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Abstract: Thermal degradation of lignin in nitrogen atmosphere is evaluated by linear heating and
isothermal tests. While linear heating suggests that thermal decomposition in the 200-400 °C range
mainly consists of a single step, a careful analysis of isothermal tests points to different lignin fractions
having different stabilities. This is an important point for practical predictions, since kinetics obtained
as if the degradations at different temperatures were the same would lack practical utility. Instead,
stairway type tests are proposed to evaluate the degradation rates and sample quantities involved at
the temperatures of interest.
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1. Introduction

Lignin is a natural phenolic polymer with high molecular weight and a complex
composition and structure [1-5]. It is a highly heterogeneous polymer derived mainly
from three different precursor lignols that crosslink in different ways: paracoumaryl
alcohol, coniferyl alcohol and sinapyl alcohol [6]. Many phenolics are recognized as
lignin monomers and they couple radically, resulting in a polymer with bewildering
complexity [2]. While the presence of these monomers has been largely reported, the
development of new analytical tools, along with analyses of lignin structures from a
broader range of plant species, has led to the discovery of many additional monomers,
giving rise to a rich diversity of polymers with different physicochemical properties [7].
Lignin, along with cellulose and hemicellulose, is one of the main components of plant
cell walls and plays an important role in the plant growth, water management and its
environmental adaptability [1]. Covalent bonds appear between hemicellulose and lignin,
conferring mechanical strength to the cell wall and therefore to the plant [8]. Lignin is the
major cause of lignocellulosic biomass recalcitrance to efficient industrial processing [9]. It
represents a highly underutilized natural polymer that is generated during papermaking
and biomass fractionation [10]. A number of processes are used to extract and isolate lignin
from the cells, resulting in materials of different composition and properties [11].

From an engineering point of view, lignin is a promising renewable aromatic feed-
stock [12,13] used to produce high-value products, such as biochemicals, biomaterials, and
biofuels, as a sustainable alternative to petroleum [14]. Some of these products can be
obtained by pyrolysis, but the yield of polymeric compounds remains too low to be eco-
nomically attractive. It was suggested that oxygen in the biopolymer may oxidize the first
degradation monomeric products. Thus, it was proposed that addition of other substrates
may help to achieve a selective oxidation of the monomers to chemicals instead of gas or
solid [15]. Some studies focused on obtaining lignins with different structures from mutant
and transgenic plants [5]. Thus, shorter and less hydrophobic lignins with fewer bonds to
hemicelluloses can be obtained [16]. Moreover, a number of chemical methods have been
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proposed to obtain lignin copolymers [17-19]. Several types of industrial lignin exist as
a result from the inherent natural variation in lignin subunit composition and structure,
and the process by which it is extracted from the biomass [14,20]. Pyrolysis, which is
defined as thermal degradation in the absence of oxygen, is the most economical way to
generate energy from lignocellulosic biomass [21]. Thermogravimetry (TG) is frequently
used to evaluate thermal degradation of lignin. Pyrolysis of lignin is a highly complex
process involving an enormous amount of initial, intermediate and final products. In the
midst of all these complexities, a variety of kinetic studies have been conducted, making
use of different approaches [22-26]. Faravelli et al. proposed a lignin devolatilization
model that allows for the prediction of its degradation rates [22], while Poletto and Zattera
applied Kissinger’s method to TG data to study Klason lignin degradation processes [23].
In addition, Jiang et al. extended these studies to alkaline lignin, hydrolytic lignin and
organosolv lignin [24]. As shown above, given the interest and complexity of the study of
lignin composition and structure, there is a large number of works focused on the kinetic
study of pyrolysis processes. Apart from those mentioned above, we can mention the
works of Ferdous et al. where the distributed activation energy model was used to analyze
the pyrolysis reactions and calculate the kinetic parameters of Alcell and Kraft lignins from
TGA [27], as Beis et al. conducted from fast pyrolysis [28]. Additionally from TG data,
Manya et al. claim that lignin pyrolysis degradation follows a third-order reaction rate
law [29], while Murugan extended the kinetic study to Differential Scanning Calorimetry
(DSC) [30]. Recently, numerous papers related to the kinetic study of lignin pyrolysis have
appeared [25,31-34]. It was reported that, due to the heterogeneous features of lignin, its
thermal degradation behavior depends on the pyrolysis temperature. Primary pyrolysis
reactions were reported around 350 °C while secondary reactions were described in the
ranges from 400 to 450 °C and from 550 to 600 °C [13]. However, initial degradation was
also reported between 120 and 300 °C [35]. A maximum degradation rate was reported to
take place in the 246-259 °C range [30]. Other studies identified three stages of pyrolytic
reactions, being one-step isoconversional analysis not suitable to analyze lignin pyrolysis
kinetics as it involves multi-step reactions [32]. Despite extensive study on the thermal
degradation of lignin, the mechanisms and kinetics of the reaction are still not entirely
clear [22]. Therefore, a thorough understanding of the dependence of thermal degradation
on temperature and time is crucial to improve efficiency of pyrolysis systems. The interest
of this work is to evaluate to what extent it makes sense to study the kinetics of lignin
decomposition at different temperatures as if it were the same process or if, on the con-
trary, degradations at different temperatures should be considered as different processes.
From a practical point of view, stairway type tests are tested as a method to evaluate the
degradation rates and sample quantities involved at the temperatures of interest.

