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ASSESSMENT OF THE THERMAL BEHAVIOR OF LIGNINS
FROM SOFTWOOD AND HARDWOOD SPECIES

Matheus Poletto™

ABSTRACT

The thermal behavior of lignins from softwood and hardwood species has been investigated using
thermogravimetry and differential scanning calorimetry. Klason Lignin from Pinus taeda and Klason
lignin from Eucalyptus grandis were studied. The differential scanning calorimetry results showed
that both Klason lignins studied presented similar glass transition temperature. Thermogravimetric
results showed that the lignin degradation occurs in three stages. The Klason lignin of Pinus taeda
is more thermally stable than Fucalyptus grandis, probably because of the higher thermal stability of
the guaiacyl units in softwood lignin. The degradation of both lignins initiate by a diffusion process.
However when the conversion values are higher than 0,1 the lignin degradation mechanism is a
complex procedure and involves the degradation of a highly condensed aromatic structure formed at
the previous degradation stages.
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INTRODUCTION

The increased interest in the conversion of wood and its components for producing alternative
fuels and chemicals necessitates a fundamental understanding of the main characteristics, composition,
thermal behavior and processes involving pyrolysis of biomass (Ferdous et al. 2002, Brosse et al.
2010, Wang et al. 2015). Knowledge of the kinetics of thermal reactions is vital for predicting thermal
behavior of biomass materials such as lignin ((Ferdous et al. 2002, Wang et al. 2015).

Lignin is a complex three-dimensional network natural polymer that serves as a continuous matrix
component in plant cell walls (Kubo and Kadla 2005, Godoy et al. 2007, Kiaei et al. 2014). Lignin is
a polyaromatic polyol that is readily available and relative inexpensive, because can be obtained from
lignocellulosic wastes. Depending on the extraction method used and original source the physical-
chemical characteristics differ considerably (Kubo and Kadla 2005, Wang et al. 2009). Several methods
have been developed to separate lignin from the other constituents of the lignocellulosic materials
(Brosse et al. 2010, Jiang et al. 2010, Wang et al. 2015). Since each separation method modifies to
some degree the chemical structure of the naturally occurring lignin, so lignin is conventionally named
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after the method of separation used. The Klason method is one of the most typical lignin determination
procedures (Yasuda ef al. 2001, Jiang et al. 2010). The method separates lignin as an insoluble material
by depolymerization of cellulose and hemicellulose in 72% sulfuric acid followed by hydrolysis of the
dissolved polysaccharides in boiling 3% sulfuric acid (Yasuda et al. 2001).

The wood species also affects the properties of lignin (Kubo and Kadla 2005, Wang ef al. 2009).
Chemically, softwood lignins consist largely of guaiacylpropane units, while hardwood lignins are
basically composed of both guaiacyl- and syringylpropane units (Kubo and Kadla 2005, Wang et al.
2009). Wang et al. 2009 performed pyrolysis of lignins isolated from hardwood and softwood, and
found that methoxy group content has a significant influence on the pyrolysis of lignin. Bahrle et al.
2014 used Klason lignin for comparing the pyrolysis behavior of hardwood and softwood lignins. They
suggested that radical formation during hardwood Klason lignin pyrolysis was more frequent than that
of softwood Klason lignin pyrolysis, and was mainly due to high methoxy group content in hardwood
Klason lignin (Béhrle et al. 2014).

Understand the pyrolysis kinetics of lignin and its correlation with physical and chemical properties
of wood is important to better understand wood thermal degradation and provide useful information for
rational design and scaling-up of pyrolysis reactors (Klein and Virk 2008, Jiang et al. 2010). In order
to better understand the thermal degradation and pyrolysis kinetics of lignin and its correlation with
their properties, this study investigates the differences in thermal behavior and degradation kinetics
of two Klason lignins obtained from different tree species. The pyrolysis characteristics of Klason
lignin isolated from hardwood specie (Eucalyptus grandis) and from softwood specie (Pinus taeda)
were compared by thermogravimetry and differential scanning calorimetry. To better understand the
pyrolysis process the lignin degradation mechanism is also evaluated.

