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Highlights

Kinetic, Products and Shrinkage for the Pyrolysis of Flax Fibers

Asma Dhahak, Laurent Cézard, Stéphanie Baumberger, Jorge Peixinho

� Insights into flax fibers pyrolysis at dif-
ferent heating rates are reported.

� The thermal behavior, the morphologi-
cal evolution and the shrinkage are pre-
sented.

� The product characterisation of flax
fibers has been obtained by Py-GC/MS.

� The shrinkage is related to the produc-
tion of furans and ketones.
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Abstract

Biomass pyrolysis is a thermochemical process used for renewable products and energies.
However, there are still issues that need to be addressed for process modeling and optimiza-
tion. This study focuses on the relationship between heating rate, shrinkage, and prod-
ucts from flax fibers using thermogravimetric analysis (TGA), microscopic observation, and
pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS). TGA confirms sequential
evaporation of water then decomposition of hemicellulose, cellulose, and lignin. Observa-
tions from the micro-reactor show that flax fibers undergo shrinkage within the temperature
range of 335 to 370 °C, depending on the heating rate. Pyrolysis products were analyzed
using Py-GC/MS at four different final temperatures from 350 to 500 °C, revealing the pres-
ence of anhydrosugars, furans, ketones, phenols, esters, alcohols, aldehydes, and acids. The
results indicate a correlation between temperature and the increase in furans and ketones.
The analysis suggests that furans and ketones are associated with shrinkage.
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1. Introduction

Lignocellulosic biomass, derived from
sources such as wood, agricultural waste, and
energy crops, is a renewable source of energy,
materials and chemicals due to its abundance
and cost-effectiveness [1]. Pyrolysis, which

∗Corresponding author.
Email address: jorge.peixinho@cnrs.fr (J. Peixinho)

is the thermal degradation of the biomass
at high temperatures in non-oxidizing con-
ditions [2], produces valuable chemical com-
pounds, including bio-oil, bio-char, and gas
[3]. Numerous studies have investigated the
pyrolysis of various types of lignocellulosic
biomass and the effects of different factors on
product yields and qualities [2, 4, 5]. Non-
woody biomass is a promising feedstock for
biofuel production due to its low lignin con-
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tent. Although lignin provides structural
strength and rigidity to plant cell walls, it
also hinders the conversion of cellulose and
hemicellulose into fermentable sugars. There-
fore, in biofuel processes, it is often necessary
to remove lignin, which requires energy and
chemicals [6, 7].
Flax natural fibers are commonly used in

various applications, such as textiles, high-
quality paper production, construction, and
automotive industry [8]. Actually, flax fibers
are one of the strongest natural fibers, mak-
ing them a potential replacement for glass
fiber in composite materials [9]. The ma-
jority of these fibers are sourced from Eu-
rope, which accounted for 97 % of the global
flax output from 2018 to 2019, while Asia
and Africa contributed 2 % and 1 %, respec-
tively [10]. Flax fiber is composed of vary-
ing amounts of cellulose, hemicellulose, and
lignin, along with minor quantities of other
components such as pectin and wax. Cel-
lulose is the most abundant component, ac-
counting for about 65 to 80 %, followed by
hemicellulose at 14 to 21 %, and lignin at 1
to 3 % [11]. Flax fiber contains hemicellulose-
specific carbohydrates such as mannose, xy-
lose, and galactose, while pectin contains ara-
binose and galactose [12]. The main sugar
unit of cellulose, glucose, is also present as
hemicellulosic constituent. During pyrolysis,
volatile compounds are primarily released by
cellulose and hemicellulose, while char pro-
duction is favored by the presence of lignin
[13]. The pyrolysis of cellulose leads to the
formation of anhydrosugars, furan deriva-
tives, water, and light oxygenated species
[14]. Levoglucosan is the main anhydrosugar

