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1 | INTRODUCTION

Currently, fossil fuels are the main source of energy,
accounting for about 40% of global energy demand."!

Abstract

Biomass pyrolysis process from a drop tube reactor was modelled in a plug
flow reactor using Aspen Plus process simulation software. A kinetic
mechanism for pyrolysis was developed considering the recent improvements
and updated kinetic schemes to account for different content of cellulose,
hemicellulose, and lignin. In this regard, oak, beechwood, rice straw, and
cassava stalk biomasses were analyzed. The main phenomena governing the
pyrolysis process are identified in terms of the characteristic times. Pyrolysis pro-
cess was found to be reaction rate controlled. Effects of pyrolysis temperature on
bio-oil, gases, and char yields were evaluated. At optimum pyrolysis conditions
(i.e., 500°C), a bio-oil yield of 67.3, 64, 43, and 52 wt.% were obtained from oak,
beechwood, rice straw, and cassava stalk, respectively. Oak and beechwood were
found to give high yields of bio-oil, while rice straw produced high gas and char
yields compared to other biomasses. Although temperature is the main factor
that plays a key role in the distribution of pyrolysis products, the composition of
cellulose, hemicellulose, and lignin in the feedstock also determines the yield
behaviour and composition of products. With the rise in pyrolysis temperature,
further decomposition of intermediate components was initiated favouring the
formation of lighter fractions. Comparably, species belonging to the aldehyde
chemical family had the highest share of bio-oil components in all the investi-
gated feedstocks. Overall, the present study shows a good agreement with
the experimental study reported in the literature, confirming its validity as a
predictive tool for the biomass pyrolysis process.
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However, the rapid consumption of such fuels as well as
the composition of burned mixtures lead to serious
energy security and environmental issues,*! thus requir-
ing the adoption of alternative clean energy sources.
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Biomass is one of the most promising feedstocks to meet
the growing demand for clean energy while satisfying
strict environmental regulations. Biomass is a carbon-
neutral energy source that can be converted into gaseous
fuels via gasification or liquid fuels via pyrolysis.[”
Unluckily, industrial scale-up of biomass conversion is
challenging owing to the complexity of its chemistry and
transport phenomena involved in the process.*! For
instance, the heat transfer and reaction rates during bio-
mass conversion are strongly influenced by biomass com-
position and reactor configuration, thereby affecting yield
profiles.**! So, biomass conversion requires a deeper
understanding of how the feed decomposed, intermediate
species consumed, and desired products are produced,
via a robust kinetic mechanism.'®! Due to the multi-phase
nature of biomass, and the multi-step and multi-scale
nature of processing methods, developing an accurate
kinetic model is however a challenging step.l”! More
specifically, the main efforts in biomass pyrolysis simula-
tion lie in accurately capturing the molecular conversion
kinetics.!®!

Several kinetic schemes have been developed in the
literature ranging from simple single-step kinetic models
to complex reaction models containing hundreds of reac-
tions.[**71*! In this light, simplified reaction schemes are
reported to be suitable.!'>! Pyrolysis is one of the main
thermochemical conversion pathways for converting bio-
mass into different chemical components.[16] For the sake
of application, these components are usually lumped into
bio-oil, gas, and char.*!

Modelling of biomass pyrolysis typically considers
decomposition and devolatilization of the three indepen-
dent components: cellulose (CELL), hemicellulose (HCE),
and lignin.'” Indeed, the large variability in chemical
composition of biomasses promotes the definition of surro-
gate mixtures suitable for mimicking the real behaviour of
a more complex mixture. For these reasons, a detailed
kinetic model for pure CELL, HCE, and lignin or their
mixtures can be intended as per a robust feature for the
evaluation of the chemistry of biomasses. Several studies
have been reported on biomass pyrolysis kinetics, including
the first global kinetic scheme developed by Shafizadeh
et al.'® where CELL decomposition is represented by three
parallel reactions forming active CELL, gases, and char.
Active CELL further depolymerizes forming volatile species
as reported by Shafizadeh et al.*®! and of which levogluco-
san (LVG) is the main fraction."” Extensive studies on
CELL pyrolysis and its dependence on temperaturel®®-
support the assumption that hydroxy acetaldehyde (HAA)
is the primary decomposition product, especially through a
ring scission reaction that becomes increasingly crucial at
elevated temperatures. Piskorz et all>! proposed the modi-
fied version of the Shafizadeh et al.l'® mechanism, taking

