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Chapter 1
Introduction1
Lignin is a major component of all plants. Grass contains it in 17-24 wt%, softwood in 18-25 wt% and hardwood in 27-33 wt% [1], thus it represents an enormous
renewable raw material source. The lignin available on the market is mainly produced
by the bioethanol and the paper industry in which it is treated as a side-product forming
during the extraction of the targeted valuable product, cellulose. The capacity of worldwide lignin production is estimated to be 50 million tons/year; however, approximately
98 % of this amount is burnt immediately to provide heat and power for cellulose production. The isolated and commercially available amount of lignin was only 1.1 million
tons in 2014 [2]. Global lignin market was valued at approximately 775 million US$ in
2014 and is expected to reach around 900 million US$ in 2020 corresponding to an
average annual growth of 2.5 % between 2015 and 2020 [2].
Although the indicated growth rate is not exceptional, the valorization of lignin
may increase it considerably. The relatively slow growth rate stems from the established
extraction processes, in which lignin is used as fuel, and from the difficulties of handling lignin as discussed also in this thesis. However, the potentials of lignin are also
shown by the continuously increasing number of papers published on the characterization, modification and possible application of lignin (Fig. 1.1). The interest in other
biopolymers like cellulose, starch and poly(lactic acid) (PLA) also grows but in the case
of starch and cellulose the number of the published papers is much larger. The difference can be explained by the more diverse applications of the two natural polymers, and
by the difficulty and complexity of the valorization of lignin, which involves not only
scientific, technological, but also economic aspects. Finding ways to improve the handling and properties of lignin and the development of technologies to process it would
undoubtedly increase the interest in this natural polymer further.
Since lignin is a side product available in relatively large quantities and its price
is quite low, the utilization of lignin in any value added application would result in
considerable economical gain. The plastic industry might be one of the areas in which
lignin could be used as an additive or raw material for the production of new plastics.
This, however, requires a deeper knowledge of lignin, which may help overcome its
drawbacks and exploit its advantages. In Chapter 1, recent trends and achievements in
the use of lignin in blends are summarized. Because of their importance, other topics are
discussed as well, like the effect of extraction technology on the structure of lignin, and
its chemical modification. Several review papers were published on lignin blends in the
last three decades [3-9] listing numerous combinations of lignin with polymers. As a
consequence, this approach is not followed here, but more attention is paid to interactions because of their importance in the determination of the structure and properties of
such blends. The possible applications of lignin blends are also discussed briefly at the
end of Chapter 1.
1
Kun, D.; Pukánszky, B. Polymer/lignin blends: Interactions, properties, application. Eur. Polym. J. 2017, 93,
618-641.
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Annual number of publications on () PLA, () lignin, () starch and
() cellulose.

The Laboratory of Plastics and Rubber Technology (Department of Physical
Chemistry and Materials Science, Faculty of Chemical Technology and Biotechnology,
Budapest University of Technology and Economics) together with the Polymer Physics
Group (Institute of Materials and Environmental Chemistry, Research Centre for Natural Sciences, Hungarian Academy of Sciences) have considerable experience in the
study of interactions, structure and properties in polymer blends and composites. Following the international trends in polymer science and industry, several projects related
to natural polymers have been started and completed at the Laboratory in recent years.
This Thesis deals with the blending of lignin with various polymers, focusing on the
correlations among interactions, structure and properties in these blends.

1.1. Extraction and characterization of lignin
Lignin is extracted from lignocellulosic substances. The technology of extraction
determines the structure of the product, thus its discussion is essential when lignin is
used as a component of polymer blends.
1.1.1. Lignin structure
Lignin is a natural polyphenol which is formed from monolignols through enzymatic dehydrogenative polymerization in plants [10]. The monolignols forming the
repeat units of lignin are para-coumaryl alcohol (H-type), coniferyl alcohol (G-type)
and sinapyl alcohol (S-type) which may be connected with each other through various
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covalent bonds. The H/G/S ratio is 0-5/95-100/0 in softwood, 0-8/25-50/46-75 in hardwood and 5-33/33-80/20-54 in grasses [11]. Lignin possesses a very complex chemical
structure that can only be described by average empirical formulae or model structures.
The C9 formula is the most frequently applied average empirical formula which shows
the molar ratio of 9 carbon atoms to the other elements or functional groups of lignin;
the formula represents an average repeat unit formed by the constituting monolignols.
The C9 formula of spruce (softwood) lignin is C9H7.92O2.40(OCH3)0.92, while that of
beech (hardwood) lignin is C9H7.49O2.53(OCH3)1.39 [12]. The differences are caused
mostly by the dissimilar ratio of monolignols forming softwood and hardwood.
Model structures were created for spruce lignin by Freudenberg [10], Adler [13],
Brunow [14], and Gellerstedt [15], respectively, and for beech lignin by Nimz [16]. We
present the structural models based on the results of Adler [13] and Gellerstedt [15] in
Fig. 1.2. Gellerstedt el al. [15,17] revealed that two main types of lignin called type 1
(Fig. 2a) and 2 (Fig. 2b) form in plants. 48 w/w% of softwood lignin is type 1, while 40
w/w% type 2 [15,17]. Type 1 lignin is located in a glucomannan-lignin-xylan
(w/w=9:9:1) complex which is directly bonded to the cellulose fibrils through hydrogen
bridges. The different linkages connecting the repeat units of type 1 are indicated in the
figure. Type 2 lignin is present in a xylan-lignin-glucomannan (w/w=2:3:1) complex
which is located around the cellulose fibrils embedded in type 1 lignin. In type 2 lignin
mostly β-O-4’ ether bonds form between the repeat units, which makes β-O-4’ ether
bond the most frequent linkage not only in softwood, but also in hardwood lignin representing approximately 50 % and 60 % of the bonds, respectively [18].
1.1.2. Extraction
At the industrial level lignin must be extracted to obtain the cellulose needed for
paper or bioethanol production. In the paper industry this step is called pulping, which
may include physical and chemical methods. Today mostly chemical processes are
applied, thus in most cases chemicals are used to degrade the cross-linked or highly
branched structure of lignin, while cellulose remains intact. As a result, lignin usually
becomes soluble in the reaction medium, from which cellulose fibers can be easily separated by filtration. Accordingly, the extraction of lignin from plants is impossible without the modification of its chemical structure. In the following sections we present the
most important procedures used for the extraction of lignin from lignocellulosic materials.
Soda process
The soda process patented by Watt and Burgess in 1854 [19] was the first chemical pulping method. Today it is applied mostly to produce cellulose from agricultural
crops with relatively small lignin content like wheat straw and bagasse. During the soda
process wood chips are cooked in alkaline aqueous medium (conditions in Table 1.1)
[18]. Sodium hydroxide deprotonates the phenolic hydroxyl groups of lignin in the
process, which initiates a consecutive reaction resulting in the cleavage of the most
frequent bonds among the repeat units of lignin, the α-O-4-ether and β-O-4-ether links.
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a)

b)

Figure 1.2

The model structures of spruce lignin based on [13,15]. a) Type 1 lignin,
b) Type 2 lignin.

