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HYDROGEN PRODUCTION BY WASTE PLASTICS PYROLYSIS-
GASIFICATION USING TRANSITION METAL-CONTAINING CATALYSTS

Mohammed Abdulraheem Saeed Al-asadi

UNIVERSITY OF PANNONIA
MOL DEPARTMENT OF HYDROCARBON AND COAL PROCESSING

ABSTRACT

In this work, real waste plastic mixture of high density polyethylene, low density
polyethylene, polypropylene and poly ethylene terphthalte were used as raw materials for
the production of hydrogen rich syngas using pyrolysis and gasification processes. The
expirements were took place in a horizontal tubular reactor (one and two stages) in the
presence of different catalyst type and various reaction temperature. The influence of pro-
cess parameters such as reactor temperature (500 — 900 °C) and atmosphere (N2, Oz and
CO>) on the product yields were studied. For the catalytic process, different catalyst sup-
ports (ZSM-5, y-zeolite, B-zeolite and natural zeolite) with different active metals (Ni,
Co, Fe V and Zn) were investigated. Among the various catalysts, Ni/ZSM-5 showed
advanced property in gas yield increasing at high temperature. The Ni/ZSM-5 catalyst
was further modified with five second metals of Ca, Ce, La, Mg and Mn. These metals
were used as promoters at different concentratios. The modified catalysts can enhanced
the reaction rate of the pyrolysis process and resulting in high syngas in the product yields.
Results showed that highest hydrogen and syngas yield were observed using Ce and La
coverd catalysts. Also, higher concentration of second metals can block the catalyst pore
channels due to the more coke formation. The results also demonstrated that higher reac-
tion temperature resulted in more syngas product and the maximum yield was obtained
at 850 °C. Moreover, atmosphere has great influence on the gasification process as it can
effect the hydrogen yield and carbon deposition on the catalyst surface. However, owing

to the gasification reaction, pyrolysis oil yield was decreased wih rising the temperature.

Keywords: hydrogen; syngas; waste plastic; transition metal loaded catalysts; pyrolysis-

gasification
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INTRODUCTION

Plastic plays a significant role in our daily life due to the vast used for different appli-
cation sectors such as packaging, electronic, health care, automotive, etc [1]. Fast growing
of world population, low production cost and long service life are the main factors that
led to increasing of plastic consumption. The accumulation of global plastic waste in-
creased in dramatic way as a result of the continuous plastic demand. Plastics are materi-
als with hydrocabons base as its manufactured by petroleum products [2]. Hence, from
energy point of view and due to the high energy demand, the hidden energy from waste
plastic can be recoverd by the application of appropriate recycling method. Therefore,
waste plastic recycling not only reduced the plastic disposal, but can minimize the de-
pendence of fossile fuel as a source of energy.

Moreover, the proper waste recycling can meet the world energy demand and prevent
the environment from the contamination. Pyrolysis process is one of the most attractive
way for energy and feedstock production from waste materials (plastic and biomass). The
process can carried out in the presence of catalyst or thermally without catalyst. Catalyst
can increase the conversion rate of waste polymers and minimize the energy required for
the decomposition reaction.

In order to obtaine the optimum conditions for hydrogen/syngas production, many
catalysts have been investigated for pyrolysis of waste plastics. Other process parameters
such as temperature, carrier gas and residence time are also influnced the syngas and
hydrogen yield. The amount and quality of the produced gas are important from economic
point of view.

The main goal of the current study is to investigate the influnce of proccess parameters
(temperature, type of carrier gas), catalyst type and plastic/catalyst ratio on the products
yield from real waste plastic mixture. The effect of second metal promoters on the catalyst
performane was also studied. Furthermore, the pathway for the decomposition reaction
was also investigated by studying the kinetic parameters to obtain more information about
pyrolysis process. The current study can provide more understanding about the role and

effect of second promoter in the degradation of waste plastics.



1. LITERATURE SURVEY

1.1. Energy dependence

The world energy demand is still increasing. Oil, coal and gas are the main source of
fuel that supply the energy and electricity. During the fossil fuel burning, the carbon reacts
with the oxygen in the air and form carbon dioxide. Carbon monoxide, nitrogen oxides
and sulfur oxides are toxic gases that release to the atmosphere during the combustion
process of fossil fuels and causing air pollution [3]. Many studies have been established
on the negative effects of fossil fuel as energy source [4, 5].

The global warming is one of the most challenges that associated with energy supply
and utilization. Moreover, health and economic problems have been addressed as a con-
sequence of air pollution. Hence, the quality of life even in modern countries can be af-
fected by the environmental problems of fossil fuel based energy production [6-8].

The depletion of fossil fuel availability is another drawback in its utilization for the
future energy. European countries have implemented a new polices in order to reducing
the fossil fuel consumption. In spite of the new strategies, most of European countries
still dependent on fossil fuels as the main source for energy, however, forecasts predict
significant increase in the application of renewable energy sources (Figures 1.1 and 1.2)
[9, 10].

mOil mOil mOil

B Coal B Natural gas B Natural gas

® Natural gas ® Coal ® Coal

H Hydro ® Nuclear ® Nuclear

M Nuclear M Hydro M Hydro

B Renewables B Renewables B Renewables

World (1980) World (2000) World (2020)

Figure 1.1
The main energy sources in worldwide (1980, 2000, 2020) [11]
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Figure 1.2

The main energy sources in the EU (1980, 2000, 2020) [11]
One of the options to reduce the fossil fuel dependene is the waste utilization for
energy purposes. By this way not only the energy dependence should be reduced, but also
the amount of wastes could be minimized. Therefore many of the directives and laws try

to accelerate the utilization of wastes for energy purpose.

1.2.  Problems of waste plastic

Many types of wastes are everywhere from biomass through plastics to toxic wastes.
There are many possibilities for waste classification: e.g. industrial or municipal wastes,
hazardous or non-hazardous, solid, liquid or gas phase wastes, etc. The highly demand
for plastic led to dramatic increasing of the global production from 1.5 million tons per
year in the 1950 to 368 million tons per year in 2019 [12]. Many reasons are behind the
widespread of plastic materials such as, low production cost, versatility, durability, long
service life and corrosion resistance [13].

Waste plastics are unique comparing to other wastes. The most problem with the plas-
tics, that due to their advanced chemically resistance, they will remain in the environment
for a very long time to completely degrade [14]. That is why the waste plastics are ac-
cummuated and can poisoning the environment. The ingestion of theses wastes by living
organisms caused a serious physical problems [15]. In addition to the physical effects of
waste plastics, it has also chemical impacts on the living organisms [16]. Chemical pol-
lutants can be found in the form of organo chlorine pesticides, poly chlorinated biphenyls
and poly cyclic aromatic hydrocarbons [17, 18]. However, these compounds are toxic and
the toxicity level of these chemicals are depends on the amount of the ingested plastic.
Waste plastic not only poses a threat to the aquatic organisms but also causes human
health problems, soil and water pollution [19]. In many countries, the management poli-

cies are insufficient which contributed in more waste plastic accumulation. On the long



term basis, the leaching of some chemicals and additives from waste plastic lead to the
contamination of soil and groundwater [20, 21].

On the other hand waste plastics have many advantageous properties for their utiliza-
tion. Most of the plastics contains only carbon and hydrogen (e.g. HDPE, LDPE, PP, PS),
or carbon, hydrogen and oxygen (e.g. PET, PC), or carbon, hydrogen, oxygen and nitro-
gen (e.g. PA, PUR), or carbon, hydrogen and chlorine (e.g. PVC). Due to the chemical
composition of waste plastics, they have high energy content, which means that consid-
erable energy could be saved by resonable recycling. Thus, recycling of waste plastic is
a matter of great importance to conserve energy and solve the rise in the prices of virgin
plastics. Currently, extensive studies and researches are focusing on the effects of waste
plastics on the environment. HDPE, LDPE, PET, PS and PVC are characterized as the

most commonly used plastics [22].

1.3.  Main constituents in plastic wastes

The composition of plastic waste is affected by many factors. There are significant
differences in the amount and composition of plastic waste among countries and different
types of settlements. Fact, that the developed countries and cities use significantly more
plastics than developing countries or village. Therefore, the plastic content of waste from
developed countries or cities will also be much higher. In addition, in the case of cities,
waste (and plastic waste) is more concentrated due to the larger population per area unit.
In addition, in the composition of the plastic content of household waste, commodity
plastics are dominant, while plastic waste from industrial sources contains a significant
amount of engineering plastic. The average composition of plastics in different sectors is
shown in Figure 1.3. Plastic wastes from agricultural and packaging sectors are reach in
polyethylene and polypropylene. The municipal plastic wastes contain significant amount
of polyethylene, polypropylene and polyethylene-terephtalate, because the dominant

amount of the used PET bhottles are accumulated in the household wastes.
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Figure 1.3
The average composition of plastic wastes by sectors [12]

1.4. Methods for waste utilization

Increasing the amount of waste plastic is a normal consequence of the high consump-
tion. This led to a continuous growing of the annual waste due to the continuous utiliza-
tion (demand) of plastic materials. Many efforts have been implemented in order to de-
crease the waste plastic generation and meet the concerns regarding our environment. The
environmental problems associated with plastic waste including air, water and soil pollu-

tion could be mitigate by the recycling of these wastes [23]. The diversion of plastic into



landfill can be avoided by the application of recycling technologies [24]. From the above
mentioned reasons, utilization of waste plastic through recycling process is the best option
in terms of waste management and energy saving. Additionally, the strategy of waste
recycling participates in the minimizing of waste quantities requiring disposal. The Table
1.1 summarizes the main aspects of the commonly used waste utilizations. Regarding the
landfill, the leaching of toxic chemicals to the ground water, polluting of soil, consume a
lot of space and the negative effects on human health are the most problems. The incin-
eration releases of many dangerous compounds such as toxic gases to the atmosphere and
toxic chemicals are transported into the ground water during the rainfall which affects the
aquatic system. Contrary, recycling of plastic wastes had less environmental concerns
compared to landfilling and incineration. Henceforward, they are more environmental

friendly, can produce valuable products and conserve the limited conventional resources.

Table 1.1
The commonly used waste utilizations [23, 25, 26]

Methods Adavantage Disadvantage

No treatment step such as seperation or Leaching of toxm_ chemlca_ls to the
- leaning steps ground water, polluting of soil, consume
Landfilling ¢ g steps. a lot of space.

Low cost. Negative effects on human health

Release of many dangerous compounds
. . Recover the energy from the wastes. such as tO_X'C gase_s to the atmosphere.
Incineration - Some toxic chemicals are transported
Reduce the landfilling. . : :
into the ground water during the rainfall
which affects the aquatic system.

. The numbers of recycling are limited.
Less environmental concerns compared to

Mechanical recycling landfilling and incineration. The physical properties of the product
L . may differ due to the exposure to heat,
ow operation cost.

light, oxidation, etc.

More environmental friendly.
Produce valuable products.

Conserve the limited conventional re-
sources.

Chemical recycling High operation cost.

Feedstock with a certain wet content can

feed directly without drying step. High operation cost.

Solvo/hydrotreatment

1.5.  Hydrogen/syngas based solution

The demand for clean fuels has been increased due to the fossil fuel problems (long
term availability vs. price), its environmental issues and growing of world population.
Product pricing is another challenge that affecting the cost and consumption of fossil fuels

due to the new energy policies [27]. The substitution of the conventional energy system



is required in order to eliminate the negative effects of fossil fuels. Hydrogen and syngas
(mixture of H2 and CO) are the most promising to switching the fossil fuels for the future
energy [28].

Hydrogen has gained the attention due to its clean burning qualities as the water is
produced from its combustion. The versatility of syngas utilization is another key factor
for the replacement of fossil fuel (Figure 1.4). In the chemical industry, syngas is a prom-
ising feedstock for the manufacturing of different valuable chemicals such as, hydrogen,
ammonia, ethanol, methanol and liquid hydrocarbons. A thermochemical and microbial

processes are used for the conversion of syngas into a useful compounds [29].

Medical Fuel
purpose additives

:

Ethanol,
Methanol

Engine fules

Fertilizer

T M H2 fuel cell

Production of ||

chemicals Ammonia Syngas || Hydrogen

Petrochemical
l I—, industry
H2 production Fischer
tropsch

synthesis

I

Liquid hydrocarbons

Figure 1.4
The possible utilizaitons of syngas

In addition, syngas is a noble option to obtain sustainable development as it should
be produced from renewable resources. Hence, the dependence on fossil fuels for energy
system could be eliminated as these fuel considered as non-renewable. Furthermore, the
emiisions from fossil fuel and their negative impact on the environment could be also
reduced. Hydrogen and syngas can be used for various application such as fuel cell, fuel
for internal engine combustion and fuel for steam turbine to produce heat and electricity
[30]. Currently, the availability of feedstock is the most challenge that facing refineries
and petrochemical industry. Syngas can be used as a feedstock for petrochemical pro-
cesses. In industrial applications, syngas used to supply the hydrogen to the refineries and
fertilizers. Also, its used to produce liquid fuels, carbon monoxide, methanol, etc. [31].



Hydrogen from syngas is widely used for the production of ammonia and methanol,
while in refineries, hydrogen is utilized for the hydro treating [32, 33]. Moreover, a certain
amount of the produced hydrogen used for the hydrogenation reactions and manufactur-
ing of aniline and other chemicals. Hence, hydrogen plays a significant role in the chem-
ical industry [34]. In addition, ethanol from syngas is considered as an efficient fuel to
replace the convential fuels and lowering the effects of greenhouse gases. Henstra et al,
2007 used microbiology process for ethanol production from syngas [35]. Similary,
Younesi et al, 2005 carried out the microbial process for ethanol generation [36]. Beside
the microbial process, thermochemical processes of syngas are used for the manufactur-
ing of ethanol through the hydrogenation of carbon monoxide and carbon dioxide. This
method is more desirable and efficient in comparison to microbial process as the amount
of ethanol produced is larger. Syngas is also an efficient fuel that can be utilized for the

internal combustion engines to generate heat and electricity.

1.5.1. Thermal process for hydrogen/syngas production

The scale of operation is one of the significant factor that contributes in the selection
of syngas production method. Most of hydrogen production methods are based on the
natural gas such as methane. Natural gas and methane represent the most feedstock for

the world hydrogen production.

1.5.1.1 Steam reforming of methane

Syngas production through reacting methane with steam is widely used. It is involves
methane reforming in the presence of catalyst to produce hydrogen and carbon monoxide
(Figure 1.5).
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Figure 1.5
Schematic diagram for methane steam reforming

In this process, the reaction is endothermic and carried out at elevated temperature.
Thus, indirect heating is needed to provide the required heat to the process. High reaction



temperature, high steam excess and low pressure are the best conditions to optimize the
hydrogen yield in this process [37]. The abundance of methane and water feedstock is
one of the features for this process. Steam reforming has a good process kinetics and can
be operates at low pressure. A purification system is applied for pretreatment of feedstock
to remove sulfur and other impurities [37]. However, the application of steam reforming
method is based on the availability of natural gas in a huge quantity. Catalysts have been
used in the catalytic steam reforming in order to obtain the maximum vyield of syngas.
Matsumura and Nakamori conducted the steam reforming of methane for hydrogen pro-
duction over various catalyst supports of zirconia, silica and y-alumina. The influence of
different support on the nickel catalyst was investigated. They found that zirconia with
nickel showed higher efficiency in the steam reforming compared to other catalyst sup-
ports [38].

A number of nickel based catalysts were used by Nieva et al for the methane steam
reforming at temperature of 500 and 600°C. Among the different metal supports, catalyst
of Ni-Zn-Al presented the best activity in the catalytic steam reforming of methane [39].
Li et al studied the performance of different catalysts on the syngas production from me-
thane reforming. The authors observed that the catalyst performance is affected by the
type of preparation method. The performance of nickel based catalyst for the reforming

of methane would be enhance by the addition of small amount of noble metals [40].

1.5.1.2 Partial oxidation of methane

Partial oxidation of methane is another efficient method for the syngas production.
The required amount of heated steam can be avoided by the application of this method as
its exothermic process (Figure 1.6) [41]. Controlling the selectivity of the reaction is one
of the challenging that facing this process. According to the literatures, two reaction
mechanisms are involved in this process which are; direct mechanism and combustion
reforming mechanism. In the direct mechanism, the methane reacted with oxygen to pro-
duce hydrogen and carbon monoxide, while in the combustion-reforming, the water and
CO; are produced from the reaction of methane and oxygen then steam and dry reforming
reaction of the excess CH4 produce the syngas [37] (1.1 and 1.2).
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Figure 1.6
Schematic diagram for partial oxidation
Similar to methane steam reforming, partial oxidation is favoured at high tempera-
ture. In contrast, the reaction for partial oxidation is more efficient and faster compared
to steam reforming as the reaction is exothermic. Catalyst also plays a vital role in the
production of syngas from the partial oxidation of methane. Moreover, the syngas yield
from catalytic partial oxidation has 2:1 Ho/CO ratio which can be used directly for the

production of methanol and Fischer-Tropsch synthesis [37].

CH4 + CO,; «<2CO + 2H> (1.2)

CHa + Ho0 <> CO + 3H, 1.2)

Tianli et al have done the partial oxidation of methane over Ni/CeO; catalyst with
different nickel content. Similar results were reported for the various catalysts towards
the syngas yield at high temperature. However, catalyst with 5% nickel content had the
lowest amount of carbon deposition [42].

In another work, Patric et al carried out the partial oxidation process of methane using
various metal catalysts (Ni, Pt, Pd, Rh, Ir and Ru). They observed that syngas yield was
increased with increasing the temperature [43]. Asencios et al combained the partial oxi-
dation with dry reforming of methane over NiO-MgO-ZrO, with different nickel content.
Catalyst with nickel content of 20 wt% was the best in terms of catalyst performance in
comparison to other used catalysts. Their results demonstrated a high conversion rate due
to the combination of the two process [44]. Moreover, Badmaev et al performed the par-
tial oxidation process for syngas production over catalyst of Rh/Ce/ZrO, and composite
Rh/Ce/ZrO,/Al>Os/FeCrAl at temperature range of 300 to 700°C. The authors reported
that composite catalyst showed high activity in terms of feedstock conversion. Also, the
maximum yield of syngas products was obtained at elevated temperature [45].
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1.5.1.3 Waste gasification technology

Gasification is a method for syngas production based on the thermo-chemical con-
version of different feedstock such as biomass, waste plastic, coal and petroleum based
feedstock. Gasification has gained the attention recently due to its ability for syngas pro-

duction and feedstock flexibility (Figure 1.7).
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Figure 1.7
Schematic diagram for gasification process

Generally, the gasification process is carried out at temperature range of 500-900°C
in the presence of steam, air, oxygen, carbon-dioxide which are called gasifying agents.
Gasification are differ based on some categories such as heat supplier, agent type, tem-
perature, etc [46]. The calorific value of the product gas may decline when the air intro-
duced to the gasifier due to the presence of air which dilutes the gas yield. However, there
are different types of gasifiers such as entrained flow gasifier and bubbling fluidized bed
gasifier. In principle, the feedstock for entrained flow gasifier should be treated and must
be in small size due to the short residence time. Therefore, some extra cost are needed in
this process for the pre-treatment step [47].

In terms of large scale production, the entrained flow gasifier is appropriate for the
gasification of coal and petroleum based materials. Hence, gasification technology is a
suitable for industrial and commercial applications [48]. Muhammad Irfan perform the
gasification technology for the production of hydrogen rich syngas from municipal solid
waste using a fixed bed reactor. Waste marble powder with different ratios was used as a
catalyst for this process at various temperature and steam rate. The authors observed a
significant effect of steam, temperature and catalyst on the syngas yield from the gasifi-

cation of municipal solid waste [49].
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1.6. Hydrogen/syngas by pyrolysis-reforming of waste plastic

The potential for waste plastic conversion into valuable energy has gained more in-
terest by many studies in order to meet the increasing demand for energy. Due to the
hydrocarbon base and high calorific value of waste plastic materials, therefore, valuable
energy can be obtained by the conversion of these wastes. The main conclusions of re-
cently published researches focussing to the syngas production are summarized in Table
1.2.

Table 1.2
The main conditions and conclusions for waste based syngas production
Raw materials Reactors Parameters Main results Reference
. 5 Two- stages 550-750 °C, Nz, Maximum yield of Hz-rich syngas
HDPE‘dﬁge saw fixed bed reac- PS/HDPE ratio=1:0, was obtained at 700 °C and [50]
tor 2:1,1:1,1:2,0:1 PS/HDPE ratio =1/2
80 vol % was achieved at 900 °C,
Fixed bed reac- 800-900 °C, dolomite, obtained char can be used to con-
MSW . - [51]
tor N2 tribute to the energy required for
the process.
The maximum syngas yield was
Two-stages py- achieyed over Ni/ZSM5-30 cata-
rolysis-catalytic | 650, 750, 850°C, No, | VSt icreasing of temperature and
HDPE steam reformin different zeolite catalyst steam feeding are favoured for H, [52]
9 Y production, Ni/ZSM5-30 catalyst
reactor .
showed excellent coke resistance
and thermal stability
The Hz concenteration was in-
creased with increasing the tem-
MSW, Waste Fixed bed reac- 700-900 °C, 2.5-10 perature and ratio of WMP to 53]
marble powder tor ml/min, N2 MSW. Using WMP as sorbent
catalyst improved the product gas
and decreased the tar content.
Fixed bed reac- Higher temperature reduced the
Waste tires tor 400-1000 °C, CO2 reaction time and increased the [54]
syngas yield
CO yield was increased with tem-
perature, 95.2 wt% of the total
Polyethylene ter- | Fixed bed reac- 9En o syngas was CO at 950 °C, using
ephthalate tor 800-950°C, €Oz, of COz as carrier gas can help [55]
with the management of green-
house gas emission
Co-gasification using COz in-
creased the total gas yield, the
Polystyrene, Pa- | Semi batch tube o conversion rate was enhanced by
per reactor 900 °C, COx, mixing the PS with the paper, PS [56]
content of 20% increased the gas
product
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Table 1.2

The main conditions and conclusions for waste based syngas production (cont.)