into account the formation of both HAA and LVG
during CELL pyrolysis. The initial stage of the mecha-
nism considered the competitive formation of char and
activated CELL, followed by ring cleavage producing
HAA and depolymerization leading to LVG.**! Later
studies!**~?! largely confirm the mechanistic findings of
Piskorz et al.l** Given the heterogeneity of HCE, xylan
has been widely considered as a surrogate for under-
standing the kinetics of HCE pyrolysis.?*!! Insights
between pyrolysis product distribution and structural
features of xylose-based HCEs have been reported.[3*33!
As described in Ranzi et al.,!® pyrolysis model, xylose
degrades forming two intermediate species (HCE1 and
HCE2), followed by successive decomposition routes
leading to the formation of xylan, light oxygenates,
gases, and char. However, their model does not include
several major products, such as acetic acid, furfural, for-
mic acid, hydroxy acetone, anhydroxylose, dianhydroxy-
lose, and other smaller molecules that have been
experimentally measured in large yields.****! Similarly,
due to its complex chemical structure, lignin also
requires the adoption of different reference components,
as named by Faravelli et al.,'** such as lignin rich in
carbon (LIG-C), lignin rich in hydrogen (LIG-H), and
lignin rich in oxygen (LIG-O). These reference compo-
nents decompose releasing gases and intermediate com-
ponents, which further degrade forming lighter species
and lignin intermediate derivatives.!*”)

Due to the elevated heat transfer coefficients through
conduction and convection, biomass pyrolysis is most
often carried out in fluidized bed reactors.[*®! However,
difficulties associated with the heat carrier solids ulti-
mately lead to challenges in the separation of the heat
carrier from the pyrolysis products.'®! A drop tube reac-
tor (DTR) where the solid particles fed at the top develop
high heat flux and can replace the fluidized bed.'**! Even
though low residence time results in low heat transfer
and requires finely ground particles to achieve complete
conversion, DTR remains an attractive technology due to
its simplicity of operation. Indeed, DTR is a continuous
flow reactor where feedstock and carrier gas (usually
nitrogen) are fed from the top. A feeding system is typi-
cally used to control the feed rate of the reacting solid
and the mass flow of carrier gas. The incoming feeds are
heated by the vertical reactor tube to the reaction temper-
ature. Char and volatile products are collected at the
lower end of the reactor tube followed by solid separation
and vapours condensation.

From a process optimization perspective, the develop-
ment of models for simulating biomass pyrolysis is
becoming increasingly important, and understanding
pyrolysis kinetics is critical for designing, optimizing,
and scaling up industrial biomass conversion. To this
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aim, limited modelling studies have been reported,
particularly considering biomass pyrolysis in DTR.[*!
Studies reported by Humbird et al.,*! and Caudle et al.,**!
in the Aspen custom modeller, are among the recent ones.

Most of the available literature is devoted to the char-
acterization of the decomposition of CELL with poor
understanding on the key pyrolytic products from HCE
decomposition such as 3-hydroxypropanal (C;H¢O,),
Glyoxal, furfural and acetic acid, of which acetic acid and
furfural were reported to be typical products.[43] Indeed,
acetic acid is the main carboxylic acid component
obtained from biomass pyrolysis, especially from HCE
dissociation of O-acetyl group!**! at low temperature and
can be considered as a representative component for car-
boxylic acids.

Furthermore, pyrolysis process and pyrolyzed product
distributions are affected by the type of biomass and
structure of biomass reference components.****! For
instance, CELL yields more liquid than gas, HCE pro-
duces more gas and less liquid, and lignin produces more
char and less liquid,'*’ and in the same way, the propor-
tion of individual liquid and gas products vary.[*”!

Understanding fast pyrolysis in DTR for scale-up
is then reported to be a challenge, requiring careful
examination of specific rate-determining steps and
addressing the question of whether the heat transfer
mechanism is efficient and whether the residence
time of the two phases is sufficient. This needs to be
reported along with the biomass properties and their
sub-components.

For simulating pyrolysis process in Aspen Plus, two
process blocks can be used: the continuous stirred reactor
(RCSTR) and the plug flow reactor (RPLUG). Due to its
perfect mixing assumption,'*®! RCSTR is mainly used to
mimic pyrolysis from fluidized bed reactors, while
RPLUG is able to study different configuration parame-
ters such as optimal length, height, and diameter of the
pyrolyzer.[*! Since the selection of the appropriate Aspen
Plus block has a significant impact on process develop-
ment, in the present study biomass pyrolysis from DTR
has been modelled in Aspen Plus software using a
RPLUG. This is because the radius of the DTR reactor is
much smaller than the length so the change in concen-
tration and temperature of both the solid and the vapour
phases in the radial direction is very small as compared
to the axial direction. Eventually, this work is devoted
to the realization of a numerical characterization of
industrial processes based on biomass pyrolysis, which
included a newly developed kinetic model. More specifi-
cally, this mechanism considers the recent improvements
and updated kinetic schemes with additional components
from Ranzi et al.*®! and revised reaction mechanisms
from Humbird et al.,/*'! and Caudle et al.!**!
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For these reasons, to guarantee the completeness and
robustness of a kinetic mechanism, the validation should
be extended to different biomass types with ranges of
CELL, HCE, and lignin to be able to catch the effects of
their structure on products trends. To this aim, the pre-
sent study incorporated kinetics of these components as
products from HCE pyrolysis, and considered different
biomass types (i.e., oak; high lignin, rice straw; high HCE
and low lignin, beechwood; high CELL, and cassava
stalk; low HCE) for mechanism validation in order to
evaluate the accuracy of the kinetic mechanism and the
effects of the components interaction on yield products.

