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Abstract

Today, only 15% of the plastic waste in Europe is recycled. However, the existing
recycling processes used, cannot preserve the quality of the material. The main
production of plastic products is based on fossil resources and to ensure future assets,
and to reduced environmental impact, new technology for recycling is demanded.
Gasification of plastic has so far been utilized for production of fuels, and the next
step is the possibility of production of hydrocarbon monomers.

Gasification of hydrocarbon polymers includes an initial step of pyrolysis, followed
by secondary gas-phase reactions of the volatile pyrolysis products and the gasi-
fying agent. In this Master’s Thesis, a kinetic model of the secondary gas-phase
reactions of polyethylene steam gasification at 700-800°C, is formulated. Based on
existing hydrocarbon thermodynamic and kinetic mechanisms, a plug flow model is
simulated in ANSYS Chemkin-Pro, with an input of polyethylene-derived pyrolysis
products obtained from earlier published literature. From the simulated results it is
concluded, that the provided input temperature profiles and sets of reactant input
compositions, have low influence on the obtained results. Instead, the residence time
shows the highest influence of the progress of product specie concentrations, where
the largest increase occurs within 20 ms. Study of reaction pathways for the applied
conditions, show that in relation to ethylene, the simulated results are similar to
literature of pyrolysis and combustion processes. In relation to existing experimen-
tal data of polyethylene steam gasification, from the gasification unit in Chalmers
Power Central, the simulated yields are overall higher for the hydrocarbon species,
while the products of the water-gas shift reaction are underestimated.

The formulated model can further be used for explicit examination of specific mech-
anisms related to the process of steam gasification of hydrocarbon polymers. The
model set-up provides the possibility to study different conditions regarding tem-
perature, pressure, residence time and reactant input composition.

Keywords: fluidized bed, kinetic simulation, plastic waste, polyethylene, pyrolysis,
reaction network, secondary gas-phase reaction, steam gasification.
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1. Introduction

Plastic products are used in modern everyday life. A larger share as disposable
products which are only used once e.g. plastic bags. Fossil resources are today the
primary raw material utilized in the production of plastic polymers. Hydrocarbon
monomers are polymerized to chains and, by chemical and/or thermal treatment,
plastic materials with different properties are produced. The resistance to degrada-
tion is highly efficient during usage. However, as the lifetime of the products is short,
the resilience causes problems when plastic waste is deposited in landfills, where it
will accumulate or spread to nature causing environmental problems at both land
and sea [1, 2]. Other alternatives to landfill is recycling of the material or energy
recovery.

1.1 Background

The production rate of plastics in the world has reached over 300 billion tonnes per
year and almost 26 billion tonnes of plastic waste is generated in Europe every year.
Only a small portion, according to Onwudili et al. (2009) in Europe about 15%, is
recycled which results in extensive economic and resource losses [3, 4]. Incineration
of plastic waste generates useful energy. However, the process demands comprehen-
sive cleaning of flue gases and carbon dioxide from fossil resources is released to the
atmosphere, which makes energy recovery a less efficient and less sustainable choice
than recycling [2]. During recycling of plastics, with existing technology, the mate-
rial is somewhat degraded (i.e. cascade recycling) and cannot produce products of
the same quality as the previous. Even though the process of recycling can be more
efficient than incineration, the polymers will eventually end up in landfills.

For a sustainable environmental and socioeconomic future the use of resources must
be more efficient to avoid depletion and to ensure future assets. Alternatives of bio-
based raw materials are at the moment too expensive compared to the production
of plastics from fossil-based materials [3], and the today existing options for plastic
waste afterlife are not meeting the demand set by the European Commission [2, 4].
Gasification of polymers represents an interesting option of recycling. The material
is heated up and initially degraded in an oxygen lean environment, i.e. pyrolysis,
before further conversion in the presence of a gasifying agent, e.g. air or steam,
occurs. The desired outcome is to obtain monomers, which can be converted into
new polymers. The plastic waste is "upgraded" to raw material and retained for
future subsequent usage.
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As of today, gasification of plastics is mainly utilized for production of fuels, i.e.
energy recovery, a process that does not make use of the initial effort that was put
into creating the monomers [3].

Research of products from pyrolysis and gasification, of different pure polymer ma-
terials and mixtures of polymers, has been performed [5-7]. However, to obtain
desired and valuable products, understanding of the process is of great importance.
In this work, the reaction steps of steam gasification are examined for a model
polymer, polyethylene (PE). Approximately 40% of the plastic content in Western
European municipal solid waste (MSW) consists of PE plastics, which makes it an
interesting choice of model polymer [6].

1.2 Aim of the thesis

This thesis aims to gain understanding of the process steps and reaction network
of hydrocarbon polymer gasification, by formulating a model of the secondary gas-
phase reactions of polyethylene-derived pyrolysis products during steam gasification.
Knowledge of the gasification process are of importance for design of industrial scale
operational conditions, in order to optimize and ensure the desired product outcome,
and to maintain as high efficiency as possible during the process.

In the thesis, the process of gasification of PE at an atmospheric pressure and a
temperature range of 700-800°C is to be described through kinetic modelling. The
mechanisms of gasification of solid PE to product gas, are to be studied and discussed
in relation to experimental data obtained at Chalmers Power Central. The work
tasks have consisted of: literature study of the process of hydrocarbon pyrolysis;
setting up, testing and evaluating a model based on existing kinetic mechanisms;
and finally discuss the results in relation to existing experimental data of gasification
of PE from Chalmers Power Central. The high temperatures of the gasification unit
in the Chalmers Power Central, well above that of PE melting and degradation
temperature (500°C) [8], allows for flash pyrolysis, i.e. thermal degradation at high
temperature and short residence time, to occur. The primary pyrolysis of PE,
from solid granules to gas-phase, is studied in literature where a prescribed gas-
phase composition is obtained. Focus of this work is the reactions of the volatile
species, where the reaction pathways related to ethylene, benzene and naphthalene
are studied in detail.



