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Abstract Catalytic pyrolysis is an emerging process that can help eliminate the
harmful effects of plastic wastes by turning them into liquid fuels. This chapter
presents an overview of low-cost catalytic processing of plastic wastes with a focus
on biomass-derived activated carbons (BACs) as low-cost catalysts. BACs are cost-
effective, environmentally friendly and exhibit high porosity, flexibility of surface
modification, and heteroatom surface functional groups, making them versatile as
catalysts. Types of biomass, chemical reagents used for activation, reagent to
biomass ratio and activation temperature influence the catalytic properties of
BAC:s. Excessive reagent to biomass ratio leads to a high number of acid sites on
the BAC that enhance cracking reactions and decrease liquid yield. Extreme activa-
tion temperature promotes degradation and volatilization of acid functional groups
and thus, reduces catalytic activity. Overall, enhanced aromatization, hydrogen
transfer and cracking reactions have been observed over biomass-derived BACs
that exhibit strong acidity, large surface area, and large total pore volume.
Coprocessing of plastic wastes with lignocellulosic biomass is a good option for
reducing the activation energy of plastic waste decomposition and improving the
composition of liquid fuels.
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3.1 Introduction

According to the World Bank, 2.01 billion tons of solid wastes including 242 million
tons of plastic wastes were generated in 2016, of which more 33% were not properly
managed, are responsible for 1.6 billion tons of CO,-equivalent greenhouse gas
emissions, which is about 5 percent of global emissions [1]. Table 3.1 presents
statistics about wastes generated around the world. It can be seen that large amounts
of wastes are released in the world, and significant growth in generation is expected
given the increasing population and industrial development. Statistics of each type of
waste vary according to region due to different kinds of activities and regulation
policies. In all regions presented, the wastes are disposed of mainly by open
dumping and landfill, which could explain the higher greenhouse gas emissions
associated with these wastes. In most regions, plastic wastes account for about 12%
of all solid wastes-nevertheless, plastics contributing enormously to our daily activ-
ities. Durability, flexibility, strength, lightness, ability to be molded into different
shapes, and endurance (thermal, electrical and chemical) are some physicochemical
characteristics that make plastics attractive [2]. In 2015, polyolefins accounted for
about 55% of global plastics materials demand, namely, 23% for Polypropylene

Table 3.1 Global solid waste management in 2016 with projections to 2050 [1]

Amount of waste Share of Share of most
generated by region plastic represented
(millions of tons per | Waste (mass waste treatment | Share (%) of
year) collection | fraction, method recycling in
coverage | %) the treatment
Regions 2016 | 2030 | 2050 | (%) 2016 Method | (%) | method
Middle 129 177 |255 |82 12 Open 52.7 |9
East and dumping
North
Africa
Sub-Saha- | 174 |269 |516 |44 8.6 Open 69 6.6
ran Africa dumping
Latin 231 1290 369 |84 12 Landfill |68.5 [4.5
America
and the
Caribbean
North 289 342 396 |99.7 12 Sanitary |54.3 |33.3
America landfill
South 334 1466 | 661 |51 8 Open 75 5
Asia dumping
Europe 392 1440 490 90 11.5 Landfill |25.9 |20
and Cen-
tral Asia
East Asia |468 |602 |714 |71 12 Landfill |46 9
and
Pacific
Global 2010 | 2590 | 3040 12 Landfill |36.7 |13.5
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(PP), 15% for high-density polyethylene (HDPE) and 17% for low-density polyeth-
ylene (LDPE) and linear low-density polyethylene (LLDPE), followed by 16% for
polyvinyl chloride (PVC), 6% for polyurethane (PUR), 7% for polyethylene tere-
phthalate (PET) and 7% for polystyrene (PS) and expanded polystyrene (EPS)
[3]. The share of a total loss to the environment per year for PE, PP, PVC, PET,
PS, PUR are estimated to be 20%, 14%, 3%, 6%, 4%, and 1%, respectively [4],
which shows that the most abundant plastic materials in demand are among the most
abundant fractions of plastic wastes ending up in the environment. In India, plastic
wastes (daily generation of approximately 26,000 tons) accounts for 8% of the total
solid waste annually generated, with more than 50% of these plastic wastes not
recycled, and thus escaping into the environment [5]. In 2017, more than 70 million
tons of plastic wastes were reported for China [6]. Hence, these plastic wastes
required proper management.

