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Hydrocracking represents an alternative to the recycling of abundantly available plastic waste. Hydrocracking of
polyethylene in a fluidized bed, at 750 °C and 1 atm, was investigated in this work. Water dissociation, through
the steam-iron reaction, was used as the source of hydrogen. Bauxite and olivine, containing reduced iron, were
used as the bed materials in the reactor to drive the water dissociation reaction. The hydrogen-to-carbon (H/C)
ratios of the products were compared to assess the hydrocracking potential. It was discovered that conversion of
polyethylene on the surface of reduced bauxite effectively increased the H/C ratios of the products, as compared

to bauxite in its oxidized form. Reduced olivine was ineffective at increasing the H/C ratios of the products in the
presence of water dissociation. It is concluded that hydrocracking through hydrogen donation by steam is
feasible in fluidized beds, provided that the bed material has the ability to transfer the hydrogen atoms to the

hydrocarbon species.

1. Introduction

Sustainable production and eventual disposal of plastic materials are
serious problems faced by humanity in this century. Almost 99% of the
plastic materials in use today are derived from fossil-based carbon re-
serves [1]. In addition, the lifecycle of plastic materials remains linear to
a large extent. Only 9% of all the plastic materials produced in Year
2019 were recycled, with 19% being incinerated, 49% being dumped in
landfills, and 22% being mismanaged or littered in the environment [2].
The current production and waste-handling strategies make the pro-
duction of plastic materials based on fossil reserves unsustainable.
Substitution of fossil reserves with reusable and recycled resources for
the production of plastic materials is, therefore, essential.

Progress towards a fossil-independent plastic economy requires the
implementation of a technology that enables 100% circular use of any
plastic material. Thermochemical recycling is one such approach that
allows limitless recycling of any plastic material, where the prime focus
is on the recovery of chemicals that can be used for the production of
new plastic materials [3]. Thermochemical recycling forms a bridge
between the production of new plastic materials and waste handling of
used plastic materials, thereby closing the material cycle.

In the past, different reactor set-ups and techniques have been
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investigated for thermochemical recycling of plastic materials for the
production of useful chemicals [3-6]. Fluidized bed reactors are, in this
case, deemed suitable for thermochemical recycling of plastics due to
their heat transfer properties and ability to treat heterogeneous feed-
stocks [3-5]. Kaminsky et al. investigated fluidized bed pyrolysis of
mixed plastic waste for the production of monomers for polymer syn-
thesis and obtained a product distribution rich in light olefins and mono
aromatics [5]. Thunman et al. demonstrated the product distribution
obtained from fluidized bed steam cracking of polyethylene is similar to
that obtained from a tubular naphtha cracker [3]. Apart from fluidized
bed reactors, other reactor configurations such as fixed bed and spouted
bed reactors have also been proven effective for the thermochemical
conversion of plastic materials [7,8].

Irrespective of the type of the reactor, thermochemical processes
involve the conversion of the long-chained hydrocarbon molecules in
plastic materials into simpler molecules such as light hydrocarbons, by
breaking/cracking the carbon-carbon bonds [3-6]. The aim is to have a
product distribution from thermochemical conversion of plastic mate-
rials that contains a large share of economically valuable hydrocarbons,
such as ethylene, propylene, benzene, and toluene [3,4]. However, the
cracking of hydrocarbon molecules during a thermochemical process
also leads to the formation of undesirable products, such as polycyclic
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aromatic hydrocarbons (PAHs) and solid carbon deposits [4]. The pro-
duction of PAHs and solid carbon makes the process economically un-
attractive because it lowers the direct production levels of the
abovementioned valuable hydrocarbons [3]. The reaction mechanism
underlying the formation of the first aromatic ring during hydrocarbon
cracking is still a topic of debate. However, aromatization in a
hydrocarbon-rich environment is usually attributed to the interactions
between unstable free radicals and unsaturated hydrocarbon species
formed in such a system [9,10].

Some successful efforts have been made to lower the formation of
PAHs through steam reforming in a fluidized bed process [4,11]. For
example, olivine has been shown to catalyze the steam reforming re-
actions of the degradation products, suppressing the formation of PAHs
and solid carbon and enhancing the formation of syngas [4,11]. The
generic steam reforming reaction is described by Eq. (1).

CuHug) + H20() —  COgg) + Hy) @

The reaction pathway described in Eq. (1) involves the interaction of
water molecules with hydrocarbon species, leading to the transfer of
oxygen atoms from the water molecules to the hydrocarbon species.
Although steam reforming of the degradation products allows one to
control the formation of PAHs, it does not guarantee enhanced forma-
tion of the valuable hydrocarbon species, but rather the formation of
light syngas constituents. The increased formation of valuable hydro-
carbon species and monomers, concomitant with suppression of PAH
formation, can be ensured by hydrogenating the unsaturated hydro-
carbon species that are formed by breaking the C-C bonds present in
plastic materials. The hydrogenation reaction of 1-hexene, a common
intermediate molecule formed during thermal conversion of poly-
ethylene, is described in Eq. 2.