component that is predominately induced at
low temperatures and its production declines
[15] when the temperature exceeds 530 °C.
Two other major products obtained during
cellulose pyrolysis are hydroxyacetaldehyde
and 5-hydroxymethyl-furfural [16]. Concern-
ing the degradation of hemicellulose, the
main volatile products released from xylan-
based hemicellulose are carbon monoxide
(CO), carbon dioxide (CO2), methane (CH4),
methanol, furfural and acetic acid [17, 18].
Regarding the pyrolysis of lignin, the most
stable thermal compound, the degradation
takes place at temperatures ranging from
300 to 550 °C, generating a variety of aro-
matic compounds (phenolics and hydrocar-
bons) [17, 19, 3]. Del Rio et al. [20,
21] characterized the products released dur-
ing the pyrolysis of lignin isolated from
flax fiber using Pyrolysis-Gas chromatogra-
phy/Mass spectrometry (Py-GC/MS). The
results showed the predominance of guaia-
col and its derivatives, vanillin and syringol.
These compounds have high heating value
and can be used as additives for bio-oil up-
grading or stabilization. Additionally, the
pyrolysis of flax fiber produces CO2, CO,
formaldehyde, acetic and formic acids and
water [22]. Reed et al. [13] also investigated
the slow pyrolysis of many natural fibers, in-
cluding flax fibers, using a fixed bed reactor.
They found that flax fiber degradation pro-
duced mainly CO2 with 76 %, followed by CO
with 13 % and CH4 with 2.3 %.
Biomass pyrolysis has been extensively

studied using various reactor configurations,
including micro-reactors, such as micro-
tubular reactors, spray-bed reactors and
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fixed-bed mini-reactors [23, 24]. However,
the use of hot pyrolysis micro-reactors with
an optical microscope has rarely been used,
to our knowledge, on biomass pyrolysis [12,
25, 26, 27]. Hot stage microscopy combines
thermal analysis and microscopy to charac-
terize the solid state of materials in terms of
temperature and time. It enables monitoring
during the thermal reaction using an optical
microscope, a camera, and a control software
[3]. This technique can complement thermal
techniques such as thermogravimetry analy-
sis (TGA) and differential scanning calorime-
try, allowing observation of phenomena such
as surface changes, phase transitions and re-
crystallization.
Recent modelling studies now consider the

coupling of gas flow through a porous me-
dia, heat transfer and reaction kinetic mod-
els. These models are often in the form of
first-order single-step reactions [28, 29, 30].
Recent multicomponent pyrolysis models [31]
accurately replicate thermogravimetric data
of lignocellulosic biomass. However, during
pyrolysis, the emergence of shrinking vol-
umes, changing solid geometry and varying
pore structure during pyrolysis results in a re-
duction of the active surface area. This limits
the hypotheses of constant apparent reaction
rates. Data on the shrinking ratio should help
to adapt and optimize the prediction of py-
rolysis mechanism and kinetics of flax fiber
and its components.
This paper investigated various factors,

such as heating rate and temperature. The
morphological evolution of the fiber during
pyrolysis at different heating rates was ex-
amined using an optical microscope micro-

reactor. Additionally, the structural and
compositional analysis of volatile compounds
during flax fiber pyrolysis at different temper-
atures was conducted using Py-GC/MS. The
aim of the analysis was to identify the pre-
dominant reactions and compounds responsi-
ble for the shrinkage of fibre length and mass
loss as a function of temperature.

2. Materials and Methods

2.1. Material

The flax fibers used in the study were ob-
tained from Flax Technic, Depestele (Nor-
mandie, France). Elemental analysis revealed
that flax fibers contained 41.8 % carbon, 7.1
% hydrogen and 51.1 % of oxygen. The fibers
were utilized as received and stored at room
temperature before the experiments.

2.2. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was
performed using a TA instrument Q500. The
final set temperature was 600 °C, and the
sample was subjected to different heating
rates: 5, 10, 20 and 50 °C/min. The nitrogen
flow rate was maintained at 90 mL/min. A
bundle of fibers, with an initial mass rang-
ing between 5 to 8 mg, was introduced into a
platinum crucible of 100 µL.

2.3. Hot Stage Pyrolysis Micro-Reactor

The experimental setup involves extracting
one fiber from bundles and placing it in a hot
stage micro-reactor (Linkam cell THMS600)
between two thin glass slides, mounted on a
Nikon optical microscope. Liquid nitrogen
was used as inert gas. The sample was heated
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to 500 °C at five different heating rates from
10 to 150 °C/min. The heating plate, about
22 mm in diameter, had an inserted 2 mm
quartz disk upon which the fiber was placed.
Transmitted light passed through the sample
and was collected from above with a 10x mag-
nification optic. During heating, the sample
was observed using a color video camera with
a resolution of 1200×1600 pixels, and images
were obtained as a function of temperature
and time.

