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Abstract: In this work, the conversion of waste polypropylene to alternative fuels (liquid and gas)
was performed through non-catalytic thermal and catalytic hydrocracking over NiMo/Al,O3 and
Pt/ Al,Oj3 catalysts. The process was carried out in an autoclave batch reactor at a temperature of
450 °C and a pressure of 20 bar, which were selected based on experimental optimization. The spent
catalyst was also successfully regenerated at 700 °C under a hot airflow. Experiments were conducted
to determine the optimum conditions to completely separate the deactivated catalyst from the solid
residue easily. The regenerated catalyst was reused to facilitate the economic cost reduction of the
process. The reactivated catalysts have almost the same catalytic properties as the fresh catalysts;
this was confirmed by several characterization techniques, such as TGA, XRD, SEM, EDX, BET and
FTIR. The produced liquids/gases were quantified and classified into their fractions by the number of
carbon atoms and gasoline to diesel ratio using GC/MS. The viscosity, density, API gravity, pour point
and flash point of oil cuts were also investigated to evaluate the quality of the resulting liquid from
the reactions. The NiMo/Al,Oj3 catalyst gave the highest liquid hydrocarbons yield of 86 wt%, while
the highest weight products of gasoline range hydrocarbon fractions of 49.85 wt% were found over
the Pt/ Al,Oj3 catalyst. Almost the same catalytic behavior was found with the regenerated catalysts
compared to the fresh catalysts. However, the highest gaseous products at 20.8 wt% were found in
the non-catalytic thermal products with an increase in the diesel fuel range of 80.83 wt%. The kinetic
model was implemented using six lumps and fifteen reactions, and the apparent activation energies
for the gasoline and diesel fractions were calculated. In general, all primary and secondary reactions
show greater activation energy values on the Pt/ Al,Oj3 catalyst than on the NiMo/Al,Os3 catalyst.

Keywords: HDPE waste plastics; non-catalytic thermal; catalytic hydrocracking; Pt/Al,O3 and
NiMo/Al;Oj3 catalysts; alternative fuels

1. Introduction

The use of plastic products in the world is rising every day. Because they are flexible,
durable, lightweight and cheap in cost, plastic materials have become an inseparable part of
our lives, as they are frequently utilized in homes, industry and agriculture to make a wide
variety of products related to daily human life. Plastics are polymeric materials derived
from natural resources [1]. Excessive usage of these polymers is connected with creating
enormous amounts of waste, representing a great threat to the environment. They are dis-
posed of using various techniques, including burning, land-filling, reusing and conversion
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into value-added products. However, most of these techniques are inexpensive; they create
pollution with several environmental consequences. Among these approaches, conversion
into value-added products is now being explored as a result of its many scientifically
proven benefits [2]. Plastic waste management has become a global issue due to its non-
biodegradable nature. Plastic trash is classified as either pre-consumer or post-consumer
waste. Plastic scraps created by industries during product manufacture are included in
pre-consumer plastic trash. Because they are clean and similar, these plastics are typically
easier to recycle. Consumers generate post-consumer plastic wastes after using products.
Because they are difficult to collect, dirty after use and heterogeneous, these plastics are
more challenging to recycle. Approximately, only 9 percent of the 400 million tons of plastic
generated each year in the world is recycled, and 12 percent is burned. Landfills, rivers and
seas are becoming dangerously polluted with plastic trash [1,3]. If burned, they emit carbon
dioxide and potentially hazardous gases, which accounted for 5.9 million cubic meters
of carbon dioxide in 2015 [3]. As a result, recycling and plastic waste management are
becoming increasingly important. The waste plastic polymer can be recycled into original
monomers or other useful compounds such as fuel, since plastic and petroleum have the
same basic hydrocarbon components. Waste plastic fuel has similar properties to diesel
fuel, and it has been concluded that it can be used instead of diesel. The calorific value of
fuel generated from plastic waste is about 9829.3515 kcal /kg, which is almost equal to the
calorific value of diesel. It is also possible to produce many other petroleum derivatives
from waste plastics such as gasoline, kerosene, heavy fuel oil (HFO), light fuel oil (LFO)
and furnace oil, thus reducing the high demand for fossil fuel products [4].

Pyrolysis is the thermal breakdown of big molecules in an inert environment with the
absence of oxygen at high operating conditions such as temperature and pressure [1,4]. In
general, plastics are long-chain molecules of hydrocarbon and include several kinds such
as high-density polyethylene (HDPE), polypropylene (PP), polystyrene (PS), polyethylene
terephthalate (PET), low-density polyethylene (LDPE), polyvinyl chloride (PVC) and other
less famous plastics, which have been used less as polymers. Among these groups, a higher
amount of PP is produced in comparison with other types of plastic products that generate
large amounts of waste each year [3]. The GC/MS instrument has been used to successfully
characterize the thermal degradation of PP waste plastic to generate fuel oil. The heavy
oil generated had a dark color and an unpleasant odor. According to the GC/MS study,
heavy fuel has a carbon chain range of C4 to Css, similar to fuel-grade oil. The fuel oil
produced from PP could be an alternative to renewable energy and be used in industry and
transportation [3]. Vijayakumar et al. [5] reviewed a summary of different types of plastics
and the potential of pyrolysis for fuel production. The pyrolysis process is approved as a
potential method to generate energy from plastic waste. The pyrolysis results of PP polymer
in a batch reactor were achieved with a temperature of 380 °C. The ratio of oil obtained
was 80.1 wt%, while the gas and solid ratios were 6.6 and 13.3 wt%, respectively. Pyrolysis
of PP was performed by Samosa et al. [6] at a temperature of 350 °C, and the product was a
liquid oil with a density of 0.8204 g/cm?. GC/MS analysis confirmed that the compounds
obtained from the thermal cracking had carbon chains between C; and Cy7, which was
an indication that this compound is a mixture of kerosene (Cg to Cy9)—diesel (C7 to Cyy)
fractions. Hakeem et al. [7] studied the pyrolysis process that converts polypropylene
plastic waste into usable liquid fuel at an optimal temperature of 450 °C and a catalyst-to-
plastic ratio of 1 to 3. Kaolin was shown to be an efficient, low-cost catalyst for converting PP
to gasoline/diesel grade fuel. The kaolin was more selective for liquid pyrolysis products
than solid and gaseous pyrolysis products. The oil obtained from the kaolin-catalyzed
pyrolysis reaction is higher than the oil obtained from the uncatalyzed reaction. Moreover,
thermal pyrolytic liquid fuel requires further development to be commercially viable and
suitable for use as fuel. When the catalyst was used, the FTIR findings revealed that the
oil included hydrocarbons with different functional groups due to the secondary breaking
of the oil into lighter products. In fact, the feedstock plastic-type, cracking temperature,
heating rate, operation pressure, reactor type, residence time, catalyst feed ratio and catalyst
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type are the key parameters impacting the plastic pyrolysis process and pyrolysis product
molecular dispersion. Temperature is one of the main significant operational variables
since it controls the polymer materials’ cracking response. By raising the temperature,
not all polymer materials can be fractured. The Van der Waals force is the force between
molecules that keeps them together and prevents them from collapsing. When the vibration
of molecules is high enough, they evaporate from the liquid surface [8]. However, if the
energy produced by the Van der Waals force along the polymer chains is higher than the
enthalpy of the C-C bond in the chain, the carbon chain will be broken [9]. This is why
when a high molecular weight polymer is heated, it decomposes rather than boils [8-10].
The second parameter that researchers focused on is pressure; both the pyrolysis process
and the amount of hydrocarbons and their fractions in pyrolysis products are affected by
operating pressure. Because the boiling points of pyrolysis products grow with increasing
pressure, heavier hydrocarbons are further pyrolyzed rather than evaporated at a given
operating temperature in a pressurized atmosphere. In practice, additional energy is
necessary for subsequent hydrocarbon cracking in pressured pyrolysis. High pressure may
increase the product gases and lower the yield of liquid products and solid residue. As a
result, the average molecular weight of the gas, liquid and solid products also decreases
with pressure [10-13]. In order to optimize plastic pyrolysis reactions and modify the
distribution of pyrolysis products, catalysts are widely used in research and industrial
pyrolysis processes, which is the third and most important parameter that has attracted
the attention of researchers in this field. The thermal decomposition of waste plastics can
be accelerated with the use of appropriate catalysts. Zeolite, alumina, silica alumina, the
FCC catalyst, the reforming catalyst and other catalysts are commonly employed in this
process [4,14-17]. Table 1 summarizes some of the most common catalysts used in polymer
cracking reactions.

Table 1. Common catalysts used in polymer cracking reactions [18-20].