. N

c
¢ cn, T2 NG eH,(2)
Ho Hy Hy Ha

The thermochemical process that involves the cracking and hydro-
genation of hydrocarbons is commonly referred to as the hydrocracking
process [12]. The hydrocracking process involves the cracking of hy-
drocarbons followed by the hydrogenation of the cracked hydrocarbons
by reactive hydrogen to produce stable and lighter hydrocarbons [12].
The hydrocracking process is commonly used to convert heavy petro-
leum products into lighter chemicals in the presence of a catalyst and a
hydrogen atmosphere [12]. Hydrocracking facilitates the production of
compounds that have higher hydrogen-to-carbon (H/C) ratios than the
feedstock [12]. Although plastic materials like polyolefins have a high
H/C ratio, the reduced formation of aromatics and solid carbon from the
hydrocracking process makes it preferable over other processes, such as
steam cracking and pyrolysis [6]. In addition, the presence of hydrogen
enables the removal of heteroatoms such as chlorine, which may be
present in plastic waste [6]. Because of the abovementioned reasons,
hydrocracking of plastic materials, in particular polyolefins, has been
studied extensively by many researchers [6].

Hydrocracking processes commonly use catalysts and operate at high
pressure levels (up to 150 atm), which makes the hydrogen from the
surroundings reactive to the hydrocarbon species [12-15]. In the
absence of the catalytically active transfer sites and high-pressure
environment, hydrogen is released as Hy from the surroundings, such
that it does not contribute to the hydrogenation reaction [12-15].
Therefore, the hydrogenation of the cracked hydrocarbons during hy-
drocracking depends on both the hydrogen donation capability of the
surroundings and the hydrogen transfer capability of the catalyst
[12-15].

An alternative to hydrocracking in hydrogen atmosphere is hydro-
cracking by hydrogen-donors, which has also been comprehensively
studied [16-19]. The hydrogen released by the hydrogen donors hy-
drogenates the unsaturated hydrocarbons formed during the cracking
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reactions, as described in Eq. (2). The hydrogen donation capabilities of
naphthenic hydrocarbons such as cyclohexane and decalin have been
extensively described in the literature [18,19]. In addition, the hydrogen
donation capability of water molecules in a supercritical steam envi-
ronment has been studied in the context of upgrading heavy petroleum
products [14,20-23]. Supercritical water has been shown to increase the
H/C ratios of products, as compared to that of the feedstock, by trans-
ferring its hydrogen atoms to the hydrocarbon species. The transfer of
hydrogen atoms occurs on the surface of a transition metal oxide catalyst
and is linked to the water dissociation capability and the redox potential
of the metal oxide catalyst [14,20-23]. Although hydrocracking by
hydrogen donors (naphthenes, steam, etc.) is well-established in the
petroleum industry, to the best of the authors’ knowledge, such a pro-
cess has not been studied for the conversion of plastic materials.

Furthermore, during the hydrocracking processes, the formation of
solid carbon and feedstock impurities represents a serious problem. The
catalytically active transfer sites undergo deactivation following the
irreversible deposition of feedstock impurities and solid carbon on the
catalyst surface [12]. As a consequence, a part of the catalyst inventory
needs to be replaced with fresh catalyst to sustain the hydrocracking
reactions. The sensitivity of the hydrocracking catalysts towards feed-
stock impurities represents an operational challenge for conventional
hydrocracking processes that are dedicated to the conversion of feed-
stocks from plastic waste streams. Furthermore, treating heterogeneous
plastic waste in slurry reactors, the most common type of reactor used
for hydrocracking, is challenging. These challenges have hindered the
development of hydrocracking processes for plastic waste at industrial
scale.

Alternatively, a hydrocracking process dedicated to the conversion
of plastic waste can be operated with a reactor configuration that is
suitable for heterogeneous solid feedstocks and using a catalyst that is
resistant to the feedstock impurities. In this sense, a fluidized bed reactor
represents a suitable reactor configuration due to: (i) its ability to handle
heterogeneous feedstocks; (ii) its high convective heat transfer rates;
and (iii) enabling the possibility of introducing catalysts in the form of a
bed material [3,4]. Natural ores such as silica sand, olivine and bauxite
are less susceptible to the feedstock impurities compared to the con-
ventional cracking catalysts [3,4]. However, the hydrocracking capa-
bility of a fluidized bed operated with natural ores remains unknown
and unexplored, as of today.

This work aims to elucidate the hydrocracking capabilities of fluid-
ized bed reactors operated with natural ores as the bed materials. In the
present study, hydrocracking of polyethylene (PE) was investigated in a
bubbling fluidized bed (BFB) reactor. The hydrogen donation capabil-
ities of steam and the hydrogen transfer capability of the bed materials,
the two critical parameters for hydrocracking, were examined in two
steps. First, the capabilities of the different bed materials to generate Hy
via the water dissociation reaction were investigated in the absence of
the polyethylene feedstock. Second, to determine the hydrogen donation
capability of water, steam cracking was performed in parallel with the
water dissociation reaction on the surfaces of two different bed mate-
rials, bauxite and olivine. Bauxite and olivine were chosen as the bed
materials based on their abilities to undergo redox reactions and drive
the water dissociation reaction [24]. As a reference experiment, steam
cracking, in the absence of concurrent water dissociation reaction was
performed.

2. Materials and method
2.1. Materials

The investigated bed materials were bauxite and olivine (500 g
each). The properties of the bed materials used in this work are listed in
Table 1.

