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ARTICLE INFO ABSTRACT

Keywords: The large variations found in literature for the activation energy values of main biomass compounds (cellulose,
Biomass hemicellulose and lignin) in pyrolysis TGA raise concerns regarding the reliability of both the experimental and
Pyrolysis the modelling side of the performed works. In this work, an international round robin has been conducted by 7
TGA partners who performed TGA pyrolysis experiments of pure cellulose and beech wood at several heating rates.
E(Etclggversional Deviations of around 20 — 30 kJ/mol were obtained in the activation energies of cellulose, hemicellulose and

conversions up to 0.9 with beech wood when considering all experiments. The following method was employed
to derive reliable kinetics: to first ensure that pure cellulose pyrolysis experiments from literature can be ac-
curately reproduced, and then to conduct experiments at different heating rates and evaluate them with iso-
conversional methods to detect experiments that are outliers and to validate the reliability of the derived kinetics
and employed reaction models with a fitting routine. The deviations in the activation energy values for the cases
that followed this method, after disregarding other cases, were of 10 kJ/mol or lower, except for lignin and very
high conversions. This method is therefore proposed in order to improve the consistency of data acquisition and
kinetic analysis of TGA for biomass pyrolysis in literature, reducing the reported variability.

Round robin

1. Introduction

Biomass is currently the main renewable energy source and it is
expected to play a key role to reach the target formulated in the special
IPCC report to limit global warming to 1.5 °C [1,2]. Biomass combus-
tion for bioheat production is a consolidated technology and it is cur-
rently the main bioenergy use. Besides, biomass has the potential to
play a more relevant role in the production of power, liquid fuels or
chemicals. Thermo-chemical processes applied to lignocellulosic bio-
mass are very promising for this purpose. Pyrolysis itself is a promising
conversion process that can be used to produce liquid bio-oil [3,4] and
biochar [5], and is a main intrinsic sub-process in other thermo-che-
mical conversion processes such as gasification or combustion.
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Biomass mass loss behaviour is commonly determined by thermo-
gravimetric analysis (TGA). TGA experiments with small samples and low
heating rates can be conducted in a pure kinetic regime, i.e. without heat
and mass transport limitations. For cellulose pyrolysis, it was concluded by
Antal et al. [6] that mass loss at low heating rates can be described with a
single first order reaction with a high activation energy (191-253 kJ/mol).
Gronli et al. [7] conducted a round robin at 8 European labs with com-
mercial cellulose Avicel PH-105, showing some although limited scattering
in the results, with a temperature of peak conversion at 327 + 5 °C and
activation energy of 244 #+ 10 kJ/mol at 5 °C/min.

For lignocellulosic biomass pyrolysis, the derivation of kinetics is more
challenging. Mass loss description with a single reaction is inaccurate, and
the most common approach is to employ three reactions with a parallel
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Fig. 1. Activation energies reported in literature for pure biomass components pyrolysis using several kinetic analysis methods [17-29]. Boxplots indicate the median

and interquartile ranges.

reaction scheme, where each component represents cellulose, hemicellulose
and lignin, respectively [8]. The main peak in conversion rate corresponds
to cellulose, the shoulder at lower temperatures to hemicellulose and the tail
at high temperatures to lignin. The kinetic parameters for each component
are determined with model-based (model-fitting) methods, where the re-
action model (commonly first and n™ order) are selected before the fitting.
Very different activation energies are however reported for each compo-
nent, and especially for lignin [9]. This leads to a concern about the relia-
bility of TGA data [10]. It has been pointed out that experiments should be
conducted at different heating rates in order to minimize the influence of
compensation effects [11,12]. Besides, it has been reported that the selec-
tion of higher order reaction models for lignin leads to better predictions
[9,13], as it was also the case for the use of a distributed activation energy
model (DAEM) [14].

Isoconversional (model-free) methods are also applied for deriving ki-
netics removing the need for a reaction model assumption. Integral iso-
conversional methods as Kissinger-Akahira-Sunose (KAS), Flynn-Wall-
Ozawa (FWO) or Vyazovkin can provide the activation energies along
conversion when experiments at different heating rates are conducted. The
obtained kinetic data with these methods cannot be straightforwardly em-
ployed in a particle and reactor model, as the kinetic parameters change
along conversion, but their complementary application with fitting (model-
based) methods can increase the consistency of the obtained kinetic data
though fitting, especially the selected reaction models, as suggested by
Khawam and Flanagan [15] and applied by Anca-Couce et al. [9] for bio-
mass pyrolysis. Anca-Couce et al. [16] recommended that for a reliable
determination of biomass pyrolysis kinetics the reference experiments with
pure commercial cellulose from Gronli et al [7] should be first reproduced.
Subsequently, experiments with biomass should be conducted at different
heating rates and assessed with isoconversional methods, in order to verify
the reliability of the experiments as well as the employed reaction models
and obtained activation energies in a fitting routine.

In a thorough review conducted by Anca-Couce [16] in 2016, where
concern about the variation of kinetics values in literature was raised, ac-
tivation energy values for hemicellulose, cellulose and lignin pseudo-com-
ponents in the parallel reaction scheme were reported from biomass pyr-
olysis experiments conducted at several heating rates. Cellulose values
ranged from 190 kJ/mol to 250 kJ/mol, while the respective ranges for
hemicellulose and lignin were of 70 — 215 kJ/mol and 20 - 190 kJ/mol,
respectively. This review was updated in the present work to include in-
vestigations conducted after 2016. In Fig. 1, the activation energies are
reported from the kinetic analyses conducted for pure biomass components

(cellulose, hemicellulose and lignin) using various methods [17-29]. A very
wide range of activation energies has been reported for each component,
namely 114 — 288 kJ/mol for cellulose, 34 — 179 kJ/mol for hemicellulose
and 7 - 226 kJ/mol for lignin. Fig. 2 includes the results from kinetic
analyses conducted for various biomass species employing three (or four in
some cases) pseudo-components [30-47]. Very large variations are also
present for each pseudo-component. The ranges for the activation energies
of each pseudo-component were 72 — 244 kJ/mol for cellulose, 58 — 200 kJ/
mol for hemicellulose and 16 — 205 kJ/mol for lignin. The initial sample
mass employed in these works was on average of 9.2 + 5.0 mg, which is a
relatively high value that can cause thermal lag in certain cases [6,7]. The
initial sample mass was however not directly correlated with the obtained
activation energies. These large variations observed for the activation en-
ergy values of pure and pseudo components in very recent works raise
concerns regarding the reliability of both the experimental and the model-
ling side of the analyses performed in the literature.

The objective of this work is to investigate the reproducibility of
TGA biomass pyrolysis experiments and the deviations that can be ex-
pected when mass loss kinetics are derived from the same sample with
different TGA devices. An international round robin has been con-
ducted for this purpose with 7 European partners. Experiments have
been first conducted with commercial cellulose to reproduce the results
from a previous round robin conducted by Gronli et al. [7]. Subse-
quently, experiments were conducted at different heating rates with
homogenized beech wood and the results were analysed with fitting
and isoconversional methods for kinetics derivation. The reported ac-
tivation energies for woody biomass pyrolysis in literature vary in a
broad range and this variability is attributed to a certain extent to the
inherent variability in biomass composition. This uncertainty in com-
position is removed in this study, which is focused on investigating the
deviations that can be expected when TGA pyrolysis experiments are
conducted with different devices by experienced users and the kinetics
are derived using reliable methods. The results of this work will lead to
relevant conclusions regarding the accuracy that can be expected in
determining biomass pyrolysis mass loss kinetics.