Feed Process Temperature °C Catalyst Type
Mixed plastics Thermos-catalytic 200-430 5 Wt% ZnO
degradation
Thermos-catalytic
LDPE, HDPE, PS degradation 200-400 Fey(CO3)3
LDPE, HDPE, PS Thermos-catalytic 200-400 20 Wt% ZnO
degradation
HDPE Catalytic degradation 400 Zirconium
PP Catalytic pyrolysis 400-550 Al,O3
HDPE Catalytic cracking 381-428 AlL,O3
. . . Pt/WO3/ZrO; and
Mix of polyolefin Hydrocracking 225 HY Zeolite
Mixed plastics Hydrocracking 375 HZSM-5 and

Alumina silica

In catalytical pyrolysis, lower operating conditions will be needed for the thermal
reaction [10]. If the cracking process is achieved by a reaction with hydrogen instead of
an inert gas, it is known as hydrocracking [21]. Hydrocracking of polymer waste typically
involves complex reactions that occur on the surfaces of special metal-loaded catalysts,
including the reactions of hydrogenation and dehydrogenation inside a stirred batch
autoclave at moderate temperatures and pressures, typically 150-450 °C and 20-100 bar,
and obtained products containing high-quality fuel [21]. The application of cracking
reactions in the presence of hydrogen reduces unwanted solid residues and increases the
selectivity of single-ring aromatics compared to inert pyrolysis. In other words, hydrogen
is more beneficial to pyrolysis in terms of lowering coke yield and increasing hydrocarbon
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yield, and this fact was concluded by Yuan Xue et al. [22]. An alumina catalyst was
preferred because it is classically used in the petroleum refineries for cracking reactions in
various parts of the world [21,23]. Therefore, it is possible to take the spent catalyst from
these refineries and use it in polymer waste hydrocracking reactions after regenerating. In
addition, the high acidity properties and the moderate price of alumina catalysts makes
it possible to use them without affecting the economic viability of the process compared
to other expensive catalysts such as zeolites [24,25]. Moreover, it was shown that adding
metals such as molybdenum, platinum and nickel to a catalyst can increase the acidity
of the catalyst, and more cracking of large molecules with better liquid quality would be
achieved due to the saturation of unsaturated hydrocarbon, and produce a more stable
range of gasoline—diesel products [21].

The aim of this work was to compare the quantity and quality of the reaction products
from non-catalytic thermal- and catalytic hydrocracking processes. However, the focus was
on making the hydrocracking process economical in terms of its practical application by
separating the deactivated catalyst (i.e., spent catalyst) from the solid residues at the end of
the plastic waste hydrocracking reactions. This was then further utilized after regeneration
(i.e., reactivation) and its properties tested through its catalytic behavior and reaction
products because the cost of using a fresh catalyst in each reaction makes recycling the
waste into useful products an expensive and uneconomical procedure. Thus, the reaction
conditions that give the best yield (i.e., maximizing the amount of useful products, such as
oils and gases, while at the same time minimizing environmentally harmful solid waste as
much as possible) are taken into account in this research. Since reducing the percentage of
solid residues inside the reactor facilitates the complete separation of the spent catalyst after
the end of the reaction, it can then be used again after reactivation in subsequent reactions.
In addition, the data of the produced fuel from the conversion of waste polypropylene were
compared experimentally and theoretically, through mathematical modeling, to determine
the efficiency of the catalysts, calculating the activation energies of the reactions that took
place on their surface, and comparing them with the experimental results.

2. Methodology
2.1. Materials

Table 2 summarizes the reagents used in this study with their origin and purity. The
waste polypropylene was used as feed. Nitrogen gas was applied to evacuate the reactor
from oxygen to prevent combustion of materials inside the reactor, while hydrogen gas was
applied for the purpose of reducing metal to the active form. In this study, alumina was
employed as a catalyst, which was adapted to be bifunctional by loading it with metals such
as nickel, molybdenum and platinum by utilizing nickel (II) nitrate, ammonium molybdate
and tetra-amine platinum (II) nitrate, respectively, as metal sources loaded within the
structural framework of catalyst.

2.2. Experimental Work
2.2.1. Catalyst Preparation

Two kinds of alumina support catalyst were prepared for this purpose. The first
catalyst was loaded with Pt metal, and the second catalyst was loaded with NiMo metals.
Assuming a basis of 1 g of bifunctional Al,Oj3 catalyst, about 8 wt% (i.e., 0.0137 g of Ni and
0.0673 g of Mo) was loaded onto 0.919 g of Al,O; for the first catalyst, and about 5 wt%
(i.e., 0.0521 g of Pt) was loaded onto 0.9479 g of Al,Oj in the case of the second catalyst.
Note that the molecular weights of nickel, molybdenum and platinum were 58.693, 95.95
and 195.084 g/mol, respectively. The wet impregnation technique was used for loading the
metals. The impregnation apparatus consists of a 500 mL flask attached to a funnel on the
top to control the dropping of the active metal salt solution onto the alumina. The salt was
tetra ammine platinum (II) nitrate for Pt/alumina catalyst and ammonium molybdate and
nickel (II) nitrate for NiMo/alumina catalyst. The aqueous salt solution was prepared in a
neck-round flask after making accurate calculations, and then it was added to the alumina
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with continuous stirring for 4 h at 80 °C under reflux conditions [26]. As shown in Figure 1,
the metal-loaded catalysts were washed with distilled water several times before being
filtered, then oven-dried at 110 °C overnight and heated to 350 °C for 2 h in the presence of
hydrogen gas toward the reduction of metal to the active form [27]. Finally, these catalysts
were shaped into 2 mm pellets using a hydraulic press, squeezing the powders under
about 15 tones/m?. The pellets were used as a catalyst in the hydrocracking reactions of
waste plastics.

Table 2. Materials utilized in the experimental work.

No. Material Structure Company Origin Purity
Household
1 Polypropylene PP (3 mm particles) waste, Jinub Iraq -
Street
Al-Khaleej gases
2 Hy‘ir"ge“ H, facility, Traq 99.9%
gases Al-Masbah Street
. Al-Khaleej gases
3 Nlt;‘s’gsen N, facility, Iraq 99.9%
& Al-Masbah Street
. Sigma Aldrich, .
4 Alumina AlL,O3 Schnelldorf Germany 99%
Nickel (IT) Ni(NO3), Sigma Aldrich, o
5 Nitrate (Mwt. 182.70) Schnelldorf Germany  99.5%
Ammonium  (NHy)sMO40,4.4H,O Sigma Aldrich, o
6 Molybdate (Mwt. 1235.86) Schnelldorf Germany 99.6%
Tetra ammine
. Pt(NH3)4(NO3)2 Sigma Aldrich, o
7 platinum (II) (Mwt. 387.21) Sehnelldorf Germany 99.9%

nitrate

water
+ Mixture Metal
reduction

with H,

Dryingat
centerfuged 110°C

was
Metal heated
salt up to
+ 80°Cfor 4
Alumina hours

catalyst

Washing

with1llL at 350°C

for 2
hours

for 10 over

BREEE minutes night

Figure 1. Pictorial representation of the wet impregnating steps and metal reduction.

2.2.2. Experimental Procedures

A combined system of a condenser, a gas cooling chiller, a gas-liquid separator and a
semi-Bach stainless steel laboratory reactor (Parr Instrument Company, Moline, IL, USA)
with a volume of 300 cm® was used to carry out the experiments. After separation from
other types of waste, it went through washing, drying and crushing. A weight of 100 g
of polypropylene waste was placed inside the reactor. The reactor has two openings for
gases’ supply, nitrogen and hydrogen. In addition, the reactor is equipped with a mixer
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(100-1000 rpm), pressure gauge, K-type thermocouple and is surrounded by an electrical
heating jacket (1000 Watt). The pressure was fixed at 20 bar under a pressure gauge, while
a PID controller was used to control the temperature inside the reactor at the required
temperature. The exit area of the reactor was connected to a cooling system consisting of
a condenser, a chiller and a gas separator as shown in Figure 2. A 1 m double condenser
was provided by coolant supplied from a gas chiller to condense the hot vapors leaving
the reactor. A gas separator was applied to separate the non-condensable vapors from the
condensate liquid, which dropped into a glass vessel. The gas was discharged through
the pipeline and collected in a rubber ball, while the solid residue remained at the bottom
of the reactor. When the process was hydrocracking, a bifunctional catalyst was added
to the plastic with a weight ratio of 10 plastic to 1 catalyst and then the hydrogen line
was opened until the pressure reached the required operating value before the system ran.
In the case of non-catalytic pyrolysis experiments, nitrogen was pumped to evacuate the
reactor from oxygen to prevent the combustion of materials inside the reactor, with the
selection of appropriate reaction conditions of pressure and temperature. In general, the
products of both processes were gas, liquid and solid char, which were analyzed for their
hydrocarbon components. Moreover, the catalyst used in the hydrocracking process was
separated from the solid residue of the reactants and used again in the next reaction after
reactivation. It should be noted that two types of solvents, hexane and methanol, were used
for the purpose of separating the residue from the spent catalyst at the end of the reaction.

Gas Liguid
Seperator )

Electric
mixer

GAS Fuel COLLECTOR Control Panal \

Qo

Temperature controller
Three-way valve

[Sa—
Electric heater

Double tube condenser

Electrical Heater

Liquid collector

Gas Chiller
Chiller Ha N2

Figure 2. Schematic flow diagram of the experimental rig.

