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ABSTRACT: To understand the fast pyrolysis kinetics and 100 —100°C/min
product evolution of waste pine sawdust, high heating rate — 200°C/min
thermogravimetry-Fourier transform infrared (TG-FTIR) was PL &5 — 400°C/min
used to obtain the kinetic parameters and the chemical groups . 2 50

formed during the pyrolysis process, while pyrolysis-gas chroma- ) TG-FTIR

tography/mass spectrometry (Py-GC/MS) was used to investigate 254
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the detailed compositions of products under the staged (seven
Temperature (°C)

stages from 300 to 600 °C) and direct fast pyrolysis process. Pine .

Spectral bands were identified for acids, alcohols, aldehydes, ‘J
aromatics, esters, ethers, hydrocarbons, ketones, phenols, and "j S 7 Stages O'f/}},.m
sugars. Research found that the apparent activation energy for fast P G CIMS (300-600°C) . ﬂ
pyrolysis is much higher than that of slow pyrolysis. The evolution ¥ a0
of CO, is the major deoxygenation route. Cracking mainly

occurred at the 450 °C stage with phenols, ketones, aldehydes, and sugars as the main products. The product distributions for
different stages are significantly different; the selectivity of aldehydes decreased, while phenols showed an upward trend with an
increase in pyrolysis temperature. Ketones and sugars reached their peak values at 450 °C. The changes in the molecular
composition of each stage helped to understand the pyrolysis process. Compared with the staged pyrolysis, the direct pyrolysis
process had higher selectivity of acids, aldehydes, esters, and sugars and lower selectivity of phenols, ketones, and alcohols.

1. INTRODUCTION the second stage is done at elevated temperatures of over 500
°C."'>!¢ Cai et al." carried out two-staged pyrolysis of biomass
using Py-GC/MS, and found that the pyrolysis products from
the first stage were enriched with compounds like organic

The energy demand is increasing and the unsustainable nature
of fossil fuel has sprung up research into alternative energy and

fuels with bi bei f the frontiers b it
€18 WIth, JIOTAss enetey DEINg 0T OF The O o1 pecats 1 acids, alcohols, and aldehydes with a high portion of the

is renewable, economical, and carbon neutral. Several studies d st I dJucts b henols. Zh ;
have been done in the quest to upgrade bio-oil to reach the seiolr; 1, Stage pyro ysis products being phenols. Zhang e
al. studied the effect of residence time and step

fuel standard but its challenges of high acidity, chemical R . ;
instability, and low heating value linger on.}™ Although, the temperatures on the product distribution of biomass pyrolysis
general classes of products evolved from biomass pyrolysis are m two-step pyrolysis, and found that the retention time ha,d
known, in-depth compositional analysis of the compounds little effect on the contents of anhydrosugars and their

’ derivatives. Also, the contents of aromatics increased at first

evolved has not been studied extensively, making it rather . . . .
difficult to address these drawbacks. This is because there are and later decreaselzg with the increase in pyrolysis temperature.
Tubetskaya et al.® identified that the inorganic contents such

hundreds of compounds in bio-oil, and it is challenging to S .
4 . . as metals found in biomass can act as catalysts for the pyrolysis

separate the complex components.” That notwithstanding, ) . A
process, thus influencing the product distribution. It can be

several studies have been done to help remedy the drawbacks : , ) . . ,
inferred that there is an apparent increase in the inorganic

related to bio-oil. Some of the studies include copyrolysis and o .
catalytic copyrolysis of biomass with hydrogen-rich materials content after each step of staged pyrolysis, implying that the

and copyrolysis of biomass and amino acids.”~"’
Py-GC/MS is a powerful tool to identify the compounds Received:  October 21, 2021
evolved from the pyrolysis process and has been widely used to Accepted:  January 12, 2022

investigate the fast pyrolysis behavior of biomass. The process Published: January 25, 2022

of direct pyrolysis has been extensively researched.”''~'* Some
researchers investigated two-staged pyrolysis; the first stage is
usually done between the temperatures of 200 and 360 °C and
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subsequent processes can yield high-quality and stable bio-oils.
Previous research, on the other hand, focused mostly on direct
or two-stage pyrolysis.

Thermogravimetry (TG) is a useful technique for analyzing
solid—gas reactions. Its time-dependent weight change curves
are the basis for characterizing the devolatilization processes,
quantification of release rates, and determination of kinetic
parameters. With its fastness and sensitivity, the major
functional groups of the volatile species and temperature
range of products evolution of the pyrolysis process can be
detected accurately by TG coupled with an FTIR detector.
There are a lot of studies that used TG-FTIR to study the
pyrolysis kinetics of biomass. However, most of them used low
heating rates (slow pyrolysis), usually lower than 50 °C/min.
Thus, more work needs to be done using the high heating rate
TG-FTIR to study the fast pyrolysis behavior of biomass.
Moreover, several studies using different biomasses have been
done on the low heating rate kinetics,"”~>* with a few of these
studies being on the high heating rates kinetics.”>~*° Thus, the
kinetics of the high heating rate and the low heating rate
cannot be compared based on these previous studies, hence
the need for further studies.