2. Materials and methods
2.1. TGA experiments

The instruments used in the round robin in this study are listed in
Table 1. The partners were requested to conduct pyrolysis experiments
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Fig. 2. Activation energies reported in literature for pseudo-components in biomass pyrolysis using several kinetic analysis methods [30-47]. The values denoted
with a * are mean values obtained from experiments performed under various heating rates or with different biomass species. For cases with 4 components, the 4th is
either extractives [45,46] or a second hemicellulose component [44]. Boxplots indicate the median and interquartile ranges.

with cellulose at a constant heating rate of 5 K/min and with beech
wood at 4 constant heating rates in the range from 1 to 20 K/min (1, 5,
10 and 20 K/min for all partners, except #5 which conducted experi-
ments at 2 K/min instead of 1 K/min). The samples were centrally
distributed to all the partners involved in the round robin. Commercial
Avicel® PH-101 cellulose (CAS Number: 9004-34-6) was purchased
from Sigma-Aldrich. Beech wood chips were homogenized according to
ISO 14,780 and milled to particle sizes < 200 pm. The same homo-
genized sample was used by every participant in the round robin. The
proximate, ultimate and elemental analysis of beech is presented in
Table 2.

The partners were requested to conduct experiments with their
usual procedure, employing an initial mass sample as low as possible,
ideally of 3 mg (following the ASTM E1641 — 16 standard [48]). Some
partners employed a higher initial mass, as shown in Table 1, following
their commonly employed methods. In case #3 an open weighing
system was employed, which inherently limits the precision of the
system, and a compromise has to be found between background noise
and measurement signal. In cases #6 and #7 it was employed the
minimum quantity that is required to cover the whole surface of the
crucible, in order to maximize the exposed surface with an even dis-
tribution of the sample. The ASTM E1641 — 16 standard is similar to ISO
11,358 — 2 but differs mainly in its mathematical treatment and it was
employed as a general guideline in the present study. The TGA ex-
periments were conducted from room temperature up to 500 °C, how-
ever the results were analysed and presented only for the interval

Table 1

Table 2
Proximate, ultimate and elemental analysis of beech
wood. #) Calculated by difference.

Proximate analysis

Moisture (wt%, w.b.) 9.9
Volatiles (wt%, w.b.) 73.2
Fixed carbon (wt%, w.b.)* 16.0
Ash (wt%, w.b.) 0.9
Ultimate analysis

C (Wt%, d.b.) 49.5
H (wt%, d.b.) 6.5
N (wt%, d.b.) 0.25
S (Wt%, d.b.) 0.05
O (wt%, d.b.)? 429
Elemental Analysis

Al (ppm, d.b.) 65
Ca (ppm, d.b.) 3668
Fe (ppm, d.b.) 60

K (ppm, d.b.) 1490
Mg (ppm, d.b.) 654
Na (ppm, d.b.) 65
Si (ppm, d.b.) 106
Zn (ppm, d.b.) 2

between 150 °C and 500 °C. In order to ensure complete moisture
evaporation until the aforementioned lower limit, a holding time of 10
— 15 min was employed from the partners at temperatures around
110 °C. The char yield is reported at 500 °C, considering the initial mass

TGA instruments list and characteristics as well as employed initial mass and nitrogen purge flow for partners #1 to #7.

Partner Model Sensitivity (ug) Temperature accuracy Type Initial mass N, Purge flow (ml/ Sample holder Calibration
(°C) (mg) min)
#1 TA SDT Q600 0.1 0.001 Horizontal 3 50 Ceramic Curie point
#2 Perkin Elmer TGA 7 0.1 0.5 Vertical 3 20 Platinum Curie point
#3 Netzsch STA 409 1 1 Vertical 100 70 Alumina Melting point
#4 Mettler Toledo TGA/DSC 2 Star 0.1 0.001 Horizontal 3 30 Ceramic Melting point
System

#5 Netzsch STA 449 F3 Jupiter 1 0.001 Vertical 3 100 Alumina Melting point
#6 Perkin Elmer PYRIS 6 TGA 5 2 Vertical 10 100 Alumina Currie point
#7 TG-DTA/DSC Setsys-1750 1 0.001 Vertical 12 105 Alumina Melting point

(Setaram)
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Fig. 3. TG (left) and DTG (right) curves for commercial Avicel® PH-101 cellulose pyrolysis at a heating rate of 5 K/min for partners #1 to #7.

Table 3

Temperature of the peak in reaction rate (DTG), char yield, averaged heating
rate, kinetic parameters and error in the fitting for the commercial Avicel® PH-
101 pyrolysis experiments at 5 K/min for partners #1 to #7.

Partner T peak Char AT/At E (kJ/mol) logio(A) Error fit
DTG yield (K/min) s™H (%)
Q9] (%)
#1 321.5 2.3 5.01 224.5 17.48 2.1
#2 338.1 5.2 5.11 224.3 16.89 1.7
#3 324.5 21.4 5.10 236.5 18.50 5.0
#4 327.6 4.4 5.14 208.4 15.85 2.0
#5 313.5 8.5 5.06 182.3 13.91 3.1
#6 336.5 9.5 4.77 225.4 17.09 2.4
#7 336.6 12.2 5.64 252.7 19.50 4.1
Mean 328.3 9.1 5.12 222.0 17.03 2.9
*9.2 * 6.4 +0.26 + 221 +1.81 +1.2
Gronli et al. 327 7.2 5.0 244 19 0.6
[7] +5 +24 +0.1 + 10 +1.1 + 0.2

as the one at a temperature of 150 °C.

2.2. Kinetic analysis

The kinetic analysis is done is the range from 150 to 500 °C.
Conversion (a) is defined in Equation (1) and it is calculated as a
function of the current mass (m) as well as the initial and final masses at
150 and 500 °C, respectively. The raw data is treated to provide 200
points for conversion in this range for further kinetic analysis. Con-
version is employed instead of mass loss to do not account for the dif-
ferences in char yield, as the current study focuses on mass loss kinetics
without considering differences in product composition. These con-
version values for all data sets are provided in the supplementary in-
formation. Besides, standard deviations in this manuscript are calcu-
lated with the “n — 1” method to estimate them in a conservative way.
a=1_ M Msw'c

@

My so°c — Msoo’c

Kinetics are calculated with the model fitting method considering
n™ order reactions to determinate the reaction rate (da/dt), as shown in
Equation (2), where A is the pre-exponential factor, E is the activation
energy, R the gas constant, T the temperature and n the reaction order.
Cellulose pyrolysis is described with one first order reaction (n = 1).
Beech wood pyrolysis is described with 3 reactions, including one first
order reaction representing cellulose and two n order reactions

representing hemicellulose and lignin. The model fitting routine derives
the kinetic parameters from the derivative thermogravimetry (DTG)
curves, where da/dt is plotted as a function of temperature, and em-
ploys a least minimum squares method (nlinfit routine from Matlab
[49]). The error in the fit for each experiment is normalized by the
maximum of the DTG curve, as described elsewhere [9,50].
da -E n
i Aexp(RT) (1-a) @
Besides, the isoconversional KAS method has been applied at de-
fined conversion intervals. The temperatures T,; at which a certain
conversion « is achieved at each heating rate (AT/At); are first calcu-
lated. The activation energy at that conversion E, is then calculated
based on Equation (3). For that, an Arrhenius plot of the left side of
Equation (3) versus 1/T,; is derived, and the activation energy is cal-
culated from its slope which is equal to - E,/R. It was previously shown
that other integral isoconversional methods as FWO or Vyazovkin lead
to very similar results for biomass pyrolysis [9].