Theoretical background

The fundamental equation used in all kinetic studies is generally described as (Bianchi et al. 2011):

da
o k(T)f(a) (1)

where k is the rate constant and f () is the reaction model, a function dependent on the reaction
mechanism. Equation (1) expresses the rate of conversion, do/dt, at a constant temperature as a function
of the rate constant and the reduction in the reactant concentration. In this study, the conversion rate a
is defined as:

my, —m,
o=—" (2
my—m,

where m, is the initial weight of the sample, m_ is the final weight and m  is the sample’s weight at
time (¢). The rate constant £ is generally given by t{le Arrhenius equation:

—Ea

k(T)= Ae T 3)

where E _is the apparent activation energy (kJ.mol™), R is the gas constant (8,314 kJ.mol"'K™), 4 is
the pre-exponential factor (min™') and, 7 is the absolute temperature (K). The combination of Egs. (1)
and (3) gives the following relationship:
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For a dynamic thermogravimetric analysis (TGA) in a non-isothermal experiment, introducing the
heating rate f=d7/dt into Equation (4), Equation (5) is obtained as:

da [ A) “Ey
5l e o

Equations (4) and (5) are the fundamental expressions of analytical methods used to calculate
kinetic parameters on the basis of the TGA data ( Poletto et al. 2010, Sanchez-Silva ef al. 2012).

Flynn-Wall-Ozawa method

The activation energy values for the degradation process were determined by the isoconversional
Flynn-Wall-Ozawa (FWO) method. This method can be used for determination of the £ values without
any knowledge of the reaction mechanisms. This is defined by Equation (6) (Flynn and Wall 1966,
Ozawa 1965):

log f =log _AE, —2,315—0,4567;7; (6)

g(a)R

where f is the heating rate, 4 is the pre-exponential factor, g(a) is a function of the conversion,
E  is the activation energy and R is the gas constant. Therefore, for different heating rates (f) and a
given degree of conversion (a), a linear relationship is observed by plotting log £ vs. //T, and the £ is
obtained from the slope of the straight line (Flynn and Wall 1966, Ozawa 1965).

Criado method

The degradation reaction mechanism can be determined using the Criado method (Criado et al.
1989), which can accurately determine the reaction mechanism in a solid reaction process. This is
defined by a Z(a) type function:

Z(a)= —<d0?t) w(x)T ™

where x = E /RT and n(x) is an approximation of the temperature integral that cannot be expressed
in a simple analytical form. In this study, were used the fourth rational expression of Senum and Yang
(Pérez-Maqueda and Criado 2000), which gives errors lower than 10° % when x>20. The master
curves as a function of the conversion degree corresponding to the different models listed in Table 1
(Bianchi et al. 2011) were obtained according to equation (8):
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From equations (5) and (8), the following relationship can be derived:

da E, =
=k

eRTP(x)

(€)]

Equation (8) is used to plot the Z(a) versus a curves for the different models listed in Table 1,
whereas Equation (9) is used to represent the experimental curve. By comparing these two curves,
the type of mechanism involved in the thermal degradation can be identified. The activation energy
values obtained using FWO method were used to determine the degradation mechanisms proposed
by Criado (Criado et al. 1989). This method uses references theoretical curves obtained from Eq. (8)
that are derivatives of f(a) and g(a)functions represented in Table 1, called master curves, which are
compared with experimental data for determination of the mechanism of a solid-state reaction process.

Table 1. Algebraic expressions for g(a) and f{a) for the most frequently used mechanisms of
solid state processes (Criado et al. 1989).

Materials

Mechanism - Solid state process a(u) Sla)

A2 - Nucleation md growth (Avramieq.1) [-t(1-a)¥ -z [-a(l- &)
A3 - Nucleation md growth (Avramieq.2) [—al-a)] “ -a-wl-a)¥
A4 - Nucleation and growth (Avramieq.3) [-ta(l-a)] W -z )-tail-a)]”
Ri - Phase boundary controlled reaction (one- a 1
dimensional movement)

R - Phaseboundary controlled seaction (contracting [1-(1-a )4 20t-a)*

area)

R.3 - Phaseboundary controlled reaction (contracting [1—|:1 -z )f'{ ] 3 (1 - )?'/
volume)

D1 - One-dimensional diffusion o’ 1/2)a

D2 - Two-dimensional diffusion (Valensi equation) (l-aln(l-a)+a ~[a@-a )"
D3 - Three-dimensional diffusion (Jander equation) [-(-a Gh-0-a¥la-a ¥
D4 - Three-di ] diffusion (Ginstling n-(2ak]-(1-aff G- -a) A
Brounshtem equation)