2. Materials and Methods

The material used for this work was an alkali, a low sulphonate content lignin with
Mn = 10,000 and Mw = 60,000, which was purchased from Aldrich.

A TA Instruments SDT 2950 was used for all experiments. It is a simultaneous DSC-
TGA instrument that has thermocouples in contact with the sample and reference capsules,
and therefore measures the sample temperature more directly than pure TGA instruments,
in which the thermocouple is located close to, but not in direct contact with, the sample.

Samples of about 10 mg were placed into open alumina crucibles. A purge of N2 was
used at a rate of 100 mL/min in all experiments. Three types of experiments were done:

- Linear heating. A constant 10 °C/min heating rate was applied through the experiment.

—  Two-step isothermal experiments. An isothermal step at the desired temperature
was preceded by a linear 10 °C/min heating ramp from room temperature to 90 °C,
followed by a 20 min isothermal step and a linear 30 °C/min heating step up to the
targeted temperature. The experiment was then allowed to continue until a clear
trend of the mass evolution with time was observed.



Processes 2021, 9, 1154

30f9

—  Stairway heating. Isothermal steps at 90, 100, 150, 200, 250 and 300 °C were chained
by 10 °C linear heating steps.

The experimentally obtained isothermal time derivative TG (DTG) curves were fitted
by a time derivative logistic function. This function is suitable for accurately representing
degradation curves of cellulose and other polymers accurately [36-38].