AT/At ALR E, 1
in| 21800 1 Ll
Ty E.g(a) R T,

3. Results and discussion

3)

3.1. Cellulose pyrolysis

The thermogravimetry (TG) and derivative thermogravimetry
(DTG) results of cellulose pyrolysis experiments at 5 K/min are shown
in Fig. 3. For TG the conversion a is shown in the range 150 — 500 °C
and for DTG the reaction rate da/dt (calculated from the percentage of
conversion) is shown for the same temperature interval. The averaged
heating rate, char yield and temperature of the peak in reaction rate
(DTG) are shown in Table 3. The shape of the curves is similar for all
cases, but some deviations are present. The maximum reaction rate was
achieved on average at a temperature of 328.3 + 9.2 °C, while it was
of 327 = 5 °C in a previous round robin with the same commercial
cellulose, conducted by Gronli et al. [7]. The obtained averaged heating
rates (5.12 * 0.26 K/min) are close to the target of 5 K/min.

Regarding the char yields, significantly higher deviations were ob-
tained among the partners. The obtained values from cases #1, #2, #4
and #5 (5.1 *= 2.5%), employing initial mass samples of 3 mg, are
similar to the ones of the round robin by Gronli et al. [7] (7.2 = 2.4%
with an initial mass sample of 4.1 = 1.3 mg). However, the obtained
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Fig. 4. Char yield as a function of initial sample mass for commercial Avicel®
PH-101 cellulose pyrolysis at a heating rate of 5 K/min for partners #1 to #7.

char yields are higher for cases #6, #7 and especially for the case #3
(9.5%, 12.2%, 21.4%, respectively), which leads to higher values of the
mean char yield and standard deviation. These 3 cases were also the
ones employing a higher initial mass for the experiments (10, 12 and
100 mg for cases #6, #7 and #3, respectively). The correlation shown
in Fig. 4 between initial mass sample and char yield may be due to for
bigger samples, where the retention time of the volatiles in contact with
the sample is increased, secondary charring reactions are promoted
leading to higher char yields [16,51]. The char yield should also depend
on the configuration of sample holder and inert flow.

The DTG experiments were modelled with a first order reaction. The
obtained kinetic parameters and error in the fit for all cases are shown
in Table 3. Moreover, the DTG curves for experiments and model are
shown in Fig. 5 for the cases #1 (left) and #3 (right), considered as
representative cases. The obtained activation energies and (log;o) pre-
exponential factors were on average of 222.0 + 22.1 kJ/mol and
17.03 = 1.81 s™!, respectively. In the previous round robin values of
244 + 10kJ/mol and 19 *+ 1.1 s~ ! were respectively achieved [7].
The averaged error in the fitting was of 2.9 = 1.2%. For most of the
cases the error was very low, around 2%, as shown in Fig. 5 - left for the
case #1. This error took mainly place at temperatures around 350 °C
due to the tail of the DTG curve, which cannot be modelled with a
single reaction. This tail was more pronounced for the cases #3 and #7,
which leads to a higher error (see the DTG curve in Fig. 5 — right for
case #3) and can be attributed to a more relevant char devolatilization
in these cases with a higher char yield. The obtained char yields for

%103 Cellulose #1

O Experiments
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250 300 350 500
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cases #7 and specially #3 were higher than the range reported in the
round robin by Gronli et al. [7], as seen in Fig. 4. In this previous round
robin, the error in the fit was generally lower because it was calculated
for the TG curves and in a narrower temperature range [7].

The obtained results show a good reproducibility of the previously
conducted round robin by Gronli et al. [7]. The peak of reaction rate is
at the same temperature, although with a higher variability. The case
number #5 is the only one clearly outside the general trend, with the
peak being observed at 15 °C less than the average. The obtained ac-
tivation energies are in a similar range, with the exception of case #5
and to a lower extent case #4, where lower values are obtained. It is
also remarkable that for cases #3 and #7 a significant conversion takes
place at temperatures higher than 370 °C, which leads to a higher error
in the fitting as previously commented. This may be related to the
higher values of char yield observed for these two partners (see
Table 3), probably caused by the higher initial cellulose mass (100 and
12 mg for the case #3 and #7, respectively) leading to char devolati-
lization in this region.

It can be concluded from the cellulose results that previous results
from literature could be well reproduced for most of the cases, although
with a slightly higher variability. The main discrepancies were present
in the char yield, which is significantly affected by the initial mass
sample. Mass loss in cellulose pyrolysis is already well understood and
the current results show that deviations are to be expected among ex-
periments conducted from different partners, but they are limited,
especially if small initial sample masses are employed. The next section
will analyse the results of the round robin with beech wood at different
heating rates, which is the main novelty of this work.

3.2. Beech wood pyrolysis

The TG and DTG curves for beech wood pyrolysis at 1, 5, 10 and
20 K/min are shown in Fig. 6 and Fig. 7, respectively. The averaged
heating rate, temperature of the peak and temperature of the shoulder
in DTG curves and char yields are shown in Table 4. The temperature of
the shoulder is calculated from the local minimum of the derivative of
the DTG curve. For the experiments at 1 K/min, the data of #4 is
analysed only in the range from 150 to 450 °C, as the heating rate of the
experiment significantly increases after 450 °C, and data of #5 is not
present as the experiment was conducted at 2 K/min.

As for cellulose, the shape of the curves is similar for all cases, but
some deviations are present. The obtained peak and shoulder

«107 Cellulose #3

O Experiments
Model

da / dt (1/s)

150 200 250 300 350

Temperature (°C)

400 450 500

Fig. 5. Comparison of DTG experiment (circles) and model fitting (line) curves for commercial Avicel® PH-101 cellulose pyrolysis at a heating rate of 5 K/min for the

cases #1 (left) and #3 (right).
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Fig. 6. TG curves for beech wood pyrolysis at heating rates of 1, 5, 10 and 20 K/min for partners #1 to #7.

temperatures in DTG curves at 5 K/min (350.3 = 10.1 and
298.2 * 10.5, respectively) are similar to literature experiments
conducted as well with beech wood at 5 K/min (349 and 295 °C, re-
spectively [8]). The obtained deviations among experiments with dif-
ferent devices are of a similar order as in the previously presented
cellulose pyrolysis round robin. Besides, the deviations from average
presented the same tendency for most cases, e.g. peak of DTG at lower
temperatures than average for #1, #3 and #5 and higher temperatures
than average for #2 and #6.