2.4. Pyrolysis-Gas Chromatography/Mass
Spectrometry (Py-GC/MS)

Analyses were carried out using a CDS
model 5250 306 pyroprobe autosampler 307
interfaced to an Agilent 6890/5973 GC/MS.
Several milligrams of flax fibers were ground
using a coffee bean micronizer. Approxi-
mately 1.6±0.2 mg of the ground flax fiber
was then introduced in a quartz tube of
the pyrolyzer. Each sample was initially
heated at a constant temperature for 15 sec-
onds with helium as a carrier gas at a flow
rate of 1 mL/min. Four final temperatures
were tested: 350, 400, 450, and 500 °C. The
volatile pyrolysis products were separated us-
ing a split ratio of 10:1 and a GC capillary col-
umn HP-5 MS (5 % phenyl methyl siloxane,
30 m, 250 µm i.d., and 0.25 µm film thickness,
Agilent Technologies) with helium as the car-
rier gas (flow rate of 1 mL/min). The pyrol-
ysis and GC/MS interfaces were kept at 290
°C and the GC was temperature-programmed
from 30 °C (for 1 min) to 130 °C at 6 °C/min,
then from 130 to 250 °C at 12 °C/min and fi-
nally from 250 °C to 300 °C at 30 °C/min (3
min at 300 °C). The MS was operated in the

electron impact mode (70 eV) for m/z 40 to
450.

3. Results and Discussion

3.1. Thermogravimetric Analysis

The TGA and DTG curves of the pyrol-
ysis of flax fiber bundles were presented in
Figure 1. Typically, a short number of fibers
were cut and arranged to fit into the sam-
ple pan. The pyrolysis process showed four
distinct stages of weight loss, which was con-
sistent with previous studies [32, 22]. The
first stage, which occurred at around 100
°C, corresponded to the evaporation of mois-
ture from the fibers, resulting in 4.2 % mass
loss. The second stage of the process was
attributed to the degradation of hemicellu-
lose, resulting in the release of volatile com-
pounds. The DTG curve showed a significant
weight loss between 250 and 350 °C, show-
ing a mass loss of 4 % at 50 °C/min and
7.1 % at 5 °C/min. This stage was charac-
terized by the production of volatile species,
mainly CO and CO2 from the decomposi-
tion of hemicellulose. The third stage, which
ranged from 300 to 420 °C, was associated
with cellulose degradation. At a heating rate
of 50 °C/min, the mass lost approximately 60
% of its mass at 406 °C. The decomposition of
cellulose involved several reactions, including
depolymerization, dehydration, decarboxyla-
tion, and aromatization. The fourth stage,
occurring between 250 and 600 °C, was the
longest decomposition stage. This was at-
tributed to the slow degradation of lignin due
to its heterogeneity and its cross-linked struc-
ture involving C-C and ether linkages [33].
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Figure 1 illustrated that when the heating
rate increases, the DTG curves remarkably
moved toward higher values, resulting in an
increase in the maximum pyrolysis rate. This
was in line with previous research [34]. The
DTG maximum curves at heating rates of 5,
10, 20 and 50 °C/min, were 355, 368, 385,
and 406 °C, respectively. The TGA curves
indicated that the residual at 600 °C is con-
stant between 14 to 16 %, in good agreement
with previous studies [35].