Raw materials Reactors Parameters Main results Reference
RYield reactor, 900 °C with steam to feed ratio of
Polyehtylene, A Plus sim- 650-1150 °C 1.5 are favourable for syngas pro- [57]
polypropylene spen ' : . yngas p
ulator duction
900 °C in the second stage was
Polyethylene, 500 °C 1% stage, the optimim condition for Hz in
plastic bag, poly- | Two stage fluid- 500,700, 900 °C 2™ the syngas, based activated car- [58]
propylene, wood | ized bed reactor | stage, different bed ma- | bon produced the highest yield of
chips terials Hz, while silica produced the low-
est
The optimum syngas was ob-
tained at 800 °C and catalyst/plas-
. 600, 700, 800, 900 °C, tic ratio of 0.5, icreasing the rate
HP%PEEI.}DPP'E ! TV\éO stage fixed CO, different catalyst of COz input promoted the highe [59]
) , ed reactor : ; !
preparation methods syngas yield, the properties and
activity of catalyst was influenced
by the preparation method
The production of syngas was in-
One-stage fixed ,\(/:Ireazjd bty Ithetadtzjit(i:o(gl of Ni—
o g-Al catalyst an 2 as car-
HDPE ped, Twosstage | 500, 800 °C, Ne: €Oz | rier gas, the addition of CO re- [60]
tor duced the carbon deposition, Hz
yield was increased with the addi-
tion of steam
Maximum H: yield was obtained
with Ni-Mn-Al catalyst, the in-
) " teraction between Ni and catalyst
pp Two-stage fixed | 500 °C 1% stage, 800 °C | anifi i 61]
bed 2" stage, N2, steam support plays a significant role in
the gasification process, higher
rate of steam resulted in high Hz
product and less carbon depostion
The optimum syngas production
was reported over the CO2/steam
ratio of 4/1 and Ni-Co/Al2Os cata-
HDPE, LDPE, Two-stage fixed | 500 °C 1% stage, 800 °C lyst, CO2/steam ratio of 4/1 pro- 62
PP, PS, PET bed reactor 2" stage, COa/steam duced the highest molar ratio of [62]
H2/CO, further addition of steam
led to decreasing of the H2/CO
molar ratio

During the pyrolysis process, the polymers with long chain molecules are degrading

by heating to produce smaller molecules with less complexity. Generally, pyrolysis is
carried out in inert atmosphere and moderate to elevated temperature. The flexibility of
process parameters is one of the features of pyrolysis process which can help to obtain
the desirable products. Pyrolysis process has got more attention by many scientist due to
the ability to generate an efficient amount of liquid product at moderate temperature [63].
Gas, oil and char are the main valuable products from the pyrolysis experiment. The liquid
product from pyrolysis process can be utilized as fuel oil for diesel engines, turbines,

boiler and furnaces [64].
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In terms of green technologies, pyrolysis is the most attractive method compared to
other recycling methods as the process does not produce any environmental pollutants
[65]. The production of hydrogen and synthesis gas from the conversion of waste plastic
has got more attention recently [66]. Due to the low yield of syngas via pyrolysis method,
the syngas product would be enhanced by the combination of pyrolysis and reforming
process.

Maoyun He et al, studied the gasification of waste polyethylene for syngas produc-
tion over NiO/y-Al,Oz catalyst. Fixed bed reactor was used to investigate the effect of
reaction temperature on the yield of gases. Their experiment was carried out in the pres-
ence of steam at temperature range of 700-900 °C. They found that temperature of 900°C
resulted in the maximum yield of hydrogen and carbon monoxide [67]. In another study,
Jon Alvarez performed the pyrolysis/gasification of mixture of waste plastic and biomass
for hydrogen production using a fixed bed reactor. Ni/Al>,O3 was introduced to the process
in order to enhance the production of hydrogen and gases products. They found that in-
creasing of plastic ratio in the feedstock with the presence of catalyst led to significant
increasing of hydrogen and gas yield [68].

Using of promoters together with catalysts could enhance the catalyst performance
and its stability during the decomposition reaction of waste materials (plastic and bio-
mass). Mohamad Irfan studied the production of hydrogen-rich syngas from the gasifica-
tion of MSW over Ni-CaO catalyst and HfO> promoter. Their results showed that the poor
stability of Ni-CaO catalyst was enhanced by the addition of promter. The maximum hy-
drogen yield was produced with 20% ratio of HfO». Furthermore, a notable reduction in
the amount of tar was reported over the catalyst promoter [69].

Some researches suggested that the combination of pyrolysis and gasification espe-
cially with catalyst is considered as appropriate way to produce hydrogen rich syngas
with high quality [50]. Shuping Zhang et al. used high density polyethylene and pine
sawdust as raw materials for the production of H rich syngas from pyrolysis-catalytic
gasification over mono and bimetallic catalysts. The authors observed that reaction tem-
perature of 700 °C with plastic/biomass ratio of 2/1 were the optimal conditions for syngas
production with high quality. Moreover, the maximum yield of Ho-rich syngas was ob-
tained over bimetallic catalyst of Ni-Fe-CNF/PCs [50].

Gasification of real waste plastic was also implemented by Shan Luo Wu for hydro-
gen production over Co/SiO2-HZSM-5 catalyst. Various ratio (10-30 wt%) of HZSM-5
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support was used in order to investigate the catalyst performance towards hydrogen prod-
uct. The authors reported that the amount of HZM-5 catalyst can affects the H> yield.
According to their obtained results, catalyst of Co/SiO2-2HZSM-5 shows the highest ac-
tivity compared to other used catalyst [70].

Increasing the reaction temperature of the second stage reactor in pyrolysis/gasifica-
tion process promoted the char dry reforming and tar decomposition to smaller molecule
hydrocarbons which in favour of the co-production of hydrogen and CNTs [71]. Yang et
al performed the gasification of waste PP and LDPE using two stages fluidized bed reac-
tor. Catalyst of Ni/Al-SBA-15 was placed in the first stage, while Ni-Cu/CaO-SiO; was
placed in the second stage at temperature of 600 and 800 °C, respectively. The author
founds that hydrogen yield was significantly increased in the second stage reactor [71] .

Using of gasification agent such as steam can improve the yield of hydrogen but also
increased the energy consumption for the whole process. Instead of steam, using of wet
feedstock can promoting the reactions of steam and tar reforming which leading to more
H> product and tar reduction [72]. Therefore, direct gasification of wet MSW could in-
creased the process efficiency [73, 74]. In another work, Guany et al used air as a gasify-
ing agent with various experimental paramters in order to achieve the optimum hydrogen.
The authors found that using a gasifying agent of air could promote the formation of gas
yields (especially Hz). Moreover, residence time of 22 min and 757 °C were the best con-
ditions to obtained the optimum yield of hydrogen [75]. They also reported that tar and
char yield was reduced with rising the temperature to 900 °C. Higher temperature pro-
moted the conversion rate of MSW and resulted in more yield of syngas and Ho.

1.6.1. Process parameters condition

The product yields and product compositions from the pyrolysis process are affected
by many factors such as reactor type, reaction temperature, type and flow rate of carrier
gas, residence time, pressure and type of catalyst. Controlling of these parameters can

contributing to obtain the desired yield of product.

1.6.1.1. Temperature

Temperature has significant effect on the thermal decomposition of plastic material.
Temperature can influence the cracking reaction of polymer chain. Increasing of reaction

temperature led to increasing of cracking rate and resulting in more broken of C-C bond.
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Thermogravimetric analysis (TGA) is widely used method to investigate the thermal deg-
radation behavior of polymer materials.

Cepelipullar and Putlin [76] have investigated the thermal degradation behavior of
PET using TGA. They found that PET starts to degrade at temperature of 350 °C, while
the degradation of poly vinyl chloride was occurred at 220 °C. Jung et al [77] previously
studied the thermal behavior of HDPE and PP. They observed that the degradation of
HDPE and PP occurred at temperature range of 400-500 °C.

However, high temperature has visible effects on the thermal decomposition and
product composition of plastic materials. Williams PT and Williams EA conducted the
pyrolysis of LDPE using fluidized bed reactor and they reported that liquid products were
decreased by increasing of pyrolysis temperature [78]. In another work, Saad et al studied
the influence of process parameters on the syngas yield from the pyrolysis/gasification of
waste HDPE. The process was carried out in a fixed bed reactor under two different tem-
peratures of 500 and 800 °C. The authors reported a marked increase in the syngas yield
with rising the temperature to 800 °C [60]. Furthermore, Saad and Williams investigated
the influence of reaction temperature on the pyrolysis of waste plastic mixture of (HDPE,
LDPE, PET, PS and PP) using fixed bed reactor at various temperature of 600, 700, 800
and 900 °C. They observed that higher syngas yield was obtained at high temperature of
800°C [59]. P.Bober has also performed the pyrolysis of waste mixture of poly ethylene
terephthalate and HDPE under two different temperature of 700 and 815 °C. Their result
showed that the maximum hydrogen production was achieved at 815°C [79]. Hence, it
can be concluded that temperature had positive influence on the product composition of
pyrolysis process especially syngas. Lower operating temperature is favoured for liquid

product, while higher operating temperature is required for gaseous product.

1.6.1.2. Reactor

Choosing of reactor type is another important factor towards the pyrolysis process of
waste plastic. Based on the reactor design, different reactors have different heat efficiency
(Figure 1.8). Moreover, to achieve a certain desired product, residence time and the mix-
ing of catalyst and waste product are significant parameters for the selection of appropri-
ate reactor. However, various reactors have been used for the thermal decomposition re-
action of waste polymers including; batch reactor, semi batch reactor, fixed bed and flu-

idized bed reactor.
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Schematic diagram of pyrolysis reactor
(a, Fixed bed reactor, b) Fluidized bed reactor, ¢) Two-stage reactor)

In the batch reactor type, the reaction is carried out inside closed system with no
possibility for reactant addition whiles the reaction in process. On the other hand, the
addition of reactant or removal of the product is possible for the semi batch reactor during
the reaction. For laboratory scale applications, using of batch reactor and semi batch re-
actor is favoured by many researchers. The advantages of using these reactors are repre-
sented by the simple design, high conversion of reactants and the easily of controlling of
operating conditions [80-84]. While, the high labor cost and the difficulty of large scale
applications are the disadvantage of theses reactors [85].

Sakata et al. [86] studied the thermal and catalytic pyrolysis of waste mixture of
HDPE and PP in a batch reactor at temperature of 380 and 430 °C. Catalytic pyrolysis
using batch and semi batch reactors are suffering from the formation of coke on the cata-
lyst surface which can hinder the efficiency of catalyst after a particular time. A semi
batch reactor was used by Abbas-Abadi et al. [87] to perform the pyrolysis of PP at 450
°C. Ahmed and Gupta have used a batch reactor at 600 °C to produce syngas from the
gasification of cardboard [88].

Regarding to fixed bed reactor, a regular particle size of waste plastics are feed to the
reactor and the catalysts are placed in a static bed. Irregular shape of plastic particles may
cause some problems during the feedstock feeding. Hence, many researchers have used
the fixed bed reactor for the two step pyrolysis as the products (gas and liquid) from the

first reactor can feed to the fixed bed reactor without any feeding problems [85]. A two
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stage fixed bed reactor was used by Saad and Williams to conducted the catalytic pyrol-
ysis of waste plastic for syngas production [59].

For the fluidized bed reactor, distributer plate is used to place the catalyst inside the
reactor. Reactants with the fluidize gas are pass through the distributer and mixed with
the catalyst. Fluidized bed reactor is favoured by many researches due to its efficiency
for heat transfer and more flexible compared to batch reactor [89, 90]. G.Ruoppolo et al
have studied the gasification of plastic and biomass mixture for hydrogen rich syngas
production in a fluidized bed reactor at 780 °C [91].

1.6.1.3. Pressure and residence time

Pressure and residence time have significant impact on the product distribution of
pyrolysis process [92]. At certain pyrolysis temperature, increasing of process pressure
resulted in more gaseous products. According to the literature by Murata et al. [93], who
conducted the pyrolysis of HDPE at pressure range of 0.1-0.8 MPa, a clear increasing of
gases yields were reported when the process pressure was increased to 0.8 MPa. Moreo-
ver, the formation of double bond is effected by the pressure. Increasing of pressure led
to decreasing of C-C bond of polymer materials during the thermal decomposition [93].

Regarding to the effect of residence time, long residence time has positive effect on
the light hydrocarbons in the product yield. The more time that waste particles spend
inside the reactor, the more conversion of primary products [94]. The influence of resi-
dence time on the pyrolysis of waste plastic was investigated by Mastral et al. [95]. They
reported a correlation between the residence time and the temperature of the reactor as
the high pyrolysis temperature could reduce the effect of residence time on the product
yields (gas and oil). Moreover, lower reaction temperature with long residence time led
to increasing of oil product. Thus, it can be noticed that the influence of residence time
and pressure are affected by the temperature. Additionally, more studies are considered
that temperature is the essential factor because most of pyrolysis processes are carried out

at atmospheric pressure.
1.6.1.4. Catalyst

Catalyst plays a significant role in the pyrolysis of waste plastic and other waste ma-

terials. Pyrolysis is known as endothermic process which required high temperature to
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carry out. Catalyst can reduce the high energy required for the process, due to the reduce-
tion of the activation energy of the process. Moreover, using of catalyst enhanced the
conversion rate and speeds up the thermal decomposition of waste plastics in the process.
However, many catalysts have been utilized for the pyrolysis of waste plastics. Zeolite,
silica-alumina and FCC catalyst are the commonest for the decomposition reaction of
theses wastes. In addition, the influences of catalyst types on the product yield from the
pyrolysis process have been investigated by many researchers. Table 1.3 summarizes the

effect of catalysts using different feedstocks to the product properties.

Table 1.3
Different catalyst type for waste decomposition using various feedstocks
Raw materials Catalyst Results Reference
HDPE, LDPE, PET, | Mabisan clay, showedanng clay, do- | Mabisan clay catalyst produced the [96]
PP and PS lomite and zinc oxide maximum yield
Real waste plastics Ni/Al20s and Ni-CO/AL20s NI/AIZ0a pr°d;i°eﬁg the maximum [97]
HDPE, LDPE,PP Ni-Fe Catalyst thermal stability was im- [98]
and PS proved by introducing the Ni
Waste plastic and Product yield was increased by
biomass mixture HZSM-5 catalyst [99]
Waste_plastlc and Ni/ALOs Hydrogen and gas yield was im- [68]
biomass proved by catalyst
LDPE Ni, Co, Ni-Mo, Co_—Mo with natural Co-Mo/zeolite ca_talyst resulted in [100]
zeolite more conversion of LDPE
PP Ce, Zn, Ca, Mn and Zn with Ni based | NI-Mn-Al catalyst produced the [61]
maximum Hz yield
L DPE/HDPE Ni/ZSM-5-30, N|/_B-zeoI|te and Ni/Y- N|/ZSM-5T30 catalyst proo!uced the [52]
zeolite-30 maximum syngas yeild

Khaing et al. studied the influence of different catalyst type on the liquid product
from the pyrolysis of mixed plastic mixture of HDPE, LDPE, PET, PP and PS. Mabisan
clay, showedanng clay, dolomite and zinc oxide were used as a catalyst in a fixed bed
reactor. They reported that the maximum pyrolysis oil (67.06%) was achieved over Ma-
bisan clay catalyst [96]. Saad and Williams conducted the pyrolysis of various mixed
plastic over Ni/Al,O3 and Ni-Co/Al2O3 catalysts. Rising-pH technique was used for the
preparation of catalysts. Their results showed that catalyst of Ni/Al>Oz produce the high-
est yield of syngas product (153.67 mmol/g) [97].
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Yao et al. examined the effect of various ratios of Ni-Fe catalyst on the hydrogen
production from the pyrolysis of HDPE, LDPE, PP and PS. The authors found that cata-
lyst thermal stability was improved by introducing the Ni. Moreover, the composition of
catalyst has great impact on the quality and amount of the produced CNTSs [98].

Alvarez et al conducted the pyrolysis-gasification of plastics and biomass in a fixed
bed reactor. They found that hydrogen and gas yield was improved by introducing the
Ni/Al,O3 catalyst to the process [68].

Bi-functional catalyst of Ni, Co, Ni-Mo, Co-Mo have been investigated by Sriningsih
et al. [100] for the fuel production from waste LDPE. Natural zeolite was used as catalyst
support which was refluxed in hydrochloric acid then dried in an oven. A microwave was
used for heated up the metal/loaded catalysts and hydrogen gas was used for the reduc-
tion. The authors found that higher conversion of LDPE was achieved over Co-Mo/zeolite
catalyst at temperature of 350 °C.

The influence of different metal addition to nickel based catalyst on the H; yield from
the waste PP pyrolysis have been studied by Nahil et al. [61]. Various metals of Ce, Zn,
Ca, Mn and Zn were added to Ni based catalyst. Catalysts were prepared by using co-
precipitation method. Among the various used Ni-metal catalysts, Ni-Mn-Al catalyst
showed the best performance in terms of hydrogen production.

Different types of zeolite supported Ni catalysts have been investigated for the syngas
production from pyrolysis of waste polyethylene. ZSM-5-30, (3-zeolite and Y-zeolite-30
catalysts were impregnated with nickel and examined for the production of hydrogen/syn-
gas. The authors found that the maxiumum syngas yield (100.72 mmol/g) was obtained
in the presence of Ni/ZSM-5-30 catalyst [52].

Saad et al. conducted the catalytic pyrolysis of waste plastic mixture of LDPE,
HDPE, PET, PS and PP focusing on the influence of process parameters on the syngas
yield. Catalyst of Ni-Co-Al>03 was used in this expirement in order to enhance the prod-
uct yields. Two different methods were used for catalyst preparation and the influnce of
catalyst preparation method on the syngas yield was also studied. Their results showed
that the syngas production was higher by using rising-pH technique for catalyst prepara-
tion compared to the catalyst prepared by impregination method [59].

Zhang and Williams have performed the catalytic pyrolysis of waste tyres for hydro-
gen and carbon nanotubes production over Ni/Al.O3 catalyst. A wetness impregnation
method was used for catalyst preparation for the expirement. Ethanol was used for
disolved the nickel-nitrate then the alumina support was added to the solution of nickel

20



nitrate and ethanol. The authors demonstated that maximum hydrogen yield was obtained
with tyre:catalyst ratio of 1:1 and reaction temperature of 900 °C [101].

1.6.1.5. Reaction atmosphere

The product yields and compositions from pyrolysis-gasification of waste plastic are
significantly affected by the type of reaction atmosphere and carrier gas. There are many
types of gases that can be used as atmosphere for the decomposition reaction of waste
plastics such as carbon dioxide, oxygen, hydrogen, nitrogen, steam, etc. these kind of
atmosphere have visible influence on the product distribution from pyrolysis-gasification
process. In addition, the type of atmosphere reaction can also influence the coke and tar
formation. Table 1.4 summarizes the different pyrolysis-gasification processes using var-

ious raw materials and reaction atmospheres.

Table 1.4
The main pyrolysis-gasification processes of waste polymer decomposition using different raw materials
and reaction atmosphere

Raw materials Catalyst Atmosphere Reactor Refrence

LDPE, PP Hydrogen Batch reactor [102]

LDPE, HDPE, PP, . Micro-pyrolyzer

PS, and PET Zeolite Hydrogen reactor [103]

HDPE, PET, PS, . . . Two stages fixed

PP and PE Ni/Al203, Ni-Co/Al20s | Carbon dioxide bed reactor [97]

Biomass Fe203 Oxygen Fixed bed reactor [104]

HDPE, LDPE, PP, . Lo Two stages fixed

PS and PET Ni-Co-Al203 Carbon dioxide bed reactor [59]

Biomass Dolomite Oxygen FIU|d|;E?0tr)ed re- [105]

HDPE, LDPE, PP Me-Ni/ZSM-5 . Two stages tubu-

and PET (Me=Ca,Ce,La,Mg,,Mn) Nitogen/Oxygen lar reactor [106]
Ttwo-stage steam

HDPE Ni/Zeolite Steam/N2 reforming [52]

Reactor

Escola et al. [102] conducted the thermal cracking of polyethylene in the presence of

hydrogen as reaction atmosphere. They found that hydrogen can minimize the formation
of olefin as the products with double bonds are saturated with H,. Yuan Xue et al. [103]
also studied the effect of hydrogen atmosphere on the catalytic pyrolysis of waste plastic
mixture of (PE, PP, PS, and PET). The authors reported that using of hydrogen as carrier
gas can increased the yield of hydrocarbons and decreasing of solid residue.

Carbon dioxide as carrier gas can also influenced the product yield and product com-
position from pyrolysis-gasification of waste plastics. A study conducted by Saad and

Williams [97] to investigate the effect of CO, atmosphere on the decomposition reaction
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of waste plastic mixture. Their obtained results showed that using of CO, atmosphere
promoted the dry reformaing reaction wthic resulted in more yield of hydrogen and CO.
The influence of carbon dioxide on the catalytic reforming of (HDPE, LDPE, PP, PS and
PET) was also examined by Saad and Williams. The authors demonistrted that the higer
rate input of CO> led to significant increasing of syngas production [59].