3. Results

Figure 1 shows a TG plot together with a DTG plot obtained from a 10 °C/min lin-
ear heating ramp of lignin. The strongly overlapping mass loss processes can be easily
identified as peaks and shoulders in the DTG curve. The processes appear predominantly
grouped in three temperature ranges: (a) from the beginning of the experiment to approxi-
mately 185 °C, (b) from 185 to 565 °C and (c) from 565 to the end of the experiment. The
peak with maximum at 58 °C mainly corresponds to water. There is a shoulder in this peak
at about 100 °C that can be assigned to volatile compounds other than water. Some initial
degradation reactions were also reported in this temperature range [35]. In the 185-565 °C
range a maximum is observed at 315 °C. This peak along with a small shoulder in the low
temperature side can be assigned to primary pyrolysis reactions, while a big shoulder in
the 400-565 °C range can be assigned to secondary reactions [13]. Strongly overlapping
processes also appear in the high temperature range, above 565 °C. These processes corre-
spond to further degradation of char and were not concluded at 1000 °C. Figure 2 shows
an overlay of the TG and temperature curves obtained from the two-step isothermal tests.
During the first isothermal step, the measured temperature was practically the same in all
experiments. Differences in mass between experiments during that step are not relevant
compared to the degradation process and come from sample variability. A vertical line
in the temperature and mass plots helps to see that the higher the target temperature, the
longer the time needed to reach that target temperature. Simultaneously, a higher mass
loss is observed for higher target temperatures. It can be observed how the mass tends
to stabilize more slowly at temperatures in the middle range. A close look at the ramp
transition to the isothermal state, Figure 3, allows one to see that before the temperature
stabilizes, a temperature oscillation occurs. Simultaneously to that temperature oscillation,
the DTG curve shows that the process triggered during the ramp has not yet entered a
stable condition. For this reason, only the data to the right of the vertical line in this figure
were used to fit the time derivative generalized logistic function. It can be seen that the
fit line matches quite well with the DTG curve to the right of the vertical line. Figure 4
shows how the mass loss as measured from the end of the first isothermal step to the end
of the experiment increases with temperature. The mass loss obtained from the isothermal
segment fits of the DTG curves, represented by the ¢ parameter of Equation (1), is also
displayed on the same figure. Figure 5 plots the rate factor values, represented by the b
parameter of Equation (1), obtained from the fittings with respect to the temperature at
which each isotherm took place. Figure 6 represents the TG curve obtained in a stairway
heating along with temperature. It is clearly seen that the mass losses below 250 °C are
little in comparison with those at 250 °C and 300 °C.
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Figure 1. TG and DTG plots obtained from a 10 °C/min linear heating ramp of lignin.
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Figure 2. Overlays of TG (a) and temperature (b) curves obtained from 12 two-step isothermal tests.



Processes 2021, 9, 1154

50f9

300 4
250 .
------------ Temperature
g, 2004 ssssssss ::)IG
i
g -2
2
™ 150
[
a -1
E
100
Iq—J \'M;
50 0
0 T T T T T T T -1
20 30 40 50 60 70 80 90 100
Time (min)

Figure 3. Plot of the fitting of a DTG curve by a time derivative generalized logistic function.
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Figure 4. Plot of the mass loss obtained in isotherms versus the temperature of the isotherm.
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Figure 5. Plot of the rate factor obtained from the fittings versus the temperature at which the
isotherms were performed.
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Figure 6. TG plots obtained in a stairway heating.

4. Discussion

Figure 1 shows that when the sample is subjected to linear heating, there are several
strongly overlapping mass loss processes. It is important to note that the DTG curve does
not reach a zero value at any time, confirming that all mass loss processes overlap at least
with one other. The mass loss observed in the range from room temperature to about
186 °C, with maximum at 72 °C, can be attributed to water evaporation. However, there
is a significant asymmetry in the DTG peak, with a shoulder on the right side that can
be attributed to other volatiles. A major degradation step, with a maximum at 317 °C, is
consistent with primary pyrolysis reactions. A prominent shoulder in the 425 to 570 °C can
be assigned to secondary lignin pyrolysis reactions [13]. Assuming that the process with
maximum at 72 °C mainly corresponds to water and minor volatiles, an isothermal step
at 90 °C was maintained for 20 min in all two-step isothermal tests. That step is aimed to
minimize any possible overlap of the first mass loss process with the primary pyrolysis.
Figure 2 shows the TG curves obtained in these two-step isothermal tests. In principle,
if what was being studied at different temperatures after the 90 °C step was a single
process, the mass loss measured from the end of the 90 °C step to the end of the experiment
would be the same, although the time required to obtain the constant mass would be
shorter at higher temperatures. However, the plots of Figure 2 show a different mass loss
at each temperature, which suggests that different mass loss processes exist at different
temperatures. Being different processes, the temperature dependence can be different from
one to another. In addition, some of the processes may co-exist at some temperatures,
which would add complexity to a possible kinetic interpretation. That is consistent with
the fact that lignin is a complex compound. Thus, different lignin fractions may behave
differently in respect of thermal stability. It can be observed that for temperatures below
187 and above 285 °C, a constant mass is practically reached in the experimental time. But,
at temperatures between 187 and 289 °C, a constant mass is not reached in the same period
of time. That is an indication that, in that temperature range, reactions occur at a much
slower rate. It is also observed that, when enough time is provided, different amounts
of residue are obtained at different temperatures. This confirms that the sample fractions
involved in processes occurring at different temperatures is also different. In general,
these isothermal TG curves seem to follow asymptotic trends, which can be reproduced
by generalized logistic functions. In line with previous works, fitting on DTG curves is
preferred to that on TG curves in order to better reproduce the mass loss rate [36-38]. Thus,
time-derivative generalized logistic functions were used to fit the segments of DTG curves
obtained under isothermal conditions. These functions can be written as

