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A B S T R A C T   

Pyrolysis of waste biomass represents a key route for the circular economy and a promising solution for the 
generation of valuable chemicals and liquid biofuels. The complex multi-component and multi-phase nature of 
the process, however, poses a challenge in acquiring comprehensive experimental data on biomass devolatili
zation. These data are essential for refining kinetic schemes and optimizing technology. This work presents a 
novel experimental methodology suitable for the collection of kinetically relevant data on biomass devolatili
zation combined with a complete characterization of the product slate. This methodology consists of a ther
mogravimetric analyser employed to carry out pyrolysis experiments, useful for the accurate monitoring of mass 
loss dependencies at varying heating rate, for the control of reaction temperatures and for the suppression of 
secondary gas-phase reactions as well as of transfer limitations. Multiple analytical methodologies and sampling 
protocols were combined for product speciation – downstream online MS for gases and H2O, sorbing traps for 
integral offline GC–FID/MS measurement of heavy oxygenates, point vapour collection for instant GC–FID/MS 
analysis of light oxygenates – and allowed to independently determine the integral mass yield of each pyrolysis 
product, closing mass balances with very high accuracy. Experiments of cellulose pyrolysis at varying heating 
rate were carried out to tune and validate the methodology. Speciation protocols allowed to identify and indi
vidually quantify 31 species among pyrolysis products, including gases, condensable oxygenates, H2O and char. 
The comparison of experimental findings with predictions from a state-of-art lumped model has highlighted the 
significance of the present methodology in unravelling the kinetics governing both devolatilization and product 
distribution.   

1. Introduction 

Bioenergy is an attracting solution within the current energy tran
sition pursuing a gradual decrease of net-CO2 production to contrast 
climate change. The existence of some critical issues, such as the 
competition with food production and extensive land uses is shifting the 
focus from conventional bioenergy sources to lignocellulosic biomass, 
which includes a vast variety of bioresources such as agricultural wastes, 
industrial organic waste streams and forestry residue [1]. The intrinsic 
variety of chemical composition among lignocellulosic biomass makes 

thermal processes like combustion, gasification and pyrolysis the most 
suitable to “attack” by heat the biomass. Pyrolysis involves the thermal 
degradation of the starting biomass in an oxygen-free atmosphere with 
its conversion into a complex pool of products, that consists of gases 
(mainly CO, CO2, H2 but also CxHy), volatiles (C1-C7 oxygenates) and a 
carbonaceous solid residue called biochar. The yield of gas, liquid and 
solid streams can be tuned by changing the operating conditions, such as 
temperature, heating rate and residence time. The very first stage of 
biomass pyrolysis is the devolatilization, which identifies the release of 
primary vapour products from the starting solid biomass. These primary 
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products released in the gas phase can undergo secondary homogeneous 
reactions. While the knowledge on homogeneous kinetic schemes is well 
established, the comprehension on devolatilization chemistry, funda
mental to improve the pyrolysis technologies and to develop modelling 
tools for the prediction of the behaviour of different feedstocks, remains 
an open challenge. In addition, comprehension of devolatilization 
mechanisms would be of great benefit for other thermal processes, like 
biomass gasification and combustion, where devolatilization still rep
resents the very first conversion stage. 

Thermogravimetric analysers (TGAs) represent a common tool to 
investigate the pyrolysis of biomass feedstocks at varying heating rates. 
Thermal stability is mostly influenced by the chemical composition of 
the starting biomass; consequently, the intrinsic complexity and variety 
of biomass feedstock has been significantly hindering the comprehen
sion of devolatilization reactions. A possible strategy to approach in a 
structured way the study of biomass pyrolysis is to single out the 
behaviour of each macro-constituent: cellulose, hemicellulose and lignin 
[2–4]. Cellulose is a polysaccharide with linear chain of β (1→4) linked 
D-glucose units and is present in the form of microfibrils surrounded by 
hemicellulose chains and embedded in lignin regions [5]. Differently 
from cellulose, hemicellulose and lignin do not have a univocal chemical 
definition. Hemicellulose is a complex polymer where several sugar 
monomers are mixed (e.g. xylose, mannose, galactose, arabinose), while 
lignin is a macromolecule whose repeating units are hydroxycinnamoyl 
alcohols with different methoxylation degree. Pyrolysis experiments of 
the three macro-components in TGA have highlighted different devo
latilization trends, with hemicellulose degrading at lower temperature 
when compared to cellulose and lignin being responsible for the highest 
solid yield [4,6,7]. This diverse behaviour proves the key role of the 
chemical nature of the starting biomass on thermal degradation path
ways. For this reason, studying the devolatilization of each biomass 
constituent is a preliminary stage to subsequently explain and compre
hend the behaviour of their mixtures and real biomasses [8]. 

Besides the study of thermal degradation trends, lab-scale method
ologies have been designed to unravel the distribution of pyrolysis 
products. On one side, the coupling of TGA with analytical techniques 
such as TGA-FTIR, TGA-MS and EGA [9–13] has allowed to inspect 
pyrolysis gases and light vapours during the thermal evolution; how
ever, the extreme complexity of the composition has been hindering the 
full characterization of the product slate. Instead, micro-pyrolyzers 
coupled with gas chromatography and mass spectrometry (Py-GC/MS) 
[14–17] and fixed-bed reactors [4,7,18] are the most common meth
odologies for the speciation of bio-oil; the use of lab-scale fluidized bed 
and conical spouted bed reactors has also been reported [19–23]. These 
approaches provide accurate information in terms of integral composi
tion measurements, but they fail to capture the dynamics of devolatili
zation. Indeed, the complex multi-scale, multi-component and 
multi-phase nature of this process has been challenging the obtain
ment of fully informative data, with simultaneous characterization of 
devolatilization trends and quantitative speciation of the products. 

