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ARTICLE INFO ABSTRACT

Keywords: This study is focused on evaluating the apparent kinetics of fast pyrolysis of different lignocellulosic biomass viz,
Rice straw rice straw, pine wood and empty fruit bunch. The goal of the study is to investigate the effect of biomass
Empty fruit bunch composition on kinetics, time evolution of pyrolysis vapors and the production of major bio-oil components
E;l: g:_zijysis during the fast pyrolysis of biomass. The isothermal mass loss data were generated at different pyrolysis times
Py-FTIR between two and sixty seconds in the temperature range of 400-700 °C. The data generated were then analyzed
Py-GC/MS using various reaction models, viz., first-order model, diffusion models, contracting cylinder model and Avrami-
Kinetics Erofeev model to determine the rate constants and the rate parameters. Kinetic compensation effect was

established using a large number of kinetic data reported in the literature to validate the results. The time
evolution of major functional groups in the pyrolysates was analyzed using in-situ analytical pyrolyzer coupled
with Fourier transform infrared spectrometer (Py-FTIR), and evolution of the volatiles was observed in time
range of 5-60 s. Increase in pyrolysis temperature led to faster evolution of volatiles as evidenced by the shifting
of maximum rate of vapor evolution to shorter time periods.

1. Introduction

Lignocellulosic biomass is regarded as the third largest energy source
after coal and petroleum products, and one of the major sources of
renewable carbon. Its wide availability across the world makes it one of
the most suitable candidates for the production of chemicals and fuel
intermediates. Various techniques exist based on biological (fermenta-
tion, enzymatic), chemical (solvolysis) and thermochemical (pyrolysis,
gasification, liquifaction) routes to convert the lignocellulosic biomass
into bio-fuels and chemicals [1,2]. However, among the existing tech-
nologies, thermochemical processes such as fast pyrolysis and gassi-
fication are highly preferred due to shorter processing time and value of
products obtained from them. Fast pyrolysis involves heating of biomass
at very high heating rates (>1000 °C/s) to moderate temperatures
(400-700 °C) in inert atmosphere. It yields c.a. 70% liquid product
known as ‘pyrolysis oil’ (organics + water) besides solid (char + coke)
and gaseous products [3]. The overall energy density of the pyrolysis-oil
is expected to be four to seven times the overall energy density of
biomass [4]. The pyrolysis-oil is a complex mixture of various oxygen-
ates such as aldehyde/ketone, carboxylic acids, furan and pyran de-
rivatives, anhydrosugars and phenol derivatives [5,6]. Due to high
oxygen content, the pyrolysis-oil is highly unstable, highly acidic and

possesses lower calorific value as compared to petroleum crude oil. The
quality of the pyrolysis oil is largely dependent on the genotype of the
biomass and pyrolysis conditions [7,8]. However, the presence of het-
erogeneous non-biological impurities such as ash and minerals could
play a key role in the progression of the process, and the yield of various
products [9].

Ideally, the time scale of fast pyrolysis is known to be of the order of
few seconds. However, in real situations, where the heat and mass
transport limitations are non-negligible, it takes a longer time to
completely pyrolyze the sample and sweep out the vapors. The time
scale of fast pyrolysis is well visualized by Krumm et al.[10] and later by
Maduskar et al.[11] using pulse-heated analysis of solid reactions
(PHASR) technique. Their analysis demonstrated that the pyrolysis re-
action could complete well within 1000 ms. The study by Maduskar
et al. also highlighted that the critical characteristic length should be
lesser than 10 pm to operate the pyrolysis in isothermal, reaction
controlled regime. Through a microkinetic model, Vinu and Broadbelt
[12] predicted that a complete conversion of cellulose at 500 °C can be
achieved within 1000 ms. The finding of these studies are vital in un-
derstanding the progression of pyrolysis at different temperatures.
However, it is limited to cellulose samples of a very small size in near-
reaction controlled regime. The findings can not be extended to the cases
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where cellulose of larger particle sizes are used, or where lignocellulosic
biomass is used instead of cellulose. In our previous studies, we esti-
mated the time scale of product evolution in the fast pyrolysis of alkali
lignin using analytical pyrolyzer coupled with Fourier transform
infrared spectrometer (Py-FTIR). The study estimated the product evo-
lution time of the order of few minutes [13].