Kraft process
At present the Kraft process [20] is the most often used pulping method. The
Kraft process can be considered as a development or improvement of the soda process.
Besides sodium hydroxide the cooking liquor contains also sodium sulfide which accel-
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erates the degradation of lignin further. In a typical Kraft process wood chips are
cooked in alkaline aqueous medium (conditions in Table 1.1) [18]. Similarly to the soda
process, most of the α-O-4-ether and β-O-4-ether bonds of lignin are cleaved by the end
of the cooking procedure. The weight average molecular weight of softwood (spruce)
and hardwood (eucalyptus and mixture of other species) Kraft lignins are 19800 and
3700-3900 g/mol, respectively [21]. Kraft lignins are soluble in alkaline solutions (pH >
10.5), dioxane, acetone, dimethylformamide, and 2-methoxyethanol. The structural
model of softwood Kraft lignin is presented in Fig. 1.3. Most Kraft lignin is burnt during cellulose production and is not available on the market. The amount of the commercially available Kraft lignin was 100 000 tons in 2014 [2].

Figure 1.3

The model structure of softwood Kraft lignin based on the structural
model of Adler [13] and the reactions taking place during pulping [22].

Sulfite process
Today the sulfite process [21] is the main source of commercially available lignin, the amount of which was 1.0 million tons in 2014 [2]. The amount of the sulfite,
bisulfite and dissolved sulfur dioxide used depends on the pH of the reaction medium,
which determines the mechanism of lignin degradation. Four main variations exist in
this technology the acid bisulfite (pH = 1-2), the bisulfite (pH = 3-5), the neutral sulfite
(pH = 5-7) and the alkaline sulfite (pH = 9-13) process [18]. In the industry, the sulfite
process is carried out mainly under acidic conditions, thus the conditions of acid bisulfate and bisulfate process are given in Table 1.1. In the pH range used, the main reaction is the sulfonation of the α-carbon atoms of lignin, which leads to the cleavage of the
α-O-4-ether bonds. As only a minor part of the most frequent β-O-4-ether bonds react in
the process, the molecular mass of lignosulfonates is larger than that of the Kraft lignin.
The weight average molecular weight of softwood (two species of spruce) and hard-
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wood (two species of eucalyptus) lignins are 36000-61000 g/mol and 5700-12000
g/mol, respectively [24]. Lignosulfonates are soluble in water, ethylene glycol and dimethyl sulfoxide. The structural model of softwood lignosulfonate is presented in Fig.
1.4.

Figure 1.4

The model structure of softwood lignosulfonate based on the structural
model of Adler [13] and the reactions taking place during pulping [22].

Organosolv process
The organosolv process [25,26] is a widespread technology at the laboratory level, which is based on the extraction of lignin by polar organic solvents like methanol,
ethanol, formic acid and acetic acid. As a consequence, the polarity, structure and properties of organosolv lignin depend specifically on the applied solvent. Numerous organosolv processes exist today, however, the Alcell® procedure appears the most often in
scientific papers. This method consists of the extraction of lignin with 40-60 wt% aqueous ethanol (conditions in Table 1.1) [27]. The weight average molecular weight of
hardwood (mixture of species) organosolv lignin is 4100 g/mol [21]. This lignin is soluble in dilute alkaline solutions and in ethanol-water mixtures [28].
Steam explosion
Steam explosion was first proposed by Mason [29] for the disintegration of wood
to produce Masonite board stock. After some modification the technology became a
widespread pretreatment method for the production of bioethanol. In such a typical
steam explosion procedure biomass is treated with hot steam followed by an explosive
decompression step (conditions in Table 1.1) [30]. The sudden pressure release defibrillates the cellulose bundles resulting in cellulose chains easily accessible for cellulase,
the enzyme applied to convert cellulose to glucose in aqueous medium. During the
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enzymatic treatment lignin remains insoluble thus it can be filtrated out from the solution containing the sugar. The weight average molecular weight of softwood (white
birch and larch) steam explosion lignin is 1100-2300 g/mol [31].

Table 1.1

Active agents and conditions of lignin extraction technologies.
Conditions

Technology

Active
agents

pH

Temp.
(°C)

Time (h)

Pressure
(MPa)

Ref.

Soda

NaOH

13-14

155-175

2-5

VPa

18

Kraft

NaOH,
Na2S

13-14

155-175

1-3

VPa

18

Sulfite (acid
bisulfite)

H+, HSO3–

1-2

125-145

3-7

VPa

18

Sulfite (bisulfite)

(H+),
HSO3–

3-5

150-170

1-3

VPa

18

Organosolv
(Alcell®)

40-60 wt%
aqueous
ethanol

-

180-210

n.d.

2-3.5

27

Steam explosion

water

7

180-240

0.02-0.30

1-3.5b

30

a) vapor pressure
b) then explosive decompression

1.1.3. Characterization
The chemical structure of lignin, including the number and type of functional
groups, determines its reactivity and also its compatibility with polymers. Accordingly,
the quantitative determination of functional groups is essential to find possibilities for
the modification and utilization of lignin. Numerous analytical methods have been applied successfully for the characterization of lignin and for the quantitative determination of its functional groups. Some of these methods are listed in Table 1.2 together
with the relevant functional groups and related references. Most of the techniques listed
are relatively simple, easily available and routinely used including sample preparation,
measurement, and evaluation of the results. However, because of the complex structure
of lignin and its dependence on the source as well as on the extraction technology, these
methods alone are usually not sufficient for the complete characterization of the chemical structure of lignin. Accordingly, further analytical methods must be also applied,
when the goal is the generation of model structures.
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Table 1.2

Functional
group

Chapter 1

Methods for the quantitative determination of the functional groups of
lignin.
References for the various methods
1