The PE pellets used as the feedstock for this investigation which had
a particle density of 945 kg/m® and pellet diameter of 2.5 mm, were
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Table 1
Properties of the bed materials used in this work.
Bauxite Olivine

Al,03 78% 0.46%
SiO, 15% 41.7%
Fe,03 1.3% 7.4%
MgO 0.2% 49.6%
Avg. particle size, d, (mm) 0.29 0.31
Particle density (kg/m>) 3000 3300
Minimum fluidization velocity, ums (m/s) 0.05 0.05

provided by Borealis AB. The PE pellets were taken from the same in-
ventory as used in a previous study [25]. The proximate analysis of the
PE pellets, along with the carbon and hydrogen contents, as previously
reported by Mandviwala et al. [25], is presented in Table 2.

2.2. Experimental setup

Fig. 1 provides a schematic of the experimental setup used in this
work. The bubbling fluidized bed reactor used in this work is a stainless-
steel tube with an internal diameter of 88.9 mm and a height of
1305 mm. The reactor is placed in an electrically heated oven. The
temperature along the height of the reactor is measured by the ther-
mocouples placed inside the reactor. The fluidization gases are intro-
duced from the bottom of the reactor through a gas distributor plate. The
gases leaving the reactor are continuously sampled through one of the
gas sampling probes h1l to h3. The sampled gas is divided into two split
streams. One part of the sampled gas is analyzed in a SICK GMS 820
permanent gas analyzer after being cooled and dried in a gas condi-
tioning system. The other part of the sampled gas is passed through a
solid-phase extraction (SPE) amine and collected in a Tedlar gas bag.
The condensable species are adsorbed on the SPE amine column,
whereas the non-condensable species are collected in the gas bag. The
procedure for quantification of all the sampled species is described in a
previous study [25].

2.3. Water dissociation test

The water dissociation capabilities of bauxite and olivine, in their
reduced form, were determined by performing a blank water dissocia-
tion test and quantifying the amounts of hydrogen released by the bed
materials. The blank test was performed at a bed material temperature
of 750 °C. The procedure for the blank water dissociation test is
described in Table 3.

During the reduction stage, the bed materials were reduced with a
mixture of CO and Ny for 180 s. The iron oxide contents of the bed
materials were reduced according to the following equation:

F6203(.\) + CO(g) — 2F€0(x> -+ COz(K) 3)

During the reduction stage, reduction of FeO to Fe is unexpected
considering the reduction temperature of 750 °C [26]. Moreover, the
reduction of the other metal oxides present in the bed materials (Al;Os3,
MgO, and SiO5) by CO is also thermodynamically not feasible at 750 °C
[26,27]. The reactor was then purged continuously with Nj to create an

Table 2

Properties of the PE pellets used in this work.
Proximate analysis % wt.
Moisture content 0.00
Volatile matter 99.92
Fixed carbon 0.00
Ash content 0.08
Carbon & Hydrogen
Carbon (C) 85.70
Hydrogen(H) 14.20

Source: [25].
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inert atmosphere. After the reactor was rendered inert, the bed material
was exposed to steam as one of the fluidization gases. Steam added to the
reactor was converted into hydrogen by the bed material according to
the following steam-iron reaction:

3F60(.\-) + HZO(g) — F€304(l\-) + Hz(g) 4

Since the metal oxides Al,O3, MgO, and SiO; remain in their fully
oxidized state, they can be considered inactive toward the water disso-
ciation reaction.

A fraction of the gases leaving the reactor during the blank test was
sampled and analyzed for its composition (%vol) in the continuous gas
analyzer. The known volume of Ny (Table 3) was used to estimate the
molar yield of hydrogen, according to the ideal gas law:

%ovoly,

n ny, (5)

" Gvoly,”
where ny and ny; represent the moles of Ny and Hy, respectively, and %
voly, and %voly, are the concentrations (%vol) of Hy and Ny, respec-
tively, in the gases leaving the reactor, as measured by the continuous
gas analyzer.

2.4. Steam cracking (reference test without water dissociation)

PE pellets (2 g per batch) were fed directly onto the top of the flu-
idized bed. The weight of the feedstock represents a bed material to
feedstock ratio of 250. A high bed material to feedstock ratio is used to
avoid defluidization problem in the reactor. Steam cracking was per-
formed at the bed material temperature of 750 °C. The temperature in
the freeboard was maintained at 745 °C, at heights h2 and h3 (see
Fig. 1). Each set was performed three times to ensure the repeatability of
the experiments. The procedure for each set of steam cracking experi-
ments is summarized in Table 4.

As described in Table 4, the fluidization gases were switched for each
of the three stages of the experiment. During stage 1, the bed material
was oxidized at the same reaction temperature of 750 °C. Oxidation of
bed material was achieved by exposing the fluidized bed material to air,
as described in Table 4. A fraction of the gases exiting the reactor was
continuously analyzed for its Oy concentration (%vol). Complete
oxidation was assumed to have occurred when the O, concentration of
the gases leaving the reactor matched the ambient O, concentration of
20.9% vol. The complete oxidation of the bed materials before the steam
cracking stage ensured that there was no water dissociation reaction
caused by the bed material during the steam cracking stage.

A known volume of helium (He) was used as one of fluidization gases
during the steam cracking and carbon deposit combustion stages of each
experiment. Fluidization with a known volume of He, together with the
fluidization gases, facilitated the calculation of the total volume of gases
produced during the steam cracking and carbon deposit combustion
stages. The fluidization gas flow rate used throughout the experiment
corresponded to a fluidization velocity that was 10-12 times the mini-
mum fluidization velocity (upg) of the bed material used. The estimated
minimum fluidization velocities of the two bed materials used in this
work were 0.05 m/s.