3.2. Pyrolysis using the Hot Stage Mi-
croscopy

During the pyrolysis process in the hot
stage microscope, the sample experiences
gradual and continuous heating under con-
trolled atmosphere. The changes in the phys-
ical properties of the sample were observed
and recorded by a camera attached to the
microscope over time and temperature. Fig-
ure 2 displayed images before and after py-
rolysis, at 10 °C/min and 150 °C/min. Such
high heating rate are preferred for bio-oil pro-
duction [36]. The morphological evolution
of flax fiber, particularly in terms of length
and diameter, was significant. Clearly, as
the temperature increases above 100 °C, hy-
drogen bonds networks and cellulose back-
bone (C-O stretching) are destabilized [37].
At high temperature above 300 °C, the fiber
changed color to black. For example, at a
heating rate of 10 °C/min, the color dark-
ened between 320 and 370 °C, whereas at
150 °C/min, it darkened between 380 and
420 °C. This darkening was attributed to the
carbonization of the flax fiber. Furthermore,

when the fiber reached complete darkness, it
exhibited movement and shrinkage.
To clearly demonstrate the morphological

evolution during pyrolysis, the shrinkage ra-
tio, S, based on the total fiber length was cal-
culated from the imaged following the equa-
tion:

S (%) =
L(t)− L0

L0

, (1)

where L(t) was the instantaneous fiber length
and L0 was the initial length. Again the ex-
perimental time duration is directly propor-
tional to the temperature. Figure 3 illus-
trated the thermal evolution of shrinkage un-
der different heating rates. Each data point
corresponded to a specific number of images
analyzed by the ImageJ software [38]. The
error bars represented the dispersion over at
least three repetitions of the experiments.
Below 200 °C, there was no significant change
in fiber length. However, at higher tempera-
tures and slower heating rates, particularly at
10 and 20 °C/min, a small peak was observed
before a notable increase in shrinkage. The
peak temperature was observed between 335
and 370 °at a heating rate of 10 °/min and
between 360 and 391 °at a heating rate of
20 °/min. This indicated a gradual degrada-
tion of the fiber components, which affected
the shrinkage rate. Moreover, the shrinkage
curves shifted towards higher temperatures as
the heating rate increased, exhibiting similar
behavior for all heating rates. For example,
the temperature at which the shrinkage rate
began to increase (Tstart) was around 375,
381 and 401 °C at 50, 100 and 150 °C/min,
respectively. Beyond Tstart, the shrinkage in-
creased rapidly and then decelerated to reach
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Figure 1: (a) Thermogravimetric analysis (TGA) and (b) Derivative Thermogravimetric analysis (DTG) of
flax fibers at different heating rates

approximately 13 % at 500 °C. The inset in
Figure 3 showed Tstart as a function of heat-
ing rates β. It can be observed that Tstart

shifted to higher temperatures with increas-
ing heating rates in a quadratic fashion.

3.3. Pyrolysis-Gas Chromatography/Mass
Spectrometry (Py-GC/MS)

Chromatograms of flax fiber pyrolysis at
different temperatures (350, 450 and 500 °C)
are presented in Figure 4. The majority
of peaks were identified using the Nist li-
brary and previous studies [39, 35, 40]. The
main compounds identified were listed in Ta-
ble 1, with 40 peaks identified. The Py-
GC/MS analysis revealed a diverse range of
chemical categories, including anhydrosug-
ars, furans, esters, alcohols, acids, aldehy-
des, and phenols. Other families included
nitrogen compounds, such as 2,2-diethyl-3-
methyl-oxazolidine, alkanes and alkenes. The

pyrolysis of cellulose resulted in the for-
mation of anhydrosugars, while the degra-
dation of hemicellulose produced acids, ke-
tones, and esters. Furthermore, the pri-
mary categories of lignin degradation prod-
ucts were phenols and aldehydes [41]. The
furan category, which was derived from the
pyrolysis of cellulose and hemicellulose, pro-
duced abundant products, including fur-
fural (peak 6), 2-furanmethanol (peak 7),
and 5-hydroxymethylfurfural (peak 26). Ke-
tones yielded 1,2-cyclopentanedione (peak
10), while alcohols produced 3-buten-1,2-diol
(peak 19). Within the anhydrosugar family,
1,4:3,6-dianhydro–α–D-glucopyranose (peak
23) and levoglucosan (peak 35) were present.
The category of phenol included catechol
(peak 24), 4-vinylguaiacol (peak 30), sy-
ringol (peak 31), vanillin (peak 33), trans-
Isoeugenol (peak 34) and coniferyl aldehyde
(peak 38). The aldehyde category included
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Figure 2: Photograph of the hot stage microscope with the nitrogen gas reservoir (a) and a zoom of the
micro-reactor (b). Images of the flax fiber before and after pyrolysis at 10 °C/min (c-d) and 150 °C/min
(e-f).
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Figure 3: The evolution of fiber shrinkage as a func-
tion of temperature at different heating rates. The
inset represented the onset of shrinkage as a function
of the heating rate

2-butenal, 2-methyl (peak 1), while the acid
family featured palmitic acid (peak 40).