Synthetic organic polymers in most plastic wastes are generally non-biodegrad-
able. The large proportion of monomers used to produce plastics, such as ethylene
and propylene, are made from fossil hydrocarbons. Thus, disposal of plastic wastes
in landfills not only creates significant environmental issues, such as soil leaching
and contamination of groundwater but also constitutes a major waste of fossil fuel
resources. Although incineration can help to reduce the amount of plastic waste,
costly treatment of large amounts of flue gases is required [7]. Although direct
recycling processes are being developed, they are limited, in contrast to single
component plastic waste. Real-world plastic waste is a mixture of many components,
including PVC, PET, PE, PP, PS, and other types of waste that can be difficult to
separate. Most of these components are not compatible with each other for
processing together during direct recycling. They vary in polymer type,
intermolecular bonding, and added inorganic fillers, stabilizers, and pigments that
affect their mechanical properties [8]. Another reason is that they are made of
different resin compounds and have different degrees of transparency and colors
[9]. Subsequently, a significant fraction of plastic wastes collected for recycling
cannot be processed, which is estimated to be 40% for post-consumer plastic wastes
collected in the European Union in 2012 [10]. Given these limitations, new tech-
nologies that can turn plastic wastes into valuables resources in an optimized way are
needed. These technologies would eliminate not only the harmful effects of plastic
wastes but also create an opportunity to recover resources such as fuels and
chemicals. Catalytic pyrolysis is one of these emerging technologies that can turn
plastic wastes into high-quality liquid fuels in an environmentally friendly way, and
that can help to alleviate energy shortages that the world is facing. However, widely
used catalysts are expensive, and their deactivation readily occurs with waste
plastics. Therefore, recent works are exploring new ways of low-cost catalysts
design, including biomass-derived activated carbon (BAC).

This chapter aims to highlight the positive impact that can provide low-cost
catalysts such as BAC and some industrial byproducts in the pyrolysis processing
of plastic wastes for liquid fuels production and to provide areas of future research
for further development. The advantages of the co-pyrolysis of plastic wastes with
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lignocellulosic biomass and sewage sludge are briefly introduced to illustrate chal-
lenges in the pyrolysis of real-world plastic wastes.

3.2 Pyrolysis Processing of Plastic Wastes: Why and How?

3.2.1 Motivation Behind Pyrolysis Processing of Waste
Plastics

Results of elemental and proximate analysis and higher heating value (HHV) of
different types of plastic wastes are presented in Table 3.2. In fact, plastic wastes
contain high-value chemicals and high energy density [11], with an HHV of (15-49)
MlJ/kg (Table 3.2). Ash is composed of inorganic matter that comes from materials
employed for plastics manufacturing. Halogens in plastics include Cl, Br, and F,
while the most important metals include Pb, Al, Sb, Ti, Sn, Zn, Fe, Ni, Cu, Cd, Cr,
and Co. Sulfur and alkaline earth metal compounds such as Ca, Ba, Mg, are also
present. Typical concentration ranges of these elements in each type of plastic are
summarized in Ref. [12]. PE, PP, and PS have the highest volatile matter content and
HHV, with almost no ash and fixed carbon, while PET has high carbon content but
low hydrogen content [13]. Given the properties of plastic wastes and that large
proportions of monomers for plastics manufacturing are made from fossil hydrocar-
bons, pyrolysis is a suitable method to recover fossil hydrocarbons from plastic
wastes. A comparison of typical recycling and pyrolysis of plastic wastes is
presented in Fig. 3.1. Pyrolysis processes can significantly increase the recycling
rate as it can use a wider range of plastic wastes than traditional recycling
[14]. Although pyrolysis is a mature technology for char generation from solid
material [15, 16], it has been recently used extensively to produce liquid fuels
(Fig. 3.2). As depicted in Fig. 3.2, the liquid oil obtained can be used as transpor-
tation fuels, burned to generate heat/electricity or used to synthesize value-added
chemicals that can be used as fertilizers, resins, and light aromatics such as benzene,
xylene, toluene and dl-limonene. These chemicals can also be obtained directly from
the pyrolysis process, depending on chosen conditions, the catalyst employed, and
feedstock type. By-products, including gaseous and solid char products, can be used
in many fields, as showed in Fig. 3.2. During pyrolysis, the ash is melted, and
inorganic compounds such as glass and heavy metals are mainly fixed in the solid
product. They can be recovered as carbon black and reused for several applications
such as additives or fillers for other plastics.
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Fig. 3.2 Plastic wastes valorization through pyrolysis

3.2.2  Overview of Pyrolysis Processing of Plastic Wastes

The pyrolysis process refers to organic matter decomposition in an oxygen-free
environment. The main factors impacting the distribution and properties of the
resulting liquid product include reactor type, process temperature, residence time,
heating rate, pressure, turbulence, and feedstock characteristics. Ranges of values
and combined factors that are commonly reported are presented in Table 3.3.
Although many works have reported on the influence of these factors on the
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Table 3.3 Reaction conditions and expected products from pyrolysis processes [30-33]

Heating
mode

Residence
time

Heating
rate (°C/
s)

Temperature
(°C)

Typical reactors

Expected products

Slow

>10 min

10

290400

Cylindrical fixed-
bed, batch, rota-
tory kiln, and
packed bed

30% of liquid,
35% of char, and
35% of gas

Intermediate

5-10 min

1-1000

400-500

Auger screw, vac-
uum, rotary ovens,
microwave

50% of liquid,
25% of char, and
25% gas

Fast

0.5-5s

10-200

425-650

Flash-liquid

<ls

>1000

> 650

Flash-gas

<ls

>1000

> 650

Rotary kiln, bub-
bling fluidized
bed, spouted flu-
idized bed, rotat-
ing cone, vortex,
ablative, entrained
microwave, and
radiative/convec-
tive reactors