2.2.3. Characterization of Plastic Feed, Catalysts and Fuel Products

The crystalline structure of the as-prepared and regenerated catalysts was character-
ized by the X-ray diffractometer using a Shimadzu XRD-6000, Japan, within a range of 20
from 0° to 90° and a scan rate of 2 (deg/min) with Cu (A = 1.5406 A). A voltage of 40 kV
with a current of 30 mA was applied as a radiation source at a rate of 2 (deg/min). The mor-
phological structure and the macrospores’ composition of fresh and regenerated catalysts
was identified by scanning electron microscopy (SEM) attached with energy-dispersive
X-ray spectroscopy (EDX) from FEI Inspect S50, Holland. The surface areas and total pore
volume of catalysts were characterized via the Brunauer-Emmett-Teller (BET) method
using the SA-9600 series (Horiba, Poland) at a nitrogen boiling point of 77 K. In addition, the
functional groups present in the catalyst structure were determined by Fourier transform
infrared spectroscopy (FTIR, 8400S, Shimadzu, Kyoto, Japan). Thermo-gravimetric analyses
of both waste plastic and catalysts were performed by (TGA) system using an STA PT-1000
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(@)

Linseis Company with universal TA software applied for data analysis and acquisition. The
liquid produced was characterized by the measurement of density, viscosity, flash point
and pour point based on ASTM standards. Furthermore, the liquid fuel compositions were
obtained through gas chromatography-mass spectrometer (GCMS-QP2010 Plus, Shimadzu,
Japan), while the gas product was analyzed by gas chromatography (GC-ASTM 1945, 1946,
Agilent, Santa Clara, CA, USA).

3. Results and Discussion
3.1. Characteristics of Feed and Catalysts
3.1.1. TGA Analysis of Polypropylene Feed

Thermo-gravimetric analysis (TGA) is a method of thermal analysis in which the
mass of a sample is measured over time as the temperature changes. This measurement
provides information about physical phenomena, such as phase transitions, absorption—
adsorption and chemical reactions such as thermal decomposition and others. A TGA
analysis was performed on the 3.023 ug of PP waste shown in Figure 3a under a nitrogen
gas environment.

100 |

84.40% Weight Change
(3.023mg)

804

73.04%
(2.616mg)

60

%)

Weight ('

40

11.36%
(0.4088mg)

20+

T T T T
200 400 600 800 1000
Temperature (°C) Universal V4.5A TA Instruments.

(b)

Figure 3. (a) PP waste polymer after grinding, (b) TGA plots of PP waste polymer after grinding.

It is evident from Figure 3b that the decomposition of PP started at about 400 °C and
ended at about 470 °C with a loss of 73.04 wt%. The total weight loss was 84.4 wt% and it
refers to the weight percentages lost from the PP sample and includes the volatile fractions,
water molecules and other impurities such as additives present in the sample. Thus, in this
work, the reaction temperature selected was in the range of TGA (that is, 400 to 470 °C),
and 450 °C is considered appropriate as the pyrolysis temperature for this polymer.

3.1.2. TGA Analysis of Catalysts

TGA was conducted to investigate the thermal decomposition of the spent catalyst
after its use in the hydrocracking reaction to determine the appropriate temperature needed
for its regeneration. In addition, this analysis was performed to ensure the thermal stability
of the catalyst inside the reactor and during regeneration. It can be seen in Figure 4 that the
two types of catalysts have high thermal stability at the proposed reaction temperature of
450 °C. However, the Pt/ Al,Oj3 catalyst showed a higher stability than the NiMo/Al,O3
catalyst at very high temperatures, especially at temperatures above 800 °C, and this is
due to the property of platinum-loaded metal, which is more stable at high temperatures.
Therefore, raising the temperature to 800 °C should be avoided during the regeneration
process to ensure that the metal-loaded catalyst operates within safe thermal limits when
reused after reactivation in the subsequent hydrocracking reaction. The TGA diagram
shows a clear weight loss in the spent catalyst that started with the temperature rise from
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Weight (%)

100

95

901

85

80

50 °C and continued up to 1000 °C; this weight loss was due to the loss of impurities
and moisture (i.e., volatiles) and the decomposition of coke accumulated on it during
the reaction. Chemically, two types of coke components are deposited on the surface of
the catalyst during the cracking reaction: light coke or non-polyaromatic material at a
low temperature (i.e., below 200 °C) and heavy coke or polyaromatic material at a high
temperature (i.e., above 350 °C) [28]. The last distinct stage of weight loss in the TGA plot
of the NiMo/Al,Oj3 catalyst that appears after 800 °C is associated with a dehydroxylation
reaction (i.e., the rapid destruction of the hydroxyl group within the catalyst structure).
Accordingly, the temperature of 700 °C was selected as suitable for the regeneration process
where the catalyst is stable with no expected decrease in efficiency due to the dissolution of
metals or the hydroxyl group or the occurrence of sintering and localized melting.

5.200%
(0:3658mg)

L1l
20.83% Weight Change|
{1.482mg)
1004 |
4425% 6.236% 34.88% Weight Change
0.3147mg) (0.3338mg) (1.901mg)

504 9011%

- (0.4911mg)

£

o

11.21% g
0.7972mg) 2
80
19.64%
{1.070mg)
70
!
Pt/ALOs ]
r . i &0 T T ; : i
600 800 1000 200 400 600 800 1000
Temperature (C) Unversal V4 SA TA L Temperature (°C) Universal V4,54 TA Ing

Figure 4. TGA plots of the catalysts (heating temperature vs. percentage of catalyst weight loss): the
left plot represents the NiMo/Al,Oj catalyst and the right plot represents the Pt/ Al,Oj catalyst.

3.1.3. XRD Analysis of Catalysts

The structural framework of the two types of catalysts was characterized by XRD.
Figure 5a,b show XRD patterns for fresh and regenerated catalysts. Generally, for both
catalysts, three strong peaks at angles of 37, 46 and 67° are demonstrated, indicating the
X-ray diffraction on the alumina structure. The obvious difference in the XRD pattern, such
as the relative intensities of the peaks (I ) of the alumina catalyst prior to the reaction
(line in blue color) and after the reaction (line in red color), is due to both the loading of
different metals on its surface and the reactivation process. This leads to a difference in the
diffraction of the radiation generated during the analysis. On the other hand, there is an
acceptable pattern match between the red (i.e., regenerated catalyst) and the blue (fresh
catalyst) curves. The XRD pattern of the reactivated catalyst shows smaller peak intensities
than the fresh catalyst, i.e., a decrease in the average degree of crystallinity due to the partial
collapse of the catalyst structure that occurs normally at high reactivation temperatures
or perhaps due to the presence of residues that were not removed during the reactivation
stage, which served to scatter the radiation of the X-ray machine. In other words, changing
just one atom, e.g., by loaded metal, influences the intensities of all reflections [29].
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Figure 5. (a) The left plot represents the XRD patterns of fresh and regenerated Pt/Al,O3 catalysts.
(b) The right plot represents XRD patterns of fresh and regenerated NiMo/Al,Oj3 catalysts.

Moreover, the platinum, molybdenum and nickel metals loaded on the alumina
support do not show obvious peaks when compared to the corresponding peaks of alumina
when alone due to the lower amount of metal particles loaded on the alumina. This is
inconsistent with the results of other researchers who reported that the XRD patterns do
not clearly show a peak for metals up to 15 percent of the loaded weight [30]; this also
indicates small metal particle sizes and good metal particle dispersion. In fact, increasing
the distribution of metals such as Pt, Ni and Mo leads to the creation of more active sites
capable of the adsorption of more hydrogen, which is reflected in the improvement in the
activity and stability of the catalyst [31,32].