2 | NUMERICAL METHODS

This work presents a detailed analysis of physical-
chemical phenomena characterizing biomass pyrolysis,
aiming at the realization and implementation in real sys-
tems of a kinetic mechanism. The operative conditions to
be analyzed were selected based on a comparison of char-
acteristic time of main phenomena involving biomass
decomposition. More specifically, to evaluate the dynamic
system in the pyrolysis reactor, the characteristic time for
reaction and diffusion rates for the rate-determining reac-
tions have been evaluated. The characteristic time for the
overall reaction is intended as the inverse of the reaction
rate (1/r), whereas the characteristic time for diffusion is
assumed as the square of characteristic length divided by
diffusion coefficient (L?/D), in accordance with the litera-
ture.®' >3 Furthermore, the pyrolysis model was tested
and cross-checked with experimental data reported in the
literature for different feedstocks*>***°! over a range of
reaction conditions. Additional information on the specific
steps composing the implemented procedure is provided
in the following sections.

2.1 | Reaction modelling

The kinetic mechanism assembled in this work follows
the approach proposed by Di Blasi et al.*”! where a linear
interlinkage reaction process between the three biomass
building blocks has been assumed.!*®*! The pyrolysis
mechanism combines the kinetics of single-step reactions
available in the current literature.[®3¢4142¢0-62] The main
pyrolysis reaction of biomass is represented by 20 inde-
pendent first-order reactions accounting for the recently
revised and updated kinetic parameters.

The present work considers the decomposition and
primary pyrolysis reactions and, thus, involves two
phases. The first phase is the virtual reaction step where
the biomass is decomposed into three representative

85U8017 SUOWIIOD BAEa.D 8|qed![dde 8Ly Aq pausenob ae Ssppie YO ‘8sN JO Sa|nJ Joj A%eiq)T8UlUO A1 O (SUORIPLOD-PUR-SWBIAL0D A8 |1 A1 1 el |UO//SdNY) SUORIPUOD puUe Swie 1 8y} 89S *[£202/80/20] U0 Afeiqiauliuo AB1M ‘uewnooq 7 HediQ IWeKSIS Baly Aq 196172'90[0/200T 0T/I0p/LLi00" A3 1M AReaq 1 jeuluo//:sdiy Wwolj papeojumod ‘0 ‘X6TO6E6T



WAKO ET AL.

4 THE CANADIAN JOURNAL OF

CHEMICAL ENGINEERING
biochemical building blocks (i.e., CELL, HCE, and lignin)
followed by the second phase where the three building
blocks decompose via various reactions forming different
pyrolysis products: liquid, gas, and char. This is a devola-
tilization stage where a kinetic mechanism is applied to
study the biomass pyrolysis reaction process. It is an
interrelated model of the separate decomposition reac-
tions of CELL, HCE, and lignin as stated by Miller and
Bellan!®*! and Di Blasi.[*”!

2.2 | Computational study

The computational model produced in this work is
tested using Aspen Plus to simulate the biomass pyroly-
sis process. Aspen Plus is a process-oriented software
that facilitates the calculation of physical, chemical,
and biological parameters.!*’ Biomass was set as an
unconventional component with the global simulation
stream class set to be MIXCINC (i.e., comprising both
conventional and non-conventional solids). In the
Aspen Plus, the empirical correlations of coal enthalpy
and density methods were used as described in the cur-
rent literature!®® to calculate the enthalpy and density
of the unconventional component. A decomposition
reaction is implemented in Aspen Plus using an RYield-
type reactor for converting biomass into conventional
components (i.e., CELL, HCE, lignin, and ash). In the
simulation, (C¢H;005s)n and (CsHgO,4)n represent CELL
and HCE,*> respectively, whereas LIG-C (CysH,O.)n,
LIG-H (Cy,H,500)n, and LIG-O (C,0H,,0,0)n represents
lignin.[36] These polymeric components’ properties are
not readily available in any process modelling soft-
ware because of the heterogeneity of components and
diverse property variables. For any process model to
estimate the yields and mimic the process accurately the
fidelity of the property model for various biomass types
and components must prove its accuracy. For estimating
the energy balance in a pyrolysis reactor, the enthalpy of
formation of all the component species involving in the
reactions must be accurate. Efforts on estimating the ther-
mophysical properties are explored by Wooley et al.l®”]
Gorensek et al.[®! has developed in detail a method that is
adopted in the present study to incorporate missing
parameters of conventional solids such as molecular
weights, standards solid enthalpy of formation, heat capac-
ity model coefficients, and solid density to set a conven-
tional biomass-based data bank. The ideal gas heat
capacity, ideal gas heat of formation, and critical proper-
ties were estimated from the Aly-Lee equation,'®” whereas
vapour pressure is obtained based on Pitzer vapour pres-
sure correlation fitted to the Aspen Plus PLXANT
extended Antonie model.l”! Peng-Robinson’s (PR) cubic

