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in PCDD/F formation involving deficient combustion of fuel, the presence of a chlorine
source [45,70], oxidizing atmosphere between 10 and 15% oxygen in the cooling zone [71],
fly ash with degenerated graphical structures, fly ash surface acting as a carbon source,
temperature range between 250 and 450 °C, and the existence of catalytic metals such as
copper, iron, manganese, and zinc [72]. However, in gasification, these conditions are not
satisfied, or are less common or fleeting, and hence, the likelihood of detection of PCDD/Fs
compounds in the producer gas is low. The specific conditions by which the gasifier runs
the gasification process prevents the formation of free chlorine from HCI, thus confining
the chlorination of any species in the producer gas [73]. In conclusion, high temperature
and gas cooling are by the most effective parameters eliminating dioxins formation in
gasification even for feedstock with a chlorine content, while gasifier types play a less
important role in dioxin formation prevention as shown in Figures 4 and 5.

Table 1. Emission of dioxins from various combustion, pyrolysis, and gasification sources.

Temperature PCDD/F
Technology Feedstock Reactor Type E, 0 Emission Syngas Info. Note Ref.
(ng-TEQ/Nm?)
dioxin concentration
below the allowed
value set by the
e Moving grit B Brazilian legislation
Gasification MSW gasifier 877.82 0.28 (0.5), USA (0.1 to 0.3 [16]
for new plants and
0.3 to 0.8 for existing
plants), Canada (0.5).
Temperature is
Different types . not reported, Emissions from grate
of wood chips Moving grate, burners vary in burners when using
Combustion Grate burner, 0.0027-9.57 - [3]
and waste Fluidized bed power from wood pellets goes
wood 500 kW to below allowed value.
10 MW
e Torrefied wood Downdraft Lower than the
Gasification pellet GEK gasifier 850 limit - B [70]
Sewage sludge PCDD/Fs were
Gasification with wood Fixed-bed 1010-1394 0.043 - completely destroyed 1, |,
ellots updraft at temperatures
p above 600 °C.
CO 25-34%
H, 28-38%
Gasification MSW Thermoselect 1200-1600 0.03 HHV of syngas - [55]
varies from
10.88-14.65
MJ/Nm?
CO 27-40%
. H, 36-40%
Gasification MSW Fixed bed 1200 0.03 Heating value - [74]
Thermoselect
8-10.2
MJ/Nm?
The highest for
pyrolysis at
Pyrolysis and . Horizontal 850 °C was B B
combustion Animal wastes furnace 600-1100 20.2 and for 751
combustion

was 43
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Table 1. Cont.
Temperature PCDD/F
Technology Feedstock Reactor Type Fo o Emission Syngas Info. Note Ref.
(ng-TEQ/Nm?)
Combustion:
14.8
14
Cotton textile, 4500
polyester 55
textile, 80 . Some .
Polyvinyl Batch 40 data is not prefsent in
Pyrolysisand  chloride (VC),  1aporatory 17 pyrolysis for
. scale 850 . - materials such as [76]
combustion sewage sludge, . 1 Pyrolysis: 1 i
waste lube oils Horizonta ~ polyester textiles,
meat and bone/ tubular reactor B waste lube oil, waste
meals, and 215 paper.
paper waste. 81
21
At 750 °C was CHO 112'980//°
> 14.9%
Gasification Sewage sludge  Fluidized bed 750-850 1.980and at CO; 13.5% - [58]
850 °C was o
038 CHy 4.1%
’ N, 47%
CO12.1%
At 725 °C was Hy 7.1%
Gasification RDF Fluidized bed 725-820 74.2 and at CO, 13.7% - [58]
820 °C was 4.5 CHy 6.4%
Nz 53%
Flue gases from the
same plant,
contained
0.03 ng-TEQ/Nm?
In ra\(f)voglazs was CO 379 PCDD/F because of
B . o . .
- Coal 1 In flue gas was H, 34% the fraction of plgstlc
Co-gasification Fluidized bed 600-950 o waste from sorting. [66]
& and MSW 0.002. CO, 25% The PCDD/E Strea‘c[”n
In exhaust gas CHy 5% . .
was 0.005 derived with the slag
: during an hour is
equal to the stream of
these compounds in
the raw gas.
In flue gas was
. . LHV of syngas
Gasification MSW Direct melting 1000 0.0059-0.0082. "y e /3 s - 771
system In fly ash was 44-59
0.18-0.037 e
Without the
additive 0.1943
mmol Hp,
Ogglf)‘gzrzzl The alkaline additive
PCDD/Fs mmol CO Ca(OH), enhances
P Chicken Hydrothermal 2/ the reaction rate of
Gasification e e 200-400 were not 0.0024 mmol [68]
manure gasification detected CH the hydrothermal
With ‘?he gasification at low
additive the reaction temperature.
yields of gasses
were
decreased.
The allowed limit by
Gasification ~ WEEE plastics - 1200 0.014-0.59 - Japan l((e)gllstlsh"“ 15 [62]

0.5 ng-TEQ/Nm?).
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Table 1. Cont.
Temperature PCDD/F
Technology Feedstock Reactor Type ©0) Emission Syngas Info. Note Ref.
(ng-TEQ/Nm?)
For pelletized
straw
CO 13-14%
H, 17-18% Higher amount of
CO, 16-18% tars in experiments
Pelletized and Small CHy 3-4% with loose straw.
Gasification 1 Fluidized bed 792-826 L. N, 49-50% PAHs were present in [67]
oose straw negligible For 1 R
or loose straw Iarge amounts in the
CO 14-17% fly ash especially for
H; 8-9% loose straw.
CO;, 16-17%
CHy 5%
N, 51-54%
It meets the PCDD/F
Biofermenting . CO43.7% concentration limit of
L residue with  Multicomponent H, 34.2% China
Gasification coal-water slurry P;essure 1300—1400 0.365 CO, 18.2% (05 ng-TEQ /Nm?) [69]
slurry gasirer CHy 0.3% but is far beyond the
limits in the EU.
Presence of Cl
CO11.7% elevates dioxin
Carpet and Plasma H; 8.1% formation and the
Gasification textile waste sification 1600 14.061 CO; 3.1% gas cools down in [78]
& CH,; 1.1% 200 to 400 °C where
0, 1.1% secondary dioxin
formation occurs.
MSW The measured values
Gasification Plastic waste - 1000 0.0035-0.014 - were converted [65]
PVC refuse assuming 12%
oxygen.
Drying,
pyrolysis,
gasification,
Gasification MSW combustion, 600-1200 0.076 - - [79]
and ash
vitrification
in one step
The concentrations
Total both in fly and
chlorinated bottom ash were as
Gasification Alfalfa stem - - dioxin - following: TCDD [80]
compounds was 0.1 ug/kg,
were 2,3,78
0.1-0.6 ug/kg trichlorodioxyfuran
was 0.08 pug/kg
CO 11.4%
H; 69.6%
CO, 13.5%
Gasification ~ RDF and PVC - 600-1000 Lower than the CH, 55% i [59]
limits .
Heating value
of 10.92

MJ/m?)
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Table 1. Cont.

PCDD/F
Technology Feedstock Reactor Type Temfoecr;lture Emission Syngas Info. Note Ref.
(ng-TEQ/Nm?)
Gasification and
smelting system with
O, blowing and
High dry%rclig waste,land
temperature rapid gas coo ing
Gasification MSW gasification 1070 ie?;]tilg?l\?r?\% - system in [81]
and smelting & high-temperature
system reduction
atmosphere are
effective for dioxin
removal.
Sumitomo
. Metals
e Plastic waste PR Less than 0.01
Gasification and PVC aazsﬁ;zﬁﬁ):g 1070 ng-TEQ /Nm? - - [61]
system
" 1t CO 21.9%
Chemical 0o d“:‘at ° H, 12.7%
Gasification Plastic waste looping 900 ctec CO, 7.8% - [82]
gasification by using CH, 5.9%
GC-MS 4
N, 50.7%
Drying,
pyrolysis,
gasification,
Gasification Hospital waste combustion, 600-1200 0.0861 - - [83]
and ash
vitrification
in one step
CO 15.6%
I“g‘;‘;avr;;:el H, 11.9%
Industrial- 0.00003 to CCCIZIZ 115 '13;/’
Gasification MSW sized power 1400 0.0059 and in N 455 ’10/0 - [84]
plant exhaust gas Hz ati-n °
was 0.0000082 catng
t0 0.0031 value of

3700 (kJ/m?3 N)

4. Conclusions

Dioxin formation/emission via combusting waste is of great public concern. Gasifica-
tion offers a sustainable substitute approach for waste treatment and energy generation.
Gasification is an environmentally friendly technology that enables operation within cur-
rent regulatory restrictions.

In the presence of organic carbon, oxygen, and chlorine, all combustion processes can
result in the formation of PCDD/F in the temperature range 200-800 °C. However, dioxins
formation is significantly reduced if a high-temperature reactor is used at above 800 °C and
shock cooling of gases is combined, without the presence of oxygen. Dioxin formation can
be reduced with the aid of high-temperature gasification even in the problematic case of
having fuels with a high content of chlorine.

PCDD/Fs formation in gasification has not been well investigated in the literature. In
this review, the levels of PCDD/Fs measured in emissions during gasification of wastes
were discussed. There are only few studies available in the literature considering and
measuring dioxin formation in waste gasification, and all were reviewed in this paper.

More research should be carried out regarding dioxin formation in gasification. Topics
could include:

e  Gasification of wastes other than those mentioned in this review;
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e  The inhibitors of dioxin formation in gasification, such as sulfur- or nitrogen-containing
agents.
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Abstract: Pyrolysis is a low-emission and sustainable thermochemical technique used in the pro-
duction of biofuels, which can be used as an alternative to fossil fuels. Understanding the kinetic
characterization of biomass pyrolysis is essential for process upscaling and optimization. There is
no accepted model that can predict pyrolysis kinetics over a wide range of pyrolysis conditions and
biomass types. This study investigates whether or not the classical lumped kinetic model with a
three-competitive reaction scheme can accurately predict the walnut shell pyrolysis product yields.
The experimental data were obtained from walnut shell pyrolysis experiments at different tempera-
tures (300-600 °C) using a fixed-bed reactor. The chosen reaction scheme was in good agreement with
our experimental data for low temperatures, where the primary degradation of biomass occurred
(300 and 400 °C). However, at higher temperatures, there was less agreement with the model, indi-
cating that some other reactions may occur at such temperatures. Hence, further studies are needed
to investigate the use of detailed reaction schemes to accurately predict the char, tar, and gas yields
for all types of biomass pyrolysis.

Keywords: biomass to fuel; pyrolysis; fixed-bed reactor; walnut shells; pyrolysis oil; model-based method;
competitive reaction scheme; lumped model

1. Introduction

Due to worldwide energy concerns, the depletion of fossil fuels, as well as envi-
ronmental problems associated with their use, renewable energy sources are receiving
increased attention. Biomass has been recognized as an alternative to fossil fuels due to its
global availability and environmental benefits, which provide the main motivation for the
conversion of biomass into fuels. This conversion can be achieved through biochemical
conversion (anaerobic digestion [1,2], fermentation [3]), and thermochemical conversion
(combustion [4], pyrolysis [5], and gasification [6,7]). Unlike biochemical transformation,
the thermochemical method can convert various types of biomass into fuels or chemicals
in an efficient, sustainable, and quick way [8]. However, the use of biomass in traditional
combustion processes is limited due to its low energy density and release of toxic organic
compounds, such as dioxins [9,10].

Pyrolysis is a low-emission and sustainable thermochemical technique that can be used
to thermally degrade biomass into a range of useful products, including bio-char (solid),
pyrolysis oil/ tars, and fuel gas products (volatiles) [11]. In addition to being an independent
technology, biomass pyrolysis is the main sub-process in combustion and gasification
processes. As pyrolysis is an inevitable process in thermochemical biomass conversion,
understanding pyrolysis kinetics is important for process development, optimization, and
proper reactor design.

Kinetics plays an important role in understanding the complex pyrolysis process and
deriving mathematical models. Numerous studies have investigated the kinetics of pyrolysis
processes [12,13]. Pyrolysis of biomass involves a highly complex set of competitive and
concurrent reactions, and the exact mechanism remains unknown. There is no conventional
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model that can predict the pyrolysis rate or provide initial information about final conversion
yields over a varied range of biomass types, pyrolysis conditions, and reactors types [14].
Hence, simple models that can describe pyrolysis kinetics are very beneficial.

This paper investigates the use of a simple lumped model to mathematically simulate
the reaction kinetics of the slow pyrolysis of walnut shells. While lumped models do not
necessarily represent the complex physicochemical mechanism of the process, they are able
to predict the overall yields [15,16]. A lumped model is acceptable for determining the
kinetic parameters of reactions involving pyrolysis, combustion, and gasification [17]. In
such models, biomass components and their reaction products are categorized into three
product groups: solid (char), non-condensable volatiles (gas), and liquid (tar) [18].

There are two main mathematical approaches to experimentally determine the kinetic
parameters of biomass pyrolysis: iso-conversional (model-free) [19-21] and model-based
(model-fitting) [22] methods. Model-fitting methods can be categorized as one-component
or multi-component depending on the initial biomass characterization (biomass type or
its components) and as lumped or detailed reaction mechanisms according to how the
products are defined (by products or by species in each product) [23]. The present work
combines experimental and theoretical studies on walnut shell pyrolysis. Nutshells as
potential materials can be used as an alternative fuel. While studies have evaluated the
kinetics of nutshell thermal decomposition [24,25], many have used different reaction
mechanisms and kinetic models [26].

Sheth et al. [27] validated the model previously proposed by Koufopanos [28] to
optimize the kinetic parameters of the hazelnut shell pyrolysis experiments conducted by
Demirbas [29], which involved thermogravimetry experiments on hazelnut shells at heating
rates of 0.5, 2, 10, 25, and 40 K/s. Noszczyk et al. [26] conducted thermogravimetric analyses
at three different heating rates (5, 10, and 20 °C-min_1) on walnut, hazelnut, peanut, and
pistachio shells. The kinetic parameters were determined by Coats and Redfern [30] using
the isothermal model-fitting method. Their results showed that an increase in the heating
rate caused an increase in the activation energy of nut shell pyrolysis. They concluded that
there is a significant difference in the kinetic parameters of different feed materials, even
those from the waste classes (e.g., nutshell wastes). They recommended characterizing
specific nutshell residues to improve the modeling of thermal processes and reactor design
for thermal waste treatment [30].

So far, few studies have been conducted on the pyrolysis of walnut shells using a
fixed-bed reactor. To the best of our knowledge, no research has been performed on lumped
kinetic modeling of nut shells, especially walnut shells. Therefore, the aim of this work
was to apply the lumped kinetic model proposed by many authors [15,16,31] to accurately
determine the kinetic parameters of walnut shells pyrolysis. The objectives of this research
were as follows: (1) conduct slow pyrolysis experiments on walnut shells in a fixed-bed
reactor, (2) estimate the kinetic parameters of the walnut shell pyrolysis. Then, based on a
comparison of the modeling and experimental results, we will study whether the existing
three-reaction competitive scheme has sufficient prediction power for gas, tar, and char
yields across the temperature range of 300 to 600 °C.