To mimic the industrial condition of fast pyrolysis, the high
heating rate TG-FTIR was used to study the fast pyrolysis
kinetics of waste pine sawdust and detect the chemical groups
formed during the pyrolysis process. Moreover, the low heating
rate kinetics was also studied to differentiate the fast pyrolysis
kinetics from the slow pyrolysis kinetics. This work aims to
provide in-depth identification of the compounds that evolved
during the pyrolysis of biomass as well as provide possible
reaction pathways. Seven-stage pyrolysis from 300 to 600 °C
was carried out by Py-GC/MS. The effect of each stage on the
products evolved in contrast to that of the direct pyrolysis
process was investigated.

2. MATERIALS AND METHODS

2.1. Materials. In this work, waste pine sawdust with a size
between 80 and 200 mesh (0.075—0.18 mm) was used. It was
dried at 105 °C for 12 h. A high-speed crusher (220 V, 50 Hz,
1800 W, 28 000 r/min, and mesh size of 30—300) was used to
mill the pine chips. Table 1 shows the main properties of the

Table 1. Proximate Analysis and Ultimate Analysis of Raw
Materials

proximate analysis (wt %)“ ultimate analysis (wt %)
volatiles  fixed carbon  ash C H o’ S
81.89 15.84 227 49.56 5.63 44.74 0.02

“Dry basis. “Calculated by the difference.

N
0.05

pine sawdust. Proximate analysis of the pine sawdust on a dry
basis was performed according to the Chinese National
Standard (GB/T 28731-2012). The ultimate analysis was
measured by an Elementar Analysensyteme Gmbh (Vario
MACRO cube, Germany). The fixed carbon content and the
oxygen content were calculated by the difference. The values
obtained for the proximate and ultimate analyses are close to
literature values, indicating the suitability of pine for
pyrolysis. | %1626-28

2.2. TG-FTIR Analysis. Thermogravimetric analysis (TG)
is usually emFloyed in studying the thermal pyrolysis behavior
of biomass.!"1>!*2629732 Herein, TG analysis of pine was
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performed at high heating rates of 100, 200, and 400 °C/min
using a thermogravimetric analyzer (STA 449F3 NETZSCH
Company, Germany) with a high-speed heating furnace
(NETZSCH Company, Germany). The description of the
high-speed heating furnace can be found elsewhere.”® Different
heating rates were employed to help comprehend the pyrolysis
dynamics and estimate the apparent activation energy of the
sample. The TG equipment was coupled to a Fourier
transform infrared spectrometer (FTIR TENSOR II, BRUKER
Company) using a 1 m long Teflon tube transfer line with an
internal diameter of 2 mm for online analysis of the gaseous
products released during pyrolysis. To mitigate the possibility
of gas condensation, the transfer line was heated and
maintained at 200 °C. The spectra were collected at a
resolution of 4 cm™' over the range of 4000—500 cm™', and
the spectrum scan frequency was 32 times per minute. Slow
pyrolysis was done using a simultaneous DTA-TG apparatus
(DTG-60H, Shimadzu) at 10, 20, and 40 °C/min.
Approximately, 5 mg of the sample was used for all TG
experiments. A flow rate of 100 mL/min was used in all TG
experiments with nitrogen as a carrier gas for fast pyrolysis and
argon as a carrier gas for slow pyrolysis.

2.3. Kinetic Analysis. The kinetics of the decomposition
of biomass is a complex process but is usually modeled to
follow this general reaction pathway.””*>*’

(1)

where k is defined as the rate constant of the reaction with its
temperature dependence expressed by the Arrhenius equation.

k = Ae B/RT ()

where E, is the apparent activation energy (kJ/mol), T is the
absolute temperature (K), R is the universal gas constant 8.314
J/mol'K, and A is the pre-exponential factor (s™*).

The rate of conversion of the biomass to volatiles is given by
the expression

() (@)

k
biomass — volatiles + char

i (3)

where « is the conversion ratio of pine at time t(s), k is the rate
constant, and f(a) is the reaction model.

m, — m,
a=——-
Mo = My (4)
The reaction model is given by eq 5
fla) =1 - a) (s)

where m;, is the weight at any time f, m, is the initial weight at
the start of that stage, and m; is the final weight at the end of
that stage.

Model-free methods like Freidman, Flynn—Wall and Ozawa
(FWO), and Kissinger—Akahira—Sonuse (KAS) are the most
frequently used approximations in estimating the reaction
kinetics.”"”*> The functions f(a) and g(a) are (1 — a) and
(=In(1 — a)), respectively, expressed using reaction order
models for a first-order reaction.' "¢

Freidman’s approximation is given by the studies

Ea
RT

14,19

da
In(ﬂg) = In[Af(a)] — ©)

The apparent activation energy can be obtained from a plot of
In(# da/dT) against 1/T for a given value of conversion «,

https://doi.org/10.1021/acsomega.1c05907
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Figure 1. TG and DTG curves under high heating rates. (a) TG and (b) DTG.
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Figure 2. TG and DTG curves under low heating rates. (a) TG and (b) DTG.

where the slope is equal to E,/R. The apparent pre-exponential

factor can be found from the expression A = (exp®)/(1 — a),
where C = In[Af(a)].