equation of state with Boston—Mathias (BM) alpha
function!”!! was selected as a thermodynamic property
method since it can accurately predict thermodynamic
properties of interest for this study due to its closer
compression factor (0.307) to that of real hydrocarbons
(0.27-0.29).7273IThis method, represented in Aspen
Plus!’* as the PR-BM method, is the most commonly
used property method in gas processing, refining, petro-
chemicals, and biomass pyrolysis applications.!*!:¢%7°!
Aspen Plus performs material and energy balance based
on the product distribution and the specified heat of
reaction of the components involved.”® Details of
components and their representation in the pyrolysis
model can be found in Table S1 of the supplementary
material.

The RPLUG was chosen to simulate the pyrolysis
process, the kinetic reaction scheme was implemented
as a power-law type kinetic expression, and the reaction
rate was calculated in Aspen Plus following the
Arrhenius-like equation expressing the rate of reaction
r as a function of the pre-exponential factor k, the abso-
lute temperature T, the temperature exponent n, the

Biomass
MFC N
Drop tube
reaction zone
4//
Furnace
\ Gas for
analysis
Cyclone > Condensors [

Char

FIGURE 1
experimental set-up in drop tube reactor. MFC, mass flow controller.

Schematic representation of biomass pyrolysis
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activation energy Ea, and the gas law constant R as
shown below in Equation (1).

—Ea

r:k*T”*eR—T (1)

The chemical components and their representations
used in the present study can be found in Table S1 of
the supplementary material. Experimental conditions
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and assumptions reported in the literature!® > were
numerically mimicked in Aspen Plus as shown in
Figure 1. The operational conditions considered for fast
pyrolysis simulation include the following: temperature
450-550°C, gas flow rate 1 L/min, biomass particle size
370 pm, reactor length 2m, and reactor diameter
0.025 m. The temperature range chosen for analysis was
considered as the temperature range that gave maximum
liquid yield and fast quenching of the pyrolyzed vapours

TABLE 1 Feedstock compositions and conditions used for the simulation.!>3+-5¢!
Biomasses
Composition Oak (Wt.%) Beechwood (wt.%) Rice straw (wt.%) Cassava stalk (wt.%)
Cellulose 29.8 40.26 35 47
Hemicellulose 20.0 21.68 36 14
Lignin 43.3 19.91 12.3 30.18
Ash 0.4 0.5 19.5 7.1
Extractives 33 14.07 14.17 5.69
Others 3.2 3.58 2.3 -
Proximate analysis
Moisture 3.9 8.7 10.8 8.5
Volatiles 81.9 84.3%° 66.89 69.7
Fixed carbon 126 15.2% 14.57 14.7
Ash 0.4 0.5% 19.5 7.1
Others 1.2 - - -
Ultimate analysis
Carbon 48.7 49.1 39.98 48.8
Hydrogen 6.8 5.7 2.45 6.7
Oxygen 44 44.5 52.61 43.4
Nitrogen <0.1 0.15 443 1.1
Sulphur <0.1 0.045 0.53 0.0
Ash 0.4 0.5 19.5 7.1

Abbreviations: ar, as received; db, dry basis.

N2 Water
—>
Bomasss | |  teeecccccea
l | —
| — \g
- U
Auger Separator
SEP-1
Dryer

RYield

FIGURE 2

Gas
Cyclone
separator
DTR
......... Separator
SEP-2
Heat exchanger
Bio-oil

Char

Schematic process model adopted for fast pyrolysis in a drop tube reactor. DTR, drop tube reactor.
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during fast pyrolysis, which is 450-550°C.””! To represent
the wide variety of biomass fast pyrolysis, Oak, beechwood,
rice straw, and cassava stalk were selected for validation
because of the variations in the fraction of the chemical
components that they have (i.e., high ligin, high CELL, low
lignin, and low HCE, respectively), which ultimately dic-
tate the product composition and yields. The detailed com-
position of the feedstocks is shown in Table 1. The DTR

experimental set-up shown in Figure 1 was numerically
represented in Aspen Plus as shown in Figure 2.