2. Materials and Methods
2.1. Pyrolysis Experiment

Walnut shells were chosen as the pyrolysis material. The samples were chopped up
and sieved into small particles with sizes ranging from 1 to 2 mm, dried in an oven at 105 °C
for 48 h to remove any moisture, and then kept in a desiccator prior to the experiments to
ensure that they remained dry. Based on the proximate analysis of the samples, walnut
shells had 37.9% fixed carbon and 59.3% volatile matter on a dry and ash-free basis [32]. It
is assumed that any moisture uptake that might have occurred during the handling of the
samples prior to the experiments would have been eliminated due to the slow heating rate
of the process (0.25 °C-s~1), as thermal decomposition starts at around 180-200 °C.
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The pyrolysis experiments were carried out on a fixed-bed reactor, as shown in
Figure 1. The system consists of vertically positioned stainless steel tubes. A tube
(350 mm and 8 mm ID) was connected to the reactor tube (50 mm and 6 mm ID), where
the pyrolysis of the biomass occurs, and a U-style tar trap (6 mm ID) was connected to the
reactor. The tar trap was submerged in the cooling bath for the duration of the experiment
to condense and collect tar. Power was delivered via copper clamps attached to the outside
of the stainless steel tube body at the top and bottom of the tube. The tube body acted as a
resistance heater. The samples were held in place between two stainless steel wire meshes,
placed in the middle of the reactor tube, and kept constant for all the tests. A layer of quartz
wool was placed on top of the tar tube in order to separate the tar from other pyrolysis
gases. The controller, the power supply, and the K-type thermocouple were arranged in a
loop. The controller modulated the direct current onto the stainless steel tube, which was
resistively heated to regulate the heating rate and control the temperature. The required
experimental parameters, such as the heating rate, holding time, and temperature, were
entered in the control program. Holding temperatures of 300 °C, 400 °C, 500 °C, and 600 °C
were used in this study. A heating rate of 0.25 °C-s~! and a holding time of 100 s were used
for all of the experiments. A K-type thermocouple was used to measure and control the
temperature. The thermocouple was introduced through a fitting connection at the top of
the tube. The cooling bath used for pyrolysis vapor condensation contained a mixture of
dry ice and ethylene glycol (the temperature of the bath was —60 °C). In order to achieve
the desired temperature, volume fractions of 0.4 and 0.6 of dry-ice and ethylene glycol
were used, respectively [33]. Another thermocouple was placed at the top of the tar trap to
measure the temperature during the experiment and to ensure the trap was cool enough to
capture tars. Argon (Ar) was used as a carrier gas, at a 3 L/min flow rate, from the top of
the stainless steel tube to sweep away pyrolysis products. Argon was selected as the carrier
gas, as it does not condense at a temperature of —60 °C.

Ar

Heating electrodes €

]

——

Controller and transformer

K-type thermocouples
to data controller

v | 3

oo i
o e T =

Sample <~

' —_——9 Quartz wool

|
!
Tar trap €—— : 'l > Cooling bath

Figure 1. Fixed-bed reactor setup for the pyrolysis process.
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Product Yield Calculations

At the end of the run, the reactor was left to cool naturally to room temperature, and
products were collected to calculate char and tar yields. The tar collection method using
solvents and rotary evaporators was avoided due to concerns of losing some tars due to
the relatively high temperature of the rotary evaporators [34]. The difference in weight of
the reactor tube and tar trap before and after the experiments was calculated as the mass
of chars and tars, respectively. Gas yields were calculated by difference to close the mass
balance. The experiments were repeated two times for each condition and then the mean
values were obtained. The product yields were calculated using Equations (1)—(3):

Char yield (wt%) = —Mehar 100 1)
Minitial sample
. o Miar
Tar yield (wt%) = ———— x 100 2
Minitial sample
Gas yield (wt%) = 100 — Char yield — Tar yield (©)]

2.2. Mathematical Modeling

Model-based methods are the most common methods used for evaluating solid-state
kinetics, especially in non-isothermal conditions. With these methods, a reaction scheme
must be proposed first (see Figure 2). This study used the competitive model, which is a
common reaction scheme for representing the components of pyrolysis by simply lumping
them into three groups of products (gas, tar, and char) [15,35].

ki Gases (non-condensable volatiles)
’—kj

Solid (biomass) Tars (condensable volatiles)
L&

Chars (bio-char)

Figure 2. The competitive model with three reactions in the reaction scheme.

The rate of reaction of the solid phase under non-isothermal conditions (Equation (4))
is determined by multiplying k(T), a process rate constant that obeys the Arrhenius law,
and f(«), the conversion function depending on the reaction mechanism [36]. This study
used first-order reaction f(«x) =1 — «. i=1,2, 3.

oy (T () @

dt
The degree of conversion (x) represents the sample decomposition amount at time t
and is defined in terms of the sample’s mass change (Equation (5)), where myj is the initial
mass, m; is the mass at an arbitrary time, and m, is the mass at the end of the process.
Mg —m
a=-—2—t ®)
moy — Meo
The rate constant is described by the Arrhenius equation (Equation (6)), where A is
the pre-exponential factor (s71), E is the activation energy (kJ-mol~1), R is the universal gas
constant (k]-K~!-mol™!), and T is the absolute temperature (K).

ki(T) = A;exp ( ;?) (6)
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The linear heating rate under non-isothermal conditions f is calculated using Equation
(7), where dT is a temperature change (K) and dt is a time change (s).

dT
B= i (7)

Nonlinear least squares fitting is commonly employed to estimate Arrhenius param-
eters by fitting the experimental data. Differential measurements are suggested for this
method for better demonstration of solid de-volatilization [37]. We searched for values
of the unknown parameters (4;, E;) that minimized the sums of the squares of the experi-
mental data (final yields of gas, tar, and char at the final temperature) and determined the
corresponding points of functions calculated (at the final temperature) by the model (see
Equation (8)) [38]. n represents the total number of experimental data.

" doci) <doci) 2
sum = 3 (% - (fa) ®)
1‘:21 dt experiment dt model

A large number of estimated pyrolysis kinetic parameters have been reported in the
literature. Reported activation energies (kJ-mol~!) vary from 112.7 to 140 for E1, 84 to 133
for E, 106.5 to 121 for E3, and pre-exponential factors from (s71) 4.1 x 106 to0 1.48 x 1010 A,,
1.43 x 10* to 2 x 10% for A, and 7.4 x 10° to 2.66 x 1010 for As [31,39,40]. The kinetic
parameters (A;, E;, in total 6 parameters) in this study were fitted by minimizing the sum in
Equation (8) using nonlinear optimization with the generalized reduced gradient method,
subject to the constraints obtained from the literature mentioned above. The motivation for
using these constraints was to ensure that all the parameters remained within the physically
realistic range based on the existing literature. This variation in reported values is due to
the fact that the researchers used different models, feeds, operation conditions, and heating
profiles. [14]. Table 1 presents the primary kinetic parameters and other constants used in
the model. Primary kinetic parameters were obtained from a study using lumped model
for wood pyrolysis [39].

Table 1. Primary kinetic data and other constants that are used in the model.

Parameters Values
A (s7h 1.30 x 108
Ay (571 2.00 x 108
Az (s7h) 1.08 x 107

Eq (kKJ-mol~1) 140

E5 (k]-mol 1) 133

E3 (k]-mol~1) 121

R (kJ-mol~1) 8.314 x 1073

Heating rate (°C-s~1) 0.25

3. Results and Discussion
3.1. Pyrolysis Experiments

Pyrolysis of walnut shells was conducted using a fixed-bed reactor. The process was
performed at different temperatures (300-600 °C), with the heating rate of 0.25 °C-s~! and
a holding time of 100 s.

3.1.1. Vapor-Condensing Temperature and Condensing Efficiency

Figure 3 shows the data collected from the thermocouples, including the pyrolysis
process and tar trap temperatures versus the time of the pyrolysis. The cooling bath exhibited
good heat preservation performance with the right volume fractions of dry ice and ethylene
glycol. During pyrolysis, the bath temperature gradually increased from —30 °C to the final
temperature of 2 °C, which is well below the tar trap limit (30 °C) temperature reported
in the literature [34]. Wang et al. found the optimum condensing temperature to be in the
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range of 67 to 77 °C, at which point the moisture in the pyrolysis oil decreased from 30% to
10% and the condensing efficiency was in the range of 0.4 to 0.2 [41].

183
366
549
732
915
1098
1281
1464
1647
1830
2013
2196
2379

630
570
510
450
390
330
270
210
150

90

30

B Reactor temperature

M Tar-trap temperatures

Tepmerature ( °C)

Time (s)

Figure 3. Pyrolysis process and tar trap temperatures versus time of pyrolysis.

Condensation efficiency in this study was calculated using Equation (9) [41], and the
result was around 0.25 for all the experiments, which is in the optimum range [41].

Liquid mass

Condensing ef ficiency = Walnut shell mass — solid mass

©)

where liquid mass denotes the mass of condensed tar in the tar trap, walnut shell mass
specifies the mass of raw materials prior to pyrolysis, and solid mass represents the mass
of char after pyrolysis.

3.1.2. Pyrolysis Products and the Effect of Temperature

The effect of temperature (in the range of 300-600 °C) on the quantity of pyrolysis
products formed from walnut shells has been studied, as it is the most significant factor
related to the pyrolytic product distribution and yield.

The tar and char yields were measured after each test, and the results are shown
in Figure 4. The gas yield was calculated as the percentage of the balance between the
original sample weight and the weights of tar and char formed. Volatile yields (volatile
yield is the sum of the gas and tar yields) increased as the temperature increased. The ideal
pyrolysis temperature for maximum tar yields is reported to be between 400-600 °C for
most types of woody biomass [42]. The tar yields doubled when pyrolysis was carried out
between 400-500 °C. There was a major increase in tar yields up to 500 °C, but by 600 °C
the yield reached a maximum value of 19%. Efeovbokhan et al. [43] observed that tar yields
increased by more than double when the temperature was in the range of 400-500 °C for
pyrolyzing yam peels. The gas yields were high, with approximately half of the feedstock
being converted to gas. The high char yields, measured at the low temperatures in the range
studied, decreased up to 23% of the total biomass feed. This indicates that the optimum
temperature range for char production from pyrolysis of walnut shells is up to 400 °C.
Temperature negatively affects char production yields [44]. Sarkar et al. [45] studied the
pyrolysis of coconut shells in the temperature range of 400-600 °C and reported the char
yield reduced while bio-oil yield was improved with the temperature increase.
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Figure 4. Distribution of the products generated during pyrolysis at different temperatures. Each test
was performed in duplicate.

3.2. Pyrolysis Modeling

The simple lumped kinetic model was chosen to evaluate the accuracy of pyrolysis
reaction kinetics and product yield prediction. The kinetic parameters of each reaction
in the reaction scheme of the competitive model were determined with a least squares
method by fitting experimental data at different temperatures. The kinetic parameters
from Chan et al. [39] were employed as the primary values. The initial values for the fitting
were the kinetic parameters determined for the case of a first-order reaction. The best
values of the estimated kinetic parameters (3 activation energies and 3 pre-exponential
factors) are shown in Table 2. The subscripts 1, 2, and 3 are the kinetic parameters of the
reactions: solid to gas, solid to tar, and solid to char, respectively. The estimated kinetic
parameters are within the range of values reported in the literature. Sheth et al. [46]
conducted kinetic modeling on woody biomass decomposition to volatiles and char. Their
chosen reaction scheme used two competing reactions for each biomass component. Sheth
et al. then applied the least squares method to find the optimum kinetic parameters. They
described this approach to modelling biomass decomposition as a failure since the kinetic
parameters (4;, E;) they obtained with their model and methodology were not within the
predetermined physically realistic range.

Table 2. Kinetic data obtained by the model.

Parameters Values
A (s7h) 1.70 x 108
Ay (s7h 3.35 x 10°
Az (s71) 3.29 x 10°

Ep (kJ-mol 1) 114.14
E5 (k]-mol~1) 135.54
Ez (kJ-mol 1) 87.32

Figure 5 compares the model-predicted yields with the experimentally measured
yields. The model used the best-fit parameters in Table 2. The modeling data confirmed
that the solid yield dropped while the tar and gas yields enhanced during the experiments
in the temperature range of 300 to 400 °C. The fit of the model to the experimental data
for the pyrolysis temperatures of 300 and 400 °C was sufficiently good. At higher temper-
atures, there was less agreement with the model, which could indicate that some other
reactions dominate at such temperatures. The first-order Arrhenius kinetics focus on the
primary pyrolysis process; consequently, the kinetics scheme better represents the primary
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decomposition of biomass pyrolysis [47]. In pyrolysis processes, biomass moisture loss
occurs at temperatures below 100 °C; primary pyrolysis reactions occur at 200-600 °C,
where biomass decomposes into the primary char, primary tars, and non-condensable gas;
and secondary pyrolysis reactions occur at 300-800 °C [48]. This study found that the
one-component mechanism with three competing reactions is not a suitable scheme for the
slow pyrolysis of walnut shell at high temperatures. As one-component kinetic mechanisms
are mostly used for describing pyrolysis under fast heating rates or/and high temperatures,
the disagreement could be eliminated if a different reaction mechanism was chosen [49].

60
@ A
é Iy
50
O
40 O Gas-model
2 l T O Tar-model
: : }
230 % Char-model

A Gas
20 % Y ATar

A Char

200 300 400 500 600 700
Temperature ( °C)

Figure 5. Comparison between experimental data and yields predicted by the model during pyrolysis
as a function of maximum pyrolysis temperature.

The average percentage error from the experimental data was calculated using Equa-
tion (10) [50]. At low temperatures, the model and experimental results agreed well, with
an average percentage error of 3% for the low-temperature data. This indicates the model
performs well in the temperature range of 300 to 400 °C. Based on this result and the
studies on lumped kinetic modeling in the same temperature range, average percentage
error typically achieves results within 5%.

;_1:1 (damcxperimmt*dﬂtamodel ) % 100

da taexp/.’riment

(10)

Average percentage error = p
In Figure 6, we plot the temperature-dependent rate constants k;(T) over different
temperature ranges. We show these somewhat unconventional plots because the plots
reveal how reactions 1, 2, and 3, responsible for the formation of the three phases (gas,
liquid, solid), take over or dominate in different temperature ranges. For example, one
might expect that the solid formation (char) would dominate at the lowest temperatures,
liquid formation (tar) would dominate in the central (pyrolysis) range, and gas formation
would take over at the high end as it approaches gasification temperatures. This trend does
hold for char k3(T), but according to our model and data ky(T) is dominant up to 600 °C.
This suggests that k1 (T) largely corresponds to volatilization. In a sense, we may have
averaged out or missed the effect of gasification reactions at higher temperatures.
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Figure 6. The reaction rate constants (s~!) versus temperature (K): (a) for the temperature range
100 °C to 300 °C; (b) for the temperature range 150 °C to 400 °C; (c) for the temperature of range
200 °C to 500 °C; and (d) for the temperature range 200 °C to 600 °C.