F1 - Random mucleation with one nuclens on the
individual particle

F2 - Random nucleation with two nuclei on the
individual particle

F3 - Rendom nucleation with three nuclei onthe
mdividual particle

—lfi-a)
1/i-a)

ti-af

l-a
(t-af

@2)1-a7

The lignin samples used in this study were obtained from wood wastes of the lumber industry in
Brazil. Klason lignin from softwood Pinus taeda and Klason lignin from hardwood Fucalyptus grandis
were prepared as follows. First the extractives were eliminated from wood via Soxhlet extraction in
triplicate using ethanol/benzene; ethanol; and hot water, as solvents, in accordance with the Tappi T204

cm-97 standard.
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Afterwards the Klason lignin was obtained in accordance with the Tappi T2220om-02 standard. The
lignin purification procedure occurs after extensively washed the samples with deionized water until
obtain a filtrate with pH equal to 7. The samples were dried in vacuum oven at 105°C for 4h before the
thermal analysis.

Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGAS0 - Shimadzu) was carried out under N, atmosphere with
a purge gas flow of 50 cm?>min™! from 25 to 800°C. Approximately 10 mg of each sample was used.
The heating rate of 30°C.min"' was used for comparison the thermogravimetric behavior of the lignins
studied. To calculate the kinetics parameters the TGA was carried out at four different heating rates (5,
10, 20 and 40° C.min™").

Differential scanning calorimetry (DSC)

Differential scanning calorimetry was used for determination the T_values of lignin. The analysis
was performed using a DSC50 - Shimadzu under N, atmosphere with a purge gas flow of 50 cm®.min".
The heating rate of 30°C.min"' was used over the temperature range of -50 to 200°C. The measurements
were made using 5 mg of each sample. The glass transition temperature (T ) was recorded as the
midpoint of the heat capacity transition.

RESULTS AND DISCUSSIONS

Thermal behaviour
Differential scanning calorimetry

The DSC analysis of the LPIT and LEUG shows that the glass transition temperature (T ) is similar
for the two samples studied (Figure 1). LEUG showed a slight higher T, value, T —161"C ‘than LPIT,
T,=158°C. Generally, Tg in lignin lies between 100 and 180°C, which is hlgh when’ compared to the T
values of most synthetic polymers (Feldman ef al. 2001). The high T, is in 1arge part associated with
the formation of hydrogen bonding between the phenohc hydroxyl groups in the lignin main chain
(Buranov et al. 2010). The higher quantities of aromatic rings in the lignin main chain also contribute
to the high Tg (Buranov et al. 2010).
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Figure 1. Glass transition temperature (T ) of the lignins studied determined by DSC.

The T, values for lignin obtained using Klason method in this work are higher than others values
reported i in the literature. Kubo and Kadla (2005) studying commercially kraft lignin from hardwood
and softwood obtained T, values of 93°C and 119°C, respectively. Tejado et al. (2007) found T, values
of 100°C and 144°C for lignins from organosolv and kraft isolation methods. The higher T, from Klason
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lignin is probably due to its higher condensed structure (Klein and Virk 2008, Jiang ef al. 2010) when
compared with lignin obtained from others separation methods.

Thermogravimetric analysis

Figure 2 shows the TGA and DTG curves of the lignins studied. As shown in the thermogravimetric
curve, the thermal degradation of both lignins proceeded over a wide temperature range from
approximately 180°C to 800°C.

100
—LPIT
90+ ——LEUG

801
704
604
50
401
30
20

Weight (%)

DTG (a.u.)

100 200 300400 500 600 700 800
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 2. TGA and DTG curves for lignins at heating rate of 30°C.min"".

The lignin degradation occurs in three stages. In the first degradation stage between 30-100°C
the weight loss was less than 2% and can be mainly attributed to the loss of moisture (Poletto and
Zattera 2013) present in the samples. After the first weight loss, the degradation process is slower
between 110-170°C and a plateau can be seen in this temperature range for both samples. The mainly
degradation process for both lignins starts at around 180°C. As shown in Figure 2, after 200°C the LPIT
thermal stability was higher than that of LEUG. The initial weight loss temperature (Ti) considered as
the temperature at which the sample loses 5% of its weight is 49°C higher in LPIT than in LEUG, as
presented in Table 2.

Table 2. Initial weight loss temperature, DTG peak and % residue for the lignins studied.