Additionally, oxygen can be utilized for partial oxidation in the decomposition reac-
tion of waste plastic. The ratio of O, atmosphere can greatly influenced the product yield
(syngas) from the pyrolysis-gasification of waste polymers. Previously, Zhifeng Hu et al.
studied the influence of oxygen atmosphere content on the the syngas production from
microalgae. Their obtained data demonistrated that using of oxygen atmosphere could
enhance the formation of hydrogen and carbon monoxide [104]. Al-asadi et al. [106] re-
ported that positive effect in the gas and liquid yields was found by increasing the ratio
of oxygen atmosphere for the gasification process of HDPE, LDPE, PP and PET. Besides,
the using of oxygen atmosphere not only enhance the pyrolysis-gasification products but
also reduced the concentration of tar [105].

Steam as a gasification agent has been used widely for the production of hydrogen
rich syngas from waste plastics. The addition of steam into the process of pyrolysis-gas-
ification can significantly influenced the decompoaition reaction of waste polymers. The
presence of steam can promoted the formation of gases especially hydrogen due to the
more reforming reactions of methane and water gas shift reaction [107]. Furthermore, the
required heat for the process can be supplied throw the the reforming reaction itself as the
steam gasification is known as endothermic reaction [108]. Wu and Williams [109] con-
ducted the pyrolysis-gasification of waste polypropylene in a two stages reactor with
steam over Ni/CeO/ZSM-5 catalyst. The authors reported that hydrogen yield was en-
hanced by the steam reforming of the produced gases from the pyrolysis process in the

first stage.

1.6.2. Kinetic parameters

In order to understand the thermal degradation behaviour of plastic, studying the ki-
netic parameters is one of the significant factors for better recycling of waste plastic. Also,
the investigation of pastic degredation parameters is a crucial step for the process reactor
design. Moreover, the many reactions of plastic decomposition can add more complexity

to the process [110]. Hence, the product yields from pyrolysis/gasification process can be
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enhanced as a result of the proper reactor desing and better understanding of decomposi-

tion reactions. Various analytical methods have been applied to figure out the reaction

pathway of plastic degredation such as thermogravimetric analysis [111-113]. TGA can

provide suffiecnt informations about the complex reactions of thermal plastic degrada-

tion. Table 1.5 summarizes the main reaction kinetic parameters of waste polymer de-

composition using different raw materials and reaction conditions.

Table 1.5

The main reaction kinetic parameters of waste polymer decomposition using different raw materials and
reaction conditions [114]

Kinetic approach Method Raw material Ea (kJ/mol) | Reference
TGA, N2 atmosphere Refuse derived fuel 75-212 [115]
TGA, Ar atmosphere PP, LDPEI‘DE.? PE,PVC, 334-364 [116]
TGA-FTIR, Py-GC/ . .
Ozawa-Flynn-Wall MS. N» at h Kitchen waste, waste tire 198- 252 [117]
and the Kissinger- » V2 almosphere
Akahira-Sunose -
ethods TGAIMS/ FpThLF:e Nz atmos Cherry seed, PVC 145-245 [118]
TGA, Nz atmosphere Chlorella vulgaris biomass 138-158 [119]
TGA, Ar atmosphere Bamboo sawdust, LLDPE 143-400 [120]
TGA, N2 atmosphere PET, Samanea saman seeds 130-179 [121]
Tubular laboratory cracker LDPE and_a heavy p_etro- 147-313 [122]
leum residue fraction
Two stage laboratory scale
L . batch reactor using, N2 at- HDPE, PP, LDPE 33-318 [123]
umping approach
mosphere
Two stage laboratory scale
batch reactor using, N2 at- Real waste plastics 86-394 [124]
mosphere
Lignocellulosic biomass,
TGA, N2 atmosphere waste tyre, PLA, PS, PET, 236-362 [125]
Distributed activation PP, HDPE
energy model PE, PP, PVC, rubber, textile,
TG-FTIR, N2 atmosphere paper, poplar wood, pork 124-313 [126]

and rice
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Table 1.5
The main reaction kinetic parameters of waste polymer decomposition using different raw materials and
reaction conditions [114] (cont.)

Kinetic approach Method Raw material Ea (kJ/mol) | Reference
. . YW, FW, textile, paper, rub-
Multi-stage kinetics TGA, N atmosphere ber, LDPE, HDPE, PP, PET |  75-324 [127]
model
and PS
Starink’s mo_del,. TGA, Py-GC/MS, N: at- Waste tires 102-177 [128]
model-based kinetics mosphere
Dynamic mechanism 3-stage pyrolysis, TGA, Polyethylene, cornstalk and 107-210 [129]
function FTIR, N2 atmosphere anthracite coal
First a_nd thlrd-(_)rder TGA, N atmosphere Food waste (Ilgr\ln, bone and 29-114 [130]
chemical reactions plastic)

The investigation on the thermal degradation kinetics of waste plastic has been car-
ried out by many reseachers [131, 132]. Some literature reported that product yields from
the decomposition of single waste plastic are differ from the yields of mixture plastic
waste [133]. This fact proved that during the decomposition reaction, the initial products
from each single plastic in the waste mixture can react with other products from other
plastics.

The required activation energy for the conversion of waste plastic can be reduced by
the application of catalyst [134, 135]. Thermogravimetric technique was applied by
Marcilla et al for the catalytic pyrolysis of waste mixture of HDPE and PP and the ob-
tained results were compared with thermal pyrolysis. The authors reported that the max-
imum decomposition temperature was reduced by using catalysts and more conversion

rate was obtained [136].

1.6.3. Pyrolysis products

The decomposition of plastic wastes by pyrolysis process produces three main prod-
ucts which are oil, gases and char. As mentioined before, the process parameters such as
temperature, residence time, reactor type, pressure, etc can affects the proportion of the

product yields.

1.6.3.1. Pyrolysis oil

Pyrolysis oil is one of the three major valuable products from the converting of waste
plastics. Oil product from pyrolysis process are effected by many factors such as temper-
ature, heating rate, ash content and volatile matter [137]. High content of ash reduced the
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amount of liquid yield, while high volatile matter increased the amount of pyrolysis oil.
However, the amount of gaseous product and char formation are increased as a conse-
gunce of oil decreasing. Pyrolysis oil is also influenced by the type of plastic, for example;
PET has higher oil yield compared to PVC [138]. Oil extracted from wastes can be used
as fuel after quality improvement as it contains a mixture of hydrocarbons from the range
of kerosene and petrol [139].

1.6.3.2. Gases

The production of gases from pyrolysis process is higly depending on the temperature
and type of waste plastic. In general, long residence time with elevated temperature are
the best conditions for gases yield [140]. These parameters have opposite impact on the
pyrolysis oil. Onwudili et al [141] studied the influnce of plastic type and reaction tem-
perature on the pyrolysis of individual waste LDPE and PS and their mixture. Their ob-
tained results showed that the mixture of LDPE and PS generated more gases yield com-
pared to individual waste. Also they reported that rising the temperature from 350 to 450
°C resulted in more gases product. Regarding to plastic type, PET and PVC produced
more gases product compared to the other waste plastics.

As mentioned above, plastics are rich in hydrocarbons therefore, the production of
syngas (H2 and CO) from waste plastic using pyrolysis-gasification processes have been
reported by many studies [84, 142, 143]. The syngas are formed by the recombines of the
volatile product from pyrolysis and gasification processes. Gasification of waste plastic
is considered as a novel route for the production of Hz-rich syngas as most of industrial
processes are based on fossil fuels for hydrogen production [144]. The production of syn-
gas are highly influenced by the process paramters such as temperature, catalyst and at-
mosphere type. Moreover, the type of raw materials or feedstock is also affected the syn-
gas yield in the pyrolysis-gasification process. However, the presence of catalyst with
high temperature can promote the more decomposition rate of raw materials and resulting
in more syngas product.

Many researches have sutided the production of synthesis gas from waste plastic.
Shan-Luo et al. [70] conducted the production of syngas from gasification of waste plastic
using polyethylene waste in the presence of Co/SiO.@HZSM-5 catalyst. In another work,
Yao et al. [52] investigated the production of Ha-rich syngas from waste polyethylene by

gasification with steam. They reported that hydrogen from catalytic reforming of waste
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PE was increased with increasing of steam rate and temperature. Additionally, syngas can
be produced from the combination of waste plastic and biomass. Déparrois et al. [56]
studied the co-gasification of polystyrene with paper for syngas production. The authors
reported that co-pyrolysis or co-gasification have positive effect on the syngas yield as
the amount of hydrogen product was doubled due to the synergistic influence on cracking

reactions.

1.6.3.3. Char

Char is a carbonaceous materials formed as by-product from the plastic degredation.
Process conditions of low reaction temperature, long residence time can increased the
char yield in pyrolysis process. The size of feedstock particles can also influenced the
type of produced char as the large size produced tough char while the smaller size of
particle feedstock produced a finer char. The chemical and physical properties are ef-
fected by the presence of inorganic species [145]. Char can be utilized in the production
of carbon nanotubes and activated carbon after catalytic pretreatment [146]. Jamrad-
loedluk et al. [147] investigated the char composition from waste HDPE. Their results
showed that the obtained char was mainly contained fixed carbon and volatile matter (97
%). Although higher temperature resulted in lower amount of char yield. A study
conducted by Jung et al. [77] showed that char yield form pyrolysis of waste PP and PE
was increased with temperature. Char has a calorific value of 18.8 MJ/kg. Char can be
used in combustion due to its lower sulphur content. Moreover, it can be utilized in up-

grading process to remove the heavy metals from water.

1.6.3.4. Carbon nanotubes (CNTYS)

Table 1.6 shows the main products from pyrolysis-gasification processes of waste
polymer decomposition using different raw materials and reaction atmosphere. Carbon
nanotubes are another by-product from pyrolysis-gasification of waste plastic materials.
The type and amount of carbon nanotubes are affected by the process paramters and ex-
pirement conditions. Carbon nanotubes are considered as unique materials as it has ther-
mal, mechanical and electrical stability [160, 161]. Hence, its recived more attention re-
cently. Gasification of waste plastic is the most suitable way for production of CNTs as

the process can produce hydrogen together with carbon nanotubes.
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The main products from pyrolysis-gasification processes of waste polymer decomposition using different

Table 1.6

raw materials and reaction atmosphere

Raw materials Carrier gas Catalyst Product Refrence
LDPE, HDPE, PP, .

PS. PET He, Hz HZSM-5 Oil [103]
HDPE He FeOs, CoC, Zn0O, MnOz, NiO Qil [148]
LDPE, PP, HDPE N2 Without Oil, Gaseous [149]
HDPE, .

Switchgrass N2 HZSM-5 oil [150]
PE, PP, PS, PET Steam Ca0, Ca(OH): Oil, Gas [151]
HDPE, PMMA N2 Ni, Co Ha [79]
PET, Waste tires, . 5 .

biomass Steam, O, Air y-Al203, Nily-Al203 Syngas [152]
Plastic/Biomass N2 Ni/y-alumina Ha-syngas [91]
HDPE, LDPE, PS Ar Ni-Fe Hz, CNTs [98]
PP N2, H20 Ni/Mn/Al Hz, CNTs [153]
LLDPE N2 Ni203 CNTs [154]
PP N2 HZSM-5 Hz, CNTs [155]
HDPE, PP, PS, .

PVC, PET N2 Ni/Mo/MgO Hz, CNTs [156]
LDPE, PP, PS N2 Ni/Al Hz, CNTs [157]
LDPE N2 Fe/Al Hz, CNTs [158]
PP Ar/H; Ni CNTs [159]

The presence of catalyst in the decomposition reaction of waste plastic can enhance
the yield of CNTs. Nahil et al. [61] investigated the production of CNTs through gasifi-
cation of waste polypropylene in the presence of Ni-based catalyst. Their obtained results
showed that CNTs quality was improved by the lower injection of steam rate. Further-
more, nickel based catalyst of Ni/Mn/Al showed a promising result in terms of CNTs and
hydrogen production. Temperature of reaction also influenced the production of CNTs.
A study conducted by Yang et al. [71] reported that reactor temperature of 800 °C are
favoured for the production of CNTs and hydrogen as the higher temperature increased
the formation of hydrocarbons with smaller molecule that promoting the production of
hydrogen and CNTSs.

1.6.4. Economic issues

Hydrogen and syngas should be produced in an economic way in order to share the
competition with the conventional fuel in the market. Price differentional between syn-
gas/hydrogen and crude oil is the most significant factor for economic potential of hydro-
gen syngas. In order to obtain a clean and economice fuel, some factors should be taken
into consideration. Syngas/hydrogen production, distribution and instiallation of required
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sites are essential factor the estimation of the cost. For example, the cost for hydrogen
delivery was high in the first decade as it cost more than 10 euro for each one kilogram.
Therefore, the hydrogen cost was higher and most economic challenging. Hydrogen/syn-
gas cost is higly depending on their utilization which can be droped with more increasing
of application. Ball and Weeda have reported that delivery cost for hydrogen was dropped
from 10 to 7 €/kg due to the increasing of hydrogen cars and utilization [162].

1.6.5. Scaled-up, pilot processes

Syngas from waste plastic was already produced using large scale technologies. The
first large scale process was carried out in the US with production of 10 tones per day
[163]. Table 1.7 shows the main properties of the scaled-up processes for waste based

syngas production.

Table 1.7
The main properties of the scaled-up processes for waste based syngas production
Process Raw materials Parameters Product Reference
Gassification using MSW 450-1200 °C, air Syngas [164]
pilot-scale
Gasification using pi- MSW 700-800 °C, steam, Syngas [164]
lot plant oxygen
Gasification using ro- 400-1100 °C,
tary kiln pilot plant Waste tyres steam, Syngas [165]
Gassification using . 800 °C, oxygen-en-
pilot-scale Biomass riched air and steam Syngas [166]
Gassification using Solid Recovered Fuel o o
pilot-scale from MSW 700°C, arr, Syngas [167]
Gassification using Lignin pellets 850 °C, steam, Nz, Syngas [168]

pilot-scale dolomite

MSW, orujillo, meat
and bone meal dried 770-870 °C, air Syngas, CH4 [169]
sewage sludge

Gassification using
pilot plant

Gassification using N2, CO3, steam and

large scale pilot Solid waste ai Syngas [170]
Gasspiiflic():{a_tisc::réltésing Biomass 780-800 °C, air Hydrogen-rich gas [171]
Cogatior g | s | gocar | spgs | o
Gassh_‘ication using Wood pellets 200-1000 _°C, Syngas [173]
pilot-scale steam, air

Texaco gasification and Waste Gas Technology UK limited processes are examples

of the most common technologies for syngas production with pilot process. Various types
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of waste materials can be fed to these processes to produce the syngas. In this process,
the waste materials are first dried and granulated to the suitable size then feed to the re-
actor. A cylindrical reactor is used for carried out the gasification process at reaction tem-
perature from 700 to 900 °C. The Texaco gasification process was performed in the pres-
ence of steam and oxygen at high temperature of 1200-1500 °C [174].

A study conducted by Gerhard Hirm in Germany reported that 50,000 tones/year of
plastic wastes are converted to syngas by using gasification process in a large scale pilot
plant. Air was used for the partial oxidation and pyrolysis of waste plastic materials. The
reaction of pyrolysis was carried out at temperature of 450-1200 °C. Hot gas filters were
used to clean up the produced syngas. After cleaning step, the syngas was cooled down
and ready to use [175].

In another work, a rotary kiln gasifier was used in pilot plant to produce high energy
syngas from waste tyres [165]. 5 kg/h of raw materilas were feeded with steam to the
continuous pilot plant at temperature range of 400 to 1100 °C. The authors used a treat-

ment system to remove the char particles from the produced syngas.

1.6.6. Challenge, unsolved problems

Pyrolysis and gasification processes are facing some technical and environmental
challenges. The availability of feedstock in large quantity and steady flow is one of the
technical challenges in the pyrolysis process as many contries export their waste abroad.
Therefore, waste plastic supplier is important factor towards a good economic pyrolysis.
Plastic wastes are differing in shape based on their origin and source. Moreover, these
wastes may be contaminated with other materials. The presence of contaminants in the
raw materials may converting to the yields which affect the quality of pyrolysis products
[53]. Hence, it’s a chellenge to feed waste plastic to the process before a pretreatment step
to remove the contaminants as. Furthermore, a crushing step of plastic waste is required
to ensure a uniform or suitable size for some pyrolysis reactors. These steps will add more
cost to the whole process. The characterization of feedstock is another challenge for py-
rolysis process as the waste plastic comes from different sources which may contain some
toxic substance. These poisoning materials may release from the process and cause a se-
rious environmental and health problems [176]. In addition to the above challenges, the
products from gasification and pyrolysis process conatin halogens, alkaline and tar. These

components cause some operational and environmental problems [177].
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1.7.  Future trends for waste to syngas processes

Waste plastics are materials with high energy content. Many environmental problems
related with waste treatment via conventional recycling method such as incineration and
landfill. The application of new technologies for waste treatment have gained more atten-
tion in the international market due to the ability of these techniques to recover and trans-
form the unwanted waste to high value products such as syngas. Syngas from waste treat-
ment can be utilized in chemical synthesis, engines, fuel cells, turbines and boilers.
Hence, the waste plastic could be a good commodity to be sold in the international mar-
kets. United Kingdom was already shifted their policy to the production of sustainable
and clean energy in order to mitigate the climate change [178]. 14 plants were built up in
UK alone for the production of energy from waste treatment using gasification process.

1.8. Main finding of litartures focussing to waste based syngas production

According to literature, fossile fules are still the main source of energy for the world-
wide. In one hand, this type of energy have many serious problems which can affects the
human health and environment. On the other hand, it is non-renewable ener-gy and will
be exist in the future. Therefore, finding an alternative and renewable source for energy
have gained more attention recently. Various afforts have been applied by secnitiest and
reserachers in order to minimize the depends on these fuels. Syngas is one of the promis-
ing energy that can share the world energy demand. The converting of waste plastics
materials into useful products such as syngas (H2 and CO) could meet the energy require-
ment and mitigate the depends on fossile fuels as energy source. Morover, it can help to
decrease the waste accumulation and save the envrionment from their impacts.

Different techniques have been applied for converting of waste plastic into valuble
products such as syngas. Waste to energy techniques via pyrolysis and gasification ara
considered as the most environmental method. These techniques are effected by many
paramters such temperature, residence time, carrier gas and catalyst type. However, con-
verting of waste plastic into syngas are facing some challenges such as cost due to the
prior treatment steps (cleaning, sepration and crushing). To handle with such challenges,
we used real waste plastic mixture to avoid the additional treatment steps and obtained an
economic process.

Based on the recent reviews, the development of new modified catalysts could en-

hance the production of syngas. Some researchers suggest that using of cheap catalyst
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with high catalytic activity such as nickel based catalysts could be the most approprite
choise for pyrolysis-gasification process. Moreover, the catalyst activity can be improved
by using of second metal promoters. However, there is lack of information about the ef-
fect of second metal promoters on the catalyst performance for the decomposition of real
waste plastic. Morover, there are a few refrences about the combination of second pro-
moters (Ca, Ce, La, Mg, and Mn) with nickel. Hence, our main objective is to investigate
the influence of the modified catalysts towards the pyrolysis-gasification of waste plastic
mixture. Addi-tionally, using of different carrier gas such as carbon dioxide could helps

in CO> capture processes and decreasing of CO2 emission in the atmosphere.
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2. EXPERIMENTAL PART

According to the literature, many reasearches have been studied the influence of dif-
ferent process paramters and conditions on the product yield and compositions form py-
rolysis/gasification of plastic waste. Various catalysts with different supportes have been
examined for that purpose. However, it is uncertain whether the application of second
metal can enhance the catalyst activity as there is lack of information about the effect of
second metal promoters on the catalyst performance for pyrolysis and gasification of
waste plastic. Hence, the goal of this study is to investigate the effect of the modified
catalysts towards the pyrolysisgasification in order to obtan the optimum condition for
hydrogen and syngas yields. Moreover, different expiremental paramters were studied for
better conversion rate of feedstock.

2.1. Materials
2.1.1. Raw materials

A mixture of real waste plastics obtained from municipal sources in Hungary were
used as raw materials for this work. The type of plastic in the waste mixture was investi-
gated by FTIR spectroscopy based on its infrared spectra. The composition of these
wastes were 45% PET, 19% PP, 17% LDPE, 14% HDPE and 5% others (polystyrene,
ethylene-propylene copolymer) (Table 2.1) [179].

Table 2.1
The main properties of the raw material
Property Value
Source Real waste
Composition 45% illz_o'/I',ng’l/joEPP,oﬂ% LDPE,
() , 5% other
Volatile, % 93.3
Fixed carbon, % 3.7
Ash, % 2.3
Moisture, % 0.8
C, % 71.6
H, % 114
N, % 0.8
02, % 16.2

2 by difference
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Laboratory grinder (Dipre GRS 183A9) was used for milling the raw materials into
small particles (<5mm). Figure 2.1 shows the apparence of the used raw material. Based
on the results of the proximate and ultimate analyses, raw materials contain 71.6% of
carbon, 11.4% of hydrogen, 16.2% of oxygen and 0.8% of nitrogen. The fixed carbon and
ash content of the raw material was 3.7 and 2.3%, respectively [179].

Figure 2.1
The appearance of the raw material

2.1.2. Catalysts preparation and characterization

In this chapter the methods for the catalysts modifications and characterizations are
descriebed. A Fritsch Analysette 22 instrument based on Fraunhofer theory was used to
investigate the average grain diameter of each catalyst. While, the morphology of the
catalysts was analyzed by nitrogen adsorption/desorption isotherms using Micromeritics
ASAP 2000 instrument. BET method was used to determine the surface areas based on
nitrogen adsorption isotherms, while the BJH surface was calculated using the nitrogen
desorption isotherms based on the BJH model. The morphology and elemental composi-
tion of the catalysts were investigated by Scanning Electron Microscopy (FEI Thermo
Fisher Apreo S LoVac instrument, EDAX AMETEK Octane Elect Plus).