Kissinger—Akahira—Sonuse (KAS) approximation is ex-
AR

Eag(a)] 7)

pressed as'"
s

IH(F =In
A plot of In(/T*) vs 1/T is made and the apparent activation
energy E,, is calculated from the slope m = —E,/R. The pre-
exponential factor is then calculated from the expression A =
(E[-In(1 — a)]exp®)/R

Flynn—Wall-Ozawa (FWO) approximation is also given
byl

E

a

" RT

a

Rg(a) (8)

Apparent activation energy E, is estimated as E, = (—mR)/
1.052, where m is the slope. The pre-exponential factor A is
estimated as A = (R[—In(1 — a)] exp® * >3%)/E,.

2.4. Py-GC/MS Analysis. The pyrolysis-gas chromatog-
raphy/mass spectrometry (Py-GC/MS) technique was ex-
ploited in this study to separate and identify the pyrolysis
products at different temperatures. The details of the
equipment used are the same as described by Wang et al.”
The experiment was carried out in two different ways, staged
pyrolysis and direct pyrolysis. For the staged pyrolysis, about 1
mg of the sample was sandwiched between quartz wool inside
a quartz tube and placed in a pyroprobe made of a platinum
wire. The pyroprobe was then heated from room temperature
to the set temperature, starting from the initial stage
temperature of 300 °C with an increase of 50 °C for each
stage to the final stage temperature of 600 °C. The heating rate
was set as 10 °C/ms to reach the desired temperature in
milliseconds; thus, the influence of the heating process can be

a

E
] —5.335 — 1.052
RT

In(p) = In
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ignored. The heating time of samples during pyrolysis was 10 s
per run. For the direct pyrolysis, about 0.2 mg of the sample
was used for each run at temperatures of 500, 550, and 600 °C.
The chromatographic separation of volatile products was
performed using an Agilent DB-5 MS capillary column (60 m
X 0.25 mm, 0.25 um film thickness). Helium was used as a
carrier gas at a constant rate of 40 mL/min. The temperature
conditions used by the chromatographic column for separation
are as follows: it was held at an initial temperature of 35 °C for
10 min, and the temperature was then increased to 200 °C at a
rate of 3 °C/min. The temperature was further increased to
280 °C at a rate of 4 °C/min and finally increased to 300 °C at
a rate of 10 °C/min. The mass spectrometer was operated in
an EI mode at 70 eV, and the mass spectra were obtained from
m/z 20 to 500. The chromatographic peaks were identified
according to the NIST MS library.

3. RESULTS AND DISCUSSION

3.1. Thermogravimetric Analysis. The TG/DTG curves
of pine at high and low heating rates are shown in Figures 1,2,
respectively. High heating rates of 100, 200, and 400 °C/min
were used to study the fast pyrolysis kinetics in contrast to the
low heating rates usually lower than 50 °C/min, which are
generally used.' "' >'#2¢31323%35 The yse of a high heating rate
was to simulate the industrial setting and to provide alternative
kinetic data for biomass pyrolysis different from that of low
heating rates kinetics, which is readily available. The sample
was well dried before the experiment, thus eliminating the
dehydration stage as observed by other researchers.'" 1436
Four runs of experiments were conducted. The average ash
content for 100, 200, and 400 °C/min were 22.07 + 0.27,
21.62 + 0.27, and 20.50 =+ 0.36, respectively (see Figure S1 for
the thermograms of the four runs).

The active pyrolysis (main weight loss) stage is composed of
the fast decomposition of hemicellulose and cellulose and the
slow decomposition of lignin. The passive pyrolysis stage is

https://doi.org/10.1021/acsomega.1c05907
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Figure 3. Plots of the model-free methods for high heating rates. (a) Friedman, (b) FWO, (c) KAS, and (d) plot of activation energy vs conversion.
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Figure 4. Plots of the model-free methods for low heating rates. (a) Friedman, (b) FWO, (c) KAS, and (d) plot of activation energy vs conversion.

associated with the further cracking of pine due to lignin. The proven that cellulose and hemicellulose decompose rapidly

onset of the decomposition of the components of biomass is over a short temperature range, while lignin decomposes slowly
not fixed as different researchers report noticeably different over a wider temperature range until the final temperature of
temperatures based on their studies. However, it has been the experiment."”**>*"~*! Active pyrolysis occurred between
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250 and 490 °C with a sharp decrease in the pine weight
corresponding to about 71.6% decomposition of the total
weight. Passive pyrolysis occurred after 490 °C to the final
temperature of the experiment at 820 °C, corresponding to a
loss of 7.1% of the total weight, thus obtaining a total weight
loss of 78.7%. The mass loss of pine increased slightly as the
heating rate increased, which is similar to the observation made
by Li et al.>® For slow pyrolysis (Figure 2), a total weight loss
of 73.4% was observed, with 62.4% occurring during the active
pyrolysis stage (240—400 °C) and 11.0% occurring during the
passive pyrolysis stage. The char yield for slow pyrolysis was
higher than that of fast pyrolysis. This could be attributed to
the relatively long residence time of the slow pyrolysis process,
which led to the easy formation of an anhydro-cellulose phase
with the loss of only water making it prone to char formation'”
and the enhancement of secondary cracking in the reactor,
which further increased the char yield.”®

