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Abstract

The composition and thermal behaviour of ethanol-lignins isolated by organosolv extraction from wood bio-
mass of softwood and hardwood species were explored by non-isothermal thermogravimetric analysis (TG/DTG
and DSC), FT-IR spectroscopy, elemental analysis, and scanning electron microscopy (SEM). Comparative analy-
sis of IR spectra of the initial lignin and thermally treated lignin at 200 °C testifies the identity of their structur-
al-group composition. The initial temperature of decomposition of fir lignin (252 °C) is about 10 °C higher than
that of aspen lignin. It is determined that fir lignin is mainly decomposed in argon within a temperature range of
337—427 °C. The maximum degradation rate of the compound is —2.9 %/min; there is the maximal decomposition
at 400 °C. Aspen lignin undergoes intense decomposition in a lower temperature range (327—400 °C) with a
maximum mass loss rate of —3.1 %/min at 378 °C. Infrared spectral data for products of thermal transformation
of fir lignin at 400 °C testifies a significant degree of lignin polymer decomposition to likely form guaiacol and
phenol derivatives. The completion of thermal decomposition of lignins at 800 °C is accompanied by the formation
of carbon residues in a 34 % yield of aspen lignin and 37% of fir lignin. The appearance of carbonized particles in
the structure of the material, beginning with 240 °C followed by intensification of carbon matrix formation with
an increase in pyrolysis temperature to 600 °C is proven by SEM. It is found that the maximum rates of aspen
lignin degradation are higher than those for fir lignin in all conditionally isolated temperature ranges.
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INTRODUCTION nol, the cleaved lignin (ethanol-lignin) character-
izing by minimum structural changes compared

Lignin finds applications for preparation of  t{¢ lignins obtained by other methods is generated.

some synthetic products, hydrocarbon derivatives,
or special agents, such as polymer compounds,
carbon materials, adhesives, and resins [1—-5]. Dif-
ferent methods for separation of macromolecular
biopolymer components with a view to recover-
ing lignin are aimed at limitation of condensation
and oxidation reactions proceeding during its iso-
lation from lignocellulosic materials. One of the
preparation methods of production of high-quali-
ty lignin from lignocellulosic biomass is ethanol
extraction [1, 6—9]. Due to the absence of reactive
chemicals in organosolvent treatment with etha-

Efficient method development for further re-
search on lignins assumes research on structural
features and thermochemical characteristics dur-
ing their thermal transformation. A series of con-
tributions are devoted to lignin pyrolysis, how-
ever, the data regarding the transformation of
lignins isolated from lignocellulosic biomass are
still incomplete, as thermal degradation of certain
lignin-based compounds possess some individual
features [10—12]. In this regard, in order to un-
derstand structural and chemical properties op-
erated or controlled by the nature and the meth-
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od of isolation from the wood matrix, it is re-
quired to explore in detail lignin behaviour during
pyrolysis.

Thermogravimetric analysis of the pyrolytic
behaviour of lignin polymers makes it possible to
define such characteristics, as the range and main
intervals of thermal decomposition, mass loss in-
tensity in the corresponding stages of thermal de-
composition, the temperature of mass loss maxi-
ma and other parameters. The methods of TGA
using spectral analysis are widely used to investi-
gate the pyrolytic behaviour of lignins and char-
acteristics of the chemical structure of decompo-
sition products [3—5, 9, 10].

This paper examines characteristics and the
pyrolytic behaviour of ethanol-lignins from labo-
ratory batches isolated using gentle ethanol orga-
nosolv lignin extraction from the wood of two
types of trees typical for Siberia, i.e. fir (Abies
stbirica) and aspen (Populus tremula).

The purpose of work was to explore the ther-
mal behaviour of samples of softwood and hard-
wood lignins in an inert atmosphere, and also to
compare the composition and properties of ther-
mal decomposition products.

EXPERIMENTAL

Elemental analysis of C, H and N was per-
formed using a FlashEA-1112 analyser (Italy).

Recording FT-IR absorption spectra was car-
ried out in the 400—4000 cm ™! range using a Tensor
27 FT-IR spectrometer (Bruker, Germany) of the
Krasnoyarsk Centre for Collective Use in KBr ma-
trix (5 mg/1000 mg matrix). Spectral information is
processed using the OPUS package (version 5.0).