2. Theory

Polyethylene is a homo-polymer which consists of polymerized ethylene monomers
(CyHy),. Depending on the branching of the polymer, different kinds of PE can be
produced. Some of the most common kinds are high-density (HDPE), linear low-
or low-density PE (LLDPE respectively LDPE). The polymer structure of the three
kinds of PE with different densities are presented in Figure 2.1. Variation of the
density gives the material different characteristics and makes it usable for a wide
range of applications, from soft plastic bags to drainpipes and electric insulation.
Common for all PE polymers is that they belong to the family of thermoplastics,
meaning that the polymers are connected by intermolecular bonds forming a material
that is solid and hard at low temperatures while softening when the temperature is
increased [6]. The solid PE melts at a temperature range of 100-140°C, depending
on the density, and by further increasing the temperature, the polymer starts to
degrade [9].

/\/\mw

a) High-density ) Linear low-density ) Low-density

Figure 2.1: Polymer structure of three different kinds of polyethylene density, i.e. level
of branching.

2.1 Pyrolysis of Polyethylene

The gradual pyrolysis of PE is often described in several steps and in the literature
different reaction paths of the pyrolysis have been discussed. According to West-
erhout et al., initially primary pyrolysis takes place where the polymer starts to
degrade into wax-like materials (Scheme A, Figure 2.2), whereas Onwudili et al.
also suggests that direct devolatilization of the polymer occurs, generating gaseous
compounds (Scheme B Figure 2.3) [5, 6]. The gas consists mainly of light hydrocar-
bon species, that are non-condensable at room temperature. Hydrocarbon chains
with higher carbon numbers (>C20) forms waxes and denotes the first condensable
compounds obtained during the pyrolysis [10].
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Further, the waxes will devolatilize into smaller gaseous compounds of paraffins and
olefins, example of molecular structure is presented in Figure 2.4a and 2.4b.

o \
Polymer Wax ————— > Aromatics —_, Char

Figure 2.2: Scheme A of polymer pyrolysis with primary conversion to wax. Further,
degradation and secondary gas-phase reactions forms light hydrocarbon and aromatic
compounds before char formation takes place [5].

¥

Gas
ée,@- I \

Polymer ——————— Wax ——— Aromatics — . Char

Figure 2.3: Scheme B of polymer pyrolysis with primary conversion to both gaseous
and wax compounds. The secondary gas-phase reactions include formation of both light
hydrocarbon and aromatic compounds, as well as evaporation and condensation [6].

devol

At high temperatures, the small gaseous olefins and paraffins are unstable and will
continue to react with each other, and possibly a gasifying agent. This is called the
secondary gas-phase reactions, where both light hydrocarbon species and aromatic
compounds (Figure 2.4¢) are formed [5]. Onwudili et al. proposes possible additional
reaction paths in Figure 2.3, where also a liquid phase is present in the mechanism.
For sufficient residence time and temperature, the polymer is converted into char in
both schemes [5, 6].

NN AN

a) Paraffin; Hexane CsH14  b) Olefin; Hexene C4H12  ¢) Aromatic; Benzene CgHg

Figure 2.4: Molecular structure of paraffin, olefin and aromatic.
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The final product composition depends on the operational conditions, such are res-
idence time, temperature and gasifying agent. The density of PE has, according to
Westerhout et al. (1998) "no significant influence of the product spectrum obtained
in pyrolysis", however mixing of PE with different other polymers, e.g. polystyrene
or polypropylene, will have an affect on the final product composition [7].

2.1.1 Scissioning of hydrocarbon chain

In 1977, Seeger and Gritter conducted experiments of flash pyrolysis at 780°C with
PE and n-paraffins. From these, it was possible to establish a theory of a random
degradation mechanism during the primary pyrolysis. The results also indicated
that the mechanism was similar for both the shorter hydrocarbon chains with carbon
numbers 18-40, as for the longer polymer chain. Also, dissociation of carbon bonds
at the end of the chain requires more energy compared to the other carbon bonds
not holding an end-group [11]. Later on, Murata et al. (2002) determined for a
continuous flow reactor with temperature ranges of 350-450°C, that the activation
energy needed for the pyrolysis of polymers (PE included), was high enough to
conclude that the rate determining step is the chemical reaction, not the transfer of
heat or mass.

Further, it was established that the degradation of PE consisted of both the random
and end-chain mechanism [12]. The same scissioning mechanisms are also researched
by Ueno et al. (2010), where simulations and experiments, based on the work of
Seeger and Gritter (1977); of random scissioning products of PE, were performed
with the additional consideration of the effect of volatilization rate. The results
concluded that at a temperature of 590°C, no continued degradation of the gen-
erated scissioning compounds occurred. This, due to the volatilization rate being
faster than the decomposition rate, resulting in a wide range of low- to high-carbon
numbered scissioning compounds with and without double bonded carbons (paraf-
fins respectively olefins). When the temperature was increased to 800°C, the de-
composition rate exceeded that of volatilization, meaning also secondary gas-phase
reactions of scissioning compounds occurred. The distribution of scissioning prod-
ucts changed and the already higher fraction of low carbon numbered compounds
increased together with the share of olefins. This also agrees with other works of
thermal hydrocarbon degradation [13]. The results of the studies by Ueno and Mu-
rata agree on that both the random and end-chain scissioning occur simultaneously
and the two studies points towards kinetic scheme B in Figure 2.3.

Of the two scissioning mechanisms mentioned, the end-chain scission is the main
source of volatile products and its occurrence increases by temperature [12]. The
random scissioning of the main chain occurs through different schemes, were the
length of the polymer chain is reduced, i.e. the molecular weight is decreased and
the number of molecules increases [8, 12]. C-C and C-H scission, are presented by
Ueno et al. (2010) as the two primary pathways of scissioning of the PE main chain,
and described in detail in Figure 2.5. These scission mechanisms form radicals that
will attract and steal hydrogen from the same polymer chain or intermolecularly.
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Further, new radicals or unsaturated carbons are created and the scissioning prop-
agates until stable species are produced. Scissioning pathway a) in Figure 2.5, de-
mands larger energy and consequently pathway b) and ¢) become the predominant
ones.

a b c
H
C-C scission IC-C scission C-H scission
—CH{CHrCH; CHrH—CHr  —CHECHrCH -CHr-CRCHr = —CHA-CHCH-CHACH—CH
TRy M ~H TRy (TR) (PR)
—=CH = H=CH I
—CHCHCH,  CHmCH—CH— " —CHy~CHs~CHSCH; - CHy-CHy-
(TP (o) —CH~CH—CH-  CH~CH— o) g Ay
(PR} (TP —CHCH—CH

"

—CH~H—CHr  CHCH—
(PR") (TP
|

Figure 2.5: Scissioning pathways of main chain: a,b) C-C or ¢) C-H. The scheme consists
of unsaturated (O), saturated (P) or radical (R) scissioning compounds. (T) defines if (O),
(P) or (R) is located at the end of the hydrocarbon chain [8].