Pine like any other lignocellulosic biomass has three main
components, hemicellulose (20.3—24%), cellulose (45.6—
46.9%), and lignin (26.8-27.3%).>*" Two peaks were visible
on the DTG curves; the first shoulder peak was due to the
decomposition of hemicellulose and the second peak was due
to the decomposition of cellulose.” The appearance of the
maximum peaks of devolatilization of the components of
biomass at different temperatures suggests that the compo-
nents decompose sequentially with a little overlap. The
maximum decomposition temperature of the various compo-
nents shifted to higher temperatures as the heating rate
increased due to the formation of thermal hysteresis, which
resulted from heat transfer limitation,”*>%*!

3.2. Kinetic Analysis. The apparent activation energy, E,,
and the pre-exponential factor, A, for pine were calculated from
the model-free isoconversional methods Friedman, FWO, and
KAS using the thermogravimetric curves from the three
different heating rates. Figures 3 and 4 show the plots of the
models used and a plot of E, against conversion for high and
low heating rates, respectively. The conversion rate of 0.05—
0.9 at an interval of 0.05 was used to estimate the kinetic
parameters. The curve for FWO and KAS almost overlapped
with very little variations, which are due to the different
approximations used to estimate the temperature integral in
these methods. The Friedman method, however, differed from
the trend of FWO and KAS, which can be attributed to its
drawback of being a differential method applied to integral
data, thus sometimes yielding scattered E, values.*

The two pyrolysis processes followed a similar E, trend
between the conversions of 0.05 and 0.3, as shown in Figures
3d and 4d. After 0.3, the trend decreased for a high heating rate
because the active cellulose formed had lower molecular
weight and required lower energy for decomposition. On the
contrary, the trend continued to increase for a low heating rate
after 0.3 because of the relatively long residence time of the
volatiles. This caused the volatiles evolved to cover the surface
of the sample to form carbonaceous char, which acts as a
physical barrier insulating the heat from reaching the surface
below and preventing the diffusion of combustible gases. Thus,
for low heating rates, more energy is required to activate the
reaction as conversion increases. However, both processes
followed the same trend after 0.7S5 with a sharp increase in E,
values due to the degradation of lignin and char. High heating
rate kinetics, showed an increase in E, from 0.05 to 0.30 due to

the initial breaking of bonds and decreased slightly until
00811121425
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For high heating rates, the average E, was 189.03, 183.35,
and 179.64 kJ/mol for Friedman, FWO, and KAS with
corresponding A values of 6.50 X 107, 1.44 X 10¥, and 6.59 X
10% 57!, respectively.

A summary of the kinetic parameters is provided in Table 2.
The kinetic parameters at different conversions for both high

Table 2. Summary of the Kinetic Parameters for High and
Low Heating Rates for Different Kinetic Models

kinetic model ramp rate  E, (kJ/mol) A (min™") R*
Friedman LHR 128.93 5.95 x 10" 0.9912
HHR 189.03 6.50 x 10¥ 0.9963
FWO LHR 125.61 2.38 x 10 0.9928
HHR 183.36 1.44 x 10¥ 0.9969
KAS LHR 121.48 1.34 x10%° 0.9921
HHR 179.64 6.59 x 10® 0.9967

and low heating rates are shown in Tables S1 and S2
respectively. The average E, values obtained from the slow
pyrolysis using Friedman, FWO, and KAS methods are 128.9,
125.6, and 121.5 kJ/mol, respectively. The average values of E,
obtained for fast pyrolysis were higher than those of slow
pyrolysis. The E, values for the slow pyrolysis were similar to
those observed in other works.'>*® For both slow and fast
pyrolysis, high correlation values were obtained, indicating that
the models used and the first-order approximation duly fitted
and described the pyrolysis process. Biomass has poor thermal
conductivity, thus the transfer of heat in pine also contributes
to the reaction at higher heating rates, resulting in higher E,
values, as observed by Wang et al.”®

3.3. FTIR Spectra Analysis. FTIR is a technique employed
to study the nature of evolved gases during pyrolysis.”**~**
Usually, the spectra obtained at the maximum decomposition
of the biomass based on the TG curves are analyzed."”'"'>*
The three-dimensional (3D)-FTIR spectrum of the pyrolysis
process can be seen in Figure 5. The evolution profile of the
evolved products is shown in Figure 6, while Figure 7 shows
the spectra at various stages (300—600 °C).

The spectral range detected at 3700—3500 cm ™" is related to
the stretching vibrations of the O—H group, demonstrative of
phenols, water, or alcohols. The H,O released was mainly due
to the presence of bound water and the cracking reaction of
the oxygen functional groups in the pyrolysis process as the
temperature increased since there was a negligible amount of
free water. Thus, the release of H,O is an important
deoxygenation route for the pyrolysis of biomass. Dehydration
at adjacent carbon positions forms C—C and C—O organics,
while dehydration at nonadjacent carbon positions mainly
produces sugars (Figure 8)."""

