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La lignina es uno de los tres principales polímeros constituyentes de la madera. Es un recurso natural y
reutilizable, y debido a su estructura es el polímero aromático más abundante en la Tierra. El presente
trabajo reporta acerca de la caracterización térmica y química de la lignina kraft y el estudio de su capacidad
de mezcla con dos poliésteres bioderivados, PLA y PHB, con el objetivo de analizar su factibilidad para la
producción de fibras verdes.
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Lignin is one of the three major polymeric constituents of wood. It is a natural and renewable resource, and
due to its structure it is the most abundant aromatic polymer on Earth. The present work reports the thermal
and chemical characterization of a kraft lignin and the study of it’s mixing ability with two bioderived
polyesters, namely PLA and PHB, to test their suitability for the production of green fibre.
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Introduction
Lignin is one of the most abundant natural polymers on Earth
and is a source of aromatic carbon [1]. It may be an inexpensive
alternative to the traditional fossil fuel derivative precursors
(pitch and PAN), however lignin by itself isn’t generally
processable into filament form without the aid of a plasticizer.
Typically, ex-lignin carbon fibres present low mechanical
properties compared to traditional carbon fibers [2].
The main advantage of lignin is its availability as a by-product of
the paper pulp industry, in contrast to cellulose (used as a
precursor for rayon) which is the major component of the paper
products. Cellulose also presents the downside of being
chemically susceptible to volatilization during pyrolysis due to its
high oxygen content. Figure 1 shows lignin’s phenylpropanoic
precursor alcohols that polymerize in the secondary cell walls of
vascular plants originating the three main lignin monomers.
Structural oxygen mostly exist as part of the intermonomeric
units, primarily in the β-O-4 groups which represent over 48 %
of all such units [3] [4]. This unit is the result of the formation of
covalent bonds derived from the phenyl hydroxyl groups with the
second carbon of the aliphatic chains [5], making it an example
of an ether group in lignin, the other groups are classified as
condensed carbons [5]. The predominance of ether
intermonomeric units is responsible for the delignification
process of lignocellulose, based on the reactivity of the C-O
covalent bond (compared to the C-C bond), enabling the
separation of the cellulose fibres from the remaining wood
components.
Processed lignin is the designation of the product obtained by
delignification reactions during paper pulp processing. The kraft
process is the prevalent technique for pulp paper making, and
kraft lignin is its by-product. After wood treatment kraft lignin is
obtained in the form of a black liquor containing hemicellulose
and the remaining reagents and other products, and thus must
be isolated and purified before use.
A well purified lignin should present low inorganic content,
particularly sulphur, and because of this be readily processable
with a thermoplastic as a plasticizer without excessive
volatilization. Examples of reported miscible polymers with lignin
are polyethers (PEO [6] [7] or PEG [8] [9]) and polyesters (PET
[10] [11] and PLA [12] [11] [13] in contrast to the incompatibility
found in common polyolefins such as PP and PE [7].
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Materials and methods
Processed lignin
The processed and purified lignin was obtained from West
Fraser Co. Ltd. It was purified by the LignoForce process from
kraft pulping. As received it contained approximately 50 %
solids, ash content between 0.5 and 1.5 %, molecular weight
within 6 and 10 kDa and a polydispersity from 3 to 4.6. The lignin
was dried at 100 ºC for 2 h before processing and
characterization, presenting a powder form as depicted in
Figure 2.

Figure 2: Kraft lignin as a brown fine powder after drying.

Thermoplastic polymers
The PLA used was an Inzea FT HT 10 from Nurel and the PHB
was the Biomer P266. They were both dried at 60 ºC for 4 h
before mixing.

Lignin characterization
Lignin thermal characterization was performed by differential
scanning calorimetry (DSC) and thermogravimetric analysis
(TGA). DSC was carried out on a Netzsch DSC 200 F3 Maia in
N2 atmosphere, heating from 20 to 300 ºC at a heating rate of
10 ºC min-1 (designated as 1st, 2nd and 3rd scan respectively).
TGA was carried out from 40 to 800 ºC at 10 ºC min-1 on a Q500
from TA Instruments, under N2 and under O2 atmospheres.
Chemical characterization was performed by Fourier transform
infrared spectroscopy (FTIR) and elemental analysis. The
infrared spectra was obtained using attenuated total reflectance
(ATR) with the Pike Technologies ATR MIRacle on a Perkin
Elmer Spectrum BX spectrophotometer. The elemental analysis
of carbon, nitrogen, sulphate and hydrogen was obtained from
a LECO TruSpec Micro CHNS and the oxygen was determined
by default with the LECO TruSpec Micro O accessory.

Extrusion mixing
Various lignin:thermoplastic mixtures were produced with
weight ratios of 50:50, 75:25, 85:15, 95:5. The total mass of 10
g was extruded on a micro-compounder Xplore MC15. This
equipment allows the mixing of the compound for a set time
before extruding, operating also as a micro-extruder.

Figure 1: The three precursor alcohols, also designated as monolignols,
and their polymerization product in the form of the three main monomers.
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Results and discussion
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and thus allow further carbonization process under inert
atmosphere.