y(©) = (c - b - exp(=b-(tapm — 1)))/(1 + T - exp(—b-(tapm — t))) 1*/7 1)
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where c represents the area of the peak, t;,, is the time at the peak maximum, b is a rate
factor and 7 is a symmetry factor. Thus, ¢, represents the mass loss involved in the process,
and the same value of ¢ should be obtained for the same process at any temperature. The
higher the extent of the process recorded under isothermal conditions, the higher the
possibility of comparing the shape of the fitting with that of the DTG curve. Although,
ideally, the whole process could be recorded under isothermal conditions, in practice,
that is not possible. In the experiments presented in Figure 2, the TG curves show that
an important part of the process took place along the ramp step preceding the isotherm.
Nevertheless, the c parameter represents the mass loss of a single process as a whole,
no matter if only a part of the process is used for the fitting. Consequently, apart from
reliability, the fact of including a higher or lower extent of the process in the fitting does not
affect the value of c. The fitting of each of the isothermal curves was performed with the
Gnumeric software by means of the NLsolve algorithm [39]. Figure 4 shows a comparison
of the ¢ values obtained from the fittings with the mass losses measured from the end of
the isothermal step at 90 °C to the end of the experiment. While at 97 °C the value of
¢ practically matches that of the measured mass losses, there is an increasing difference
with temperature so that the measured mass loss is higher than the c parameter. This is
a clear indication that the measured mass loss, which is measured from the end of the
first isotherm, involves more processes than inferred from the isothermal data used for
the fitting. In fact, Figure 3 clearly shows two overlapping peaks that appear to continue
during the isothermal step. While the rate factor was expected to grow with temperature,
Figure 5 shows a different trend which suggests that important parts of the degradations
took place before the isotherm and therefore, could not be used for the fittings. Thus, no
reliable kinetics can be extracted from these data, but the isothermal tests provide a better
understanding on how different degradation rates can be obtained at different temperatures
and why a degradation process can last longer at an intermediate range of temperatures.
Finally, Figure 6 clearly shows that, in general, mass tends to stabilize with time at each
given temperature step. Then, a further increase in temperature leads to a new mass loss
process, and so on, illustrating how different mass loss processes take place at different
temperatures. However, it is remarkable that the step at 250 °C involves a higher mass
content than the other steps at lower and higher temperatures. It is at that temperature
where the highest degradation rate is observed, which is in line with other observations [30].
In addition, the mass stabilization trend observed at 250 °C is slower than that observed
at the other temperatures. This can be considered as the result of a significant amount of
sample undergoing a process that is relatively slow at that temperature.

5. Conclusions

Thermal degradation of lignin in nitrogen atmosphere was evaluated through linear
heating and isothermal tests.

Linear heating suggests that thermal decomposition in the 200—400 °C range mainly
consists of a single step; however, isothermal tests indicate that there are different degrada-
tion processes within that temperature range. This points to the fact that different lignin
fractions have different stabilities. The mass losses that can be obtained at temperatures
below 250 °C are little in comparison with those at 250 °C and 300 °C.

It is suggested that practical predictions on thermal stability of lignin cannot be based
only on kinetics obtained as if lignin degradations at different temperatures were the same
process. Instead, temperature stairway type tests similar to the one used here could be
applied to the different types of lignin in order to be able to evaluate their degradation
rates and amounts of sample involved at the temperatures of interest.

In the end, isothermal tests provide a better understanding on how different degrada-
tion rates can be obtained at different temperatures, and why a degradation process can
take a longer time at an intermediate range of temperatures.
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