3.1.4. SEM and EDX Analyses of Catalysts

Figure 6a,c show 100 um SEM images of two types of fresh catalysts after wet alu-
mina metal impregnation. It can be seen that the structural morphologies are promi-
nent along with the edges of the particles, and this is consistent with the results of other
researchers [33,34]. Figure 6b,d show 100 pm SEM images of two types of catalysts after the
regeneration process. There was a difference due to the simple shape and grids, which is
formed due to the difference in the quality and quantity of metals loaded on the surface of
the catalyst, as well as the morphological change due to the regeneration process that took
place after the reaction. It is clear that there is a good similarity between the SEM images
of the two catalysts. The objective of performing the SEM analysis was to check whether
the molecular structure on the surface of the catalyst had been damaged or affected by the
high temperature during reactivation. On the other hand, SEM results were obtained in
combination with EDX data through the same equipment. These indicate that the metals
were distributed uniformly on the alumina support phase. The first catalyst had a metal
ratio of 6.73 wt% Mo and 1.37 wt% Ni, whereas the other had a metal ratio of 5.21 wt%
Pt. It demonstrates that the metal was successfully loaded onto the alumina surface. In
fact, these percentages of metals were loaded to simulate the commercial catalyst used
in Iraqi oil refineries from which the spent catalyst could be utilized for future polymer



Energies 2023, 16, 4871

10 of 29

20 [ HV
40 AM [10.00 kV

recycling. Likewise, the EDX data showed completely identical results between the amount
of metals loaded on the surface of the catalyst before and after the reactivation process (that
is, over fresh and regenerated catalysts); the weight ratio of Mo and Ni was approximately
6 wt% and 1.2% wt% for the first catalyst, and Pt was approximately 4.8 wt% for the second
catalyst. This indicates that the crystal structure of the catalyst and the percentage of
the atomic composition of the metals loaded on its surface were not widely affected via
the heat of regeneration or the severe conditions of the catalytic reaction. Furthermore,
1.01 wt% and 1.17 wt% of carbon appeared in the EDX data for the NiMo/Al,O3- and
Pt/ Al,O3-regenerated catalysts, respectively. This is because unburned coke remained on
their surface, which was expected because it is practically difficult to burn 100% of coke
during reactivation, which was also expected to affect the BET surface area of the catalysts.
Accumulation of this amount of coke and its persistence after the reactivation process may
explain the low crystallinity of the catalyst as it appeared previously in the XRD patterns.

det |spot

x|14.8 mm ETD 6.0

3 ¢
2 HV mag O d E
PM|2.00 kV | 1000x |15.2 mm|ETD| 6.0

Figure 6. SEM images of: (a) the fresh NiMo/Al,Oj3 catalyst, (b) the regenerated NiMo/Al,O3
catalyst, (c) the fresh Pt/ Al,O3 catalyst, (d) the regenerated Pt/ Al,O3 catalyst.
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3.1.5. BET Surface Area Analysis of Catalysts

The BET surface area is an analysis based on a phenomenon called the gas adsorption—
desorption isotherm. Adsorption occurs when gas molecules contact the solid material
surface and create an adsorbate layer, and desorption is the opposite. The solid surface
absorbs the gas atoms, such as the accumulation of N-gas molecules on an alumina catalyst;
hence, it denotes the inner area and the outer surface area of the catalyst pellet.

Table 3 provides BET surface area data for fresh and regenerated catalysts. Accu-
mulated coke and impurities within the pores of the catalyst would naturally reduce the
BET surface area of the catalyst. Therefore, when the temperature is sufficiently high in
the regeneration process, the surface area of the catalyst is restored due to the burning
of the deposited coke. It is evident from the obtained results that the surface area of the
regenerated NiMo over alumina catalyst decreased to become 141.48 m?/g. It also can
be seen that the monomolecular volume (V,;), total pore volume and mean pore volume
decreased from 34.478 cm3/ g, 0.329 cm3/ g and 8.777 nm to 32.506 cm3/ g, 0.298 cm3/ g
and 8.435 nm, respectively. The same phenomenon was observed for the Pt over alumina
catalyst. This reduction was due to coke residues within the pores of the catalyst and occu-
pying the surface area, which prevented Nj-gas from covering all the available pore volume
within the catalyst framework structure. On the other hand, the regenerated Pt/ Al,O3
catalyst showed a smaller loss of surface area than the regenerated NiMo/Al,Oj3 catalyst,
which decreased by approximately 1% to become 150.83 m?/g. In addition, loading a
larger quantity and more types of metals on the surface of the catalyst also reduced the
pore volume. When these metals were distributed on the catalyst, they closed the pores of
the catalyst. Thus the Pt-loaded catalyst had a larger total pore volume compared to the
NiMo/Al,O3 catalyst.

Table 3. BET surface area analysis results.

Catalyst Vi (cm® g=1)  BET Area(m?g~1)  Total Pore Volume (cm3 g=1)  Mean Pore Diameter (nm)
Fresh NiMo/alumina 34.478 150.07 0.329 8.777
Regenerated
NiMo/alumina 32.506 141.48 0.298 8.435
Fresh Pt/alumina 35.149 152.99 0.587 11.904
Regenerated 34.655 150.83 0.455 11.558
Pt/alumina

3.1.6. FTIR Analysis of Catalysts

In the previous sections, XRD, SEM, EDX and BET tests of the regenerated catalysts
demonstrated that the crystal structure, morphology, chemical composition and surface
area, respectively, were not strikingly affected by the calcination during the regeneration
process. It was necessary to verify the chemical bonds and functional groups available in the
catalysts by Fourier transformed infrared spectroscopy (FTIR), and whether the active sites
of the catalyst were still in their positions and not widely affected during the regeneration
process after the catalyst was consumed in the reaction. Figure 7 shows the FTIR of the
two catalysts used before and after the regeneration process. This test was also applied to
check the metal sites within the catalyst framework structure for the purpose of ensuring
the success of the metal-loading processes on its surface. The illustration of the FTIR
spectra of the NiMo/Al,O3 and Pt/ Al,Os catalysts with a wavelength of 380-3800 cm !
confirms the appearance of a bending vibration of H-O-H molecules of chemically bonded
water at 1632 cm ™!, indicating the presence of chemisorbed water within the pores of the
catalyst [35]. In addition, the absorption bands at 574 cm~! can be ascribed to the (O-Al-O)
stretching vibration, which is assigned to the amorphous aluminum oxide [35-38]. It is
clear from the spectrographs that the active peaks of the catalyst components in the curve
of the fresh catalyst and the regenerated catalyst appeared in the same place.
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Figure 7. FTIR spectra for fresh and regenerated NiMo/Al,O3 and Pt/ Al,Oj catalysts.

Figure 8 shows the FTIR spectra in the left plot for the fresh and regenerated catalysts
in the range of 1020 cm~! because the small peaks are not clearly visible in Figure 7.
Nickel metal added to alumina appeared to be evident in the range between 445 and
490 cm~! [39] and molybdenum metal between 621 and 874 cm 1 [39]. The absorption
band at 474.5cm™~! in the right plot can be attributed to the Pt ion, which is evident
after magnification on the x- and y-axial scale. This group suggests that Pt atoms were
successfully incorporated into the alumina frameworks, and this is consistent with the
results observed by other authors [40,41].

Transmittance %

——fresh ——regenerated ——fresh ——regenerated

i
|
|

Transmittance 2

420 440 460 480 500 520

420

720 820 220 wave length [em™1)

wave length (cm™)

Figure 8. FTIR spectra of the used catalysts; left plot represents the fresh and regenerated
NiMo/Al,O3 at range of 420 to 1000 cm~!, and right plot represents the fresh and regenerated
Pt/ Al,Oj3 catalysts at range of 420 to 520 cm 1.

In general, the peaks in the FTIR spectra indicate that when the temperature is in-
creased during the regeneration process, the absorption peaks appear with lower intensity
due to the decreased probability of thin film deposition and a small reduction in the chem-
ical interaction capacity due to the accumulation of unburned coke on the regenerated
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catalyst, which leads to a lower peak intensity. This result is consistent with the conclusion
reached by Naayi when studying the alumina catalyst by FTIR [42].

3.2. Characteristics of Operating Conditions and Degradation Products
3.2.1. Optimization of Operating Conditions and Catalyst Regeneration

One of the most critical problems facing the catalytic reaction in industrial processes is
the low efficiency of the catalysts either during the reaction or after several reaction cycles.
In addition, there is a problem specific to the pyrolysis reactions of plastics, which is that the
nature of these materials leads to the production of solid or semi-solid materials inside the
reactor, which leads to the accumulation of these products on the catalyst pellets and causes
its isolation from the reaction and thus hinders its work. In addition the inability to extract
the catalyst at the end of the reaction is considered uneconomic and has a financial loss for
any applicable operation due to the high prices of the catalyst in most cases. Accordingly, it
is necessary to find a working mechanism to overcome this complex problem. Through
this research, special reaction conditions were reached that allowed us to easily extract
the spent catalyst from the catalyst mixture remaining after the end of the experiment
to be reactivated and used again in post-reactions. The method of work was shortened
by finding suitable operating conditions in terms of pressure and temperature, which
allowed the least amount of solid residue to be obtained, which is the main factor that
causes the loss of the catalyst; in other words, a process of almost complete transformation
of waste polymers into liquid and gaseous hydrocarbon chains. Many experiments were
performed at different pressures and temperatures in this regard to reach the optimum
reaction conditions.

After conducting the TGA analysis as previously shown in Figure 3, it was found that
the decomposition of PP waste polymer occurs between approximately 400 and 450 °C,
so the reaction system must be operated under these conditions. It is consistent with
what Yanik, Hammoudi and Lue found through the empirical results of their research,
where this temperature gave the largest proportion of the desired liquid fuel from the
decomposition of polymers [43—45]. On the other hand, the increase in pressure inside the
reactor further stimulates the thermal cracking reaction of the compounds inside the reactor,
which contributes to a significant increase in the rate of critical solid residue cracking at
the bottom of the reactor. As a result, it becomes easier to extract the catalyst from such a
small amount of residue at the end of the experiment. Figure 9a shows the fresh catalyst,
and after extracting the catalyst at the end of the experiment, it is black in color due to the
accumulation of coke and solid impurities on its surface as in Figure 9b, and when it is
heated to a temperature of 700 °C in the presence of air for 45 min to burn off the coke layer,
the catalyst returns to almost its original color before use (Figure 9¢c), and here it can be
used in the subsequent reactions. In addition, the products obtained from hydrocracking
reactions over the regenerated catalyst can be compared with those obtained through the
use of the fresh catalyst in order to evaluate the catalytic activity of the catalyst and the
effect of the reactivation process on its behavior during a repeating reaction.