During the steam cracking stage, the sampled gas was assayed for its
Hy, CO, CO4 and CH4 concentrations (vol%) using the continuous gas
analyzer. These concentrations were continuously monitored to assess
the total time of steam cracking. The total time required for steam
cracking was estimated as 120 s. For a detailed analysis of the other
steam cracked species, a split steam of the sampled gas was passed
through an SPE amine column. Gases exiting the SPE column were
collected in a 0.5-L Tedlar gas bag. The gas bags with the collected gases
were analyzed in the Agilent 490-micro-GC system. A summary of the
gases measured by the micro-GC system is detailed in Table 5. Since the
separation of individual Cz and C4 hydrocarbons was beyond the scope
of the micro-GC system, the C3 and C4 hydrocarbons are collectively
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Generator

Fig. 1. Schematic of the experimental setup.
Source: [25].

Table 3
Experimental procedure for the blank water dissociation test.

Experimental stage Fluidization gases (Iy/min) Time

Ny Steam Cco

Reduction 2.0 0.0 3.0 180 s

Inert 2.0 0.0 0.0 Until 0%vol CO

Hydrogen generation 2.0 4.0 0.0 Until 0%vol Hy
Table 4
Experimental procedure for steam cracking of PE.

Experimental stage Fluidization gases (ly/min) Time

Nitrogen = Steam  Air  Helium
1. Oxidation of the bed 0.0 0.0 5.0 0.00 Until 20.9%
material vol O,
2. Steam cracking 2.0 4.0 0.0 0.05 120s
3. Carbon deposit 0.0 0.0 5.0 0.05 120s
combustion
Table 5
Gases measured by the Agilent 490 micro-GC system.
Column Gases
CP-Cox He, H,, Air, CO, CH4

PoraPLOT U CO,, CoHy, CoHg. CoHa, C3Hy
CP-WAX 52 CB Benzene, Toluene
CP-Sil 5 CB C4Hy

represented as C3Hy and C4Hy in the following sections. The detection of
aliphatic compounds with more than four carbon atoms was also beyond
the scope of the analytic instruments used in this work.

The aromatic hydrocarbons were quantified with the BRUKER GC-
FID system according to the solid-phase adsorption (SPA) method
described by Israelsson et al. [28]. The redundant measurements of
benzene and toluene on the CP-WAX column of the micro-GC system
ensured that all of the benzene and toluene were captured and quanti-
fied by the SPA method.

Following steam cracking, solid carbon deposits remained in the
reactor along with the bed material. The yield of solid carbon deposits in
each bed material was determined by combusting it in presence of air
and measuring the amounts of carbon oxides produced during the

process. The fluidization gases were changed from nitrogen and steam to
air, to allow combustion of the carbon deposits. The combustion gases
were sampled for 120 s and collected in a separate 0.5-L Tedlar gas bag.
The compositions of the collected combustion gases were measured
using the micro-GC system.

2.5. Steam cracking with concurrent water dissociation

As mentioned in Section 1, the hydrogen donation capability of
water molecules was determined by performing the steam cracking tests
concurrently with the water dissociation reaction on the surface of the
bed material. Concurrent water dissociation reaction was achieved by
splitting the water molecules on the surface of the bed materials that
contained iron oxide in a reduced form. The bed materials, prior to the
steam cracking tests, were fluidized with a mixture of CO and N5 in order
to reduce the iron oxides present in the bed materials. The bed materials
were fluidized with a CO/N5 mixture until the concentration of CO,
exiting the reactor reached 0% vol. The fluidization gases were then
switched to Ny for 2 min to purge the reactor and create an inert envi-
ronment. Steam was added to the fluidized bed after the concentration
of CO reached 0%vol.

The PE pellets were dropped directly on top of the reduced fluidized
bed after steam was added to the reactor. That ensured the water
dissociation reaction was initiated before the steam cracking reactions.
The steam cracking products, with the hydrogen generated from the
water dissociation reaction, were sampled for 120 s after the PE pellets
were introduced into the reactor. The concentration profile of hydrogen
obtained from the blank water dissociation test affirmed that the steam
cracking and water dissociation reactions occurred simultaneously
during the time window of 120s. The procedure for sampling and
analysis of the species produced during the steam cracking of PE with
concurrent water dissociation was the same as that described in Section
2.3.

2.6. Data evaluation

The data evaluation procedure used in this work is adapted from a
previous work [25]. The results reported in the following sections are
the average values derived from the three repetitions of each experi-
ment. The errors correspond to the standard deviations for the repeti-
tions. The results were derived following the same sampling, analysis
and evaluation procedures. As a result, the observed trends are expected
to outweigh the systematic errors for all the data-points.
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The He-tracing method was used to calculate the molar yields (mol/
kgpg) of the gaseous species collected in the Tedlar gas bags. The molar
yields of all the measured gaseous species were calculated using Eq. (6).