Thermogravimetric analyzer (TGA) alone or coupled with FTIR
spectrometer (TGA-FTIR) is exclusively used to understand the gas or
solid phase reaction kinetics at slow heating rates (<100 °Cmin~), by
identifying and monitoring the time evolution of various products [14-
18]. In one such study, the interaction among the three biomass com-
ponents, viz., cellulose, hemicellulose, and lignin, were investigated by
Liu et al [17]. The study concluded that there is a strong interaction
between lignin and hemicellulose in a biomass at low temperatures
(<327 °C), and between hemicellulose and cellulose at higher temper-
atures (>327 °C). Additionally, the presence of lignin is shown to affect
the yield of key products such as 2-furaldehyde and carbonyl-containing
components. In another TGA-FTIR study, catalytic effect of activated
charcoal on biomass pyrolysis was investigated in different temperature
and composition ranges [18]. The study revealed great details about
temporal vapor evolution and time scale of pyrolysis. However, these
studies have certain limitations. Firstly, these studies are carried out at
low heating rates (5-100 °Cmin ') and hence can not be fairly extrap-
olated to fast pyrolysis conditions. There were efforts by various re-
searchers to study the kinetics at higher heating rates. In one of such
efforts, Ojha et al. [13,19,20] estimated the kinetic parameters for fast
pyrolysis of lignin. By using analytical pyrolyzer coupled with FTIR (Py-
FTIR), they also identified the interactions between cellulose and poly-
propylene at very high heating rate (>200 °C/s). They observed a
reduction in pyrolysis time scale when polypropylene was co-fed with
cellulose [19,20].

The apparent activation energy and pre-exponential factor for
biomass pyrolysis are primarily calculated using mass loss data gener-
ated over a range of heating rates using TGA. In a typical analysis, the
mass loss data are fitted to model-free isoconversional models of
Friedman, Kissinger-Akahira-Sunose (KAS), or Ozawa-Flyn-Wall [21-
24] to determine the activation energy and pre-exponential factor. The
isoconversional models are very simple to use and it utilizes temperature
vs conversion data generated at multiple linear heating rates. The main
shortcoming of the linear heating rate experiment is that it fails to
identify the acceleratory and sigmoidal regimes. However, it can be
identified by utilizing the combination of isothermal and linear heating
rate experiments [21]. Mishra and Bhaskar [25] determined the activa-
tion energy for rice straw as 155.8 kJ/mol and 236.7 kJ/mol in the
conversion ranges of 5-60% and 61-90%, respectively, using model-free
kinetic methods. In another study based on isothermal data at 265 °C, a
relatively low activation energy of 116 kJ/mol is reported for rice straw
pyrolysis [26]. The activation energy of pine wood pyrolysis was esti-
mated using distributed activation energy model (DAEM) as 165 kJ/mol
[27]. It is important to note that the kinetic parameters calculated at
lower heating rates may not be valid at fast heating rate conditions. This
means reliable data of weight loss profile at high heating rate is required
to estimate the kinetics of fast pyrolysis.

The current study is intended to investigate the kinetics of fast py-
rolysis of three lignocellulosic biomass, viz. rice straw (RS), pinewood
(PW) and empty fruit bunch (EFB). The study has three major parts. In
the first part, the isothermal mass loss profiles under fast pyrolysis
conditions were generated using the analytical Pyroprobe® reactor.
Subsequently, the mass loss data were used to estimate the apparent
kinetic parameters such as activation energy and pre-exponential factor.
A kinetic compensation plot is generated using the existing literature
data to validate the obtained kinetic parameters. In the second part, the
time scale of the fast pyrolysis of biomass is estimated using Py-FTIR. In
the third part, the fast pyrolysis products from RS, PW and EFB were
identified using analytical pyrolyzer coupled with gas chromatograph/
mass spectrometer (Py-GCMS).
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2. Materials and methods
2.1. Materials

Three agro residues, viz. EFB, PW, and RS, were selected on the basis
of difference in composition and ash content. The detailed composition
of these biomasses are presented in Table 1 and Table 2. These biomass
samples were obtained from Valmet Technologies, Chennai. The mate-
rials were crushed using a domestic grinder, and particles in the size
range 0.30-0.50 mm were obtained by sieving.