Similar scissioning mechanism is applied for the PE chain-end scissioning. The
"direct scissioning” in Figure 2.6 is the dominating pathway and occurs due to the
low bonding energy of the carbon placed in the second position of the chain,just as in
Figure 2.5 and the C-C pathway (a,b). From this mechanism ethylene is generated.
Additional theory about radical propagation transfer and probability of scissioning
pathways is presented in the work of Ueno et al. (2010).

+ CHy-CHy-CH;~CH;— —®  CH#~CH, +CH;~CHjy

Figure 2.6: Primary pathway of end-chain scissioning at temperatures from 590°C,
direct scissioning of the terminal group [8].

2.1.2 Composition of primary pyrolysis

Experimental results by Conesa et al. (1994), performed in a Pyroprobe 1000 with
high temperatures (1 — 1400°C) and fast heating rates (20°C' ms™!), present com-
positions of the primary pyrolysis of PE. Due to the fast heating rates and small
volume of probe, it is assumed by Conesa et al. that only primary pyrolysis of the
samples takes place and secondary gas-phase reactions are prevented. According
to Table 2.1, the fraction of gaseous compounds in the Pyroprobe increases with
the temperature up to 800°C. This can be explained by the conclusions of Seeger
and Ritter (Chapter 2.1.1), that scissioning of end-carbon bonds (i.e. volatile com-
pounds) requires more energy and is therefore favored at higher temperatures. A
more detailed composition of the gaseous fraction obtained at 800°C is presented in
Table 2.2.
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Table 2.1: Obtained composition (wt-%) from pyrolysis of HDPE in a Pyroprobe 1000
with nominal heating rate of 20°C ms~!. Residence time of pyrolysis is within milliseconds
(14, 15].

\ Temperature [°C] 500 600 700 800 900

Gas 242 14.62 33.84 37.23 35.82
Waxes 97.58 85.38 66.16 62.77 64.18

Table 2.2: Gas composition (wt-%) from pyrolysis of HDPE in a Pyroprobe 1000 at
800°C. Residence time of pyrolysis is within milliseconds [14, 15].

Methane 1.67 | Propylene 2.59 C5 1.68
Ethane 0.76 | Acetylene 0.04 | Benzene 2.34
Ethylene 22.65 | Butylene 1.58 | Toluene 0.51
Propane 0.46 Butane 2.57 | Xylene 0.39

The work of Conesa et al. (1994) does not provide detailed information of the re-
maining composition of waxes. According to Ueno et al. (2010), who could not
neglect secondary gas-phase reactions of the scissioning products at high tempera-
tures (800°C), the range of hydrocarbon chains is broad and the carbon numbers
evenly distributed. Also, the fraction of olefins exceeds that of paraffins, a trend
that increases by temperature, see Table 2.3.

Table 2.3: Composition of gaseous and wax scissioning products (mol-%) obtained from
thermal degradation of PE [8].

| Temperature [°C] 590 700 800 |

Diolefin 18 24 21
Olefin 59 61 70
Paraffin 23 15 7

2.2 Formation of aromatic rings

The production of aromatic compounds, in this work referred to as Tars, is of
great importance for the application of the final product gas. Indeed, if the gas is
cooled, the tars will condense and cause damage of equipment or if released to the
atmosphere, there is a risk for both health and environmental damage [16]. Already
at 500°C, the share of tars is large and the unstable low carbon numbered olefins
and paraffins is one of the larger sources of the cyclic compounds [5]. At high
temperatures (800°C), 1-ring tar compounds takes part in the formation of more
stable 1-ring compounds and polycyclic aromatic hydrocarbons (PAH) [6, 10, 13].
This contributes to the reaction network of the secondary gas-phase reactions being
highly complex.
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olefine
im-CHyjp ———— C;Hs C4H6
CH, 4
/ “\
—_—
C,Hg < CZH4 <« 2H2—§ CH,
[ CHyo l \ \
C3H8 CHg —» C,H,—™

Vv
/ T m\ CTH olefine
4

in- C4Hw C,H, C5 - rmg

Figure 2.7: Gas-phase reaction scheme of paraffins, olefins and aromatic rings for carbon
numbers one to six [10].

2.2.1 1-ring aromatics

According to the proposed reaction scheme of low carbon paraffin, olefin and single
aromatic compounds in Figure 2.7, benzene originates from unsaturated and radical
compounds of carbon number 3-4. Other literature, treating flame modelling of low
carbon olefins, e.g. ethylene, reports 2-, 3- or 4-carbon compounds to be the source
of benzene formation [17, 18]. Reaction R1, with recombination of propargyl (C3H3)
to phenyl (CsHs) and thereafter addition of hydrogen to benzene, is presented as
the dominating mechanism at atmospheric pressure and high flame temperatures
(> 1000K) [17, 18]. Additionally to R1, benzyne (CsH,) as well as reactions between
n-CyH, and acetylene (CoH3), is found to be just as important for the formation of
benzene, [17, 18]. It is reported for laminar premixed acetylene and ethylene flames,
that R1-R3 achieve maximum reaction rate at 1600, 1000 respectively 700 K [17].

c-CeHy + H* = CiH, (R2)
n-C,H," + C,H, = c-C4Hy + H* (R3)
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2.2.2 Polycyclic hydrocarbon aromatics

Similar to R1, formation of naphthalene occurs by the combination of two cyclopen-
tadienyl (C5Hj;) according to Reaction R4, which also includes the detachment of
two hydrogen radicals [18]. This reaction is presented in the work of Castaldi et al.
(1996), and the process is initiated by phenyl oxidation. Other literature, presents
the mechanism of hydrogen-abstraction and acetylene-addition (HACA) to describe
the formation of PAHs, see Figure 2.8 [19].

c-CyH; + ¢-C;H; = ¢C,)Hg+H* +H" (R4)

O (==

CH,
C,H
e
CZ 2

Figure 2.8: Reaction mechanism of hydrogen-abstraction acetylene-addition in the for-
mation of polycyclic hydrocarbon aromatics [19].