Among the existing modelling tools which comprise the Flashchain, 
the FG-DVC and the CPD among others (see reference [24] and refer
ences therein), some of the authors have recently developed a multistep 
kinetic scheme, which consists of classes of reactions: i) solid pyrolysis 
and devolatilization; ii) char gasification and combustion; iii) secondary 
gas-phase reactions [25,26]. The kinetic scheme of biomass devolatili
zation (i) includes a set of lumped reactions and lumped species for each 
of three macro-components of biomass, cellulose, hemicellulose and 
lignin [25,27–31]. The model has been validated against a wide range of 
literature data gathered from diverse sources tested at different heating 
rates [28,30]. To enhance the accuracy of these kinetic schemes and 
transform them into increasingly reliable tools for technology optimi
zation, expanding the sets of experimental data that provide insights in 
the pyrolysis kinetics is a key factor; besides, experiments need to 
mitigate heat and mass transfer limitations as well as the onset of sec
ondary gas-phase reactions in order to provide the necessary 

information about the intrinsic kinetics of primary devolatilization. 
This work aims to present a novel experimental methodology suit

able for the collection of kinetically relevant data on biomass devolati
lization: for this purpose, TGA was chosen as flexible and well-controlled 
setup, and it was improved to provide a complete quantitative speciation 
of pyrolysis products. In this context, it is essential to highlight that TGA 
experiments employ low heating rates. Therefore, it is recommended to 
conduct further analysis when applying kinetic data derived from this 
apparatus to model facilities where higher heating rates are used (e.g. 
industrial boilers, fast pyrolysis reactors) [32]. However, TGA mea
surements remain of key-relevance for inferring kinetic parameters of 
interest to simulate the devolatilization of biomass even under 
high-heating rate conditions. This aspect was demonstrated, for 
instance, by Lemaire et al. in [33], where thermogravimetric analyses 
were coupled with flat flame reactor measurements to infer proper ki
netic parameters. 

The experimental protocol was developed and validated by per
forming tests of cellulose pyrolysis, chosen as reference biomass for its 
extensive examination in current literature. In this respect, the lumped 
model served as a trace of the existing literature to guide the develop
ment of the methodology. Conversely, after validation of experimental 
procedures, the comparison of newly obtained experimental data with 
state-of-the-art models was used to highlight margins of improvement in 
current kinetic tools. 

2. Material and methods 

2.1. Modelling of cellulose pyrolysis 

Modelling of cellulose pyrolysis tests was obtained by using the ki
netic scheme proposed by Debiagi et al. [28], which describes cellulose 
devolatilization with lumped reactions and lumped species. In partic
ular, the cellulose kinetic model includes three solid pseudo-species, that 
are cellulose (CELL, with C6H10O5 molecular structure), activated cel
lulose (CELLA, C6H10O5) and CHAR (pure-carbon species); in addition to 
these compounds, the computation of solid residue takes into account 
also metaplastic compounds (indicated as G{…} in the following), that 
are pseudo-species entrapped in the metaplastic phase before desorbing 
into the vapour phase at higher temperatures. Volatile compounds 
evolving in the vapour phase are lumped into 15 lumped species, 
including permanent gases (CO, CO2, CH4, H2), condensable oxygenates 
(methanol, formic acid, formaldehyde, acetaldehyde, glyoxal, 
hydroxy-acetaldehyde, propanal, hydroxy-propanal, 5-hydroxymethyl-
furfural, levoglucosan LVG) and H2O. The details of the model are dis
cussed elsewhere [27]. 

Table 1 shows the kinetic scheme, composed of 4 lumped reactions 
for cellulose devolatilization (R1-R4) and other 4 reactions for the 
release of metaplastic species (R5-R8) [28]. Apparent first-order rate 
laws are used and kinetic parameters (i.e. pre-exponential factors k0 and 
activation energies Ea) are reported in Table 1. 

The initial formation of intermediate active cellulose (R1) is taken 
into account, as widely suggested in the literature [34–38]. Two alter
native routes are then used to describe the conversion of intermediate 
CELLA: as a first route, CELLA can decompose to levoglucosan LVG (R2), 
an anhydrosugar with formula C6H10O5, or, alternatively, CELLA can 
fragmentate generating a pool of oxygenates with simultaneous release 
of gas species (R3); the global stoichiometry of fragmentation was 
developed by Debiagi et al. [28], based on an extensive bulk of pub
lished data from different sources. Devolatilization rate is governed by 
the CELLA formation reaction (R1), while R2/R3 ratio rules instead the 
distribution of pyrolysis products. A competitive route to CELLA for
mation is the direct CELL degradation reaction to CHAR and H2O (R4). 

Experiments carried out in TGA were simulated in OpenSMOKE++, 
a general framework for numerical simulations of reacting systems 
developed by some of the authors [39]. The lumped mechanism of cel
lulose pyrolysis was adopted inside a semi-batch reactor model, where 
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the biomass was modelled as a solid present in the reactor volume that 
devolatilizes, while vapour products leave the reactor. The temperature 
ramp for each simulation was specified as an input parameter. 

2.2. Chemicals 

Commercial microcrystalline cellulose powder (with an average 
particle size of 20 μm) was purchased from Sigma-Aldrich and used for 
pyrolysis experiments. 

Levoglucosan (LVG, 1,6-Anhydro-β-D-glucose) analytical standard 
with a purity of 99% from Sigma-Aldrich was employed to calibrate the 
response factor of LVG in GC-FID. Acetone (HPLC Plus, purity ≥ 99.9%, 
Sigma-Aldrich) and 1-Fluoronaphthalene (purity 99%, Sigma-Aldrich) 
were respectively used as solvent and internal standard for liquid ana
lyses in GC-FID. In addition, N,O-bis(trimethylsilyl)trifluoroacetamide 
(BSTFA, Sigma-Aldrich) and pyridine (Sigma-Aldrich) chemicals were 
used for derivatization of liquid samples. 

2.3. Pyrolysis experiments in TGA 

Experiments of cellulose pyrolysis were run in a thermogravimetric 
analyser (TGA, Hitachi STA7300 TG-DTA), where 5–30 mg of cellulose 
powders were placed in an open Pt sample pan (D = 5.2 mm, H =
2.5 mm) and an equivalent empty Pt-pan was used as reference for 
measurements. Selected tests performed with ceramic pans excluded a 
possible catalytic role of Pt. Before testing, TGA was kept under He flow 
at room temperature for sufficient time to ensure chamber evacuation; 
then, during pyrolysis tests the cellulose sample was subjected to a 
controlled heating ramp from room temperature up to 850 ◦C, while 
fluxing a controlled stream of He to drag pyrolysis vapours outside the 
TGA chamber soon after their formation, thus suppressing secondary 
gas-phase reactions. Experiments at different temperature ramps were 
performed, ranging from 3 ◦C/min to 100 ◦C/min. The flowrate of He 
was changed within the 75–285 NmL/min window depending on the 
specific goal of the experiment, as further illustrated in following sec
tions. Experiments were repeated at least three times for each heating 
rate. 

