 2-hexyl- C16H340 N.D. N.D. N.D. 4.71 . .
pentadecane CyoHay 075 039 042 ND. B.LFH,.MNS, MGW, and HDPE, as well as typical fuel properties, are
pentadec-1-ene CisHaso 091 082 ND. ND. listed in Table 7.

1-Tetradecanol Ci14H300 1.31 N.D. 1.23 N.D. The kinematic viscosity and density are the two most important
hexadecane CieHza 027~ ND. 031  ND. properties to determine whether a fuel is suitable for engine application
hexadec-1-ene Ci6Haa 0.84 0.69 N.D. N.D.

or not. The kinematic viscosity is a key factor in determining
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Fig. 5. Major functional groups present in the oils obtained from the fast py-
rolysis of BLFH, MNS, MGW and HDPE.

Table 6
Elemental composition of oils obtained from the fast pyrolysis of different solid
wastes.

Element BLFH MNS MGW HDPE
Carbon (Wt%) 57.31 59.27 58.14 84.97
Hydrogen (wt%) 6.89 7.31 7.01 14.49
Nitrogen (wt%) 0.49 0.21 0.46 0.27
Sulphur (wt%) 0.11 - 0.1 -

Oxygen® (wt%) 35.2 33.21 34.29 0.27

@ By difference.

atomization and spray properties, as well as the overall efficiency of the
engine. The oils possessing high viscosity have a detrimental effect on
the efficiency of the fuel injector because of the reduced atomization of
the fuel they deliver. On the other hand, the efficiency of an engine and
the characteristics of combustion are both dependent on the density of
the fuel. It is seen from Table 7 that the kinematic viscosity and density
of the oils obtained from BLFH, MNS and MGW are higher than that of
the HDPE derived oil. The reason of high kinematic viscosity and density
in organic derived oils is the existence of high lignin content which is
decomposed during pyrolysis process [64]. The kinematic viscosity and
density values for various solid wastes obtained in the present study are
in excellent accordance with the relevant articles on similar kinds of
solid wastes like empty fruit bunch [65], palm bunch [66] and waste
HDPE [27]. The comparison between obtained oils and standard fuel
reveals that the kinematic viscosity and density of organic wastes
derived oils satisfy the criteria of ASTM Grade G and ASTM Grade D oils
and HDPE derived oil satisfies the criteria of light fuel oil. Industrial
burners and boilers are fuelled by ASTM Grade G and ASTM Grade D oils
and internal combustion engines are fuelled by light fuel oil [67-69]. A
significant refinement is required before organic wastes derived oils can

Table 7
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be considered comparable to those of conventional fuel for engines.
Another essential characteristic of an engine fuel is its pH level. For the
sake of safe transportation and storage, a fuel should have a pH value
that is close to neutral (pH = ~7) [70]. According to the findings of this
study, the pH values of the obtained pyrolysis oils were consistently low
except HDPE derived oil (pH = 5.5). This provides evidence that the
obtained oils from organic wastes have an acidic character. These results
are in line with the amount of acid compounds found by GC — MS
analysis and consistent with the results observed by DeSisto et al. [71],
Abdullahi et al. [72] and Salehi et al. [73], where a similar type of
feedstock was employed to make the oil in each of those studies. The pH
of HDPE derived pyrolysis oil is high because of the presence of low
oxygenated compounds which makes it resistant to oxidation [74].

In regard to water present in the obtained pyrolysis oil samples,
BLFH, MNS and MGW derived oils contain higher percentages of water,
ranging from approximately 26 % to 30 %. Generally, the water content
in organic waste derived oil lies between 15 % and 30 % [76]. Hence the
water content of the obtained oils in the present study is within that
range. The water in the organic waste derived oil is mainly formed from
volatilisation of the feedstock’s moisture and dehydration reactions that
have taken place during the fast pyrolysis process. There was literally no
water found in the HDPE derived pyrolysis oil which matched the
criteria of an engine fuel. These results are in line with the concentration
of oxygen in the obtained oils found during elemental analysis. The
calorific value of a fuel has strong link with the water content of that
fuel. The calorific values of the obtained oils from BLFH, MNS and MGW
are 25.51 MJ/kg, 26.82 MJ/kg, and 26.13 MJ/kg, respectively. These
values are far below than the calorific value of an engine fuel. However,
these are comparable with published literature data using similar types
of feedstocks [77-79]. These low values can be linked with the water
content of the obtained oils, in that higher water content requires more
energy for the existing water in the oil to be evaporated, leading to a
reduced calorific value [80]. The calorific value of HDPE derived oil
(42.89 MJ/kg) is comparable to the calorific value of engine fuel.