Ci VHe—Iracing 1
= —_— |- 6
" Mmpg ( Che ) Vin ©

where n; represents the molar yield, c; is the concentration of gaseous
species I, Cye and Vie.gracing denote the concentration and volume of the
tracer gas, respectively, mpg is the weight of the PE pellets for each
batch, and V;, is the volume of one mole of an ideal gas at 25 °C. The
molar yield of each species was then converted to the respective carbon
and hydrogen yield (%carbon and %hydrogen) depending on the carbon
and hydrogen contents of the feedstock (see Table 2).

3. Results
3.1. Water dissociation

The concentration profile of the hydrogen gas, as logged by the
continuous gas analyzer, produced during the blank water dissociation
test is shown in Fig. 2. In Fig. 2, the time window of 25-145 s indicates
the time during which the steam cracking of PE was performed in par-
allel to the water dissociation reaction after the blank test. The total
amount of hydrogen (Hjy) produced during the blank test were
0.013 mol and 0.019 mol for bauxite and olivine, respectively. The
theoretical yield of Ha, calculated based on Egs. (3) and (4), and the
Fe,03 content of bauxite and olivine (see Table 2), stood at 0.027 mol
and 0.154 mol, respectively. The amounts of hydrogen produced during
the indicated time window of 120 s corresponded to 0.012 mol and
0.017 mol for bauxite and olivine, respectively.

3.2. Carbon balance

Table 6 compares the product yields (%carbon and %hydrogen, by
weight) derived from the steam cracking of PE at 750 °C, with and
without concurrent water dissociation reaction on the surfaces of
bauxite and olivine. Hereinafter, the reduced bed materials comprised of
bauxite and olivine that have the capability to dissociate water are
termed ‘bauxite-H' and ‘olivine-H’, respectively. In their highest oxida-
tion states, the bed materials are simply referred to as bauxite and
olivine.

The results reported in Table 6 gives the global carbon balance for all
the performed experiments. The error values represent the standard
deviation for the three repetitions of each experiment, indicating the
reproducibility of the experiments. The yields of carbon-containing
species are calculated as %carbon (of the carbon content of the feed-
stock), and the yield of hydrogen gas (H) as %hydrogen (of the

e— Bauxite
= == QOlivine

H, concentration (% vol, dry)

0 50 100 150 200 250
time (s)

Fig. 2. Concentration profile of hydrogen produced during the blank water
dissociation tests with the bed materials bauxite and olivine. The time window
of 25-145 s indicates the time during which the steam cracking (parallel to
water dissociation) tests were performed after the blank test.
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Table 6

Distribution of the products obtained from the steam cracking of PE with and
without concurrent water dissociation reaction. Carbon-containing species are
reported in terms of their contribution (%) to the carbon balance, and H, is
reported as its contribution (%) to the hydrogen balance. Values shown are
‘mean’ =+ ‘standard deviation’.

Bauxite Bauxite- Olivine Olivine-H
H
Concurrent water dissociation ~ No Yes No Yes
%wt. carbon
CoHy 28.82 34.90 32.77 31.58
+1.63 +0.40 +1.08 +2.88
C3Hy 10.25 11.17 12.90 12.59
+0.19 +1.09 +0.90 +1.10
C4Hy 4.56 5.44 4.32 3.42
+0.22 +0.59 +0.17 +0.04
Total aromatics 20.67 16.82 21.47 21.45
+0.53 +0.64 +0.65 +0.49
Benzene 10.42 8.78 10.99 11.30
+0.18 +0.26 +0.58 +0.17
Toluene 3.30 2.71 3.41 3.45
+0.08 +0.02 +0.09 +0.02
Xylene 0.37 0.30 0.38 0.38
+0.01 +0.01 +0.01 +0.01
Styrene 1.60 1.16 1.65 1.46
+0.08 +0.05 +0.01 +0.06
Naphthalene 1.88 1.51 1.84 1.83
+0.11 +0.16 +0.07 +0.12
Others 3.09 2.36 3.19 3.02
+0.53 +0.16 +0.08 +0.12
Total paraffins 14.44 18.34 15.75 16.94
+0.86 +0.86 +0.23 +0.86
CH4 10.98 13.59 11.87 12.52
+0.72 +0.78 +0.06 +0.64
CoHe 3.46 4.75 3.88 4.42
+0.14 +0.08 +0.17 +0.22
Total carbon oxides 4.90 4.22 4.63 5.61
+0.13 +0.03 +0.45 +0.15
(¢0) 1.99 2.51 1.55 2.87
+0.15 +0.17 +0.25 +0.11
CO, 291 1.71 3.08 2.74
+0.02 +0.20 +0.20 +0.04
Solid carbon deposits 2.64 1.08 0.82 1.31
+0.26 +0.09 +0.16 +0.08
Undetected” 13.72 8.03 7.14 7.10
+2.33 +1.94 +3.19 +4.32
%wt. hydrogen
Hydrogen (Hy) 2.29 9.52 1.74 9.59
+0.05 +1.26 +0.02 +0.25

# ‘Undetected’ represents the difference between the total carbon in the
feedstock and the amount of carbon in the measured products.

hydrogen content of the feedstock). The results obtained for the four
experiments correspond to carbon balance closure values of 86%, 92%,
93% and 93%. The undetected carbon reported here is the difference
between the total carbon in the feedstock and the amount of carbon
measured in the products. The undetected carbon corresponds to
aliphatic hydrocarbon species with more than four carbon atoms;
measurements of these species were beyond the scope of the analytical
methods used in this work.