Maximization of
the bio-oil
(60-75% of lig-
uids, 12-25% of
char, and 10-20%
of gas)
Maximization of
bio-oil with low
water content
Production of
chemicals and gas

Ultra

<05

Very
high

1000

Production of
chemicals, gas

Vacuum

2-30s

Medium

400

vacuum

Reduction of the
nitrogen flow rate
requirements,
Maximization of
the bio-oil (mini-
mization of sec-
ondary reactions
and the enhance-
ment of the
devolatilization
process), the
resulted char has
more “open”
structure and
should be suitable
for activated car-
bon production.

Hydro-pyro.

< 10s

High

< 500

Maximization of
the bio-oil with an
increased yield of
hydrocarbons,

Methano-
pyro.

< 10s

High

> 700

Production of
chemicals
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products, less information is available on the effect of turbulent flow conditions.
Lower temperatures (T < 700 °C) yield solids and waxes/oil, while higher temper-
atures favor light molecular weight hydrocarbons and non-condensable gases. The
effect of pressure is dominant at lower temperatures and reduces with increasing
temperature. Char formation is predominant at a lower heating rate, while a higher
heating rate enhances the bond cleavage. Computational models reveal that high
turbulence promotes heat and mass transfer in the core flow, leading to a uniform
distribution reaction [22]. Therefore, medium turbulence would promote liquid oil
yield, while higher turbulence would result in extensive destruction of the tar
[23]. Further investigations are needed to confirm reported observations. The low
thermal conductivity and melting temperatures of plastics make the design of
reactors very important, mainly from the viewpoint of heat and mass transfer
[24]. TGA, TG-MS, TG-FTIR, and Py-GCMS studies can help to confirm the
degradation ranges of plastics and the product trends and further set the pyrolytic
conditions for macro-scale operations [25, 26]. Although batch reactors can provide
information in terms of yields and quality on a lab scale, they are limited on an
industrial scale given the relatively high operation cost associated with feedstock
loading, product discharge and heat loss between different batches [24]. Reactors
that can be adapted to continuous operation mode are more promising than batch
mode reactors. Reactors commonly reported for plastics pyrolysis include bubbling
fluidized bed, conical spouted bed, vacuum, stirred tank and screw/rotary kiln
reactors [24, 27-29]. These reactors can provide high heat and mass transfer and
sufficient solid mixing regimes. Although microwave pyrolysis is an attractive way
for providing efficient heat transfer via core volumetric internal heating, this method
has some disadvantages such as poor mixing, uncertain scale-up factors and require-
ments for mixing plastics with heat adsorbent materials such as graphitic carbon or
inorganic oxides [25, 29]. However, a continuous microwave-assisted pyrolysis
system has been proposed that combines microwave heating with a mixed SiC
ball-bed as a promising system for energy recovery from plastic waste pyrolysis
on an industrial scale [24]. For PVC, cascade reactors with two steps
(a low-temperature step for dechlorination and a higher temperature step for degra-
dation) are convenient [27].

Besides the above studies, many research works focus on the use of catalysts that
can improve the composition and yield of the liquid oil. Over a high acidic catalyst
and well-selected reaction conditions, long-chain polymers of plastic wastes can be
easily degraded into smaller chain molecules via random chain scission, thereby
improving oil quality. The mixing of plastic waste with other feedstocks is also
another option that is being examined to promote liquid oil yield and to control the
oil liquid composition.
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3.3 Progress in Catalytic Pyrolysis of Plastic Wastes

3.3.1 Catalytic Pyrolysis Mechanism

Most plastic waste pyrolysis plants use high temperatures (700 °C) to moderate
temperatures (500 °C) in the presence of a catalyst [2]. The use of catalysts can alter
reaction kinetics during pyrolysis, helping to improve the properties of the pyrolysis
oil. Many types of catalysts have been examined for plastic wastes pyrolysis. Metals
impregnated fluid-cracking catalysts and acid silica-alumina and zeolites catalysts
exhibit enhanced selectivity for aromatics and alkenes, while others such as MCM-
41 and AI-MCM-41 promote yield and content of aliphatic compounds in the oil
[34-37]. Further improved performance has been achieved in staged catalysis
combining MCM-41 and ZSM-5 [34]. These catalysts promote carbocationic crack-
ing of volatiles, and subsequent isomerization, cyclisation, oligomerization, aroma-
tization and hydrogen transfer reactions [34, 35] to help achieve high quality and
high yield oil at relatively low temperatures compared with non-catalytic pyrolysis.
Acid strength, high specific surface area, and porosity of a catalyst are decisive
factors for achieving high catalytic performance [35]. The high acidity and micro-
porous structure of zeolites catalysts are responsible for forming lighter hydrocar-
bons [17, 38]. In fact, the microporous structure limits the range of higher molecular
weight hydrocarbons that can enter the pores of the catalyst for the reaction
[34]. Some recent papers have extensively discussed these catalysts [39, 40].