4. Conclusions

Pyrolysis experiments and mathematical modeling of walnut shells were conducted.
No previous studies have investigated the application of lumped-kinetic modeling to
simulate walnut shell pyrolysis product yields. The experimental work was conducted at
different temperatures (300-600 °C) in a fixed-bed reactor. According to the experiments,
char yields dropped from 37% to 23% with the temperature increase, while volatile yields
(tar and gas) increased from 64% to 77%, respectively. We used the nonlinear least squares
fitting method to determine the kinetic parameters of the reactions involved. The conven-
tional competitive reaction scheme with three reactions fit our experimental data well at low
temperatures, where the primary degradation of biomass occurred (300 and 400 °C), but
not at higher temperatures. The results here suggest that the competitive reaction model
with three reactions needs to be expanded to include the secondary decomposition of
pyrolysis products to accurately predict yields as gasification temperatures are approached.
This will be explored in a future work that will be published soon.
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ARTICLE INFO ABSTRACT

Handling Editor: Krzysztof (K.J.) Ptasinski Existing lumped kinetic models have limited accuracy in predicting the pyrolysis behavior of different materials.
There is currently no universally accepted model capable of accurately predicting pyrolysis rates and final
product yields for various materials under different experimental conditions. This study aims to address this
limitation by assessing the sensitivity of a widely used wood pyrolysis kinetic model across multiple sets of
experimental data. The analysis reveals that the existing model falls short in accurately predicting the yields of
woody biomass at higher temperatures. To overcome this, two new kinetic models were proposed that incor-
porate additional reactions not accounted for in conventional models. These additional reactions have impact on
the formation of secondary pyrolysis phases. The first proposed model introduces a term for secondary tar for-
mation, which takes into account the production of more stable cracked, dehydrogenated, and deoxygenated tars
that typically occur at elevated pyrolysis temperatures, possibly influenced by catalysts. The second proposed
model expands on this concept by incorporating terms that represent the formation of secondary gases and chars
arising from the primary chars. By including these additional reactions, the model enhances its accuracy and
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predictive capacity for determining the pyrolytic products of various types of woody biomass.

1. Introduction

One of the major limitations of existing lumped kinetic models is
their applicability to specific materials only. To address this issue, the
present study combines experimental data and theoretical modeling of
various woody materials under different pyrolysis conditions. The
temperature range investigated is from 300 °C to 500 °C, with heating
rates ranging from 15 °C/min to 60 °C/min. In this study, expanded
kinetic models are proposed to predict the pyrolysis behavior of woody
materials across a wide temperature range under non-isothermal heat-
ing conditions. The main hypothesis to be investigated is whether a rate
expression exists that possesses more general predictive capabilities
compared to the currently popular lumped kinetic models. By more
general predictive capability we refer to the sufficiently accurate pre-
diction of product yields across heating profiles, temperature ranges,
and feedstock variations by changing only model parameters, but not
the form of the rate expression.

Biomass can be converted into bio-fuel using different technologies,
including biochemical [1,2] and thermochemical methods. Among these
methods, gasification and pyrolysis are considered highly efficient and
environmentally friendly, provided that operational parameters are
carefully controlled during the process [3,4]. Pyrolysis, in particular, is
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advantageous as it produces a liquid product that can be economically
stored and transported. Pyrolysis involves the thermal degradation of
biomass through heat in the absence of oxygen, resulting in the forma-
tion of solid (char), liquid (tar), and gas products [5]. Kinetic modeling
plays a crucial role in understanding the thermal decomposition process
and optimizing the pyrolysis process and reactor design for scale-up
studies [6].

Wood pyrolysis is a complex process involving a multitude of
competitive and concurrent reactions, leading to the formation of
numerous intermediate products [7]. Due to this complexity, pyrolysis
of wood is often modeled using relatively simple lumped kinetic models.
These models lump the biomass constituents and reaction products into
three categories: char, gas, and tar [7]. Numerous studies have been
conducted to investigate the kinetics of pyrolysis, resulting in the
development of various lumped models that employ a limited number of
sequential and parallel reactions to describe the pyrolysis process
[8-11].

The classical lumped kinetic model is based on competitive re-
actions, where three reactions represent the conversion of biomass into
gas, tar, and char using first-order kinetics. Previous research [12] has
applied this conventional competitive reaction scheme with three re-
actions to evaluate the accuracy of reaction kinetics and predict product
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yields during walnut shell pyrolysis. The model showed good agreement
with experimental data at lower temperatures where primary biomass
degradation occurred (300 °C and 400 °C). However, the model’s ac-
curacy diminished at higher temperatures, indicating the need to expand
the model to include secondary decomposition reactions for accurate
yield predictions [13].

To address the limitations of the competitive reaction model, re-
searchers have proposed multi-reaction models or competing and par-
allel reaction models [6,8-11,13-22]. These models consider the
primary degradation of biomass, along with secondary decomposition of
tar and higher hydrocarbons into gas [14], as well as tar polymerization
reactions leading to secondary char formation [15]. There are studies
that have focused on wood pyrolysis, developing reaction models that
encompass both primary and secondary pyrolysis processes. Koufopanos
et al. [16] developed a reaction model for wood pyrolysis which de-
scribes the process of pyrolysis. The model involves biomass decompo-
sition to volatile, gases and char. Volatile and gases may further react
with char and produce also volatile, gases and char of different com-
positions. Chen et al. [17] applied a kinetic model, considering a
two-step consecutive reaction, to explain the decomposition of Chinese
forest fuels using non-isothermal thermogravimetric analysis in an
oxidative atmosphere at low heating rates. After the kinetic parameters
calculation and their comparison with the literature, they suggested that
the reaction scheme can describe the thermal decomposition process
well.

Despite the numerous studies on biomass pyrolysis reaction schemes
and kinetic modeling, there is no universally accepted model capable of
predicting pyrolysis rates and final products for different materials
under a range of experimental conditions [19]. Furthermore, compared
with primary reactions, secondary reactions are less investigated.

The aspect of pyrolysis that is least understood pertains to the
interaction between the hot pyrolysis vapors and the decomposing solid,
which the vapors must pass through to escape into the environment.
This process is known as secondary decomposition. When exposed to
high temperatures for extended periods, secondary reactions of primary
tar vapors also come into play [23]. These secondary reactions involve
cracking, partial oxidation, re-polymerization, and condensation,
resulting in the production of permanent gases, secondary chars, and
secondary tars [24,25]. Although there is a comprehensive under-
standing of the chemical composition of these products, the commonly
cited reaction mechanism simply consists of two competing reactions, as
described in the existing literature [18,20,26]. Shafizadeh [18] devel-
oped the most well-known model for wood pyrolysis, which propose that
biomass thermally decomposes into gases, tar, and char. The tar is then
assumed to undergo two competing reactions, leading to the formation
of permanent gases and char.

This study aims to investigate the inclusion of additional reactions in
the secondary pyrolysis zone. The proposed models account for sup-
plementary reactions that are not considered in conventional models,
and we find that these additional reactions significantly contribute to
the formation of secondary pyrolysis phases. It is challenging to deter-
mine whether more complex reactions yield more accurate predicted
results, as it requires estimating a greater number of input kinetic pa-
rameters. In particular, when incorporating tar or immediate solid and
their subsequent reactions, the relevant kinetic properties of tar are
sourced from the literature, which are difficult to measure at the current
experimental level. Consequently, the validation of these intricate
models must rely on the limited experimental data available [7].

Thus, the objective of this paper is to validate and compare three
kinetic models: the existing model [18], along with two new
lumped-kinetic models. The evaluation is conducted using the authors’
previous experimental data and experimental studies from the litera-
ture. The initial aim is to assess the sensitivity of the widely used wood
pyrolysis kinetic model to various experimental data. Additionally, the
study aims to explore the inclusion of additional reactions in the py-
rolysis reaction scheme to improve the model’s predictive capabilities
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and align its predictions with experimental data. The ultimate goal is to
determine whether the incorporation of extra reactions and refinement
of kinetic parameters can enhance the accuracy and precision of the
model when it comes to predicting pyrolytic products derived from
diverse biomass materials. The outcomes of this research have the po-
tential to provide significant benefits to the field of pyrolysis modeling.

2. Materials and methods
2.1. Experimental method

In this study, walnut shells, eucalyptus wood, and pistachio shells
were selected as representatives of woody biomass. Detailed information
on the experimental method and data regarding walnut shell pyrolysis
can be found in our previous study [12]. Nunes et al. [27] and Volpe
et al. [28] conducted the pyrolysis experiments on eucalyptus wood and
pistachio shells, respectively.

For the slow pyrolysis process, hot-rod (fixed-bed) reactors were
employed operating within a temperature range of 300 °C-500 °C. The
heating rates were set at 0.25, 1, and 0.84 (°C s71), and the corre-
sponding holding times were 100, 900, and 1800 s for walnut shells,
eucalyptus wood, and pistachio shells, respectively. Throughout the
experiments, the pyrolysis was conducted under different gas atmo-
spheres: argon for walnut shells, helium for eucalyptus wood, and ni-
trogen for pistachio shells. Data from these experimental studies will be
used for comparison with our predicted results to validate the validity of
three reaction kinetic models in this study.

2.2. Modeling method

Model-fitting methods are the most common methods used for
evaluating solid decomposition. With these methods, a reaction model
must be proposed first. This study used competing and parallel reaction
models, one of which is the Shafizadeh model [18], along with two new
reaction models (see Fig. 1). The thermal decomposition of biomass is
composed of three stages and is closely related to the pyrolysis tem-
perature [29]. Biomass moisture evaporates after it is heated to over
100 °C to below 200 °C [30]. Then, primary pyrolysis takes place at
temperatures of 200 °C-400 °C [31,32], which is also considered to be
the initial depolymerization reaction stage. At this stage, the dry
biomass particles are decomposed into solid, condensable, and
non-condensable products. As the temperature further rises, the primary
products undergo secondary reactions. Secondary reactions such as tar
cracking, reforming, dehydrogenation, and repolymerisation lead to the
production of permanent gases, secondary chars, and secondary tars
[24,25]. There is no clear border between primary and secondary py-
rolysis since these pyrolysis stages generally take place simultaneously
in different parts of the biomass [33,34].

Model I is the widely used reaction scheme for wood pyrolysis
developed by Shafizadeh and Chin [18]. The reaction scheme explicitly
models biomass thermal decomposition into gases, tar, and char, and
then the tar further decomposes into char and gases. Model II in this
study proposes the addition of an extra reaction to model I. The added
reaction competes with the decomposition of primary tar into secondary
char and secondary gas to form instead more stable secondary tar that is
subsequently not available to secondary gas and char formation.
Although the addition of this term was suggested purely by the com-
parison of model I and data described in section 3.1 here and in
Ref. [12], this expansion of the reaction scheme has a rational motiva-
tion as well: This extra reaction can be ascribed to the successive con-
version of primary tars into an ever more stable mixture of tars
(condensable molecules) that could include oxygenates, aromatics &
phenolic ethers, olefins and higher hydrocarbons like larger PAH com-
pounds. In essence, all the chemical species frequently detected with
GC/MS analysis of secondary tars [35-37]. As primary tar is cracked,
dehydrogenated and deoxygenation at elevated pyrolysis temperature
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Fig. 1. Thermal decomposition of biomass with three different reaction
schemes used in this study to predict pyrolytic products.

and/or accelerated by catalysts a reformed and refined secondary tar is
progressively obtained and the fact that this process removes primary tar
from secondary gas and char formation apparently need to be explicitly
included in the reaction scheme if it is to be broadly predictive. Model II
explicitly includes this feature of pyrolysis.

A further expansion, model III, is also proposed in this study. Model
III has a total of eight reactions. First, virgin wood decomposes into three
major products: tar, char, and gas, by three primary reactions. And then,
a portion of tar decomposes to secondary gas and secondary char and
secondary tar by successive secondary reactions, respectively. In model
1L it is then added that primary char can volatilize to produce additional
gas by secondary reactions with an even more devolatilized solid carbon
remaining [38,39]. The primary kinetic parameters and other constants
used in models I, II, and III are listed in Table 1. Kinetic parameters (A;,
Ay, Az, A4, As, Eq1, Eg, E3, E4, Es) used in model I were obtained from
Chan et al. [40] and Liden et al. [41]. Kinetic parameters for the primary
tar to secondary tar reaction (Ag, Eg¢) in model II were obtained from
Morf [42]. Kinetic parameters for the primary char to secondary char
reaction (A7, E7) in model III were obtained from Park et al. [8], and for
the primary char to secondary gas reaction (Ag, Eg) the same kinetic
parameters as primary char to secondary char were used, with the
assumption of these two reactions having the same conversion rates.
Ahuja et al. [43] studied the kinetics of acacia and eucalyptus wood
pyrolysis and proposed a model in which secondary char and gases are
both produced from primary char with the same reaction rates.

The rate of reaction of the solid phase under non-isothermal condi-
tions is presented using Eq. (1) [44]:

d A; —E;
d—?zyxp( RT)f(a) ¢))

where da/dT is the non-isothermal reaction rate, § = dT/dt is the linear
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Table 1
Primary kinetic data and other constants that are used
in the model.

Parameters values

A s 1.30 x 10°
Ax(s7H) 2.00 x 10°
Az (s 1.08 x 107
Ay (sH 4.28 x 10°
As(sh) 1.00 x 10°
Ao s7H) 1.00 x 10*
Ay (sh 1.38 x 10'°
Ag(s™H) 1.38 x 10%°
E; (kJ.mol™ %) 110

E, (kJ.mol™") 133

E3 (kJ.mol™ 1) 121

E4 (kJ.mol 1) 107

Es (kJ.mol™ 1) 107

Ee (kJ.mol 1) 76.6

E; (kJ.mol 1) 161

Eg (kJ.mol ™) 161

R (kJ.mol ) 8.314 x 1072

heating rate (°C.s™!), A is the pre-exponential factor (s™!), E is the
activation energy (kJ.mol’l), R is the universal gas constant (kJ.K’l‘
mol’l), and T is the absolute temperature (K), f(a) is the conversion
function. In the kinetic models, the rate expression based on the first-
order decomposition of the reactive solid is defined in terms of frac-
tional conversion f(a) = 1- a.

The differential equations related with kinetic model are solved
simultaneously by ode45 tool in MATLAB. Nonlinear least squares
fitting is employed to estimate Arrhenius parameters by fitting the
experimental data, using nonlinear optimization with the generalized
reduced gradient method. Model searched for values of the unknown
parameters (A;, E;, in total 10, 12, and 16 parameters for model I, II, and
III respectively) that minimized the sums of the squares of the experi-
mental data (final yields of gas, tar, and char at the final temperature)
and determined the corresponding points of functions calculated (at the
final temperature) by the model [45,46]. The kinetic parameters in this
study were fitted by minimizing the sum in Equation (2), subject to the
constraints obtained from the range between the minimum and
maximum presented in Table 2 n represents the total number of exper-
imental data. The reaction rate expressions for all the species in the
models can be found in the supplementary material.