The absorbance peak 2359 cm™ (range 2400—2250 cm™")
was the most prominent in all of the spectra, indicating the
release of CO,. A relatively weaker peak of CO, that appeared
between 600 and 750 cm™' was attributed to the secondary
degradation of C=0 and C—O compounds."' As shown in
Figure 6a, the emission of CO, first increased with the increase
in temperature, then decreased dramatically after 330 °C till
the temperature reached 390 °C, and finally went up again
before decreasing gradually after 420 °C. The band at 3100—
2850 cm ™! indicates the presence of aliphatic hydrocarbons in
the pyrolysis product, while the peak at 3016 cm™ in this band
corresponds to the presence of CH, in the pyrolysis products.®
The intensity of CH, peaked at 350 °C, as can be seen from
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Figure 5. 3D-FTIR spectrum of pine pyrolysis.
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Figure 6b, signifying a high production of CH, at the 350 °C
stage than at any other stage. The formation of CH, can be
attributed to the fragmentation of side chains and demethy-
lation of methoxyl groups.™

The —CH bending vibrational peak at 950 cm™ in the
spectral range of 975—780 cm™" at the stages of 300—400 °C
identified the characteristic of aldehydes. The intensity of this
peak was higher at 350 °C those at 300 and 400 °C, which is
consistent with the Py-GC/MS results, as 350 °C had the
highest yield of aldehydes. The —C=C— skeletal vibrational
spectral range identified between 1650 and 1430 cm™' is
significant for the benzene ring, which is present in both
phenols and aromatics.”> Moreover, the absorbance wave of
730—620 cm™" with a peak of 671 cm™" can also be related to
the C—H bond evident in aromatics."*

The absorbance waves between 2250 and 2040 cm™' were
related to the CO release with peaks at 2180 and 2110 cm ™.
The intensity of CO absorbance peaked at 350 °C and reduced
sharply to 420 °C before reducing steadily with a further
increase in temperature. This could imply that, at 350 °C, the
carbonyls (C—O—C) and carboxyls (C=O0) formed are
thermally unstable and as such degrade easily, leading to a
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Figure 8. Summary of the main reactions and compound groups evolved at every stage.

high concentration of CO (Figure 6).”® The characteristic
bands of the C—O stretching vibration at 1250—1000 cm™'
and the C=0 stretching at 1755—1650 cm™' indicate the
formation of carbonyls like aldehydes, ketones, esters, organic
acids, or alcohols. However, the aliphatic hydroxyl group
appeared in the bandwidth of 3000—2800 cm™'. The
bandwidths of O—H at 3700-3500 cm™ and C-O at
1210—1015 cm™' represent the presence of phenols and
aliphatic ethers, respectively.’ The C—O stretching vibration
absorbance wave appeared from 1250—1000 cm™' and the
—C—H bending vibration absorbance wave between 750 and
650 cm™" indicates the existence of alcohols.'” From Figure 6
it can be seen that the C=0, C=C, and H,0 evolution
curves all peaked around 340 °C, and steeped down to 420 °C
before decreasing steadily. Table 3 gives a summary of the
FTIR bands identified and the related chemical bonds and
compounds.

3.4. Py-GC/MS Analysis. To know the fast pyrolysis
behavior of pine, the staged and direct pyrolysis process was
investigated by Py-GC/MS. The total ion count (TIC) of the
gases that evolved was compared to the NIST library to
determine the compounds. The compounds were grouped
under acids (+0.30), alcohols (+1.10), aldehydes (+0.90),
aromatics (+0.51), CO, (+£0.73), esters (+0.20), ethers
(£0.21), hydrocarbons (HC, +0.11), ketones (+0.37), N-
containing (+0.29), phenols (+0.53), sugars (+0.23), and
others (+0.24).'"%*

3.4.1. Staged Fast Pyrolysis. Figure 9a shows the
percentage composition of the pyrolysis products at each
stage. The first stage (300 °C) generated alcohols, aldehydes,
and gases, which were mainly CO,. A small amount of CO and
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Table 3. Summary of the FTIR Band and Related Chemical
Bonds and Compounds

wavenumber (cm™")

4000—3400, 2000—1250
3100-3010, 3000—2850,

chemical bond or group

O—H stretching vibration; water
aliphatic hydrocarbons

950

1650—1430 —C=C- skeletal vibration; aromatics and
phenols

975-780 —C—H bending vibration; aldehydes
750—650 —C—H bending vibration; alcohols
2250—-2040 CO
1250—1000 C—O stretching vibration; alcohols
2400—2250, 750—600 CO,
17551540 C=0 stretching vibration; aldehydes; ketones
1740—1650 C=0 stretching vibration; acids
3335—-2500 O—H stretching vibration; acids
3700—-3500 O—H stretching vibration; phenols
1210-1015 C—O stretching vibration; aliphatic ethers