3.3.2 In-Situ and Ex-Situ Catalytic Pyrolysis

As shown in Fig. 3.3, catalytic pyrolysis of plastic wastes can be implemented as an
in-situ or ex-situ process. For the in-situ process, the catalyst is mixed into the
feedstock, and the mixture is pyrolyzed. The ex-situ process includes two main
steps. In the first step, the plastic waste is separately pyrolyzed, which causes thermal
degradation to produce relatively short chains radicals that undergo H shift and
rearrangement reactions during cooling down to room temperature to form stable
short polymers [35]. In the second step, products from thermal degradation are
conveyed to a catalytic bed for upgrading into fuel compounds. Although the
in-situ process is simple and does not require mechanical modification to existing
reactors as well as offering low degradation temperatures, it is difficult to recover the
catalyst from its mixture with the biochar. Also, high ash or metal elements contents
in the plastic waste feedstock can promote catalyst deactivation [41]. The ex-situ
catalytic pyrolysis requires an external catalytic bed and moderately high tempera-
tures. However, ex-situ catalytic pyrolysis is a good option when processing high
ash content plastic wastes as it favors the cracking reactions of pyrolytic volatiles
and facilitates subsequent separation between catalyst and pyrolysis solid
residues [35].
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Fig. 3.3 Possible pathways during catalytic pyrolysis of plastic wastes [14, 35, 36, 41].

3.3.3 Limits of Widely Used Catalysts and New Concepts
About Catalyst Design for Waste Plastics Pyrolysis

Despite the appreciable results with catalysts shown in Sect. 3.3.1, most of those
approaches are expensive. Quick deactivation induced by coke formation and
limited adaptability to feedstocks severely retard performance of many catalysts
[36, 38]. Therefore, it still a challenge to develop cost-efficient catalysts. In recent
years, activated carbons have received increased interest as catalysts [36, 42], due to
their relatively low production cost, high porosity structure, and surface modification
flexibility [36]. Enhanced aromatization, hydrogen transfer and cracking reactions
can be observed over an activated carbon that exhibits at the same time strong
acidity, large Brunauer-Emmett-Teller (BET) surface area, large total pore volume,
and low percentage of micropores [35].

3.3.4 Biomass-Derived activated Carbons as Catalysts
for Plastic Waste Pyrolysis

3.3.4.1 Preparation of Biomass-Derived Activated Carbons

As a material with a well-developed amorphous and porous texture, activated carbon
is commonly used as an adsorbent in industries [43, 44]. These porous carbon
materials constitute a large part of the support materials that are used to prepare
heterogeneous catalysts [45]. Their inert nature, especially under strongly acidic and
basic conditions, is an advantage as they do not decompose or only decompose very
slowly, and given that the interaction between carrier and active phase such as noble
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Fig. 3.4 Typical preparation steps for biomass activated carbon (BAC)

metals is small and that their pore size distribution and the chemical properties of
their surface can be adjusted (polarity and hydrophobicity) according to the intended
application, the possibility to recover the metal particles by simply burning the
carbon support, are some of the motivations behind their application as catalyst
supports. However, commercial activated carbons, having a small surface area and
poor adsorption properties, cannot provide good performance in the aforementioned
applications [46]. Thus, authors have explored many kinds of biomass feedstocks,
including coal, wood, and agriculture wastes, to produce BACs for catalyst or
catalyst support applications [45]. Besides being cost-effective and environmentally
friendly, BACs are characterized by high porosity and heteroatom surface functional
groups, making them suitable as catalysts or as catalyst supports [47].

As depicted in Fig. 3.4, activation of biomass for BAC preparation is commonly
performed by physical or chemical activation or a combination of the two methods
[48]. In physical activation, biomass is subjected to carbonization, and the obtained
char is activated at high temperatures in the second stage with steam, air or CO,. In
chemical activation, carbonization and activation processes occur in a single step and
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at relatively lower temperatures making the process faster [48, 49]. In the third
method that can be used for activation, the biomass feedstock is subjected to
carbonization, and the resulting biochar is impregnated with a chemical reagent for
activation. This can be qualified as a mixture of physical and chemical activation
processes and is usually applied to biochar obtained from thermochemical treatment
of biomass where other products are expected besides the biochar.

The BAC produced via chemical activation usually has a high specific surface
area, good pore development, and the method gives a high carbon yield compared
with that of physical activation [48, 49]. In fact, in chemical activation methods,
suitable modifications are made by the addition of chemical dehydrating reagents to
the biomass and the entire feedstock is then decomposed in an inert atmosphere
[49, 50]. To date, the chemical method is widely employed for BAC preparation for
plastic waste pyrolysis. To achieve good quality BAC (textural and surface proper-
ties), careful attention is required to a selection of the type of biomass and to the
activation conditions.