Thermogravimetric (TG/DTG and DSC) analy-
sis of samples of lignin, wood, and cellulose was
carried out using a Netzsch STA 449F1 instrument
(Germany) in an argon atmosphere. A sample of
5 mg was heated from room temperature to 800 °C
with a rate of 10 °C/min. Measurement results are
processed using Proteus Thermal Analysis soft-
ware, Version 5.1.0.

TABLE 1

Characteristics of initial samples of fir ethanol-lignin (FEL)
and aspen ethanol-lignin (AEL)
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Thermal treatment of lignin samples was car-
ried out in a corundum crucible that was placed
in a tubular electric furnace. Heating was carried
out under pyrolysis conditions with a 10 °C/min
rate of temperature elevation from the room tem-
perature to the desired one (200—600 °C) with
holding at the final point for 10 min. The samples
were cooled under argon.

The surface morphological examination was
carried out by scanning electron microscopy (SEM)
and micro-X-ray spectral analysis of the chemical
composition of samples using aTM-3000 Hitachi
scanning electron microscope (Japan).

The experiments used fir ethanol-lignin (FEL)
and aspen ethanol-lignin (AEL), <0.10 um frac-
tions, obtained by the organosolv method accord-
ing to the procedure described in [6]. Table 1 gives
elemental analysis data for samples of lignins per
absolutely dry substance. Oxygen content was cal-
culated according to the difference.

RESULTS AND DISCUSSION

As it follows from the data of Table 1, FEL
and AEL samples have different average molecu-
lar mass but similar elemental composition. More-
over, AEL contains slightly less carbon and more
oxygen compared to their content in FEL. The
value of N/S and O/C ratios points to differences
in the degree of aromaticity and the contribu-
tion of O-containing groups, respectively, in lignin
samples. The higher O/C ratio in the AEL sample
compared to FEL represents the ratio of guaiacyl
and syringyl components, including elevated con-
tent of methoxyl groups in hardwood lignin than
in softwood lignin.

In addition to the composition, FEL and AEL
are different in the temperature of the beginning
of softening and melting. It is 151—152 °C for aspen
lignin, and 160—161 °C for fir lignin. The higher
value of the softening point may be largely related
to the formation of hydrogen bonds between phe-
nolic hydroxyl groups in the main chain of pine
lignins [7].

Samples Content, mass % H/C o/C My, g/mol
C H Oyt

FEL 66.34 5.94 27.54 1.13 0.32 1740

AEL 63.90 6.61 29.40 1.24 0.35 2724




RESEARCH ON THERMAL BEHAVIOUR OF ORGANOSOLV LIGNINS ISOLATED FROM FIR AND ASPEN WOOD 403

Infrared spectroscopic analysis
of initial organosolv lignins

Figure 1 presents FT-IR spectra of AEL and
FEL (curves 1 and 2, respectively). It can be seen
that the samples have a similar functional com-
position. The observed absorption bands (AB) in
spectra of organosolvent ethanol-lignins samples
are due to vibrations in bonds of certain func-
tional groups (aliphatic, carbonyl, hydroxyl, alkyl
and aryl ether) and aromatic rings typical for the
main building blocks (phenylpropanoids) of the
lignin polymer [9, 13].

Nevertheless, in the IR spectrum, there ap-
pear typical features of softwood lignin (G-type):
an absorption band near 1513 cm™! corresponding
to guaiacyl type aromatic structures, more in-
tense compared to adsorption bands in the 1600
and 1423 cm™! ranges typical for guaiacyl-syrin-
gyl type analogues (G- + S-type) of hardwood
lignins [14]. A highly intense band corresponding
to vibrations of the guaiacyl ring and a carbonyl
group bound therewith appears near 1270 cm™..

The absorption band near 1032 cm™ is of com-
plex nature due to the contribution of different
type vibrations into its intensity, such as aromat-
ic C—H plane deformation vibrations of the gua-
cyl ring and C—O—(H) vibrations of primary ali-
phatic alcohol and ether C—0O—(C) groups in aro-
matic G-type structures [5].

The bands at 856 and 816 cm ™! caused by C—H
out-of-plane deformation vibrations are typical for
the guaiacyl aromatic ring structure [13].