The TG curve (i.e. mass loss curve Mass) and the derivative mass loss 
curve (DTG), defined as in Eq.1 and Eq.2 respectively, were monitored 
during each test. 

Mass (T) =
mcell(T)
mcell,0

× 100[%] (1)  

DTG (T) = −
dMass(T)/100

dt

[
1

min

]

(2) 

mcell,0 and mcell(T) represent the initial mass of cellulose and the re
sidual mass of cellulose present on the pan at temperature T, respec
tively. The DTG is calculated as the mathematical derivative of TG curve 
and is an indication of the release rate. DTA signal (differential thermal 
analysis signal, in µV) is also monitored as an indication of the endo
thermicity of the process. 

In selected cases, at the end of pyrolysis experiment, the carrier gas 
was switched from He to air at 850 ◦C aiming to burn the organic solid 
residual in the pan after pyrolysis (i.e. biochar) and to have an indication 
of the ash content. 

2.4. Analytical techniques 

Multiple analytical techniques were combined for the identification 
and quantification of pyrolysis products. 

A quadrupole mass spectrometer (HPR-20 EGA, Hidden Analytical) 
with SEM (Secondary Electron Multiplier) detector was connected to 
TGA-setup using a quartz inert capillary line (heated at 250 ◦C) and it 
was used for the online monitoring during pyrolysis experiments of 
gases and H2O, as detailed subsequently. 

Offline composition measurements of vapour and liquid samples of 
pyrolysis products were carried out in a GC-FID/MS instrument (Agilent 
6890, 5973 MSD) provided with a HP-5MS capillary column (30 m x 
250 µm x 0.25 µm). During the analysis, GC oven was kept at 40 ◦C for 
5 minutes, heated up to 110 ◦C at 10 ◦C/min and then at 12 ◦C/min up 
to 300 ◦C. The column was operated at 6.6 psi using He as carrier gas 
and with a H2/air ratio of (40 mL/min)/(400 mL/min) in FID detector. 
Injections were performed using syringes for liquid (1 µL sample) or gas 
(2 mL sample) to analyse liquid and vapour samples, respectively. An
alyses in GC-MS were used to identify the species using a National 
Institute of Standards and Technology (NIST) mass spectral library, 
while the quantitative composition evaluation was based on GC-FID 
chromatograms. In addition, selected liquid samples were derivatized 
via silylation and analyzed in a GC-MS instrument (Thermo Finnigan 
Trace GC Ultra, Thermo Finningan Trace DSQ MS) equipped with a 
capillary column SUPELCO MDN-5S. 

Table 1 
Lumped kinetic mechanism of cellulose pyrolysis [28].  

Reactions 
Rate constants k

[1
s

]
** 

Cellulose devolatilization  

R1 CELL→CELLA 1.5×

1014exp( − 197/RT)
R2 CELLA→LVG 3.3× Texp( − 42/RT)
R3 CELLA→0.40CH2OHCHO+0.03CHOCHO+0.17CH3CHO+0.25 C6H6O3+0.35 C2H5CHO+0.20CH3OH+0.15CH2O+0.49CO+0.05 G{CO}+

0.43CO2+0.13 H2+0.93 H2O+0.05 G{COH2}LOOSE+0.02HCOOH+0.05CH2OHCH2CHO+0.05CH4+0.1 G{H2}+0.66CHAR 
2.5×

106exp( − 80/RT)
R4 CELL→4.45 H2O+5.45CHAR+0.12{COH2}STIFF+0.18 G{COH2}LOOSE+0.25 G{CO}+0.125 G{H2}+0.125 H2 5×

107exp( − 130/RT)
Metaplastic  
R5 G{CO}→CO 5×

1012exp( − 220/RT)
R6 G{COH2}STIFF→0.2CHAR+0.2 H2O+0.8CO+0.8 H2 1×

109exp( − 247/RT)
R7 G{COH2}LOOSE→0.8CHAR+0.8 H2O+0.2CO+0.2 H2 6×

1010exp( − 209/RT)
R8 G{H2}→H2 1.8×

108exp( − 293/RT)

** Rate constants k
[1
s

]

= k0
[ 1
s × Kn

]

× Tnexp
(

−

Ea
[ kJ
mol

]

RT

)

, with R = 8.314
[ J
mol × K

]
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2.5. Sampling of pyrolysis products 

Sampling protocols for the collection of pyrolysis products were 
tuned for offline analysis in GC-MS/FID. 

Samples of pyrolysis vapours were collected using a 2.5 mL gas sy
ringe close to the outlet of the TGA chamber, where a sampling point (a 
T-connection) was placed. The vapour sample was collected during 
pyrolysis test, at the instant when cellulose reached 50% mass loss. It 
was then rapidly and manually injected into the offline GC-MS or GC-FID 
column. This differential sampling was taken as representative of the 
whole pool of species emitted during the devolatilization of cellulose, 
since its decomposition follows a one-step scheme, as explained in the 
following Section 3.1. 

Orbo-609 (Supelco) traps were connected at the outlet of TGA 
chamber to entrap condensable pyrolysis products during pyrolysis 
tests: these traps are commercial sorbing tubes containing spheres of 
Amberlite XAD-2 resin and typically used for air quality monitoring. 
Each trap contains a “large bed” (400 mg, 50 mm) of sorbing spheres for 
products entrapping and a “short bed” (200 mg, 20 mm), used as backup 
to check for possible sample breakthrough. At the end of the experi
ments, the traps were removed from the line and sorbing spheres were 
poured into a vial, where 10 mL of acetone solution was then added to 
elute pyrolysis products. The acetone solution contained a known 
amount of 1-Fluoronaphthalene, used as internal standard for compo
sition analysis (mother solution prepared with 10 µL of 1-Fluoronaph
thalene in 250 mL of acetone). 