3 | RESULTS AND DISCUSSION

The set of 20 reactions representing the fast pyrolysis
is shown in Table 2. The kinetic mechanism produced

TABLE 2 Selected reactions representative of biomass pyrolysis and the corresponding kinetic parameters available in the current

literature.[®%°! Component names are taken from Gorensek et al.l%8! Units, T (K).

# Pyrolysis reactions

AGED n  Ea/T

Cellulose
1 CELL — CELLA 4.10" 0 22,6472
2 CELLA — 0.8 HAA + 0.2 GLYOX + 0.1 CH3CHO + 0.25 HMFU + 0.3 C5HO + 0.21 CO, + 5.10 0 14,594.8
0.1 H, + 0.4 CH,O + 0.16 CO + 0.83 H,O + 0.02 HCOOH + 0.61 Char
3 CELLA — LVG 1.8.10° 1 5032.7
4 CELL — 5 H,0 + 6 Char 4.107 1 19,627.6
Hemicellulose
5 HCE — 0.4 HCE1 + 0.6 HCE2 3.3.10° 0 156014
6 HCE1 — 0.025 H,0 + 0.775 CO, + 0.025 HCOOH + 0.5 CO + 0.8 CH,O + 0.125 C,HsOH + 1.10° 0  16,104.7
0.55 CH;0H + 0.25 C,H, + 0.125 H, + 0.4 COH, + 0.325 CH, + 0.875 Char
7 HCE1 — 0.25 H,0 + 0.75 CO, + 0.05 HCOOH + 0.45 CO + 0.375 C,H, + 1.7 COH,, + 5.107% 1 4026.2
0.625 CH, + 0.675 Char
8 HCE1 — 0.6 XYLAN + 0.2 C3H¢O, + 0.12 GLYOX + 0.2 FURF + 0.4 H,0 + 0.08 H, + 0.16 CO  3.10° 1 5536.0
9 HCE2 — 0.2 H,0 + CO + 0.575 CO, + 0.4 CH,O + 0.1 C,HsOH + 0.05 HAA + 0.35 ACAC + 5.0.10° 0  15853.0
0.025 HCOOH + 0.25 CH, + 0.3 CH;0H + 0.225 C,H, + 0.725 H, + Char
Lignin
10  LIGC — 0.35 LIGCC + 0.1 COUMARYL + 0.08 PHENOL + 0.41 C,H, + H,0 + 0.3 CH,0 + 1.33.10" 0  24,408.7
0.32 CO + 0.7 COH, + 0.495 CH, + 5.735 Char
11  LIGH — LIGOH + C;H,O 6.7.10" 18,872.7
12 LIGO — LIGOH + CO, 3.3.10% 0 12,8334
13 LIGCC — 0.3 COUMARYL + 0.2 PHENOL + 0.35 HAA + 0.7 H,O + 0.6 C,H, + 0.8 CO + 1.6.10° 0  15853.0
COH, + 0.65 CH, + 6.75 Char
14  LIGOH — LIG + 0.15 H, + 0.9 H,O + 0.45 CH, + CH;0H + 0.05 CO, + 1.3 CO + 0.05 5.107 0  15,098.1
HCOOH + 0.2 C,H, + 0.6 COH, + 4.15 Char
15  LIGOH — 1.5 H,0 + 2.1 CO + 1.75 CH4 + CH;0H + 0.5 H2 + 3.9 COH, + 0.3 C,H, + 3.3.10" 0 7549.07
0.5 CH;0H + 10.15 Char
16  LIG — 0.7 FE2MARC + 0.3 ANISOLE + 0.6 CO + 0.3 CH;CHO 4.10° 1 6039.3
17 LIG — 0.95 H,O + 0.2 CH,O + 0.4 CH;0H + 1.45 CO + 0.6 CH, + 0.05 HCOOH + 4.108 0  15098.1
0.5 COH, + 0.65 C,H4 + 0.2 CH;CHO + 0.2 C5HeO + 5.5 Char
18  LIG — 0.6 H,O + 0.6 CO + 0.6 CH, + 0.4 CH,O + 0.5 C,H, + 0.4 CH;0H + 2 COH,, + 6 Char 831072 1 4026.2
Water
19  H,O(L) — H,0(V) 5.13.10° 0  10,583.8
Metaplastic
20 COH,— CO + H, 5.10™ 0 357323

Abbreviations: ACAC, acetic acid; CELL, cellulose; CELLA, activated cellulose; FURF, furfural; HAA, hydroxy acetaldehyde; HCE1, hemicellulose
intermediate 1; HCE2, hemicellulose intermediate 2; HMFU, hydroxymethyl furfural; LIGC, Lignin rich in carbon; LIGCC, Lignin intermediate rich in carbon;
LIGH, Lignin rich in hydrogen; LIGOH, Lignin intermediate rich in oxygen and hydrogen.
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in this work can be intended as the sum of three
sub-mechanisms, accounting for CELL (CELL), HCE,
and lignin (LIGN) decomposition.