13

31

Titrimetry

GC

H
NMR

C
NMR

P
NMR

UVVIS

TGMS

Aromatic
hydroxyl

32-34

35-38

39-43

44-46

45,47,48

49-53

54,55

Total hydroxyl

56,57

37,42,58

39-43

44-46

45,47,48

Methoxyl

59,60

61,62

Carboxyl

33,65

66

Carbonyl

34,67-69

Sulfonate

33,73,74

54,55

63,64

54,55
47,48

70

71,72

El Mansouri and Salvadó [75,76], for example, determined the chemical structure and composition of five different technical lignin samples. They carried out elemental analysis first to define the molar ratio of carbon, hydrogen, oxygen, nitrogen and
sulfur. They created the basic C9 formula for the softwood Kraft lignin and lignosulfonate samples studied, which could be further extended by the quantitative determination of methoxyl [62], phenolic hydroxyl [52], total hydroxyl [38,43,44], carbonyl [72],
carboxyl [33] and sulfonate groups [33]. Although the authors [76] claim that the expanded formulae contain all the necessary information about the structure of their technical lignins, these do not give the molecular mass of the samples, or the ratio of the
different repeat units (H/G/S).
Molecular mass distribution can be determined by gel permeation chromatography (GPC) [75,77-79]. One of the key issues of the technique is reliable calibration.
Since monodisperse lignin standards are not available, Glasser et al. [21] used commercially available monodisperse polystyrene (PS) standards for calibration. The approach
is justified by the fact that the stiffness of PS chains is similar to that of lignin. El
Mansouri and Salvadó [75] determined the molecular mass of their softwood Kraft
lignin sample using the method proposed by Glasser et al. [21]. The number average
molecular weight was found to be 545.2 g/mol thus an average molecule of this lignin
contains 3.093 repeat units.
The relative amount of the H/G/S units can be obtained by the cleavage of the
lignin backbone and the analysis of the fragments obtained. Faix et al. [80,81], for example, used pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) to determine the repeat units of lignin. They pyrolyzed several types of lignin, separated the
degraded products by GC and detected the fragments by MS. However, degradative
methods coupled with chromatography supply mostly qualitative information, since the
degradation of lignin is very complex and a number of side reactions occur. Non-
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degradative techniques like two-dimensional (2D) NMR are more accurate and Sette et
al. [82] could determine quantitatively the number of β-O-4’, β-5’, β-1’, β-β’, 5-5’-0-4’
linkages both in native and technical lignins by 13C, 1H-correlated NMR. However, the
determination of certain linkages requires high resolution and thus can be tedious, timeconsuming and expensive; 2D NMR should be combined with the degradative methods
mentioned above to obtain a comprehensive picture of covalent linkages in lignin. Only
the thorough characterization of the actual lignin sample and the creation of a model
structure can lead to the successful modification and application of lignin as an additive
or a constituent of polymer blends.

1.2. Thermoplastic/lignin blends
Lignin is added to a number of polymers, but even the definition of the resulting
material is unclear; some term it as blend, some others as composite, thus we first have
to clarify definitions and then discuss the various classes of materials prepared. Interactions play a crucial role in the determination of blend properties, thus they will be discussed in detail in this section, while methods used for their modification will be presented subsequently.
1.2.1. Blend or composite?
There is a considerable confusion in the literature about the definition of polymer/lignin combinations, thus the question must be discussed in some extent. Some
authors call it composite, while others identify it as blend. Occasionally, some confuse
terms completely calling the material combination composite, and then discussing miscibility. A blend is a mixture of at least two polymers interacting through interdiffusion,
while in a composite the polymer and the filler interact through adsorption at a definite
interface. The extent of interdiffusion is determined by the interaction of the components, by their mutual miscibility. Weak interaction results in a thin interphase and a
heterogeneous blend with large dispersed particles, while strong interactions lead to a
homogeneous blend with no observable particles [83-85]. Accordingly, interactions
determine the mutual solubility of the phases and the strength of interfacial adhesion in
heterogeneous blends.
In composites a polymer with mobile chains adsorbs on the solid, well-defined
surface of a filler. Usually mineral fillers or fibers are dispersed in composites as the
second component, but polymers, like lignin could also act as a filler. Cross-linked
polymers do not melt, retain their size and possess the necessary well-defined surface,
but the powder of a glassy polymer homogenized below its Tg may also meet this condition. The adsorption of the matrix polymer on the surface of the filler results in the
formation of an interphase; its thickness as well as interfacial adhesion depend on the
surface energy of the components [86]. Accordingly the term "filler" should not be used
for blends, while the term "miscibility" is not relevant in the case of composites.
Although the definitions presented above seem to be straightforward, it is still
quite difficult to decide if lignin acts as a filler or forms a blend. Lignin is originally a
cross-linked or highly branched polymer with high molecular mass, thus the extraction
of lignin is usually impossible without the cleavage of bonds. Most commercially avail-
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able lignins are produced by vigorous pulping and their molecular mass is relatively
small as a consequence. These lignins mainly consist of branched chains and most of
them are soluble in some solvent. Moreover, the T g of lignin is usually lower than the
usual processing temperatures of thermoplastics as demonstrated by the data listed in
Table 1.3. Accordingly, the homogenization of lignin with thermoplastics results in a
blend. This statement is further supported by the scanning electron micrographs (SEM)
recorded on polymer/lignosulfonate blends (Fig. 1.5). Lignosulfonate was dispersed in
low density polyethylene (LDPE) and poly(ethylene-co-vinyl alcohol) (EVOH), respectively, and then the lignosulfonate was dissolved with water from the cut surfaces of the
blends. The average particle size of the lignosulfonate particles is much larger in LDPE
(Fig. 1.5a) than in EVOH (Fig. 1.5b) indicating the strong effect of interactions. Accordingly these combination of materials can be clearly considered as blends indeed.
The statement is further corroborated by the fact that the original particle size of lignin
was around 80 m which broke up to smaller particles of around 30 m in LDPE and 1
m in EVOH during homogenization.

Table 1.3

Glass transition temperatures of different lignins determined by differential scanning calorimetry.
Type of lignin

Glass transition temperature (°C)

Reference

162

87

141

88

153

89

Hardwood Kraft lignin

108

90

Kraft lignin

165

91

Alcell® (organosolv) lignin

97

88

Hardwood organosolv lignin

95

92

Rice straw soda lignin

155

91

Wheat straw soda lignin

150

88

Softwood sodium-lignosulfonate

138

88

Hardwood sodium-lignosulfonate

127

88

Softwood Kraft lignin

1.2.2. Blends
Lignin has been added to a wide variety of polymers from natural to synthetic
materials. Several review papers [3-9] give account of these blends listing the polymer
or group of polymers according to their chemical structure and describe the most important findings of the selected papers. In their excellent paper Doherty et al. [7], for
example, present a long list of polymers including proteins, starch and other biopoly-
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mers, polyolefins, vinyl polymers, polyesters, etc. Since these reports are available for
the reader, we refrain from giving a similar account of the published papers, but discuss
matrix polymers mainly according to their polarity and the interactions that they can
develop with lignin instead. The self-interactions among lignin molecules are very
strong because of the large number of polar functional groups in the molecule, thus
interactions play a decisive role in the determination of the structure and properties of
polymer/lignin blends. Moreover, much contradiction surrounds the issue of interaction,
compatibility and miscibility in the literature, which definitely needs clarification.

a)

Figure 1.5

b)

Heterogeneous structure of polymer/lignosulfonate blends. Lignosulfonate content: 30 vol%. a) LDPE; b) EVOH, vinyl alcohol content: 68
mol%.