: b

Figure 9. (a) The fresh catalyst, (b) the spent or deactivated catalyst and (c) the regenerated or

reactivated catalyst.
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Several experiments were performed at different pressures (i.e., 0.5, 10, 15 and 20 bar)
under temperatures of 400 and 450 °C to determine the appropriate pressure that would
produce the least amount of residue, taking into account the need to obtain the required
quantity of liquid oil, which is the desired product of the process described earlier in
Figure 2. Increasing the pressure leads to a decrease in the production rate of liquid
fuels, while the production of gaseous fuels increases, and this is undesirable due to the
economic value of liquid fuels. In fact, increasing the pressure causes the large plastic waste
molecules inside the reactor to be further broken down into smaller particles with different
molecular weights. Therefore, the exact critical conditions must be known to produce the
least amount of solid waste inside the reactor while maintaining the highest amount of
liquid fuel produced that allow the highest productivity of the desired oil derivatives to be
obtained from the cracking of the waste plastic because the process mainly targets economic
feasibility by reducing the high cost of the catalyst used, and this needs to achieve a balance
in the operating conditions. It should also be noted that the gaseous fuel produced can be
used as an alternative fuel for the electric energy that is used in such industries, especially if
it is rich in fast-burning hydrocarbons and contains a high percentage of heat. It is evident
from Figure 10 under 400 °C that for all pressure points except under high pressure (25 bar),
the amount of residual solid is not low enough to easily recover the catalyst from it after
the end of the reaction. While under 450 °C as shown in Figure 11, the amount of solid
residues remaining from the reaction is reduced to its lowest levels, especially at pressures
from 15 to 25 bar, allowing easy recovery of the catalyst from the process without a high
agglomeration of unbroken long-chained hydrocarbons remaining on the catalyst surface.
It must also be taken into account that increasing the pressure used increases the cost of
the industrial process. The green dots above the black line representing the residual solid
product in Figure 11 indicate the recovery of the largest amounts of the catalyst after the
reaction under these conditions, while all the red dots in Figures 10 and 11 mean that
no sufficient recovery of the catalyst was achieved after use. It is noted that the amount
of produced gases is approximately equal under both temperatures, and this quantity
increases with the increase in the pressure applied in the reaction and the proportion of
produced gases reaches up to about 30% more or less of the obtained products, while the
proportion of solids produced is less than 20% under 400 °C and only 10% under 450 °C
using pressure as low as 1 bar. On the other hand, the production of liquid fuel with a high
economic value was about 65% under the temperature of 400 °C and pressure of 20 bar,
while the percentage of liquid fuel produced reached about 80% under the temperature
of 450 °C and pressure of 20 bar. In general, and taking into account the results obtained,
the use of operating conditions of 450 °C and 20 bar in this study seems to be optimal for
achieving liquid fuel outputs at the highest degrees of pyrolysis, and thus will provide
the possibility of recovering the catalysts from the solid residues upon completion of the
reaction for the purpose of reactivation and reuse.

3.2.2. Polypropylene Degradation Products

It was evident from the experimental work that the PP decomposition reaction prod-
ucts can be separated into liquid, gas and solid residue. The vapors emerging from the top
of the reactor were condensed to separate the condensable vapors from the non-condensable
gases. The solid residue and spent catalyst remained at the bottom of the reactor, where
they were extracted and weighed after separating the catalyst. The resulting liquid was
also collected and weighed. For the resulting gas, its weight was calculated by balancing
the material around the reactor. The liquid, gas and solid for thermal cracking and hydroc-
racking were calculated using the two types of catalysts (i.e., Pt/ Al;O3 and NiMo/Al,O3)
for both fresh and regenerated catalysts, and the results are summarized in Table 4.
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Figure 10. Non-catalytic treatment results for PP waste plastics under varying pressures at 400 °C.
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Figure 11. Non-catalytic treatment for PP waste plastics under varying pressures at 450 °C.
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Table 4. Products of liquid, gas and solid for decomposition reactions of PP plastic waste under
450 °C and 20 bar.

Process Liquid wt.% Gas wt.% Solid wt.%

Non-catalytic thermal pyrolysiss 78.40 20.80 0.80

Hydrocracking over fresh NiMo/Al,O3 Cat. 86.00 13.78 0.22

Hydrocracking over fresh Pt/ Al,O3 Cat. 84.00 15.60 0.40
Hydrocracking over regenerated

NiMo,/ ALOj Cat. 83.30 16.02 0.68
Hydrocracking over regenerated

Pt/ Al,O; Cat. 82.90 16.10 0.80

It is clear that catalytic hydrocracking produces a higher liquid yield with lower
gaseous and solid yields than non-catalytic pyrolysis. This result is due to the fact that
the use of more selective catalysts mainly helps to increase the catalytic thermal cracking
rate of large hydrocarbon molecules on the acidic sites of the catalysts in an orderly and
non-random manner, as in the case of non-catalytic thermal pyrolysis. The second reason
is that the reaction under the hydrogen environment stimulates the reduction in solid
waste and an increase in selectivity compared to thermal decomposition that uses nitrogen
instead of hydrogen. This is because the presence of the latter with the availability of
metal functions represented by the metals loaded on the surface of the catalyst significantly
activates hydrogenation—dehydrogenation reactions and is useful for pyrolysis in terms
of reducing the amount of coke yield and increasing the production of hydrocarbons.
These results are largely consistent with Yuan Xue’s conclusions [22]. On the other hand,
hydrocracking over the fresh NiMo/Al,O3 catalyst gives better performance than the fresh
Pt/ Al;Oj3 catalyst in the case of a higher amount of liquid hydrocarbons, which were 86%
and 84 wt%, respectively, while the solids were 0.22% and 0.4 wt%, and the gaseous values
were 13.78 and 15.6 wt% over the fresh NiMo/Al,O3 and Pt/ Al,Os catalysts, respectively.
It is noted that a decrease in the amount of the solid product, even in a small amount,
serves the catalyst recovery process in a more useful way after the end of the reaction. From
another point of view, the results showed that the behavior of the regenerated catalyst
gave close reaction products for both types of catalysts compared with those of the fresh
catalysts, and this indicates that the reactivation process was successful in restoring the
catalytic properties of the spent catalysts for further use. Moreover, when comparing the
behavior of the fresh and regenerated catalysts, a decrease in the liquid oil produced was
observed from 86 to 83.3 wt% in the case of NiMo/Al,O3 and from 84 to 82.9 wt% in the
case of Pt/Al,O3, and conversely, the amount of gas produced increased by using the
regenerated catalyst simultaneously with a clear increase in the amount of accumulated
coke on its surface, reinforcing the belief that the activity and selectivity were relatively
low. This result is consistent with what was shown by the XRD patterns and BET surface
area results, in which there was a decrease in the degree of crystallinity, surface area and
pore volume for both types of regenerated catalysts considering that the catalytic reactions
are mainly an interface phenomenon.

3.2.3. Liquid Products” Characterization

The resulting liquid products were investigated for both the fresh and regenerated
catalysts based on chromatography-mass spectrometry. The hydrocarbon components of
this liquid were divided according to the number of carbon atoms and compared with
the petroleum fractions. The more carbon atoms there are, the higher the boiling point of
the petroleum components [18,46—-49] as shown in Figure 12. The group of hydrocarbons
representing gasoline fractions in the range (Cs—Cyy) [50,51] is highlighted in the green
color, and the group of hydrocarbons representing diesel fuel fractions in the range (Cy3—
Cys) [23,50] is highlighted in the brown color in the these figure. The results showed that
the distribution of hydrocarbons for liquid fuel products under the optimum conditions of
temperature and pressure using the thermal pyrolysis process without a catalyst led to an
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increase in the weight percentage within the diesel fuel range (80.83 wt%) compared to the
content of gasoline fuel (15.94 wt%). Similarly, in the case of using hydrocracking with the
presence of either fresh or regenerated catalysts, there was a reduction in the proportion
of diesel fuel produced compared to the non-catalytic cracking process. Of course, this
indicates an increase in the regular rates of cracking reactions and the production of
compounds with lower boiling points and fewer carbon atoms on the surface of the catalysts.
Scientifically, the number of carbon atoms in the reaction products is in a more low and
more narrow range whenever cracking reactions take place at faster rates and without
randomness, and therefore it was found that the range of carbon atoms produced was
(Cs—C3p in non-catalytic pyrolysis), (C¢—Cps in hydrocracking over NiMo/ Al,O3 catalyst)
and (Cg—Cyg in hydrocracking over Pt/Al,O3 catalyst). This means that while catalytic
hydrocracking was performed, further cracking can be achieved with high selectivity.

m Jul e

7 B 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 15 26
Carbon Number

Figure 12. Classification of the weight percentages of the hydrocarbon components produced from
the catalytic and non-catalytic hydrocracking reaction according to the number of carbon atoms.