The obtained averaged heating rates were very close to the targets
for most of the cases, although some deviations were present. In case
#4, the heating rate increased at the end of the experiment. The ex-
periment at 1 K/min was analyzed only until 450 °C, as previously
stated, because at higher temperatures the heating rate became too
high. However, the most critical experiment of #4 is the one at 20 K/
min, as the increase in heating rate takes place already when the con-
version is not high (i.e. a significant fraction of biomass has not yet
pyrolyzed, as opposite to other experiments when the increase in
heating rate takes place when conversion is already very high). In the
experiments of #3 the heating rate is higher at the begin of the ex-
periment for the cases at 10 and 20 K/min. In all other cases the de-
viations were minor.

Regarding the char yields, the obtained deviations are lower than
for cellulose. The highest char yields were obtained for cases #3, with
the highest initial sample mass, and #5. The results are surprising for
case #5 as the initial sample mass was of 3 mg. Cases #6 and #7, with

an initial sample mass of 10 — 12 mg had generally higher char yields
than the other cases with an initial sample mass of 3 mg (#1, #2 and
#4). Besides, the char yield was slightly lower at the lowest heating rate
in some cases, which points out a higher uncertainty in the determi-
nation at these very low heating rates.

3.2.1. Isoconversional KAS method results

The isoconversional KAS method has been applied to determine the
activation energies along conversion for all cases. The Arrhenius plots
are shown in Fig. 8. For a certain conversion, one point is obtained from
each experiment at a different heating rate. Therefore, 4 points are
presented for each conversion, since experiments were conducted at 4
heating rates. The slope of the Arrhenius plots at a certain conversion
determines the activation energy. The quality of the linear fit is good for
most of the cases. There are however two exceptions: the experiment
from #2 at 1 K/min for high conversions (see at o = 0.9 in Fig. 8) and
the experiment from #5 at 20 K/min.

The obtained activation energies from the KAS method and R-
squared values are presented in Table 5 and Table 6, respectively. For
#2 and #5 the values are reported for all heating rates and also without
the experiments considered as outliers (at 1 K/min for #2 and at 20 K/
min for #5). Including all experiments, the obtained R-squared values
were low at all conversions for #5 (values around 0.9) and very low at
conversions higher than 0.8 for #2. These 2 outliers were therefore
easily detected with the isoconversional KAS method, looking at the R-
squared values as well as the Arrhenius plots in Fig. 8. Without the
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Fig. 7. DTG curves for beech wood pyrolysis at heating rates of 1, 5, 10 and 20 K/min for partners #1 to #7.

outliers, the obtained R-squared values are very high for all cases (see
Table 6), obtaining values above 0.99 for the seven data sets for con-
versions between 0.1 and 0.85 (except for #5 without outliers at con-
versions of 0.1 and 0.15, with R-squared values of 0.97 and 0.98). The
R-squared values are a bit worse for some cases at low conversions
(a = 0.05) and they are much worse at high conversions (especially at
a = 0.95).

The obtained activation energies with the KAS method along con-
version are presented in Fig. 9. The values are shown on the top for all
experiments and on the bottom for the experiments without outliers in
cases #2 and #5. The cases with outliers had (together with case #3)
higher activation energies than the other 4 cases. Including them would
lead to an erroneous higher determination of activation energies with
this method. Excluding the experiments considered as outliers led to
lower activation energies in these cases, following the general trend for
case #2 and with lower values for case #5. The predicted activation
energies on average (without outliers) are a bit above 150 kJ/mol at
low conversions and they increase along conversion for all cases,
achieving values above 170 kJ/mol at a conversion of 0.4 and up to
around 180 kJ/mol at a conversion of 0.85 (see Table 5). The obtained
standard deviations until this conversion are in the range 20 — 25 kJ/
mol (25 - 30 for all experiments including outliers). At yet higher
conversions, the activation energies increase significantly, but the

obtained deviations among all cases are much higher. The obtained
results from the KAS method will be critically discussed in the next
subsection.

3.2.2. Model fitting results

The results of the model fitting method are shown in Table 7. Three
components are considered for the fit: cellulose, hemicellulose and
lignin. In Fig. 10, the DTG curves for experiments and model fitting are
shown for case #1 and for all heating rates. In Fig. 11, the DTG curves
for other cases at 5 K/min are shown. The main component is cellulose
(c = 0.57), which has been modelled with a first order reaction and
describes the main peak of the DTG curve. Hemicellulose (¢ = 0.33)
and lignin (¢ = 0.1) describe respectively the shoulder at lower tem-
peratures and the tail at high temperatures with an n'" order reaction.
The error in the fitting is generally low, with values around 2% for all
cases. Similar results are obtained for all cases and the only exception is
case #7, where the best fit was obtained when the first order reaction
describes lignin and cellulose is described with a reaction with an order
lower than one. The error in the fitting was also a bit higher in this case
(3.1%). It should be mentioned that the same initial values were em-
ployed in the fitting routine for the fitted parameters in all cases, and it
was checked that with different values a better fit was not obtained.

The obtained activation energies for cellulose with the fitting
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Table 4

Average heating rate (K/min or °C/min - equivalent units), temperature of the
peak and shoulder in DTG curve (°C) and char yield (%) for beech wood pyr-
olysis experiments at heating rates of 1, 5, 10 and 20 K/min (* result at 2 K/
min, not considered for the mean).

Partner 1 K/min 5 K/min 10 K/min 20 K/min
Heating rate (K/min) #1 1.00 5.00 10.0 20.1
#2 1.00 5.11 10.2 20.4
#3 0.99 5.01 10.7 22.9
#4 1.38 5.32 11.6 25.0
#5 - % 5.40 10.4 19.8
#6 1.00 4.77 10.1 20.8
#7 1.00 5.65 10.1 20.6
Mean 1.06 5.18 10.5 21.4
+0.16 +0.30 +0.6 +19
Peak temperature DTG #1 317.2 343.1 355.5 367.9
curve (°C) #2 335.7 363.0 373.0 387.0
#3 321.5 344.2 355.3 367.5
#4 328.4 353.4 368.5 383.0
#5 314.7 * 334.2 343.7 344.8
#6 327.3 358.7 367.5 377.6
#7 317.9 355.3 372.9 389.2
Mean 324.7 350.3 362.3 373.9
+71 +10.1 +11.1 +15.4
Shoulder temperature #1 268.1 292.8 301.2 316.1
DTG curve (°C) #2 288.8 313.7 323.3 333.4
#3 267.6 293.5 309.8 321.0
#4 274.8 289.7 312.0 320.6
#5 2721 *  285.3 291.0 296.0
#6 278.2 308.0 312.7 321.5
#7 272.9 304.3 314.6 340.1
Mean 275.1 298.2 309.2 321.2
+78 +10.5 +104 + 14.0
Char yield (%) #1 13.9 18.9 20.4 21.5
#2 13.7 20.3 20.3 20.2
#3 27.0 26.5 26.6 26.6
#4 21.7 19.5 20.4 21.6
#5 22.8 * 28.9 27.2 26.8
#6 20.9 21.0 21.9 22.4
#7 20.9 19.7 24.3 22.0
Mean 19.7 221 23.0 23.0
+51 * 39 + 3.0 + 26

routine are around 180 kJ/mol. For hemicellulose lower activation
energies are obtained, around 150 kJ/mol, with an order of reaction
close to two. The obtained standard deviations from all cases are
moderate, especially when not including case #7 (15 and 8 kJ/mol for
cellulose and hemicellulose, respectively). For lignin the obtained ac-
tivation energies (over 300 kJ/mol) and reaction orders (around 7) are
high, and the variability is much higher than for the other compounds.