Poliolefins
Polyethylene (PE), polypropylene (PP) and their copolymers are usually quite
apolar. They can enter only into weak dispersion interactions with other polymers due to
the lack of any functional groups in the molecules. Considering the strong polarity and
functionality of lignin, one would expect complete immiscibility with polyolefins, but
some literature references claim otherwise. Since the phenolic OH groups of lignin are
able to scavenge free radicals, considerable number of attempts are made to use it as a
stabilizer and protect the matrix polymer against oxidation. Most of these attempts were
successful and proved the antioxidant effect of lignin. Pucciariello et al. [93] showed
that steam-explosion lignin protects LDPE, HDPE and linear low density polyethylene
against UV radiation, while Levon et al. [94] found that the thermal oxidative stability
of PE improves considerably when it is blended with lignosulfonate. Most other studies
[95-100] indicated almost invariably that lignin stabilizes polyolefins, unfortunately less
attention was paid to the effect of lignin type on stabilization efficiency and to the comparison to existing stabilizer systems. Although phenolic hydroxyl groups scavenge
radicals and improve stability indeed, because of their relatively small molar number,
less efficiency is expected from them than from traditional, small molecular mass stabilizers.
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Another important issue in stabilization is the homogeneity of polymer/lignin
blends. When lignin is added in small amounts for stabilization, the quality of dispersion is not always easy to determine. Good dispersion and compatibility was claimed in
several cases [97,101], which is difficult to understand in view of the considerable differences in the chemical structure of the two types of polymers. Homogenization and
compatibility are even more important when a larger amount of lignin is added to the
polymer to modify mechanical properties. A wide variety of effects were observed on
different properties as a result of blending with lignin. Modulus usually increases, because of the stiffness of lignin molecules [101-106], but strength and strain-at-break
often decrease [101-107]. The conclusions drawn from these results about compatibility
are also quite diverse. As mentioned above, Kosikova et al. [97] found good compatibility between organosolv and prehydrolysis lignin and PP, while Jeong et al. [101]
claimed outright complete miscibility with several polymers including LDPE and PP.
Unfortunately these claims are rarely supported by real experimental evidence and reflect mainly the hopes and belief of the authors. In spite of such claims we expect only
weak interactions and immiscibility of lignin with polyolefins, which was proved also
by the numerous attempts to modify lignin chemically or by adding a coupling agent.
Polymers with aromatic rings
Polyolefins can enter only into weak dispersion interactions with lignin, thus
immiscibility and poor properties are expected in their blends. On the other hand, plastics containing aromatic rings can form also stronger,  stacking interactions, thus better
compatibility, partial miscibility and better properties can be expected upon the blending of the two components. Numerous papers have been published on such blends and
the controversy characterizing the study of polyolefin/lignin blends can be observed
also in the case of aromatic polymers. The drawing of generally valid conclusions is
practically impossible and evaluation is complicated by the differences in the polymers,
lignin samples and modifications used in these experiments.
The simplest polymer containing aromatic rings is PS. It can develop  interactions with the polyaromatic lignin, but the components cannot form other interactions
except weak dispersion forces. One would expect limited compatibility and relatively
poor interactions as a result, and Barzegari et al. [108] found indeed that all mechanical
properties including modulus, strength and elongation deteriorated upon the addition of
lignin. The authors explained the poor properties and rough fracture surface of the
blends by poor wetting and interaction between the lignin particles and PS. The properties of PS/lignin blends prepared by Pucciariello et al. [93] were also quite poor, which
was explained by the authors with the poor compatibility of the components. On the
other hand, based on changes in the T g of PS, Lispergauer et al. [109] assumed some
degree of miscibility between lignin and PS, although they modified lignin with maleic
anhydride, which might have improved interactions. Pouteau et al. [110] added Kraft
lignin to a number of polymers including PS and found that the compatibility of this
latter is much better than that of the rest of the polymers and they explained the difference with the partial solubility of the components and chemical reaction. The exceptional behavior and especially the reaction are difficult to understand and accept without
further proof.
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A wide variety of other polymers containing aromatic rings were blended with
lignin and the conclusions drawn from the results ranged widely also for them. Canetti
et al. [111], for example, observed the good dispersion of lignin in poly(ethylene terephthalate) (PET), while Kadla and Kubo [90] found the two components immiscible and
explained immiscibility with the lack of hydrogen bonding compared to poly(ethylene
oxide) (PEO). Jeong et al. [101], on the other hand, found PET and lignin completely
miscible. Their results were based on the evaluation of mechanical properties including
tensile strength shown in Fig. 1.6. However, some doubts might arise about their conclusion, since they found all four polymers studied miscible with their Kraft lignin including LDPE, PP and PS. Miscibility was claimed also for a number of other polymers
containing aromatic rings, like poly(4-vinyl pyridine) [112,113] and polyaniline [114],
but most of the polymers including PET form not only  electron interactions, but also
H-bonds with lignin.
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Figure 1.6

Composition dependence of the tensile strength of polymer/softwood
Kraft lignin blends. Symbols: () LDPE, () PS, () PP, () PET. Data were taken from the work of Jeong et al. [101].

Considering all the information offered in the papers published on aromatic polymer/lignin blends, we can conclude that interactions are generally stronger in these
blends than in polyolefin/lignin combinations. However, compatibility and properties
cover a wide range and depend on the characteristics of the specific polymer and lignin
used in the experiments. In spite of the claims of several authors, complete miscibility is
rarely achieved, the blends usually have heterogeneous structure and their properties,
especially toughness and deformability, are not exceptionally good.
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Other polymers, H-bonds
Hydrogen bonds are considerably stronger than the interactions discussed in the
previous two sections, thus better compatibility and properties are expected in such
blends. Blends were prepared from lignin and a large number of polymers capable of
such interactions. The conclusions are similarly contradictory as before. One of the
polymers was found to be miscible with lignin is poly(ethylene oxide). Kadla and Kubo
[90,115-118] carried out extensive experiments on such blends and explained miscibility with the formation of H-bonds. They drew this conclusion from FTIR spectra and
the composition dependence of the T g of the blends which possessed a single T g.
Miscibility was claimed for other polymers as well. Liu et al. [119,120] found
that poly(4-vinylpyridine) is miscible with lignin and a similar conclusion was drawn
about poly(vinylpyrrolidone)/lignin blends by Silva et al. [121], as well as about polypolyanlinine/lignin blends by Rodrigues et al. [114]. This latter group studied its blends
with FTIR spectroscopy and cyclic voltammetry and drew this conclusion from the
results. Unfortunately, SEM micrographs recorded on their samples indicated the presence of lignin particles (Fig. 1.7). Although these latter are rather small proving that
interactions are quite strong due to the formation of hydrogen bonds, the heterogeneity
of the structure is clear.