2.3 Gasifying agent

In a gasification process, a gasifying agent, e.g. air or steam, is required. During
earlier performed experiments of gasification of PE, in the Chalmers gasification
unit, steam is used as gasifying agent. For biomass gasification, steam increases
heating values and fraction of hydrogen in the produced gas, by the water-gas shift
reaction (WGS, Reaction R5), compared to when air or oxygen is used as gasifying
agent [20]. Steam has also shown to produce tars that are less refractory and tars
that can be more easily reformed by catalytic materials, e.g. benzene and phenols,
during gasification of biomass [21].

CO +H,0 = CO,+H, (R5)

In 1996, Simon et al. conducted research of gasification of polyolefins with steam
resulting in high yields of olefins (20-30 wt-% ethylene), similar to processes where
naphtha is cracked to olefins (29 wt-% ethylene) in the presence of steam [22].
However, other literature also reports high yield of olefins obtained during pyrolysis
of PE, Table 2.2 and 2.3, without the use of steam as gasifying agent [8, 14].
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3. Methodology

During this work the process of gasification of polyethylene is examined with the
aid of the simulation software ANSYS Chemkin-Pro 18.0 and existing hydrocarbon
kinetic mechanisms [23]. The results of simulations are evaluated and discussed
in relation to existing experimental data, obtained from the gasification unit in
Chalmers Power Central.

3.1 Modelling of the gasification unit

The process steps of gasification of PE, earlier presented in chapter 2.1, are divided
into two sub-models according to Figure 3.1 [16]. The focus of this work is the
gas-phase reactions occurring after the devolatilization of PE is completed. Similar
conditions of temperature, pressure, residence time and steam-fuel ratio applied
in the Chalmers gasifier is to be complied in Chemkin. However, the catalytic
properties of the bed material used in performed experiments, will be neglected
during simulations.

Secondary
gas-phase reaction

Primary pyrolysis

products Final product gas

Reactor temperature
Gas residence time

Figure 3.1: The process of gasification of polyethylene divided into sub-models of pri-
mary pyrolysis respectively secondary gas-phase reactions.

A schematic of the Chalmers boiler and gasifier system is presented in Figure 3.2.
Solid fuel is fed into the gasifier from the top with a purge gas and dropped onto the
bed material that consists of Olivine. Heat is provided to the gasifier from the boiler
by a dual fluidized bed configuration, meaning bed material is circulated between
gasifier and boiler unit.

11
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At the bottom of the gasifier, steam is injected, fluidizing the bed which improves
the heat and mass transfer in the reactor. The operating pressure is slightly under
atmospheric (approzx. — 2k Pa) and within the gasifier temperature is measured con-
tinuously at four locations, see overview of the gasifier freeboard and bed in Figure
3.3. As the gas leaves the gasification unit, particles are removed by a heated ce-
ramic filter (T> 350°C'), followed by Solid-Phase Adsoption (SPA) to quantify the
tar [24]. The remaining gas flow is cooled and composition of light hydrocarbons and

other permanent gases (CO, CO, and Hs) is measured with a gas chromatography
(GC) system [25].

16

1

2 Fuel Feeding (Fumace)
3 Wind Box

4 Cyclone

5 Convection path
6

7

8

Secondary Cyclone
Texdile Filter
Fluegasfan

9 Particle Distributor

10 Particle Cooler

Gasifier lwrned
11

" Gasifier

12 Paricle Seal 1

13 ParticleSeal 2

14 Fuel Feeding (Gasifier)
15 Fuel Hopper (Gasifier)
16 Hopper

17 Fuel Hopper 1

18 Fuel Hopper 2

19 Fuel Hopper 3

20 Sludge Pump

21 Hopper

% 22 Ash Removal
@ ©  Measurement ports

-0

Figure 3.2: Schematic of the combustion-gasification unit in Chalmers Power Central.
The gasification unit is marked in red (no. 11) [26].

\ \ Tg2
A ¥
Tgl
/\/_\_/
T1 T2

Figure 3.3: Gasifier freeboard and bed. At the bottom bed material is circulated from
left to right with two temperature measurements of the bed (7"). Fuel input is located at
the top left corner and product gas is lead out of the gasifier in the top right corner. Gas
temperature (T}) is measured inside the reactor and at the gas output.
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To simulate the model of secondary gas-phase reactions during the gasification of
PE presented in Figure 3.1, following assumptions are made:

« Instantaneous and total devolatilization of PE occurs at the bed temperature.

o Primary pyrolysis products is mixed with the injected steam at residence time
7Zero.

» Residence time zero is considered to correspond to just above the bed surface.

o The gaseous compounds moves as a plug flow from the bed surface, through
the gasifier freeboard to the exit of the gasifier.

o The catalytic effect of the bed is not considered.

o Rate determining step is the chemical reaction.

With the plug flow model, it is supposed that perfect mixing occurs in the radial
direction, but no mixing of species in the axial. The same applies for temperature
and pressure. This is a simplification as the fuel is fed in the upper corner of the
gasifier. The continuous measurement of in- and output compositions, temperature
and pressures in the gasification unit showed almost constant values over time.
Therefore, it is considered that the experimental data from the Chalmers gasifier
over time corresponds to steady state operation.

3.2 Chemkin modelling

An advantage of ANSYS Chemkin-Pro is the possibility to model gas-phase reactions
based on the reaction kinetics schemes. By providing thermodynamic and kinetic
data of the reactions considered among the species involved, simulations of the
complex reaction mechanisms can be performed. The analysis of simulation results
and reaction paths can enhance the understanding of the process and improve design
of process, so that the yield of desired products can be maximized.