As summarized in Table 5, the results of GC-MS showed that the percentage of the
gasoline range produced increased from 15.94 wt% to 34.45 wt% and 49.85 wt% over the
NiMo/Al,O3 and Pt/ Al, O3 fresh catalysts, respectively. There was a slight decrease in
the rates of gasoline produced on the surface of the reactivated catalysts compared to
the fresh catalyst. This is due to the increase in and uniformity of the hydrocracking
mechanism of hydrocarbon components of the polymer on a certain position on the active
acid and metal sites of catalysts. Hydrocracking over Pt/Al,Os catalysts gave the highest
weight of products to the gasoline fractions (i.e., more selective for gasoline range hydro-
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carbons), and this finding can be explained according to the data obtained from the BET
analysis, as this catalyst has the highest surface area and pore volume compared to the
NiMo/ Al,O3 catalyst.

Table 5. Fuel range spectrum for liquid products in cracking processes under 450 °C and 20 bar.

Gasoline Range  Diesel Range Others
Process

wt. % wt.% wt.%
Non-catalytic thermal pyrolysis 15.94 80.83 3.23
Hydrocracking over fresh NiMo/Al,O3 cat. 34.45 65.55 Nil
Hydrocracking over regenerated .
NiMo,/ALOj cat. 31.39 68.61 Nil
Hydrocracking over fresh Pt/ Al,Oj cat. 49.85 50.10 0.05
Hydrocracking over regenerated 48.17 51.83 Nil

Pt/ Al,O3 cat.

3.2.4. Physical Properties of Liquid Product

The liquid product of all the experimental reactions was orange—yellow to brown
with little difference in density, as tabulated in Table 6. Considering that the reaction was
conducted under a relatively high temperature and pressure. The density of the liquid
product was low, i.e., high API gravity, which was mathematically calculated from specific
gravity (5G) in Equation (1) to be 44.93 for non-catalytic thermal cracking and 45.15 and
47.16 in hydrocracking over fresh NiMo/Al,O3 and Pt/ Al,Os catalysts, respectively. This
result is close to the results documented by Panda [49], which were slightly lower than
the density results mentioned above due to the high pressure employed in his work on
kaoline and silica alumina catalysts, where a higher pressure increased the cracking of
hydrocarbons towards enhancing gas production. In general, an increase in the API value
indicates an improvement in the properties of the oil produced, as this indicates an increase
in the light and medium fractions within the produced petroleum.

141.5

Specific gravity v

API gravity =

Table 6. Physical properties of liquid products from cracking processes under 450 °C and 20 bar.

Density k. Viscosity Pour Point Flash Point

No. Test Color (g.cm—3) API (Sb) ©0) ©C)
1 Nomeatalyticthermal = p 4 5y ovon 0.802 44.93 19 15 44
pyrolysis
Hydrocracking over .
2 fresh NiMo,/ AlLOs Light Brown 0.801 45.15 1.32 —20 38
Hydrocracking over
3 regenerated Light Brown 0.802 44.93 1.40 —18 41
NiMo / A1203
Hydrocracking over .
4 fresh Pt/Al,Os Light Brown 0.792 47.16 1.10 -22 33
5 Hydrocracking over -y, g 0.802 44.93 115 —22 34

regenerated Pt/ Al,O3

Additionally, the regeneration process of the spent catalyst did not show a signifi-
cant effect on its catalytic behavior and thus on the density of the products obtained on
its surface compared to the fresh catalyst. The results of the viscosity of the produced
liquid show that the viscosity follows the trend: Pt/ Al,O3 < NiMo/Al,O3 < non-catalytic
thermal cracking. In fact, a higher viscosity of the liquid products was found for the non-
catalytic thermal cracking process due to the increase in the percentage of diesel products
in it, which reached 80.83 wt% with a small percentage of gasoline products of around
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15.94 wt%. This makes these products heavier and more viscous, and that is consistent
with the previous results of Sally [44]. The lower viscosity of the liquid products on the
surface of the fresh and regenerated Pt/ Al,O; catalyst compared to those products on the
surface of the NiMo/Al,Os catalyst can be explained by the fact that the liquid produced
on the surface of the former catalyst contains gasoline fractions in the range (C4—Cj2) ina
higher proportion than that in the case of the NiMo/Al,Os catalyst, while the proportion
of diesel fuel fractions in the range (C13-Csg) was lower than that of the products over the
NiMo/Al,Oj3 catalyst, as previously mentioned in Table 5. The fewer carbon atoms in the
components of the liquid produced, the lower its viscosity. Moreover, the flash point of a
specific substance is defined as the lowest temperature at which the vapor of the substance
can form a flammable mixture with air. The flash point results show that the catalyst’s
efficiency follows the trend: thermal cracking > NiMo/Al,O3 > Pt/ Al,O3. The lowest
flash point in the lighter products was found over the surface of the fresh and regenerated
Pt/ Al,Oj3 catalyst. This means an increase in the volatile hydrocarbon components of igni-
tion when exposed to a spark. Furthermore, the pour point of a given substance is defined
as the lowest temperature at which a substance can flow under specified conditions. The
pour point results follow the same trend as the flashpoint results, where the lowest pour
point results for liquid products were found over the surface of the fresh and regenerated
Pt/ Al,Os catalyst, since it consists of lighter oil fractions with a lower carbon atom number
and lower boiling point compared to the components of the liquid produced over the
surface of the fresh and regenerated NiMo/Al, O3 catalyst and/or non-catalytic thermal
pyrolysis. The decrease in the pour point value indicates the enhancement in the overall
flow-ability of crude oil.

3.2.5. Gas Products’ Characterization

The gas product in these experiments was collected from the gas-liquid separator and
then analyzed using gas spectrometry (GC). Table 7 summarizes the results of the examina-
tion of the gas components produced from the polypropylene waste treatment reactions.

Table 7. Fuel range spectrum for gas products in cracking processes under 450 °C and 20 bar.

Non-Catalytic Hydrocracking Hydrocracking
Process Thermal Pyrolysis over NiMo/Al,O3 over Pt/A1,O3
(vol.%) (vol.%) (vol.%)
Hydrogen (Hj) 12.57 4391 35.77
Carbon Dioxide (CO,) 3.58 1.59 1.92
Methane (CHy) 28.72 11.36 19.36
Ethane (CoHg) 23.24 16.49 18.88
Propane (C3Hg) 15.01 17.28 16.47
Iso-Butane (i-C4Hqg) 0.61 0.49 0.78
Normal Butane (n-C4Hjyg) 1.03 5.53 3.61
Iso-Pentane (i-C5Hj;) 0.00 0.29 0.92
Normal Pentane
(n-CsHy) 0.00 1.13 0.29
Oxygen (Oy) 5.09 0.74 0.63
Nitrogen (N3) 10.15 1.19 1.37
Total 100 100 100

It is clear from the obtained results that the gaseous product contains burnable gases of
high value, which can be used as an alternative to natural gas or petroleum gas. Although
hydrogen was not used in the non-catalytic thermal process, it is noticed from the results
that a quantity of this gas was produced that amounted to 12.57 vol%. This is due to
the fact that thermal cracking reactions in the absence of a catalyst follow the free radical
mechanism, which facilitates the production of hydrogen gas of high economic value. On
the other hand, the production of Hj-gas in larger quantities as shown in Figure 13 from
hydrocracking reactions in the presence of catalysts gives an indication of a decrease in



Energies 2023, 16, 4871

20 of 29

the consumption of this gas in that type of process because it is self-generated under the
reaction conditions used, and therefore there is no need to supply the complex catalytic
reaction with excess Hp-gas. In addition, it is noted from the results of the reaction that
there are other combustible gases that were produced in different percentages, such as
methane, ethane, propane, butane and pentane, which can be used as alternative gaseous
fuels in domestic and industrial operations or for the purpose of feeding the reactions of
treating plastic waste with the required heat. The light gases, mainly methane, ethane and
propane, appeared in the reaction products in higher concentrations compared to the other
heavier gases. This can be attributed to the high pressure used in the reaction, which caused
the heavy gases to break down into lighter ones. It is noted that higher concentrations of
other gases appeared in the products of non-catalytic thermal reactions, such as oxygen
and nitrogen gases, reaching 5.09 and 10.15 vol.%, respectively, compared to very slight
concentrations of these gases within the products of catalytic hydrocracking reactions. This
is due to the fact that nitrogen is pumped into the non-catalytic cracking process, while
hydrogen is pumped into the catalytic cracking processes. Note that nitrogen from the
source is accompanied by a small percentage of oxygen, and the survival of a percentage
of air inside the reactor before conducting experiments may help in the appearance of a
percentage of oxygen gas as well in the output. It is also noted that small percentages
of carbon dioxide gas in the ranges of 3.58, 1.59 and 1.92 vol.% appear with the reaction
products of non-catalytic thermal pyrolysis, hydrocracking over the NiMo/Al,O3 catalyst
and hydrocracking over the Pt/ Al,O3 catalyst, respectively, as a result of the combustion
processes of some components throughout the reactions owing to the presence of an amount
of oxygen gas that usually leads to oxidation reactions. The emergence of carbon dioxide
increases with the increase in the availability of oxygen gas within the reaction. Therefore,
the availability of a greater proportion of oxygen gas in the non-catalytic thermal pyrolysis
reactions led to the emergence of a greater proportion of CO,-gas in its products.
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Figure 13. Distribution spectra of burnable gases produced from PP waste plastic treatment.