Biomass used for BAC should contain high carbon and low inorganic (ash)
content [43, 50-52], and it should be cheap, abundant, and able to be easily
activated. A wide variety of BAC with different characteristics can be obtained
from low-cost biomass, including cherry stones [51], nutshells and fruit stones [50],
bamboo, wheat straw, corn cobs, almond shells, sewage sludge, sugar cane bagasse,
grape processing industry waste, date stones, and coconut shells [49]. Differences in
cellulose, lignin and holocellulose content in the biomass impact the pore structure
and pore size distribution of the resulting BAC [43]. Biomass with a low-density and
a high volatile matter content can promote pore volume but decrease bulk density
[50]. Biomass with high bulk density, such as coconut shells or fruit stones, provides
a non-graphitizable activated carbon in granular form with a large pore volume and
can be used in many applications such as catalysts or catalyst support or materials for
supercapacitor electrodes. As shown in Table 3.4, at appropriate activation condi-
tions, corn cob, chestnut shell and wood chips provide BACs that exhibit good
catalytic properties on liquid oil obtained from pyrolysis of plastic wastes.

Activation with H3PO, is commonly used for lignocellulosic material and at
lower temperatures [55]. Other reagents, such as zinc chloride (ZnCl,), potassium
hydroxide (KOH) and iron chloride (FeCl;) have been examined with promising
results [44]. For each type of biomass, there is an optimal value of activation agent
(H5PO,4) to biomass ratio to keep for activation. At a very low ratio, biomass is
hardly destroyed, and pores are barely formed. Increasing the H;PO, to biomass
ratio below the optimal value enhances BET surface area, micropore volume and
acidity of the resulting BAC. In contrast, at a ratio higher than the optimal value,
micropores react with excessive H3PO,4 to convert into mesopores and macropores
[56], or some compounds such as phosphorus pentoxide are formed and block the
pore structure, decreasing the area and volume of micropores [54]. Especially for
liquid oil production, a very high number of acid sites on the BAC promotes C-C
random scission and cracking and rearrangement reactions, which would decrease
the liquid yield.
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Activation temperature is responsible for the carbonization of the biomass and is
an important factor in the production of BAC. Carbonization leads to a decrease in
volatile matter content of the biomass and increases elemental carbon content and the
formation of pores [49]. Compared with conventional heating, microwave heating
offers advantages such as uniform heating [46], rapid heating, negligible energy loss
and an easily controllable heating process [52]. Increasing temperature enhances the
devolatilization process, destroying BAC’s surface to a different extent with more
pores that can enlarge BET surface area resulting in more active sites. Above the
optimal temperature (e.g., 850 °C for chestnut shell [54]; 500 °C for corncob [56]),
increasing temperature enhances the reaction rate of C-H;PO, and breaks up some
acid functional groups that are volatilized.

3.3.4.2 Pyrolysis of Plastic Wastes Over Biomass-Derived Activated
Carbon Catalysts

The use of BACs as catalysts is attracting attention in the processing of plastic
wastes. Good results have been pointed out by authors, making this way of catalyst
design a promising way for enhanced recycling of plastics wastes. The significant
catalytic effect of these alternatives low-cost catalysts is mainly attributed to the
conditions of activation and carbonization. From Table 3.4, one can see that at some
given conditions, BAC exhibits good quality and can promote yield and improved
properties of the liquid oil. Wan et al. [53] examined LDPE pyrolysis in a fixed bed
reactor at 500 °C over corncob BACs (activation with H;PO,4). Without a catalyst,
the liquid produced by pyrolysis of LDPE (86.7% yield) turned into solid white wax
at room temperature. BACs prepared through different temperatures (400 °C to
700 °C) and H3PO, to corncob ratios (0.2—-1.6) had different pore size distributions
and acidities, corresponding to changes in their product distributions. At a catalyst to
LDPE ratio of 1, the BAC prepared at 500 °C and H3PO, to corncob ratio of 0.8
provided the highest liquid yield with 93.13 area % of jet fuel-range hydrocarbons.
In comparison, BACs obtained at 400 °C and 600 °C with H;PO, to corncob ratio of
0.8 produced a liquid yield of 60% (highest alkane content, 48.2 area %) and 49%
(highest aromatic content, 59.2 area %), respectively. Overall, BACs prepared at
500 °C and ratio of 0.8 were found suitable, which can be attributed to the relative
stronger acidity (0.4422 mmol/g) of the material. By varying the catalyst to LDPE
ratio from 0.3 to 1.5, liquid yield gradually decreased from 82% to 42%. The content
of Cg-C,3 alkanes in the liquid also decreased (C;7-C,3 completely absent at a ratio
of 1.5). In contrast, the aromatic content gradually increased to reach a maximum of
72.8 area % at a ratio of 1.5. These results imply that a higher catalyst to LDPE ratio
increased the number of acid sites, which enhances aromatic cyclization, and
scission reactions converting long-chain hydrocarbons into lighter ones. An exces-
sive amount of acid sites decreases liquid yield at the expense of increasing the
amount of gaseous product. Duan et al. [54] pyrolyzed LDPE at 550 °C over
chestnut shell BAC (H3PO./ chestnut shell ratio of 0.8) at a catalyst to LPDE ratio
of 1. The authors observed that when using BACs activated at 550 °C and 650 °C,
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the obtained liquid oils remained in the solid phase at room temperature. For BACs
at high activation temperatures (750 °C to 950 °C), the BET surface area and total
volume of the BAC were enhanced, promoting the catalytic reaction of volatiles and
liquid yields decreased from 55.5 (thermal process) to 38%, while quality was
improved. The best results were found for BACs activated at 850 °C, which led to
44% of the liquid with 63.5 and 32.5 area % of mono-aromatics and polyaromatics,
respectively. It was also found that the liquid yield decreased for BACs obtained
with increasing H3PO,/ chestnut shell ratio from 0.4 to 1 (catalytic pyrolysis at
550 °C and catalyst to LPDE ratio of 1). The mono-aromatics and polyaromatics
content in the liquid increased gradually for ratios from 0.4 to 0.8 and decreased
thereafter. Zhang et al. [35] investigated the catalytic effect of corn stover BAC
(H5PO4 to corn stover ratio of 0.85) for pyrolysis of LDPE in a fixed bed at 500 °C.
At a catalyst to LDPE ratio of 2.5, the prepared BACs produced more content of
aromatic hydrocarbons (<C;¢) and C;;7-C,5 alkanes, and lower contents of Cg-C ¢
alkanes, in comparison to five commercial activated carbons, except one that was
also activated with H3PO, and produced high aromatic hydrocarbon content (36.4
area %). The selectivity of alkanes and aromatic hydrocarbons in the liquid obtained
when the prepared BACs were used accounted for 48.0 and 28.7 area %,
respectively.