2.1.2.1. Nimodified zeolite catalysts for catalyst supporter selection

In the first section of the thesis, the effects of various supporters of zeolite catalysts
were investigated: ZSM-5, y-zeolite, B-zeolite and natural zeolite. The neat catalysts were
loaded by Ni using wet impregnation method according to the following steps. The cata-
lyst supporters had been added into 1M Ni(NO3)2.6H>O dissolution and continuously
stirred for 2 hours at 85 °C. Then catalysts were dried for 10 hours at 110°C, and each of

them was conditioned at 650 °C for 4.5 hours in air. The nickel content of each catalyst
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was measured by x-ray analysis. Ni/ZSM-5, Ni/y-zeolite, Ni/B-zeolite and Ni/natural ze-
olite catalysts had nickel content of 10.4, 10.1, 10.3 and 10.7% [180]. The appearance

and the main properties of the catalysts are shown and summarized in Figure 2.2 and
Table 2.2.

3 . e
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; Ni/B-zeoIite Ni/natural zeolite

Figure 2.2
The apparence of the catalysts

Catalysts were in powder form with average diameter of 19.5-38.2um. Ni/y-zeolite
had the largest BET surface, while Ni/natural zeolite the smallest. Regarding the Ni con-
tent, it was in the range of 10.1 and 10.7%.

Table 2.2
The main properties of the catalysts [180]
Ni/ZSM-5 Ni/y-zeolite Ni/B-zeolite | Ni/natural zeolite

Apperence powder powder powder powder
Average grain diameter (um) 19.5 15.1 20.6 38.2

SeeT, M?/g 315 610 580 205

SeaH, M?/g 109 215 118 72

Nickel content % 10.4 10.1 10.3 10.7

2.1.2.2. Me/ZSM-5 (Me=Ni, Co, Fe (II), V, Zn) catalysts with different Si/Al ratio

Based on the results of catalyst supporter selection, ZSM-5 synthetic zeolite was se-
lected for further investigation. Because of not only the catalyst pore structure, but also
the Si/Al ratio can significantly affect their role, ZSM-5 synthetic zeolites with different
silica/alumina ratios were modified and investigated. Firstly the neat ZSM-5 catalysts
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were modified by Ni, Co, Fe(ll), V and Zn using the previously descriebed wet impreg-
nation method. 1M Ni(NO3)2.6H20, CoSO4.7H20, FeSO4.7H20, V-EDTA, ZnCl; disso-

lution was used for the catalyst impregnation [181]. The main properties of the modified

catalysts are summarized in Table 2.3-2.5.

Table 2.3
The main properties of the catalysts (neat ZSM-5, Si/Al=22.5)
Ni/ZSM-5 Co/ZSM-5 Fe/ZSM-5 VI ZSM-5 Zn/ ZSM-5
Apperence powder powder powder powder powder
Average grain di- 155 338 38.2 30.2 395
ameter (um)
SeeT, m2/g 361 345 332 331 348
SeaH, M/g 81 80 78 80 80
Metal content, % 115 9.4 10.8 11.2 10.2
Si/Al 218 221 21.9 22.3 22.4
Table 2.4
The main properties of the catalysts (neat ZSM-5, Si/Al=41.9)
Ni/ZSM-5 Co/ZSM-5 Fe/ZSM-5 V/ ZSM-5 Zn/ ZSM-5
Apperence powder powder powder powder powder
Average grain di- 12.1 285 38.2 35.1 324
ameter (um)
Seet, m2g 382 366 368 372 357
SeaH, M2/g 98 95 97 98 96
Metal content, % 11.0 11.3 11.2 10.3 10.7
Si/Al 42.1 415 41.7 41.6 411
Table 2.5
The main properties of the catalysts (neat ZSM-5, Si/Al= 65.5)
Ni/ZSM-5 Co/ZSM-5 Fe/ZSM-5 V/ ZSM-5 Zn/ ZSM-5
Apperence powder powder powder powder powder
Average grain di- 16.8 224 20.6 225 21.7
ameter (um)
Seet, Mg 376 352 358 360 354
Sgom, Mg 115 110 106 114 111
Metal content, % 10.2 105 10.8 10.3 10.8
Si/Al 65.1 65.6 65.3 64.9 65.1

As shown in Table 2.2, Ni/ZSM-5 catalyst has the highest surface area among the
other used catalysts. The Sget for Ni/ZSM-5 catalyst was 361 m?/g, while V/ZSM-5 had

the lowest Sget for the catalyst with Si/Al of 22.5. On the other hand, the average grain
diameter was the lowest for Ni/ZSM-5 catalyst. At Si/Al ratio of 41.9, Fe/ZSM-5 catalyst

had the highest average grain diameter (38.2). The appearance of the synthetized catalysts

are shown in Figure 2.3.
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Figure 2.3
The apparence of the catalysts

The Sgan for all used catalysts was in the range of (95 — 98 m?/g). Ni/ZSM-5 catalyst
also had the higher Sget (382 m?/g). Regarding to Si/Al ratio of 65.5, the average grain
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diameter was in the range of (16.8 — 22.5 um). While, the surface area of the catalysts

was in the range of (352 — 376 m?/g).

2.1.2.3.

Me/Ni/ZSM-5 (Ce, La, Mg, Ca and Mn) catalysts

Following the selection of the best single metal modified catalyst, it was further mod-

ified by different elements using different ratios of metals. For further investigations the

NiZ* was selected, and ZSM-5 catalyst with Si/Al ratio of 30 was used. The main proper-

ties of the catalysts prepared by the following procedure are summarized in Tables 2.6-

2.8 [179].
Table 2.6
The main properties of the catalysts (Me/Ni=0.1)
Ca/Ni/ZSM-5 | Ce/Ni/ZSM-5 | La/Ni/ZSM-5 | Mg/Ni/ZSM-5 | Mn/Ni/ZSM-5
Average grain diame- 0.62 0.74 0.56 0.69 0.64
ter, um
SeeT, M?/g 460 464 461 465 466
SeaH, Mg 92 94 95 93 92
Smicro, M?/g 318 325 320 315 322
Nickel content
(on catalyst grain), % 3.89 3.83 3.86 4.12 4.10
Me content
(on catalyst grain), % 0.41 0.41 0.42 0.48 0.44
Nickel content
(between catalyst 4.02 3.85 3.81 4.07 4.27
grains), %
Me content
(between catalyst 0.40 0.39 0.42 0.46 0.44
grains), %
Si/Al 30.3 30.1 30.9 32.4 29.5
Table 2.7
The main properties of the catalysts (Me/Ni=0.5)
Ca/Ni/ZSM-5 | Ce/Ni/ZSM-5 | La/Ni/ZSM-5 | Mg/Ni/ZSM-5 | Mn/Ni/ZSM-5
Average grain diame- 0.73 0.83 0.63 0.57 0.87
ter, pm
SgeT, m?/g 419 445 408 404 395
SeaH, M?/g 93.8 92.7 90.9 89.5 92.4
Smicro, M2/g 210 311 305 288 281
Nickel content
(on catalyst grain), % 3.90 3.89 3.83 3.85 3.88
Me content
(on catalyst grain), % 2.05 211 2.04 1.97 2.05
Nickel content
(between catalyst 3.73 4.02 3.76 3.84 3.79
grains), %
Me content
(between catalyst 1.92 2.03 1.93 1.92 1.99
grains), %
Si/Al 30.24 30.53 31.83 30.62 31.74
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Table 2.8
The main properties of the catalysts (Me/Ni=2.0)

Ca/Ni/ZSM-5 | Ce/Ni/ZSM-5 | La/Ni/ZSM-5 | Mg/Ni/ZSM-5 | Mn/Ni/ZSM-5
Average grain diame- 1.28 1.16 0.96 1.04 0.76
ter, um
SgeT, m?/g 350 359 362 355 361
SgaH, M?/g 914 91.1 935 92.6 95.2
Smicro, Mg 195 280 285 257 258
Nickel content
(on catalyst grain), % 3.93 3.87 3.83 3.84 3.86
Me content
(on catalyst grain), % 8.51 7.70 7.72 8.38 8.03
Nickel content
(between catalyst 4.05 3.67 3.52 3.82 3.77
grains), %
Me content
(between catalyst 8.02 7.37 7.14 7.55 7.55
grains), %
Si/Al 31.48 31.07 32.35 31.17 30.36

Firstly the Ni/ZSM-5 was prepared by the before mentioned wet impregnation, then
the Ni/ZSM-5 were impregnated with the second metals Me (Me=Ce, La, Mg, Ca, Mn)
at three different Ni/Me ratios (0.1, 0.5, 2.0) to produce Me/Ni/ZSM-5. The dissolutions
of CeSO4-4H,0 (Reanal Kft, Hungary), Mg(NOz3), (Sigma-Aldrich), LaCls-7H.0 (Re-
anal Kft, Hungary), CaCl, (Reanal Kft, Hungary) and MnCl2-4H>0 (Reanal Kft, Hun-
gary) was used for the second metal impregnation. The Ni content of the catalysts was
between 3.83% and 4.12%. Three various concenteration ranges of the second metals
were used: 0.41%-0.48%, 1.97%-2.11% and 7.70%-8.51%. The impregnation can affect
the morphological characteristics. The increasing in metal concentrations resulted in
slightly increasing of the average grain diameter of the catalysts from 0.62—0.74 to 0.76—
1.28 um. In parallel, significant reduction in the BET, BHJ and microporous surface areas
was found [179]. Figure 2.4 shows the appearance of the catalysts.

SEM method was used to investigate the morphology of the catalysts (Figure 2.5)
[179]. As it was earlier demonstrated by the average grain size of catalysts, the micro-
graphs clearly demonstrate that higher Me/Ni ratios led to the formation of larger catalyst

agglomerates.
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Ca/Ni/ZSM-5

Ce/Ni/ZSM-5

La/Ni/ZSM-5

Mg/Ni/ZSM-5

Mn/Ni/ZSM-5

‘Me/Ni=0.2

Figure 2.4
The apparence of the catalysts
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Mn/Ni/ZSM-5 (M/Ni=0.1)

Figure 2.5
SEM micrographs of the impregnated ZSM-5 catalysts

Moreover, higher concentration of impregnating agents was found between the cata-
lyst particles particularly at Me/Ni ratio of 2.0. On the other hand, the elemental compo-

sition of the catalyst grain corresponds to slight differences between the composition of
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the catalyst grain and the surface area of the majority of the catalyst particles. The ele-
mental composition of one catalyst grain and the given surface area of the catalyst (con-
taining grains and impregnation compounds among the catalyst grains) are reported in
Tables 2.6-2.8. At a given concenteration, catalyst particles are not able for absorbing
more ions than a certain concentration of the impregnating cation. This is also partly the
reason for the aforementioned reduction in the pore surface areas, as the ions of the solu-

tion used as the impregnating agent can cover the channels of the ZSM-5 catalyst.

2.2. Processes for pyrolysis-reforming

Feedstock of raw materials were pyrolyzed in both one-stage and two-stages tubular
reactor at temperature range of 550-900°C with a heating rate of 25 °C/min and nitrogen
gas flow of 2.5dm%h. In case of both reactors, PID controller was used to set and con-
trolled the temperature. The reaction time was 20 minutes at the set temperature (pyrolysis
reactions were finished within 20 min). Volatiles from the reactor were condensed at
10°C, then a Tedlar bag was used to collect the gases product. The gases and oil products
were further analysed. At the end of the expirement, the products were weighted and their

yields were calculated based on the weight balance.

2.2.1. One-stage reactor

Regarding the one-stage tubular reactor temperatures of 600, 750 and 900°C were
used (Figure 2.6). In this case 10g of the raw material was investigated, while 10% of the

catalysts were also added to the raw material in case of thermo-catalystic pyrolysis [180].

Raw material and catalyst

R R T s
D R R R AR
Cooling
|:| water L
YY) (10°C)
Nz D
PID controller Pyrolysis oil
Figure 2.6

Layout of the one-stage pyrolysis process [180]
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2.2.2. Two-stages reactor

In case of two-stages reactor temperatures of 550 and 850°C were used (Figures 2.7
and 2.8). 5 g of raw material was placed in the first stage, while 2.5 g of catalyst was
tested in the second stage separated with glass wool. Regarding the two stages reactor,
not only nitrogen, but also CO (dry reforming) and mixtrues of nitrogen and oxygen
(partial oxidation) was used as carrier gas (Figure 2.7) [106, 182]. Moreover, dolomite
was also used for insitu dry reforming (Figure 2.8) [183]. In this case 10g of dolomite

was placed between the plastic sample and catalyst.

Raw material Glass whool Catalyst

I B o L e o 2 ot o]
oeieiateleleietataiiiateialeteteleliteieeialoletelelitoleiel
Cooling
D water {,
—— (10°C)
N3, CO; or N,+0O; O
Pyrolysis oil
PID controller yrolysis ol
Figure 2.7

Layout of the two-stage pyrolysis process [106, 182]

Raw material Glass whool Dolomite Catalyst

Gases

T T R T e 7 R R R R e R
PRI IC I SR IS S MR M SR K S K )
R R A

Cooling
T D water L
Soo (10°C)
N2 O
PID controller Pyrolysis oil
Figure 2.8

Layout of the two-stage pyrolysis process using dolomite [183]

2.3.  Analytical methods

2.3.1. Gases

A GC-FID instrument (DANI GC) using isotherm conditions (T = 30 °C) was per-
formed to analyze the hydrocarbon composition of gases. Rtx PONA (100 m x 0.25 mm,
surface thickness of 0.5 pum) and Rtx-5 PONA (100 m x 0.25 mm, surface thickness of 1

pum) columns were used for the analysis.
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For hydrogen, carbon monoxide and carbon dioxide analysis a GC-TCD ((Shimadzu
GC-2010)) equipped Carboxen™1006 PLOT column (30 m x 0.53 mm). During the anal-
ysis, the temperature was elevated from 35 °C (hold time 2 min) to 250 °C at 40 °C/min

heating rate, with the final temperature maintained for 5 min.

2.3.2. Pyrolysis oil

A DANI GC-FID was applied for pyrolysis oil analysis. The instrument was fitted
with Rtx 1 dimetil-polysiloxan capillary column (30m x 0.53 mm, thickens of 0.25 pm).
Sample was dissolved in CS», and then injected to the instrument. The initial temperature
was 40 °C for 5 min, then the temperature was elevated by 8 °C/min till 340 °C and it

was kept at 340 °C till 20 min. Both the injector and detector temperature were 340 °C.

2.3.3. Thermogravimetric analysis

The efficiency of selected catalysts in pyrolysis was analyzed by thermogravimetric
analysis (Shimadzu DTG-60 instrument with TA-60WS thermal analyser). The analysis
was performed at Xi’an Jiaotogn University, Xi’an, China. Samples were mixed with
catalysts and heated by 20 °C/min till 750 °C. The sample amount was 5-15 mg. The flow

rate of nitrogen carrier gas was 75 ml/min [114].

2.3.4. Temperature Programed Oxydation

Carbon deposition on catalyst was analysed by temperature programmed oxidation.
250 mg of the catalysts were heated in air using thermogravimetric method by 10 °C/min
heating rate (MOM DERIVATOGRAPH Q-1500 D type instrument).

2.3.5. Transmison Electron Microscopy

The CNT on catalyst surface was analysed at the Nanolab, University of Pannonia.
Samples were prepared by depositing a drop of aqueous suspension of sediment particles
on copper TEM grids covered by an ultrathin amorphous carbon film. The analyses were
performed using a Talos F200X G2 instrument (Thermo Fisher), operated at 200 kV ac-
celerating voltage, equipped with a field-emission gun and a four-detector Super-X en-

ergy-dispersive X-ray spectrometer.
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2.4. Research plan

Figure 2.9 summarizes the research plan. Firstly, a literature survey was done to

figure out the main finding of the previous works in terms of feedstock types and syngas

yields. Then raw materilas with catalysts were selected and characterized.

Literature survey to know more
about the actual status of waste
polymer based syngas production
and to determine the main aims of
the research work

Investigation of the effect of
catalyst supporters and
temperatures

TG-FTIR analysis of raw materials
to determine the main reaction
kinetic parameters (reaction
parameters, catalysts, etc.)

Dry reforming of plastics wastes:
pyrolysis of real MPW in horizontal
tubular reactor using
Me/Me/ZSM-5 catalyst

Main result evaluation

Material selection (raw material,
catalysts) and characterization

Me/ZSM-5 (Me=Ni, Co, Fe (Il), V,
Zn) catalysts with different Si/Al
ratio

Investigation of the effect of metal
on catalyst supporter (Me/catalyst
supporter)

Pyrolysis of real MPW in horizontal
tubular reactor using
Me/Me/ZSM-5 catalyst in nitrogen
in the presence of dolomite

Catalysts preparation and
characterization

Ni modified zeolite catalysts for
catalyst supporter selection

Investigation the effect of second
metals (Me/Me/catalyst
supporter)

Conclusion

Figure 2.9
The research plan

Pyrolysis of real MPW in horizontal
tubular reactor using
Me/Me/ZSM-5 catalyst in
atmospheres with different
nitrogen/oxygen ratio

Different active metals with different supports and different Si/Al ratios were pre-

pared and further characterized for better understanding of catalysts behaviors. The cata-

lysts then investigated for the decomposition of waste plastic at various reaction temper-

atures. Based on the obtained results, the best catalyst with best support was chosen for
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further investigation. Additionally, TG-FTIR was used to the analysis of raw materials in
order to determine the main reaction kinetic parameters.

After that, the catalysts were further modified with various second metals of promot-
ers. The new modified catalysts were tested for the pyrolysis-gasification of waste plastic
in the presence of various reaction atmospheres (nitrogen, oxygen and carbon dioxide).
Oxygen atmosphere was used to enhance the partial oxidation reaction, while carbon di-
oxde was used to promote the dry reforming reaction. Moreover, dolomite was used for
insitu dry reforming. The influence of different atmosphere type on the syngas production
was studied. The obtained results from the different expirements were analyzed and eval-
uated. At the end and based on the obtained data, the main finding were highlighted in

the conclusion part.
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3. RESULTS AND DISCUSSION

3.1. Investigation of the effect of catalyst supporters and temperatures

In this chapter different zeolites as catalyst supporters were loaded by Ni, then their
effects to the high temperature pyrolysis reactions were investigated in a one stage reactor
at 600, 750 and 900 °C.

3.1.1. Product yields

Figure 3.1 (a,b) illustrates the yields of gases and pyrolysis oil from the decomposi-
tion reactions. The obtained data shows that the presence of catalysts resulted in more
yields of both gases and pyrolysis oil in comparison to the non-catalytic process. Pyrolysis
consumes a lot of energy which can be minimized by the presence of catalysts. More gas
was found at higher pyrolysis temperature. The maximum gas product was obtained in
the presence of Ni/ZSM-5 catalyst. Based on the reaction temperature, the yield of gas
was increased over Ni/ZSM-5 catalyst with 43-69%, while the natural zeolite supported
Ni modified catalysts had the less effect to the decomposition reactions (6-28% increas-
ing).

M No-catalyst O Ni/ZSM-5 W No-catalyst ONi/ZSM-5
M Ni/y-zeolite @ Ni/b-zeolite W Ni/y-zeolite [ Ni/b-zeolite
80 1 @Ni/natural zeolite 60 1 @Ni/natural zeolite
60 - o
X 40 -
% 3
3 ")
g 40 3
© e
> 20
Q.
20 -
0 — 0 -
600 750 900 600 750 900
Temperature, °C Temperature, °C
a) b)
Figure 3.1 (a,b)

The yields of products (a) gases, (b) pyrolysis oil

The catalysts efficiency had the order of Ni/Natural zeolite<Ni/B-zeolite<Ni/ZSM-
5<Nily-zeolite at 600°C, and Ni/Natural zeolite<Ni/y-zeolite<Ni/B-zeolite<Ni/ZSM-5 at

900°C. The order can be attributed to the difference in surface areas of the catalysts.
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The pyrolysis oil yields for the non-catalytic process were 34.4, 21.6 and 11.4 % at
600, 750 and 900 °C, respectively (Figure 3.1 (b)). By introducing the catalyst to the
process, the maximum vyield of pyrolysis oil was obtained at 600 °C in the presence of
Ni/ZSM-5 (52.9 %). B-zeolite showed also a good performance in pyrolysis reactions
resulted pyrolysis oils, however its activity rapidly decreased with increasing tempera-
ture. Ni/y-zeolite catalyst had the slowest decreasing tendency. Hence, higher tempera-

ture promoted and favours the deeper cracking of primary decomposition products.

3.1.2. Gases

The influence of catalyst type and reaction temperature on the gas compositions are
shown in Figure 3.2. Regardless of the catalyst impact, the GC-results showed that higher
temperature promoted the production of hydrogen (14.1 % at 900 °C). This is due to the

more cracking of hydrocarbons at high pyrolysis temperature as the following reaction.

CiHm — CkHi + C + 2H; (3.1)

Moreover, the reactions of intramolecular hydrogen transfer are favoured at elevated
temperatures which explain the increasing of branched hydrocarbons (C2-Cs) in the gas
yields at 900°C. Regarding to the other compositions, gases contain CO and CO; due to
the presence of PET in the feedstock. The results showed that CO> concenteration was
higher than CO especially at high temperature. This phenomenon was the consequence
of PET structure, in-situ water-gas shift reaction and steam reforming of methane (3.2-
3.4). While, the water-gas reaction was behained CO in the product. In general, higher
temperature increased the rate of Boudouard reaction which resulted in more ratio of
CO2/CO (3.5).