Figure 1.7

Dispersed Kraft lignin particles in polyaniline blends claimed to be miscible. Lignin content: 36 wt% [114].

The contradiction related to the interpretation of experimental results and the
conclusions drawn about interactions and miscibility are amply demonstrated by the
publications on poly(vinyl chloride) (PVC)/lignin blends. Feldman et al. [88,122-126]
studied these blends quite extensively. They observed two T g values on DSC traces, one
of which disappeared after annealing at higher temperature [122]. Although the authors
mention the likelihood of homogeneous PVC/lignin blends, they do not claim miscibility firmly in this and in their subsequent papers even when they used plasticized PVC
for better dispersion and to improve impact resistance. In spite of the detailed studies
and conclusions of Feldman et al. [122-126], El-Raghi et al. [127] came to the conclu-
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sion that PVC and lignin are miscible due to interactions between the  hydrogen of
PVC and the hydroxyl groups of lignin. The conclusion is based on the fact that they see
only one transition on the DSC trace of the blend.
The contradiction related to the role of hydrogen bonds in the interaction of lignin with polymers is demonstrated quite well by poly(vinyl alcohol) (PVOH)/lignin
blends. Quite a few studies have been carried out on this combination of materials and
most of the authors concluded that they form heterogeneous blends [128-131], which is
rather surprising, since the number of active OH groups is considerable in PVOH. Only
further studies may resolve the contradiction, which shows that only the combination of
several measurements and quantitative analysis can offer sufficient proof about the
interaction, compatibility and miscibility of lignin blends. Even microscopy cannot
supply unassailable proof because of possible artifacts and sometimes insufficient magnification. The development of hydrogen bridges was observed also in biopolymer/lignin blends with the same result. PLA seems to be immiscible with lignin
[132,133], but based on SEM micrographs, Ouyang et al. [134] claimed the formation
of a homogeneous, single-phase structure in their blends. The compatibility of
poly(butylene adipate-co-terephthalate) with lignin seems to be much better because the
two polymers can form also  electron interactions. Polyhydroxybutyrate (PHB) was
claimed to form miscible blend up to 40 wt% lignin content, but phase separation occurred at large concentrations [135,136]. The conclusion was drawn again from DSC
traces and SEM micrographs. Considering the less polar structure of PHB compared to
PLA, the result is quite surprising.
1.2.3. Miscibility-structure-property correlations
The analysis of papers published on polymer/lignin blends shows that a wide variety of structures and properties were observed by various research groups and the most
contradictory statements were made about the compatibility or miscibility of lignin with
different polymers. Practically no polymer/lignin blend exists which was not rated miscible and immiscible at the same time by one group or another. Miscibility is usually
determined by microscopy, DSC measurements or FTIR spectroscopy. All three approaches have advantages and drawbacks and the results obtained by them must be
always treated with care. Microscopy seems to be straightforward, but dispersed particles can be very small, thus resolution is important, and of course sample preparation
and possible artifacts also might complicate evaluation.
During the evaluation of DSC traces, a frequent mistake is caused by following
the general rule that complete miscibility results in a single Tg, while partial miscibility
in two Tg values [137]. According to this approach a polymer/lignin blend must be
homogeneous at the segmental level when only one T g is determined in the blend. However, most technical lignins consist of short and stiff molecules thus the determination
of their Tg, particularly when they are blended and diluted with other polymers, is usually very difficult or even impossible. The main reason is that the flexibility of these molecules changes only in a small extent as they go through glass transition, the related
increase in specific heat is small and appear only as a slight change on the DSC trace.
As a consequence, immiscible polymer/lignin blends often exhibit only one T g which
belongs to the thermoplastic forming the matrix.
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An apparent shift in a characteristic band of the FTIR spectrum can also be interpreted falsely. First of all such a shift indicates only the existence of interactions and
definitely does not prove miscibility. Nevertheless, several papers on polymer/lignin
blends treats the shift of the absorbance peak of a functional group, like hydroxyl or
carbonyl, as an evidence for the formation of strong component interactions [114,115118] or even a homogeneous system [90,101,138]. Unfortunately, these claims are
mostly not verified by the proper analysis of the infrared spectra, e.g. by the deconvolution of the absorbance peaks. False conclusions drawn in the absence of adequate investigation are demonstrated well by the following example. EVOH/lignosulfonate blends
were prepared in a wide composition range, and then infrared spectra were recorded on
them. Since EVOH may form hydrogen bridges with a lignosulfonate sample, it is obvious to follow changes in the absorbance peak of the hydroxyl groups between 3600 and
3300 cm–1 (Fig. 1.8). This absorbance peak shifts significantly with the increasing
amount of lignosulfonate in the blend, the shift might be regarded as a proof for the
presence of hydrogen bonds between the components or even for the formation of a
miscible blend. However, the deconvolution of the corresponding peak and mathematical analysis revealed that the infrared spectrum of the blends is the superposition of the
spectra of the two components. Both components contain hydroxyl groups, but in different environments, thus the corresponding absorption bands appear at different wavelengths leading to the shift observed in Fig. 1.8. Immiscibility and heterogeneous structure was confirmed by SEM micrographs (Fig. 1.5). Nevertheless, the result presented
above does not necessarily mean that hydrogen bridges do not form between the components. Since the components interact at the interphase, their concentration in the blend
is relatively small and difficult to detect by FTIR spectroscopy.
In spite of the contradictory conclusions drawn by various authors, it is clear that
the main factor determining miscibility, structure and properties is the interaction of the
components. Although interactions are crucial, very few papers discuss the correlations
among miscibility, structure and properties and even less estimate them quantitatively.
Simple approaches may offer valuable information about these relationships and help
create guidelines for further development.
A rare exception is the work of Pouteau et al. [110] who added Kraft lignin to a
number of polymers and studied the relationship between the miscibility of the components and the structure of the blends. The authors recorded micrographs on their blends
and then determined the surface area of the dispersed lignin particles in each photo.
Plotting the measured areas against the Hildebrand solubility parameter (δ) of the studied polymers results in a correlation with a minimum as shown in Fig. 1.9. The minimum is located very close to the solubility parameter of Kraft lignin. To support the
assumption presented above the Hildebrand solubility parameters of several lignin samples are listed in Table 1.4. The values were taken from a number of papers using lignins from different sources and applying dissimilar approaches for the determination of
the solubility parameter. The δ value of Kraft lignin derived from the results of Pouteau
et al. [110] is somewhat smaller than the value estimated by Thielemans and Wool
[138], but it is in the same range.
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Table 1.4