3.3. Product distribution

The results of this work (Table 6) are expressed as the share of
carbon-containing species (%carbon) contributing to the carbon balance
and the share of Hy (%hydrogen) contributing to the hydrogen balance.
The results provide a clear understanding of the carbon and hydrogen
distributions among the products of steam cracking. Reporting the
product yields as %weight of the feedstock can be ambiguous, specif-
ically for carbon oxides, because the oxygen of carbon oxides can be
derived from steam and the iron oxide content of the bed material and
not from the feedstock itself. To facilitate an unbiased comparison with
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the results reported in the literature, the results reported in Table 6 can
be transformed to the %weight of the feedstock using the carbon and
hydrogen contents (see Table 2) of the feedstock.

Methane, ethane, ethylene, CsHy and C4Hy were the main gaseous
products obtained from the steam cracking of PE with bauxite as the bed
material. The aromatic hydrocarbons comprised mainly benzene,
toluene, styrene and naphthalene. The combined yields of carbon atoms
among the gaseous products were 74% and 63% for the steam cracking
experiments with bauxite-H and bauxite, respectively. The higher yield
of the carbon-containing gaseous products in the presence of the water
dissociation reaction (74%) was due to remarkably higher yields of
ethylene (34.90%) and methane (13.59%), as compared to the corre-
sponding experiments conducted in the absence of the water dissocia-
tion reaction (28.82% and 10.98%, respectively). The total yields of
aromatic hydrocarbons were 20.67% and 16.82% for bauxite and
bauxite-H, respectively. Steam cracking in the presence of the water
dissociation reaction produced significantly lower amounts of all the
aromatic hydrocarbon species as compared to steam cracking without
water dissociation. The total yield of carbon oxides was identical for
bauxite (4.9%) and bauxite-H (4.22%). The yield of solid carbon de-
posits was slightly higher for bauxite (2.64%) than for bauxite-H
(1.08%). The yields of hydrogen gas (Hz) were 2.29% and 9.52% (as
%hydrogen of the feedstock) for bauxite and bauxite-H, respectively.
The dramatic difference in yields of Hy appeared to be attributed to the
generation of Hy from the water dissociation reaction in the presence of
bauxite-H.

The main products obtained from steam cracking with olivine and
olivine-H as the bed materials were methane, ethane, ethylene, C3Hy,
mono aromatics and naphthalene. Although a clear shift in product
distribution was observed between the use of bauxite and bauxite-H as
the bed materials, the product distributions obtained with the bed ma-
terials olivine and olivine-H were quite similar. The yields of gaseous
products were 70% and 69% for olivine and olivine-H, respectively.
Correspondingly, the total yields of aromatic hydrocarbons for olivine
and olivine-H (21.47% and 21.45%, respectively) were identical. The
yields of carbon oxides (4.63% and 5.61%) and solid carbon deposits
(0.82% and 1.31%) were also near-identical for olivine and olivine-H,
respectively. The only difference observed was in the yield of Hy and
that was because of H; generation from the water dissociation reaction
in the presence of olivine-H.

The main products of PE steam cracking obtained with all four bed
materials used in this work are comparable to those obtained by Jung
and colleagues for fluidized bed conversion of PE at 728 °C [29].
Methane, olefins and mono aromatics were also the main products ob-
tained by Kaminsky from fluidized bed steam cracking of PE at 740 °C
[5]. However, the overall product distributions obtained in this work
differ slightly from the distributions obtained by Jung and coworkers
[29] and Kaminsky [5]. The yields (wt%) of Cy, C3 and C4 olefins re-
ported by Kaminsky were 25.4%, 9.0% and 3.1%, respectively [5]. Jung
et al. reported yields (wt%) of 21.5%, 10.5% and 5.3% for Cg, C3 and C4
olefins, respectively [29]. The combined yields of mono aromatics ob-
tained by Kaminsky and Jung et al. corresponded to 16.9 wt% and
14.5 wt%, respectively [5,29]. The product distributions obtained by
Kaminsky and Jung et al. are comparable to that obtained with bauxite
in the present work (see Table 6).

The features and operating conditions of the reactors are important
factors for explaining the results obtained in the cracking of polyolefins.
The product distributions obtained with bauxite-H, olivine, and olivine-
H differ slightly form those reported in the literature. The differences
can be attributed to the differences in the bed materials used by both
Kaminsky and Jung et al. (silica sand) [5,29] and those used in this work
(bauxite and olivine). The increased formation of light olefins,
concomitant with suppression of PAH formation, can also be achieved in
a reactor configuration which enables high heating rates and short
residence times [30,31]. Artetxe et al. obtained 77 wt% yield of light
olefins by rapid thermal cracking of the low-temperature pyrolysis
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products of PE in a secondary tubular reactor [30,32]. Milne et al. ob-
tained a similar selectivity to olefins (75 wt%) in an internally circu-
lating fluidized-bed reactor, operating with a residence time of 0.4 s
[31].

3.4. Effect of the water dissociation reaction

The extent of the hydrocracking reactions is usually linked to in-
creases in the hydrogen contents of the produced hydrocarbons [14,
20-23]. From the results shown in Table 6, it is clear that the share of
hydrogen among the products of steam cracking is considerably higher
with parallel hydrogen generation in the presence of bauxite-H or
olivine-H. This increase is evident for the yield of hydrogen as Hy. The
extent to which hydrogen atoms are transferred to the hydrocarbon
species can be determined by comparing the H/C ratios of the steam
cracking products obtained with and without the hydrogen generation
reaction. The H/C ratios of the products are expected to increase in the
presence of hydrogen transfer reactions.