For this work, thermodynamic and kinetic data is obtained from the CRECK Model-
ing Group, where a mechanism of 451 species and 17,848 reactions is utilized within
the Chemkin-Pro software [23]. The kinetic rate constant (k) is given by two pre-
exponential factors (A and /) and the activation energy (E,), when used in the
Arrhenius equation (Eq.1):

k(T) = ATPc Rt (Eq.1)

These parameters originates from both pyrolysis, combustion and partial oxidation
processes of hydrocarbon and oxygenated components [23, 27]. No adjustments have
been made to the thermodynamic and kinetic files provided by CRECK, with regards
to the conditions of this work. Also, the rate determining step for the temperatures
considered, is assumed to be the chemical reactions as earlier discussed. Therefore,
no data of transport properties is used within these simulations.

13
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The visualization of the model in the Chemkin interface is presented in Figure 3.4,
with two separate sources of input, which are mixed without any reactions occurring
before entering the plug flow reactor (PFR). It is also determined for the PFR, that
Chemkin solves the problem as "Fixed Gas Temperature', which means that the
temperature profile for the reactor volume is provided as input to the model.

Source of PE

Gas Mixer (C1) PFR (C2) C2_Product

Figure 3.4: Chemkin model of Chalmers Gasifier. From the two External Sources of
Inlet Gas PE and steam are mixed by a Non-Reactive Gas Mizer before entering the Plug
Flow Reactor (PFR).

The solution of thermodynamics, species, flow properties etc. is retrieved for each
step of calculation performed during simulations, and the data can be further pro-
cessed according to the likes of the user. Additionally, Chemkin possess the alter-
native of Reaction Path Analyzer (RPA), where more detailed information of the
reaction mechanisms can be provided. In this work, the reaction pathways related
to ethylene, one-ring benzene and two-ring PAH, naphthalene, are studied.

3.2.1 Chemkin input data

The size and inlet temperature of reactant flows, as well as pressure and temperature
for the Gas Mixer and PFR is established according to Table 3.1. Inlet temperature
at residence time zero, is chosen as the mean of the two experimentally measured
bed temperatures 77 and T3 (794°C and 787°C) in Figure 3.3. To analyze the influ-
ence of the temperature profile, two different profiles was tested during simulations.
Temperature profile A, where the inlet temperature is held constant throughout the
PFR volume and profile B, with a 100 step linear temperature decrease, from inlet
temperature to mean of measured gas temperature, Ty, and Ty, (748°C and 710°C)
in Figure 3.3.

The composition of the PE stream at inlet is considered to consist of primary pyrol-
ysis products, with the size and composition of the gas fraction according to earlier
published experiments at 800°C in Table 2.1 and 2.2. This temperature is consid-
ered reasonable for the assumption of instantaneous and total devolatilization, as
the level of temperature profiles used during simulations lies well above that of PE
degradation [8, 14].
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Table 3.1: Input data of Chemkin model presented in Figure 3.4.

| Temperature [°C] Mass flow [g/sec.] |

PE 790 60
Steam 790 71
Temperature [°C]| Pressure [atm]
(input/output)
Gas Mixer 790 / 790 1
PFR 790 / 790 (profile A) 1
790 / 730 (profile B)

For the remaining 62.77 wt-% of waxes, different compositions are simulated with
hydrocarbon chain-species of high carbon numbers found in the kinetic data obtained
from CRECK Modeling Group. Based on the results of Ueno et al. (2010), two
compositions of paraffins respectively olefins, are studied for understanding of the
effect of the long-chained hydrocarbon, see Table 3.2. The first set includes equal
mass fractions of five n-paraffins from carbon number 5-16, and the second set
includes four n-olefins of carbon number 5-10.

Table 3.2: Assumed mass fractions of inlet species; paraffins and olefins.

| Set Compound [wt-%] |
n-CsHya, n-C7Hyg,
Paraffin  n-CigHas, n-C1oHyg, 0.12552
n-ChH3y

Olefin n—C'5H10, ’I’L—C@‘ng, 0.1569
n-CrHya, n-ChoHag

The dimensions of the PFR, 1x4 meter, is designed to cover a range of residence
time (6 s) relevant to the experimental data obtained from the gasification unit at
Chalmers.

3.2.2 Chemkin output data

The output compounds from the simulations is selected as the same compounds
obtained in the experimental data. Some of the compounds were lumped, as the
data files from CRECK only contains one empirical formula for certain compounds,
without regards for the isomer, e.g. ortho-/para-xylene or which carbon holding the
methyl-group, e.g. 1-/2-naphtol. Also, unknown compounds in the experimental
data and compounds not existing in the CRECK data files are discarded. A complete
list of the output compounds in Chemkin and the experimental data are found in
Table 3.3.
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Table 3.3: Complete list of experimental and simulated compounds.

16

Experimental Chemkin
Gas
Carbon monoxide CO
Carbon dioxide CcO2
Hydrogen gas H2
Steam H20
Oxygen 02
Light hydrocarbons
Methane CH4
Acetylene C2H2
Ethylene C2H4
Ethane C2H6
Propylene C3H6
Propane C3HS8
Aromatics/Tars
Benzene C6H6
Toluene C7HS8
o-/p-Xylene XYLENE
Styrene C6H5C2H3
Phenol C6H50OH
2,3-benzo(b)furan BZFUR
Indene INDENE
o-/m-/p-Cresol CRESOL
1,2-dihydronaphthalene C10H10
Naphthalene C10HS8
1-/2-methylnaphthalene C10H7CH3
Biphenyl BIPHENYL
Acenaphthylene C12H8
Dibenzofuran DIBZFUR
1-/2-naphtol C10H7OH
Fluorene FLUORENE
Phenanthrene/Anthracene C14H10
Pyrene C16H10

Discarded species

Empirical formula ‘

Methyl-styrene 40/60
Acenaphthene

Xanthene
Fluoranthene

Chrysene / Triphenylene

C9H10

C12H10 (not the same
geometry as Biphenyl)

C13H1001

C16H10 (not the same
geometry as Pyrene)

C18H12
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3.3 Experimental data

The experimental data provided is obtained from a stable, high temperature (730-
790°C, Table 3.1) and low catalytic case; with PE as fuel, steam as gasifying agent
(steam to fuel ratio 1.18) and Olivine as bed material. The fuel of PE comes in the
form of granules of D &~ 5 mm. The values of provided experimental data, are the
mean values of continuous measurements over time, of temperatures, pressures and
composition of species.