The proximate analysis, ultimate analysis and higher heating value
(HHV) of the biomass were performed according to the American So-
ciety for Testing and Materials (ASTM) guidelines, and are depicted in
Table 1. It is clear that RS contains highest ash (18.9%) among the three
biomass followed by the EFB (7.5%) and PW (0.7%). PW contains
highest volatile matter (74.8%) but it also contains high fixed carbon
(~17%). The results of the proximate and elemental analyses are found
to be in agreement with the literature [28].

2.2. Isothermal mass loss of biomass and Py-FTIR analysis

The isothermal mass loss profiles of biomass under fast pyrolysis
conditions were generated in a Pyroprobe® 5150 pyrolyzer (CDS
Analytical, U.S.A.) integrated with a stainless-steel Brill cell. The snap-
shot of the Brill cell is depicted in Fig. S1 (Supplementary Information).
The Brill cell consists of two Zinc-selonide (ZnSe) windows on two sides
to facilitate the IR scanning of the pyrolysis vapors. The Brill cell was
placed in the beam path of an FT-IR spectrometer (Agilent Cary 660
series) to monitor the pyrolysis vapors. However, for mass loss experi-
ments, FTIR spectrometer was not turned on. In a typical mass loss
experiment, 8 + 0.2 mg of pre-dried biomass was measured using high
precision microbalance (Sartorius Cubis, +1 pg accuracy). The biomass
was loaded in the quartz tube and packed with a glass wool on both ends.
The quartz tube was placed inside the resistively heated Pt-filament coil,
which was then placed inside the Brill cell. Nitrogen gas was continu-
ously purged through the Brill cell at 110 mL min~?, which was held at
200 °C to avoid any vapor condensation. The temperature and flow rate
were optimized in such a way that the vapors do not condense on the
ZnSe windows. Before starting the experiment, the Brill cell was was
purged with N for 10 min to establish inert atmosphere.

In order to obtain the mass loss profiles, the biomass sample was
heated to various temperatures and maintained at different hold times.
The different hold times used were 2, 4, 6, 8, 10, 15, 20, 30 and 60 s and
the temperatures were 400, 450, 500, 550, 600, 650 and 700 °C. At the
end of the experiment, the mass of the biomass remaining in the quartz
tube was measured using a microbalance. Each experiment was repeated
at least three times to check the repetability, and the standard error is
reported.

In order to obtain the time evolution of functional groups of the
pyrolysates, the FTIR spectrometer was turned on. The FTIR was

Table 1
Detailed characterization of three biomass as used in fast pyrolysis experiments.
RS PW EFB

Proximate Analysis (air dried basis)
Moisture (wt.%) 8.8 7.7 9.8
Volatile (wt.%) 63.8 74.8 66.1
Fixed carbon (wt.%) 8.5 16.8 16.6
Ash (wt.%) 189 0.7 7.5
Ultimate Analysis (dry basis)
C (wt.%) 38.0 47.1 38.3
H (wt.%) 5.5 6.2 5.1
N (wt.%) 0.8 0.1 1.2
O (wt.%)* 36.8 45.9 47.7
S (wt.%) 0.0 0.0 0.2
HHV (MJ/kg) 14.7 20.4 15.9

*0=100-C-H-N-S-Ash.
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Table 2
Composition of ash (in wt.%) extracted from EFB, PW and RS [28].