An overall hydrogen balance, which involves the quantification of all
olefinic, paraffinic and naphthenic species (C3Hy, C4Hy, CsHy, etc.), is
required to determine the actual H/C ratios of the products. The quan-
tification of individual C3Hy and C4Hy species was beyond the scope of
the analytical instruments used in the work. Nonetheless, a range of H/C
ratios of the obtained products was estimated rather than an exact value.
The same approach was used in a previous study to determine the extent
of dehydrogenation during steam cracking of PE [25].

For the purpose of determining the maximum value of the range,
CsHy and C4Hyx were assumed to be CsHg and C4Hj, respectively,
whereas for calculating the minimum value of the range, they were
assumed to be C3H4 and C4Hg, respectively. The ranges of the H/C ratios
of the products obtained from the four experiments performed in this
work are shown in Fig. 3.

It is evident from Fig. 3 that the ranges of the H/C ratios of the
products obtained with bauxite (1.77-1.98) and bauxite-H (1.95-2.17)
are significant different. In contrast, the ranges of the H/C ratios for
olivine (1.83-2.06) and olivine-H (1.82-2.04) are identical. The in-
crease in the H/C ratio of the products with bauxite-H as the bed ma-
terial gives an indication of hydrogenation of the steam cracking
products in the presence of the water dissociation reaction. However,
the water dissociation reaction in the presence of olivine-H had no in-
fluence on the hydrogenation of the produced free hydrocarbon species,
leading to similar H/C ratios of the products as was the case with olivine.
The hydrogen produced from the water dissociation reaction on the
surface of olivine-H appeared to be released entirely as Hy.

]
olivine-H l:l
] i H/C ratio of
i the feedstock
olivine
1
1 l
bauxite-H

bauxite

H/C ratio

Fig. 3. Ranges of the H/C ratios of the products obtained from steam cracking
of PE with the four bed materials.
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4. Discussion

As mentioned in Section 1, the hydrocracking reactions are governed
by two crucial process parameters: (1) the hydrogen donation capability
of the surroundings; and (2) the hydrogen transfer capability of the
catalyst. In the process used in this work, these parameters correspond to
the hydrogen donation capability of water and the hydrogen transfer
capability of the bed materials (bauxite and olivine), respectively.

From the results obtained in this work, it is clear that the hydrogen
produced by the dissociation of water molecules on the surface of
bauxite-H hydrogenates the hydrocarbon species produced during the
steam cracking of PE. Compared to olivine olivine-H does not give a
significant increase in the H/C ratios of the products. This discrepancy
may be explained by differences in the abovementioned two parameters
for the two materials investigated.

The hydrogen donation capability of water is related to the amount
of hydrogen produced by the water dissociation reaction. The total
amounts of hydrogen produced in the presence of bauxite-H and olivine-
H, as estimated from the blank test, were 0.013 mol H, and 0.019 mol
Ho, respectively. The amounts of hydrogen produced from the water
dissociation reaction prove that the hydrogen donation capability of
water is similar in the presence of bauxite-H or olivine-H. Despite the
similar hydrogen donation capability of water, the hydrocracking phe-
nomenon was observed only with bauxite-H, and not with olivine-H (see
Fig. 3). Therefore, it is evident that olivine-H does not have a hydrogen
transfer capability, resulting in H/C ratios of the products similar to
those seen with olivine.

In the conventional hydrocracking processes, the hydrogen transfer
capability of the catalyst is linked to the surface availability of the active
sites and the characteristics of the catalyst support [12-15]. Although
the bed materials used in this work do not resemble hydrocracking
catalysts, some parallels can be drawn. The reduced iron present in
bauxite-H and olivine-H that drives the water dissociation reaction can
represent the active sites. That being said, the remainder of the bed
material (SiOy, Al,O3, and MgO), which remains inactive towards the
water dissociation reaction, can be considered as the support for the
active sites.

The surface availability of the active sites in bauxite-H and olivine-H
can be compared by comparing the surface availability of iron oxide for
both bed materials. The availability of iron oxide on the surface of
natural olivine is known to be negligible from the previously reported
literature [33,34]. The iron present as a silicate in natural olivine is
known to migrate towards the surface, forming a hematite layer upon
thermal treatments at temperatures above 850 °C [33,34]. The olivine
bed material used in this work was never exposed to temperatures
higher than 750 °C. Due to these reasons, the bed materials olivine and
olivine-H are expected to have a negligible surface availability of iron as
hematite. On the other hand, iron is present as individual particles of
hematite in bauxite [35,36]. Therefore, the surface availability of iron is
expected to be higher for bauxite, even though the total iron content of
bauxite (1.3%wt.) was considerably lower than that of olivine (8%wt.),
as reported in Table 1. Furthermore, the difference in the H/C ratio of
the products obtained with bauxite and olivine (in their natural state) is
also noteworthy. The range of H/C ratio obtained with bauxite
(1.77-1.98) was slightly lower than that obtained with olivine
(1.83-2.06). The presence of Fe;O3 on the surface of the bed material
has been shown to lower the H/C ratio of the products obtained from the
steam cracking of PE in a previous study [25]. That in addition to the
previous arguments indicates that bauxite had a higher surface avail-
ability of iron compared to olivine.