Figure 3A-C depicts the comparison of rate constants
of reactions considered in the current kinetic mechanism
(as reported in Table 2) versus inverse of pyrolysis tem-
perature. In order to identify the slowest step of the
chemical reaction that determines the rate at which the
overall pyrolysis reaction proceeds, the rate constant of
each reaction responsible for the decomposition of CELL,
HCE, and lignin have been evaluated as a function of the
inverse of pyrolysis temperature. As can be seen from the
figures, it is quite clear that regardless of the pyrolysis
temperature, reactions 3, 7, and 18, respectively, are
found to be the rate determining steps (i.e., slowest) dur-
ing CELL, HCE, and lignin pyrolysis.

Once the rate-determining step during the decompo-
sition of each reference component is identified, diffusion
and reaction characteristic times are determined, as
shown in Figure 3. From the plot, it is clear that the
characteristic time for the diffusion is much smaller than
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the chemical characteristic time for any investigated

conditions. This trend indicates that the pyrolysis process

is the rate-determining step, and thus the selected condi-

tions can be used for a representative analysis of kinetic

parameters (Figure 4).

The effect of pyrolysis temperatures on the yield of
pyrolysis products (i.e., bio-oil, gas, and char) is analyzed
and shown in Figure 5-7. The pattern of the pyrolysis
yield change with the reaction temperature (i.e., 450,
500, 550°C) has been evaluated and discussed.

Figure 5A oak shows that the yield of bio-oil shows
an almost constant trend with the rise in temperature
from 450 to 550°C. Similarly, in Figure 5B beechwood—
the yield of bio-oil increased from 49 to 64 wt.% as tem-
perature increased from 450 to 500°C. Further increasing
the temperature to 550°C decreases the yield of bio-oil.
Likewise, in Figure 5C rice straw and Figure 5D cassava
stalk—the yield of the bio-oil increases with an increase
of the temperature from 450 to 500°C, and showed a
decreasing trend when the temperature was increased
further. In all cases, the decrease in bio-oil yield with an
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FIGURE 3 Rate constant versus inverse of temperature for (A) cellulose, (B) hemicellulose, and (C) lignin.
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FIGURE 4 Reaction rate and diffusion characteristic times at different pyrolysis temperatures: (A) hemicellulose, (B) lignin,

(C) cellulose.
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graph bars are simulation results from the present work.

increase in temperature is due to the secondary reac-
tions favouring the yield of gas over liquid product. The
difference in bio-oil yield for the different feedstocks
can be explained by the difference in the fraction of
CELL, HCE, and lignin in the feed. Overall, for the
investigated biomasses, further increasing of tempera-
ture to 550°C did not favour the yield of liquid compo-
nents, and thus, the optimum pyrolysis temperature is
found to be 500°C.

On the other hand, the yield of gas is shown in
Figure 6A-D. For all investigated feedstocks, the yield of
gas increased with an increase in temperature, which is
due to the initiation of secondary reactions at higher tem-
peratures, which favours the formation of gas compo-
nents. In the same way, the difference in gas yield for all
feedstocks is due to the difference in the fraction of
CELL, HCE, and lignin in the initial biomass feed. Com-
parably, rice straw and cassava stalk are found to have a
high yield of gas than oak and beechwood, which could

be due to the higher ash content in the feedstock. The
same conclusion has been drawn by Trendewicz et al.l”®!

Furthermore, the yield of char from the pyrolysis of
oak, beechwood, rice straw, and cassava stalk pyrolysis
has been shown in Figure 7A-D. As can be seen from the
figure, the yield of char decreased with increasing pyroly-
sis temperature, which is associated with the increase in
the reactivity of the reacting components favouring the
production of liquid and gas products. The relatively high
yield of char observed from rice straw could be related to
the high ash content in feed. Overall, the present study is
in fair agreement with the pyrolysis yields of experimen-
tal results reported in literature,[3-54-5¢!