3. Results and discussion 

3.1. Development of a TGA-based methodology for complete speciation of 
pyrolysis products 

The TGA-based experimental methodology was developed to reach 
an accurate quantitative speciation of pyrolysis products, being this of 
fundamental importance for the kinetic study and comprehension of the 
process. The collection, the identification and the quantification of py
rolysis products was challenged by the high number and large variety in 
the pool of species, that could be grouped as follows: H2O, gas products, 
C1-C5 condensable products, C6+ condensable products, biochar. In the 
present setup, char was easily monitored in TGA (with an estimated 
uncertainty of ±2.0% yield), while further analytical methodologies and 
sampling procedures were implemented downwards the TGA chamber 
for the speciation of the other pyrolysis products. The large window of 
boiling temperature (from gases to LVG with a boiling temperature of 
~385 ◦C) made the simultaneous capture and analysis of all classes of 
products unfeasible. To address this limitation a strategy based on 
adjusting the dilution of pyrolysis products in the gaseous stream was 
developed: tests were performed at different He carrier flowrates, based 
on the particular class of products under investigation, as detailed 
subsequently. Therefore, multiple experiments were carried out to fully 
determine product speciation for each cellulose pyrolysis condition. 

Multiple analytical techniques were used to identify the multitude of 
products, and calibration protocols were developed to quantitatively 
determine the production of each single species. In this work, the 
product distribution is provided in terms of integral mass yields Yi, 
defined as in Eq.3. 

Yi =
mi

mcell,0
× 100[%] (3)  

Where mi represents the total mass of the single species or the class of 
compounds i produced up to the end of the pyrolysis experiment. Since 
the integral mass yield of each pyrolysis product was calculated without 
forcing the closure of the mass balance, it was possible to check the 
goodness of species quantification by verifying the closure of the sum
mation of mass yields. 

While analytical instruments and sampling methods were presented 
in Sections 2.4 and 2.5, the full picture of the experimental setup and 
protocols is provided in this Section 3.1, with a detailed explanation of 
the approach to capture and quantify each class of pyrolysis products.  
Fig. 1 provides a graphical representation of the full TGA-based exper
imental protocol. 

3.1.1. Speciation of C6+ compounds 
Experiments for the analysis of C6+ compounds were carried out by 

connecting two in-series Orbo-609 traps at the outlet of TGA chamber to 
trap C6+ compounds released during pyrolysis. The employment of these 
traps, proposed also by Fabbri et al. in their study [40], has proved more 
effective for the capture of C6+ compounds than traditional cold traps. A 
high flowrate of He carrier (285 NmL/min) was used to dilute the 
stream, thus avoiding condensation of these heavy species in cold points 
before the traps. The traps were disconnected from the line at the end of 
the experiment. Then, the entire content of the first trap (“large bed” +
“short bed”) and the “large bed” of second one were poured into a vial 
and washed with 10 mL of acetone-based mother solution with 1-Fluo
ronaphthalene (described in Section 2.5) to elute pyrolysis products. 
The eluted solution was sampled with a liquid syringe and analysed in 
the offline GC/MS to identify the chemical structure of entrapped spe
cies. Chromatograms obtained in GC/MS were then coupled to analo
gous analyses in GC/FID for species quantification, such that it was 
possible to associate each peak to a single species. An example of 
chromatogram in GC/FID with species identification is reported in 
Fig. S1.1 of the Supplementary Material, paragraph S.1. A response 
factor for quantification of LVG was evaluated using 1-Fluoronaphtha
lene as internal standard: for the calibration, known amounts of LVG 
(solid at room temperature) were dissolved in known amounts of 
acetone solution with 1-Fluoronaphthalene and samples were injected in 
GC/FID. The response factor fLVG was then evaluated using Eq.4, where 
AreaLVG and AreaFnapht indicate the area below LVG and 1-Fluoronaph
thalene peaks in GC/FID chromatograms, while mmolLGA and μLFnapht 

are their amount in the solutions used for calibration. The sensitivity of 
fLVG was checked by repeating analyses at varying LVG concentration 
and an average value was calculated and used for experiments. Details 
about the fLVG calibration procedure are reported in the Supplementary 
Material, paragraph S.2. 

fLVG =

(
mmolLVG
μLFnapht

)

(
AreaLVG

AreaFnapht

) = 0.028 (4) 

This same response factor was used for the quantification of the other 
C6+ compounds, a reasonable assumption due to the similarity of their 
chemical structure with that of LVG. 

The use of GC/FID and of the calibrated response factor allowed to 
quantify the integral moles of each species captured in traps during 
pyrolysis experiments, and, therefore, to estimate their individual inte
gral mass yield Yi (Eq.3). An uncertainty of ± 2.7% yield was estimated 
for LVG. Moreover, LVG quantification was also checked with ad-hoc 
measurements after silylation, that proved the validity of the present 
quantification protocol. 

This speciation protocol was used exclusively for C6+ compounds, 
while different procedures were developed for C1-C5 oxygenates, gases 
and H2O. 

3.1.2. Speciation of C1-C5 species 
Pyrolysis vapours were sampled at the outlet of TG chamber (stream 

(1) in Fig. 1) for the speciation of C1-C5 compounds. As a first step, the 
vapour sample was injected in GC/MS for species identification; a sec
ond experiment was then run for injection and quantification in GC/FID. 
Following the same approach adopted for the analysis of the liquid 
sample, the peaks observed in the two chromatograms were coupled; an 
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example of GC/FID chromatogram is reported Fig.S3.1 of the Supple
mentary Material, paragraph S.3. For these experiments He flowrate was 
lowered to 75 NmL/min to avoid excessive dilution of pyrolysis products 
in the vapour mixture that could compromise composition analyses; it is 
important to underline that partial condensation of levoglucosan in the 
line upwards the sampling point due do the reduced He flowrate was 
observed, but, as explained in paragraph 3.1.1, the quantification of C6+
compounds was carried out independently with ad-hoc experiments. 

As widely recognized in literature, cellulose pyrolysis takes place in a 
single-step devolatilization [41–44]; thus, reasonably, the point 
composition analysis could be taken as representative as integral pro
duction of each species. For quantification purposes, levoglucosenone 
(LGO), one of the C6 anhydrosugars produced in cellulose pyrolysis and 
quantified in the Orbo-609 traps, was chosen as internal standard. 
Indeed, unlike LVG, it was possible to fully capture LGO in vapour 
sampling, being its boiling temperature significantly lower (231 ◦C of 
LGO vs 385 ◦C of LVG). Therefore, the following correlation is used to 
estimate the integral mass yield of each of C1-C5 compounds (Eq.5). 