Lignin thermal characterization
The DSC of as received lignin was characterized by a single
wide peak in the 1st scan showing the evaporation of moisture
around 110 ºC, setting the basis for the drying conditions. After
drying, the lignin showed several endothermic reactions during
the 1st scan, as illustrated in Figure 3. However, for the
purpose of melt extrusion the 3rd scan was the most relevant,
showing the glass transition temperature Tg in the range of 170
to 180 ºC,, as shown in Figure 3. This physical transition is the
lower limit of processability of lignin, and the upper limit is set
by its thermal degradation suggested here to be approximately
at 230 ºC as observed in TGA (Figure 4).

Figure 5: Thermogravimetric analysis of lignin under oxgyen atmosphere.

Lignin chemical characterization
The FTIR spectrum showed the presence of the expected chemical groups without any relevant contaminations, as show in Figure 6.

Figure 3: Differential scanning calorimetry of lignin under nitrogen atmosphere.

The TGA results, obtained under inert and oxidative
atmospheres, are represented in Figures 4 and 5, respectively.
The results demonstrate the thermal resistance of the lignin,
with degradation onset just above 200 ºC and rapid degradation
above 300 ºC. The lignin shows a total weight loss above 400
ºC in oxygen, and a residual mass of 36.2 wt. % at 800 ºC in
nitrogen.

Figure 6: FTIR spectrum of lignin, where: region 1 shows the wide peak
associated to O-H stretch from the aliphatic alcohols; region 2 presents
the C-H from saturated alkanes; region 3 presents the phenyl ester
C=O; region 4 shows the peak associated to C=C from the aromatic
carbons; and region 5 presents typical peaks from C-O groups primarily
in esters and ethers.

The elemental analysis results were interpreted based on the
assumption that lignin originated from a softwood source, which
is almost exclusively made of guaiacyl, derived from coniferyl
alcohol. Hence a structural formula was estimated, based on the
chemical elemental composition obtained, and compared to the
structural formula of this precursor alcohol, C10H12O3.The comparison is presented in Table 1.
Table 1: Elemental composition of the lignin sample

Figure 4: Thermogravimetric analysis of lignin under nitrogen atmosphere.

The thermal resistance of lignin under oxygen was observed to
be at least as good as under nitrogen atmosphere up to 300 ºC.
This justifies the application of the thermostabilization step
under oxidative conditions at temperatures up to 250 ºC, to
promote oxidative crossliking. It should be noted that allowing
insipient degradation in O2 may render the filaments infusible,

C [%]

H [%]

N [%]

S [%]

O [%]

Theoretical

66.7

6.7

0.0

0.0

26.6

Measured

63.7

6.1

0.2

1.7

28.3

The chemistry of this kraft lignin is within the expected
composition of a softwood lignin, showing a relatively low
content of inorganic elements, suggesting it went through an
adequate purification process.
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Extrusion mixing
The selection of PHB and PLA was based on the expected
compatibility of polyesters with lignin, enabling the formation of
hydrogen bonds with the lignin hydroxyl groups, and these two
polymers may be processed within the operational window of
the kraft lignin used in this article (just above lignin’s Tg).
After drying, the mixtures of lignin:thermoplastic with
compositions 50:50, 75:25, 85:15 and 95:5 (w/w) where
prepared, each with a total mass of 10 g. Before initiating the
composite extrusion the micro-compounder was lubricated with
the thermoplastic, by performing a short extrusion process of
pure plastic, followed by purging the material. The thermoplastic
was always fed first, followed by the lignin powder, and the
composition was mixed for 1.5 min before extruding the
composite filament. Both polymers were processed under the
same processing conditions: 50 RPM, 190 ºC on the top zone,
180 ºC on both mid and bottom zones. Two dies were used for
this study, one with a diameter of 3 mm and another with 250
μm.
Both thermoplastics produced blends with lignin and formed an
uniform filament using the 3 mm die, the reduction of the die
diameter lead to obstruction and prevented the formation of a
continuous filament with PHB. Whenever the filament could be
extruded the results were identical for PHB and PLA within
similar concentrations, an example is presented in Figure 7.

The obtained PLA filaments had a diameter of about 125 μm.
They where all generally brittle compared to the filaments
obtained with the larger die.

Conclusions
The lignin used in this work was derived from a softwood
species, which was confirmed by elemental analysis, and
corroborated with its relatively high Tg and absence of a melting
peak in DSC. The thermal degradation processes associated to
this lignin were observed to be exothermic. The effective
operational window of this lignin was studied by DSC and TGA
and was found to be between 180 ºC and 230 ºC. Drying this
lignin at 100 ºC for 2 h allowed to process it with a plastcizer,
which was a lower drying time than reported in literature.
Selecting thermoplastics based on the ability to form hydrogen
bonds with lignin is a viable strategy to produce homogeneous
green fibre with high lignin content. Lignin shows a relatively
high residual mass by TGA, suggesting a high carbon content,
justifying it’s suitability as a carbon fibre precursor.
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