2
= do; do;
sum = o (% 2
o ; (( dt >apmmm ( dt )mudzl> @

A large number of estimated pyrolysis kinetic parameters have been
reported in the literature. The authors reviewed the studies that con-
ducted kinetic modeling on batch woody biomass pyrolysis. Among
these, the kinetic parameters obtained from one-component lumped
models having primary and secondary first-order reactions are gathered
and illustrated in Table 2. The table presents the activation energies
(kJ-mol ™), pre-exponential factors (1), and the minimum and
maximum of each parameter for all of the reactions in woody biomass
pyrolysis. The motivation for using these constraints was to ensure that
all the parameters remained within the physically realistic range based
on the existing literature. This variation in reported values is due to
researchers use of different models, feeds, operation conditions, and
heating profiles [19].

3. Results and discussion

The Shafizadeh model [18], a common wood pyrolysis kinetic re-
action scheme, along with two new lumped-kinetic models were pro-
posed. Models belong to one solid-phase component reaction scheme,
namely all the reactants are lumped as ‘Wood’ and the products are
divided into solid-phase char, liquid-phase tar, and gas-phase volatiles.
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Fig. 2. Distribution of the products generated during pyrolysis experiments at different temperatures and model-predicted yields from model I. Fig. 2a, b, and 2c
present data for the walnut shell, eucalyptus wood, and pistachio shell pyrolysis, respectively.

Data from three experimental studies, walnut shell [12], eucalyptus
wood [27], and pistachio shell [28] pyrolysis is used for comparison
with our predicted results to evaluate the accuracy of pyrolysis reaction
kinetics and product yield prediction. Arrhenius kinetic treatment, as
the most common formula, is applied to represent the pyrolysis reaction
rates of the models illustrated in Fig. 1. Taking model I as an example,
the proposed kinetic model that needs to be parametrized is 10 by
providing appropriate values of A;, and E;. The total number of kinetic
parameters that need to be optimized is 38 for each experimental study.

The Arrhenius parameters were obtained by best fitting the
measured conversion data by using a nonlinear least-squares regression.
The kinetic parameters from the literature were employed as the pri-
mary values [8,40-42]. The initial values for the fitting were the kinetic
parameters determined for the case of a first-order reaction. The best
values of the estimated kinetic parameters for models I, II, and III based
on the experimental data are shown in Tables 3-5, respectively. The
subscripts 1, 2, 3, 4, 5, 6, 7, and 8 are the kinetic parameters of the re-
actions: solid to gas, solid to tar, solid to char, tar to gas, tar to char, tar
to tar, chart to char, and char to gas respectively. The estimated kinetic
parameters are within the predetermined physically realistic range
based on the existing literature (Table 2).

The applicability of three kinetic models for the pyrolysis of woody
biomass was evaluated by using experimental data from the literature
[12,27,28]. The simulated concentration distributions of products,
namely gas, tar, and char, during woody material pyrolysis under
non-isothermal conditions are shown in Figs. 2-4.

3.1. Model I

Fig. 2a, b, and 2c show the results of the model-predicted yields with
the experimentally measured yields of walnut shell, eucalyptus wood,
and pistachio shell pyrolysis, respectively, developed by Shafizadeh
[18]. The model used the best-fit parameters in Table 3. The modeling
data confirmed that the solid yield dropped while the tar and gas yields
enhanced during the experiments in the temperature range of 300-500
°C [12,51]. The fit of the model to the experimental data for the py-
rolysis temperatures of 300 and 400 °C was sufficiently good for all three
studies. At higher temperatures (above 400 °C), there was less agree-
ment with the model, which could indicate that some other reactions
dominate at such temperatures. This kinetics scheme better represents
the primary decomposition of biomass pyrolysis than the secondary
decompositions. This reaction kinetic model originally adapted well to

the experimental data from cottonwood pyrolysis conducted by Shafi-
zadeh et al. [18] and also to other studies in the literature [49,52].
However, it is proven in this study that this reaction scheme is not a
suitable scheme for the slow pyrolysis of every woody biomass at high
temperatures.

3.2. Model 11

Fig. 3a, b, and 3c show the results of the model-predicted yields with
the experimentally measured yields of walnut shell, eucalyptus wood,
and pistachio shell pyrolysis, respectively. The model used the best-fit
parameters in Table 4 and shows the results of the proposed model
with the secondary reactions of tar. By comparing the predicted results
and experimental data, it is found that the existence of a secondary tar
reaction for the pyrolysis reaction scheme is helpful to improve the
reasonability of reaction models as compared to model I. With the in-
crease in temperature (above 400 °C), secondary pyrolysis is taking
place simultaneously with primary pyrolysis resulting in the production
of secondary gas, tar, and char [32,34]. Pattanotai et al. [36] conducted
an experimental study on secondary reactions of tar during the slow
pyrolysis of Japanese cypress wood. They found that the tar decompo-
sition progresses between 400 and 500 °C, and showed that the sec-
ondary reactions of tar play an important role in the pyrolysis of wood
particles. Since the tar produced in the pyrolysis zone is transported
toward exterior particles through micropores in the char layer which
acts as a catalyst, a portion of the tar is decomposed or polymerized to
form secondary gas, secondary tar, and secondary char during this
transportation. Moreover, these reactions have the potential to achieve
tar reduction in biomass gasification without any additional tar removal
process. The fit of the model to the experimental data for the pyrolysis
temperatures was good, except for the highest temperatures for all three
studies. This indicates that there are still some other reactions involved
in the secondary pyrolysis phase. Hence this kinetics scheme requires
further improvements to be able to reproduce the observed behavior of
woody biomass pyrolysis experiments that are investigated in this study.

3.3. Model 111

Computed gas, tar, and char yields for the model are illustrated in
Fig. 4. Fig. 4a, b, and 4c show the results of the model-predicted yields
with the experimentally measured yields of walnut shell, eucalyptus
wood, and pistachio shell pyrolysis, respectively. The model used the
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best-fit parameters in Table 5 and shows the results of the proposed
model with the secondary reactions of tar and char. The modeling results
confirmed that the solid yield declined while the liquid and gas yields
increased. As can be seen in Fig. 4, the model fits well with the experi-
mental data for all three studies at all temperatures. The good agreement
with experimental results indicates that model III is successful in
developing a quantitative understanding of woody biomass pyrolysis.
This model includes secondary char reactions to the pyrolysis reaction
scheme in model II. During the secondary pyrolysis phase, primary char
can be activated as a catalyst to convert organic vapors into light gases
and form secondary char by polymerization reactions [53].
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3.4. Vadlidation and sensitivity analysis

The standard deviation was calculated using Equation (3) [54]. The
modeling results showed a small deviation of 0.3 from the walnut shell
experimental data, and 0.1 from both eucalyptus wood and pistachio
shell experimental data. This indicates the model III performs well and
thus it is validated.

2
Z” dataesperiment —datamodel
i=1 datagxperiment

n—1

Standard deviation = 3)

Sensitivity analysis was carried out to examine the importance of
extra reactions addition to the models II and III. As explained in section
2.2, a “physically realistic range” was determine for the kinetic

Table 2
Kinetic parameters of woody biomass pyrolysis studies in the literature [7,8,23,40-42,47-50].
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Table 3
Kinetic data obtained by model I for the walnut shell, eucalyptus wood, and
pistachio shell pyrolysis experiments.

Parameters Values (walnut) Values (eucalyptus) Values (pistachio)
A (s7H 1.07 x 108 6.26 x 10° 5.16 x 10°
Ax(s™h) 1.64 x 10° 1.40 x 107 419 x 107
Az (s7H 6.80 x 10° 3.34 x 10° 6.32 x 10*
Ay (sh 4.87 x 10° 1.50 x 107 2.30 x 10*
As(s7H 8.90 x 10° 1.00 x 10° 1.00 x 10°
E; (kJ.mol™") 110.4 104.4 112.3

E, (kJ.mol ™) 120.5 111.6 119.4

Es (kJ.mol™ 1) 99.8 96.3 87.3

E4 (kJ.mol 1) 107 157.2 157.2

Es (kJ.mol™") 139.9 139.9 139.9
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parameters whenever possible, based on a broad survey of the literature.
This “physically realistic range” was then used as a constraint for the
kinetic parameters of a given model when the kinetic parameters where
adjusted to best simulate the experimental data.

One can ask if the constraint window designed to keep all parameters
physical, i.e. to avoid purely mathematical artifacts, could possibly have
been too narrow or too wide during this fitting procedure. To explore the
question of a too narrow window the following sensitivity analysis was
performed: The constraint windows for A4 5 and E4 5 were broadened by
20% and the kinetic parameters were re-fitted to the experimental data
(walnut shell) with these relaxed constraints.

The effect of this relaxation on the best fit kinetic parameters re-
ported in Tables 4 and 5 for the models II and III can be seen in Table 6
below. As expected, there is an effect, however, the absolute deviation
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Table 4
Kinetic data obtained by model II for the walnut shell, eucalyptus wood, and
pistachio shell pyrolysis experiments.

Parameters Values (walnut) Values (eucalyptus) Values (pistachio)
A (s7H 7.99 x 107 2.30 x 107 3.55 x 10°
Ay s7H 5.74 x 10° 5.98 x 107 417 x 10°
Az (s7H) 1.45 x 10° 8.21 x 10* 9.59 x 10*
Ay (s7h) 2.30 x 10* 6.61 x 10° 3.47 x 10°
As(s7H 1.00 x 10° 1.00 x 10° 1.00 x 10°
As 571 1.00 x 10* 5.48 x 10* 2.12 x 10*
E; (kJ.mol™}) 108.6 108.6 131.4

E, (kJ.mol™") 125.6 116.3 128.9

E3 (kJ.mol ™) 92.6 87.3 87.7

E4 (kJ.mol™!) 107 157.2 119.9

Es (kJ.mol 1) 139.9 139.9 139.9

Eg (kJ.mol™) 76.6 100.2 76.6

Table 5
Kinetic data obtained by model III for the walnut shell, eucalyptus wood, and
pistachio shell pyrolysis experiments.

Parameters Values (walnut) Values (eucalyptus) Values (pistachio)
Ay (sh 1.30 x 10° 1.78 x 107 3.55 x 108
Ay (s7H 2.00 x 10® 4.10 x 107 4.17 x 10°
Az GH 1.09 x 107 8.35 x 10* 9.59 x 10*
Ay (s7H 4.25 x 10° 4.28 x 107 3.47 x 10°
As(sh 1.01 x 10° 1.00 x 10° 1.00 x 10°
As (s7H) 1.00 x 10* 3.91 x 10° 2.12 x 10*
Ay (s7h) 1.38 x 10'° 1.38 x 10%° 1.38 x 10%°
Ag (s7H) 1.38 x 10'° 1.37 x 10%° 1.37 x 10%°
E; (kJ.mol™!) 150.3 107.7 132.4

E, (kJ.mol 1) 126.1 115 129.4

Es3 (kJ.mol ™) 105.9 87.8 88.3

E4 (kJ.mol 1) 107 157.2 119.9

Es (kJ.mol™!) 101.2 139.9 139.9

Eg (kJ.mol 1) 67.2 90.6 76.6

E; (kJ.mol™!) 160.4 232.3 232.4

Eg (kJ.mol 1) 157.6 253.3 212.5

only ranges from —0.09% to 0.04%. This deviation is not large enough to
reverse or invalidate any of the conclusions of this work.

The kinetic parameters of woody biomass, under different pyrolysis
conditions, are different as biomass is lead to the breaking of different
bonds resulting in the extraction of a slightly different kinetic equation
each time. As shown in Table 5, E values ranged from 67 to 158, 88-253,
and 77-232 (kJ mol ™) for the walnut shell, eucalyptus wood, and
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pistachio shell pyrolysis, respectively. The minimum A values were 1 x
10%, 8 x 10% and 2 x 10* (s71) for the walnut shell, eucalyptus wood,
and pistachio shell pyrolysis, respectively, and the maximum was 1.4 x
100 (s’l) for all three studies. The lowest E and A values are observed at
primary tars conversion to secondary tars for the walnut and pistachio
shell pyrolysis while for the eucalyptus wood pyrolysis, the lowest E and
A values belong to primary solid decomposition to char. Pyrolysis re-
actions with low E and A values are easier to initiate, as the required
energy is smaller. Woody biomass has different biochemical composi-
tions (cellulose, hemicelluloses, lignin, and extractives) [55] and they
behave differently even under the same heating conditions of the py-
rolysis process. The main decomposition zone of cellulose is at around
300-400 °C, hemicellulose decomposes at a lower temperature range
from 220 to 315 °C, while the pyrolysis of lignin starts relatively earlier
at 150 °C [56]. Feedstock with high cellulosic composition has high
activation energies, while feedstock with high lignin content de-
composes easier as they require lower activation energies [29]. In this
study, eucalyptus wood and pistachio shell have higher activation en-
ergies, as a result of their high cellulosic compositions being 41.6% [57]
and 42% [58], respectively. Walnut shell contains 50.3% lignin [59],
consequently, has the lowest activation energies. In addition to different
chemical compositions, heat and mass transfer happening in the pyrol-
ysis reactors of woody biomass studied here imply different activation
energy requirements [29].

4. Conclusion

In this study, the conventional Shafizadeh model was compared with
two expanded lumped-kinetic models to study their application and
compare their sensitivity to woody biomass pyrolysis. The study used
experimental data from different woody biomass pyrolysis to find an
appropriate kinetic model valid for non-isothermal heating conditions.
The kinetic parameters of each reaction in the reaction scheme of the
three models were determined with a least squares method by fitting
experimental data at different temperatures. Model I showed good
agreement with the experiments for the temperatures of 300 °C and 400
°C for all three studies. Less agreement with the model at higher tem-
peratures (above 400 °C), was attributed to the inability of the con-
ventional scheme (model I) to model high-temperature pyrolysis. That
indicated that some other reactions contribute nontrivially at such
temperatures. The fit of model II to the experimental data for the py-
rolysis temperatures was good, except for the highest temperatures for
all three studies. This indicates that there are likely still more additional

A Gas Tar
A Char O Gas-model
Tar-model O Char-model
60 |a, walnut shell 65 |b, eucalyptus wood 3 ¢, pistachio shell
6 T
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Fig. 3. Distribution of the products generated during pyrolysis experiments at different temperatures and model-predicted yields from model II. Fig. 3a, b, and 3¢
present data for the walnut shell, eucalyptus wood, and pistachio shell pyrolysis, respectively.
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Fig. 4. Distribution of the products generated during pyrolysis experiments at different temperatures and model-predicted yields from model III. Fig. 4a, b, and 4c
present data for the walnut shell, eucalyptus wood, and pistachio shell pyrolysis, respectively.

Table 6
Results of the sensitivity analysis (effect of constraint window size on experi-
mentally fitted kinetic parameters).