Figure 5 presented the evolution of the rel-
ative abundance of chemical families. At low
temperatures, the most abundant chemical
families were esters, furans, ketones, aldehy-
des and anhydrosugars. As the temperature
increased, the relative abundance of ketones
and furans increased, while the proportion of
aldehydes remained relatively stable from 350
to 500 °C. Alcohols became prevalent above
400 °C, and then their relative abundance re-
mained stable thereafter. Among the ester
category, diethyl terephthalate, was detected
at low temperatures, indicating the degrada-
tion of hemicellulose [41]. The phenol fam-
ily was present at low temperatures, but de-
creased from 400 to 450 and then slightly in-
creased at 500 °C. Acids appeared at 450 °C,

and their relative abundance decreased sig-
nificantly at 500 °C.
The evolution of relative abundance in each

category was illustrated in Figure 6. The
anhydrosugar family results showed that at
350 ◦C, only levoglucosan (1,6-anhydro-β-d-
glucopyranose) was identified, thereby con-
firming its status as the primary product
of the depolymerization reaction during cel-
lulose pyrolysis. This finding was in good
agreement with previous researches [42, 43].
At 400 °C, no compounds from this category
were detected, indicating that levoglucosan
undergoes chemical reactions at this temper-
ature range, including ring-opening to pro-
duce small molecular gases such as CO, CO2,
and acetaldehyde, which are undetectable by
Py-GC/MS [44]. Levoglucosan can be trans-
formed into other anhydro-monosaccharides
through dehydration and isomerization reac-
tions, such as dianhydro-β-d-glucopyranose,
which appeared at 400 °C [45, 46]. The syn-
thesis of 1,2:5,6-dianhydrogalactitol was sug-
gested to result from the deoxygenation of an-
hydrosugars, such as levoglucosan [47]. This
compound was detected at 400 °C. This sug-
gested that levoglucosan served as an inter-
mediary in the formation of other products
during cellulose pyrolysis [48]. Furthermore,
the degradation of levoglucosan led to the for-
mation of 5-hydroxymethylfurfural (5-HMF),
which can further yield furfural [48]. In ad-
dition, levoglucosan can also form through
subsequent reactions of anhydrosugars, which
was observed again at around 500 °C. Fu-
ran compounds, such as furanmethanol, fu-
raldehyde, furfural, (5H)-furanone, and 5-
HMF, were detected above 350 °C. The dom-
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inant compound in this category was 2-
Furanmethanol, representing 36 % of the to-
tal furans at 400 °C. Its proportion decreased
from 450 to 500 °C. The percentage of fur-
fural varied between 14 and 20 % at temper-
atures ranging from 400 to 500 °C. However,
the proportion of 5-HMF increased until 10
% at 500 °C. Furfural and 5-HMF may be
produced through dehydration, depolymer-
ization, and rearrangement reactions of cel-
lulose [49]. Various derivatives of the phe-
nol family were formed at different temper-
atures as a result of lignin decomposition.
When the temperature was lowered to 350 °C,
guaiacol derivatives such as 4-vinylguaiacol
and p-propylguaiacol appeared. These gua-
iacol compounds were produced through the
depolymerization and dehydration reactions
of lignin [50]. At 500 °C, catechol and its
derivatives became the main phenol com-
pounds, with the presence of 4-vinyl-guaiacol,
vanillin, trans-Isoeugenol and syringol. This
demonstrated that the formation of catechol
was enhanced at high temperatures due to
the demethylation reactions of the guaia-
cyl unit, explaining the decrease of relative
peaks of guaiacol derivatives, specifically for
p-propylguaiacol between 350 to 500 °C [50].
This was in agreement with other studies on
different biomass [51]. These phenolic com-
pounds can be categorized into four substruc-
tures: syringyl (S-type), p-hydroxyphenyl-
type (H-type), guaiacol-type (G-type) and
catechol-type (C-type). The dominant sub-
structure identified was the G-type, which
was consistent with previous studies [21]. At
500 °C, the S/G ratio, calculated from the
area peak, was around 0.05 and H/G was

0.13. In the ketone category, the presence
of p-octylacetophenone was observed at 350
°C, and its proportion decreased as temper-
ature increased. Subsequently, at 400 °C,
1,2-cyclopentanedione became the dominant
product in this chemical family, with its pro-
portion also decreasing with rising tempera-
ture. The formation of 1,2-cyclopentanedione
can occur through the cyclization subsequent
to the opening of the pyran ring [52].