N T, (°C) DTG peak Residue at 800°C
Lignin samples 5 Wi% loss ©C) (%)
LPIT 306 438 53,6
LEUG 268 389 51,5

It is in the second stage, between 180-500°C, which the main lignin degradation process occurs.
For LEUG a small peak can be observed at around 300°C, which could be associated with some
residual hemicellulose content. The DTG peak occurs at 389°C for LEUG, while for LPIT the peak
is centered at 438°C. Both curves present a broad peak, which is associated with the primary lignin
pyrolysis (Jiang et al. 2010). Pyrolytic degradation in this region involves fragmentation of inter-unit
linkages, releasing monomeric phenols into the vapor phase (Tejado et al. 2007), that may accelerate
the degradation process. The LPIT sample has a higher thermal stability than LEUG. The differences
in the structure of lignins and chemical natures of lignin from different tree species could account for
the diversities of their thermal degradation behaviors (Wang et al. 2009). The syringyl and guaiacyl
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units are built into the lignin macromolecule mainly by ether bonds, and the ether bonds between
syringyl units are easier to scission than those between guaiacyl units (Wang et al. 2009, Frankenstein
and Schmitt 2006). So, this result in higher thermal stability of softwood lignin (LPIT), mainly formed
by guaiacyl units, when compared with hardwood lignin (LEUG), composed by guaiacyl and syringyl
units, which may explain the highest thermal stability of LPIT sample.

Above 500°C the degradation process is possibly related to the slow decomposition of some
aromatic rings in lignin (Tejado et al. 2007, Zhao et al. 2010). At 800°C more than 50% of all lignin
samples still remain unvolatilized due to the formation of highly condensed aromatic structures (Tejado
et al. 2007).

Degradation kinetics

The plots of the FWO method, which was used for the determination of the activation energy
values for both lignins studied, show a general trend. Because the kinetic behavior is similar for both
lignins, only LEUG was chosen as a representative model for the presentation of the activation energy
results. Therefore, Figure 3 shows the results of the application of the FWO method with a values from
0,1 to 0,9. The activation energy values were calculated from the angular coefficient obtained from the
straight line fit, according to Eq. 6.

2,0

LEUG
184 O 0,0 O 0,20 © 0,30 ¥ 040 ¢ 050
’ < 060 > 0,70 O 0,80 ¥ 0,90
1,64 ¥ O DOV O O o
@ 1,44
e *# 0 DAOV O O o
= 1,24
1,04 ¥ 0 DAQOV O O o
0,84
* O D QOVvO O o
0,0010 0,0012 0,0014 00016 0,0018 0,0020
1T (K"

Figure 3. Data obtained from plot log S vs. 1/T (K™") using FWO method for LEUG.

The activation energy (E,), linear correlation coefficient (R), and frequency factor (A) in relation to
conversion values (o) for both lignins studied are presented in Table 3. It can be observed that LEUG
present higher E_ values than LPIT. This behavior may be associated with the higher volatility during
pyrolysis of LEUG, which could be verified when compared the frequency factor. The frequency factor
is a reflection of the frequency of the collisions between the reacting molecules (Jiang et al. 2010). The
frequency factor for LEUG is higher than LPIT, which might indicate that the number of collisions
between the free radicals formed during the LEUG lignin degradation is much more intense in this
sample leading to an increase in E_values (Ferdous et al. 2002).
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Table 3. Activation energies and frequency factor obtained using the FWO method.

LEUG LPIT
o E, (kJ.mol") R A E_ (kJ.mol") R A
0,1 77,0 0,942 | 6,53x10* 29,7 0,954 | 3,05x 10
0,2 245,7 0,981 | 1,55x10% 99,2 0,964 | 2,16x 106
0,3 271,9 0,985 | 127x10* 153,5 0,988 | 3,15x 10"
0,4 297,3 0,983 | 2,46 x 10 182,7 0,995 | 3,84x 10"
0,5 343,8 0,987 | 2,47 x 10% 221,1 -0,989 | 2,06x 10
0,6 4834 0,993 | 1,34x10% 309,6 0,988 | 3,47 x 10*
0,7 689,3 0,987 | 1,26x 10% 546,5 0,986 | 2,37 x 10V
0,8 1031,5 0,986 | 4,12x 109 1223,9 0,980 | 2,42x 107
0,9 1537,0 20,979 | 5,10 x 10 1041,7 0,995 | 1,66 x 10°!