CH,O could be identified by the FTIR spectra, but could not
be distinctively separated by a column. H,O and CH, also
could be identified from the FTIR spectra, but due to the low
m/z values, they could not be detected by an MS detector.
Alcohols were predominantly produced in the first stage of the
pyrolysis, and their content decreased with the increase in
temperature.1 Thus, the O—H stretching vibration in the first-
stage FTIR spectra can be ascribed to the presence of alcohols
and water. The formation of methyl alcohol and methyl glyoxal
(MG) suggests that the main reactions at the first stage were
dehydration and breaking of the side chains of cellulose and
hemicellulose components of the biomass. MG is known to be
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formed from the decomposition of sugars such as levoglucosan
(LG) with byproducts like formic acid and glycolaldehyde.
However, the absence of these products in the first stage
suggests that MG present was formed via a different route.
Nonetheless, LG and 1-hydroxy-2-propanone are formed from
the competitive depolymerization of active cellulose.*> LG was
not identified in the stage pyrolysis products. On the other
hand, 1-hydroxy-2-propanone was formed at the stages of 350,
400, 450, and 500, accounting for 4.96, 7.40, 7.38, and 1.63%,
respectively. This implies that the formation of 1-hydroxy-2-
propanone is the preferred route for the depolymerization of
active cellulose. Products from lignin pyrolysis were not
detected at the first stage, which implies that lignin only started
decomposing at the second stage (350 °C). Subsequent stages
produced more cyclic alcohols such as cyclopropyl carbinol,
furanmethanol, 2-cyclohexen-1-ol, etc. This could be attributed
to the fact that dehydration reactions occurred in the early
stages, leading to the formation of a more cross-linked
structure, thereby increasing the formation of cyclic com-
pounds upon further pyrolysis at later stages.*® Cyclic alcohols
formed the majority of the alcohols produced and they were
generated by the hydrogenation, dealcoholization, and
subsequent hydrogenation of guaiacols.*’

Acids were generated at 350 °C, and their content gradually
decreased with the temperature increase. After 500 °C, no
acids were detected. Deacetylation of depolymerized fragments
of hemicellulose produced acetic acid, which was the main
acidic product generated in the stages of 350, 400, and 450 °C,
accounting for 99.72, 96.54, and 73.92% of the yield of the
acid, respectively. At 500 °C, the acids present can be
associated with secondary reactions like fragmentation of end
chains and recombination of volatiles. Carboxylic acids
underwent unimolecular decomposition, esterification reac-
tions, redox reactions, and also acted as catalysts for the
dehydration of other products.”® At 350 °C, all groups of
compounds were present except hydrocarbons and aromatics,
which started appearing at 450 °C. Sugars and esters were
detected at the stages of 350—500 °C and peaked at 450 °C.
Depolymerization of cellulose leads to the formation of
anhydrosugars, with levoglucosan being the main anhydrosugar
formed. However, in our work, levoglucosan was not identified
but rather served as an intermediate for the formation of other
anhydrosugars. Dehydration of levoglucosan and subsequent
rearrangement may lead to the formation of 1,4:3,6-dianhydro-
a-D-glucopyranose, 2,3-anhydro-p-mannosan, and 3,4-anhy-
dro-p-galactosan.”'>**°°  Alternatively, dehydration at early
stages disordered the cellulose structure, which made the
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residual sample inclined to the formation of other
anhydrosugars other than LG during subsequent pyrolysis.

For the most part, the contents of hydrocarbons and
aromatics increased with temperature. This is due to the
increase in vapor cracking reactions with increasing temper-
ature, which enhances reactions such as dehydrogenation,
dehydration, decarbonylation, decarboxylation, and ring
scission.”' > For instance, methyl alcohol (21.26% of stage
300 °C products) can undergo decomposition as temperature
increases to form H,, CH,O, and CO. With further
temperature increase, CO, and CH, can generate from the
oxidation—reduction reaction between two CH,O molecules.*”

Generally, phenols increased with increasing temperature as
more lignin decomposed at higher temperatures."”® At 350
and 400 °C, the phenols detected were phenol, guaiacol, and
its derivatives such as creosol, eugenol, and 2-methoxy-4-
vinylphenol. At 450 °C, methyl phenols (i, cresols and
xylenols such as 2-methyl phenol and 2,3-dimethyl phenol),
hydroquinone, and derivatives of guaiacol were formed. As the
temperature was further increased, more ethylphenols,
methylphenols, and hydroquinones were formed, while the
derivatives of guaiacol were reduced. At 500 °C, the selectivity
of creosol was 21.62% and increased to 24.16% when the
influence of noncondensing gases was removed. At 600 °C, the
phenolic group produced was phenol and methyl phenols such
as o-cresol, m-cresol, o-xylenol, 2,4-xylenol, and 3,4-xylenol.
Guaiacols are the main product of lignin decomposition.*’
Hydrodeoxygenation (ie. trans-alkylation, hydrogenation,
hydrogenolysis, and deoxygenation, which includes dehydra-
tion, decarbonylation, and decarboxylation) of guaiacols can
result in the formation of ethylphenols, methylphenols, and
hydroquinones as temperature increases.”