CO + H;0— COz+ 2H; (3.2)
CHa + H,0 — CO2+ 2H, (3.3)
C + H0— CO + 2H; (3.4)
CO,+C — CO (3.5)

Slightly change in the concentration of methane (1.6 - 2.9 %) was reported with

temperature due to the methanization reaction (3.6).

C+2H,; — CHy (3.6)
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Hydrogen and other hydrocarbons are also affected by the presence of catalysts.
Acidic zeolite catalysts promoted the formation of hydrogen, CO, CO; and light hydro-
carbons due to their activity for increasing the decomposition rate of raw materials. The

maxiumum H yield for catalytic process was obtained with Ni/ZSM-5 catalyst (32.6 %).
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No-catalyst Ni/ZSM-5
mH2 mCo mH2 @mCo
mCO2 ECH4 mCO2 B CH4
0 C2-C5 non-branched m C2-C5 branched 0 C2-C5 non-branched m C2-C5 branched
100 - 100 -
80 - 80 -
o = . = &
" ]
@ @
3 40 ,3 40
ol N
5l | - m , A N -
600 750 900 600 750 900
Temperature, °C Temperature, °C
Ni/y-zeolite Ni/b-zeolite
mH2 mCo
mCO2 HCH4
o [0 C2-C5 non-branched m C2-C5 branched
80 -
o B8
"
g []
©
& 40 -
20 -
, = H N

600 750 900
Temperature, °C
Natural zeolite

Figure 3.2
The composition of gases

The influence of zeolite catalyst type on hydrogen yield from waste plastic was also

studied by Yao et al. [52]. The authors observed that ZSM-5 catalyst generated higher
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yield of Hz and CO in comparison to other types of zeolites (b-zeolite and Y- zeolite).
Their obtained data showed that H, and CO yields were 55 vol% and 30 vol%, respec-
tively. Regarding to branched hydrocarbons, introducing the catalysts resulted in more
intermolecular hydrogen transfer and isomerization reactions which explain the increas-
ing over Ni/y-zeolite catalyst (28.1 % at 900 °C). While opposite trend was reported for
the non-branched hydrocarbons. However, the less influence in branching reactions was

reported over Ni modified by natural zeolite as it can produces only 15.2 % at 900 °C.

3.1.3. Pyrolysis oil

The effects of reaction temperature and catalyst type on the pyrolysis oil are shown

in Figure 3.3.
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The composition of pyrolysis oil
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Figure 3.3
The composition of pyrolysis oil (cont.)

The results demonstrate that temperature has not affected the concentration of n-ole-
fins and n-paraffin significantly, while, introducing the catalysts resulted in decreasing of
their concentration (31.9-33.3 % to 20.2-27.0 % in case of n-olefins) and (23.3-24.3 % to
15.4-21.7 % in case of n-paraffins), respectively. Temperature also has visible effect on
the concentration of non-oxygenated aromatics as it is increased with rising the tempera-
ture. The increasing in aromatic compunds was the consequnce of side broken reactions
of phenol derivates and aromatization reactions as well. However, the maximum aromatic
yield was achieved over Ni/ZSM-5 catalyst (23.7 %).

In addition to n-olefins, n-paraffins and non-oxygenated aromatics, oil contained
branched and oxygenated compounds. Increasing of temperature had positive influnce on
the branched compounds, while opposite effect was reported for the oxygenated com-
pounds. For the catalytic pyrolysis, Ni/y-zeolite and Ni/ B-zeolite catalysts produced the
highest yield of branched compounds (35 % at 900 °C). Higher pyrolysis temperature and
acidic properties of the catalyst are favoured for the isomerization reactions.

3.2. Investigation of the effect of metal

3.2.1. Product yields

The investigation of the influence of different catalysts with different Si/Al ratio and
metal content was carried out at 700 °C. The yields of products are summarized in Figure
3.4(a,b,c). The results well demonstrates that high yield of gases was found in comparison
to other product yields. Furthermore, the same trend was reported by increasing the Si/Al

ratio for the used catalysts. Gasification was behind that phenomena as the oil yield was
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only 1.1 %. Moreover, as it is well known the carbenium ions formed in the initiation
reaction step are resposible for the broken of C-C bonds of polymer molecules. The for-
mation of these ions is favoued at the catalysts with higher Si/Al ratio. However, the too

high of Si/Al content may lead to to very quick deactivation of the catalyst due to the
blockage of catalyst pore mouth.
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Figure 3.4 (a,b,c)
Product yield using Me/ZSM-5 catalysts with
different Si/Al ratios (a= 22.5, b= 41.9, c= 65.5)

o

Comparing the gas yield over the catalysts, Ni/ZSM-5 produced the highest amount
of gases for the various Si/Al ratios due to the ability of Ni catalyst for speed up the
reaction rate and resulted in lighter compounds (gases). In contrast, the lowest gas yield
was reported with Zn/ZSM-5 catalyst as it is produced 55.7 %, 67.7 % and 86.6 % of gas
product for the Si/Al ratio of 22.5, 41.9 and 65.5, respectively. While, the maximum oil
product (38.1 %) was repoted over Zn/ZSM-5 catalyst with 22.5 of Si/Al ratio. Regarding

the char yield, the Boudoard reaction (2CO - CO. + C) was the reason for the maxium
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yield at Si/Al ratio of 65.5 in the presence on Zn/ZSM-5 catalyst. However, no significant

change in the char yield was found over the different catalyst with the same Si/Al ratio.

3.2.2. Gases

The influence of catalyst type and Si/Al ratio on the decomposition reaction and com-
positions of gases are shown in Figure 3.5(a,b,c).
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Figure 3.5(a,b,c)
The composition of gases using Me/ZSM-5 catalysts with
different Si/Al ratio (a= 22.5, b= 41.9, c= 65.5)

Hydrogen, carbon monoxide, carbon dioxide, methane, branched and non-branched
hydrocarbons (up to Cs) were the main compositions of gas product. Based on the ob-
tained results, the hydrogen content was slightly influenced by the Si/Al ratio of catalyst.
Among the different used catalysts in the expirements, the results observed that the high-
est yields of hydrogen were achieved over Ni/ZSM-5 catalyst for any Si/Al ratios which
were 42.7%, 43.7% and 47.0 %. While, V/ZSM-5 catalyst produced the lower yields of
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hydrogen, which were 33.4 %, 35.8 % and 39.3 % for Si/Al of 22.5, 41.9 and 65.5, re-
spectively. CO and CO in gases product were mainly the consequnce of the decomposi-
tion reaction for the polyethylene terephthalate in the raw materials. Generally, the con-
centration of CO2 was higher than CO which can be attributed to the in-situ water-gas
shift reaction. However, higher concentration of CO> was reported with increasing the
Si/Al ratio compared to CO concenteration. Regarding to methane concentration in the
gas products, Si/Al ratio had slightly effect on the methane yield. The maximum concen-
teration of methane (17.1 %) was obtained with higher Si/Al ratio over Ni/ZSM-5 cata-
lyst. This behavior corresponds to the high activity of this catalyst in C-C scission.
Regarding to other hydrocarbons in the gas yield, dominate presence of ethane and
ethene was found. On the other hand, the concentrations of saturated hydrocarbons were
always lower, than the unsaturated for all used catalysts. However, V/ZSM-5 catalyst
with Si/Al ratio of 22.5 produced the highest yield of non-branched hydrocarbons, while
the Co/ZSM-5 catalyst with Si/Al ratio of 65.5 had the lowest yield. However, advanced
property was reported for the Co?*, Fe?* and Zn?* especially in isomerization effect. The
ratio of branched and non-branched hydrocarbons in gases using Me/ZSM-5 catalysts

with different Si/Al ratio is summarized in Figure 3.6.

OSi/Al=22.5 B Si/Al=41.9 O Si/Al=65.5

0,0 + T =
Ni/ZSM-5 Co/ZSM-5 Fe/ZSM-5 V/ZSM-5 Zn/ZSM-5

Figure 3.6
The ratio of branched and non-branched hydrocarbons in gases using Me/ZSM-5 catalysts
with different Si/Al ratio

The results showed that the Si/Al ratios have visible effect on the ratio of
branched/non-branced hydrocarbons as it is increased with 41.9 Si/Al ratio then decreased
with higher ratio of Si/Al ratio of 65.5 in most cases. However, the maximum ratio of

branched/non-branced hydrocarbons (1.1 %) was obtained in the presence of Co/ZSM-5
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catalyst at Si/Al ratio of 41.9. While the minimum ratio (0.49 %) was reported over V
catalyst at 22.5 Si/Al ratio. As it is before mentioned, the acivity of Co catalyst in isom-
erization effect was behind that increasing.

The ratios of Ho/CO and H2/CO; in gases using Me/ZSM-5 catalysts with different
Si/Al ratio are shown in Figure 3.7. Based on the obtained data, increasing of Si/Al ratio
led to increasing of H2/CO ratio for all catalyst type. The maximum H/CO value (6.3 %)
was obtained in the presence of Fe/ZSM-5 catalyst at 65.5 of Si/Al ratio. On the other
hand, the ratio of H2/CO; in the gases was decreased by increasing the Si/Al ratio. The
maximum Hz/CO ratio (2.7 %) was reported over Co/ZSM-5 catalyst at 22.5 Si/Al ratio.
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Figure 3.7

The ratio of H2/CO and H,/CO; in gases using Me/ZSM-5 catalysts with different Si/Al ratio

Figure 3.8 summarizes the yields of hydrogen and carbon-monoxide using Me/ZSM-
5 catalysts with different Si/Al ratio. Data showed that visible influenced of the Si/Al
ratio on the Hz and CO yields were found over the various used catalysts. Increasing the
Si/Al content of the catalysts resulted in clear increasing of Hz and ratio of 65.5 produced
the most Hz (82.9 mmol/g). Hence, increasing the silica content of the catalyst had posi-
tive effect on the syngas production due to the more hydrogen transfer reaction. Dingding
etal. [52] also investigated the influence of Si/Al ratios of zeolite support for the hydrogen
and syngas production from waste polyethylene. The authors performed different Si/Al
ratios from 30 to 80. Their obtained data showed that Ni/ZSM-5 catalyst with Si/Al ratio
of 80 generated 91.54 mmol/g of syngas.
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Figure 3.8
The yields of hydrogen and carbon-monoxide using Me/ZSM-5 catalysts with different Si/Al ratio

However, among the various used catalysts, Ni/ZSM-5 produced the highest yield of
syngas (99.4 mmol/g) which was attributed to the high surface area as confirmed by BET
results. Furthermore, the Ni has the ability to increase the conversion rate compared to
other active metals. In contrast, slightly decreasing of CO yield was reported with in-
creasing the alumina content of the catalyst. However, the maximum CO product (21.3

mmol/g) was achieved at lower Si/Al ratio (22.5) over Ni/ZSM-5 catalyst.

3.2.3. Pyrolysis oil

The compositions of pyrolysis oil are shown in Figure 3.9(a,b). According to results
pyrolysis oil product contained normal-olefins, normal-paraffin, non-oxygenated aromat-
ics, branched and oxygenated compounds. Different transition metals and different Si/Al
ratio of the ZSM-5 support have visible effect on the concentration of n-paraffin, n-olefin,
aromatics, and branched hydrocarbons. While, the concenteration of n-saturated and un-
saturated compounds not influenced by the ratio of Si/Al. For both Si/Al ratio of 22.5 and
49.1, the ratio of n-saturated and unsaturated compounds was in the range of 0.68-0.88
%. However, using Ni supported by ZSM-5 catalyst with Si/Al ratio of 22.5 resulted in
17.0 % of n-paraffin concenteration, while, the concentration of n-paraffin was 10.0 %
over 49.1 of Si/Al ratio. In general, lower concentration of n-paraffin and n-olefin com-
pounds were observed over the catalysts with higher Si/Al ratio which explain the higher
yields of aromatic and other hydrocarbons. The presence of ZSM-5 catalyst with higher
Si/Al ratio promoted the aromatization reaction and cracking effiency of heavy compunds

which led to more aromatic in the oil yield.
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Figure 3.9(a,b)
The composition of pyrolysis oil using Me/ZSM-5 catalysts with
different Si/Al ratio (a= 22.5, b= 41.9)

The active sites of zeolite catalyst can converts the light hydrocarbons into aromatic
compounds which is agree with the results obtained in the literature [184]. However, the
maximum aromatic compounds (38.2 %) were achieved over Ni/ZSM-5 catalyst, while

Fe/ZSM-5 catalyst produced the highest yield of branced hydrocarbons (31.4 %).

3.3. Investigation of the second metal/catalyst ratio

Based on earlier demonstrated results, the ZSM-5 catalyst supporter and Ni as base
transition metal was choosen for further investigation. Then different Me/Ni/ZSM-5 cat-

alysts were synthetized by wet impregnation method (see in Section 2.1.2.3).

3.3.1. Product yields

Figure 3.10 illustrates the product yields from the catalytic pyrolysis of waste plas-
tics mixture with different Me/Ni ratio (0.1, 0.5 and 2.0) at 700 °C. Based on the obtained
results, dominate formation of gases were found in comparison to other pyrolysis prod-
ucts, which was attributed to the high reaction temperature which led to more gasification
reactions. Results demonstrated that increasing of second metal content has reverse im-
pact on the gas yield as it is decreased. Me/Ni ratio of 0.1 produced the maximum gas
yield compared to other two ratio (0.5 and 2.0). The highest yields were observed by the
addition of Ce, La and Mn catalysts which were 59.3%, 59.4% and 58.6% respectively.
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Product yields using different Me/Ni ratio
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Product yields using different Me/Ni ratio (cont.)

Regarding to pyrolysis oil product, the addition of second metal has positive effect
on their yields. The maximum amount of oil yield was obtained at the highest ratio of
Me/Ni ratio, which was 22.9 % over Mn catalyst. Similar trend was reported for the char
yield and carbon deposition on catalyst surface with increasing the concentration of sec-
ond metals. The maximum carbon deposition (17.6 %) was reported over Ca catalyst at

Me/Ni ratio of 2.0. These reasons were behind the decreasing of gas product at 2.0 of
Me/Ni ratio.

3.3.2. Gases

The influence of catalyst type and different Me/Ni ratio on the gas compositions are
shown in Figure 3.11(a,b,c). Among the different used catalysts, Ce showed the highest

efficiency in terms of hydrogen production especially at 0.5 of Me/Ni ratio which was
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49.2 %. This was attributed to the synergistic effects of Ce and Ni. However, increasing
of second promoters to 2.0 resulted in decreasing of both hydrogen and carbon monoxide
yields. On the other hand, the minimum hydrogen yield (27.7 %) was achieved over Ca

catalyst at lower ratio of Me/Ni.

OH2 mCo mCO2 oOCH4 o c2-Ce OH2 mCo W CO2 OCH4 0c2-Ce
40

w
o
L
]
]
N 0
o o
)

w
o

Composition, %
N
o
Composition, %
N
o

=
o
L
=
o
L

o
[
|

J

o

Ca/Ni/ZSM-5
Ce/Ni/ZSM-5
La/Ni/ZSM-5
Mg/Ni/ZSM-5
Mn/Ni/ZSM-5
Ca/Ni/ZSM-5
Ce/Ni/ZSM-5
La/Ni/ZSM-5
Mg/Ni/ZSM-5
Mn/Ni/ZSM-5

QD
Nt
O
~

Figure 3.11
The composition of gases using Me/Ni/ZSM-5 catalysts with different Me/Ni ratio
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Figure 3.11(a,b,c)
The composition of gases using Me/Ni/ZSM-5 catalysts with
different Me/Ni ratio (a= 0.1, b= 0.5, c= 2.0)(cont.)

No significant effect was reported on the concntration of methane product by chang-
ing the catalyst type and Me/Ni ratio from 0.1 to 0.5. In contrast, slightly decreasing was
found with 2.0 Me/Ni ratio. Regarding to other gas compositions, visible effect was re-
ported on the C»-Cs hydrocarbons by the addition of the promoters. The ratio of Ho/CO
and H2/CO; in gases using different Me/ZSM-5 catalysts with different Me content are
shown in Figure 3.12(a,b).
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Figure 3.12(a,b)
The ratio of H/CO and H2/CO; in gases using Me/Ni/ZSM-5 catalysts with different Me/Ni ratio
(a=ratio of H,/CO, b= ratio of H,/COy)

Slight changes were reported in the ratio of H2/CO and H2/CO- ratios with changing
the second metal promoters. Increasing of metal content from 0.1 to 0.5 led to increasing
of Ho/CO ratio for all catalysts type. While, no significant changes were found in the ratio
of H2/CO by increasing the second metal content from 0.5 to 2.0. However, the maximum
H/CO ratio was found in the presence of Ce/Ni/ZSM-5 catalyst at Me of 0.5 and 2.0
which was 2.4 %. On the other hand, the ratio H2/CO. was increased by increasing the
concentration of second metal to 0.5 and then decreased with higher metal content of 2.0
using Ce/Ni/ZSM-5 catalyst. Comparing the used catalysts, the maximum H2/CO ratio
(4.3 %) was found in the presence of Ce/Ni/ZSM-5 catalyst at Me content of 0.5.

Figure 3.13 summarizes the vyields of hydrogen and carbon-monoxide using
Me/ZSM-5 catalysts with different Me ratio. Different trends were found in the H, and
CO vyields with changing the concentration of second metal and metal type. First, the
amount of H> was increased with increasing the Me concentration, but further increasing
of Me content to 2.0 resulted in decreasing of H> yield. Ce/Ni/ZSM-5 and La/Ni/ZSM-5
catalysts produced the maximum H> product at 0.5 of Me/Ni with an amount of 54.8 and
48.6 mmol/g, respectively. In another work, Nahil et al. [61] investigated the influence of
a range of metals addition (Mn, Mg, Ce, Zn, Ca) to Ni-based catalysts at Ni:Me molar
ratio of (1:1) for the hydrogen production from waste polyprpylene. Their obtained data
showed that Ce metal promoter produced a 63.1 mmol/g of hydrogen. However, the the
synergistic effects of cerium, lanthanum and nickel can also be blamed for the increasing

of hydrogen production.
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Figure 3.13
The yields of hydrogen and carbon-monoxide using Me/Ni/ZSM-5 catalysts with different Me/Ni ratio

In contrast, the lowest yield of hydrogen (27.8 mmol/g) was obtained at 0.1 of
metal/catalyst ratio in the presence of Ca/Ni/ZSM-5 catalyst. Regarding to the CO in the
product, the yield was decreased with changing the Me content from 0.5 to 2.0. However,
the maximum CO yield (28.2 mmol/g) was obtained at ratio of 0.5 over La/Ni/ZSM-5

catalyst.

3.3.3. Pyrolysis oil

Based on the data, n-alkanes, n-alkenes, oxygenated, single and multi-aromatic rings
compounds were the main compositions in pyrolysis oil as shown in Figure 3.14. The
oxygen-containing hydrocarbons were in the form of aldehydes, ketones, alcohols, car-
boxylic acids and phenol type compounds. In one hand, the presence of aromatic com-
pounds in the pyrolysis oil was attributed to the PET content in the raw material. On the
other hand, the cyclization and aromatization reactions over synthetic zeolite should also
be attributed for hight aromatic content. Oxygenated compounds are found in the form of
phenol, carboxylic acids, ketones, alcohols and aldehydes. Results demonstrated that
24.5-28.4 % of n-alkanes and n-alkenes were found in the oil product. However, the in-
creasing of second metal content in the catalyst has negligible influence on the concen-
tration of n-alkanes and n-alkenes. While visible decreasing from 35.5 % to 27.7 % was
reported over the concentration of oxygenated compounds with increasing of metal con-
tent. Also, same trend was observed for the multi ring aromatic as it is decreased from
7.5-9.1% to 5.6-6.1% with the addition of second promoters. While, the obtained results
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showed that increasing of second metal content had positive influence on the concentra-

tion of single ring aromatic.
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The composition of pyrolysis oil using Me/Ni/ZSM-5 catalysts with different Me/Ni ratio

3.4. Reaction kinetic parameters by TG analysis of raw materials

Based on the earlier demonstrated results, ZSM-5 based catalysts with 0.5 Me:Ni
elemental ratio was selected for further investigation. Firstly the apparent kinetic param-
eters of the thermo-catalytic pyrolysis reactions were calculated by first order Kinetic ap-
proach based on the equations (3.7) and (3.8). In this chapter the effects of Ni/ZSM-5 and
different Me/Ni/ZSM-5 catalysts (Me=Ca, Ce, La, Mg, Mn) were investigated [114].

me-m (3.7)
m; —mf

X =
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dx

@t —E—a)(l—x) (3-8)
dt

:Ae( RT

where “x” is the weight loss of the raw material, “Ea” is the activation energy of the
pyrolysis, “A” is the pre-exponentinal parameter, “R” is the universal gas constant “t” is
the time of measurement, “m;”, “m¢” and “my” are the initial weight of the raw material,

>

the weight at “t” and final weight of sample, respectively.

3.4.1. The effect of the Me/Ni/ZSM-5 catalysts

The weight loss and dm/dt curves obtained with thermal and thermo-catalytic pyrol-

ysis of raw material are shown in Figure 3.15(a,b).
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Weight loss (a) and DTG curves (b) obtained with thermal and thermo-catalytic pyrolysis of raw material

Results well demonstrate that the tested Me/Ni/ZSM-5 catalysts had a significant ef-
fect to the decomposition of raw material. There were two peaks on the DTG curve; the
first peak was occurred by the PET, while the second by the polyolefin decomposition.
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The Ni/ZSM-5 catalyst can decrease the initial temperature of the decomposition in the
highest degree, but the total decomposition needed more time and higher temperature in
case of Ca/Ni/ZSM-5 catalyst compared to the case without catalyst (Table 3.1). Presum-
ably, it was caused by the slower decomposition processes in the last section of the weight

loss curves (x < 25%) using Ca/Ni/ZSM-5 and Ce/Ni/ZSM-5 catalysts.