Parameter ~ Value with original Value with constraint Percent
constraint window window + 20% change

Model I

Ay 23000 22996.70 —0.0001%

As 100000 99751.73 —0.0025%

E4 107 107 0%

Es 139.88 139.88 0%

Model IIT

Ay 4247776.64 3872785.66 —0.0882%

As 1011079.80 982167.96 —0.0286%

E4 107 107 0%

Es 101.22 125.66 0.0439%

reactions, in addition to "stable" secondary tar formation, that are active
at the high end of pyrolysis temperatures. This finding suggests that the
reaction scheme should also explicitly include terms for these reactions
if a model is to be broadly predictive at the higher end of pyrolysis
temperatures. By adding rate expressions for the secondary further
degassing of char, and the accompanying formation of devolatilized
secondary char, the resulting model III sufficiently accurately predicted
the pyrolysis yields of various types of woody biomass across all com-
mon pyrolysis temperature ranges. This paper contributes to the lumped
kinetic modeling of woody biomass pyrolysis by concluding that the
addition of secondary tar and char reactions into the reaction scheme
makes the kinetic models more accurate and broadly capable of pre-
dicting pyrolytic products.
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Abstract

Pyrolysis is a technology capable of harnessing energy from challenging-to-recycle plastics, thus mitigating
the necessity for incineration or landfill disposal. To optimize the plastic pyrolysis process, reliable models
for product yield prediction are imperative. This study endeavors to determine the suitability of lumped
models, a widely-used approach for modeling biomass and coal pyrolysis, in accurately estimating product
yields in the context of plastic pyrolysis. To address this question, three lumped models with parallel and
competitive reaction mechanisms will be compared and fitted to experimental data collected across a broad
temperature range. The aim is to identify which models can elucidate the most appropriate reaction pathway
for the plastic pyrolysis process. The first model in this study assesses whether the commonly employed
wood pyrolysis kinetic models can effectively fit the experimental data from plastic pyrolysis. Subsequently,
the final two models introduce additional reactions into the pyrolysis process, prompting the authors to
investigate the necessity of these supplementary reaction pathways for accurately predicting plastic
pyrolysis outcomes. This investigation seeks to pinpoint the essential terms and discern which ones may be
safely omitted from the models. The results of the study reveal that the model incorporating secondary tar
reactions with gas, tar, and char is the most precise in predicting the products of plastic pyrolysis, surpassing
all other combinations evaluated in this research.

Keywords: Parallel and competitive reaction scheme, kinetic parameters, lumped model, pyrolysis,
plastic, polymethyl methacrylate

1 Introduction

Plastics, with their widespread and often fleeting use, low cost, and often low recyclability and recycle rates
and very slow biodegradability are an environmental issue of wide concern [1-3]. Thermochemical
technologies are the leading method to eliminate from the environment the many polymers that are hard or
impossible to recycle or even down-cycle mechanically or chemically. Combustion, as a thermochemical
method, does still in many cases where pollution control is not strict enough result in the release of pollutants
into the environment which impact human health and result in air pollution [4-6]. Pyrolysis can recover
more than just heat energy by extracting from plastic waste valuable products in the form of solid (e.g. char),
liquid (e.g. pyrolysis oil), or gaseous fuels (e.g. hydrogen and/or syngas) that may be used in case of
pyrolysis oil or syngas as a feedstock to produce alternative fuels or even in chemical synthesis to produce
new plastics or chemicals and materials [7-9]. In short, pyrolysis of plastic is a versatile process with a
flexible product range that can be easily varied with process parameters like reaction temperature profile
and residence time [10].
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Pyrolysis involves numerous reactions that involve a large number of intermediates and end products. As a
result, devising a kinetic model for pyrolysis that includes all molecular species and their reactions is not
only difficult but inevitably involves extensive approximations and parameter fitting [11]. Therefore, model-
free and model-fitting methods that lump molecular species into groups, typically solids (with subgroups
feed and char or chars), liquid (tar or tars), and gaseous product yields, as opposed to detailed molecular
composition, are typically employed to determine the reaction rates and to practically model the yields of
solid pyrolysis (see Figure 1). The key difference between these two modeling approaches is that model-
free methods [12] do not make any assumptions about the reaction scheme between groups for calculating
the kinetic parameters, whereas model-fitting methods assume a specific reaction model (parameterized rate
expressions) and then determine the kinetic parameters typically by fitting experimental data [13]. Model
fitting methods can be further categorized into one-component or multi-component based on how the initial
feed is characterized (e.g., by a specific type of feed or by its components), and lumped or detailed kinetic
models based on how the products are defined (e.g., by lumped products such as gas, char, and tar, or by
representative or model species in each lumped product) [14]. A parallel reaction scheme involves primary
and secondary reactions occurring simultaneously. On the other hand, in a competitive reaction scheme,
solid mass reactions leading to the formation of gas, tar, and char are in competition with one another. This
study employed both parallel and competitive reaction schemes

Modeling
approach

Feedstock
model

Product
model

________________________________________________________________________________________________________________________

Reaction
scheme

Figure 1: kinetic modeling approaches. This study used one-component model fitting approach, with
parallel competitive reaction scheme lumping the products to tar, gas and char. Those selected in this study
are in blue.

Some studies investigate the degradation behavior of plastics pyrolysis with lumped kinetic approaches
[3,6,9,15-19]. The majority of kinetic work utilizes lumped models because the kinetics are based on the
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yields of lumped products (i.e., char, tar, and gas) [6,9,15-18]. The conventional parallel competitive
reaction model with three primary pyrolysis reactions developed by Agrawal [20] was studied by many
authors to predict plastic pyrolysis products [1,21,22]. This model is only suitable where the primary
degradation of solid mass occurred (300 and 400°C), but not at higher temperatures [21-23]. The authors
[23] previously studied using this reaction scheme to investigate its accuracy in predicting pyrolysis
products. They concluded that the competitive reaction model with three reactions needs to be expanded to
include the secondary decomposition of pyrolysis products to accurately predict yields. Costa et al. [24]
used a lumped model with nine reactions to model batch pyrolysis of polyethylene at different temperatures.
The pyrolysis products were lumped into lower molecular weight polymer, gas, light, and heavy oil. Ding
et al. [25] conducted pyrolysis of polymers at temperatures of 360, 380, 400, and 420 °C. They also
developed a four-lump kinetic model to describe the production distribution of the light fractions, middle
distillates, and heavy fractions. Their results showed that the model reasonably fitted the experimental data
in each reaction of operation conditions. Jiang et al [26] defined products of polyolefin pyrolysis lumping
into wax, oil, and gas. Kinetic parameters obtained by their model were validated by using isothermal and
non-isothermal experimental data. They concluded that calculated data are only in agreement with the
isothermal experimental data. Koo et al. compared five different lumped models with first-order irreversible
reactions to evaluate plastic pyrolysis. In all of the models, the pyrolytic products were lumped into char,
tar, and gas. According to Koo et al. [22], models with secondary pyrolysis resulted in more accurate
predictions.

Despite the research on plastic pyrolysis reaction schemes and kinetic modeling, there is currently no widely
accepted model capable of accurately predicting the pyrolysis rate and resultant products of various
materials under a broad range of experimental conditions [27]. In addition, there are no studies that
considered secondary char reactions in the plastic pyrolysis reaction pathway. In prior work, it was
demonstrated that by expanding the reaction scheme of the conventional lumped kinetic model with only a
few specific terms a new expanded model can predict biomass pyrolysis yields not just for a limited
temperature range and a given type of biomass, but the new model can predict biomass pyrolysis yields
across various different biomass feedstock and broader temperature ranges [28]. This work investigates
whether the previously proposed reaction schemes for pyrolysis of biomass [28] can also accurately predict
the product yields of plastic pyrolysis. The same methodology will be followed as in the prior work on
biomass [28]. Namely three lumped models with different primary and secondary reactions will be fitted to
experimental data including variations in pyrolysis temperatures (300, 400, 450°C) [29]. The experimental
study by Nunes et al. [29], is the only study that has delved into investigating the pyrolysis of the same
feedstock under non-isothermal conditions, while maintaining consistent experimental parameters across all
trials and providing comprehensive data on pyrolytic yields and temperature profiles. Based on experimental
data the authors will estimate the Arrhenius parameters (frequency factor, activation energy) for the
reactions by numerical modeling. The ability of the parallel competitive reaction model predominantly used
in the literature [30-33] along with two lumped-kinetic models previously proposed by authors [28] will be
compared to see which, if any of the selectively added reactions, is necessary or non-negligible when
modelling plastic pyrolysis.

2 Materials and methods

Slow pyrolysis of plastic was conducted in a hot-rod (fixed-bed) reactor operating at different temperatures
up to 450 °C. The heating rate was set at 1 (°C s-!), and the corresponding holding time was 900. Throughout
the experiments, the pyrolysis was conducted under helium atmosphere. The detailed experimental methods
and data on plastic pyrolysis experiments were conducted by Nunes et al. and is published elsewhere [29].
The type of plastic was not reported in Nunes et al. [29], but the ultimate analysis provided is consistent
with polymethyl methacrylate (PMMA). The oxygen level is 34.7 wt% and C/H mass ratio is 7.4.
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Data from this experimental study will be compared with the predictions of the three reaction kinetic models
tested in this study. This study used competing and parallel reaction models (Fig. 1). The first model to be
tested (denoted here as Model I) is an existing model developed and modified by many authors [30-32].
This first model can be considered a state-of-the-art baseline and has been use as such by the current authors
in a previous study in search of a more universal model for biomass pyrolysis [28]. Model I (in black color
in Fig. 2) simulates that solid converts into gases, tar, and char; subsequently the tar can further decompose
into char and gases. Model II is a simple expansion of Model I with the addition of the possibility that
primary tar can also convert to an inert secondary tar (the added reaction is illustrated in red). Model III is
a further expansion of Model II that includes the addition of the possible formation of an inert secondary
char and additional gas from primary char (the added reactions are illustrated in blue). The primary kinetic
parameters and other constants used in models I, II, and III are listed in Table 1. The subscripts 1, 2, 3,4, 5,
6, 7, and 8 are the kinetic parameters of the reactions: solid to gas, solid to tar, solid to char, tar to gas, tar
to char, tar to tar, chart to char, and char to gas respectively. The typical or reported values for these kinetic
parameters (A; E;) for Model I listed in Table 1 were obtained from the kinetic modeling of plastic pyrolysis
conducted by Till et al. [18]. To obtain typical values for the kinetic parameters for the secondary char
reactions in Model III it was assumed that the reactions have the same kinetic parameters as secondary tar
reactions to char and gas. [18,34].

Solid
| ow
oo
Gas Tar Char

k4 | k(; k. kg
I }
Gas Char Tar Char Gas

Figure 2: Thermal decomposition of solid with three different reaction schemes used in this study to predict pyrolytic
products. Model I in black color, model 1l in black and red colors, and model Il in black, red, and blue colors.

Table 1: Primary kinetic data, as well as, minimum and maximum values of the Arrhenius parameters of plastic
pyrolysis studies in the literature that are used in this modeling study.

Parameters Values Min Max
A (s 9.94 x 102 3.60 x 10! 2.23 x10°
Ay (s 1.23 x 106 1.99 x 10* 7.62x 10
As(sh) 1.07 x 1013 1.18 x 10! 1.07 x 1013
Ay(sh) 1.18 1.18 1.18 x 10!
As(sh) 1.37 x 103 1.37 x 1073 6.95
Ag(s) 1.24 x 10! 1.24 x 10! 7.20
As(s) 1.37 x 1073 - -
Ag(s™h) 1.18 - -

E; (kJ.mol™") 86 45 187

E; (kJ.mol ™) 268 71 319

E; (kJ.mol ™) 233 16 233

E4 (kJ.mol™) 386 9 386

Es (kJ.mol™) 216 48 394

Eg (kJ.mol™) 230 32 230

E; (kJ.mol ") 216 - -

Eg (kJ.mol™) 386 - -

ACS Paragon Plus Environment



ACS Omega

The rate of reaction of the solid phase under non-isothermal conditions is presented using Eq. 1 [35]:

o = Zexp( )@ (M

where do/dt is the non-isothermal reaction rate, p = dT/dt is the linear heating rate (°C.s"), A is the pre-
exponential factor (s!), E is the activation energy (kJ.mol "), R is the universal gas constant (kJ.K-!.mol""),
and T is the absolute temperature (K), f(o) is the conversion function. In the kinetic models, the rate
expression based on the first-order decomposition of the reactive solid is defined in terms of fractional
conversion.

The objective is to minimize the difference between experimental data (final yields of gas, tar, and char at
the final temperature) and model calculated yields (at the final temperature), by nonlinear least squares
method to estimate Arrhenius parameters (Ai, Ei) [36]. A well-proven strategy to avoid mathematical
artifacts, and ensure physically relevance of fitted kinetic parameters, is to identify a physically plausible
range (expected lower and upper bounds) based on experiments or a survey of experimental work [28]. The
authors reviewed the studies that conducted lumped kinetic modelling on plastic pyrolysis and gathered the
kinetic parameters in Table 1 [18,21,26,37]. The table presents the minimum and maximum activation
energies (kJ-mol™"), and pre-exponential factors (s7!) for all of the reactions in plastic pyrolysis. The
variance in the reported values can be attributed to the diverse utilization of models, feedstock, operational
conditions, and heating profiles by different researchers. The kinetic parameters optimized using the non-
linear generalized reduced gradient method, subject to the constraints obtained from the range between the
minimum and maximum presented in Table 1. The motivation for using these constraints was to ensure that
all the parameters remained within the physically realistic range based on the existing literature.

3 Results and discussion

Arrhenius kinetic parameters

In this context, the predictive capabilities of Model I (the existing baseline model [30-32]) will be compared
with two potential extensions of Model I, as previously investigated by the authors in their pursuit of a more
universally predictive model for biomass pyrolysis [28].

Unfortunately, plastic pyrolysis data that include trials with widely varying temperature profiles are much
rarer than what is available with biomass [28]. Ideally data should also be available for different polymers,
analogous to the wide range of biomass types for which pyrolysis data is available. Upon a review of the
literature available on plastic pyrolysis, it became evident that the experimental conditions employed in
these studies varied significantly, rendering the utilization of their reported data a challenging endeavor.
Specifically, some studies conducted isothermal pyrolysis experiments, while others implemented non-
isothermal conditions, albeit with varying heating rates. Additionally, disparities were observed in reactor
lengths and associated temperature profiles. Furthermore, some studies solely reported mass loss without
reporting the other pyrolytic yields. Discrepancies in the categorization of pyrolytic yields, as compared to
our study, further complicated data synthesis. Moreover, some studies exhibited insufficient information
regarding the temperature profiles during the pyrolysis process, hindering a comprehensive understanding
of their methodologies. Lastly, certain publications presented results exclusively in graphical formats,
making data replication virtually impossible due to the absence of numerical values. Based on this review
of plastic pyrolysis data, the experiments of Nunes et al. [29] was selected as the best available data on
plastic pyrolysis to be used to compare the predictive power of the Models to be tested here across broad
temperature ranges.
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The objective of all models are merely to accurately predict product yields of the feedstock into the three
product categories (char, tar and gas) as a function of the pyrolysis temperature profile. The widely used
Arrhenius kinetic equation is used to represent the pyrolysis reaction rates of the models illustrated in Figure
2. The proposed kinetic models optimized 38 kinetic parameters in total for all three models.

Table 2: Kinetic data obtained by models I, I, and Il for the plastic pyrolysis experiments.