Yi =

(
Areai

AreaLGO

)

YLGO

(
MMi

MMLGO

)

× 100[%] (5)  

Where MMi and MMLGO indicate the molar mass of a generic species i 
and of LGO, respectively. 

3.1.3. Speciation of gases and H2O 
Gases (CO, CO2 and CH4) and H2O were monitored and quantified by 

online MS downwards Orbo-609 traps (stream (2) in Fig. 1). He carrier 
flowrate was set as 285 NmL/min, which allowed to reach feasible 
concentration level for MS analyses while minimizing the dead time 
between dynamics of TGA chamber and the detection by MS, due to the 
time required to pass through the traps and the transfer line. In partic
ular, a time lag of 12 s was measured and it was taken into account for 
the graphical representation of MS signals. Despite of the relatively long 
residence time in the transfer line, the high level of dilution and the low 
temperature of the stream prevent any secondary gas-phase reactions of 
the products released during pyrolysis. 

Proper calibration factors were tuned to estimate concentration 
values from MS signals. For this purpose, calibration factors were 
evaluated by sending stream with known concentration of CO2 and H2O 
to the MS instrument and were defined as in Eqs.6–9, where 
molar fraction i and SEMi indicate the concentration chosen for the 
calibration and the signal produced by MS detector (after baseline 
subtraction) for i fragment, respectively. It is seen that fragment m/z =
18 was used for H2O monitoring and m/z = 44 for CO2; the quantifi
cation of CH4 (fragment m/z = 15) and CO (fragment m/z = 28 after 
subtraction of contribution from CO2) was simplified by assuming the 

same calibration factor as CO2. 

αH2O =
molar fraction H2O

SEM18
= 1.5 × 106 (6)  

αCO2 =
molar fraction CO2

SEM44
= 1.9 × 106 (7)  

αCO =
molar fraction CO

SEM28 − 0.098 • SEM44
= αCO2 (8)  

αCH4 =
molar fraction CH4

SEM15
= αCO2 (9) 

Only CO, CO2, H2O and CH4 species were detected and followed in 
online MS during pyrolysis experiments; their integral production was 
evaluated to estimate their integral mass yields Yi (Eq.3) and to verify 
mass balances. An uncertainty of ± 0.6%, ± 0.9% and ± 2.3% yield 
were estimated for CO, CO2 and H2O, respectively. 

3.2. Devolatilization kinetics from TGA tests 

Before addressing the speciation of pyrolysis products, the goodness 
of TGA setup was assessed by performing cellulose pyrolysis experi
ments at varying heating rates, and by comparing the measured mass 
loss trends with the current scientific literature as well as with pre
dictions of the state-of-art lumped model described in Section 2.1. 

3.2.1. Thermal analysis at varying heating rate 
Pyrolysis experiments were performed at varying heating rate, 

ranging from 3 ◦C/min up to 100 ◦C/min. In Fig. 2, TG, DTG, and DTA 
data are presented and reveal that the pyrolysis of cellulose occurs 
through a one-step devolatilization process. This step is characterized by 
a rapid loss of weight within the temperature range of 250–450 ◦C, 
which is consistent with the findings reported in the existing literature 
[41–44]. Before the onset of the main devolatilization step, a slow 
decrease of cellulose mass is observed, lowering down to 97.7/98.9% at 
220 ◦C and indicating the gradual release of moisture. Consistently, DTG 
curves in Fig. 2C show a mass-loss stage centred at 200 ◦C. Above 450 ◦C, 
TG curves flatten down to a value of approximately 8%, which repre
sents the solid residue after cellulose pyrolysis, including both biochar 
and ashes. A minor ash content of 0.2 wt% was quantified by burning 
char with air at 850 ◦C. 

TG curves in Fig. 2A indicate a shift of the pyrolysis to higher tem
peratures with increasing heating rates, which is a well-known dynamic 
effect [45,46]. This trend in cellulose thermal stability can be also 
appreciated by looking at the location of DTG peak maximum in Fig. 2C, 
which shifts from 340 ◦C for the test conducted at 10 ◦C/min to 354 ◦C at 

Fig. 1. TGA-based methodology for biomass pyrolysis tests with complete product speciation.  
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20 ◦C/min, to 377 ◦C at 60 ◦C/min and finally to 392 ◦C at 100 ◦C/min. 
Moreover, Fig. 2B clearly shows that the duration of the devolatilization 
shortens with the increase of heating rate: during experiment at 
10 ◦C/min devolatilization takes place within a ~6.5 min interval, 
while at 100 ◦C/min cellulose quickly decomposes with an intensive 
pulse-like release of pyrolysis products [47]. For this reason, the in
tensity of DTG peak is higher for experiments at higher heating rate, 
whose duration was lower (Fig. 2C). In the same way, the DTA curves 
(normalized by the initial cellulose mass for a correct comparison in 
Fig. 2D) exhibit minima at temperatures coinciding with the DTG peaks. 

A slight impact of heating rates is also noticed on the solid residual, 
moving from 9.0% at 10 ◦C/min to 7.3% at 100 ◦C/min (Fig. 2A). 
Indeed, the positive effect on biochar yield of a prolonged preheating of 
lignocellulosic biomass at low temperature (250–300 ◦C), has been 
extensively observed in the literature [48,49]. This behaviour can be 
explained by the promotion of cellulose carbonization (with dehydra
tion and inter-/intra-molecular cross-linking reactions), leading to a 
rearranged structure of cellulose polymer chains and to the formation of 
an aromatic polycyclic network with increased organization and ther
mal stability [50–52]. 

It was verified that the insertion of Orbo-609 traps downstream of 
the TGA did not affect TG curves, as well as the choice of He flowrate and 
initial cellulose mass. The 100 mg•◦C/min threshold recommended by 
ICTAT [53] was exceeded in many tests of this work. Indeed, higher 
biomass weights were beneficial to maximize the concentration of 
eluted volatiles and benefit composition analysis. It was observed that 
devolatilization trends largely coincided, affirming their kinetic rele
vance. In this respect, an extended set of experimental results is reported 
in Fig. S4.1 and Fig. S4.2 of the Supplementary Material, paragraph S.4. 

Experimental results collected in TGA were used for the evaluation of 
an apparent activation energy Ea,app for cellulose pyrolysis, using the 
Ozawa-Flynn-Wall (OFW) iso-conversion model-free method [54–58]. 