Table 3.1
Temperature values (Tso, Tmax and Toso)

Ts%, °C Tmaxt, °C Tmaxe, °C Tos%, °C
No-catalyst 414 456 484 496
Ni/ZSM-5 345 435 475 493
Ca/Ni/ ZSM-5 368 449 476 673
Ce/Ni/ ZSM-5 282 440 479 649
La/Ni/ ZSM-5 358 445 476 526
Mg/Ni/ ZSM-5 327 445 477 536
Mn/Ni/ ZSM-5 386 446 481 509

Glancing the Table 3.1, it is clear, that the catalysts can reduce significantly the Tso
values. The lowest temperature was observed in case of Ce/Ni/ZSM-5 catalyst (282°C).
The lowest peak maximum temperatures were found in case of the Ni/ZSM-5 catalyst
(435 °C and 475 °C). Me/Ni/ZSM-5 catalysts can decrease the Tsy and Tmax values, but
due to less catalytic active sites of the Me/Ni/ZSM-5 catalyst, the decomposition finished
at higher temperature. It is important to mentioned, that the lowest Tosg value was found
in case of Mn/Ni/ZSM-5 catalyst among the bimetallic catalysts. Figure 3.16 also shows
the apparent activation energies. It was 208 kJ/mol without catalyst, which can be reduced

by catalysts to the range of 134-162 kJ/mol.
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Figure 3.16
The calculated apparent activation energies
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Not only low temperature values can be obtained by the use of Ce/Ni/ZSM-5 and
La/Ni/ZSM-5 catalysts, but also these two catalysts can also significantly decrease the

apparent activation energies.

3.4.2. The effect of catalyst to raw material ratio

The catalyst to feedstock ratio is important to the pyrolysis reactions; therefore the
effect of catalyst/raw material ratio was also investigated using La/Ni/ZSM-5 catalyst in
ratio of 2:1, 1:1, 1:2 and 1:3. The weight loss and dm/dt are summarized in Figure
3.17(a,b). It was concluded, that the ratio of the catalyst had a significant effect on the
decomposition reactions, because the increasing in the amount of catalyst can decrease

both the initial and Tmax temperatures of weight loss.
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(cont.)
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It is important to means that the value of Tgsy can increased from 503 °C to 589 °C.
It means that the temperature ranges become significantly wider as function of catalyst
amount.

The Tso, Tmax and Tosy values are summarized in Table 3.2. It is well shown, that the
lowest initial temperature value was observed in case of 2:1 catalyst: raw material ratio
(355°C), while the less Tgse was found in case of 1:3 ratio (503°C). The Tso values in-
creased, while the Toso values decreased as function of the amount of raw material. It is
important to mention, that due to the more catalytic active sites in case of higher cata-
lyst/raw material ratio, the dm/dt values changed significantly as function of catalyst:raw

material ratio, however the Tmax values were very similar.

Table 3.2
Temperature values (Tso, Tmax and Toso)
Catal?”?;{ Rr:\t/zlomate- Ts%, °C Tmax, °C Tosoe, °C
2:1 355 441 589
1:1 359 444 525
1:2 376 448 579
1:3 400 450 503

Figure 3.18 shows the calculated activation energies using different catalyst: raw

material ratios.
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Figure 3.18
The calculated apparent activation energies

In one hand, the lowest activation energy was found at the highest catalyst to feed-

stock ratio, because of the above-mentioned reasons. On the other hand, the use of such
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high ratio of catalyst to feedstock is economically unfavourable due to the catalyst price;
but more calculation is needed to optimize the catalyst: raw material ratio, because of the

favourable effect of catalysts to the energy needed to the decomposition.

3.5.  Pyrolysis of MPW in horizontal tubular reactor without steam

In this chapter the pyrolysis of municipal plastic waste is investigated in tubular re-

actor without steam using different Me/Ni/ZSM-5 catalysts to improve the syngas yield.

3.5.1. In nitrogen and partial oxidation on Ni/Me/ZSM-5 catalyst
3.5.1.1. Product yields

The product yields using different nitrogen/oxygen ratio at 550 °C and 850 °C are
shown in Figures 3.19 and 3.20. 100%/0%, 95%/5% and 90%/10% of N2/O atmosphere
ratios were studied in the presence of different catalysts in order to investigate their in-
fluence on the product yields. Furthermore, the products from catalytic pyrolysis were
compared with the process without catalyst. At temperature of 550 °C, the reported data
showed that highest gas yield with N2/O> ratio of 95%/5% and 90%/10% was obtained in
the presence of La and Mg catalysts (35.8%, 32.5% and 37.1%, 35.2%) respecively.
While, the gas yields were slightly decreased by the addition of Ce, Ca and Mn promoters.
In contrast, the maximum gas yield for the pure N2 atmosphere (100%/0% of N2/O2) was
obtained over Ni/ZSM-5 catalyst. The addition of second metals led to slight decreasing
for all promoters’ type. Regarding to the influence of N2/O: ratio, a little increase in the
gas products were found with 90%/10% for all catalyst type and even for the non-catalytic
process. Moreover, the results showed that presence of O in the carrier gas could increase
the gas yields compared to the pure N2 (100%/0%). This can be attributed to the more
partial oxidation reactions. However, the increasing in reaction temperature led to signif-
icant increasing of gases for all atmospheres. Definitely high pyrolysis temperature pro-
moted the more cracking of raw materials and resulted in smaller compounds. At N2/O»
ratios of 100%/0%, 95%/5% and 90%/10%, the maximum gas yield was achieved over
Ni/ZSM-5 catalyst at 850 °C.
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Figure 3.19
Product yields using different nitrogen/oxygen ratio at 550°C

Catalysts, temperature and O, atmosphere have also influenced the pyrolysis oil
product. Generally, increasing of O2 content with pyrolysis temperature led to lowering
of oil yields over the different used catalysts. Moreover, running the process with cata-
lysts caused notable decreasing of oil yields. High pyrolysis temperature and acidic prop-
erty of the catalysts were behind that decreasing. However, the maximum pyrolysis oil
product was obtained over the non-catalytic process with product yield of 63.1% at N2/O>
ratio of 95%/5% (at 550 °C). While, for catalytic pyrolysis, Mn supported ZSM-5 catalyst
produced the highest oil (51.6%) at 10% content of O» atmosphere and low reaction tem-
perature. The oil yields at 850 °C was in the range of 9.0-11.4% using 100%/0% N2/O2,
4.9-6.4 % in case of 95%/5% N2/O2 and 6.6-9.7 % over 90%/10% N2/O: in the presence

of catalysts.
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Figure 3.20

Product yields using different nitrogen/oxygen ratio at 850°C

Regarding to char yield, introducing the catalyst to the process resulted in slight de-
creasing of char product over the different N2/Oz ratios and decomposition temperatures.
The maximum char yield was obtained without catalyst at 550 °C with N2/O; ratio of
100%/0%. This can be contributed to the less cracking reactions in the absence of catalyst
and low reaction temperature. One the other hand, the maximum amount of char yield for
catalytic pyrolysis was reported in the presence of Ni/ZSM-5 catalyst at low temperature
and 100%/0% of N./O ratio.

Furthermore, increasing of Oz content in the process atmosphere led to decreasing of
carbon deposition on the catalyst surface. Boudouard reaction was beyond that phenom-
ena which was confirmed by the excess CO.. Comparing the two reaction temperature

and various N2/O> ratios, the carbon deposition was reduced by rising the temperature
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and Oz content. This is due to the reverse Boudouard reaction at elevated temperature.
However, the carbon deposition over the different catalysts was in the range of 7.0 - 17.7
% (at 550 °C) and 4.9 -10.8 % (at 850 °C).

3.5.1.2. Gases

Figures 3.21 and 3.22 summarize the composition of gases using Me/Ni/ZSM-5 cat-
alysts with different temperatures. Hz, CO, CO2, CHa4 and hydrocarbons from C,-Cs are
the main compositions of product gas. At low temperature of 550 °C, data showed that
the oxygen content in the carrier gas can significantly influenced the concentration of H»
and COz in the gas yield. At N2/O> ratio of 100%/0%, the maximum H yield was reported
over the second metals of Ce and La. The addition of 5% oxygen to the carrier gas resulted
in decreasing of Hz concentration for both catalytic and non catalytic processes. Increas-
ing the oxygen content from 5 % to 10 % led to different trends as the hydrogen concen-
tration was increased in case of Ni/ZSM-5, Ce/Ni/ZSM-5 and La/Ni/ZSM-5 but de-
creased for Ca/Ni/ZSM-5 catalyst. On the other hand, Mg/Ni/ZSM-5 and Mn/Ni/ZSM-5
catalysts did not influence significantly the Hz yield with changing the O ratio from 5%
to 10%. Ce/Ni/ZSM-5 and La/Ni/ZSM-5 catalysts produced the highest amount of H for
all ratios of N2/O2 (100%/0%, 95%/5% and 90%/10%). The maximum H; yield at 550 °C
was obtained at 10 % oxygen content in the presence of Ce/Ni/ZSM-5 catalyst which was
21.6 %. Regarding to CO> in the catalytic process, the concentration was increased with
changing the N2/O: ratio from 100%/0% to 95%/5% but then decreased with higher oxy-
gen content of 10%. The highest concentration of CO> (38.6%) was obtained with catalyts
free process at N2/O> ratio of 90%/10%. The oxidation reaction was the reason for that

phenomena (3.9).
CiHm + n+tm/202 — nCO2 + m/2 H,0 (3.9)

However, the CO2 concentration was in the range of 8.0-29.3% in case of catalytic
process, while, it was 10.7-38.6% for non-catalytic pyrolysis. On the other hand, visible
effect was found in the concentration of CO by introducing the oxygen to the process
compared to pure N2 (100%/0%). In contrst, increasing the oxygen contnent from 5% to

10% did not influenced the CO vyield at low temperature of 550 °C.
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Figure 3.21

The composition of gases using Me/Ni/ZSM-5 catalysts at 550°

C using different nitrogen/oxygen ratio

The methane concentration was slightly influenced by the N2/O> ratio as it was de-

creased with increasing the O content in the carrier gas. The maximum CHjy yield (9.9%)
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at 550°C was achieved in the absence of catalyst at N2/O> ratio of 100%/0%. While,
Ca/Ni/ZSM-5 catalyst produced the higest yield (8.9%) for catalytic processs at 10% of
O2 content. Regarding to C»-Cs (linear and brached) hydrocarbons in the gas product, the
presence of HDPE, LDPE and PP in the raw materials was blamed for the formation of
these hydrocarbons in the gas yield. Changing the ratio of N2/O also influnced thier con-
centration as it is decreased with oxygen. However, the maximum C»-Cs yield (67.1%)
was found over Mn/Ni/ZSM-5 catalyst at low temperature and pure N2 atmosphere. Ris-
ing the reaction temperature from 550 °C to 850 °C had a great influence on the gas
composition especially hydrogen, methane and CO». Based on the obtained results, sig-
nificant increasing in the hydrogen yield was found with increasing the temperature to
850°C over the different catalysts and even for the process without catalyst. The hydrogen
concentration was in the range of 30.5-46.5 % in case of 95%/5% N2/O2 and in the range
of 27.2-55.2 % in case of 90%/10% N»/O2. While, 100%/0% of N2/O- ratio produced the
lowest yield wich was 21.4-35.5 %. The highest yield of H> (55.2%) was reported over
La/Ni/ZSM-5 catalyst with 10% of oxygen. The same trend was found with methane yield
as the concentration was increased with reaction temperature. The CH4 concentration was
first decreased with the addition of oxygen compared to pure N2 atmosphere (without O2)
but further increased with 10 % of O content. However, Mg/Ni/ZSM-5 catalyst produced
the maximum yield of methane at high temperature of 850 °C. This was attributed to the
ability of catalyst for accelerating the methanization reactions. Moreover, the reverse re-
forming reactions are responsible for increasing of methane yield as shown in the equa-

tions.

CO +3H; —» CH4 + H2O (3.10)

CO2 + 4H; — CH4 + 2H,0 (3.11)

Regarding to CO: yield, the result demonstrated that oxygen content of 5 % in the
carrier gas resulted in the highest yield of CO2 concentration for catalytic process in com-
parison to other N2/O- ratios. While increasing of O, content can significantly influenced
the CO; yield at 850 °C. The maximum CO: yield (28.0 %) at high temperature was
obtained in the presence of Ni/ZSM-5 catalyst at N2/O> ratio of 95%/5%.

71



100%/0% (850°C) 095%/5% (850°C) M 90%/10% (850°C)

095%/5% (850°C) M 90%/10% (850°C)

100%/0% (850°C)

o o o

9% ‘uonisodwo)d

S-INSZ/IN/UN

S-INSZ/IN/3IN

S-INSZ/IN/e1

S-INSZ/IN/2D

S-INSZ/IN/eD

S-INSZ/IN

1sAjeied-oN

S-INSZ/IN/UN

S-INISZ/IN/SIN

S-INSZ/IN/eT

S-INSZ/IN/2D

S-INSZ/IN/eD

S-INSZ/IN

Methane

Hydrogen

100%/0% (850°C) 0 95%/5% (850°C) M 90%/10% (850°C)

30

100%/0% (850°C) 0 95%/5% (850°C) M 90%/10% (850°C)

30

o wn o

25

o n o

% ‘uorsodwo)

S-INSZ/IN/UN

S-INSZ/IN/3IN

S-INSZ/IN/e1

S-INSZ/IN/2D

S-INSZ/IN/eD

S-INSZ/IN

1sAjeied-oN

S-INSZ/IN/UN

S-INSZ/IN/3IN

S-INSZ/IN/e1

S-INSZ/IN/3D

S-INSZ/IN/eD

S-INSZ/IN

15Aje1e2-0N

N
(@]
o _
o
o
n
) [ | SINSZ/IN/UN
< A )
o
-
2 S-INSZ/IN/3IN
] ;
]
o S-INSZ/IN/eT
o
n
x
M S-INSZ/IN/3D
X
n
(o)}
o S-INSZ/IN/eD
[}
1)
n
® S-INSZ/IN
X ]
3
M sA|ejed-o
S IsA| N
B T T T T T
o o o o o o
wn < o o~ —

% ‘uonisodwo)

6{0)

C.-Cs
Figure 3.22

The composition of gases using Me/Ni/ZSM-5 catalysts at 850°

C using different nitrogen/oxygen ratio
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This increasing explains the high concentration of methane at high temperature es-
pacialy in the presence of catalysts at any N2/O; ratios. On the other hand, the concentra-
tion of CO at elevated temperature with catalysts was higher compared to CO due to the
Boudouard reactions. That is why the char depositon was decresing at 850 °C. Regarding
to other hydrocarbons (C2-Cs) in the gas yields, rising the temperature resulted in decreas-
ing of their concentration for all N2/O ratios. Furthermore, the high oxygene content in
the carrier gas could decreased the concentration of C,-Cs at 850 °C. Regardless of the
O2 content, the intermediates from the isomerization of these compounds are cracked at
high temperature to form hydrogen and methane. The highest yield of C>-Cs hydrocar-
bons (41.3 %) at high temperature was reported with N2/O> ratio of 95%/5% in the ab-
sence of catalysts.

The ratio of H2/CO and H2/CO: in gases using Me/Ni/ZSM-5 catalysts with different
nitrogen/oxygen ratio at 550°C and 850°C are shown in Figures 3.23 and 3.24. Based on
the obtained data, the ratio of Ho/CO at 550 °C was the highest with pure N> carrier gas
(100%) compared to other atmospheres. The addition of O resulted in obvious decreasing
of Ho/CO ratio especially with 95%/5% ratio of N2/O>. The highest Ho/CO ratio was found
over La/Ni/ZSM-5 catalyst with 100 % of N2 atmosphere. The same tendency was re-
ported for the ratio of H2/CO; as it is decreased with increasing the oxygen content and
the maximum H2/CO- ratio was also reported with 100%/0% of N2/O2 atmosphere.

Ce/Ni/ZSM-5 catalyst product the highest H2/CO- ratio among the various used catalysts.
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Figure 3.23
The ratio of H,/CO and H2/CO; in gases using Me/Ni/ZSM-5 catalysts with different temperatures and
atmospheres at 550°C
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When the reactor temperature rised to 850 °C, the results showed that maximum ratio
of Ho/CO was obtained with the non-catalytic process at 95%/5% of N2/O; ratio. While,
no significant change in the H2/CO ratio for the catalytic process with changing the oxy-
gen content in the atmosphere. La/Ni/ZSM-5 catalyst had the highest ratio of Ho/CO in
the catalytic process which was achieved at Oz content of 10 %. On the other hand, the
maximum ratio of H2/CO- at 850 °C was reported for the catalytic process in the presence
of La metal at N2/O; ratio of 90%/10%. In contrast, the lowest Ho/CO: ratio at high tem-
perature was observed without catalyst.
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The ratio of H/CO and H2/CO- in gases using Me/Ni/ZSM-5 catalysts with different temperatures using
different nitrogen/oxygen ratio at 850°C

Figure 3.25 summarizes the yields of hydrogen and carbon-monoxide using
Me/Ni/ZSM-5 catalysts at different temperatures (550°C and 850°C) with different nitro-
gen/oxygen ratios. It can be seen that temperatures with bimetallic catalysts have a great
influence on the syngas yields for all ratios of N2/O>. Higher reaction temperature pro-
moted the more reaction rate of partial oxidation due to the presence of Oz in the atmos-
phere which led to more yield of syngas (H> and CO) as shown in the equations (3.12-
3.14).

CoHm + /20, > 1 CO m/2 Ha (3.12)
CoHm + /2 H;0 — n CO + (M+n)/2 H, (3.13)
CoHm + 1 CO; — n CO + m/2 H, (3.14)
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The syngas yield was also higher in the absence of catalysts at 850 °C compared to
550 °C. Hydrogen and CO yield was enhanced in the presence of catalyst due to the higher
cracking activity as a consequence of ZSM-5 supporter and second metal. Furthermore,
Ni catalyst has the ability to increase the hydrogenation dehydrogenation reactions. Re-
garding to the effect of N2/O; ratio, higher O, content led to more oxidation reactions
which resulted in more CO yield. The more CO; shifted the Boudouard reaction toward

the formation of CO (Le Chatalier’s principle).
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The yields of hydrogen and carbon-monoxide using Me/Ni/ZSM-5 catalysts with different temperatures
using different nitrogen/oxygen ratio

Hence, more CO was found in the gas product at higher oxygen content in the atmos-
phere. Comparing the effect of second promoters, Ce and La produced the highest yield
of hydrogen and CO. However, the maximum syngas product (130.7 mmol/g) was ob-

tained in the presence of La/Ni/ZSM-5 catalyst at 850 °C and 90%/10% of N./O: ratio.
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While, the lowest yield (9.7 mmol/g) of syngas was found over Mn/Ni/ZSM-5 catalyst at
550°C with pure N2 atmosphere (100%/0% N2/O.). The effect of oxygen carrier gas on
syngas production has also been reported by Zhifeng Hu etl al. [104] for the gasification
of microalgae at temperature range of 600-900 °C. They also observed that increasing of
oxygen content in the carrier gas led to increasing of CO yield but further increasing of

oxygen carrier resulted in deacreasing of syngas and CHjs yields.

3.5.1.3. Pyrolysis ol

The composition of pyrolysis oil using Me/Ni/ZSM-5 catalysts with different nitro-
gen/oxygen ratios at 550 °C and 850°C are shown in Figures 3.26 and 3.27. N-paraffin,
n-olefins, aromatics, oxygenated and branched compounds represent the main composi-
tions of oil yield. Regading to other compositions, oil contained phenolic and oxygenated
compounds. The more oxygen content (10 %) in the carrier gas had negative effect on the
concentration of phenol for both temperatures. At low temperature, the maximum amount
of phenol was found in the presence of Ce and La catalysts at 95%/5% of N2/O2 which
was in the range of (5.2-6.0). In contrast, the maximum phenol contentration (6.1) at 850

°C was obtained without catalyst with 5% O> content.
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Figure 3.26
The composition of pyrolysis oil using Me/Ni/ZSM-5 catalysts with different nitrogen/oxygen ratios at
550°C
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Figure 3.26
The composition of pyrolysis oil using Me/Ni/ZSM-5 catalysts with different nitrogen/oxygen ratios at
550°C (cont.)

It is important to remark that introducing the Me/catalyst to the process at 850 °C
resulted in decreasing of phenol concentration at all N2/O- ratios of 100%/0%, 95%/5%
and 90%/10%. The same trend was found at 550 °C and 10 % of oxygen content. On the
other hand, running the process without catalyst is favourable for the formation of benzoic

acid and terephthalic acid at both temperatures.
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Figure 3.27
The composition of pyrolysis oil using Me/Ni/ZSM-5 catalysts with different nitrogen/oxygen ratios at

850°C
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Figure 3.27

The composition of pyrolysis oil using Me/Ni/ZSM-5 catalysts with different nitrogen/oxygen ratios at
850°C (cont.)

The presence of catalyst at 850 °C resulted in decreasing of oxygenated compounds
at all N2/Oz ratios. Furthermore, the more O content resulted in lowering the concentra-
tion of the oxygenated compounds. However, the maximum yield of oxygenated com-
pounds (aldehide, keton, carboxilic acid) was obtained in the absence of catalyst at 550
°C and N2/O> ratio of 95%/5%. It was observed that hydrogenation reaction was taken
place in the presence of catalyst at 850 °C and 10% of O content which led to increasing

of H concentration and reducing the concentration of oxygenated compounds.