The second parameter that affects the hydrogen transfer capability of
the catalyst is the catalyst support. For the conventional hydrocracking
catalysts, the active sites are supported by amorphous silica-alumina, or
zeolite, or a combination of the two [12-15]. These catalyst supports are
ideally porous materials that offer large surface area for the catalytic
reactions [12-15]. In this sense, some of the properties of bauxite are
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comparable to those of a conventional hydrocracking catalyst support.
Bauxite exhibits the constituent components of a hydrocracking catalyst
support, i.e., aluminum oxide (AlyO3) and silicon dioxide (SiO3). The
bauxite used in this work had a combined Al,O3 and SiO, concentration
of 93 wt% (see Table 1). In addition, bauxite is known to have porosity
similar to that of hydrocracking catalyst supports [35,36]. Owing to
these similarities, bauxite has also been used to prepare high-efficiency
hydrocracking catalyst supports [35,36]. In contrast, the properties of
olivine do not correspond to the properties of a hydrocracking catalyst
support. Olivine, being a magnesium silicate, is known to contain
negligible concentrations of free AloO3 and SiO; [33,34].

It is clear from the above discussion that water dissociation (by the
active sites) in a fluidized bed steam cracking process has the potential
to hydrogenate the produced hydrocarbon species. The use of the bed
materials (bauxite and olivine) with different properties revealed that
the hydrocracking potential of a fluidized bed depends on the hydrogen
transfer capability of the bed material. However, the influences of the
bed material properties, such as the chemical composition, porosity, and
the surface density of the active sites, on the hydrogen transfer potential
of the bed material remain to be elucidated, and this is beyond the scope
of the present work.

The fluidized bed hydrocracking process described in this work re-
quires a cyclic process wherein the active sites of the bed material are
exposed to a continuous cycle of reduction and oxidation. That is
because the active sites once they are oxidized by the steam can no
longer sustain the water dissociation reaction. Thus, continuous reduc-
tion of the active sites is required to sustain the water dissociation re-
action. In this context, a dual fluidized bed (DFB) reactor configuration
can be employed to create these conditions. A DFB system in which the
bed material is reduced before it enters the hydrocracker is described in
Fig. 4. The reduction agents used in such a system can be, for instance,
methane, carbon monoxide, or hydrogen, which are obtained as the
products of steam cracking. Such a configuration, when sealed thor-
oughly with non-mechanical valves called loop seals, will prevent the
exchanges of gases between the three reactors [37]. That enables a
continuous water dissociation reaction in the hydrocracker, thereby
sustaining the hydrogen donation capability of the water.

A DFB system also has an advantage over standalone fluidized bed
systems in that it can continuously remove the solid carbon deposits
formed on the bed material through oxidation within the secondary
fluidized bed (combustor). Steam cracking of plastic materials in fluid-
ized beds has shown a significant formation of solid carbon deposits on
the bed material compared to their fixed carbon content [4]. In addition,
the presence of impurities (e.g., paper and cardboard) in the plastic
waste streams will also lead to the formation of solid carbon deposits

Product gas Flue gas
0-AS ( \
Reducing agent
Hydrocracker (CH, H, etc) Combustor
r-AS Reduction 0-AS
«— -
\ ) reactor

T T CO,, H,0

Plastics Steam Fuel Air

0-AS: oxidized active sites
r-AS: reduced active sites

Fig. 4. Schematic of a DFB steam cracker that enables the continuous intro-
duction into the hydrocracker of bed material that contains reduced active sites.
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during the steam cracking process. In fluidized beds, the formation of
carbon deposits on the bed material leads to the loss of the fluid phase
and the heat transfer capacity of the fluidized bed [38]. Besides the
removal of the carbon deposits, a DFB system has another advantage
over a standalone fluidized bed in that the heat required for steam
cracking can be conveniently transferred from the combustor to the
steam cracker by the means of the bed material.

5. Conclusions

Hydrocracking of PE using hydrogenation by steam in a fluidized bed
process was investigated in this work. The water dissociation reaction
was used to generate the hydrogen for the hydrogenation step that is
required for hydrocracking. The use of bauxite and olivine, in their
reduced form, as the bed materials facilitated the water dissociation
reaction. It is shown that the conversion of PE in the presence of reduced
bauxite gives a product distribution with a higher range of H/C ratios, as
compared to using bauxite in its highest oxidation state. The range of H/
C ratios increased from 1.77-1.98 (for oxidized bauxite) to 1.94-2.16
(for reduced bauxite). Similar experiments performed with olivine and
reduced olivine did not show a significant difference in the H/C ratios of
the products. Despite the similar hydrogen donation capabilities dis-
played by water in the presence of reduced bauxite and olivine, hy-
drocracking of PE was observed exclusively on the surface of reduced
bauxite. The main conclusion here is that hydrocracking through hy-
drogenation by steam is achievable in fluidized beds that are operated
with natural ores as the bed materials, under the conditions that: (1) the
bed material has the ability to drive the water dissociation reaction
when it is in contact with the hydrocarbon feedstock; and (2) the bed
material has the ability to transfer the generated hydrogen to the hy-
drocarbon species.
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