Parameters Model-I Model-IT Model-ITI
A (s 5.86 x 10* 4.23 x 10° 1.54 x 10°
Ay (s 1.99 x 10* 1.99 x 10* 1.99 x 10*
As(sh) 6.51 x 102 2.28 x 10! 2.53 x 10?
Ay(sh 1.18 1.18 1.18
As(sh) 1.37 x 103 1.37 x 103 1.37 x 1073
Ag(s) - 1.24 x 107! 1.24 x 10!
As (s - - 1.37 x 1073
Ag(sh) - - 1.18

E; (kJ.mol™) 82 96 92

E; (kJ.mol™) 78 82 82

E; (kJ.mol ™) 56 43 55

E4 (kJ.mol ™) 386 386 386

Es (kJ.mol™) 216 216 216

Es (kJ.mol™) - 230 230

E; (kJ.mol ") - - 386

Eg (kJ.mol™) - - 244

Values for the Arrhenius parameters were obtained by fitting the measured conversion data by using a
nonlinear least-squares regression. The kinetic parameters from the literature were employed as the initial
guess value [18,21,26,37]. The initial values for the fitting were the kinetic parameters determined for the
case of a first-order reaction. The best values of the estimated kinetic parameters for models I, II, and III
based on the experimental data is shown in Table 2. The estimated kinetic parameters are within the
predetermined physically realistic range based on the existing literature (Table 1).

The authors previously evaluated the performance of these three models on eucalyptus wood pyrolysis
conducted by Nunes et al. [29]. For the eucalyptus wood pyrolysis, activation energies ranged from 88—158,
88-140, and 88-232 (kJ.mol™") for models I, II, and III, respectively. While in this study on PMMA like
plastic with the same pyrolysis setup and operational conditions, the activation energies ranged from 56—
386, 43-386, and 55-386 (kJ.mol ) for models I, II, and 111, respectively. This suggests that polymers could
have a wider range of temperature sensitivity compared to biomass that can be both higher or lower. The
frequency factors obtained for plastic pyrolysis were also lower compared to eucalyptus wood pyrolysis.
This indicates that plastic (specifically PMMA in this study) pyrolysis reactions are slower compared to
eucalyptus wood pyrolysis at a given temperature.

3.1 Pyrolytic product yields

The applicability of three kinetic models for plastic pyrolysis was evaluated by using plastic pyrolysis
experimental data from the study conducted by Nunes et al. [29]. The simulated concentration distributions
of products, namely gas, tar, and char, during plastic pyrolysis under non-isothermal conditions are shown
in Figure 3. In an ideal scenario, the reaction rates would be measured instantaneously during pyrolysis
experiments and could be directly compared with the model's rates. However, the experimental design
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employed in the models only permitted the collection of final yield measurements at the conclusion of each
batch. Consequently, the reported measurements represent the yields achieved at the final temperature when
the process concludes. Particularly when integrating tar or immediate solids and their subsequent reactions,
the pertinent kinetic properties of tar were sourced from the literature, as they are challenging to measure at
the current experimental level. Consequently, the validation of these intricate models necessarily relies on
the limited available experimental data [11]. Hence, an approach of calibrating the models with the final
experimental yields at three final temperatures: 300°C, 400°C, and 450°C was adopted. The models
computed the yields for each of the reactions and subsequently reported the combined results for Gases,
Tars, and Chars.

The experimental data shows that the solid yield drops monotonically with maximum process temperature,
while the tar and gas yields increase with maximum process temperature for any experiments in the
temperature range of 300 to 500 °C [23,38]. The modeling results from all three models confirmed that with
an increase of maximum pyrolysis temperature the final product volume of tar will increase at first and then
reach an approximate plateau level for processes that peat at around 400 to 500 °C.

Figure 3a shows the results of the model-predicted yields compared to the experimentally measured yields
for Model I. The model prediction shown is that with the best-fit parameters in Table 2. The fit of the model
to the experimental data was only accurate for trials with a maximum pyrolysis temperature of 300 °C . For
pyrolysis runs with maximum temperatures above 300 °C, best fits of Model I achieved less agreement
between Model I and experimental data, which could indicate that additional reactions not captured by
Model I dominate at temperatures above 300 °C. The results prove that the conventional reaction scheme
of Model I is not capable of accurate yield predictions for higher temperature plastic pyrolysis. Apparently
additional conversion pathways are activated above 300 °C not captured by Model I.

70 1 a, model I 70 1 b, model 1] 70 Py ¢, model IIT
L

55 55 55
) i
=
240 40 40
>

25 33 25 25

10 10 10

250 325 400 475 550 250 325 400 475 250 325 400 475
Temperature (°C) A gas Temperature (°C)
ar
Char

Figure 3: Distribution of the products generated during plastic pyrolysis experiments at different maximum process
temperatures and model-predicted yields from models. Figures 3a, 3b, and 3¢ present data for model I, model II, and
model I1I, respectively.

In Model II of this study, an additional reaction is introduced to enhance Model I. The predicted yields by
Model II are depicted in Figure 3b. The model's predictions utilize the best-fit parameters from Table 2 and
showcase the results of the proposed model, accounting for secondary (inert) tar formation reactions. This
supplementary reaction competes with the primary tar's decomposition into secondary char and secondary
gas, favoring the creation of a more stable secondary tar. Consequently, this secondary tar is no longer
available for the formation of secondary gas and char. The extra reaction involves converting primary tars
into a more stable mixture of tars, including various compounds. This conversion process, facilitated by
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high temperatures and catalysts, progressively generates a refined secondary tar while separating it from
secondary gas and char formation [39,40]. Model II explicitly incorporates this aspect. By comparing the
predicted results with experimental data, it becomes apparent that the inclusion of a secondary tar reaction
in the pyrolysis reaction scheme enhances the accuracy of reaction models when compared to Models I and
III. Other researchers have suggested that at temperatures exceeding 400°C, secondary pyrolysis occurs
concurrently with primary pyrolysis, resulting in the production of secondary gas, tar, and char [41,42]. The
modeling work and the results presented in Figure 3 support this hypothesis. The fit of Model II is consistent
across all maximum process temperatures tested in this study. The strong agreement with experimental
results implies that Model II could provide a solid foundation for a quantitative understanding of plastic
pyrolysis. Naturally, this outcome must be validated for various polymer types and reactor configurations
to be considered more universally applicable.

Model III builds upon this by introducing the concept that primary char can undergo volatilization, leading
to additional gas generation through secondary reactions. This results in a more devolatilized solid carbon
residue [43]. Computed gas, tar, and char yields from Model III are displayed in Figure 3c. The model
employs the best-fit parameters from Table 2 and exhibits the outcomes of the proposed model, considering
the secondary reactions of tar and char. As evident in Figure 3¢, the model aligns well with the experimental
data for temperatures up to 400°C. The results demonstrate that including secondary char reactions does not
enhance the precision of predicting plastic pyrolysis products (at least for the PMMA-like polymer
examined here) to the same extent as it did for biomass. The kinetic scheme of Model III most accurately
predicts the decomposition of biomass pyrolysis [23,28]. Compared to the biomass pyrolysis modeling
previously investigated by the authors [23,28], the behavior of plastic pyrolysis is different. The results here
suggest that in plastic pyrolysis there is the presence of secondary tar reactions, whereas primary char once
formed subsequently acts as an inert substance. Therefore, the addition of secondary char reactions to char
and gas (Model III) did not enhance the reaction scheme or improve the accuracy of yield predictions.

3.2 Validation and sensetivity analysis

The standard deviation between model predictions and experimental data was calculated using Equation (2)
[44]. The modeling results showed a small deviation of 0.1 from plastic experimental data for model II.

2
nda%experiment ~ datamodel

Standard deviation = \/2‘1( datexperiment )

n—1

A sensitivity analysis was undertaken to evaluate the significance of incorporating additional reactions into
Model II. It is worth considering whether the constraint window, designed to maintain all parameters within
physically plausible values and prevent purely mathematical artifacts, may have been either too restrictive
or too lenient during the fitting process. To explore the possibility of a narrow window, a sensitivity analysis
was performed by expanding the constraint windows for A, sand E,4 s by 20% and subsequently recalibrating
the kinetic parameters to the experimental data within these more relaxed constraints. The model was then
executed to assess the impact of this relaxation on the optimal-fit kinetic parameters presented in Table 2
for Model II. The consequences of this relaxation on the best-fit kinetic parameters in Table 2 for Model 11
are shown in Table 3 below. As anticipated, there was an effect, but the absolute deviation was found to be
0%. This deviation is not substantial enough to overturn or invalidate any of the conclusions reached in this
study. This study provided valuable insights into a plausible reaction scheme for plastic pyrolysis, primarily
relying on the available experimental data. However, to establish its universal applicability, broader
validation is essential.
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Table 3: Results of the sensitivity analysis (effect of constraint window size on experimentally fitted kinetic
parameters)

Parameter Value with original Value with constraint Percent change*
constraint window window + 20%
Model IT
Ay 1.18 1.18 0%
As 1.37 x 103 1.37 x 10 0%
E, 386 386 0%
Es 216 216 3.9 x10°%

4  Conclusion

Pyrolysis is a technology that offers a means of harnessing energy from plastics that are traditionally
challenging to recycle. The development of dependable models for predicting product yields is imperative,
as it underpins the optimization of plastic pyrolysis process parameters, the assessment of its economic
viability, and the quantification of its potential environmental advantages. Basing the exploration on the
understanding that the pyrolysis process encompasses primary and secondary stages, the goal was to expand
the pyrolysis reaction pathway. In prior studies, established models from existing literature, along with
various experimental data for wood pyrolysis, were rigorously examined. The results strongly indicated the
necessity for an expanded reaction scheme, offering a logical foundation for the previously proposed models
(models II and III). To validate these models, earlier experimental data on wood pyrolysis were utilized.
Moreover, experimental data from two other studies were incorporated to demonstrate the capability of the
proposed model to predict pyrolysis yields across a broader spectrum of experimental conditions and
feedstock types.

The aim of the modeling research in this study was to establish a viable reaction pathway for the plastic
pyrolysis process within a kinetic model. This model was intended to provide accurate predictions of
pyrolysis yields under conditions of non-isothermal heating while fitting the experimental data. The authors
employed plastic pyrolysis experimental data obtained from Nunes et al.'s study, which utilized identical
experimental conditions and equipment for both plastic and biomass pyrolysis. Previously, the authors had
utilized biomass pyrolysis experimental data to develop a model in their earlier study.

Model I exhibited a satisfactory degree of agreement with experimental results, but only for pyrolysis runs
conducted at a maximum temperature of 300°C. Model 111, on the other hand, offered a good fit for most
pyrolysis temperatures, with the exception of the highest temperature of 450°C. Nevertheless, it was Model
II that excelled in terms of accuracy and precision when predicting the product outcomes of plastic pyrolysis.
Hence, based on the dataset, it is proposed that the secondary tar reaction plays a significant role in plastic
pyrolysis, particularly at temperatures exceeding 300°C, while primary char, once formed, behaves as an
inert substance up to 450°C. Furthermore, the incorporation of secondary char reactions into both char and
gas, as observed in Model 111, did not yield an improvement in yield predictions within this reaction scheme.

Given the limited availability of experimental data, particularly concerning plastic pyrolysis investigations,
it is noteworthy that the author identified only a single paper that presented comprehensive experimental
results on plastic pyrolysis. This paper furnished an in-depth explanation of the experimental conditions,
temperature profiles, and pyrolysis outcomes across various temperature ranges. This highlights the
potential for future research endeavors within the field of plastic pyrolysis to conduct comprehensive
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experimental studies covering a wide spectrum of plastic types, operating temperatures, and process
conditions.
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Dioxin and Furan Emissions from
Gasification

Aysan Safavi, Christiaan Richter, and Runar
Unnthorsson

Abstract

PCDD/Fs are a 75-member family of toxic chemicals that include congeners
(members) that have serious health effects including congeners that are classi-
fied group 1 carcinogens, endocrine disruptors and weakening or damage to the
immune system. Municipal solid waste (MSW) incinerations had historically been
implicated as the major source of PCDD/Fs distributed by air. As a result of aware-
ness and legislation most European MSW incinerators were either shut down or
equipped with modern air pollution control systems necessary to achieve MSW
incineration with PCDD/F emissions within regulatory limits set by national and
international laws (typically <0.1 ng TEQ/Nm?). There is a common belief that
gasification of waste and/or biomass, unlike incineration, inherently and always
achieve emission below regulatory and detectable limits. However, a review of the
literature suggests that the belief that the substitution of incineration with gasifica-
tion would always, or necessarily, reduce PCDD/Fs emissions to acceptable levels
is overly simplistic. This chapter discusses the mechanisms of PCDD/Fs formation,
the operational measures and parameter ranges that can be controlled during
gasification to minimize PCDD/Fs formation, and methods for post-formation
PCDD/F removal are reviewed. The purpose of this chapter is to assist researchers
and practitioners in formulating waste management policies and strategies, and in
conducting relevant research and environmental impact studies.

Keywords: gasification, dioxins, furans, dioxin formation mechanism,
PCDD/F removal technologies

1. Introduction

Due to industrialization and improved living standards, global energy consump-
tion is on the rise. Simultaneous population growth and per capita energy demand
led to increased fossil fuel production and consumption accounting for about 80%
of world energy consumption, while nuclear, biomass, and hydroelectric energy
accounting for the remaining 20%. This trend of fossil fuel use as the largest
portion of the growing global energy mix results in a steady increase in CO,, NO,
and SO, emissions, leading to environmental threats. Therefore, seeking sustain-
able solutions is urgent. Biomass is defined as biological and carbon-containing
material derived from living or recently living organisms. Biomass is one of the
biggest sources of energy and is a renewable, possibly efficient, and an attractive
alternative to fossil fuels. Biomass when compared to fossil fuels contains much less

1 IntechOpen
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carbon, more oxygen, and less heat in the range of 12-16 MJ/kg [1]. Its average net
greenhouse gas emissions are lower than fossil fuels, an environmental advantage
that may be a key driver for biomass and waste energy extraction. Biomass is the
predominant source of energy in many developing countries, but in some indus-
trialized ones it also plays an important role. Biomass-based options for energy
production are widely researched and developed to replace fossil fuels in heat and
electricity production, chemicals formation, agriculture, moving towards sustain-
ability, regional economic and social development in order to alleviate the emission
of greenhouse gas [2].

1.1 General overview: thermochemical biomass conversion methods

Through biochemical, chemical, and thermochemical conversion techniques,
the chemical energy that is contained in biomass is converted to heat, electricity
or fuel. Biochemical and chemical methods can only convert selected biomass to
biogas, biodiesel, etc., while most biomass materials can be thermochemically
converted. Thermochemical biomass conversion is one of the most energy-efficient,
flexible, and high-energy yield methods for extraction of energy from biomass and
organic waste, and therefore one of the most promising pathways with many envi-
ronmental benefits. This thermal treatment can be divided into different processes
depending on the supply of oxygen: (1) combustion; direct biomass burning using
excess oxygen, (2) gasification; biomass burning with a limited oxygen supply, and
(3) pyrolysis; biomass burning without oxygen [3], where gasification is the most
efficient energy extraction process [4, 5].