The composition is presented as mol per kilogram dry, ash-free fuel for the gaseous
light hydrocarbons, respectively gram per kilogram dry, ash-free fuel for the tars.
As the simulated results of composition is given as concentrations of the wet gas,
unit conversion is performed according to Eq.2 and additionally for tars, Eq.3,

i u A
n; = C. “ (qu)
Mdaf

where n; denote the moles of each specie [mol k:gdaf_l]; C; is the concentration
[mol m?_,~']; u is the plug flow velocity [m s7']; A is the cross section area of the
PFR [m?]; 114y is the mass flow of dry, ash-free fuel [kgaos s~']; m; is the mass

[gram kgga; '] and M, ; is the molar weight [g mol~!].
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4. Results

Simulated results, of the secondary gas-phase reaction sub-model of steam gasifica-
tion of polyethylene (PE), is presented for the chosen temperature profiles, reactant
input compositions and residence time. Product gas output obtained in simulations
is compared to existing experimental data. The reaction pathway of significant low
carbon olefins and tars is studied with the Chemkin Reaction Path Analyzer (RPA).

4.1 Variation of temperature profile, input wax
composition and residence time

The assumed sets of primary pyrolysis product composition are tested for both a
constant temperature profile (A) and linearly decreasing temperature profile (B).
Also, the input of primary pyrolysis products for two different wax compositions is
simulated. All simulations is performed over a residence time of 6 seconds and with
a steam to fuel ratio of 1.18

4.1.1 Temperature profile

The compositions of light hydrocarbons in the model plug flow, Figure 4.1a, shows
that the molar fractions follows the same trends throughout the reactor volume, for
both temperature profile A and B. After approximately two seconds of residence
time, the formation of light hydrocarbon species starts to slightly deviate between
the profiles, e.g. formation of methane (C'Hy), as well as the consumption of ethy-
lene (CyHy) and propylene (Cs3Hg) is slightly higher for the constant temperature
profile A, compared to profile B. This agrees with the higher demand of energy for
end-group scissioning (chapter 2.1.1), as well as the instability of olefins at high
temperature (chapter 2.1).

Regarding the formation of tars, similar effect of the temperature profiles applies. In
Figure 4.1b, the constant temperature (A) results in higher yields of tars, compared
to when the energy input is reduced over the residence time of the PFR, as in profile
B. As the formation of tars is depending on the formation of light hydrocarbons, a
delay in formation could have been expected. However, as the the input reactants
already includes the degraded products of polyethylene, the formation is instant.
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Figure 4.1: Plug flow composition of secondary gas-phase reactions in simulated PFR-
model. Residence time 0-6 seconds. Two temperature profiles simulated, A and B (Table
3.1), for input of paraffin-wax (Table 3.2).

For both of the temperature profiles simulated, the progress of plug flow composition
is largest during the first second of PFR residence time. Furher on, the compositions
of formed light hydrocarbons stays nearly constant throughout the PFR, while the
concentrations of tars increases at a faster rate during the first two seconds and
thereafter it remains approximately stable. However, the concentration of benzene
increases throughout the entire reactor volume.

4.1.2 Input wax composition

The provided sets of input primary pyrolysis products, does not have a considerable
impact on the pattern of the plotted specie plug flows, in Figure 4.2a-b. Overall,
the input of paraffins results in a higher fraction of ethylene during the first second
of residence time, but the composition of light hydrocarbons obtained after the
maximum residence time of 6 seconds are similar for both sets of input wax. The
formation of tars is different when simulations of the two waxes are compared.
Here, the olefin-wax yields higher fraction of tar-compounds throughout the reactor
volume.
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Figure 4.2: Plug flow composition of secondary gas-phase reactions in simulated PFR-
model. Residence time 0-6 seconds. Two sets of input wax is simulated (Table 3.2), olefin
(O) and paraffin (P), for temperature profile A (Table 3.1).

4.1.3 Residence time

As already mentioned, the yields of molar fractions increases the most at the be-
ginning of the PFR. By examination of the first second of residence time in Figure
4.3a-b, it is detected that the highest molar fraction of ethylene, propylene and buty-
lene is reached within 20 ms. Similarly for the formation of benzene, the highest
increase of concentrations is achieved within milliseconds, whereas for the heavier
tar-compounds, the maximum yield takes up to three seconds to reach, Figure 4.2b.
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Figure 4.3: Plug flow composition of secondary gas-phase reactions in simulated PFR-
model. Input of olefin-wax (Table 3.2) and temperature profile A (Table 3.1). Residence

time 0-1 s.
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For the simulated results, it is clear that the residence time is of great importance
for the ability to control the outlet product composition. If it is desired to obtain
high fractions of light hydrocarbons/monomers for polymerization (ethylene) very
short residence time (milliseconds) is required for the total process, including both
primary pyrolysis and secondary gas-phase reactions. Already after the initial pri-
mary pyrolysis of PE, ethylene holds the largest fraction of all compounds formed
[14].

4.2 Comparison of model results to experimental
data

In literature, earlier studies point out that the fraction of olefins being well above
that of paraffin, after the initial primary pyrolysis. Also, as the gasification unit at
Chalmers is non-isothermal and the process of PE pyrolysis is endothermic, simu-
lated result of temperature profile B and input of olefin-waxes is chosen for further
study and discussion in relation to the experimental data from Chalmers gasification
unit.

The experimental data of product composition of cold gas (light hydrocarbons and
carbon oxides) and tars, is presented in comparison to simulated results acquired at
residence time 0, 2, 4 and 6 seconds, in Figure 4.4 and 4.5.