Aspen ethanol-lignin (see Fig. 1, curve 1) dif-
fers from fir ethanol-lignin only by the presence
of syringyl rings and a lower number of guaiacyl
rings in the composition. Absorption bands at
1514, 1270, and 1033 cm™ are less intense due to
competition between these compounds (S > G).
Characteristic features of hardwood lignins are as
follows: the band at 1328 cm™' describing the
skeletal ring together with C—0O stretching vibra-
tions, which is typical for syringyl compounds,
the most intense peak at 1122 cm™! driven by
C—H in-plane deformation vibrations of syringyl
compounds, and also C—O stretching vibrations in
secondary alcohols [15, 16]. The separate band at
833 cm! characterizes C—H out-of-plane vibra-
tions in the syringyl ring.

Distinctive features of the chemical nature and
structure typical for lignins from different wood
species may determine the diverse behaviour of
fir and aspen ethanol-lignins during thermal deg-
radation.

Research on the thermogravimetric behaviour
of lignins

The pyrolytic behaviour of organosolv lignins
was investigated by thermogravimetric analysis
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Fig. 1. IR spectra of samples of lignin samples isolated by organosolv extraction from fir (1) and aspen (2) wood.
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Fig. 2. Results of thermal analysis (TG/DTG) of aspen (1, 3) and fir (2, 4) ethanol-lignin in inert atmosphere.
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Fig. 3. SEM images of samples of fir (a) and aspen (b) lignin; lignin (1) and carbonized particles (2). Magnification of 250x.

(TG/DTG). The main decomposition of lignins of
both types took place in a broad temperature
range that was from 240 to 800 °C. The profile
of differential thermogravimetric (DTG) curves
(Fig. 2) has wide peaks that correspond to three
not clearly separated mass loss steps, as indicated
by bends in the differential curves.

In low heating temperatures, the mass loss by
both samples was less than 2 % under low heating
temperatures (30—200 °C) and was mainly related
to the loss of moisture or adsorbed gases. A low
endothermic peak corresponding to this range
may also be due to lignin softening and melt-
ing [18]. The point, whereby the sample loses ~5 %

of its mass, is accepted as the temperature of the
initial mass loss (T) [19, 20]. It was 242 and 252 °C,
respectively, for AEL and FEL samples; in other
words, fir ethanol-lignin is notable for higher ther-
mal stability.

As demonstrated by SEM investigation of the
surface of samples (Fig. 3), a dense homogeneous
material based on particles of the initial lignin
due to melting is generated in the initial step of
decomposition of polymeric compounds (FEL-200
and AEL-240). The presence of cavities in the sur-
face layer of lignin material points to emission of
low-molecular-mass gaseous substances (H,0O, CO,,
etc.) formed resulting from the cleavage of ether
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Fig. 4. IR spectrum of fir ethanol-lignin after thermal treatment at different temperatures (°C); 200 (1), 400 (2), and 600 (3).

bridges and weakly bound oxygen groups [21]. It
can be seen (see Fig. 3, b) that the polymer struc-
ture of AEL is more liable to thermal changes.
For example, local fragments made of particles of
the generated coal appear on the surface of the
sample AEL-240.

There are no noticeable changes in the compo-
sition of functional groups of fir ethanol-lignin
(FEL-200) thermally treated at 200 °C (Fig. 4,
curve 1). Its spectrum is almost identical to that of
the initial fir ethanol-lignin; there is only a slight
reduction in the intensity of the absorption band
in the vibration range of alkyl ether bonds [18].

The main process of degradation of both
lignins (the second step) proceeds in the 250—
450 °C temperature range and is characterised by
two exothermic maxima in the DSC curve: at
~345 and 415 °C for aspen lignin, and at 331 and
424 °C for fir lignin.

According to the literature data, the presence
of an unapparent peak as a shoulder in the area
of ~270 °C in both DTG curves may correspond
to the initial decomposition of the polymer struc-
ture of the lignin to isolate phenol fractions (guai-
acol and syringol compounds and/or their deriva-
tives) [10, 12]. The main step of pyrolysis is pre-
ceded by this peak. The maximum mass loss rate
(—3.11 %/min) was most clearly observed for
AEL in the 357—437 °C temperature range with

the maximum decomposition at 378 °C. Herewith,
the transformation degree of the substance was
about 53 %.