In addition, aromatic ethers such as 2,3-dihydrobenzofuran
can break down at higher temperatures to form phenols and
radical fragments that can easily react with other volatiles to
form other compounds.> Ketones and aldehydes were mainly
formed from volatiles derived from single sugar ring break-
down.'**® In addition, ketonic decarboxylation (i.e., ketone
formation from carboxylic acids) is likely to have occurred,
leading to the reduction of the acid content. Since more
nonsymmetrical ketones were produced, it suggests that the
rate of cross-ketonization is faster than the rate of
homoketonization. Nevertheless, due to dehydration at early
stages, it was more favorable for ketones to be produced
directly from depolymerization at the expense of carboxylic
acids, which usually act as intermediates for ketone
production.””*® The ketone content increased from 0 to
20.2% (300—450 °C) and then decreased to 0% at 600 °C. For

https://doi.org/10.1021/acsomega.1c05907
ACS Omega 2022, 7, 4245—-4256


https://pubs.acs.org/doi/10.1021/acsomega.1c05907?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05907?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05907?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05907?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05907?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

aldehydes, its contents generally decreased in the bio-oil with
increasing temperature. Ring opening of intermediate mono-
mers and cyclization might result in the production of cyclic
ketones, ethers, alcohols, and aldehydes such as furfural and
cyclohexanone, while fragmentation may lead to the
production of lighter compounds such as acetone and formic
acid.> The high yield of hydrocarbons and aromatics in the
later stages can also be ascribed to the decrease of the oxygen
content (i.e., the enrichment of acids, alcohols, and aldehydes
in the early stages of pyrolysis) and the apiparent increase of
the lignin content in the remaining sample.”**" Furthermore,
at later stages above 450 °C when conditions are more severe,
the primary products formed can be readily converted into
hydrocarbons through some condensation and isomerization
reactions.””

Figure 9b shows the product distribution of various stages by
the area. A temperature of 450 °C had the highest peak area,
an affirmation of the DTG data, which suggests that maximum
decomposition of the pine waste occurs between 400 and 450
°C. In general, it can be said that the peak area increased with
increasing temperature until 450 °C, where decomposition was
maximized. At 500 °C, the peak area reduced to about 2/7th of
the peak area of 450 °C and continued to decrease in the later
stages as temperature increased. The reduction of the peak area
after 450 °C may suggest that (i) the majority of the biomass
components, especially cellulose and hemicellulose, had been
pyrolyzed in the earlier stages, making less and less of the
biomass components available for further pyrolysis even at
higher temperatures. (ii) The primary reaction of charring was
maximized at 450 °C and continued at later stages, making it
more difficult to break down the bonds holding the residual
components of the biomass together. This corroborates why
there is a sharp increase in the E, value after the conversion of
0.75, as shown in graph (d) of Figures 3 and 4. The list of all
compounds identified at each stage can be seen in the
Supporting Information.

3.4.2. Direct Fast Pyrolysis. The acid content decreased
with increasing temperature, thus corroborating the observa-
tion made by Cai et al.' that low-temperature pyrolysis of
hemicellulose and cellulose produces acids and sugars. Zhang
and his co-workers'® also made a similar observation that the
acid content of bio-oil decreases with increasing temperature.
The phenol content decreased, while the aromatics increased
as the temperature increased. This can be attributed to the
thermal decomposition of reducing end groups and the
dehydration reaction, as stated earlier.'” For example, at 500
and 550 °C, only two aromatic compounds appeared (styrene
and benzene, 4-ethenyl-1,2-dimethyl—), whereas, at an
elevated temperature of 600 °C, simple aromatics like benzene,
toluene, and xylene appeared as the end group of phenols
either decomposed thermally or were dehydrated.

The aldehyde content increased with increasing temper-
ature. Since phenols tend to react with aldehydes, it can be
explained that as the temperature increased, it favored the
reaction between phenols and aldehydes, which consequently
contributed to the reduction of the phenol content as
temperature increased.” At 500 °C, the selectivity of creosol
was 7.81% and increased to 8.71% when the influence of
noncondensing gases was removed. The aldehydes produced
were mainly linear and branched aldehydes such as glyoxal,
methyl glyoxal, 2-butenal, (E), nonanal, etc. The percentage of
cyclic aldehydes produced decreased with an increase of
temperature from 24.1% (500 °C) to 19.4% (600 °C). The
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content of alcohols and sugars slightly decreased before
increasing marginally as temperature increased. Figure 10
shows the product distribution of the direct pyrolysis process.
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Figure 10. Product distribution of direct pyrolysis by the percentage.