3.5.1.4. Production of carbon nanotubes

Figure 3.28 illustrates the TPO results for the used catalysts. Based on the obtained
data, two types of carbon deposition were found on the catalyst surface, which are fila-
mentos and amourphous. It is seen that low temperature of 550 °C and zero oxygen con-

tent are favoured for the formation of amorphous carbon on the catalyst surface.
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TPO result of catalyst after pyrolysis
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Rising the reaction temperature to 850 °C resulted in clear decreasing of amorphous
carbon. While, opposite tendency was reported for the filamentous carbon as it is in-
creased with temperature. In general, the amount of carbonaceous materials are relatively
lower at 850 °C compared to 550 °C. The carbon reduction at high temperature was be-
yond that phenomeina. The addition of oxygen to the process atmosphere resulted in more
reduction of amorphous carbon, especially at high reaction temperature. In contrast, 0x-
ygen in the carrier gas led to increasing of filamentous ratio over the different used cata-
lysts. Further decreasing of the carbonaceous materilas was found with rising the O2 con-
tent to 10 % at both temperatures which may attibuted to the more oxidation reatios.
However, the same trend was observed for the ratio of filamentous carbon at high reaction
temperature of 850 °C. The highest ratio of amorphous carbon at 95%N./5%0, and
90%N2/10%0; ratios was achieved over Ni/ZSM-5 catalyst at 550 °C. while, the lowest
ratio of amorphous carbon was reported with La/Ni/ZSM-5 catalyst at oxygen content of
10 % and 850 °C.

Figure 3.29 shows the TEM images of CNTs on selected catalysts after the pyrolysis
experiments. The TEM results showed the formation of CNTs on the catalyst surface of
Ce/Ni/ZSM-5. When 100 %/0 % of N2/O2 atmosphere was used, darker spots were visible
on the image. Increasing the oxygen content to 5 % at high temperature of 850 °C resulted
in decreasing of darker spots. However, further increasing of oxygen content to 10 % led
to darker spots compared to 95 %/5 % of N2/O; ratio.

|| 500/nm 0Oin

Ce/Ni/ZSM-5, 850°C, 100%/0% N2/O; Ce/NI/ZS-S, 850°C, 0/% N2/O;

Figure 3.29
TEM images of CNTSs on the catalyst surface
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Ce/Ni/ZSM-5, 850°C, 90%/10% N»/O; Ce/Ni/ZSM-5,

850°C, 100%/10% N2/O;

Figure 3.29
TEM images of CNTSs on the catalyst surface (cont.)

3.5.2. In nitrogen in the presence of dolomite on Ni/Me/ZSM-5 catalyst

In this chapter two different reaction temperatures of 550 °C and 850 °C with various
catalyst type were used to predict their influence on the pyrolysis yields and product com-
positions. For catalytic pyrolysis Ni-ZSM-5 and Me/Ni-ZSM-5 (Me=Ce, Ca, La, Mg and
Mn) have been investigated. Furthermore, dolomite was used to generate CO; for in-situ
dry reforming process. In addition, the product from catalytic process was compared with

the product from thermal process.

3.5.2.1. Product yields

Figure 3.30 illustrates the product yields (gases, oil, and char) and carbon deposition
on the catalyst surface at 550 °C and 850 °C. The results showed that introducing the
cata-lyst to the reactor led to visible increasing of gases over the different used catalysts.
That phenomena was due to the property of ZSM-5 catalyst for cracking the long polymer
chain of raw material and converting them to smaller species (gases). However, the high-
est gas yield at low pyrolysis temperature of 550 °C was obtained in the presence of sec-

ond promoter of Ce over Ni/ZSM-5 catalyst which was 31.9 %. On the other hand, liquid
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product was dropped by the addition of catalysts and the maximum vyield (53.1 %) was
found in the absence of catalyst.
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Figure 3.30
Product yields using different temperatures

The amount of char was almost same for all catalyst type at 550 °C; it was in the
range of 20.7-22.8 %. Temperature has also clear influence on the carbon deposition on
the catalyst surface as the higher temperature resulted in decreasing of carbon materials
over the various catalysts. The presence of dolomite generates more CO2 which reacts
with carbonaceous materials at high temperature and reduced the amount of deposited
carbon (C + CO.= 2CO). However, the maximum carbon deposition was reported over
Ni/ZSM-5 catalyst which was 16.2 %. When the reactor temperature elevated to 850 °C,
the gases yield was significantly increased. While, opposite trend was observed for the

pyrolysis oil at higher temperature. The more decomposition and cracking reaction of raw
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materials at high temperature were behind the high gases in the product yields. Moreover,
the dolomite at high temperature promoted the more dry reforming reactions due to the
more CO; production.

The maximum gas yield was reported over Ce/Ni/ZSM-5 and Mn/Ni/ZSM-5 cata-
lysts which were 72.5 and 72.9 % respectively. It can conclude that second metal incor-
poration could enhance the catalyst performance towards gas production. In contrast, the
char yield was reduced with temperature for both catalytic and non-catalytic processes
due to the gasification reactions at 850 °C. The highest amount of char product at 850 °C
was obtained in the absence of catalyst which was 12.8 %, while second promoters of Mg

and Mn produced the maximu char in case of catalytic pyrolysis.

3.5.2.2. Gases

Figure 3.31 shows the main gas compositions in the product yield which contain
hydrogen, carbon monoxide, carbon dioxide, methane and hydrocarbons from C; to Ce.
Despite of the catalyst effect, the GC data showed that temperature had positive influence
on the concenteration of hydrogen and carbon monoxide due to the notable increasing
with temperature. At low temperature of 550 °C, the maximum yield of H> and CO was
reported in the presence of Ce and La promoters which were 16.0 %, 7.7 % and 16.2 %,
7.9 % respectively. Regarding to CO yield, Ni/ZSM-5, Ce/Ni/ZSM-5 and La/Ni/ZSM-5
catalysts produced the maximum concentration at 550 °C. The concentration of hydrogen
and carbon monoxide were increased with increasing the reactor temperature to 850 °C.
At high temperature, hydrocarbons can produce more hydrogen based on the (3.1) reac-
tion. Furthermore, the calcinations reactions of dolomite at high temperature generate

more CO- and this led to more dry reforming reactions (3.15).
CxHy+XCO, — 2xCO+y/2H, (3.15)

This was more confirmed by the decreasing of hydrocarbons (C2-Cs) at 850 °C over
the various used catalysts and even for non-catalytic process. Also, the maximum yield
was obtained over Ce and La catalysts which were 51.1 % and 52.6 for Hz and 28.7 %
and 24.9 % in case of CO. Comparing the performance of the various used catalysts in
terms of Hy yield, Mg/Ni/ZSM-5 catalyst showed the lowest influence due to the lower
H> product which were 12.4 % and 42.7 % at 550 °C and 850 °C respectively.
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Regarding to CH4 concentration in the gas composition, no significant difference in
the CHj4 yield was found among the second metal promters as it was in the range of 5.9-
7.5 %. Comparing the two temperatures, low temperature of 550 °C produced the maxi-
mum CHjy concentration with 9.4 % yield in the absence of catalyst. However, different
trends were observed over the CH4 concentration in the presence of dolomite plus cata-
lysts at 850 °C. The CH4 product was increased in case of Ni/ZSM-5 and Mg/Ni/ZSM-5
catalysts, while it is decreased with other catalysts. The methane yield in the gas compo-

sitins was a consequence of methanization reaction (C+2H>—CHa).
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The composition of gases using Me/Ni/ZSM-5 catalysts with different temperatures
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The ratio of H,/CO and Ho/CO; in gases using Me/Ni/ZSM-5 catalysts with different temperatures
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The ratio of H2/CO and H2/CO- are shown in Figure 3.32. Results demonsterted that
temperature had positive effect on both ratios of H,/CO and H2/CO.. At low temperture,
introducing the second promters to process resulted in more ratio of H2/CO in comparison
to catalyst without promoters. Generally, rising the temperature with dolomite presence
resulted in more Ho/CO ratio. The maximum ratio of H2/CO (2.6) was achieved over
Ni/ZSM-5 catalyst at 850 °C. The same trend was reported for the H2/CO; ratio as it
increased with temperature. This phenomenon corresponds to the dry reforming of hy-

drocarbons at eleveated temperature due to the presence of dolomite in the reactor.
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Figure 3.33
The yields of hydrogen and carbon-monoxide using Me/Ni/ZSM-5 catalysts with different temperatures

Temperature and catalyst type have also visible influnce on the syngas yields as
shown in Figure 3.33. Regardless of the temperature effect, introducing the catalysts to
the process led to clear increasing of syngas products at both temperatures (550 and 850
°C) comparing to the process without catalyst. Catalysts with dolomite can promted the
gasification reaction which resulted in more syngas yield in the product. A similar trend
has been reported by Rapagn et al. [105] for the hydrogen production from biomass, who
observed that Hy yield was increased from 43.6 vol% to 55.5 vol% by introducing the
dolomite to the reactor. As it mentioned above, the CO> from dolomite decomposition
could enhance the formation of hydrogen and carbon-monoxide especially at high tem-
perature. However, the maximum syngas yield at 550 °C and 850 °C was found over
Ce/Ni/ZSM-5 catalyst which was 15.1 and 115.6 mmol/g respectively. In contrast, the
lowest effect for both hydrogen and carbon monoxide increasing in the presence of prom-
ters was reported with Mn/Ni/ZSM-5 at 550 °C and Mg/Ni/ZSM-5 catalyst at 850 °C.
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3.5.2.3. Pyrolysis oil

The compositions of pyrolysis oil are representing in Figure 3.34(a,b). Oil contained
n-alkane, n-alkene, single and multi ring aromatic, oxygenated and branched compunds.
Highly concentration of n-paraffin and n-olefin were found in the oil yields as a conse-
quence of polyethylene presence in the feedstock. These compounds were higher in the
absence of catalysts at both reaction temperatures. In case of catalytic process, the highest
concetration of n-paraffin and n-olefin was observed over second metals of Ce and La
promters at 550 °C which was 38.1 % and 38.7 %. The concentration of these compounds
were decreased when the reactor temperature rised to 850 °C. On the other hand, the
concentration of single and multi ring aromatic was increased with introducing the cata-
lysts and a bit increased with increasing the remperature to 850 °C. This was attributed to
the ZSM-5 presnce in the catalyst which promoted the aromatization reaction. However,
the maximum contentration of single ring aromatic (13.0 %) was obtained with
Mn/Ni/ZSM-5 catalyst at 850 °C, while the maximum yield of multi ring aromatic (15.8
%) was reported over Mg/Ni/ZSM-5 catalyst.
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Figure 3.34(a,b)
The composition of pyrolysis oil using Me/Ni/ZSM-5 catalysts with
different temperatures ( a= 500°C, b= 850°C)

Regarding to the oxygenated compounds, the concentration of carboxylic acid was
slightly decreased with the addition of catalyst and further decreased with increasing the
reaction temperature. Hence, running the process without catalyst is favoured for the pro-
duction of these compounds. The highest concentration of carboxylic acid was observed
for the thermal pyrolysis at 550 °C. On the other hand, no significant change in the phenol

concentration with changing the temperature and catalyst type and Ni/ZSM-5 catalyst
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produced the maximum yield at 550 °C. The GC- FID results also showed that tempera-
ture with second metal prometers could slightly increased the concentration of aldehyde
and ketone components in the oil yield. Meanwhile, the same effect was reported on the

other compounds in the pyrolysis oil product.

3.5.2.4. Production of carbon nanotubes

Figure 3.35 shows the characterization of carbon deposition on the catalyst surfacce
after the experimnet. Filamentos and amorphous carbon were observed on the used cata-

lysts.
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Figure 3.35
TPO result of catalyst after pyrolysis

The data showed that the amount of carbon deposition was higher at low temperature
550 °C over the vaious catalysts compared to 850 °C. As it was discussed earlier, the
higher temperature favours to the coke reduction from catalyst surface. At low reaction
temperature, dominate proportion of amorphous carbon was found on the catalyst surface.
Hence, running the expirement at 550 °C is favoured for the formation of amorphous
carbon. However, the highest ratio of amorphous carbon at 550 °C was reported over
Ni/ZSM-5 catalyst. Increasin the reaction temperature to 850 °C had negative influence
on the proportion of amorphous carbon as it is decreased with temperature. On the other
hand, temperature had positive effect on the filamentous carbon. Regarding to the influ-
ence of second promoters, the obtained results showed that catalyst without promoters

produced more carbonouse materials. Moreover, dolomite has a disadvantageous role to
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the proportion of amorphous carbon at high temperature because lower amount was found
at 850 °C. However, the presence of dolomite at high temperature of 850 °C could in-
crease the ratio of filamentous carbon.

The carbonaceous materials obtained from the surface of Ce/Ni/ZSM-5 catalyst are
shown in Figure 3.36. The TEM images show the formation of CNTs on selected catalyst
after the pyrolysis experiments. According to the TEM data, a tubular filamentous carbon

was formed over the catalyst surface of Ce/Ni/ZSM-5 catalyst at 850 °C.

i
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Ce/Ni/ZSM-5, 850°C Ce/Ni/ZSM-5, 850°C

Figure 3.36
TEM images of CNTSs on the catalyst surface

3.5.3. Dry reforming of plastics wastes on Ni/Me/ZSM-5 catalyst

In this chapter 0.5 dm®/h of carbon dioxide flow was used for the gasification of raw

materials in the presence and absence of catalyst at 550 and 850 °C.

3.5.3.1. Product yields

The obtained products (gases, pyrolysis oil and char) from the exprements are shown
in Figure 3.37. Based on the obtained data, the addition of catalys had positive effect on
the gas yields at both temperatures. Ni/ZSM-5 catalyst showed higher catalytic perfor-
mance compared to other used catalysts at the two temperatures of 550 and 850 °C. The
maximum gas yield was reported in the presence of Ni/ZSM-5 catalyst at 550 and 850 °C
which were 38.2 % and 65.3 % respectively. While, no significant change among the
other catalysts with second metal promoters. For catalytic pyrolysis, the lowest gas prod-
uct at 550 °C was obtained with La/Ni/ZSM-5 catalyst, while, Ce/Ni/ZSM-5 catalyst pro-
duced the lowest yield at 850 °C. Regardless of catalyst effect, temperature has notable

influence on the gas yield especially at high temperature. High temperature promoted the
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more decomposition reaction due to the more cracking of C-C bond which resulted in
more gas in the product yields.
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Figure 3.37
Product yields using different temperatures

On the other hand, temperature and catalyst have opposite influence on the pyrolysis
oil yield. The oil product was significantly reduced by introducing the catalyst to the pro-
cess and further decreased with increasing the temperature. The highest amount of oil
product was achieved in the absence of catalyst at low temperature of 550 °C which was
43.5 %. In contrast, the minimum oil yield was found in the presence of Ni/ZSM-5 cata-
lyst at 850 °C which was only 6.5 %. For the catalytic pyrolysis, Mg/Ni/ZSM-5 catalyst
at 550 °C had the maximum yield of liquid 28.2 % among the other catalysts. However,
the transformation of liquid product into gases was behind the visible reduction of pyrol-

ysis oil at high temperature due to the more cracking of primary decomposition products.
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The same tendency was reported for the char yield with rising the reaction tempera-
ture to 850 °C as the yield was decreased over the different catalyst and even for the non-
catalytic process. The maximum char yield (28.9 %) was produced without catalyst at
550 °C. Generally, product has lower amount of char in comparison to gas and oil yields.
This was attributed to the ability of CO, for the gasification of char. Meanwhile, the
amount of carbon deposition on the catalyst surface was reduced at elevated temperature
(850 °C). This is due to the presence of carbon dioxide in the reactor wich resulted in

Boudouard reaction.

3.5.3.2. Gases

The compositions of gases in the gasification product are represented in Figure
3.38(a,b), which shown that Hz, CO, CO2, CHg, linear and brached hydrocarbons (C>-Cs)
were the main components. According to results, the gas compositions were mainly in-
flunced by temperature and catalyst type. Additionally, the CO2 atmosphere was also af-
fected the gas compositions especially at high temperature (850 °C). The concentration
of hydrogen for catalytic process at low temperature was higher compared to thermal
process. The addition of catalysts led to increasing of H> yield over the various catalysts.
The highest H. yield was observed in the presence of second metals of Ce and La which
were 22.7 % and 24.8 % respectively. While, Ca promoter showed the lowest effect at
550 °C due to the lower H> product (18.9 %).

Regarding to CO and CO:z in the gas composition, catalyst type did not influenced
their yields at low reaction temperature as the concentrations were lamost same. The con-
centration of CO was in the range of 7.1-10.5 %, while it was 7.7-10.5 % in case of CO..
On the other hand, the concentration of methane was slightly reduced by the presence of
catalysts and the maximum CHa concnetration (8.8 %) at 550 °C was obtained without
catalyst. The data also reported that no significant changes in the concentration of other
hydrocarbons (C2-Ce) with changing the catalyst type at low temperature.

Increasing the reactor temperature to 850 °C resulted in visible effect in the concen-
tration of Hz, CO and other hydrocarbons (C2-Cs). Regardless of catalyst type, tempera-
ture had positive effect on the Hy yield for the different used catalyst and even for the
non-catalytic process. Higher reaction temperature promoted the dry reforming reaction
as it needs elevated temperature to occure due to the lowe potential energy of CO> [60].
Hence, the more dry reforming reaction (3.15), the more H, and CO yields in the product
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compositions. This was confirmed by the clear decreasing of C»-Cs hydrocarbons and
CO:2 concentration at 850 °C.

However, the highest H yield was produced over Ce/Ni/ZSM-5 and La/Ni/ZSM-5
catalyst which was 55.1 % and 55.4 % respecively. At the same time, Ce/Ni/ZSM-5 cat-
alyst produced the maximum CO yield at 850 °C. In contrast, a bit increasing was ob-

served in the CH4 concentration which corresponds to the methanization reaction.
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Figure 3.38(a,b)
The composition of gases using Me/Ni/ZSM-5 catalysts with
different temperatures (a= 550 °C, b= 850°C)

The ratio of H2/CO and H2/CO: over the different Me/Ni/ZSM-5 catalyst are shown
in Figure 3.39. The results demonstrated that ratio of H2/CO for the non-catalytic process
did not influence by temperature as the ratio was almost same for both temperatures (2.1).
Introducing the Me/Ni/ZSM-5 catalyst to the process at 550 °C led to increasing of H2/CO
ratio except for Ca promoter. The maximum Hz/CO ratio (2.5) was obtained in the pres-
ence of Mn/Ni/ZSM-5 catalyst. Furthermore, rising the reactor temperature to 850 °C
resulted in different trends. The ratio of H2/CO was increased in case of Ni/ZSM-5,
Ca/Ni/ZSM-5, La /Ni/ZSM-5 and Mg/ Ni/ZSM-5 catalysts but decreased with
Ce/Ni/ZSM-5 and Mn/Ni/ZSM-5 catalysts.

Regarding to the ratio of H2/CO., visible increasing was reported with temperature
over the various used catalysts and even for thermal process. At low temperature, the
maximum H2/CO ratio (2.9) was found in the presence of Ce/Ni/ZSM-5 catalyst.while,

running the process without catalyst produced the lowest ratio of H2/CO- at 550 °C which
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was 1.8 on the other hand; catalyst with Mg promoter produced the maximum ratio of
H>/CO> at 850 °C which was (9.5).
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The ratio of H,/CO and H2/CO- in gases using Me/Ni/ZSM-5 catalysts with different temperatures

Figure 3.40 illustrats the production of syngas over the different catalyst and various
temperatures. Marked increased in the syngas yield was reported over the various used
catalysts with rising the temperature to 850 °C. As it mentioned above, high temperature
promoting the CO; dry reforming reaction and resulted in more syngas product (H; and
CO). Saad et al. [185] also reported a similar influence of CO. addition for the catalytic
dry reforming of high density polyethylene at high temperature as the syngas production

was improved to 138.81 mmol/g with the presence of catalyst and CO- addition.
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Figure 3.40
The yields of hydrogen and carbon-monoxide using Me/Ni/ZSM-5 catalysts with different temperatures
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However, the maximum production of syngas was achieved in the presence of
Ce/Ni/ZSM-5 and La/Ni/ZSM-5 catalysts which were 105.0 and 101.5 mmol/g respec-
tively. In contrast, Ni/ZSM-5 catalyst produced the maximum syngas at 550 °C with 22.4
mmol/g product yield.

3.5.3.3. Pyrolysis ail

The compositions of oil in the product yield are shown in Figure 3.41. N-olefins, n-
paraffin, single and multi-ring aromatic, oxygenated and branched compounds were the
main compositions of pyrolysis oil. Running the process without catalyst at low temper-
ature of 500 °C produced the maximum concentration of n-paraffine and n-olefine which
was 45.0 %. While, introducing the catalysts to the process resulting in slight reduction
of n-paraffine and n-olefine concentration. For catalytic process, the concentration of n-
paraffine and n-olefine was in the range of 37.0-41.0 % and the maximum yield was found
in the presence of Ca/Ni/ZSM-5 catalyst.
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Figure 3.41
The composition of pyrolysis oil using Me/Ni/ZSM-5 catalysts with different temperatures

Data showed that the concentration of single ring aromatic in the oil yield was higher
than multi-ring aromatic at 550 °C. Moreover, the addition of catalysts promoted the for-
mation of single ring aromatic compounds. However, catalyst with second metals of Ca
and Ce produced the maximum yield of single ring aromatic compounds which were 10.9
% and 10.3 % respectively. On the other hand, the maximu concentration of multi-ring
aromatic (6.4 %) at low temperature was obtained over Mg/Ni/ZSM-5 catalyst. Regarding

to oxygenated compounds in the oil yield, using of catalyst led to decreasing of their
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concenetration at both temperatures (550 and 850 °C). The maximum concentration of
oxygenated compounds was achieved in the absence of catalyst which were 26.0 % and
21.7 % for 550 and 850 °C respectively. On the other hand, the maximum concentration
of phenol (5.5 %) in the oil yield at low temperature was reported over Ni/ZSM-5 catalyst.