4. Conclusions and future works

In this study, the fast pyrolysis of BLFH, MNS, MGW and waste HDPE
was carried out in a nitrogen environment using an auger reactor and
applying similar reactor conditions like pyrolysis temperature ranging
from 400 to 550 °C and residence time of 3 min. Various analytical
approaches such as FTIR, GC-MS, thermogravimetric, elemental, and
physicochemical properties analysis were employed to characterise the
raw materials and the produced pyrolysis oils. All the raw materials
contained low moisture content and high carbon content indicating its
potential for pyrolysis process. The pyrolysis oil yield distribution re-
veals that HDPE produced maximum yield of oil (61.29 %) followed by
MNS (45.09 %), MGW (44.72 %) and BLFH (42.75 %). It was found from
the characterisation of produced pyrolysis oils that organic wastes
derived oils contained mostly phenolic, aromatic, and oxygenated
compounds and HDPE derived oil contained mostly hydrocarbons and
aromatics. The pyrolysis oils obtained from BLFH, MNS and MGW had
higher viscosity and density and lower calorific value compared to that
of oil obtained from HDPE. The characteristic of organic wastes derived
oils are similar to ASTM Grade G [67] and ASTM Grade D [68] oils.
These oils are not yet in a state where they are suitable for use in an

The physicochemical properties of BLFH, MNS MGW and HDPE derived pyrolysis oils in comparison with standard fuels.

Properties BLFH MNS MGW HDPE ASTM Grade G [67] ASTM Grade D [68] Heavy fuel oil [75] Light fuel oil [69]
Kinematic viscosity @40 °C (Cst) 12.7 11.51 12.17 1.63 Maximum 125 Maximum 125 180-420 2-4.5

Density @30 °C (g/cc) 1.16 1.06 1.13 0.78 1.1-1.3 1.1-1.3 0.99-0.995 Maximum 0.845
pH 3.9 3.8 3.6 5.5 - - - -

Water content (wt%) 30.1 26.4 28.72 ~0 Maximum 30 Maximum 30 ~0 ~0

Calorific value (MJ/kg) 25.51 26.82 26.13 42.89 Minimum 15 Minimum 15 40.6 42.6




M.M. Hasan et al.

engine. It is possible to make excellent use of them as a heating source in
boilers and furnaces [81,82]. On the contrary, the characteristics of
HDPE derived oil is similar to light fuel oil [69] and this oil has potential
for engine application [83,84]. Oil obtained from pyrolysis of waste
HDPE can be used to produce a variety of fine chemicals, while oils
obtained from BLFH, MNS, and MGW can be refined into a valuable
resource for the biofuel industry. New catalytic materials and separation
methods could be used in the future to selectively upgrade and extract
value-added components from these oils.

Based on the characterisation results obtained for BLFH, MNS and
MGW derived oils, it is possible to draw the conclusion that the pro-
duced oils are not yet in a state where they are suitable for use in an
engine. Upgrading oil to the appropriate level is necessary to ready it for
use in engines. The HDPE derived oil satisfies most of the conditions to
be a fuel suitable for engine. However, testing this oil in an engine is
required to reach a solid conclusion. Therefore, the authors have plan-
ned to carry out some works in near future which include upgradation of
the organic wastes derived oils by applying one of the upgradation
methods available such as hydrodeoxygenation [85], catalytic cracking
[86], distillation [87], esterification [88], and emulsification [89].
Additionally, the authors plan to test these oils (upgraded organic wastes
derived oils and HDPE derived pyrolysis oil) in an internal combustion
engine at different proportions of these oils with diesel.
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