3.2.6. Solid Products’ Characterization

Chromatography-mass spectrometry was used to analyze the solid residue after they
were collected from the bottom of the reactor. The remaining solid has previously been
tabulated in Table 4, with values of 0.8, 0.22 and 0.4 wt% for non-catalytic thermal pyrolysis,
and hydrocracking over the fresh NiMo/Al,O3 and Pt/ Al,Oj catalysts, respectively. For
the use of the regenerated catalysts, the resulting ratios were 0.68 and 0.8 wt% for the
NiMo/Al,Os and Pt/ Al,Oj3 catalysts, respectively. This indicates that the effect of accu-
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mulated coke on the Pt/ Al,O3 catalyst is greater than that of NiMo/Al,O3, as confirmed
by EDX data. This is possible because the increase in the surface area leads to an increase
in the reaction rate, and therefore there are greater amounts of coke on its surface, while
the availability of more than one metal increases the distribution of the reactants due to
the activation of hydrogenation and dehydrogenation reactions, thereby reducing coke
formation. It was observed that the solvents used, such as hexane and methanol, to separate
the residue from the spent catalyst at the end of the reaction did not show any peak in the
GC-MS results.

The previous results are explained by the absence of more hydrocarbons in the solid
residue. In general, the use of high operating conditions for the regeneration process
resulted in a tiny amount of solid residues.

4. Kinetic Modeling

Building the kinetic model requires conducting a series of practical experiments at
different temperatures. Therefore, in this study, for the purpose of building the lump kinetic
model, six catalytic hydrocracking experiments were conducted on two types of catalysts.
Studying the behavior of each catalyst needs three experiments at different temperatures
(i.e., 400, 425 and 450 °C) to evaluate the model parameters. Table 8 shows these results.

Table 8. Weight ratio of lumps at different temperatures.

Fraction Lump Carbon wt.% over NiMo/Al,03 wt.% over Pt/Al, O3
Number 400 °C 425°C 450 °C 400 °C 425°C 450 °C
Gases Ci1toCsy 12.40 12.90 13.68 13.13 15.38 15.60
Light naphtha Ce to Cqq 6.60 15.77 21.67 11.90 12.57 18.89
Heavy naphtha Cip to Cyg 22.40 38.05 48.07 19.67 34.12 41.68
Middle distillate fuel Cq7 to Cyps 27.20 22.50 16.01 31.85 29.90 23.25
Heavy distillate fuel Cy5 and more 31.40 10.78 0.57 23.45 8.03 0.58

The products of the hydrocracking process were divided into five lumps, depending on
the GC-MS results. The division was based on the number of carbon atoms in the produced
hydrocarbons. The five lumps were gas (GAS), light distillates including light naphtha (LN)
heavy naphtha (HN), middle distillate fuel (MDF), and finally, heavy distillate fuel (HDF).
It is clear from Table 8 that the tendency to produce lower lumps such as gas, light naphtha
and heavy naphtha increases as the temperature rises due to further hydrocracking of
heavy hydrocarbons into lighter weights. On the other hand, a lower temperature causes
middle distillate fuel and heavy distillate fuel to increase. The reaction pathways for the
hydrocracking of plastic wastes proposed by Ramdoss and Tarrer assume five lumps and
seven reactions [52,53]. The researchers studied the kinetic model of hydrocracking by
assuming the dependence of the reaction rate constant on the Arrhenius equation. Pre-
exponential factor values and activation energies for each reaction were determined by
solving differential equations and regression of the data simultaneously. This method
proposed by Ramdoss and Tarrer for the investigation of the kinetic model has been widely
used, especially in the study of crude oil hydrocracking residue [54-57]. All the kinetic
models suggested by these studies use the lumps model with a different number of lumps
for each study. The increase in the number of lumps gives more accurate results for
calculating model parameters. Generally, this process is very similar to the hydrocracking
of waste plastics. Thus, the same Ramdoss and Tarrer methodology is utilized, considering
the modification on the use of six lumps and fifteen reactions, as shown in Figure 14.
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Figure 14. Six-lumps kinetic model applied in this study for waste plastic hydrocracking.

Reactions 11 to 15 are called primary catalytic reactions because they are the first step
of the decomposition of PP into other lumps (i.e., the slowest step in a reaction mechanism,
which is known as the rate-determining step), and the other reactions (i.e., from reaction
1 to 10) are called secondary catalytic reactions because they follow the primary catalytic
reaction. For each lump in Figure 14, a mole balance was made, and six-mole balances
were solved using MATLAB software. The MATLAB program optimizes the mole balances
equations and the experimental results in Table 8 depending on the genetic algorithm that
is designed to fit the Arrhenius equation. Figures 15 and 16 demonstrate that the regression
of the kinetic model is acceptable. However, it had a relative error value of 19.43 and 19.29%
for the NiMo/Al,O3 and Pt/ Al,O; catalysts, respectively.
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Figure 15. Kinetic model regression for catalytic hydrogenation over NiMo/Al,Os catalyst.
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Figure 16. Kinetic model regression for catalytic hydrogenation over Pt/ Al,O5 catalyst.

Table 9 shows the activation energies and reaction rate constants for all reactions
at a reaction temperature of 450 °C over the two types of catalysts used, while Figure 17
illustrates the obtained activation energies for the primary and secondary catalytic reactions.
In general, the values of the activation energies over the Pt/Al,O3 catalyst showed a
larger value than those on the NiMo/Al,Os5 catalyst. In particular, the primary reactions
demonstrated high values for the activation energies of HN and LN of 232,017.95 and
234,521.65 ] /mol, respectively, with the values for MDF and HDF being 25,332.65 and
78,823.90 ] /mol, respectively. This result demonstrates that the decomposition of the large
PP molecules on the surface of the Pt/ Al,O3 catalyst into primary hydrocarbon lumps is
more difficult than the case of the large PP molecules on the surface of the NiMo/Al,O3
catalyst, and thus more energy is required to break the large PP molecules into smaller ones.

Table 9. Activation energies and reaction rate constant at 450 °C obtained for the two types of

catalysts used.

E (J/mol) over E (J/mol) over

Ka Reaction

Pt/Al, O3 NiMo/Al,O3
1 Light naphtha — Gas 142,961.930 82,729.84
2 Heavy naphtha — Gas 117,973.730 264,831.36
3 Heavy naphtha — Light naphtha 103,404.020 104,720.17
4 Middle distillate fuel — Gas 155,133.080 287,904.78
5 Middle distillate fuel — Light naphtha 270,180.030 134,380.31
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Table 9. Cont.

E (J/mol) over

E (J/mol) over

Kn Reaction PY/AL,O; NiMo/Al,05
6 Middle distillate fuel = Heavy naphtha 115,029.780 114,175
7 Heavy distillate fuel — Gas 184,290.320 136,089.49
8 Heavy distillate fuel — Light naphtha 294,190.620 124,452.35
9 Heavy distillate fuel -+ Heavy naphtha 112,350.010 103,963.55
10 Heavy distillate fuel — Middle distillate fuel 122,042.580 99,562.64
11 PP — Gas 39,845.980 39,244.25
12 PP — Light naphtha 234,521.650 181,936.02
13 PP — Heavy naphtha 232,017.950 42,261.72
14 PP — Middle distillate fuel 25,332.650 23,980.24
15 PP — Heavy distillate fuel 78,823.900 76,659.5

Where n represents the number of reactions.

Reaction Routes
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Primary Cracking

Activation Energy (J/mole)

Figure 17. Values of the obtained activation energies and comparison of the behavior of the

used catalysts.

In summary, all primary catalytic reactions show greater activation energy values on
the Pt/ Al,O; catalyst except for the production of the gas lump, where its value decreased
to 39,245.980 J/mol compared to 39,844.25 ] /mol on the NiMo/Al,O3 catalyst. This result
is consistent with the experimental results previously reported in Table 4 where less liquid
and a higher amount of gas were obtained on the Pt/Al,O3 catalyst as compared to the
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products obtained on the NiMo/Al,O3 catalyst since the lower the activation energy value
on the surface of the catalyst, the amount of production of a particular product increases
due to the increase in the reaction rate. On the other hand, the activation energies of
the secondary catalytic reactions also give a higher value over Pt/Al,O3 than that over
NiMo/Al,O3 in seven out of ten reactions (i.e., that is, except for reactions 2 to 4).