3.2.3. Comparison of isoconversional KAS and model fitting results

In Table 8 the activation energy values obtained from the fitting and
the isoconversional KAS method are compared. For cellulose, the de-
rived activation energy with the fitting method is compared to the value
from the KAS method obtained at the conversion level with the max-
imum reaction rate in the DTG curve, which is around 0.7. A very good
agreement is obtained between both activation energies and the highest
difference is 5 kJ/mol for case #4. For hemicellulose, the shoulder of
the DTG curve is selected as a representative point for the comparison.
The shoulder is observed at conversions around 0.25 and at this point,
where the curvature of the DTG curves changes, the cellulose and
hemicellulose compounds have a similar relevance (see Fig. 10 and
Fig. 11). Therefore, the activation energy from the KAS method at the
conversion where the shoulder takes place is compared to the averaged
activation energy of cellulose and hemicellulose from the fitting
method. In this case a very good agreement is as well achieved, and the
highest deviation is 7 kJ/mol for case #6. Therefore, the isoconver-
sional KAS method validates the obtained activation energies from the
fitting method obtained for cellulose and hemicellulose. For lignin, the
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comparison is more challenging. The lignin compound in the fitting
method describes the tail at high temperatures in the DTG curve. This
tail starts at conversions around 0.9. The activation energies from the
KAS method at this stage increase for all cases, but also the R-squared
values are lower. At a conversion of 0.95 the R-squared values are al-
ready quite low for most of the cases (see Table 6). For the comparison
with the fitting method, the activation energies of the KAS method at a
conversion of 0.92 are selected. At this stage the R-squared values are
generally acceptable (see Table 8). From the comparison it can be seen
that the results from the isoconversional method suggest that there is an
increase in activation energy during the last stage of conversion, which
was also obtained from the fitting method for lignin, although dis-
crepancies in the obtained values are present.

3.3. Discussion

The conduction of TGA for biomass pyrolysis and its evaluation is
inherently difficult. Cellulose mass loss at 5 K/min can be well de-
scribed with a single first order reaction with a high activation energy
(above 200 kJ/mol). The results of this round robin show however that
standard deviations of 9 °C in the position of the maximum in the DTG
curve at 5 K/min and 22 kJ/mol in activation energy were obtained.
Such deviations are therefore to be expected when conducting experi-
ments with different devices.

For beech wood pyrolysis, the obtained standard deviations in the
positions of the peak and shoulder of the DTG curves (around 10 °C at
5 K/min) are of a similar order as for pure cellulose. These deviations
arise therefore only from the use of different devices with different
operation modes. The variability in TGA data for biomass pyrolysis in
literature is commonly attributed to the inherent heterogeneity in
biomass composition. This work shows that the use of different devices
and methods with the same samples further adds variability in the re-
sults.

The determination of mass loss kinetics from wood pyrolysis is more
challenging than for pure cellulose. As already discussed in the in-
troduction, experiments at different heating rates are required.
Isoconversional methods are a suitable tool to assess the reliability of
wood pyrolysis TGA experiments. The integral isoconversional KAS
method has been applied in this work and it was shown that outliers can
be detected when low R-squared values are present. Two outliers (at
1 K/min for case #2 and at 20 K/min for case #5) were detected from
the 7 data sets with different TGA devices evaluated and therefore re-
moved from further analysis. High R-squared values, over 0.99 during
most of the conversions (except at the very begin and specially at the
end of the conversions) are to be expected from reliable experiments at
different heating rates, as it is the case for the experiments without
outliers in this work.

The kinetics were determined using a fitting method which employs
three parallel reactions (cellulose, hemicellulose and lignin), and vali-
dated with the isoconversional KAS method. A variable reaction order
was assumed for hemicellulose and lignin, and a first order for cellu-
lose. The obtained activation energy for cellulose is high (around
180 kJ/mol), but lower than for pure cellulose. The activation energy
for hemicellulose (around 150 kJ/mol) is lower than for cellulose. In
both cases, the values obtained from the fitting are supported by the
isoconversional KAS method with a good accuracy. For lignin, very high
activation energies are obtained with both fitting and isoconversional
methods (above 200 kJ/mol), but the deviations for different cases are
large.

The obtained deviations in activation energies for cellulose and
hemicellulose with the fitting method and for the KAS method for
conversions up to 0.9 are around 20 kJ/mol (without outliers). These
deviations are of similar order as the results with pure cellulose. A
closer inspection of the results shows that the deviations are especially
higher for case #7, obtaining much lower activation energies than the
average and also significant differences in reaction orders. For the other



A. Anca-Couce, et al. Fuel 276 (2020) 118002

KAS #1 KAS #2
-13 T T T T T -13 T T T T T
o 041 o 01
0.2 o 02
14 + 0.3]] 14 + 0.3|]
o 04 o 04
— 05| |~ 0.5
s 06| |+ 06
=157 o o7|1=-18T o 07|
4 o 08)|d o 08
- 09| | = 0.9
= =
<-16+1 14-16 1 1
z =
17+ 1 177 1
18 . . . . . 18 . . . . .
14 1.5 1.6 1.7 1.8 1.9 2 1.4 1.5 1.6 1.7 1.8 1.9 2
1/TK] x10° 1/TK] %10
KAS #3 KAS #4
13 " " T " v 13 " " T " v
4t
“«
[
;—15 r
4
[
-6
£
17 1
-18
1.4
-13
-14
“
-
;—15 r
4
[
Q-6
£
17
18 . . . . . 18 . . . . .
1.4 15 1.6 1.7 1.8 1.9 2 1.4 1.5 1.6 1.7 1.8 1.9 2
1/TIK] %107 1/TIK] x107
-13
14 + ]
&
—
~-157 1
4
[
<a-16 ¢ 1
=
A7+ 1
18 . . . . .
1.4 15 1.6 1.7 1.8 1.9 2

1/TIK] x10°3

Fig. 8. Arrhenius plots from the KAS method for conversions from 0.1 to 0.9 for beech wood pyrolysis at heating rates of 1, 5, 10 and 20 K/min for partners #1 to #7.

cases, the differences are smaller, but it can yet be detected that lower took place at significantly lower temperatures for case #5, with the
activation energies are obtained for case #5 and higher for case #3. peak in the DTG curve at 15 °C less than the average. This behaviour
These 3 cases (#3, #5 and #7) were also the ones for which higher was also seen in the beech wood experiments for this case (see Fig. 6
discrepancies were found for the cellulose experiments. The conversion and Fig. 7). For cases #3 and #7, a remarkably higher char yield was
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Table 5
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Activation energies (kJ/mol) along conversion from KAS method for all beech wood pyrolysis experiments — data of cases #2 and #5 presented as well without

outliers (#2 at 1 K/min and #5 at 20 K/min).