Increasing the temperature of the reaction to 850 °C resulted in decreasing of n-par-
affin and n-olefin concentration over the various bi-metalic catalysts and even for the
non-catalytic process. At 850 °C, the highest concentration of n-paraffine and n-olefine
was found with La/Ni/ZSM-5 catalyst which was 33.6 %. In contrast, temperature had
positive effect on the concentration of single and multi-ring aromatic.

The concentration of multi-ring aromatic was higher than single-ring aromatic at 850
°C. This is due to the ability of Ni/ZSM-5 catalyst for enhancing the aromatization reac-
tion and promoting the more cracking of heavy compounds at high temperature. However,
the maximum concentration of multi-ring aromatic (13.0 %) was obtained over Ni/ZSM-
5 catalyst, while, catalysts of Ce/Ni/ZSM-5 and Mn/Ni/ZSM-5 produced the highest yield
os single-ring aromatic (12.3 %). Rising the temperature led to slight decreasing of oxy-
genated compounds for both catalytic and non-catalytic processes. On the other hand, no
marked changes in concentration of phenol over the catalysts with second promoters of
Ca, La and Mg. However, changing the temperature with catalyst did not influenced the

concentration of other hydrocarbons in the oil yield.

3.5.3.4. Production of carbon nanotubes

Figure 3.42 shows the TPO results for the selected catalysts after the pyrolysis ex-
periments. The deposited carbon on the catalyst surface was characterized into filamen-
tous and amourphous carbon. It can be seen that the amount of carbon deposition at low
temperature of 550 °C was higher than at 850 °C. The reason was attributed to the reduc-
tion of coke at high temperature which led to decreasing of carbon deposition at 850 °C.
However, the proportion of amorphous carbon was higher than filamentous carbon at 550
°C. The highest ratio of amorphous carbon at low temperature was reported over Ni/ZSM-
5 catalyst. On the other hand, increasing of reaction temperature has opposite tendency
on the proportion of amorphous carbon as it is decreased with temperature. In contrast,
the proportion of filamentous carbon on the catalyst surface was increased with rising the
temperature to 850 °C. It is also well shown, that the amount of carboacous materials was

lower in the presence of second promoters at both temperatures. The lowest value was
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found when Mg/Ni/ZSM-5 catalyst had been used in the reactor at both 550 and 850°C.
On the other hand, the significant decreasing can be attriduted to the limited formation of
amorpohous carbon deposition, because the amount of filamentous carbons was more in
case of Me/Ni/ZSMM-5 catalysts, than that of over Ni/ZSM-5.
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Figure 3.42
TPO result of catalyst after pyrolysis

Figure 3.43 shows the TEM images for the CNTs on the catalyst surface of
Ce/Ni/ZSM-5 catalyst after the pyrolysis experiments. Figures well demonstrate, that the
carbon nanotube has multiwall structure with small diameter (<15mn). As it was before

descriebed, the morphology structure was rather filamentous, than amorphous.
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Figure 3.43
TEM images of CNTSs on the catalyst surface
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3.6. Steam reforming of plastics wastes on Ni/Me/ZSM-5 catalyst

In this chapter the gasification of waste plastic over Ni/ZSM-5, Ce/Ni/ZSM-5 and
La/Ni/ZSM-5 catalysts were investigated using two types of reactor (vertical and hori-
zontal). Steam was feed to the reactors at different rate, which are 2.5, 5, 7.5 and 10 g/h.
The pyrolysis temperature was set at 550 °C, while the gasification was set at 850 °C.
Nitrogen, carbon dioxide was used as reaction atmosphere. Furthermore, dolomite was

used for insitu dry reforming.

3.6.1 Investigation the effect of steam rate

Figure 3.44(a,b) shows the product yields (char and gases) for the two reactors (ver-
tical and horizontal) using various steam rate in the presence of Ni/ZSM-5 catalyst. Ac-
cording to the obtained data, the gases products were increased with increasing of steam
rate for the both reactors. The highest steam rate of 10 g/h produced the maximum gases
yield, which was 93.0 % in case of vertical reactor and 76.2 % in case of horizontal reac-
tor. In contrast, the lowest steam feeding rate resulted in the minimum gas product for the
both reactors. On the other hand and regardless of reactor type, increasing of steam rate
inside the reactors resulted in lowering of char yields. This is in agreement with the results
obtained by [157, 186] who reported that higher ratio of steam feeding led to increasing
of gases yields and decreasing of char product. However, the highest char product for the
vertical reactor was obtained at lower steam rate of 2.5 g/h which was 8.0 %. The same
tendency was reported over the horizontal reactor as the highest amount of char was found

at lower steam feeding rate which was 24.8 %.
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Figure 3.44(a,b)
Product yields using reactor configurations (nitrogen atmospehere using different steam feed rates)
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Figure 3.45(a,b) illustrates the composition of gases for the two reactors using vari-
ous steam rate in the presence of Ni/ZSM-5 catalyst. The pyrolysis-gasification was car-
ried out in inert atmosphere with N». It can be seen that hydrogen yield was increased
with increasing the steam ratio for the vertical and horizontal reactor. Steam rate of 10
g/h produced the highest yield of hydrogen, which further selected for the catalytic py-
rolysis-gasification process. The addition of steam to the process enhanced the production
of hydrogen as the steam reacted with carbon in the coke reforming reaction to generate

more H product as shown in the equation (3.16).
C+HO — COz+ H: (3.16)

Similar result was reported by Yao et al. [52] who performed the catalytic steam
reforming of waste plastic for the production of hydrogen/syngas. The authors observed
that increasing of steam rate feeding resulted in more yield of hydrogen product. How-
ever, dominate formation of hydrocarbons from C to Cs was observed for the vertical
reactor at all steam ratios. While, opposite tendency was reported for the horizontal reac-
tor, as the hydrogen was the dominate yield. Regarding to CO product in the horizontal
reactor, the maximum yield was obtained (14.67 %) was obtained at lower steam ratio of
2.5 g/h. The same trend was found for the other hydrocarbons C,-Cs, which further de-
creased with increasing of steam feeding which explain the increasing of hydrogen con-
centration at higher feeding of steam rate. On the other hand, the increasing of CO> con-
centration for both reactors at high steam feeding rate was attributed to the water gas shift
reaction (3.17).

CO+H,0 - CO2+H> (3.17)

However, steam rate has no effect on the concentration of CH4 as the yield was al-
most same for all steam ratios. It was in the range of 10.4 — 12.3 %. On the other hand,
the maximum concentration of CO (6.4 %) for the vertical reactor was reported at higher

feeding of steam (10 g/h). While no significant change in the concentration of C, —Cs.
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The compositions of gases at different steam feeding rate

The ratios of H2/CO and H»/CO; for the vertical and horizontal reactor are shown in
Figure 3.46. Comparing the data obtained from the two reactors, it can be seen that steam
rate did not influenced the ratio of Ho/CO over the vertical reactor as the ratio was almost
same over the various steam feeding rate.
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Figure 3.46(a,b)
The ratio of H,/CO and H2/CO: in gases using different steam rates

While, increasing of steam rate had positive effect on the ratio of H2/CO over the
horizontal reactor as it is increased with steam rate. However, the maximum H/CO for
the both reactors was reported at 7.5 g/h steam feeding rate which was 2.8 and 9.4 respec-
tively. This pehonmena was corresponded to the high product yield of hydrogen at the
mentioned steam rate as the steam could promoted the formation of H> which led to high
ratio of H2/CO. Regarding to the Ho/CO:; ratio, the results showed different trends. For
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the vertical reactor, increasing of steam feeding rate led to increasing of the H./CO: ratio
and steam rate of 10 g/h produced the highest value of Ho/CO- ratio (7.1). In contrast,
steam feeding had opposite effect on the H2/CO: ratio for the horizontal reactor as the
ratio of the Ho/CO> was decreased with increasing the steam rate inside the reactor. The
highest ratio of the H2/CO> (11.1) for the horizontal reactor was found at the lowest steam
feeding rate.

Figure 3.47 illustrats the production of syngas over the different steam rates. Marked
increased in the syngas yield was reported for the two reactors (vertical and horizontal)

with raising the steam rate of the reaction.
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The yields of hydrogen and carbon-monoxide using different steam rates

For the vertical reactor, the highest yield of hydrogen and carbon monoxide was ob-
tained with steam feeding of 10 g/h, which were 31.4 and 11.9 mmol/g, respectively.
While, the lowest yield was obtained at steam rate of 5 g/h, which were 21.53 and 8.6
mmol/g, respectively. The same trend was reported for the horizontal reactor as the H>
product was increased with steam rate increasing and steam feeding of 10 g/h produced
the highest yield of syngas which was 118.4 mmol/g. Similar data was observed by Yao
et al. [52], who performed the catalytic reforming of waste polyethylene for syngas pro-
duction over different steam rate of 3 and 6 g/h, and various temperatures of 650,750 and
850 °C. They also found that the optimum conditions for syngas yield was achieved with
high steam feeding rate of 6 g/h and 850 °C, which was 100.72 mmol/g. As mentioned
before, that steam feeding promoted the reforming reactions (3.18) which resulted in more

hydrogen yield in the product compositions.

CxHy + H.O — CO + CO2 + H» (3.18)
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On the other hand, the lowest yield (76.9 mmol/g) was found with steam rate of 5
g/h. Comparing the two reactors, it can be noted that H> and CO vyields are higher by using

the horizontal reactor.

3.6.2 Catalytic steam gasification of waste plastics

Figure 3.48 illustrates the product yields (gases and char) for the catalytic steam

gasification for the vertical and horizontal reactor using different atmosphere and catalyst

type.
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Figure 3.48
Product yields using reactor configurations (using steam feed rate of 10g/h)

The reported data showed that gas yield for the vertical reactor was almost same for
the various atmosphere and catalysts. While, the highest gas product (85.4 -86.6 %) for
the horizontal reactor was obtained in the presence of dolomite and CO2 atmosphere. Re-
garding to the influence of catalyst type, La/Ni/ZSM-5 produced the maximum gas prod-
uct for the various atmosphere reaction. This can explain the lowest yield of char in the
presence of dolomite for the catalytic process with La/Ni/ZSM-5 catalyst. The reforming
of COz from dolomite and dry reforming could enhance the gasification reaction and re-
sulted in more gas product. However, the gas yield for the process with pure nitrogen
atmosphere was in the range of 76.2 — 78.6 %.

The gas compositions from catalytic steam gasification using Ce/Ni/ZSM-5 and
La/Ni/ZSM-5 catalysts in a horizontal and vertical reactor are shown in Figure 3.49. Re-
sults demonstrated that atmosphere type have visible effect on the gas yields over the

different catalysts.
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Figure 3.49
The compositions of gases over the horizontal and vertical reactor

Among the various used atmosphere in the vertical reactor, dolomite for insitu dry
reforming generates the maximum hydrogen concentration with product yield of 18.1 %
over La/Ni/ZSM-5 catalyst. In the presence of N2 atmosphere, the concentration of hy-
drogen was 8.8 and 13.7 % for the Ce/Ni/ZSM-5 and La/Ni/ZSM-5, repectively. Moreo-
ver, dominant formation of hydrocarbons (C2 — Cs) was found in case of vertical reactor
which explain the low concentration of H> and CO in the gas compositions compared to
the horizontal reactor. However, the concentration of C> — Ce¢ hydrocarbons was in the
range of 50 — 78 % for the catalytic gasification. Regarding to CO yield, the maximum
concentration was found over La/Ni/ZSM-5 catalyst with CO, atmosphere which may
attributed to the reverse Boudouard reaction. The concentration of methane was almost
same for the both catalysts in the presence of dolomite and N> atmosphere.

Regarding to the horizontal reactor, the maximum concentration of hydrogen (43.1
%) was also achieved with dolomite over La/Ni/ZSM-5 catalyst. La/Ni/ZSM-5 showed
more catalytic efficiency than Ce/Ni/ZSM-5 catalyst in terms of hydrogen production for
the both reactors. In the presence of N2 atmosphere, the concentration of H> was almost
same for the both catalysts of Ce/Ni/ZSM-5 and La/Ni/ZSM-5, which was ( 33.8 - 34.5
% ). Regarding to other gas compositions, yields have more CO> than CO. The concen-
tration of CO was in the range of 8.2 - 11.6 %, while, the concentration of CO> was 8.3 —
30.9 %.
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The maximum concentration of methane (9.1 %) was obtained over Ce/Ni/ZSM-5
catalyst. On the other hand, the concentration of other hydrocarbons (C>-Ce) was rela-
tively lower than with the vertical reactor. However, it was in the range of 28.9 — 35.0 %.
Introducing the dolomite to the reaction had positive influence on the hydrogen produc-
tion over La/Ni/ZSM-5 catalyst as the yield was increased to 43.1 %. While, no signifi-
cant changes in concentration of other hydrocarbons (C2-Cs) by changing the reaction
atmosphere and catalyst type.

Figure 3.50 shows the ratio of H2/CO and H2/CO; for the catalytic gasification of

waste plastic over the vertical and horizontal reactor in the presence of various reaction

atmospheres.
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Figure 3.50
The ratio of H2/CO and H,/CO; in gases using different cataysts

For both reactors, the data showed that using of dolomite produced the highest H,/CO
ratio which was attributed to the more H; product. However, more H,/CO ratio was found
in case of horizontal reactor (4.4 — 4.7) in comparison to the vertical reactor (2.6 — 2.7).
In contrast, the lowest Ho/CO ratio was reported in the presence of CO2 atmosphere. Mo-
rover, the results showed that catalyst influence was varied with changing the atmosphere
type. On the other hand, the highest ratio of H2/CO. for both reactors was obtained in the
pure N2 and dolomite atmosphere over La/Ni/ZSM-5 catalyst due to the more hydrogen
yield and less CO». Using of CO: as reaction atmosphere resulted in decreasing of H2/CO>
ratio due to the more CO: in the gas compositions over the vertical and horizontal reactor.
It can be seen that the influence of reactor type and reaction atmosphere on the H2/CO>

ratio was almost same.
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The calculated amount of the syngas (hydrogen and carbon monoxide) in mmol/g for
the two reactors is shown in Figure 3.51. Regardless of reaction atmosphere type,
La/Ni/ZSM-5 catalyst showed higher efficiency than Ce/Ni/ZSM-5 catalyst in terms of
hydrogen and CO product. The highest hydrogen value for the vertical and horizontal
reactor was obtained in the presence of dolomite and La promoter which was 31.4 and
74.6 mmol/g, respectively. It can be seen that syngas over horizontal reactor are much
higher compared to the vertical reactor. As mentioned before that hydrogen and carbon
monoxide concentration from the vertical reactor was lower than horizontal reactor due
to the high concentration of hydrocarbons (C> —Cs) as detected in the GC-TCD. This is
the reason for the lower syngas by using the vertical reactor in comparison to the hori-
zontal. However, the minimum amount of syngas was reported over Ce/Ni/ZSM-5 cata-

lyst in the presence of CO; reaction atmosphere.
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Figure 3.51
The yields of hydrogen and carbon-monoxide using different catalysts
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4. CONCLUSION

In this work, the pyrolysis-gasification of real waste plastic mixture (HDPE, LDPE,
PP, and PET) was investigated using vertical and horizontal tubular reactor. The influence
of different active metals, catalyst supports, temperatures, and reaction atmosphere on the
product yields and compositions were also studied. Furthermore, the selected catalyst was
further modified by various second promoters (Ca, Ce, La, Mg, and Mn) and examined
for the decomposition reaction of waste plastics. Moreover, the obtained results were
compared with the process without catalysts. The product yields (gases, oil, and char)
were significantly influenced by the type of catalyst. Gases contained hydrogen, carbon
monoxide, cabon dioxide, and methane, branched and non-branched hydrocarbons up to
Cs. While, n-olefin, n-paraffin, aromatic, branched and oxygenated compounds were the
main compositions of oil product. Among the different catalyst supports (Ni/ZSM-5,
Ni/y-zeolite, Ni/natural zeolite, and Ni/B-zeolite), Ni/ZSM-5 showed the highest activity
towards gas production and hydrogen yield. In contrast, the maximum oil yield was ob-
tained in the presence of Ni/natural zeolite, and Ni/B-zeolite catalysts. Regarding to the
impact of reaction temperature, the results showed that higher temperatures are favouerd
for the formation of gases (especially hydrogen and CO). The results also demonstrated
that the presence of catalysts at high temperature could increase the concenteration of
non-oxygenated compounds in the pyrolysis oil.

Furthermore, first order approach and Arrhenius equation were used to figure out the
kinetic paramters for the decomposition reaction over the vaious Me/Ni/ZSM-5 catalysts.
The results reported that catalyst behaviors are effected by the different uploaded metals.
The apparent activation energy was decreased by introducing the catalyst to the process
compared to non-catalystic process. The obtained data showed that the decomposition of
PET waste polymer was took place at wide ranges of temperature in the presence of cat-
alyst compared to the thermal pyrolysis. However, while the temperature ranges were
wider, the maximum dm/dt values should be observed at lower temperatures compared
to free-catalytic degradation. This practically means that in a pyrolysis plant, the use of
catalysts can reduce the energy demand. In general, the activation energy was decreased
well by the addition of catalysts.

The influence of different Si/Al ratios of Me/ZSM-5 (Me= Ni, Co, Fe, V, and Zn) is
also another important factor which can affect the product yields and compositions from
the pyrolysis-gasification reaction. Si/Al ratios of 22.5, 41.9, and 65.5 were tested. It was
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found that the scission of C-C bonds were mainly effected by the Si/Al ratio and catalyst
with high ratio can promoting the more formation of hydrogen and carbon monoxide.
Ni/ZSM-5 catalyst showed the best performance compared to other active metals as it is
produced the maximum gas yield. While, Zn/Ni/ZSM-5 catalyst produced the highest
yield of oil product. Additionally, the Si/Al also affected the char yield as more char was
found with higher ratio of Si/Al ratio which was attributed to the Boudouard reaction.

The effect of metal/nickel ratio (0.1, 0.5, and 2.0) on the decomposition of waste
(HDPE, LDPE, PP, and PET) was also investigated. Different trends were observed in
the gas and oil yields by the application of various Me/Ni ratios. At 0.5 of Me/Ni ratio,
Ce/Ni/ZSM-5, La/Ni/ZSM-5, and Mg/Ni/ZSM-5 catalysts showed the better perfor-
mance, while, Mg/Ni/ZSM-5 and Mn/Ni/ZSM-5 catalysts showed the better properties at
Me/Ni ratio of 2.0. In terms of hydrogen and syngas production, Me/Ni ratio of 0.5 was
the best compared to other used ratios and Ce/ Ni/ZSM-5 catalyst produced the highest
yield of syngas. The results demonstrated that high ratio of second metal led to the block-
age of active sites on the catalyst surface due the the more coke formation. Hence, the
addition of second promoters on the catalyst should be controlled to avoid such issue.

The reported data also showed that type of atmosphere such as oxygen and carbon
dioxide is important factor for the decomposition reaction of waste plastic mixture. Using
of oxygen in the carrier gas at different ratios has significant effect on the product yield
and compositions. Positive influnce was found in the product yields with increasing of
oxygen percentage at high temperature. oxygen has the ability to enhance the production
of syngas as a result of partial oxidation reactions. Furthermore, the presence of
Me/Ni/ZSM-5 can improve the formation of syngas, especially at high temperature (850
°C). The results also demonstrated that increasing in both the temperature and oxygen
concentration contributed to the formation of n-paraffin in the liquid product. While, ris-
ing the ratio of oxygen in the carrier gas led to different trends for the CO; as it is in-
creased at low temperature (550 °C) and decreased at 850 °C. On the other hand, the CO>
atmosphere also influences the products yields by increasing the amount of hydrogen.
According to the results, using of CO; as carrier gas could promoting the more dry re-
forming reactions at high temperature which led to more syngas product and decreased
the carbon deposition on the catalyst surface as well.

On the other hand, the yields and compositions of gases from the gasification process
of polyerms were greatly influenced by the incorporation of second metal promoters and

the presence of dolomite. The in-situ carbon-dioxide production from dolomite resulted
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in a marked increase of syngas production and decreased carbon deposition on the catalyst
surface at a temperature of 850 °C. Additionally, the catalysts were characterized by using
TEM and TPO techniques. Two carbon types of filamentous and amorphous carbon were
observed on the catalyst surface. The ratio of filamentous and amorphous carbon was
effected by the catalyst and atmosphere type.

Finally, steam was used for the catalytic steam reforming over different reactors (ver-
tical and horizontal). The obtained data showed that the addition of steam promoted the
catalytic steam reforming and hydrogen production. In addition, high ratio of steam feed-
ing resulted in more gases in the product compoitions. Comparing both reactors, more
syngas Yyield (H2 and CO) was found in case of the horizontal reactor. The reported data
also showed that steam has negative effect on the char product for the both reactors.

In conclusion, the current study could provide a clear sight about the combination of
Me/Ni/ZSM-5 and the role of second promoters in the decomposition reaction of waste
plastic (PET, LDPE, HPDE, PP, etc.). Furthermore, the study of different process param-
eters and various conditions could help in chosing the optimum conditions for better pro-

Cess.
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