Given its economic and environmental benefits, gasification has attracted
worldwide attention. Many agricultural and industrial waste streams that are
currently problematic can be used sustainably through gasification. Industrial
waste (e.g., from the food and pulp and wood industries), municipal waste (e.g.,
household waste), or agricultural waste (e.g., gardening and animal manure) [6]
and energy products can be all converted into a mixture of non-combustible gas
in a gasifier (producer gas) via gasification. Gasification is the conversion of solid
carbon to a gas under a limited oxygen supply at high temperatures (400-1000°C
[7]). Producer gas is a mixture of CO, H,, CHy, slight amounts of other light
hydrocarbons, steam, CO,, N,, in addition to impurities like char, ash, tar, and oil
particles. The producer gas can simply be stored and combusted at a later time to
produce heat and/or steam. The producer gas can also produce electricity when
used in gas turbines or to power and engine-generator combo. Syngas is the purified
producer gas that can be used as fuel or as feedstock to produce higher value fuel or
chemicals [8].

Although the main feedstock for gasification can be any hydrocarbons; the
acceptable range of feedstock properties is practically very narrow for most existing
real world gasifiers. This is a major disadvantage compared to incineration. The
reaction chemistry and fluid-dynamics within gasifiers tend to be highly sensitive
to changes in the composition of raw materials, their reactivity, density, particle
size, moisture, and ash content. The beneficial output in combustion plants is
power and possibly heat, while the output in gasification can also be chemicals,
liquid fuels or hydrogen in addition to power and heat. Due to the presence of
acid gases, tar particles, and other impurities that exist in the gas produced by the
gasifier, the producer gas should be treated properly for optimal production of
chemicals, liquid or hydrogen fuels and internally-fired cycles (internal combustion
engines, gas turbines) [8].

Biomass conversion efficiency varies based on the gasifier itself, purpose of use,
type of treated material, its particle shape and size, and the gas flow. The process
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of gasification which occurs in gasifiers can be divided into five groups: (1) the
calorific heat of the producer gas is high when it is between 10 to 40 MJ/Nm’; it

is medium if it is between 5 to 10 MJ/Nm?; and it is low when below 5 MJ/Nm?;

(2) nature of gasification agents (air, 02, steam, H,); (3) the direction in which
consuming material and gasifying agents move (updraft, downdraft; cross draft

or fluidized bed); (4) operating pressure (atmospheric or high pressures of up to

6 MPa); (5) type of feedstock (municipal solid waste (MSW), industrial waste,
biomass/wood). There are only a few processes that do not fall into these categories,
namely molten iron bath gasification, in situ gasification (underground gasifica-
tion), plasma gasification or hydrogasification and rotary kiln gasification [8, 9].

1.2 Gasification vs. combustion

Combustion has been a viable method for waste management with drawbacks
such as harmful process residues and hazardous emissions. Gasification has come
up to tackle these issues and improve energy efficiency. Gasification reduces cor-
rosion and emission by preserving alkali and heavy metals (excluding Hg and Cd),
sulfur and chlorine in the process residues, greatly inhibiting dibenzo-p-dioxins
(PCDDs) and chlorinated dibenzofluorans (PCDFs) formation and decrease the
formation of thermal nitrogen oxides (NOy) owing to lower temperatures and
reducing conditions [10]. Slag gasification can destruct dangerous compounds,
however, S and Cl species such as H,S and HCI might remain present in the pro-
ducer gas. When producer gas volume is small, lower dimensioned gas cleanups is
needed. This can save the cost of investment while using O2 raises both the costs
and the producer gas calorific value. Producer gas can be used in different applica-
tions energetically or as raw material which has a higher efficiency [9, 11]. Some of
the potential benefits of gasification versus combustion and their corresponding
potential drawbacks are summarized in Figure 1, using reference [12] with the
permission of Elsevier.

PCDD/Fs are a group of unwanted by-products and pollutants coming from
thermal and combustion processes. The toxicological and chemical properties of
compounds of this sort depend on the number and position of the chlorine atoms
that are bound to the two aromatic rings [13]. PCDDs and PCDFs are composed of
75 and 135 homologs, respectively. Specific isomers of PCDD/F have been recog-
nized for their toxicological properties that have serious carcinogens [14]. They are
highly toxic and cause severe bronchitis, asthma, and strangulation of the lungs in

Potential ges of gasil ion vs. i Related issues that hinder the benefits of
o , S . since syngas is highly toxic and explosive, its presence raises major
e the b gas g d by c; is easier to handle, meter SYag eu 7 P‘ 9 P 2 d
security concerns and requires sophisticated control equipment
and control than waste - PR . Sy
) < i 2 *  since feedstock is oxidized/converted in two steps (gasification + syngas
e the gas-p of syngas can be carried out

50 © * combustion/conversion) plants tend to be more complex and costly, more
under conditions more favorable than those achievable with waste o e @
difficult to operate and maintain, less reliable

The reducing conditions in the gasifier: The actual production of pollutants depends on how syngas is processed
e improve the quality of solid residues, particularly metals downstream of the gasifier: if syngas is eventually oxidized, dioxins, furans
* reduce the generation of some pollutants (dioxins, furans and NOy) and NOy may still be an issue

*  Required syngas treatment is costly and causes significant energy
consumption/losses
*  Due to the consumption/losses of gasification and syngas clean-up,

Syngas can be used, after proper treatment, in highly efficient internally- - e - = &
g POpe oy Y overall energy conversion efficiency is typically lower than that of

fired cycles .
combustion plants
*  Atthe small scale typical of waste treatment plants, efficiency of
internally-fired systems are low (especially if gas turbine- based)
Required syngas very d ding and costly
Syngas can be used, after proper treatment, to generate high-quality fuels *  Atthe small scale typical of waste treatment plants, synthesizing quality
(diesel fuel, gasoline or hydrogen) or chemicals fuels or chemicals can entail prohibitive costs
Gasification at high pressure enhances the opportunities to increase energy P ized waste gasification poses i hall and has not been

conversion efficiency and reduce costs

attempted by any technology developer

Figure 1.
Comparison of waste gasification and combustion.
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humans. Agricultural lands and livestock in the vicinity of incinerators can also be
affected by dioxin that infects meat, dairy products, and so on. Consuming these
products may destroy the human immune system, thyroid function, hormone
dysfunction, and causes cancer. It has negative health condition in infants because
of dioxin exposure through breast milk and uterine exposure. Scientists have
conducted numerous experimental studies on experimental animals (rats and
mice) to investigate the effects of dioxin contamination that lead to carcinogenic-
ity, liver toxicity, and immune toxicity. 2,3,7,8,8-tetrachlorodibenzo-p-dioxin
(TCDD), considered to be very toxic and assigned a toxic equivalence factor (TEF)
value of 1 [10, 15, 16], and commonly used as a test substance in toxicity tests. In
immunotoxicity experiments, 2,3,7,8-TCDD caused thyroid atrophy, cellular and
humoral immune abnormalities, constrained host resistance to viral infections, and
inhibited antibody formation [17].

In 1977, the release of PCDD/F from incineration processes was first observed.
Since then, researchers have evaluated emission of this compound by a series of
thermal processes that include integrated combustion and gasification [16]. The
main reason for the negative environmental reputation of waste incineration is the
emission of PCDD/F and other pollutants during the process [18], especially for
MSW incineration [19-21]. After PCDD/F enters the atmosphere, they are exposed
to chemical, physical, and biological changes and eventually contaminate soil, body
and sediment [22].

The purpose of this chapter is to shed more light on PCDD/F formation and
their sources in combustion. The main objective is to review the PCDD/F forma-
tion in gasification as there is no review on formation and emission of dioxins from
processes based on gasification know-hows. This chapter highlights the likelihood
of reducing the emission of PCDD/Fs to well below regulatory limits or even detec-
tion limits, by using gasification technology. We have done a thorough study of all
the accessible articles came into existence over the last 30 years in literature to be
able to frame this review which is really felt missing in the field.

2. Dioxin formation

In the 1950s and 1960s, incinerating organic waste from chemical plants and
releasing greenhouse gases into the atmosphere became common practice. Its exten-
sion to incineration of solid waste, especially MSW, increased during the 1960s and
1970s and enabled these processes to recover the energy generated by waste incinera-
tion, reduce the waste by 80-90% of volume, and consequently decrease the areas
required for landfilling. Nonetheless, the release of very toxic organic compounds
from waste incineration, recognized as dioxins, was not known back then [23].
Actually, the toxic effects of PCDD/F were not materialized until around the end of
1980s. Due to maximum enforcement of available control technology regulations,
the release of “toxic equivalent” dioxin (TEQ) from US power plants was lessened by
three orders of magnitude to less than 12 g of TEQ per year by 1987 [24]. It has been
widely acknowledged that combustion processes lead to the formation or emission
of by-products such as NOy, SOy, HCI, TOC, CO, HF, and CO, into the atmosphere.
Moreover, small quantities of toxic substances such as metals and PCDD/F are
released into the atmosphere [23]. Figure 2 shows the structure of PCDD/Fs [25].

2.1 Dioxin formation during combustion

The formation and emission of dioxin - group of chlorinated poly-nuclear
aromatic compounds - from waste combustion is of prodigious public concern.

4
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Figure 2.
Molecular structure of polychlorinated dibenzo- p-dioxins (a) and dibenzofurans (b). Reprinted from [25]
with the permission of Elsevier.

Dioxin is released in small quantities from combustion sources mainly in the
process of municipal waste incineration, which is one of the most important sources
of PCDD/Fs formation in the environment. Therefore, dioxin control measurement
from combustion sources has become vital and the mechanisms of dioxin formation
have been comprehensively investigated because of its carcinogenic and mutagenic
effects.

2.1.1 Mechanism of PCDD/F formation

PCDD/Fs can be formed when reaction of hydrocarbons and chlorine takes
place in vicinity of O2 and metals like Cu at high temperatures of 200 to 800°C.
There are many theories regarding the mechanism of dioxin formation. PCDD/F
formation proceed via: (1) homogeneous (gas phase) reactions at high tempera-
tures (500 to 800°C), and the main mechanism of the reaction process is via
chlorination precursors like chlorophenol (CP) and chlorobenzene (CB) in the gas
phase. This high-temperature homogeneous path is known as “precursor route” in
which a smaller subset of PCDD/Fs is formed in the gas phase. (2) heterogeneous
(surface-catalyzed) reactions at lower temperatures (200 to 400°C) in the post-
combustion zone [21, 26]. This low temperature heterogeneous path is called the
“de novo route” (for the PCDD/Fs subset of carbon, oxygen, hydrogen and chlorine
in the cooling flue gas). In the heterogeneous mechanism, the formed PCDD/Fs
may also come from CPs or CBs or from carbon in fly ash. The catalytic effect of fly
ash or soot is the main factor in the latter case, and this is a well-known example
of a de novo process. It is said that the two pathways of dioxin formation occur
simultaneously and independently. It is still debated whether the carbon in the
heterogeneous PCDD/F mainly comes from gas precursors or from carbon in fly
ash [25, 27]. Dickson et al. [28] disclosed that under similar conditions, the rate of
PCDD/Fs precursor formation is 72-99000 times higher than the rate of carbon
formation in fly ash. Luijk et al. [29] thought that the formation of PCDD/Fs from
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precursors was about 3,000 times faster than the de novo process of activated
carbon. The precursors were found to be the major source of PCDD/Fs formation
by Tuppurainen et al. [30]. Figure 3 is a stylized illustration of the mechanisms
by which PCDD/F is formed in combustion systems. The surface shows a particle
of ash, and the arrows depict both the reaction and absorption processes. Thick
arrows indicate the relative importance of pathways in the formation of PCDD/F.

The emission of PCDD/Fs is directly related to the amount of carbon used.
Along with CP, CBs, polycyclic aromatic hydrocarbons (PAHs), and residual car-
bon, there are also key elements that influence the formation of PCDD/Fs including
residence time, precursors, combustion temperature, PCDD and chlorine in the
feed, feed processing, supplemental fuel and oxygen availability [31, 32].

Dioxin formation happens in a temperature range of 200 to 800°C with a
maximum reaction rate reached between 350 to 400°C [33]. Data from the litera-
ture show that the rate is very slow in the range of 200 to 250°C. Under optimum
combustion conditions (such as adequate oxygen, mixing, and airflow), virtually
all organic compounds including PCDD/F are destroyed above 800°C. However,
PCDD/F is formable at high temperatures, but under less optimum conditions like
insufficient oxygen [34]. Dioxin formation correlates well with access to organic
precursors, CO, unburned carbon or combustion products (even soot particles),
metal salts and hydrogen chloride/chlorine. Dioxins are formed during the cooling
cycles of the flue gas in combustion systems. This formation process goes via one of
the two mechanisms mentioned above [21, 35]. The main mechanism of dioxin for-
mation in combustion systems appears to be de novo synthesis where morphology
of the carbon from deteriorated graphical configuration is critical for dioxin forma-
tion. Therefore, such carbon morphologies have been investigated. It was found
that the soot particles from gas phase combustion reactions including deteriorated
graphical configurations are a potential source of de novo dioxins synthesis.

The formation of PCDD/F in combustion processes can be described in a two-
step route: (1) formation of carbon: carbon particles comprised of deteriorated
graphical configurations in the combustion region. (2) oxidation of carbon: the

500 — 800°C HC Cl,

/ PCDF

CO/CO,

SNN— j PCDD/F

C ¥ cccaecdc cccecceccecaec

200 — 400°C

Figure 3.
The pathway for formation of PCDD/F is illustrated in this diagram. Reprinted from [25] with the permission
of Elsevier.
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carbon particles that have not been properly burnt can still be oxidized in low
temperatures after combustion. PCDD/Fs are by-products of oxidative degrada-
tion of the graphical structure of carbon particles. There are several steps and
chemical reactions involved in these routes. Here are at least three known steps for
carbon formation: nucleation, agglomeration and particle growth. Here are four
steps involved in carbon oxidation: oxidant adsorption, complex intermediate
formation with metal ion catalysts, interaction with graphitic carbon structure,
and product desorption. The nature of these chemical reactions is complex and
heterogeneous [21].

Since the reactants for the formation of PCDD/Fs are inadequate during
combustion, the combustion conditions are likely to have a major influence on the
formation of PCDD/F. There are some conditions in the combustion process that
can cause a favorable formation of PCDD/F. These conditions are: low combus-
tion temperature, poor turbulence in the combustion chamber, short residence
time in the combustion zone, low O2 content resulting in deficient combustion,
sluggish flue gas cooling process in the critical temperature range [23]. Moreover,
existence of metals (Cu, Fe, Pb and Zn) [35] in fly ash catalytically increase
formation of PCDD/F. Also in presence of these metals, PCDD/F can react with
chloride and unburned carbon and contribute to the so-called de novo synthesis
of PCDD/F [35-37].

Chlorine content in raw materials is one reason for PCDD/Fs formation during
combustion [21, 38]. When combusting wood, for example, presence of phenol,
lignin or carbon and chlorine particles can contribute to emission of PCDD/Fs
[39]. Since the concentration of chlorine in uncoated natural wood is low [40],
the combustion of this feedstock yields a much lower emission rate of PCDD/Fs
compared to when combusting straw, coal, and sewage sludge [41]. Contrarily,
during combustion of wood, PCDD/Fs compounds can remain on the surface and
thus be removed by fly ash particles. Thus, primary and secondary emission control
measurements are vital to effectively mitigate this part of the PCDD/FS emission in
the flue gas. Some example of these control measurements are: usage of high quality
wood fuel, optimizing combustion conditions, and try to precipitate the fly ash at
low temperatures (less than 200°C) [42].