The Ea,app was calculated using experimental data at conversion in 
the 10–60% range and multiple heating rates (3–10-20 ◦C/min). An 
average apparent activation energy of 172 kJ/mol with a 95% confi

dence interval of ± 12 kJ/mol was estimated for the commercial 
microcrystalline cellulose used in the present study, in agreement with 
the range of values reported in the literature [45]. Details about the 
OFW equations, Arrhenius plots of iso-conversional curves and fitting 
results are reported in the Supplementary Material, paragraph S.5. 

3.2.2. Model predictions of TG 
Experimental TG curves are compared with model predictions in  

Fig. 3, where simulations were performed considering a dry ash-free 
cellulose. The model well predicts the mass loss trend as well as the 
solid residue, despite a slight shift at higher temperatures for all the 
tested heating ramps. The CELLA formation reaction (R1) in the lumped 
kinetic scheme is the one controlling the predicted TG curve and, 
interestingly, its activation energy (197 J/mol, Table 1) is slightly 
higher than the Ea,app of 172 kJ/mol estimated from measured TG 
curves. This value of 197 kJ/mol corresponds to the most probable Ea,app 

for cellulose pyrolysis proposed by Broadbelt et al. in [59], in agreement 
with their mechanistic model. Indeed, kinetic parameters of the lumped 
model were derived by fitting an extensive set of published TGA data, 
collected with celluloses of diverse nature and ranging from heating rate 
as low as 1 ◦C/min up to 1000 ◦C/s [60]. The difference between this 
generalized value of activation energy and the Ea,app of the specific 
microcrystalline cellulose employed in the present work can explain the 
gap between experimental and predicted values. 

As expected, by setting the activation energy of CELLA formation 
reaction at the measured apparent Ea,app, and by tuning the pre- 
exponential factors of this reaction (R1) and of CHAR formation reac
tion (R4) against the whole set of experimental TG data, a very accurate 
simulation could be obtained. Modified parameter estimates for the 
commercial cellulose herein studied are reported in Table 2, while Fig. 3 
reveals the good agreement of the revised kinetics with experimental 
data. In addition, Arrhenius plots for original and modified kinetics are 
compared in Fig.S6.1 in the Supplementary Material, paragraph S.6. 

This procedure has enabled a refinement of the general model for the 

Fig. 2. Effect of heating rate on TG (A-B), DTG (C) and DTA (D) during cellulose pyrolysis. Orange: 10 ◦C/min – green: 20 ◦C/min – blue: 60 ◦C/min – red: 
100 ◦C/min. 
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specific cellulose herein investigated; in turn, this methodology allowed 
to align model predictions to the measured TG-dynamics for a more 
consistent comparison between experimental and predicted product 
speciation, as shown in the following sections. 

3.3. Detailed product speciation 

3.3.1. Measured yields at varying heating rate 
The detailed qualitative and quantitative analysis of products ob

tained from cellulose pyrolysis at 20 ◦C/min and 100 ◦C/min was car
ried out following the procedures presented in Section 3.1. The product 
distribution is expressed in the form of integral mass yields of each gas 
species, of each condensable compound and of solid residue, and the 
effectiveness of the experimental protocol was verified by the closure of 
mass balance and the comparison with the available literature. Table 3 
reports mass yields of product streams (gases, water, bio-oil, biochar and 
ash), where the term “bio-oilWF” (“water-free bio-oil”) indicates the 
condensable organic products and does not include H2O. 

Firstly, it is important to underline that impressive mass balances 
were obtained, with the summation of integral mass yields closing to 

98.8% and 100.5% for the two sets of experiments at 20 and 100 ◦C/ 
min, respectively. This represents an unparalleled finding since, at the 
best of the authors’ knowledge, this is the first time that a TGA-based 
setup has successfully provided a complete and accurate quantifica
tion of the entire product slate. This direct coupling of mass loss mea
surements in micro-balance with full products speciation allows to 
collect at the same time kinetically informative data on both apparent 
activation energies and product distribution. 

The majority of cellulose conversion during the experiment at a 
heating rate of 20 ◦C/min can be attributed to condensable products, 
which include both H2O and organic species. These products account for 
a significant portion of the conversion, with a total mass yield of 10.2% 
for H2O and 78.8% for bio-oilWF. In contrast, the mass yields of gases and 
solid residue are limited to 3.2% and 6.5%, respectively. Similar results 
are observed at the higher heating ramp of 100 ◦C/min, even if a higher 
yield of bio-oilWF was reached (85.0%) at the expense of H2O (5.8%). 
Similar distributions are observed in the literature, where cellulose is 
known to maximize the yield of the liquid fraction: yields of 4.6%, 
83.2%, 6.9% and 5.4% to char, organic bio-oil, H2O and gases, respec
tively, were observed during cellulose pyrolysis in micropyrolyzer at 
500 ◦C by Zhou et al. [17], and similar results are presented by Ansari 
et al. for thin-film fast pyrolysis experiments [61]. Instead, experiments 
carried out in fixed bed reactors showed a lower yield of liquid fraction 
(65–70% at 500 ◦C) [4,62], possibly due to the impact of transfer lim
itations or secondary reactions. 

Fig. 3. TG curves in cellulose pyrolysis at varying heating rate: experimental measurements (black dashed lines), predictions from general model (blue dash-dotted 
lines) and from modified model (red solid lines). 

Table 2 
Modified kinetic parameters of CELL devolatilization 
reactions.  

Reactions 
Rate constants k

[1
s

]

** 

R1 
3.0× 1012exp

(
−

172
RT

)

R4 
1.2× 108exp

(
−

130
RT

)

**Rate constants k
[1
s

]

= k0
[ 1
s × Kn

]

× Tnexp
(

−

Ea
[ kJ
mol

]

RT

)

, 

with R = 8.314
[ J
mol × K

]

Table 3 
Integral yields of cellulose pyrolysis products: macro-groups and mass balance.   

Integral mass yield (wt%) 
20 ◦C/min 

Integral mass yield (wt%) 
100 ◦C/min 

Gases  3.2  4.4 
Water  10.2  5.8 
Bio-oilWF  78.8  85.0 
Char  6.3  5.1 
Ash  0.2  0.2 
Total  98.7  100.5  
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Table 4 shows integral mass yields of each single detected com
pound. Carbon monoxide and carbon dioxide were the main gas prod
ucts, as widely confirmed in the literature [3,47,51,63]. Traces of CH4 
were also observed at 100 ◦C/min, whereas it was not detected at 
20 ◦C/min, likely because the increased dilution in the vapor stream 
(due to the longer duration of the test) caused it to fall below the 
detectability limit of MS detector. No measurable H2 production was 
observed. 