Estimation of the Hildebrand solubility parameter of several lignin samples.
 (MPa1/2)

Method

Reference

22.7a

Hoy's group contribution

this work

Softwood

23.3

a

Hoy's group contribution

this work

Hardwood Kraft

22.1

image analysis of blends

110

Hardwood Kraft

24.3

Hoy's group contribution

138

Softwood Kraft

24.6

Hoy's group contribution

138

Hardwood Ca lignosulfonate

32.3

solubility testing

139

Softwood Ca lignosulfonate

33.1

solubility testing

139

Alcell® (organosolv)

28.0

Fedors' group
contribution

28

Hardwood organosolv

22.7

–

92

Lignin type
Hardwood

a) Solubility parameters were calculated in this work for the chemical formulas given by Nimz [16] and Adler
[13], respectively.

The analysis of the results published by Kadla and Kubo [115] offers another
good example, which proves the benefits of the quantitative estimation of interactions
and structure-property correlations. The authors [115] blended the same Kraft lignin as
Pouteau et al. [110] with PEO in the whole composition range (from 0 to 100 % lignin
content) and determined the properties of the blends. The addition of lignin enhanced
both the stiffness and the strength of the blends. Only one T g was observed for each
blend and a significant shift was observed in the position of the absorption of hydroxyl
groups in the infrared spectra of the blends compared to pure lignin. Based on these
results they claimed that the two components are miscible in the entire composition
range because of the formation of strong hydrogen bonds between them. However, the
statement needs further corroboration because of the inherent uncertainty of the methods used by the authors.
The conclusion of the authors [115] can be analyzed with models which relate
interfacial interactions, structure and the mechanical properties of blends and thus relate
miscibility and strength directly [140-143]. The composition dependence of tensile
strength can be expressed in the following form [142]

 Tred   T

1  2.5 1
  Tmexp B  
1   n

(1.1)

where Tred is the reduced tensile strength of the blend, T and Tm are the true tensile
strength (T =  and  = L/L0, where L is the ultimate and L0 the initial gauge length of
the specimen) of the blend and the matrix, respectively, n is a parameter taking into
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account strain hardening,  is the volume fraction of the dispersed component and Bσ is
related to its relative load-bearing capacity, which, among other factors, depends also on
interfacial adhesion. However, in blends the load bearing capacity of the dispersed
phase, i.e. parameter Bσ is not affected only by component interactions but also by the
inherent properties of the components [143]
 C
B  ln  Td
  Tm





(1.2)

where σTd and σTm are the true tensile strength of the dispersed particles and the matrix,
respectively, and parameter C is related to the stress carried by the dispersed component. This latter was found to be inversely proportional to the Flory-Huggins interaction
parameter (χ) [143]
C

k



(1.3)

where k is a constant. There are several experimental methods to determine the χ value
of two polymers, e.g. from the composition dependence of the T g [144,145] or the melting temperature [146,147], from solvent uptake measurements [148,149], or from Hildebrand solubility parameters



Vr ( 1   2 ) 2
RT

(1.4)

where Vr is a reference volume with the value of 100 cm /mol [150], δ1 and δ2 the solubility parameters of the components, R the universal gas constant, and T the absolute
temperature. The δ values of the polymers can be estimated using group contributions
according to the approach of Small [151], Hoy [152], van Krevelen [153] or others
[154,155,156].
3

For the PEO/lignin blends discussed above [115] the χ value was estimated from
the composition dependence of Tg, while parameter C was calculated from the strength
data of Kadla and Kubo [115]. The correlation predicted by Eq. 1.3 is presented in Fig.
1.10 for a number of polymers with a wide range of miscibility from the completely
immiscible PVC/PS blend to the completely miscible PS/polypropylene oxide (PPO)
pair. The data for most polymers were taken from our previous research and publications [157-159]. In spite of the simplifications used and some neglected factors, the
correlation between the two quantities (C and ) is surprisingly good. In Fig. 1.10 the
miscible blend of PS and PPO can be seen at the left end of the correlation, while the
immiscible blend of PVC and PS at its right end. As it was mentioned earlier, Kadla and
Kubo [115] had found PEO/lignin blends to be miscible. The point for the pair is located somewhere in the middle of the correlation, closer to the PS/PPO blend. As a consequence, we may not confirm the conclusion of Kadla and Kubo [115] about the miscibility of their blend, but we may expect strong interaction and some mutual solubility of
the components at least. Obviously, the quantitative estimation of interactions as well as
the analysis of experimental results offer valuable information about miscibilitystructure-property correlations and help the utilization of lignin in polymers.
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Figure 1.10 Correlation of miscibility and mechanical property in polymer blends;
relationship between parameter C derived from tensile strength and the
Flory-Huggins parameter expressing polymer-polymer interaction. Symbols: () reference blends [157-159], () PEO/lignin blend [115].