Metal oxides Composition in ash (%)

EFB PW RS
SiO, 63.20 9.71 77.20
AlyO3 4.50 2.34 0.55
Fe;03 3.90 2.10 0.50
SO3 2.80 2.22 1.18
CaO 9.0 48.88 2.46
MgO 3.80 13.80 2.71
NayO 0.80 0.35 1.79
K20 9.0 14.38 12.59
P50s 2.80 6.08 0.98
TiO, 0.20 0.14 0.04

equipped with a linear, highly sensitive mercury-cadmium-telluride
(MCT) detector. The FTIR is set to aquire three spectra every second
in the scan range of 4000-600 cm ! at a resolution of 2 cm™!. The total
scan time was set to 60 s. The time-based spectra were generated based
on Gram-Schmidt function [29].

2.3. Product analysis using Py-GC/MS

Fast pyrolysis experiments were carried out in Pyroprobe® 5200
pyrolyzer (CDS Analytical, U.S.A.) interfaced with gas chromatograph/
mass spectrometer (GC/MS, Agilent Technologies, model 7890-5975C).
In a typical experiment, 500 + 50 pg sample was packed inside the Pt-
coil filament as described earlier. The sample was then pyrolyzed at
desired temperatures (400, 500, 650, 800 °C) and held for 30 seconds.
The vapors generated during pyrolysis were continuously passed
through an online Tenax® trap, where it gets adsorbed. After the
completion of pyrolysis, the temperature of the Tenax® cartridge was
increased to 300 °C in 3 min to quickly desorb the vapors. Subsequently,
the desorbed vapors were passed through he GC/MS for product
analysis.

The transfer line was connected to the GC injector which was set at
280 °C. The incoming pyrolysis vapors were separated using HP-5 ms
(30 m x 0.25 mm i.d. x 0.25 pm film thickness) capillary column. The
GC column oven was initially held at 40 °C for 2 min, followed by a ramp
of 10 °C min~! to 280 °C, and finally held at this temperature for 2 min.
Ultra-high pure helium (99.9995%) was used a carrier gas for GC/MS.
The carrier gas flow rate was set at 1 mL min~'. The separated analyte
from the GC was transferd to the MS using a GC/MS interface. The GC/
MS interface and ion source temperatures were maintained at 300 °C
and 250 °C, respectively. The incoming pyrolysates were scanned in the
mass range (m/z) of 28-400 Da at an electron ionization voltage of 70
eV. The mass spectra of the pyrolysates were compared with NIST and
Biofuel libraries, and the compounds that had a match-factor>80% were
considered. The relative composition of the pyrolysates is reported in
terms of GC/MS peak area%.

3. Result and discussions
3.1. Kinetics of the fast pyrolysis of biomass

The fundamental equation to describe the the rate of conversion of
the sample is given by [21]

da
KT

T (@)
where a is mass conversion with time t, and k(T) is described by
Arrhenius equation. The function f(a) describes the dependence of
conversion on the progress of the reaction. The equation can be inte-
grated for isothermal condition to yield,
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“ da ;F t 7 .
gla) = Om_Ae /Odt_k(T) t

Where A (also denoted as k), E and R denote pre-exponential factor,
apparent activation energy and universal gas constant, respectively. The
function g(a) is derived for various models in the literature, and given in
Table 3.

The isothermal mass loss profiles of RS, EFB, and PW, generated
under fast pyrolysis conditions, are depicted in Fig. 1. It is important to
note that each data point in the mass loss profile corresponds to an
experiment performed at a specific temperature and hold time. It is
evident that different biomass samples behave differently when exposed
to same temperature and hold time, i.e. the mass of different biomass
samples decreases at different rates at similar experimental conditions.
To understand better, if we consider a temperature of 400 °C and
holding time of 30 s, the remaining sample mass is observed as 63%,
42%, and 41%, for PW, EFB, and RS, respectively. The dependence of
rate of thermal degradation on the bio-chemical composition of biomass,
i.e. cellulose, hemicellulose, lignin, and ash content is well established
[30]. The bio-chemical composition of the EFB, PW, and RS, are re-
ported in the literature, are given in the Table 4 [31-33].