A wide range of oxygenated species is present in the organic bio-oil 
phase, comprising anhydrosugars, monosaccharides, furanic species, 
linear ketones and aldehydes. Levoglucosan represents by far the most 
important product, accounting for 54.2% and 47.6% of integral yield at 
20 and 100 ◦C/min, respectively. Similar yields were observed in 
micropyrolyzer tests at 500 ◦C [17,64,65]. Levoglucosan is originated 
from the initial depolymerization of cellulose chains with the cleavage 
of the 1,4-glycosidic bond and successive intramolecular rearrangement, 
as widely clarified in the literature [47,66]. Other C6 anhydrosugars 
(Levoglucosenone LGO, 1,4:3,6-dianhydro-α-D-glucopyranose DGP, 1, 
6-anhydro-β-D-glucofuranose AGF, 3,4-Anhydro-d-galactosan, 2, 
3-Anhydro-d-mannosan), the monosaccharides D-Allose and the glucose 
analogue 2-Deoxy-D-galactose were detected. The formation of these 
anhydrosugars and simple sugars shares the same initiation step of 
levoglucosan formation (i.e. release of hydroxyl radical) but further 
chemical structure rearrangements must then take place before mono
mer release, thus making the formation of levoglucosan significantly 
favoured [47]. Traces of DL-Arabinose, a pentose sugar, are also 
detected, probably resulting from the contamination of starting cellulose 
chains with hemicellulose-like monomers. 

Furan-derived species, mostly furan, 2-methylfuran and furfural, 
represent another important class of condensable species produced from 
cellulose pyrolysis. A direct route to furanic species from cellulose chain 
has been proposed in the literature [47,67], passing through the ring 
opening of the polymeric unit initiated by the cleavage of the ring 
glycosidic bond to form a linear C6 aldehyde. After dehydration and an 
intramolecular acetal reaction, 5-Hydroxymethylfurfural (5-HMF) is 
expected to be produced as primary product [47]. Remarkably, 5-HMF 
was not detected in the present work: this evidence suggests that 
5-HMF decomposition routes to other furanic species can take place 
before devolatilization, in the pseudo-liquid phase formed during cel
lulose pyrolysis [68,69]. Low 5-HMF productivity (~ 0.6–1.3% yield) 
were recently observed in micropyrolyzer tests, even if it remained the 
most abundant furanic product [64,65]. 

Linear ketones and aldehydes with short carbon chain were also 
produced, among which formaldehyde, acetaldehyde, acetone and 2,3- 
butanedione share higher yields. Similar species and productivities were 
observed in recent works based on micropyrolyzer experiments [17,61]. 
Shen et al. showed that both direct fragmentation routes from cellulose 
polymer and secondary gas-phase reactions can be recalled to explain 
the production of this class of compounds [47]. In this view, the present 
experimental setup could be of great value to isolate the contribution of 
primary devolatilization reactions. 

Fig. 4 plots integral mass yields of class of compounds evaluated at 
20 and 100 ◦C/min, in order to visualize the effect of heating rate on the 
product distribution obtained from cellulose pyrolysis. In Fig. 4A, be
sides gases, char and H2O, oxygenated species were grouped according 
to the number of C-atoms in their molecule (C1–7). As already explained, 
similar features are seen in the two cases, with the distinct standing out 
of C6 species and in particular levoglucosan. In the test at 100 ◦C/min 
species other than levoglucosan are detected in larger amount, for all the 
classes: C1 (Formaldehyde), C2 (Acetaldehyde), C3 (Acetone, Hydroxy- 
acetone), C4 (Furan, Butanedione) and C5 (Methylfuran, Glutaralde
hyde). Indeed, when operating at 100 ◦C/min biomass devolatilization 
takes place at higher temperature (as shown by DTG plots in Fig. 2C) and 
this favours those pathways that compete with the simple release of the 
monomeric levoglucosan unit. Consistently, species other than anhy
drosugars like furanic species, aldehydes and ketones gain importance 

during tests at 100 ◦C/min, as shown in Fig. 4B. 

3.3.2. Model predictions of product distribution 
The proposed experimental protocol has proven its suitability to 

outline product speciation with a level of accuracy way higher with 
respect to state-of-art lumped model predictions, being the number of 
detected pyrolysis products the first indication: 31 species were identi
fied and quantified during experiments, while the lumped model 
(described in Section 2.1) describes cellulose devolatilization using only 
16 compounds. In this paragraph, measured product speciation is 
compared with predictions from the lumped scheme aiming to identify 
potential limitations of existing kinetic models and to pave the way for 
additional improvements and refinements. 

3.3.2.1. Integral mass yields. Fig. 5 shows the comparison between 
measured and predicted integral mass yields of different classes of 
compounds, grouped according to the C-chain length (Fig. 5A) or their 
chemical functionality (Fig. 5B), observed in cellulose pyrolysis at 
100 ◦C/min. 

Char production predicted by the model is fully in line with the 
experimental evidence, while the kinetic routes to H2O and gases (4.8% 
yield of CO, 5.3% of CO2, and only 0.1% of H2 and 0.2% of CH4) in the 
lumped scheme appears overestimated. In both cases levoglucosan 
represents by far the most important product (with 47.6% yield in the 
experiment and 44.7% according to the model), while the greatest 
discrepancy has emerged in the definition of the distribution among 
other C2-C5 oxygenates. Indeed, the experiments were able to better 
define the entire range of products with respect to the model, where for 
instance species C4, C5 and C7 are missing. Moreover, experimental re
sults prove a higher yield to anhydrosugars/sugar monomers, while an 
opposite situation is seen for aliphatic aldehydes/ketones. This trend 
confirms that the experimental set-up allowed to capture primary 
products from the cleavage of cellulose polymeric chain bonds, before 
further fragmentation reactions into smaller compounds. This capability 
of the present experimental protocol to detect and quantify the entire 
product slate appears as of significant importance for the refinement of 
kinetic models of biomass primary devolatilization reactions. As a pre
liminary observation, the lumped model appears to overestimate the 
route to lighter oxygenates (reaction R3 in Table 1) in competition with 
anhydrosugar formation (reaction R2). 