1.2.4. Modification of interactions
The previous sections confirm without any doubt that component interactions determine the structure and properties of polymer/lignin blends. As a consequence, the
way to prepare materials with a well-defined structure and acceptable properties is to
control lignin-lignin, as well as lignin-polymer interactions that can be achieved by
modification. Several approaches can be used for the modification of interactions including plasticization, the chemical modification of lignin and the use of coupling
agents.
Plasticization
Plasticization is an easy and economical way to decrease the strong interactions
acting among lignin molecules which prevent their mixing with other polymers. As a
result of plasticization the processability and dispersion of lignin in thermoplastic polymers may improve considerably together with the toughness and elongation-at-break of
the resulting blends. Plasticizers are small molecular mass substances that replace polymer-polymer interactions with those between the polymer and the plasticizer. This
process increases the mobility of polymer chains resulting in a decrease of both the
glass transition and the processing temperature of the blend.
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Various compounds can be used for plasticization, but their efficiency depends
very much on the structure of the lignin used, i.e. on the extraction technology. Bouajila
et al. [87] compared a series of plasticizers in Kraft lignin in order to check their efficiency. The plasticizing effect was estimated by the decrease of T g as a function of
plasticizer content. The Tg of plasticized lignin is plotted against plasticizer concentration in Fig. 1.11. Water proved to be the best plasticizer in this study, while the plasticizing efficiency of ethylene glycol was surprisingly small in Kraft lignin. The results
clearly prove that plasticizers can decrease the T g of lignin, and probably improve properties as well.
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Figure 1.11 Glass transition temperature of Kraft lignin as a function of plasticizer
content. Plasticizers: () water, () ethylene carbonate, () ethylene
glycol. Data were taken from the work of Bouajila et al. [87].
Several papers demonstrate the positive effect of plasticization in polymer/lignin
blends. Glycerol was found to be an efficient plasticizer in PVOH/lignin blends [160].
Su et al. [160] combined PVOH with soda lignin in the presence of glutaraldehyde as
cross-linker and glycerol as plasticizer. According to the authors, the compatibility
between PVOH and soda lignin was good. As expected, increasing glycerol content
resulted in the decrease of tensile strength and the increase of elongation-at-break in the
studied range of plasticizer content. The mechanical properties of neat PVOH were
improved significantly through the addition of soda lignin, glutaraldehyde and glycerol.
PEO is an efficient plasticizer improving properties in the combination of PLA and
lignin [132]. Rahman et al. [132] improved the compatibility between PLA and PEO by
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a transesterification catalyst under reactive mixing conditions. The deformability, i.e.
strain-at-break of the PLA/PEO binary blend increased and its strength decreased with
increasing PEO content. When the catalyst was applied, the formation of PLA-PEO
block copolymers increased deformability further. PLA/lignin binary blends had larger
stiffness and strength compared to the PLA/PEO binary blends, however, their deformability was significantly smaller. A good balance of stiffness and strength was achieved
in PLA/PEO/lignin ternary blends in which lignin particles provided strength, while
PEO increased deformability.
Feldman et al. [125] investigated the plasticizing efficiency of different substances in the blends of lignin and poly(vinyl chloride-co-vinyl acetate). The mechanical
properties of the blends were influenced strongly by the particle size distribution of
lignin; finer dispersion resulted in larger strength and deformability. The results also
revealed a close correlation between the homogeneity of the blend and the Hildebrand
solubility parameter (δ) of the plasticizer. This correlation is demonstrated by Fig. 1.12,
in which the particle size distribution of lignin plasticized by diethylene glycol dibenzoate (δ = 20.7 MPa1/2) and dioctyl phthalate (δ = 16.8 MPa1/2) is presented. The δ value of
diethylene glycol dibenzoate is closer to that of the applied lignin (δ = 28.0 MPa1/2 [28])
than that of dioctyl phthalate, thus the size of dispersed lignin particles is smaller and
their distribution is narrower in the presence of diethylene glycol dibenzoate than with
the other plasticizer.
Chemical modification
Lignin is often modified chemically to improve its dispersability in a polymer
matrix or to enhance its miscibility with polymers. Attaching aliphatic, or less polar
moieties to the lignin molecule decreases the strength of self-interactions, but does not
necessarily improve miscibility or compatibility with polymers. The final outcome
depends on the balance of competitive forces among all components. A large number of
papers claim that the chemical modification of lignin improves significantly the homogeneity and/or the mechanical properties of its blends with polyolefins and PLA. Lignin
has been esterified with stearoyl chloride [161], acetic [101,162,163], phthalic [105] and
maleic anhydride [106], alkylated with dichloroethane [106], dichloromethane [164]
and dodecane bromide [107], arylated with chlorobenzene [165], reacted with propylene
oxide [103,129,165,166], as well as grafted with ethylene monomers [167]. Nevertheless, it is often difficult or even impossible to ascertain the positive effect of these chemical modifications as the authors often do not present the results of the blends containing
unmodified lignin as reference [105-107,129,164-166].
A good example is supplied for this approach by Maldhure et al. [106,164] who
modified lignin in several ways to enhance its compatibility with PP. Lignin was esterified with maleic anhydride [106], alkylated with dichloroethane [106], dichloromethane
[164] and arylated with chlorobenzene [164], respectively. Subsequently they prepared
PP/modified lignin blends up to 25 wt% lignin content. Unfortunately, the properties of
the blends containing unmodified lignin were not presented in these papers [106,164],
therefore, we can only guess the real effect of the various modifications.
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Figure 1.12 Effect of plasticization on the particle size distribution of lignin in
poly(vinyl chloride-co-vinyl acetate). Plasticizer: () diethylene glycol
dibenzoate, () dioctyl phthalate. Plasticizer content is 35 phr in the vinyl chloride-vinyl acetate copolymer. The plasticized polymer contains 23
wt% lignin. Data were taken from the work of Feldman et al. [125].
Chen et al. [107] alkylated lignin with bromododecane and then prepared
PP/lignin blends. Long aliphatic chains are attached to lignin as a result of the reaction,
thus they expected a positive effect on the compatibility of PP and lignin. Unfortunately, we cannot be certain about the outcome in this case either, since the authors did not
present mechanical properties and morphology for the blends containing the unmodified
lignin. Nevertheless, Chen et al. [107] claimed improvement in compatibility.
Sailaja and Deepthi [105] esterified lignin with phthalic anhydride and then
blended the product with LDPE in the presence of a maleic anhydride grafted LDPE
(MALDPE) compatibilizer. The changes in mechanical properties indicated that the
addition of MALDPE improved interfacial adhesion between the components, which
was corroborated also by SEM micrographs recorded on the fracture surfaces of the
blends. However, the deformability expressed by strain-at-break decreased monotonously with increasing lignin content, which might hinder the application of these blends.
Contrary to many of the works published, Gordobil et al. [162] added both acetylated and unmodified soda lignin to PLA at different compositions. The acetylation
reaction is presented in Fig. 1.13. According to microscopic images recorded on the
blends, the particle size of the dispersed acetylated lignin was much smaller than that of
the unmodified lignin. Based on the results, stronger interfacial interactions were
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claimed for the PLA/acetylated lignin blends, but taking into account that very polar
hydroxyl groups were replaced by less polar ester groups, better dispersion must have
resulted from weaker interactions among lignin molecules and not from stronger matrix/lignin interactions.