These results show that biomass-derived AC rich in P-containing functional
groups are favorable for aromatization reactions, and moreover, P-containing func-
tional groups can also provide effective catalytic acid sites (such as -C=0 and -PO)
that could promote the C-C and C-H bond cracking of LDPE, resulting in the
production of relatively light alkanes. For each type of AC, there is an optimal
catalyst to plastic wastes ratio. Ratios lower than this optimal value promote catalytic
activity that favors liquid product quality, while at ratios higher than this optimal
value, a very high number of acid sites are offered, which accelerates C-C random
scission and cracking and rearrangement reactions [54], which increases the content
of aliphatics while decreasing aromatics.

The desire to achieve a more eco-efficient process has lead researchers to
investigate the mixing of alternative BAC catalysts with other low-cost catalysts.
In this regard, Huo et al. [42] explored ex-situ catalytic pyrolysis of LDPE over a
mixture of corncob BAC (activation with H;PO,4 at 600 °C) and MgO. The place-
ment of the catalysts and catalyst to LDPE ratio (0.1, 1, 2, and 3) were examined at
500 °C. Although homogeneous mixing of these catalysts provided a high liquid
yield (81%), the liquid was, unfortunately, mainly composed of waxes. The base
catalyst MgO blocks the pore structure of the acidic BAC, inhibiting its catalytic
effect for the pyrolysis process. When pyrolytic volatiles first flowed through MgO
and then BAC, the liquid yield was 72%, and almost 100% of the liquid belonged to
fuel hydrocarbons with the selectivity of aromatic hydrocarbons (<C,¢), and Cg-C ¢
and C,;—C,3 alkanes accounting for (33.4, 65.3, and 1.3) area %, respectively. The
large average pore size of MgO favors long-chain hydrocarbons, which further
undergoes cracking and aromatization over-acidic sites of BAC to produce Cg-C ¢
alkanes along with aromatic hydrocarbons(<C¢). In contrast, when pyrolytic vol-
atiles first flowed through AC and then MgO, the selectivity of aromatic
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hydrocarbons (<Cyg), and Cg-C;¢ and C17;—C,3 alkanes were (18.1, 58.9 and 20.8)
area %, respectively, which suggests that the remaining long-chain hydrocarbons
from the reaction over AC flowed through the large pore of MgO to form diesel
range alkanes. The authors also noticed that at low catalyst to LDPE ratios (0, 0.5,
and 1) for AC to MgO ratio=1, waxes were the main product. With increasing
catalyst to LDPE ratio from 2 to 3, no waxes were formed, but the liquid yields
decreased. The content of alkanes decreased from 66.6 to 61.2 area %, while the
content of aromatic hydrocarbons (<Ci¢) increased from 33.4 to 38.8 area %. The
selectivity of mono-ring aromatic hydrocarbons increased to reach a maximum of
29.3 area % at a ratio of 3, which can be attributed to an increase in acidic sites
according to the amount of catalyst that promotes cleavage of C-C bonds.