To better understand the influence of reaction condi-
tions and feedstock compositions on individual gas com-
positions, the yield of CO,, CO, H,, CHy, and C,H, from
oak, beechwood, rice straw, and cassava stalk has been
numerically evaluated and plotted in Figure 8A-D.
Clearly, due to the high fraction of CELL and HCE,
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a relatively high yield of gas composition has been
observed in cassava, beechwood, and rice straw, whereas
oak yields quite low gas, compared to the others. The rea-
son for this could be due to the high CELL and HCE frac-
tions in rice straw, which led to high hydrogen fraction.
Under the studied condition, despite the magnitude of
the increment, the yield of all gases increased with
increasing temperature. For instance, the increase in CO
concentration can be associated with the decomposition
of CELL due to the thermal cracking of carboxyl (C=0)
and carbonyl (C—O—C)!””! and with the initiation of sec-
ondary reactions.®®! Similarly, the high fraction of CO,
can be related to the degradation of HCE, which is a
major contributor to CO,, owing to the high content of
carboxyl groups./®"! These results are in agreement with
the works of Lai and colleagues.®! The lower yields of

H, and CH, are mainly due to the wide degradation tem-
perature behaviour of lignin, which is the main contributor
of H, and CH, due to the presence of methoxyl—O—CHj;
and aromatic rings with several branches.”! From the
analysis, it can be mentioned that higher temperature
favours the yield of hydrogen gas for all feedstocks, with
a high fraction for rice straw, and a lower fraction in
oak (i.e., rice straw > beechwood > cassava stalk > oak).
Besides, it can also be noted that higher pyrolysis temperature
can favour the fraction of syngas, and thus, higher and lower
yields are observed in cassava and oak, respectively, which
could be due to the large difference in CELL composition.
Furthermore, the yield of individual gas components
obtained in this study has been compared with the gas
chromatography mass spectroscopy (GC-MS) results
available in the current literatures.***>** It can be
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concluded from the table that the current simulation
results agree with experimental results with not more
than 12% variation (for CO,) (Table 3).

In addition to yields, the composition of the bio-oil is
also important as it determines the stability and quality
of the bio-oil and its suitability for upgrading. With this
in mind, to better visualize the effect of pyrolysis temper-
ature on the fractions of the basic bio-oil chemical fami-
lies, the yields of different bio-oil components were
analyzed and shown in Figure 9.

Figure 9A-D depicts the detailed bio-oil compositions
broken down into basic bio-oil constituents as obtained
from the simulation (detailed composition by functional
groups) from oak, beechwood, rice straw, and cassava
stalk pyrolysis, respectively. As can be seen from the
figure, different species of the bio-oil chemical family

showed different trends in the pyrolysis temperature. For
instance, the yield of aldehyde increases sharply with
increasing pyrolysis temperature. The rise in pyrolysis
temperature from 450 to 500°C, increases the yield of
aldehydes by 8%. A further increase of the temperature to
550°C surges the aldehydes content by another 6%, reach-
ing a total increment of 14%. This is due to the initiation
of secondary reactions of the intermediate components
(particularly the sugar derivatives) with the rising tem-
perature. The increasing trend of aldehydes yield with an
increase in pyrolysis temperature is consistent with the
study reported by Fernandez et al.,.*! on pinewood.

On the contrary, anhydrosugar derivatives sharply
decrease with an increase in pyrolysis temperature, thus
indicating quick degradation of the component at higher
temperatures. For example, the first increase in
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TABLE 3
pyrolysis of oak, beechwood, and rice straw at 500°C.

Yield of non-condensable gases obtained from

Oak Beechwood Rice straw

Gas (mol%) Sim. Lit.* Sim. Lit.*®! Sim. Lit.[®

CO, 34 477 32 22 39 50
co 37 388 41 58 38 336
H, 10 13 25 38 35 42
CH, 103 105 92 104 86 9.0
C,H, 14 - 104 30 43 333

temperature from 450 to 500°C results in a decrease in
sugar derivatives yields by 10% in the case of oak and
beechwood and by 13%-16% for rice straw and cassava
stalk. When the pyrolysis temperature further rises to
550°C, the yield of anhydrosugar in the bio-oil halted by
around 10%. Overall, the further degradation of the sugar
derivatives triggered by increasing pyrolysis temperature
indicates the enhancement of LVG degradation through
a ring-opening reaction of glycosidicl,6-acetal bond
forming HAA. From this, it can be noted that LVG can

also act as an intermediate component for the formation
of other lighter products in CELL pyrolysis. The results are
consistent with studies reported by several authors.?*#¢-5!
A higher fraction of anhydrosugar, which is one of the
main contributors to the bio-oil acidity, is observed in
bio-oil obtained from rice straw and beechwood pyrolysis
followed by cassava stalk and the least in oak, possibly due
to higher CELL and HCE composition in rice straw,
beechwood, and cassava, respectively.