The evaluation of conversion values also reveals a different behavior for lignins studied. For LEUG
when a is equal to 0,1 only the loss of moisture occurs, because the lower value of E . For LPIT the
degradation rate is slower than in LEUG and the loss of moisture occurs between conversion values
range of 0,1-0,2. For LEUG the main lignin degradation occurs between 0,2-0,6 while for LPIT the main
lignin degradation occurs between 0,3-0,6. In this stage several degradation reactions occur, involved
different E_values. According to Faravelli ef al. (2010) the first relevant radical initiation reaction in
lignin involves the scission of C-O bond in the B-O-4 lignin structure forming phenoxy radicals. A
bond energy of about 242,8 kJ.mol", as proposed by Back (1989), allows the activation energy for this
reaction in the gas phase. However, E_ values between 176-188 kJ.mol"' can also be obtained (Jiang et
al. 2010). For LEUG the E_ values are very close to the maximum value (242,8 kJ.mol™') when for LPIT
between 0,3-0,4 the E_values are more close to the minimum range values. The scission of phenylether
compounds present in lignin generally involves activation energy values at around 300 kJ.mol"! (Klein
and Virk 2008). For LEUG this step occurs between 0,4-0,5 however for LPIT this step only occurs
at conversion value equal to 0,6 probably because the slower conversion rate in this sample, which
may be associated with the higher thermal stability of the guaiacyl units. When the conversion values
are between 0,6-0,7 the degradation process initiate a different pathway. In this stage the degradation
of the highly condensed aromatic structures formed takes place in both lignins and both E_values
and frequency factor are very different from the previous stages. Additionally, the conversion range
between 0,7-0,9 may be associated with degradation occurring in a narrow and accelerated range of
degradation and another degradation mechanism could be occurs at higher conversion values (Yao et
al. 2008, Ornaghi Jr et al. 2014).

The £, values obtained using the FWO method were used to determine the thermal degradation
mechanisms proposed by Criado et al. (1989). This method uses reference theoretical curves obtained
from Equation (8) that are derivatives of the fla)) and g(a) functions represented in Table 1; called
master curves, they are compared to experimental data to determine the mechanism of the solid-state
degradation process (Criado et al. 1989).
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As can be seen in Table 1, the algebraic expressions that represent the theoretical mechanisms
are separated into four groups: A , R , D_and F . Respectively, these mechanisms describe: nuclei
formation processes for the propagation of thermal degradation; diffusion processes that are related to
the heat transfer capacity along the material structure; reaction mechanisms controlled by the surface
of the sample; and the random degradation of nuclei. The determination of the Z(a) values was carried
out using a heating rate () of 10°C.min"!, and the calculated Z(a) values were determined by applying
the £ values obtained with the FWO method to Equation (9).

Figure 4 presents the master curves as well as the results of the experimental data obtained. For
better comparison, only the D_and F,_ theoretical mechanism are presented in Figure 4, because the A_
and R theoretical mechanism not fit the experimental data.

1,2
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Figure 4. Master curves and experimental data obtained using the Criado method for lignins studied.

It can be seen from Figure 4 that for both lignin samples when a=0,1 the experimental value
overlap the D1, D2 and D3 curves. According to literature, these degradation mechanisms refer to a
diffusion process in one, two and three dimensions, respectively (Criado ef al. 1989). The degradation
process initiate by a diffusion process, however when the conversion values are in the range of 0=0,2-
0,6 the experimental values did not overlap any theoretical curve. The experimental values are more
closely related with a D3 mechanism and the shape of the experimental curve is also similar to a D3
mechanism in this o interval, but the experimental values did not overlap the D3 theoretical curve.
This result indicate that in the range of 0=0,2-0,6 the lignin degradation process did not follow any
degradation mechanism related to Criado method. When the conversion values are in the range of
0,7-0,9 the shape of the experimental curve for both lignins studied present a different trend. The
experimental points are furthest from the theoretical values indicating a different thermal degradation
behavior at this interval. As discussed earlier, in this stage the degradation of the highly condensed
aromatic structures formed during the previous stages takes place leading to slow decomposition
reactions of these aromatic compounds.
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CONCLUSIONS

The DSC results showed that both Klason lignins studied independent of the wood specie presented
similar glass transition temperature. Thermogravimetric results showed that LPIT is more thermally
stable than LEUG, because of the higher thermal stability of the guaiacyl units in softwood lignin.
The degradation kinetics reveals that lignin from hardwood presented higher activation energy and
frequency factor values than softwood lignin. The degradation of both lignins initiate by a diffusion
process, however when the conversion values are higher than 0,1 the results showed that the lignin
degradation mechanism is a complex procedure and involves the degradation of a highly condensed
aromatic structure.
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