Typically, the degradation of cellulose and hemicellulose starts at a
lower temperature (~200 °C) and completes well within 500 °C, while,
lignin degrades in a wide temperature range of 400-800 °C [34].
Overall, the high temperature degradation of biomass is attributed to the
lignin content and the secondary reaction of lignin-derived products
with char. The lignin content can be qualitatively related to the fixed
carbon in the biomass; higher fixed carbon content in the biomass is
indicative of higher lignin content [35]. It is worth mentioning that, pine
wood and empty oil palm fruit bunch are derived from woody biomass
source, and these show a relatively higher fixed carbon or lignin content
in comparison with rice straw, which is basically a harvested agro
residue.

The rate constants obtained for fast pyrolysis of EFB, PW and RS at
different temperatures according to various models are presented in
Tables S1-S3 (Supplementary Information). The linear regression of the
above mentioned models at different temperatures are depicted in
Figures S2-S19 (Supplementary information). All the linear fits were
generated with a minimum of five data points.

In order to identify the model that best describes the fast pyrolysis
kinetics of biomass, the regression coefficients of different models were
compared. It is observed that the decelerating models such as diffusion
models exhibit a reasonable regression coefficient of R% > 0.90 for all the
biomass samples (Tables S1-S3). However, low regression coefficient
values (0.9-0.95) are observed at high temperatures. The apparent
activation energies (Table 5) vary in the range of 34-40 kJ/mol, 35-50
kJ/mol and 13-29 kJ/mol for EFB, PW, and RS, respectively. It is
interesting to note that the activation energy values obtained in this
study are much lower than the previously reported values. This can be
attributed to the decomposion process being diffusion controlled. The
kinetic falsification due to mass transfer, especially internal diffusion
limitations are well established and the true activation energy is always
estimated to be twice of the apparent activation energy [36]. The lower
apparent activation energy of fast pyrolysis for rice straw indicates that

Table 3
Details of various models used in this study to obtain the kinetic parameters
[21].

Sl. No. Model {(9)] g(®)

1 First Order 1-a) —In(1-a)

2 1D-Diffusion 1/(20) o?

3 2D-Diffusion [n(1-0)]" (1-a0) In(1-00) + &
4 3D-Diffusion 3/2(1-0*3[1-Q-0)3] ! [1-(1-00'?12

5 Avrami Erofeev 3(1-0)[-In(1-)1%3 [—In(1-0)]%/3

6 Contracting Cylinder 2(1-0)'2 1-(1-w)'?
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Fig. 1. Isothermal mass loss profiles of (a) RS, (b) PW and (c) EFB at various temperatures (400-700 °C) and hold times (2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 30 and

Time (s)

60 s).

Table 4

Bio-chemical composition of RS, PW and EFB [31-33].
Biomass RS PW EFB
Cellulose 321 40.0 37.3
Hemicellulose 28.0 26.9 14.6
Lignin 19.6 27.7 31.7
Ash/Others 20.3 5.0 16.4

the thermal degradation of high-ash materials are not very sensitive to
the temperature. A study by Wang et al.[37] indicated that the presense
of SiO2 and other metallic components improves the intraparticle heat
transfer, which accelerates the degradation at the interior of the particle.
They also pointed out that, if the metals are not uniformly distributed
within the particle, random nucleation centers are formed as the py-
rolysis temperature increases.

The apparent activation energy and pre-exponential factor values
vary in large range based on the experimental methodology and calcu-
lation techniques employed. For example, the activation energy for rice
straw reported in two separate studies are 26.1 kJ/mol and 176.2 kJ/
mol [38-40]. While the activation energy and pre-exponential factor
values estimated using different techniques vary widely, the variation
can be plotted on a single scale, which is based on ‘kinetic compensation
effect’. The kinetic compensation plot relates the apparent activation

energy with the logarithm of the pre-exponential factor; In(ky) = a x
E, + b[41-43]. In the expression, a and b are model-free parameters,
also called as kinetic compensation parameters. The kinetic compensa-
tion plots for EFB, PW, and RS are depicted in Fig. 2.