3.4. Analysis: Combination of Shrinkage,
DTG and Py-GC/MS

The physical and chemical changes that oc-
cur during the process can be comprehen-
sively understood through the combination of
fiber shrinkage, DTG and Py-GC/MS char-
acterization. Note that during shrinkage, flax
fibers are deposited on a quartz glass, while
in the Py-GC/MS, the grounded flax is in-
troduced in a quartz tube. So, the main dif-
ference between the experiments is the sam-
ple volume and the pretreatment. Yet, pre-
vious studies have showed that only specific
chemical treatments are capable to modify
the reaction rates and products of flax pyrol-
ysis [35]. Figure 7(a) presented the relation-
ships between the mass loss of flax fiber and
the shrinkage behavior at low heating rates
(10 and 50 °C/min). It had been demon-
strated that for both the start of shrinkage
in a microreactor and the degradation of flax
fiber in DTG occurred approximately at the
same temperature range. As the flax fiber
decomposition reached its peak, significant
shrinkage ensued, leading to a reduction in
its length. Based on TGA studies and com-
ponent range degradation, the degradation of
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Figure 4: Chromatograms for flax fibers at 350, 450 and 500 °C, shifted vertically by 15 and 70, respectively
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Figure 5: Evolution of the relative peak areas of dif-
ferent chemical categories at different temperatures

hemicellulose, cellulose, and lignin may be re-
sponsible for the fluctuations in shrinkage be-
fore the sharp increased in the curve. The
pronounced shrinkage observed in the subse-
quent phase corresponded to the degradation
of cellulose and lignin. At a higher heat-
ing rate of 150 °C/min, Figure 7(b) illus-
trated the combined effects of shrinkage and
the thermal evolution of chemical categories.
Initially, even before any shrinkage can be
noticed, around 350 °C, the DTG curve in-
creases and both furans and ketones rela-
tive concentrations already increase. How-
ever, the peak area of esters decreased as
the temperature rose, indicating that esters
did not contribute to the shrinkage behavior.
Additionally, there was no significant varia-
tion in the relative peak area of phenols dur-
ing this temperature range [53]. At 400 °C,

several compounds exhibited high reactivity,
including 1,4:3,6-dianhydro-d-glucopyranose
and 1,2:5,6-dianhydrogalactitol from the an-
hydrosugar family, 5HMF and 2 (5H)-
Furanone from the furan family, 2 H-pyran-
2,6(3H)-dione, maltol, and 4-cyclopentene-
1,3-dione from the ketone family, as well as
4-vinylguaiacol and vanillin from the phenols
group. This suggested the involvement of
these components in the shrinkage process.
In this range, the predominant reactions may
include the dehydration and isomerization of
levoglucosan.

4. Conclusions

In this study, flax fibers were utilized as
a model for biomass pyrolysis. TGA con-
firmed previous findings, showing sequential
evaporation of water, followed by the degra-
dation of hemicellulose, cellulose and lignin.
The pyrolysis process was almost completed
at 600 °C, resulting in a mass loss of around
75 %. Microscope observations were used to
determine the shrinkage behavior and to ob-
serve the morphological evolution and degree
of carbonization in the samples in real-time.
The shrinkage curves moved towards higher
temperatures and exhibited similar behav-
iors for all heating rates. Furthermore, Py-
GC/MS analysis at various temperatures fa-
cilitated the identification and examination
of the developement of several products. It
was found that the main volatile categories
formed were furans, ketones, anhydrosugars,
esters, and phenols. The correlation between
various phenomena in flax fibers was revealed
through the combination of shrinkage, DTG,
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Figure 6: The thermal evolution of the main compounds in each category (a) Anhydrosugars, (b) Furans,
(c) Ketones and (d) Phenols
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Figure 7: Superposition of (a) DTG and shrinkage at 10 and 50 °C/min versus temperature and (b) The
evolution of relative area of the main categories by Py-GC/MS and shrinkage at 150 °C/min versus temper-
ature.