There is a review on dioxin emission from wood combustion by Lavric et al.

[19] emphasizing on the fact that the combustion conditions and fuel properties
are the most dominant considerations on the dioxin release rate. They concluded
that using flue gas cleaning systems when combusting non-contaminated natural
wood, lowers the level of dioxin emission below the legitimate levels. The minimum
concentration of dioxin in greenhouse gas emissions prescribed by most current
European legislation is 0.1 ng m’ expressed in I'TEQ units [43].

2.2 Dioxin formation in gasification

The formation of harmful chemicals, especially PCDD/Fs, is the most serious
problem. It is important to reduce the formation of polychlorinated compounds and
increase their capture due to their environmental emissions. Although there is an
increasing trend of well-designed gasifiers with a broad range of raw materials that
are essentially used in gasifiers, not all materials should necessarily be gasified in
a given setup. Processed plastic, rubber, and tanned leather [44] as well as vari-
ous animal biomasses (such as food waste) and sewage sludge [45] contain large
amounts of chlorine.

Solid waste segment is commonly treated at incinerators. Energy generation
via waste incineration has become an effective way of managing combustible
waste, because it reduces the volume and mass of waste. Nevertheless, perilous
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emissions and detrimental process residues are among the drawbacks of incinera-
tion. Incineration causes fly and bottom ashes, and thus release leachable toxic
heavy metals, PCDD/Fs, and volatile organic compounds. Therefore, it is possible
to replace incinerators with gasifiers. Incinerators emit PCDD/Fs and their con-
centration often exceeds the legal limit, which calls for a different technology for
waste treatment. Gasification processes usually emit PCDD/Fs within acceptable
limits as determined by national and international organizations [35]. The amount
of pollutants in producer gas can be lower than that of the flue gas of an incinera-
tor [46], and it is because of partial oxidation of waste with limited oxygen supply
[47]. Gasification benefits from numerous advantages in comparison of traditional
waste combustion. It occurs in a low oxygen environment (where the equivalence
ratio varies between 0.25 to 0.50) which limits the formation of PCDD/Fs and large
amounts of SO, and NOj, [48]. Gasification reduces the emission of acidic gases due
to higher temperatures and reduction conditions [49]. However, small amounts of
PCDD/Fs can result from deficient destruction of the PCDD/Fs present in the waste
itself or from the existence of organic chlorinated compounds in the reactor [50, 51].
It is evident that the mechanisms of dioxin formation and its related amounts to
producer gas correlate well with tar formation, and is therefore a relatively compa-
rable parameter for all gasifiers in which tar is partly converted to producer gas [52].
Zwart et al. scrutinized the formation of dioxin from refuse derived fuel (RDF),
sewage sludge, and untreated wood pellets gasification in an extensive range of
temperatures. The outcome revealed that the level of dioxins was very different in
terms of gasification temperature and feedstock quality (chlorine content). Their
conclusion was that high amounts of chlorine in the feedstock cause dioxin forma-
tion, especially at temperatures below 800°C. At temperatures above 800°C, dioxins
levels are drastically reduced, along with corresponding tar levels. At temperatures
above 850°C, the PCDD/Fs concentration in the producer gas was within the range
of 0.5 ng TEQ/Nm’ for clean wood pellets and sewage sludge. However, PCDD/Fs
concentrations became lower in higher temperatures for RDF, it was still above the
allowed limit [52].

3. PCDD/Fs removal

Assessing the environmental impacts of gasification know-how is vital to ensure
the practicality of the process. An occasional misconception that gasification plants
are only minor variations of incinerators is the cause of gasification processes to
still face environmental community resistance. One important distinction is that
gasification can be an intermediary process for the production of producer gasina
broad range of applications. Utilizing syngas to generate on-site electrical and ther-
mal energy is the most dominant process in gasification, however, the production of
chemicals and fuel may be the ideal goal for the near future. Gasification contrib-
utes to air pollution control and make it less complex and costly compared to that
needed for incineration. Although cleaning exhaust gases from non-combustion
thermochemical conversion processes could be simpler than that of incineration,
proper design and emission control systems are critical to satisfy health and safety
requirements. Products of gasifiers must be controlled before discharging into the
air as they can comprise several air pollutants. These include particles, hydrocar-
bons, CO, tars, N5, SOy, and small amounts of PCDD/Fs.

Lonati et al. [53] evaluated the risk of human carcinogenicity owing to the
release of PCDD/Fs and Cd from a waste gasification plant using a probabilistic
method. Probability density functions were used to define emission rates and risk
model parameters of pollutants via Monte Carlo simulations. This gave a probability
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distribution estimation with involvement of epistemic uncertainty and aleatory
variability. The results showed that Cd emissions are much higher than PCDD/Fs
despite their higher toxicity. PCDD/Fs concentrations were well below the current
permissible limit of 0.1 ngTEQ m’. They indicated that 95% of carcinogenic risk is
due to Cd exposure.

To control greenhouse gas emissions from gasification processes different
strategies can be adapted, depending on plant configuration, the requirements of
specific energy conversion equipment or reactors and catalysts for downstream
fuel synthesis. In any case, there is the advantage that it can be possible to control
the air pollution of the reactor and the exhaust gas output in numerous cases using
a combined method [9]. Coal filters were the first dioxin-reducing technologies,
which were installed in the backend of an air pollution control system in many
wastes to energy plants, in the late 1980s.

Filters also helped to absorb other organic compounds and mercury, but their
bulky volume and probability of ignition were their pitfalls. For the sake of safety,
inorganic sorbents such as zeolites were used for monitoring and inertisation of CO
[54]. It was also found in the 1980s that oxidative catalysts have high degradation
potential for dioxins [55]. Those catalysts were initially operational at 300 to 350°C,
and then they were further developed to reach higher destruction efficiency of 99%
at temperatures of about 230°C [56].

The high operating temperature (> 1000°C) along with oxygen deficiency elimi-
nates any PCDD/Fs that may be present in the raw material and eradicates potential
formation of PCDD/Fs. Thus, operating the gasification process at high temperature
or maximizing the conversion of hydrocarbons that are being produced in pyrolysis
are possible approaches to reduce the formation of dioxins [57]. For example,
high-temperature gasification lowers dioxin formation when high-chlorine content
fuels are used [57]. Another effective and easily applicable measure is the rapid
cooling of the syngas by a water immersion that inhibits the synthesis of PCDD/Fs
[58]. The capture of PCDD/Fs by a special multi-step absorption filter is the most
effective method of removing dioxins from the residual burst stage and/or the gas
or cooling effluent, regardless of technology used. Volatile organic compounds such
as PCDD/F and other organics are effectively eliminated in the gaseous and liquid
phases due to the high temperature reactor and shock cooling [35, 59].

As an example, Andersson et al. who got inspired by Griffin’s theory [60] were
successful to lower the concentration of dioxins [61]. They increased the concen-
tration of SO, in the flue gas and adjusted the CI/S ratio in a way that lowered the
concentration of dioxin to around 0.1 ng(TE)/m” in the raw gas. As another exam-
ple, Pafizek et al. applied the REMEDIA technology in a MSW incinerator, and they
varied the operational temperature from 180-260°C. They saw that the degradation
efficiency can be extended to 99-97% while dioxin emission can be lowered below
0.1ng. (TEQ)/m® [62]. REMEDIA technology benefits from catalytic substrates
that are overlaid on a two-layer polytetrafluoroethylene (PTFE) membraned mate-
rial to filter and eliminate PCDD/F.

Off-gas cleaning system is vital for both incineration and gasification processes
in thermal waste treatment plants, as it keeps the amount of pollutants being
released into the environment lower than that legislated. PCDD/F can be cleaned
using DeNO,/DeDio, technologies such as sodium bicarbonate or PCDD/F removal
using catalytic filtration or adsorption materials such as activated carbon [63].

3.1 Catalytic filtration of PCDD/F

On the basis of applied applications it has been found that the method of dioxin
removal by catalytic filtration REMEDIA [64] is highly effective. A GORE-TEX is
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a special fabric filter bags usually used in catalytic filtration by which particles of
solid fly ash are well separated via instantaneous removal of dioxins in flue gases.
The filtration efficiency of the gas can be elevated to around 96.6% due to a PTFE-
type membrane used in the external filtration layer. This refined gas is then driven
inward the internal filtration layer comprised of catalytically active compounds
that can eliminate dioxins further to reach 98.8% efficiency. The external filtration
layer is periodically revived with the help of a usual pulse jet cleaning system. In
the gasification process, catalytic filtration is usually placed immediately after a
mechanical cleaning of the flue gases [65].

The Japanese government enforced the guideline of dioxin emission via Waste
Management and General Purification Act (WMGPA) in 1997. After this WMGPA
enforcement, the industrial sector was obliged to install catalytic reactors and
bag filters in the new facilities. Following this enforcement, not only the adjusted
values for the combustion temperature, the cooling temperature of the exhaust gas
from the furnace, and the CO concentration in the exhaust gas from the stack were
satisfactory at almost all facilities, but also the concentration of dioxin, acidic gases,
and NOx in the discharged gases was significantly lower than those made before
1997 [66].

3.2 Technology DeNO,/DeDioy

One proficient approach to remove Dioxin is to combine its catalytic degrada-
tion with selective reduction of NOy according to the following stoichiometric
equations [67]:

NO +4NH, +0, — 4N, +6H,0 )

C,H,Cl .0, +(9+0.5n)0, ——>(n—-4)H,0+12CO, +(8-n)HCl (2)

In order to selectively reduce NOy, ammonia can be injected prior to the
catalytic reactor. Simultaneous removal of NOy and dioxins (DeNO,/DeDioy) can
be carried out in a catalytic reactor at 200 to 300°C [56]. Although the NOy and
dioxins removal via this method is a highly efficient process, catalyst poisoning
is one of the main detriments. In addition to mechanical and chemical clean-
ing, the reactor in this setup needs to be installed after dust removal from flue
gases (Figure 4). This means that re-heating of the flue gases to 200-300°C is
required [68].

Parizek et al. [69] analyzed the economical balance of catalytic filtration versus
DeNOx/DeDiox technology. They used a computer-based system for simulation
calculations making solution more approachable. The annual economic balance of
the operation of the catalytic filtration REMEDIA is composed of: cost of the filtra-
tion bags (for this study the guaranteed lifespan and real lifespan of the filtration
tube was 4 and 8 years, respectively), energy cost of the fan drive, cost required to
spray the flue gases before entering the filter. Also the annual economic balance of
the operation of DeNOx/DeDiox technology is composed of: catalyst costs (a 4-yar
life-time operation was considered), energy costs of the fan drive, and cost for
heating of flue gases. Results showed that the operating cost of the DeNOx/DeDiox
technology rises due to the reheating of flue gases to the required temperature of the
reaction and the cost was linked with the increased pressure drop. Catalytic filtra-
tion does not require heating of flue gases and the cost of the filtration bags falls due
to their real lifespan.

10
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Figure 4.
Scheme of DeNOx/DeDiox technology [69].

4. Experimental evidence of PCDD/Fs in gasification and reliable
mitigation

In an upcoming article [70] we will publish and extensive review of experimen-
tal measurements and evidence of PCDD/F emissions from gasifiers of various
types and sizes, varying operating conditions and feedstocks.

The main findings are:

* Although PCDD/F emissions from gasification are in general lower than those
from incinerators without modern emission control of the same feedstock it is
not correct to assume that PCDD/F emission from a gasifier will necessarily be
safe or below regulatory limits. PCCD/F can be produced in gasification above
safe and regulatory limits.

* The two main factors that can widely and reliably reduce PCCD/F emissions to
very low levels in gasification are

1. peak operating temperature (> 1000°C) in the combustion and cracking
zone together with oxygen deprivation

2.rapid cooling of syngas by for example a water quench which prevents de
novo synthesis

3.high amounts of chlorine in the feedstock cause dioxin formation, especially
at temperatures below 800°C. At temperatures above 800°C, dioxins levels
are drastically reduced.

5. Future work or guidelines

The main purpose of this chapter is to assist researchers in making primed
decisions when adopting waste management policies and conducting relevant
research and environmental impact studies. There is a need to establish more
information on PCCD/F formation in gasification by experimentation of different
feedstock when using different operational parameters and removal technologies;

11
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in order to be able to choose an appropriate PCCD/F mitigation method when
gasifying different waste streams.

6. Conclusions

Dioxin formation and emission from the incineration of waste have been
reduced in Europe and North America by either decommissioning plants or other-
wise installing of air pollution control systems [71-73]. However, given the severity
of the health impacts and continued unknowns (like emissions during start-up,
shut-down and other peak events) the topic continues to be of great public concern
both in Europe and North America [73-75] and the developing world [73, 76, 77].
Gasification can offer a substitute approach for waste treatment and energy genera-
tion that may indeed more consistently achieve lower toxic PCDD/F emission levels
compared to combustion.

All combustion processes can result in formation of PCDD/F at temperature
range of 200 to 600°C in case organic carbon, oxygen, and chlorine become acces-
sible. The formation of dioxins is effectively reduced due to the high temperature
reactor (in special cases >1000°C) and shock cooling of gases combined, with an
absence of available oxygen.
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Nomenclature

PCDDs Polychlorinated dibenzo-p-dioxins
PCDFs Polychlorinated dibenzofurans

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin
PCBs Polychlorinated biphenyls

TEF Toxic equivalence factor

TEQ Toxic equivalent

CPs Chlorophenols

CBs Chlorobenzenes

PAHs Polycyclic aromatic hydrocarbons

SOx Sulfur oxides

NOx Nitrogen oxides

DeNOx/DeDiox Removal of nitrogen oxides and dioxins
RDF Refuse derived fuel

MSW Municipal solid waste

WEEE Waste electrical and electronic equipment
PVC Polyvinyl chloride

BR Cogasified biofermenting residue
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iGCLC In-situ gasification chemical looping
GEK Gasifier’s experimenter’s kit

LHV Low heating value (M]/ m’)

HHV High heating value (MJ/m?)
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Reactions:

1 Biomass—Gas
2 Biomass—Tar
3 Biomass—Char
4 Tar—QGas

5 Tar—Char

6 Tar—Tar

7 Char—Char

8 Char—Gas

Main equations:

(D@

dt ! a .

ki(T) = Ajexp (R_Tl)
my — My

o= —
mo _moo

_dT
B= dt

Species rate expressions:

dmbiomass )
Q- —mbiomass (k1 + k2 + k3)
dmgas1 _

Fra mbiomass (k1)
Jdmtarl

Fraaai 2 X mbiomass — mtarl (k4 + k5 + k6)
dmchar1l

Fra mbiomass (k3) — mchar1(k7 + k8)
dmgas

Fraami mtarl (k4)
dmchar?2

= mtarl (k5)

ot
Jdmtar?2

Frai mtarl (k6)
dmchar3

Framak mchar2 (k7)
dmgas3

Fraamis mchar2 (k8)
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