3.4.3. Comparison of Staged and Direct Fast Pyrolysis.
The staged pyrolysis process involved the pyrolysis of one
sample at 300 °C and the subsequent pyrolysis of the residual
sample from 350 to 600 °C at an interval of 50 °C per stage,
while the direct pyrolysis involved the pyrolysis of a sample
once at set temperatures of 500, 550, and 600 °C. To compare
the functional group distribution of the staged pyrolysis
process to that of the direct pyrolysis process, a cumulative
group composition of the staged pyrolysis process was
calculated at 500, 550, and 600 °C. The product distribution
for direct pyrolysis and the cumulative product yield of staged
pyrolysis can be seen in Figure 11. The acid, alcohol, aldehyde,

30 [l Step 500°C
[ Direct 500°C
Il Step 550°C
[l Direct 550°C
[l Step 600°C
[l Direct 600°C

254

3]
(=}

154

Composition (%)

—_
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Figure 11. Product distribution of staged pyrolysis and direct
pyrolysis.

ester, ketone, and sugar content of the bio-oil, all decreased
slightly with an increase in the temperature for staged
pyrolysis. However, for the direct pyrolysis, the acid and
ether content first increased slightly before decreasing, while
alcohols and ketones, on the other hand, decreased slightly first
before increasing for direct pyrolysis. Nonetheless, the
cumulative yield of acids was significantly lower for staged
pyrolysis, while the ketones were much higher than direct
pyrolysis. This suggests that ketonic decarboxylation of
carboxylic acids was more profound in staged pyrolysis than
in direct pyrolysis. However, at 600 °C, for direct pyrolysis, the
acids reduced by about 2%, while the ketones correspondingly
increased by that much, implying that severe conditions during
direct pyrolysis favor ketonization. In the presence of water,
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hydrolysis to form acids followed by ketonization of the acids
is the preferred route for conversion of esters. The ester
content for staged pyrolysis only decreased slightly, while that
of direct pyrolysis decreased to a greater extent. This stems
from the fact that dehydration occurs at early stages, making
the water evolved less available for hydrolysis of the esters. On
the other hand, water generated was readily available for ester
hydrolysis in direct pyrolysis, hence the significant reduc-
tion.””** For both types of pyrolysis, CO, slightly increased
with an increase in temperature because high temperatures
favor hydrodeoxygenation reactions, and CO, removal is a
desirable route because it has the highest deoxygenation
efficiency.” In both cases of pyrolysis, the aromatic content
increased slightly with an increase in temperature.

The phenol content for staged pyrolysis increased with
temperature, while it decreased for direct pyrolysis. This
implies that during the staged pyrolysis process, more lignin
was broken down, resulting in the increase. For direct
pyrolysis, the reduction in the phenolic content may be
ascribed to the reaction of some of the phenols with other
compounds or their deoxygenation to form aromatics. At 600
°C of staged pyrolysis, the phenolic group comprised of only
phenol and methyl phenols in contrast to that of direct
pyrolysis, which had a mixture of both light phenols and
methoxy phenols such as guaiacol and its derivatives.

Both direct and staged pyrolysis had aldehydes such as
acetaldehyde, glyoxal, furfural, succindialdehyde, etc. However,
vanillin was produced in all of the direct pyrolysis processes.
but was only detected at 400 and 450 °C of the staged
pyrolysis process. Benzaldehyde, 4-(t-butyl) benzaldehyde, 2-
methyl-oct-2-enedial, 2,3,4,5-tetramethyl-benzaldehyde, and
glutaraldehyde were produced only at the stages of 350, 400,
450, 500, and 550 °C, respectively, but were not produced in
the direct pyrolysis process. Furthermore, #-methyl-cinnamal-
dehyde was only produced at 500 and 600 °C of the staged
pyrolysis. Even though the oxygenate contents for both staged
and direct pyrolysis decreased with increasing temperature, the
reduction in the direct process was to a greater extent (3.12%)
than that of the staged pyrolysis (0.63%). The cumulative bio-
oil yields for staged pyrolysis at 500, 550, and 600 °C were 2.5,
3.6, and 3.8 times higher than the corresponding bio-oil yield
for direct pyrolysis.

4. CONCLUSIONS

The staged and direct fast pyrolysis behavior and kinetics of
waste pine sawdust were investigated using high heating rate
TG-FTIR and Py-GC/MS. The apparent activation energy for
high heating rate pyrolysis was about 60.13 kJ/mol higher than
that of low heating rate pyrolysis. In addition, the active
pyrolysis stage for the high heating rate pyrolysis had a wider
range in comparison to that of slow pyrolysis. The most
important deoxygenation reaction is the formation of carbon
dioxide. Both DTG curves and Py-GC/MS staged pyrolysis
showed that the major decomposition stage of pine is at 450
°C, with phenols, ketones, aldehydes, and sugars as the main
products. For both the direct pyrolysis and the cumulative
product of staged pyrolysis, the total oxygenate content
decreased with an increase in temperature. For staged
pyrolysis, different stages show significantly different product
distributions. The selectivity of acids and aldehydes reached
the peak value at 350 °C, while ketones and sugars reached
their peak value at 450 °C. The selectivity of phenols
significantly increased to over 50% after 500 °C. The staged

pyrolysis process can hopefully be applied to produce certain
specific compounds from biomass. In the pyrolysis stage of 500
°C, the selectivity of creosol reached 21.62% (if the influence
of noncondensing gas is excluded, the value is 24.16%), about
3 times higher than that of direct pyrolysis.
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