4.2.1 Cold gas composition

The composition of the cold gas in Figure 4.4, shows quite a large divergence in the
distribution of formed compounds, between simulations and experimental results.
The rendering of hydrogen gas and carbon oxides are much higher in the gasification
unit, compared to the simulated model. The simulated formation of olefins exceed
that of the experimental data, while the share of saturated hydrocarbon species is
lower in the simulated results.

4.2.2 Tar composition

Opposite to the cold gas composition, the model does obtain similar distribution of
the tar compounds in comparison to the experimental data, see Figure 4.5. Benzene,
naphthalene, toluene and styrene is holding the largest shares of the displayed tars.
However, the simulated yields of some of the heavier PAHs, e.g. Phenanthrene/An-
thracene, is not following the same pattern as the experimental data.
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Figure 4.4: Cold gas composition (mol/kgdqf fuer). Simulated results with set of primary
pyrolysis products of equal mass fraction olefins and temperature profile B, for residence
time 0, 2, 4 and 6 sec (left to right). Experimental results of stable, high temperature and
low activity case with air free, He free and purge gas free product gas (far right).
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Figure 4.5: Tar composition (g/kgdaffuer). Simulated results with set of primary pyrol-
ysis products of equal mass fraction olefins and temperature profile B for residence time
0, 2, 4 and 6 sec (left to right). Experimental results of stable high temperature and low
activity case with outlet composition according to Table 3.3 (far right).
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4.3 Reaction Network

The simulated results in this work are based on an existing kinetic mechanism of
hydrocarbon pyrolysis-, oxidation- and combustion reactions [23]. For the applied
model conditions during simulations; constant atmospheric pressure, temperatures
of 700-800°C and provided composition of PE primary pyrolysis products, it is of
interest to further examine the dominant reactions for some significant low carbon
olefins (ethylene, acetylene and propylene), as well as tars (benzene and naphtha-
lene). With the Reaction Path Analyzer (RPA) provided by the Chemkin software,
the dominating reactions during simulations of olefin-wax and temperature profile
B, is established based on the highest rate of production (ROP). The name of the
species given by Chemkin is applied in the chemical reactions presented.

4.3.1 Low carbon olefins

It is already concluded by the simulated results, that the initial formation of ethylene
is fast between 0-1 s residence time, and onward the rate of formation/consumption
is almost equal, resulting in a constant molar fraction of ethylene (Figure 4.3a).
The formation of ethylene start out from Reaction R6, with degradation of a larger
hydrocarbon chain to shorter molecules (at 0.0 s):

n-C4H,, — 0.25C,H, + 1.5 C,H, + 0.25n-C,H, (R6)

Further on, the dominating reaction for ethylene formation during the first second
of PFR residence time, is removal of hydrogen from an ethyl radical:

C,H,* = C,H, +H* (R7)

Mechanism R6-R7 reminds of the work of Ueno et al. (chapter 2.1.1), where long hy-
drocarbon chains are degraded by radical transfer mechanisms to smaller molecules
in repeated sequences, until stable enough configurations is reached. In other, al-
ready published literature it is reported, that formation and degradation of ethyl
radicals (CoHs), Reaction R7, is of great importance in pyrolysis and combustion
processes of hydrocarbons, especially in fuel lean processes [28, 29]. Earlier studies
also concludes that the reaction has a strong temperature dependence, the formation
of ethylene is favoured by high temperatures [28].

As the growth of ethylene is subdued, the continued formation of ethylene now is
dominated by degradation of propyl radicals (C3H7) according to Reaction RS.

C,H* = C,H, + CH," (R8)
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The consumption of ethylene, throughout the PFR, is dominated by the abstraction
of hydrogen, Reaction R9, which also is one of the dominating reactions during
ethylene combustion processes [28].

C,H, +H* = C,H,” +H, (R9)

Acetylene has, according to the HACA-mechanism, an important role in the forma-
tion of PAH in combustion processes. In the simulated results of plug flow composi-

tion, the quantity of produced of acetylene is insignificant (Figure 4.4) and according
to the Chemkin RPA, the ROP for the HACA mechanism is low.

The simulated progress of propylene starts out from the same reaction as ethylene
(Reaction R6), before combination of a methyl-allyl radical (SCyH;) with an allyl
radical (CHyCHC H,) or ethylene, is the main source of production.

4.3.2 Tars

The reactions proposed by literature (chapter 2.2, Reaction R1-R4), even though
available in the CRECK kinetic data sets, are not to be found within the highest
ROP-mechanisms in the simulated results. Initially, the reaction path between either
C3H3/CyHs/CyHy and benzene only yields in degradation of benzene into lighter
species. Propargyl is instead formed through the reversed Reaction R1. However,
after 1 seconds residence time Reaction R1-R3 occurs, but with lower values of ROP
compared to the dominating reactions to be presented in this work.

The simulated results with the highest ROP-values, show that benzene initially is
formed by reaction of ethylene and pentadiene (C5Hg) according to Reaction R10.
Pentadiene also reacts with benzene to form naphthalene, Reaction R11.

c-C¢Hg + C;Hy — -C, Hg + Hy, + CHy" + H, (R11)

The continued progress of benzene formation is through reaction of butyne (CyHp)
and allyl radicals, followed by combination of cyclic five-carbon and ethylene. Just
as in the HACA-mechanism (chapter 2.2.2), benzene is an important specie in the
simulated formation of naphthalene. But, according to the simulated results the
reaction between benzene and cyclic five-carbon species is the main pathway.

c-Ce¢Hg + c-C;Hy; — ¢-C, Hg + CHj, (R12)
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5. Discussion

An assessment of the secondary gas-phase sub-model is further performed, based
on the existing experimental data in relation to obtained simulated results and as-
sumptions made for the model. Due to the complexity of the hydrocarbon pyrolysis
process, it was appropriate to divide the process into several steps to obtain a more
simple model for simulations. Based on published literature, as well as information
of earlier conducted experiments at Chalmers Power Central, assumptions and input
parameters where established.