Decomposition of the bulk of FEL is recorded
in a broader range (337—437 °C) due to greater
diversity and amount of thermally stable G-type
phenol compounds than for syringol derivatives
(substituted phenols) [5, 10, 21]. The mass loss
rate is —2.9 %/min and the total mass loss is about
48 %; the maximum decomposition was reached
at 400 °C. Pyrolytic degradation in this region in-
volves secondary cracking of guaiacol derivatives,
the fragmentation of intramolecular bonds, and
the formation of phenol type compounds, the
yield of which increases with temperature in-
creasing [5, 12, 20, 22].

There is a substantial reduction in the intensity
of absorption bands of almost all functional groups
of -C-O—H, C-H, C-0O, and C—C bonds, which
points to a high degree of decomposition of the
initial organic compound. Decomposition products
of lignins in both types contain aromatic rings,
hydroxyl, and alkyl groups and represent charac-
teristic features of the structure of the initial
lignin [12, 13, 21, 22].

A shift of the carbonyl band to a lower fre-
quency range (from 1706 to 1699 cm™!) may tes-
tify the appearance of C=0 bonds involved into
a conjugation system with unsaturated aromatic
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Fig. 5. SEM images of samples of fir (a) and aspen (b) lignin at 600 °C. Magnification of 250x.

bonds, which is proven by the presence of vibra-
tions of skeletal C=C bonds inherent to conju-
gated aromatic systems. Likely transformation
products of guaiacyl derivatives are compounds
of methoxyphenol-type, typical products of lignin
pyrolysis [13, 23].

The most probable directions of competing
reactions at 350—400 °C is lignin decomposition
to give aromatic the lower molecular mass prod-
ucts and their cross-linking followed by carboni-
zation [24]. According to SEM data, changes in
the chemical and phase composition of a carbon-
ized matrix of products AEL-380 and FEL-400
are accompanied by the formation of a low-po-
rous polymer aromatic product.

At temperatures above 437 °C, decomposition
of compounds (the third phase) is characterised
by a significant reduction in mass loss rate: as
high as —0.6 mass %/min for AEL, and —0.7 %/
min for FEL. Thermal decomposition is mainly
completed by 600 °C to form coal products with a
residual mass of 37 and 41 % for aspen lignin and
fir lignin, respectively. The process is most likely
related to slow degradation of aromatic fractions
in lignin [5, 14], then in the region of 600 °C, there
are aromatization and condensation of pyrolytic
polymers to yield a product with an increased
molecular mass, rich in carbon [25].

The almost complete disappearance of ab-
sorption bands in the IR spectrum of the sample
FEL-600 (see Fig. 4, curve 3) points to the lack of
any functionalities and proves the formation of a
polyaromatic condensed product with residual ali-
phatic particles and OH groups [26, 27].

As demonstrated by research on morphological
features of samples of lignins pyrolyzed at 600 °C,

there is macroscopic decomposition in carbon resi-
dues to form cracks and large pores, by which the
surface area is increased somewhat.

With an increase in temperature as high as
=700 °C, the coal yield slightly decreases and then
remains almost constant, whereafter a further
slow rearrangement of matrix base and the ad-
ditional release of volatile fractions result in the
formation of coal residue at 800 °C in 34 and 37 %
yields for aspen lignin and fir lignin, respectively.

Elevated product yield in the case of fir tree
lignin is due to a higher trend of guaiacyl-propane
units to condensation reactions with thermally sta-
ble products contained in coal residue [20, 26]. The
findings make it possible to conclude that due to
the higher thermal stability of guaiacyl units, fir
tree lignin is more stable than aspen fur lignin and
forms a product with a higher residual mass.

CONCLUSION

The differences in the behaviour of ethanol-
lignins have been revealed during thermal decom-
position depending on their origin. Furthermore, it
has been determined that aspen lignin undergoes
intense decomposition in the 242—400 °C tempera-
ture region with the maximum mass loss rate at
378 °C. It has been demonstrated that due to
higher contents of guaiacyl units, there is a pre-
dominant thermal decomposition of fir lignin in
an inert atmosphere within a larger temperature
range, and the maximum rate of degradation is
reached at 400 °C. It has been found that more
coal residue is generated during thermal decom-
position of ethanol-lignin compared to aspen eth-
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anol-lignin (37 against 34 %). It has been deter-
mined that the maximum rates of decomposition
of aspen lignin are higher than those of fir lignin.
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