BAC activated with ZnCl, has also been tested for pyrolysis of plastic wastes.
Sun et al. [36] conducted catalytic pyrolysis of mixed plastic wastes over wood chip
BAC (activated with ZnCl, at 600 °C, ZnCl,/ wood chip ratio of 1). The non-
catalytic process yielded 61.6% of the liquid with the high alkenes (40.9 area %),
while alkanes and aromatics accounted for 23.4 and 35.1 area %, respectively. The
use of BAC reduced the liquid yield to 51.8% and its alkenes, while the selectivity of
alkanes and aromatics were improved to 27 and 47.5 area %, respectively. The
selectivity of two-ring aromatics was enhanced to 90.7 area % of aromatics, with
1,3-diphenylpropane occupying the highest area (40.9%). Zn species introduced on
the BAC during activation promotes the formation of Lewis acid sites, which
enhances the transformation of alkenes into aromatic and alkanes through dehydro-
genation, hydrogen transfer, alkylation and Diels—Alder reactions.

3.3.5 Pyrolysis of Waste Plastics with Other Low-Cost
Material Catalysts

Another means to increase the efficiency and the rate of waste recycling is to make
all kinds of waste profitable. In this regard, some industrial and municipal wastes are
being employed as catalyst or co-feedstock in the pyrolysis processing of waste
plastics. Lépez et al. [57] used red mud, which is an inexpensive by-product of the
alumina industry, as a catalyst to pyrolyze a mixture of plastic wastes with mass
fractions of 40% PE, 35% PP, 18% PS, 4% PET and 3% PET. The red mud was
mostly composed of metal oxides (Fe,O3 (36.5%), Al,O3 (23.8%), TiO, (13.5%),
Si0;, (8.5%), CaO (5.3%), Na,O (1.8%)). The catalytic effect of red mud was
significant at 500 °C, while no positive contribution was observed at 440 °C. At
500 °C, red mud catalyst provided more liquid yield (57%) than ZSM-5 (39.8 wt.%),
while the non-catalytic process provided 65.2%. The selectivity of aromatic com-
pounds in the liquid obtained at 500 °C with red mud was 89.6 area %, higher than
that obtained from the non-catalytic run (73.9 area %) and lower than that from
ZSM-5 (98.4 area %). The range of the liquid carbons from the red mud catalytic run
was the same as the zeolite (C;—C,¢), while the non-catalytic run liquid reached Cq
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compounds. The Fe,O3 and TiO, present in red mud promoted hydrogenation of
styrene to produce ethyl-benzene, while the acid nature of Al,O5 and SiO, promoted
cracking reactions of styrene to form toluene. Na,O may hinder the catalytic activity
of red mud. Overall, the cracking ability of red mud is lower than that of the zeolite.
Fekhar et al. [27] also mentioned a significant reduction of the concentration of
chlorinated compounds and the acid number at higher ratios of red mud:Ca(OH),:Ni/
ZSM-5 (0.5:0.25:0.25 and 0.25: 05:0.25) mixed catalyst, after having pyrolyzed a
mixture of HDPE, LDPE, and PVC at 550 °C. These ratios promoted light oil and
HHV while decreasing heavy oil content. A slight improvement in the liquid oil
properties was reported by Luo et al. [17], who pyrolyzed a reworked PP at 600 °C
over HCl-modified low-cost kaolin as a catalyst. Compared to the non-catalytic
process and the use of non-modified kaolin, the HCI-modified kaolin improved the
cracking of heavy components into diesel range components (alkanes and alkenes).
HCI modification enhances the catalytic effect via the increase of the number of
Al-O and Si-O bonds on the kaolin, which not only promotes the decomposition of
PP through b-scission reaction and carbonium ion mechanisms. But also enhances
secondary cracking of diesel components and aromatization and Diels-Alder reac-
tion of alkanes and alkenes. The liquid oil yields for this case decreased, while
aromaticity increased with high naphthalene content. A significant increase was
observed for a fraction of C4-C;; compounds, with reduced content of straight
alkenes and cycloparaffins being obtained.