and Py-GC/MS analysis. The maximum
DTG was found to be closely correlated with
the onset of rapid shrinkage. Additionally,
a shift towards higher temperatures was ob-
served for both the maximum DTG and the
onset of shrinkage. These results, particu-
larly in terms of shrinkage, provide valuable
insights into possible heat and mass model-
ing, contributing to a comprehensive under-
standing of the pyrolysis of flax fibers.
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Table 1: The main chemical compounds of flax fibers by Py-GC/MS

Peak Retention Compound Chemical Chemical
number time formula family

min

1 3.97 2-Butenal, 2-methyl C4H4O2 Aldehydes
2 4.27 1,2:5,6-Dianhydrogalactitol C6H10O4 Anhydrosugars
3 4.75 3(2H)-Furanone C4H4O2 Furans
4 5.03 3-Furaldehyde C5H4O2 Furans
5 5.2 3-Furanmethanol C5H6O2 Furans
6 5.45 Furfural C5H4O2 Furans
7 5.89 2-Furanmethanol C5H6O2 Furans
8 6.54 4-Cyclopentene-1,3-dione C5H4O2 Ketones
9 7.22 2(5H)-Furanone C4H4O2 Furans
10 7.4 1,2-Cyclopentanedione C5H6O2 Ketones
11 8.44 5-Methylfurfural C6H6O2 Furans
12 9.14 2H-Pyran-2,6(3H)-dione C5H4O3 Ketones
13 9.26 2,2-Diethyl-3-methyl-oxazolidine C8H17NO Others
14 9.6 3-Methyl-1,2-cyclopentanedione C6H8O2 Ketones
15 10 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- C6H8O2 Ketones
16 10.35 3(2H)-furanone, dihydroxy-5-isopropyl C7H12O2 Furans
17 10.59 5-(Hydroxymethyl)dihydrofuran-2(3H)-one C5H8O3 Furans
18 11.4 3-Furancarboxylic acid, methyl ester C6H6O3 Furans
19 11.66 3-Butene-1,2-diol C4H8O2 Alcohols
20 12.1 Maltol C6H6O3 Ketones
21 12.37 4,5-Dihydro-3-furoic acid C5H6O3 Furans
22 13.3 2(3H)-Furanone, dihydro-4-hydroxy- C4H6O3 Furans
23 13.95 1,4:3,6-Dianhydro-α-D-glucopyranose C6H8O4 Anhydrosugars
24 14.19 Catechol C6H6O2 Phenols
25 14.67 Benzaldehyde, 3-methyl- C8H8O Aldehydes
26 14.92 5-Hydroxymethylfurfural C6H6O3 Furans
27 15.38 1-Phenoxypropan-2-ol C9H12O2 Phenols
28 16.32 4-Methylcatechol C7H8O2 Phenols
29 16.57 5-Hydroxy-2-(hydroxymethyl)-2,3-dihydro-4H-pyran-4-one C6H8O4 Ketones
30 16.91 4-Vinylguaiacol C9H10O2 Phenols
31 17.59 Syringol C8H10O3 Phenols
32 17.83 1,6-Anhydro-β-d-talopyranose C6H10O5 Anhydrosugars
33 18.41 Vanillin C8H8O3 Phenols
34 19.17 trans-Isoeugenol C10H12O2 Phenols
35 19.58 Levoglucosan C6H10O5 Anhydrosugars
36 19.7 6-Methoxy-3-methylbenzofuran C10H10O2 Furans
37 21.36 1,6-Anhydro-α-d-galactofuranose C6H10O5 Anhydrosugars
38 22.49 Coniferyl aldehyde C10H10O3 Phenols
39 22.49 α,β-Dihydroferulic acid, ethyl ester C12H16O4 Esters
40 24.46 Palmitic acid C16H32O2 Acids
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