a #1 #2 #3 #4 #5 #6 #7 Mean #2 No out. #5 No out. Mean (#2, #5 no out.)
0.05 148.9 185.7 169.7 157.4 172.3 173.3 104.5 158.8 + 26.7 166.5 134.8 150.7 + 244
0.1 155.1 179.4 168.6 156.1 182.4 169.2 106.5 159.6 + 25.6 166.0 145.2 152.4 +22.0
0.15 157.7 180.3 172.0 157.1 188.5 169.6 109.1 162.0 + 259 166.8 151.5 154.8 +21.5
0.2 161.1 184.4 177.3 158.8 191.7 172.0 112.6 165.4 + 26.1 169.4 154.7 158.0 + 21.5
0.25 165.2 189.4 184.3 161.2 193.6 175.2 114.4 169.1 + 26.9 172.8 156.3 161.3 + 22.7
0.3 169.8 195.0 190.9 164.1 195.6 178.4 116.8 172.9 +27.7 176.1 157.7 164.8 + 237
0.35 174.2 199.7 195.6 166.7 197.9 181.2 120.0 176.5 + 279 180.5 159.3 168.2 + 24.2
0.4 177.7 203.2 198.3 168.1 200.2 182.7 122.5 178.9 + 28.1 184.4 161.1 170.7 + 24.4
0.45 179.8 204.3 199.5 168.3 201.5 183.2 124.3 180.1 + 28.0 187.4 162.0 172.1 +24.4
0.5 180.8 204.9 200.3 168.6 201.9 183.3 125.5 180.8 + 27.7 188.5 162.4 172.8 + 24.3
0.55 181.2 204.9 200.7 169.6 201.8 183.0 126.4 181.1 +27.4 189.8 162.5 173.3 + 24.2
0.6 181.2 205.5 200.6 170.3 201.4 182.9 127.1 181.3 + 27.2 191.3 162.5 173.7 +24.1
0.65 181.0 206.7 200.3 170.4 201.1 183.0 127.6 181.4 +27.1 193.0 162.6 174.0 +24.1
0.7 180.8 208.3 199.8 170.5 201.1 183.5 128.2 181.8 +27.1 194.0 163.0 174.3 + 239
0.75 180.8 212.4 199.6 170.8 201.4 184.3 128.8 182.6 + 27.6 194.3 163.8 174.6 + 23.7
0.8 181.3 225.6 200.5 171.0 203.0 186.0 129.7 185.3 + 30.2 195.0 165.7 175.6 + 237
0.85 184.0 329.2 207.3 171.5 207.2 190.8 131.6 203.1 +61.3 197.9 170.3 179.1 + 24.8
0.9 211.4 —152.4 321.5 173.8 231.7 216.9 142.9 163.7 + 150.0 212.7 194.0 210.5 + 55.6
0.95 332.3 —218.8 667.6 184.0 125.0 300.6 192.7 226.2 + 265.4 131.8 16.6 260.8 + 207.7

Table 6

R-squared values from KAS method for all beech wood pyrolysis experiments — data of cases #2 and #5 presented as well without outliers (#2 at 1 K/min and #5 at

20 K/min).
a #1 #2 #3 #4 #5 #6 #7 Mean #2 No out. #5 No out. Mean (#2, #5 no out.)
0.05 0.9849 0.9966 0.9947 0.9995 0.8061 0.9966 0.9773 0.9651 + 0.0706 1 0.9184 0.9816 + 0.0291
0.1 0.9949 0.9984 0.9965 0.9993 0.8672 0.9978 0.9947 0.9784 + 0.0491 0.9999 0.9662 0.9928 + 0.0119
0.15 0.9965 0.9983 0.9971 0.9995 0.8925 0.9975 0.997 0.9826 + 0.0398 0.9998 0.9835 0.9958 + 0.0056
0.2 0.9968 0.9980 0.9972 0.9993 0.9023 0.9976 0.9985 0.9842 + 0.0361 0.9999 0.9907 0.9971 + 0.0031
0.25 0.997 0.9977 0.9974 0.9993 0.9034 0.9976 0.9984 0.9844 + 0.0357 0.9999 0.9936 0.9976 + 0.0021
0.3 0.9972 0.9971 0.9979 0.9989 0.9011 0.9973 0.9973 0.9838 + 0.0365 1 0.9941 0.9975 + 0.0018
0.35 0.9975 0.9971 0.9984 0.9989 0.8980 0.9966 0.9969 0.9833 + 0.0376 1 0.9938 0.9974 + 0.0020
0.4 0.998 0.9974 0.9987 0.9989 0.8965 0.9956 0.9969 0.9831 + 0.0382 1 0.993 0.9973 + 0.0024
0.45 0.9985 0.9979 0.9989 0.9988 0.8955 0.9943 0.997 0.9830 + 0.0386 1 0.9923 0.9971 + 0.0028
0.5 0.999 0.9981 0.9991 0.9985 0.8965 0.993 0.9972 0.9831 + 0.0382 1 0.9919 0.9970 + 0.0032
0.55 0.9994 0.9984 0.9992 0.9981 0.8990 0.9919 0.9975 0.9834 + 0.0373 1 0.9916 0.9968 + 0.0036
0.6 0.9997 0.9986 0.9991 0.9976 0.9026 0.9916 0.9976 0.9838 + 0.0359 1 0.9918 0.9968 + 0.0036
0.65 0.9998 0.9987 0.9991 0.9972 0.9069 0.9917 0.9979 0.9845 + 0.0343 1 0.9924 0.9969 + 0.0034
0.7 0.9999 0.9986 0.999 0.9968 0.9118 0.9918 0.9981 0.9851 =+ 0.0325 1 0.9932 0.9970 + 0.0033
0.75 0.9999 0.9978 0.9989 0.9964 0.9170 0.9922 0.9982 0.9858 + 0.0304 1 0.9943 0.9971 + 0.0030
0.8 0.9998 0.9937 0.9986 0.9961 0.9235 0.9926 0.9979 0.9860 + 0.0277 1 0.9959 0.9973 + 0.0026
0.85 0.9997 0,6652 0.9979 0.9960 0.9328 0.9924 0.9967 0.9401 + 0.1235 1 0.9983 0.9973 + 0.0026
0.9 0.9968 0.2786 0.9954 0.9973 0.9504 0.9832 0.971 0.8818 + 0.2665 0.9994 0.9965 0.9914 + 0.0104
0.95 0.7913 0.7932 0.9721 0.9459 0.1091 0.6413 0.8536 0.7295 + 0.2949 0.0266 0.0036 0.6049 + 0.4173

obtained for cellulose, as well as a higher error in the fitting due to char
devolatilization at temperatures higher than 370 °C. It is not clear if this
influences also significantly the beech wood experiments, but anyhow
in both cases the deviations were higher for cellulose and also the
highest initial mass samples were employed. If these cases for which
deviations were already present for cellulose are not considered for the
beech wood analysis, the obtained standard deviations are much lower.

The averaged kinetic parameters for cases #1, #2 (without 1 K/
min), #4 and #6 are shown in Table 9 and the obtained activation
energies with the KAS method in Fig. 12. These selected cases are the
ones which could reproduce with a good accuracy the experimental
results with pure cellulose and for case #2 the experiment at 1 K/min
was not considered after an analysis of the results applying the iso-
conversional KAS method. The previously described trends remain the
same, but the obtained deviations are quite lower, with 10 or less kJ/
mol for the conversions up to 0.9 with beech wood, as well as for the
cellulose and hemicellulose compounds in beech wood and for pure
cellulose. Besides, the averaged activation energy of the cellulose
component in the selected cases (183.9 * 10.3 kJ/mol) is higher than
when considering all cases (174.6 + 25.3 kJ/mol) and very close to
the values commonly reported in literature from detailed analysis (in

10

the vicinity of 47 kcal/ mol — 197 kJ/mol - according to Burnham et al.
[521).