The kinetic compensation effect is based on the assumption that the
increase in the activation energy is accompanied by a corresponding
increase in the pre-exponential factor and vice versa. Importantly, a
number of experimental data points are taken from the literature that
correspond to EFB, PW, and RS at slow heating conditions [25,26,44-
58]. A majority of the (E,, ko) data sets corresponding to literature were
determined by (a) fitting a first-order or nth order kinetic model to
dynamic TG mass loss profiles, (b) fitting a distributed activation energy
model with pseudo-components, (c) using single heating rate method of
Coats-Redfern, and (d) using multiple heating rate method of Kissinger
and Ozawa. The kinetic compensation expressions were found to be
In(kg) = 0.2E, —5.33, In(ky) = 0.2E, —3.90 and In(ko) = 0.088E, —2.51
for EFB, PW and RS, respectively.

3.2. Time scale of fast pyrolysis of biomass

Fig. 3 depict the FTIR spectra of pyrolysates evolved from fast py-
rolysis of EFB at 500 °C. The major functional group vibrations detected
include: O-H stretch (3400 cm’l), C-H aromatic stretch (3072 cm™ 1)
and methyl stretch (2962 cm_l), —CHy- stretch of hydrocarbon

Table 5
List of kinetic parameters determined for fast pyrolysis of EFB, PW and RS.
RS PW EFB

Model Eq ko R? Eq ko R? Eq ko R?
First order 18.5 4.1 0.99 37.1 26.5 0.97 34.3 28.1 0.96
1D-diffusion 21.7 1.8 0.98 39.7 14.8 0.97 34.6 9.5 0.98
2D-diffusion 28.7 4.1 0.95 44.7 26.1 0.96 38.7 13.3 0.96
3D-diffusion 13.0 0.2 0.94 49.4 20.3 0.96 48.9 24.5 0.96
Contracting cylinder 20.5 1.4 0.99 35.3 8.4 0.98 34.7 8.5 0.98
Avrami Erofeev 10.8 0.7 0.88 241 3.0 0.97 21.3 2.8 0.98

E, and ko represent activation energy (kJ/mol) and pre-exponential factor (s1), respectively.
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Fig. 2. Kinetic compensation plots for pyrolysis of (a) PW, (b) RS and (c) EFB based on the rate parameter data from the literature and this study.

backbone (2920-2933 cm™!), C= 0 carbonyl stretch in aldehydes and
ketones (1735 cm_l), aromatic ring stretch (1506, 1615 cm_l), c-C
skeletal vibration (1127 cm’l), C-O primary alcohol stretch (1056
cm’l) and CO, (2348 cm’l). More spectra can be seen in supplementary
information (Figure S21-S28). It is clear that the evolution of vapors
begins after 5 s (red curve) and then it increases rapidly until 9-13 s, and
the evolution culminates after 60 s.

To simplify the discussion and for a better understanding, we define
‘time to reach maximum rate of evolution (TRMRE)’, which basically
defines the time each function group takes to reach its maximum pro-
duction rate in a particular experiment. It is important to note that the
TRMRE analysis is not totally quantitative and it is prone to vary with
carrier gas flow rate and distance between sample and IR beam path. We
negate the complication arised due to these two factors by maintaining
the constant flow rate in all the experiments, and by fixing the position
and alignment of the sample in the brill cell. It is worth mentioning that
the TRMRE does not directly represent the reaction time scale but it may
have significance very similar to the half-life of a chemical reaction. The
half-life analysis is widely used in chemical engineering and other
streams.