3.3.2.2. Dynamic evolution of gases and H2O. Besides integral pro
ductivities, the present TGA-setup allowed to follow the dynamic evo
lution of gases and H2O. Experimental measurements (red lines) of CO, 
CO2 and H2O flowrates are compared with model predictions (green 
dashed lines) in Fig. 6. The production of these species well fits with the 
biomass mass loss during devolatilization, such that their peak flowrate 
matches with the center of mass loss curve. All the species show a trend 
with a maximum, consistently with the hypothesis of single step devo
latilization taking place during cellulose pyrolysis. Fig. 6 shows that the 
experimental peak of H2O is not symmetrical and presents a tail at 
higher temperatures: this behavior is explained by the delay provoked 
by Orbo traps, which partially block H2O flow. 

As expected by the comparison of integral yields (Fig. 5), the model 
overestimates the production of all the species, H2O, CO and CO2. 
Moreover, a second peak of CO is predicted by the model at higher 
temperature (520 ◦C), due to the delayed release of metaplastic species 
(R5-R8 in Table 1). This phenomenon appears as overemphasized by the 
model, since this second contribution is not revealed during the 
experiment. 

4. Conclusions 

This study presents a novel and flexible TGA-based methodology that 
combines the obtainment of kinetically relevant data on biomass 
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Table 4 
Integral yields of cellulose pyrolysis products: single species.   

Formula Molecular structure Integral mass yield (wt%) 
20 ◦C/min 

Integral mass yield (wt%) 
100 ◦C/min 

Gases      
Carbon monoxide CO  1.0  1.7 
Carbon dioxide CO2  2.2  2.5 
Methane CH4  -  0.2 
Anhydrosugars, monosaccharides      
Levoglucosan (LVG) C6H10O5 54.2  47.6 

Levoglucosenone (LGO) C6H6O3 3.6  1.5 

1,4:3,6-dianhydro-α-D-glucopyranose (DGP) C6H8O4 2.3  1.4 

3,4-Anhydro-d-galactosan C6H8O4 0.9  0.6 

2,3-Anhydro-d-mannosan C6H8O4 0.8  0.9 

2-Deoxy-D-galactose C6H12O5 3.1  3.6 

DL-Arabinose C5H10O5 0.2  0.1 

(continued on next page) 
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Table 4 (continued )  

Formula Molecular structure Integral mass yield (wt%) 
20 ◦C/min 

Integral mass yield (wt%) 
100 ◦C/min 

D-Allose C6H12O6 0.9  0.8 

1,6-anhydro-β-D-glucofuranose (AGF) C6H10O5 4.0  3.8 

Furans      
Furan C4H4O 2.1  4.6 

2-methylfuran C5H6O 1.2  2.2 

2,3-dihydrofuran C4H6O -  0.5 

2,5-dimethylfuran C6H8O -  0.6 

2-Vinylfuran C6H6O -  0.4 

3-Furaldehyde C5H4O2 -  0.3 

Furfural C5H4O2 2.8  2.4 

2-propylfuran C7H10O 0.9  0.9 

Ketones, aldehydes      
Formaldehyde CH2O 0.1  1.2 

(continued on next page) 
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devolatilization with a complete identification and quantification of 
pyrolysis products. The direct coupling of thermal measurements in TGA 
with complete product speciation represents a notable result for the 
development of kinetic tools. Indeed, this methodology allows to collect 

with a single experiment informative data both on devolatilization ki
netics (e.g. apparent activation energies of devolatilization) and on ki
netic dependences responsible for product distribution. 

Tests were performed in a TGA, where the biomass sample was 

Table 4 (continued )  

Formula Molecular structure Integral mass yield (wt%) 
20 ◦C/min 

Integral mass yield (wt%) 
100 ◦C/min 

Acetaldehyde C2H4O 0.3  1.7 

Acetone C3H6O 1.0  3.9 

Hydroxy-acetaldehyde (HAA) C2H4O2 -  0.7 

2,3 Butanedione C4H6O2 0.2  2.4 

Glutaraldehyde C5H8O2 -  0.2 

Hydroxy-acetone C3H6O2 -  0.4 

Others      
Cyclopentadiene C5H6 0.1  1.4 

Acetic anhydride C4H6O3 -  1.1  

Fig. 4. Integral mass yields of different classes of compounds in cellulose pyrolysis experiments.  
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subjected to a controlled heating rate under a continuous He flow. 
Sample temperature and mass loss were monitored during the test, and 
residue char was easily measured. Multiple analytical techniques and 
sampling protocols were then combined to identify the multitude of 
products and calibration protocols allowed to quantitatively determine 
the production of each single species. In particular, online MS was used 
for monitoring light gases and H2O, heavier products were entrapped in 
commercial sorbing traps and analysed integrally at the end of each test, 
and samples of the pyrolysis vapours were also taken to detect light 
oxygenates. 

Experiments of cellulose pyrolysis at varying heating rates were 
performed to tune the methodology. Analysing the impact of heating 
rate, and consequently, temperature, on both mass loss curves and 
product distribution, provided a deeper understanding of cellulose py
rolysis phenomena. This examination yielded valuable insights that are 
beneficial for enhancing kinetic models. 

A published lumped model served as a trace of the existing literature 
to guide the development of the experimental protocol. After validation 
of the approach and verification of the good agreement with state-of- 
the-art knowledge (e.g. single-step devolatilization process, massive 
production of levoglucosan), newly collected experimental data were 
used to highlight possible margins of improvement of available kinetic 
tools. The investigation showed that, while mass loss trends are well 
predicted by the available model, important margins of improvement in 
terms of product speciation are present, in particular in the definition of 
light oxygenates (C2-C5) production. 

In conclusion, the experimental methodology developed in this study 
has proven to be a valuable, versatile, and highly effective solution for 
collecting essential kinetic data required to understand devolatilization 
chemistry and improve the modelling tools. This achievement is highly 
significant considering that the development of analytical devices based 
on thermogravimetric analyses (despite the limitations associated to 
these instruments, e.g. low heating rates) should be pursued to derive 
information on reaction kinetics and mechanism, which are of great 
benefit for all thermal processes – pyrolysis, gasification, combustion – 
where devolatilization still represents the very first conversion stage of 
the biomass. 
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