It also interesting to discuss possible causes leading to results out-
side the general trends for cases #3, #5 and #7, which are the finally
not selected cases because they could not reproduce the results with
pure cellulose. For cases #3 and #7 higher initial masses were em-
ployed than other cases (see Table 1). It is therefore advised to employ
initial masses lower than 10 mg (the exact value probably depends on
the device), as higher values led to deviations in this work. This is
consistent with previous literature works with cellulose, which showed
that thermal lag can only be completely avoided with samples of a few
mg at low heating rates (up to 10 K/min) and even smaller samples at
higher heating rates [52,53]. Despite it, initial sample masses of 10 mg
and higher are still commonly employed in literature for determining
biomass pyrolysis kinetics, as shown in the review of recent works
presented in the introduction, where the initial sample mass was on
average of 9.2 = 5.0 mg. For case #5, with an initial sample mass of
3 mg, it was found after the experiments of the round robin that dif-
ferences in the peak temperature (15 °C lower than the average for pure
cellulose) was due to: 1) the temperature calibration, as a recalibration
considering the nonlinear behaviour of the furnace lead to a difference
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Fig. 9. Activation energies along conversion (KAS method) for all experiments (top) and for experiments without outliers (#2 at 1 K/min and #5 at 20 K/min -
bottom) for beech wood pyrolysis.

Table 7

Kinetic parameters from model fitting method for beech wood pyrolysis for the components hemicellulose (HC), cellulose (CEL) and lignin (LIG) derived from all
experiments without outliers (#2 at 1 K/min and #5 at 20 K/min).

#1 #2 #3 #4 #5 #6 #7 Mean Mean
No out No out No #7
HC log10(A) [s71 11.50 10.46 12.86 11.66 11.38 11.97 7.48 11.04 *1.73 11.64 +0.78
E [kJ/mol] 147.1 140.5 161.7 150.6 143.6 154.8 107.8 143.7 *17.3 149.7 +*77
n [-1 1.78 1.81 1.79 2.33 1.99 1.84 0.82 1.76 + 0.46 1.92 +0.22
c [-1 0.324 0.378 0.331 0.370 0.328 0.326 0.225 0.326 + 0.050 0.343 +0.024
CEL logi1o(A) [s™1 12.90 14.06 14.63 12.29 11.52 12.80 8.01 12.32 *217 13.04 +1.14
E [kJ/mol] 179.2 198.9 199.6 175.8 160.8 181.8 126.0 174.6 +25.3 182.7 +14.8
n [-] 1 1 1 1 1 1 0.56 0.94 +0.17 1 *0
c [-1 0.579 0.552 0.542 0.563 0.567 0.571 0.662 0.576 + 0.040 0.562 +0.013
LIG logio(A) [s™11 18.55 31.10 25.17 21.24 36.04 15.88 4.70 21.81 +10.32 24.66 +771
E [kJ/mol] 268.2 440.7 347.6 305.7 461.1 238.9 97.2 308.5 +124.8 343.7 +90.9
n [-1 5.88 7.62 7.26 5.20 11.47 4.82 1 6.18 *3.19 7.04 * 2.44
c [-1 0.097 0.070 0.128 0.067 0.105 0.104 0.113 0.098 + 0.022 0.095 +0.023
Error fit (%) 2.32 2.04 2.34 2.61 1.74 2.61 3.14 2.40 +0.45 2.28 +0.34
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Fig. 10. DTG experiments (circles) and model fitting (line) for beech wood at heating rates of 1, 5, 10 and 20 K/min for case #1.

of 3.8 °C in the peak temperature for cellulose (the furnace was ori-
ginally calibrated with melting points of 5 pure metals including Ag and
Au - melting points of 962 and 1064 °C -, which led to deviations at
lower temperatures), and 2) over geometry and purge gas flow direc-
tion, as the purge gas flows downwards in the employed device (as
opposite to the most common devices) promoting the decomposition;
and this effect can be diminished by using pan lids, leading to a dif-
ference of 7.2 °C in the peak temperature for cellulose.

Furthermore, deviations in the target heating rate were present for
case #3 at 10 and 20 K/min. Additionally, for case #4 the heating rates
were higher than the target. A detailed analysis shows that the ex-
periment at 20 K/min of case #4 is slightly outside the general trend,
which is probably due to the higher heating rates obtained in that ex-
periment when a significant conversion was still taking place. Slightly
higher activation energies would be obtained for case #4 without the
experiment at 20 K/min, but the current deviations are considered
acceptable.

Other characteristics of the employed TGA instruments and methods
besides the initial sample mass have shown to not be critical for de-
riving reliable kinetics. The finally selected cases as the most reliable
(#1, #2 without outlier, #4 and #6) span the whole range of tested
possibilities regarding TGA configuration type (horizontal and vertical),
N, purge flow, sensitivity and temperature accuracy (from the lowest to

12

highest values), sample holder (ceramic, platinum and alumina) and
calibration method (Curie point or melting point), as shown in Table 1.

The results of this work show that a certain variability is present in
the experimental results employing several TGA devices with beech
wood and pure cellulose pyrolysis, and it is of a similar order regarding
temperature differences than in the round robin conducted by Gronli
et al. [7] with pure cellulose. However, these deviations can lead to
larger discrepancies in the calculated activation energies for beech
wood pyrolysis, where several components decompose in parallel. This
result should not discourage the use of TGA to determine kinetics, but
this needs to be conducted with care, reproducing first TGA results of
pure cellulose and employing isoconversional methods as suggested in
this work to validate the reliability of the experiments. Besides, kinetics
should be derived with reliable methods, as in this work combing fitting
and isoconversional methods, which is not always the case in literature
and adds further variability to the reported values.

Finally, it is not the target of this work to claim that the conducted
kinetic analysis for beech wood pyrolysis is the optimal one. A parallel
scheme was selected as it is the most common option in literature and it
provides reasonable results for mass loss, although it cannot predict the
yield of different products as char or bio-oil. An n' order reaction for
hemicellulose and first order reaction for cellulose provided good re-
sults. The determination of the lignin parameters is more complicated
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Fig. 11. DTG experiments (circles) and model fitting (line) for beech wood at a heating rate of 5 K/min for cases #2 to #7.

and the employed n™ order reaction is one possible alternative. With
the current approach the lignin component is modelling only the tail at
high temperatures. Lignin pyrolysis actually covers a wider temperature
range and it starts reacting at low temperatures [54]. In fact, the pro-
portion of lignin in hardwood is around 22% [55], which is higher than
the = 10% proportion of the lignin component in the fittings in this
work. It is already known that the proportions of each component in a
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parallel reaction scheme derived from the fitting method with TGA data
does not completely resemble the biomass composition, due to inter-
action of compounds or different char yields. The high deviation in this
case for lignin is also due to lignin reactions taking place at lower
temperatures which are not covered by this component in the current
fitting. Additionally, a very high reaction order is obtained in this work
for lignin. This high reaction order, and probably also the very high
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Comparison of activation energies in kJ/mol with fitting method for cellulose (CEL), hemicellulose (HC) and lignin (LIG) and KAS isoconversional method at selected
points derived from all experiments without outliers (#2 at 1 K/min and #5 at 20 K/min).