The TRMRE values corresponding to different functional groups are
compared to understand the evolution pattern and time scale of various
functional groups with respect to each other. We observed that the
TRMRE is different for different functional groups; TRMRE of C-O-C

(methoxy) and carbonyl groups in fast pyrolysis of EFB at 500 °C are 19
and 13 s respectively. The variation of TRMRE clearly indicates that fast
pyrolysis in the Pyroprobe is not rapid and it takes around a minute to
complete. It also explains that the cellulose and hemicellulose-derived
products (carbonyls) are mostly released in high quantities in the
intial stage of the pyrolysis, while the lignin-derived product (methoxy
groups) are mostly released at the later stage.

Fast pyrolysis is known to complete within a few seconds and the
relatively large vapor evolution time (60 s) in our experiments can be
due to the transport limitations. There are two possible resistances to the
vapor transport in our experiments and shown in Fig. 4. Firstly resis-
tance to the transport of generated vapor through the bed of unreacted
biomass and char (solid—gas interactions), and secondly, the resistance
experienced by the products sneaking out through the glass wool and
mixing with the carrier gas stream (gas-film resistance). The mode of
transport in both these cases is purely diffusion. The effect of transport
resistances is also evident from the activation energy calculation,
because the diffusion-based models fit the experimental data well. It is
also important to note that the smaller molecules can diffuse out faster
than the bulkier molecules but given a very small distance each molecule
has to travel before it gets detected; the effect of transport limitation on
the time scale is assumed negligible.

Fig. 5 depicts the time evolution of pyrolysates from PW, EFB and RS
at 500 °C. It is clear that C = O(carbonyl) is more pronounced in the
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pyrolysates from PW. The carbonyl groups are largly present in linear
organics and carboxylic acids, which constitute the major fraction of the
pyrolysates. The second most dominant funcational group is CO2, which
is generated from decarboxylation reaction. In EFB and RS, CO; is more
prononounced followed by the C = O(carbonyl). The composition of

various functional group is directly related to the type of biomass and
pyrolysis conditions. However, the presence of ash alters the primary
degradation pathway. Clearly CO, formation via decarboxylation and
condensation reaction is promoted by the ash present in the biomass. As
TRMRE is not a quantitative metric, the product formation will be
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discussed in the next section.

It is interesting to note that the TRMRE values for three biomass
follow the trend PW > EFB > RS. The variation of TRMRE is generally
percieved to be directly linked with the amount of cellulose, hemicel-
lulose and lignin in the biomass; higher the lignin or fixed carbon con-
tent, higher is the TRMRE. PW and EFB have very similar fixed carbon
content but their TRMRE values are very different. This can be attrib-
uted, at least partially, to the affect of ash, because the TRMRE values
follow a trend with ash content in biomass. TRMRE decreases with

increase in ash in biomass as shown in Fig. 5. In the previous section, we
discussed the formation of multiple nucleation centers because of non-
uniform distribution of ash in the biomass. The nucleation centers
catalyze the pyrolysis process by improving the heat transfer and/or by
catalyzing the secondary decomposition of pyrolysis vapors. While the
role of inert materials on heat tranfer improvement during biomass
pyrolysis has not been studied very well, the catalytic effect of SiO and
Al,;03 in the C-C and C-O bond activation is well studied and reported
[59-63]. Ash promotes the formation of non-condensable gasses and
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Fig. 6. Effect of temperature on the composition of pyrolysates from fast pyrolysis of PW.
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char by cracking the larger molecules from the vapor and tar [63]. It also
promotoes the condensation of the cracked vapors on the char surface.

3.3. Product composition from the fast pyrolysis of biomass

To evaluate the composition of the pyrolysates, fast pyrolysis ex-
periments were conducted at various temperatures 500, 650, and 800 °C
in the analytical Py-GC/MS set-up. The major product groups are
depicted in Fig. 6, 7 and 8. Additionally, the details of all the products
detected in fast pyrolysis can be found in Tables S1-S3 (Supplementary
Information). The composition of the products is presented as relative
peak area %. For simplicity in presentation, the products are grouped
into eight distnict categories, viz. Aldehyde/ketones, carboxylic acids,
furan derivatives, phenol derivatives, N-containing organics, anhy-
drosugars, aromatic hydrocarbons and polyaromatic hydrocarbons. It is
observed that linear organics were the major products from fast pyrol-
ysis of PW and RS, while carboxylic acid was the major product from the
EFB at 500 °C.