Finally, the rise in temperature from 450 to 500°C
favoured the yield of alcohols by 2%. However, further
increasing the temperature to 550°C did not show a sig-
nificant effect on the yield. In the same way, the change
in the temperatures resulted in an increase in ketones
yield by around 2%. The variation in the fraction of acids
and phenols happens to be insignificant with the change
in the pyrolysis temperature. This indicates lower sensi-
tivity of bio-oil acidity towards pyrolysis temperatures.
Comparatively, high and low acid fractions have been
observed in rice straw and cassava stalk, respectively,
which is due to high HCE content in rice straw and low
HCE composition in cassava stalk feedstock. Similarly,
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FIGURE 9 Bio-oil constituent distribution at different pyrolysis temperatures: (A) oak, (B) beechwood, (C) rice straw, and (D) cassava

stalk.

the high yield of phenols in oak and the low yield of phe-
nols in rice straw can be associated with the lignin com-
position in the feedstocks. In contrast, the yield of furans
was found to be slightly increased with an increase in
temperature, which is due to further conversion of xylose
to furfural, whereas the share of monolignols such as
coumaryl alcohol and sinapyl aldehyde was found to
show a decreasing trend with the increasing temperature,
indicating the further decomposition of the lignin inter-
mediates to lighter components.

The distribution of light oxygenates, aromatics, and
anhydrous sugars in the bio-oil composition has been
compared in Figure 10. The yield of light oxygenates such
as hydroxy acetone, acetone, HAA, glyoxal, acetaldehyde,
acetic acid, ethanol, methanol, formic acid, and formal-
dehyde increased with increasing the pyrolysis tempera-
ture and were apparently due to the secondary reaction

of anhydrous sugars, aromatic compounds, and/or their
intermediates as described in the literature.***°! The
yield of light oxygenates increased from 33% at 450°C to
59% at 550°C, in agreement with the study reported in
the literature.” The trend of anhydrosugar with the
pyrolysis temperature has been discussed above. On the
other hand, the yield of aromatic components did not
show an obvious change when the temperature increased
from 450 to 550°C. The low yield of the aromatic com-
pound in the case of rice straw is due to the low lignin
component in the feed. In general, the increase in pyroly-
sis temperature resulted in a decrease in anhydrous sugar
and eventually an increase in light oxygenates fraction,
but which did not significantly impact the yield of aro-
matic components. The trends of bio-oil components,
especially anhydrous sugar and light oxygenates, remain
consistent with the study reported in the literature.[**!
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FIGURE 10 The share of light 100
oxygenates, aromatic compounds and
anhydrosugars in the bio-oil obtained
from (A) oak, (B) beechwood, (C) rice
straw, and (D) cassava stalk pyrolysis.
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4 | CONCLUSIONS

Biomass pyrolysis from a DTR was modelled as a plug
flow reactor using Aspen Plus simulation software and a
detailed kinetic mechanism for heterogeneous reactions.
Main phenomena governing biomass pyrolysis process
were analyzed, observing that pyrolysis is controlled by
the chemistry of the system than diffusion rate. The
pyrolysis process and the product distributions through-
out pyrolysis temperatures (i.e., 450, 500, and 550°C)
were studied. The effect of pyrolysis temperature on the
yield of liquid, solid, and gas products was evaluated.
Due to the structural difference in CELL, HCE, and lig-
nin, the difference in feedstock composition was found
to play role in pyrolyzed product distributions. Oak and
beechwood biomasses were found to give high yield of
bio-oil while rice straw was found to yield higher gas
and char than other biomasses. In addition, the varia-
tion of individual bio-oil components with pyrolysis
temperature was analyzed. Under the studied condi-
tions, an optimum yield of bio-oil was obtained at 500°C
for all feedstocks except for cassava stalk, where maxi-
mum bio-oil was obtained at 450°C. Besides, in all feed-
stocks, the share of light oxygenates outweighs the
fraction of anhydrous sugar and aromatic compounds.
Overall, the kinetic mechanism and the pyrolysis pro-
cess model are in good agreement with the experimental
data, demonstrating the validity of the developed model
as a predictive tool for biomass pyrolysis. The ability of

100 .
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# Anhydrosugars
60 (D)

40 %

Yield (wt.%)

500 550
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the model to capture product trends from different bio-
mass types is a good indicator that the model can poten-
tially be used for biomass processing. However, taking
into account further decomposition kinetics of main
intermediates would help to understand the effect of
possible interactions among each particle on product
composition. Therefore, the authors recommend the
future work should consider further decomposition of
larger molecular weight intermediates, which would
help to improve the yield of desired fractions and reduce
the oxygen functionality of the components apparently
improving the heating value, which is one of the chal-
lenges in pyrolysis scale-up.

NOMENCLATURE

DTR drop tube reactor
HAA hydroxy acetaldehyde

LVG levoglucosan
RPLUG plug flow reactor
CELL cellulose

CELLA activated cellulose

HCE hemicellulose

HCE1 hemicellulose intermediate 1
HCE2 hemicellulose intermediate 2
LIG-O lignin rich in oxygen

LIG-H  lignin rich in hydrogen
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LIG-C  lignin rich in carbon
LIGOH lignin intermediate rich in oxygen and hydrogen
LIGCC lignin intermediate rich in carbon
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