5.1 Influence of provided temperature profiles,
wax compositions and residence time

Variations of temperature profile provided in simulations performed in this work, do
not influence the obtained simulated results to any large extent, as seen in Figure
4.1. The deviation between the two sets of wax compositions is greater in Figure
4.2, were the simulated results with input of olefin-wax did generate lower molar
fractions of ethylene and methane, but also higher yields of benzene, naphthalene
and phenanthrene, compared to the paraffin-wax. From the obtained simulated
results it can be concluded, that for the produced model and provided input data,
the choice of temperature profile and wax composition is not of importance.

The most influential parameter of the produced model, is the residence time. The
largest progress of the plug flow composition occurs within milliseconds and further,
as the plug flow proceeds in time, the concentrations of light hydrocarbons becomes
constant, while the fraction of tars increases throughout the entire reactor length. If
the object of PE pyrolysis is to obtain short hydrocarbon olefins, the residence time
needs to be controlled in order to minimize the formation of unwanted compounds,
e.g. tars, during the secondary gas-phase reactions.
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5.2 Model results versus experimental data

As expected, the simulated results are not confirmed by the experimental data from
Chalmers gasification unit. Overall, the simulated result does show some resem-
blance to the distribution of hydrocarbon compounds, when compared to existing
experimental data. The largest difference between simulations and experimental re-
sults, is regarding the distribution of cold gas composition of hydrogen and carbon
oxides. A carbon balance over the simulated results, excluded the possibility of cal-
culation errors behind this difference and ensured that the input of carbon matched
the output.

Due to the set up of the gasification unit at Chalmers, the experimental data has
a distribution of residence times, and the estimate space time has an average of
several seconds. The fuel is fed from the top of the unit and pyrolysis of the solid
PE-granules is possibly occurring within the entire gasifier freeboard (Figure 3.3).
This means that some of the fuel might not reach the bed before pyrolysis starts,
which will shortening the residence time. However, the prescribed composition of
primary pyrolysis products, i.e. the composition of cold gas and tars at residence
time zero in Figure 4.4-4.5, is not either confirming the experimental results.

The assumption of perfectly mixed plug flow is a simplification and more realistic
would be to also assume mixing in the axial direction of the plug flow, i.e. mixing
species of different "age" of residence time. The current setup of the model, with
a perfectly mixed plug flow of compounds of the same age, could perhaps explain
why the simulated results obtains higher yields of heavy PAH (e.g. phenanthrene),
compared to the experimental results, see Figure 4.5.

If instead the choice of temperature would be lower, the composition of primary
pyrolysis products would contain less gaseous compounds and larger share of wax,
according to Table 2.1. This could lead to lower simulated yields of light hydrocar-
bons and tars, more similar to the experimental results in Figure 4.4-4.5. Yet, the
differences of produced hydrogen and carbon oxides would be even bigger.

Both the experimental and simulated results has the same steam to fuel ratio, 1.18.
The high concentration of steam will overturn the equilibrium of the water-gas shift
(WGS) reaction, promoting formation of hydrogen and carbon dioxide. This is also
confirmed by examination of the reaction rates in Chemkin. As stated earlier, the
catalytic effect of the bed material is neglected in the simulated model. Although the
experimental data is obtained from a low catalytic case, the presence of Olivine could
explain parts of the higher yields of hydrogen and carbon dioxide, as well as lower
yields of heavy PAH in the experimental data compared to simulations. However,
the simulated yields of hydrogen is about one third of the experimentally obtained
yields, and for the two carbon oxides the differences are greater. The reasoning of
Olivine affecting the WGS reaction, forming hydrogen and carbon dioxide, cannot
alone explain the difference. Probably, additional steam reforming reactions also
contributes to the formation of carbon oxides.
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5.3 Secondary gas-phase reaction pathways

When examining the dominating reaction paths in the simulated result, the mecha-
nisms for ethylene shows resemblance to already published literature of PE pyrolysis-
and combustion processes. Whereas, the mechanisms with highest rate of produc-
tion regarding formation of tars are different from the proposed aromatic and PAH
formation pathways. The kinetic and thermodynamic data sets used in simulations
contains hydrocarbon mechanisms based on processes of both pyrolysis, combus-
tion and partial oxidation [23]. The model conditions or specie concentrations of
the simulated results favours the kinetic rate constants of acetylene, benzene and
naphthalene mechanisms differently, compared to studied literature of premixed low
carbon olefin flames.

5.4 Future questions to be answered

The formulated model produce results with some resemblance to the distribution
of hydrocarbon compounds in existing experimental data. However, there are some
phenomenons that cannot be explained, based on the work performed. Further, it
would be of interest to study the effect of axial mixing on the simulated results. Will
mixing of species of different residence time result in lower yields of heavy PAH?
Also, specific mechanisms important for the formation of ethylene and tars could be
examined explicit, for deeper understanding of how concentrations of species affects
the kinetics. How come the proposed mechanisms for benzene and naphthalene is
not the dominant reactions within this model? Finally, further development of the
sub-model, by including the catalytic effect in the simulated results, could also be a
future step forward.
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0. Conclusion

In this work, a plug flow model of secondary gas-phase reactions of polyethylene-
derived pyrolysis products and steam, is formulated. Based on existing thermo-
dynamic and kinetic data, the model simulates reactions of volatile species, over
a residence time of 0-6 seconds. Two temperature profiles and two sets of input
reactant composition, are provided in simulations. From the simulated results, it is
concluded that the choice of temperature profile and input compositions have low
influence on the obtained results. The most influential parameter for the produced
model is the residence time, where the largest increase of specie concentrations oc-
curs within 20 ms.

The distribution of simulated hydrocarbon products, show resemblance to that of ex-
perimental data obtained from the gasification unit in the Chalmers Power Central,
but the yields obtained in simulated results are overestimated for several hydro-
carbon species, while the products of water-gas shift reaction are underestimated,
compared to the experimental data.

The conditions applied, together with the existing kinetic hydrocarbon mechanism
used in simulations, do promote similar reaction pathways related to ethylene, but
not regarding the formations of benzene or naphthalene, compared to published
literature of polyethylene pyrolysis and combustion processes.
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