It is interesting to note that acetic acid, which is one of the major
pyrolysis products from hemicellulose, was observed in high yields from
RS and EFB. The production of furan derivative was more from RS and
PW, while it was less than 5% in EFB. As expected, a high production of
phenolics especially guaiacol and methyl guaiacol was observed from
both the lignin-rich woody biomass feedstock, viz., EFB and PW. The
formation of aromatic hydrocarbons were not observed from any
biomass at 500 °C.

The effect of ash was more pronounced on the activation energy
calculation and the time scale of fast pyrolysis. However, no-specific
effect of ash was observed on the liquid product composition at
500 °C. This may be due to the fact that ash is primarily responsible for
catalyzing the condensation reactions, which leads to the formation of
high molecular weight products similar to coke. Temperature has a
conspicuous effect on the formation of major products. It is observed
that the total selectivity of linear organics decreases with increase in
temperature for RS and EFB. In contrast, the selectivity of linear organics
increases for PW when temperature increased from 500 to 800 °C.
Interestingly, as we move to higher temperatures, the selectivity of
phenol derivatives decreases significantly for PW, while there was no
significant variation observed for RS and EFB.

From the above discussion, it is inferred that the effect of

Energy Conversion and Management: X 10 (2021) 100071

temperature is not uniform on all biomass types. The ash content may
have an important role on product formation, particularly at high tem-
peratures. The conversion of phenol derivatives to aromatic hydrocar-
bons via C-O bond scission is known to occur at high temperatures
(>600 °C). Most of the phenolics in PW converted to aromatic and
polyaromatic hydrocarbons at 800 °C. However, for high-ash biomass
such as RS, significant production of aromatics is observed, without any
reduction in phenol derivatives. Two possibilities exist: (a) there should
be an alternative route for aromatic hydrocarbons production which
does not involve phenolics, (b) there should be another route to form
phenolics to compensate for the quantity of phenolics which is con-
verted to the aromatic hydrocarbons. The latter possibility is likely to be
more realistic as the reduction in yield of furan derivatives and linear
organics is observed at 800 °C. The SiOz-rich ash of RS seems to catalyze
the condensation of furan derivatives and linear organicsto produce
phenolics.

Alternatively, the reduction in total phenolics production from low
ash biomass such as PW can be attributed to the formation of aromatic
hydrocarbons via cleavage of hydroxyl and methoxy linkages of guaiacol
and other phenolic derivatives [13,31]. The cleaved propyl side chains
of the C9 monomers of lignin and other methoxy phenols lead to the
formation of aldehyde/ketones. From the structure of aromatic hydro-
carbons produced, it can be inferred that the formation of benzene,
toluene, and styrene proceeds via cleavage of methoxy and hydroxy
linkages of phenol, guaiacol, and vinyl guaiacol [13,31]. Products such
as cresol and methyl anisole are stable intermediates formed via cleav-
age of methoxy and hydroxy units of methyl guaiacol, respectively. The
intermediates further transform to toluene, which is one of the major
products at 800 °C.

3.4. Conclusion

In this study, kinetics of fast pyrolysis of EFB, PW, and RS was con-
ducted using analytical Py-FTIR and Py-GC/MS set-ups. The mass loss
profiles of biomass were generated at different temperatures and using
empirical models, the apparent kinetic parameters were determined.
Kinetic compensation plot was constructed to validate the variation of
apparent activation energy with pre-exponential factor. The time evo-
lution of the vapor products were analyzed and ‘time to reach maximum
rate of evolution’ followed the trend: PW > EFB > RS. The fast pyrolysis
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Fig. 7. Effect of temperature on the composition of pyrolysates from fast pyrolysis of EFB.
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products were analyzed using online GC/MS and effect of biomass
constituent and ash was highlighted. PW and EFB resulted in more
phenol derivativaes while RS yielded more linear organics.
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