3.4 Co-pyrolysis Processing of Plastic Waste
with Lignocellulosic Biomass and Sewage Sludge

Many works report on the co-pyrolysis of plastic wastes and biomass as a promising
way to improve the properties of the oil from biomass pyrolysis, with synergetic
effects being discussed in several reviews [26, 39, 40, 58]. In fact, hydrocarbons
from the hydrogen-rich plastics provide hydrogen for biomass-derived oxygenates,
which may decrease coke formation from dehydration and other deoxygenation
reactions of hydrogen deficient oxygenates [59]. Notable findings have been
reported for improving plastic wastes conversion. Through thermogravimetric anal-
ysis (TGA), Salvilla et al. [60] observed a significantly reduced activation energy of
decomposition of waste PP, LDPE and HDPE when pyrolyzed with wood and corn
stover in the temperature range of (30 to 850) °C. Similarly, after examination of the
co-pyrolysis of bamboo sawdust (BSD) and LLDPE using TGA at (30 to 900) °C,
Alam et al. [61] reported average apparent activation energies (isoconversional
method) of pure BSD, LLDPE and their mixtures at LLDPE:BSD ratios of 3 to be
294 kJ/mol, 204 kJ/mol, and 188 kJ/mol, respectively. It is believed that hydroxyl
groups resulting from the degradation of cellulose from lignocellulosic biomass react
with vinyl groups from polyolefin bond cleavage to produce alcohols, while furan
and its derivatives combine with unsaturated hydrocarbons to produce aromatic
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hydrocarbons through dehydration and Diels-Alder reactions [58]. During
co-pyrolysis of PVC with biomass, the degradation of PVC will generate HCI as
an intermediate that can act as an acid catalyst to accelerate cleavage of intra-ring in
glycosidic units promoting dehydration, remove -COOH from carbohydrates, pro-
mote depolymerization, and thereby providing high liquid yields with reduced
oxygenated compounds [62]. The presence of solid-solid and solid-gas interactions
affects synergism, as the biochar formed during the co-pyrolysis process is able to
act as a catalyst [63].

The co-pyrolysis of sewage sludge and waste LDPE through TGA was investi-
gated [63], where the authors observed significant synergetic effects for co-pyrolysis
and found mixture ratios of 1:1 to be optimal, as observed by lower activation energy
and lower char formation. The activation energies for sewage sludge, LDPE and
mixture, were 30.01 kJ/mol, 187.40 kJ/mol and 37.2 kJ/mol, respectively. In this
work, the active pyrolysis zone of sewage sludge and LDPE were in the same
temperature range of (200 to 600) °C, while in the case of lignocellulosic biomass
in the work of Salvilla et al. [60], biomass degradation occurred at (200 to 400) °C
and plastic degradation at (400 to 500) °C.

Although the above-mentioned works present co-pyrolysis as a possible alterna-
tive for enhancing the overall efficiency and economic feasibility of plastic wastes
and biomass pyrolysis, several issues have yet to be addressed. The chlorine content
in waste plastics, the increased viscosity of the produced oil can be listed among the
obstacles that need to be overcome [64]. Higher concentrations of intermediate HCI
can decrease aromatic yields at the expense of gaseous products, causing poor oil
quality, and can also promote the production of highly toxic chemicals such as
dioxins and furans [62]. Therefore, it is necessary to select an effective catalyst and
convenient reaction conditions that can address these limitations. As
eco-effectiveness of the co-pyrolysis process is expected for mixed wastes that
already contain both plastics and biomass or other wastes that are difficult to be
separated [64], such as real-world plastic wastes, further research is needed on the
processing of plastic wastes using inexpensive BAC catalysts.

3.5 Conclusions and Perspectives

Low cost and easily manufacturable BACs with high porosity and heteroatoms
surface functional groups are gaining more attention in pyrolysis processing of
plastic waste for liquid fuels production. However, catalytic properties of a BAC
depend on type of biomass, type of reagent, reagent to biomass ratio and activation
temperature, all of which can impact the BET surface area, total pore volume, and
acidity of the resulting BAC. Biomass having high carbon content and low ash
content is preferable among the many forms of biomass. H;PO, is a common reagent
that can be used advantageously for activation of lignocellulosic biomass. When
activating with H;PQOy, increasing carbonization temperature and H;PO, to biomass
ratio promote the catalytic activity of the BAC by enhancing its BET surface area,
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volume of micropores and acidity. However, excessive values of each of these
parameters can be counterproductive because of enhanced devolatilization of acid
functional groups and reduction of micropores. When an excessive H3PO, to
biomass ratio is used, a high number of acid sites on the BAC enhances scission,
cracking, and rearrangement reactions, thus decreasing liquid oil yield. Overall,
BAC rich in P-containing functional groups is favorable for aromatization and
C-C and C-H bond cracking reactions, resulting in the production of aromatics and
light alkanes. Red mud as a low-cost additive, has the ability to improve hydroge-
nation and cracking reactions, and dechlorination of the liquid oil. During
co-pyrolysis of plastic waste and lignocellulosic biomass, Diels-Alder reactions
are promoted between furan or its derivatives from cellulose and unsaturated hydro-
carbons from plastic waste, promoting aromatic hydrocarbons in the liquid oil.

The reported works that use BACs and the above mentioned low-cost wastes as
additives for catalytic pyrolysis of plastic wastes mainly examine single plastic
wastes or simulated mixtures of a given number of plastic wastes. More works are
expected to examine the co-pyrolysis process over BACs, as the real-world plastic
wastes contain both plastics and other types of waste that are difficult to separate.
New studies in this area would enhance the effectiveness of technology for plastic
wastes valorization. BACs prepared from high-carbon biomass activated with dif-
ferent reagents, including KOH, ZnCl, and FeCl;, should also be examined for
catalytic pyrolysis of plastic wastes. BACs with high selectivity of high value-added
compounds such as naphtha can be expected one of the focal points in future
research.
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