#1 #2No out #3 #4 #5No out #6 #7 Mean

Fit CEL 179.2 198.9 199.6 175.8 160.8 181.8 126.0 174.6 +253
a maximum (-) 0.713 0.735 0.693 0.723 0.674 0.698 0.711 0.707 +0.020
KAS a maximum 180.8 194.2 199.9 170.6 162.8 183.5 128.3 174.3 +23.9
Difference CEL([Fit CEL — KAS max.] -17 4.7 -0.3 5.1 -2.0 -17 -2.3 0.3 *3.2
Fit HC 147.1 140.5 161.7 150.6 143.6 154.8 107.8 143.7 +17.3
Fit (HC + CEL)/2 163.1 169.7 180.7 169.6 152.2 168.3 116.9 159.1 +20.5
a shoulder () 0.250 0.283 0.261 0.247 0.242 0.249 0.252 0.255 +0.014
KAS o shoulder 165.3 175.0 185.7 160.5 156.0 175.1 114.5 161.7 +23.1
Difference HC[Fit (HC + CEL)/2 — KAS sh.] -2.2 -5.3 -5.0 2.7 -38 -6.8 2.4 -2.6 +3.8
Fit LIG 268.2 440.7 347.6 305.7 461.1 238.9 97.2 308.5 +124.8
KAS o = 0.92 283.6 249.5 412.6 177.2 257.1 263.2 160.7 257.7 +82.3
R-squared a = 0.92 (-) 0.956 0.990 0.999 0.999 0.851 0.888 0.873 0.937 +0.065
Difference LIG[Fit LIG - KAS a = 0.92] -15.4 191.1 -65.0 128.5 204.0 -24.3 -63.5 50.8 + 425

activation energy for lignin in some cases, is mainly an artefact so that 240 [

it is possible to model a compound with a relatively flat DTG curve, 220 o Finally selected data sets

. . .. . . . . (#1, #2 no out., #4, #6)

which in principle can be obtained for one single reaction with a low

activation energy (which is not meaningful according to the KAS _ 200

method) or a high reaction order (which was the case of this work). This g 180 § § % i i % i % } } ;

high reaction order does not represent a real chemical phenomenon and ) § § i § §

it rather masks the complexity of several consecutive chemical reac- E 160

tions being modelled with one single reaction. These issues (proportion 140 L

and reaction order of lignin) are however not a main limitation of this

work, as it was an advantage that the lignin compound was covering 120

only the conversion at higher temperatures, to have an easier com- 100

parison with isoconversional methods at high conversions. Anyhow, the 0 0.2 0.4 0.6 0.8 1

obtained high values for the activation energy of lignin should be taken
with caution, specially when there are big differences with the values
from isoconversional methods. Furthermore, this work supports that for
lignin a first order reaction or low activation energies [9,54] (which are
employed/derived in many works, and are commonly cause and con-
sequence respectively), are not supported by isoconversional methods,
at least for the high conversion region. However, other models may be
more suited to describe lignin than the one employed here (e.g. DAEM
[14]). Other reaction models can also be employed for cellulose and
hemicellulose, but the obtained activation energies should be supported
by isoconversional methods, as in this work.

4. Conclusions

The determination of mass loss kinetics for biomass pyrolysis is still
an unresolved topic, due to the broad range of values reported in lit-
erature. An international round robin of TGA pyrolysis experiments
with pure cellulose and beech wood has been conducted by 7 partners.
Cellulose pyrolysis has been modelled with one first order reaction and
beech wood pyrolysis with 3 parallel reactions employing a fitting
routine. The isoconversional KAS method has been employed to support
the kinetic analysis for beech wood. It was shown that certain devia-
tions are obtained in DTG curves for all cases, of around 10 °C in the

Table 9

Conversion (-)

Fig. 12. Activation energies and standard deviations along conversion (KAS
method) for selected cases #1, #2 (without outlier at 1 K/min), #4 and #6 for
beech wood pyrolysis.

position of the peak at 5 K/min and 20 — 30 kJ/mol in the predicted
activation energies for cellulose, hemicellulose and conversions up to
0.9 for beech wood. Higher deviations are obtained for yet higher
conversions and for lignin.

The following method [9,16] for determining biomass pyrolysis
kinetics has been employed and is hereby recommended in order to
increase the reliability of kinetics derived from biomass pyrolysis:

® Pure cellulose pyrolysis experiments conducted at 5 K/min from
Gronli et al. [7] should first be reproduced, in order to assess the
employed TGA device and methods. This study shows that a good
reproducibility can be generally obtained and the cases with higher
deviations were the ones who led to higher discrepancies in the
determination of kinetics for beech wood. Relevant examples were
two cases for which an initial mass higher than 10 mg was em-
ployed, leading to a significantly higher char yield. As often stated
in literature, lower initial mass samples are recommended to avoid

Averaged kinetic parameters from model fitting method and comparison of activation energies to from fitting and isoconversional KAS method for selected cases #1,

#2 (without 1 K/min), #4 and #6.

Beech wood Pure cellulose

Hemicellulose Cellulose Lignin
Fit log10(A) ™ 11.40 =+ 0.65 13.02 =*=0.75 21.69 =+ 6.64 16.83 +0.69
E (kJ/mol) 1482 =*6.0 183.9 =*=103 3134 =*=89.2 220.7 =82
n(-) 1.94 + 0.27 1 - 5.88 + 1.24 1 -
c() 0.350 +0.028 0.566 = 0.012 0.084 =*=0.019 - -
Ea KAS (kJ/mol) [a shoulder, max., 0.92] 169.0 =*=7.3 182.3 =*+9.7 243.4 +46.3 - -
Difference (kJ/mol) [Fit (HC + CEL)/2 — KAS shoulder, Fit CEL — KAS max., Fit LIG-KAS a = 0.92] —-29 *42 1.6 + 3.8 70.0 +106.9 - -
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thermal lag.

® Pyrolysis experiments with biomass should be conducted at different
heating rates and isoconversional methods should be employed in
order to validate the reliability of the experiments, as well as of the
derived kinetic parameters from a fitting method. This study shows
that high R-squared values (over 0.99), except at very low and high
conversions, are to be expected from isoconversional methods.
Outliers who clearly did not fulfil this criterium were detected for
two separate cases and not considered for further analysis. Finally,
isoconversional methods should support the activation energies for
cellulose and hemicellulose derived with a fitting method, while
higher quantitative deviations are expected for lignin.

Following strictly this method, the data of three out of seven cases in
this work was not selected for the final evaluation, and for a fourth one
the data at one heating rate was disregarded. The deviations in the
values of activation energy for these selected cases following the pre-
vious method were of 10 kJ/mol or lower (less than half than when
considering all experiments), except for lignin. An activation energy of
around 180 kJ/mol was obtained for the cellulose component in beech
wood, which was a bit lower than for pure cellulose. A value of 150 kJ/
mol was derived for hemicellulose while the in the case of lignin the
value was higher than 200 kJ/mol. This method does not completely
guarantee that optimal kinetics are derived, but at least ensures that the
obtained kinetics are chemically meaningful and can help in the effort
to reduce the variability in biomass kinetics in literature, which can be
attributed to a significant extent to the lack of consistency in data ac-
quisition and kinetic analysis of TGA experiments.
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