For the purpose of comparing the result of the kinetic model with the results of
the experimental work, five product lumps were selected to increase the accuracy of the
parameters determined in the kinetic model and compared with the data of three fuel
fractions in the experimental work. For the comparison between the kinetic model and
the experimental results, the lump of LN in the model is consistent with the data for
the gasoline fraction, while the HN, MDF and HDF lumps are consistent with the diesel
data; this division of components certainly depends on the number of carbon atoms in the
hydrocarbons produced.

Therefore, the apparent activation energy was calculated for the gas, gasoline and
diesel ranges to build a clear view of this comparison. The apparent activation energy of
the parallel reaction was calculated using Equation (2) [53], and Table 10 demonstrates the
apparent activation energy for the liquid and gas on one side, and for the components of
the liquid fraction (i.e., gasoline and diesel) on the other side.

E1Ky + E2Ky 4+ ...+ EL Ky,
Ki+Ky+...+K;

Eupp = (2)
where E,p) is the apparent activation energy and K is the reaction rate constant.

Table 10. The values of apparent activation energies of gases and liquids on the surface of catalysts,
including gasoline and diesel products.

Products Eqpp (]/ér:‘(t);;;’stt/AIZO;; Eapp (]/mé);ii\ll}i’ls\;lo/A1203
Gas product 39,252.03 39,845.02
Liquid product 69,260.76 66,301.42
Gasoline product 103,404.02 108,234.89
Diesel product 69,260.46 66,301.29

Firstly, the apparent activation energy value was calculated from the results of the
kinetic modeling for the gas product depending on the reactions that produce the gas only
(i.e., reactions 1, 2, 4, 7 and 11), as shown in Table 10 and Figure 17. The calculated apparent
activation energy shows a lower value in the case of using the Pt/ Al,O3 catalyst, which is in
the order of 39,252.03 J/mol, while the corresponding apparent activation energy obtained
using the NiMo/Al, O3 catalyst is in the range of 39,845.02 ] /mol, and this result matches
the experimental work data in Table 4, which showed a lower weight ratio of the gas
produced if the NiMo/Al, O3 catalyst is employed. Secondly, the liquid products include
the hydrocarbons produced within the range of LN, HN, MDF and HDF (i.e., reactions
3,5, 6,8, 9 and 10). The apparent activation energy value of the liquid components
was calculated based on Equation (2) as well. It is noted that in the case of a liquid, the
behavior is opposite to that of a gas. The apparent activation energy was 69,260.76 and
66,301.42 J/mol for the Pt/ Al,O3 and NiMo/Al,Os catalysts, respectively. These results
are also consistent with the data of the experimental work, where the liquid production
increased over the NiMo/Al,Oj3 catalyst in comparison with the liquid produced over the
Pt/ Al;O5 catalyst. On the other hand, the gasoline and diesel fractions were investigated
to ensure that the results of the kinetic model matched the data of the experimental work.
The LN lumps’ production reactions that correspond to the gasoline production reactions
demonstrated a large value of activation energies when the NiMo/Al,O3 catalyst was
used. This means that more energy is required to produce the LN range fractions on this
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catalyst. Moreover, in Table 10, the apparent activation energy for gasoline production
(i.e., reactions 3, 5, 8 and 12) on the catalyst surface of NiMo/Al,Oj3 is in the order of
108,234.89 J/mol, and then this value decreases to 103,404.02 J/mole when the Pt/ Al,O3
catalyst is used. This result is consistent with the experimental results documented in
Table 5 where they were 34.45 and 49.85 wt% for the NiMo/Al,O3 and Pt/ Al,Oj3 catalysts,
respectively. Gasoline is produced in larger quantities on the surface of the Pt/Al,O3
catalyst. The production of the diesel fraction includes the reactions 6, 9, 10, 13, 14 and 15.
The value of the apparent activation energy was recorded as 66,301.29 ] /mole using the
NiMo/Al,Oj3 catalyst. In contrast, the value of 69,260.46 ] /mole was determined using
the Pt/ Al,Os catalyst, and here there is also a logical agreement in the obtained results
with the results of the experimental work. Diesel is produced in larger quantities on the
surface of the NiMo/Al,Oj3 catalyst. Finally, it is possible to conclude that the results of
the kinetic model conclusively agree with the results of the experimental work for the
catalytic hydrocracking of PP waste plastic. Thus, the suggestive pathways of the reaction
mechanism in this work have confirmed and correctly explained the reactions that occurred
throughout the process.

5. Conclusions

Non-catalytic thermal pyrolysis and catalytic hydrocracking using an alumina catalyst
after metal loading via the wetness impregnation method gives an effective catalyst for
converting waste plastics into valuable liquid and gaseous fuels. A temperature of 450 °C
and a pressure of 20 bar in thermal and hydrocracking were seen as the best conditions
for minimizing the solid residue to ensure that the used catalyst could easily be extracted
from the reaction residues at the end of the reaction. Burning the spent catalyst at 700 °C
proved successful in regenerating it to give excellent catalytic behavior while being used in
the reaction again. The properties of the fresh and reactivated catalyst were investigated
using TGA, XRD, SEM, EDX, BET and FTIR analyses. This was to ensure that severe reacti-
vation conditions did not affect the structure or catalytic activity of the catalysts. GC-MS
analysis showed that the fresh NiMo/Al,Oj3 catalyst gives the best liquid hydrocarbons
yield of 86 wt% compared with non-catalytic pyrolysis and the fresh Pt/ Al,O3 catalyst,
which recorded 78.4 and 84 wt%, respectively. After using the regenerated catalyst, the
proportion of the liquid produced was slightly decreased to 83.3 and 82.9 wt% over the
NiMo/Al,O3 and Pt/ Al,Oj3 catalysts, respectively. The obtained solids were 0.22, 0.4 and
0.8 wt% and the gases were found to be 13.78, 15.6 and 20.8 wt% over the NiMo/Al,O3 and
Pt/ Al,Os fresh catalysts and non-catalytic pyrolysis, respectively. It was then observed
that the ratios of the produced gas increased to reach 16.02 and 16.1 wt% when using the
regenerated NiMo/Al,O3 and Pt/Al,O3 catalysts, respectively. In addition, the results
showed that the hydrocracking over the Pt/ Al,O5 catalysts gave the highest weight of
products of the gasoline fractions (C4—C1p), as the percentage of the produced gasoline
range increased from 15.94 wt% in non-catalytic pyrolysis to 34.45 and 49.85 wt% over
the NiMo/Al,O3 and Pt/ Al,O;3 fresh catalysts, respectively. When a regenerated cata-
lyst was used instead of a fresh one, the gasoline yield decreased slightly to 48.17 and
31.39 wt% over the Pt/ Al,O3 and NiMo/Al,Oj3 catalysts, respectively. Overall, the non-
catalytic pyrolysis process led to an increase in the weight percentage within the diesel fuel
(C13—Cpg) to 80.83 wt% compared to the content of the produced gasoline fuel. Similarly, in
the case of using catalytic hydrocracking with the presence of either fresh or regenerated
catalysts, taking into account a reduction in the proportion of diesel fuel produced com-
pared to the non-catalytic cracking process, the gas in range of (C;—Cs) showed that the
most significant proportion of the resulting gases were combustible gases (i.e., methane,
ethane, propane, butane and pentane) with a large proportion of hydrogen gas as well.
Moreover, the availability of a greater proportion of oxygen gas in non-catalytic pyrolysis
reactions led to the emergence of a greater proportion of carbon dioxide gas in its prod-
ucts compared to the gaseous products in the hydrocracking process. Furthermore, the
results of the viscosity of the produced liquid show that the viscosity follows the trend:
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Pt/Al,O3 < NiMo/Al,O3 < non-catalytic thermal cracking, whereas the lowest pour point
and flash point possessed by the liquid products were found on the surface of the fresh and
regenerated Pt/ Al,O3 catalysts. A decrease in the pour point and flash point values indi-
cates the enhancement in the flowability of the crude oil and an increase in the volatile hy-
drocarbon components of ignition when exposed to a spark. Finally, in this work, the same
methodology as that used by Ramdoss and Tarrer was applied, with the usage modified to
six lumps and fifteen reactions. All primary reactions showed greater activation energy on
the Pt/ Al,O3 catalyst except for the production of the gas lump where its value decreased
to 39,245.980 J /mol compared to 39,844.25 J/mol on the NiMo/Al,O3 catalyst. Moreover,
the activation energies of the secondary reactions gave a higher value over Pt/ Al,O3 than
that over NiMo/Al,Oj3 in seven out of ten reactions. The apparent activation energies
for gasoline production were 108,234.89 and 103,404.02 J/mole on the catalyst surface of
the NiMo/Al,O3 and Pt/ Al,Oj5 catalysts, respectively, while the value of the apparent
activation energies for diesel fraction production were 66,301.29 and 69,260.46 ] /mole on
the catalyst surface of the NiMo/Al,O3 and Pt/ Al,O3 catalysts, respectively.
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