Figure 1.13 Esterification of lignin by acetic anhydride.
Mechanical properties measured at larger deformations depend considerably on
component interactions [140-143]. This statement is strongly corroborated by Fig. 1.14
in which the tensile strength of the two series of blends is plotted against the volume
fraction of lignin. Tensile strength decreases with increasing lignin content in both cases, however, the extent of decrease is much smaller for blends containing acetylated
lignin [162]. The tensile strength of heterogeneous materials depends on the strength of
interfacial adhesion which is determined by the contact surface of the phases, i.e. particle size and the strength of interaction. The first increases with decreasing particle size,
while the second probably decreases with modification. Debonding stress also increases
with decreasing particle size, thus the formation of voids becomes more difficult and
premature failure less probable. The changes observed in the composition dependence
of tensile strength in PLA/lignin blends is the combined effect of all factors and not
only that of the strength of interaction. However, the results presented above clearly
prove that the chemical modification of lignin can be beneficial and improve the properties of its blends.
Wei et al. [165] propoxylated lignin based on the method of Glasser et al.
[168,169]. The as prepared hydroxypropyl lignin was blended with soy protein to develop a potential biodegradable plastic with better mechanical performance than the
pure soy protein applied. The addition of just 2 wt% hydroxypropyl lignin resulted in
tensile strength of 16.8 MPa, 2.3 times that of pure soy protein, with no accompanying
decrease in elongation at break as a result of strong interaction between the components.
Compared with other soy protein/lignin blends, the propoxylation of lignin plays a key
role in the improvement of mechanical properties since this modification increases the
steric availability of the hydroxyl groups of lignin, thus hydrogen bonding may develop
more easily between the polymer matrix and lignin.
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Figure 1.14 Tensile strength of PLA/lignin blends plotted as a function of lignin content; () unmodified lignin, () acetylated lignin.
Compatibilization
Lignin, including commercially available lignin samples, is a polar substance
which is immiscible and often even incompatible with most polymers, but especially
with apolar ones like PE, PP or PS. Plasticization and chemical modification change the
properties of the lignin phase, but blend properties may be improved also by compatibilization that modifies mainly interfacial adhesion [104,105,108,170-175].
Ethylene-vinyl acetate (EVAc) random copolymers were successfully applied as
compatibilizers in LDPE/lignin blends by Alexy et al. [170]. The addition of 10 wt %
EVAc increased the tensile strength by about 200 % and the elongation-at-break approximately by 1300 % compared to corresponding properties of the non-modified
samples.
PS/lignin blends were studied over a wide range of lignin content (0–80 wt%) in
the work of Barzegari et al. [108]. Blends were compounded with and without the addition of a linear styrene-hydrogenated butylene-styrene block copolymer and all properties deteriorated with increasing lignin content in both of them. At 60 wt% lignin content the compatilizer improved the dispersion of lignin and enhanced interfacial adhesion leading to the increase of strength and deformability compared to the blend not
containing the compatibilizer, but all mechanical properties including stiffness, strength
and deformability were inferior to the corresponding properties of neat PS.
An effective approach was presented by Oliveira and Glasser [171] for the compatibilization of PS and lignin. Star-like lignin-PS copolymers were synthesized by
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grafting isocyanate-capped PS segments onto hydroxypropyl lignin in their work, and
then these copolymers were added to PS/hydroxypropyl lignin blends. The compatibilizing effect of the copolymers was corroborated by the analysis of the fracture surfaces
of the blends. The results revealed that the applied copolymers reduced the particle size
of dispersed lignin significantly, which might be an important evidence for improved
interfacial adhesion [171].
Lignin contains a number of reactive functional groups, which offer the possibility for reactive compatibilization as well. In this case, the copolymers acting as compatibilizers form in situ during blending. Polymers with reactive groups [104,105,175] or
small molecular mass chemicals [172-174] can be reacted with lignin to form the compatibilizer. Methylene diphenyl diisocyanate [173] and polymeric methylene diphenyl
diisocyanate [173,174] proved to be efficient coupling agents in polybutylene succinate/lignin blends.
Polyethylene and lignin were compatibilized by maleic anhydride grafted polyethylene (MAPE) in other works [104,105]. In the work of Luo et al [104] two series of
LDPE blends were prepared with lignin in a relatively wide composition range: one
with and another without the compatibilizer. Strength decreases monotonous with increasing lignin content in the absence of MAPE, while it increases in the presence of the
coupling agent (Fig. 1.15). Obviously the compatibilizer increased interfacial adhesion
and the load bearing capacity of the dispersed lignin particles considerably.
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Figure 1.15 Tensile strength of LDPE/lignin blends plotted against their lignin content; () no compatibilizer, () MAPE [104].
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The improvement, i.e. the extent of compatibilization can be expressed quantitatively with the help of the simple model presented earlier (see Eq. 1.1). If the natural
logarithm of reduced tensile strength is plotted against the volume fraction of the dispersed phase, a straight line should be obtained, the slope of which is equal to parameter
Bσ. The tensile strength of the two blend series of Fig. 1.15 was plotted in this way in
Fig. 1.16. Both correlations are linear indeed, furthermore, the slope, i.e. parameter Bσ
of the compatibilized blends is larger than that of the blends which do not contain the
compatibilizer. This result confirms unambiguously the beneficial effect of the compatibilizer and the fact that MAPE improves interfacial adhesion in LDPE/lignin blends.
Nevertheless, we must call the attention here to the fact that although the strength of the
blends increased, their deformability, i.e. elongation-at-break decreased at the same time
in an extent which would considerably hinder their practical application. This calls the
attention to the importance of property optimization and also to the proper selection of
the approach used for the modification of lignin and its blends.

ln(reduced strength), ln(Tred)
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B = 1.34
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Figure 1.16 Reduced tensile strength of LDPE/lignin blends plotted against lignin
content in the linear form of Eq. 1.1. Effect of MAPE on interfacial interactions; () no compatibilizer, () MAPE [104].

1.3. Application
Most commercial applications are related to lignosulfonates, since they are available in the largest quantity in the industry [2]. Lignosulfonates are mostly used as a
dispersant, particularly in the production of concrete admixtures for reducing the
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amount of necessary water, for faster development of strength, and for the improvement
of workability [176]. This type of lignin is commonly applied also as a binder [177], a
component of adhesives 178], or a raw material for the production of chemicals including vanillin [179], dimethyl sulfide [180] and methyl mercaptane [180]. Lignosulfonates
are used in animal feeds as a binder to improve pellet durability, abrasion resistance and
as lubricant decreasing extruder wear [177]. They are widely used in oil well drilling
muds mostly as mud thinner, clay conditioner, viscosity control agent and fluid loss
additive [181]. Concentrated spent sulfite liquors are applied directly for dust control in
road and mineral ore dedusting [182]. Lignosulfonates are also applied as dispersants in
water-based paints and inks [183].
Bioethanol production yields mostly steam explosion lignin, thus more and more
attention is paid to the utilization of other industrial lignins as well. A German compounding company, TECNARO has already utilized lignin in thermoplastics that can be
processed by extrusion, injection molding, thermoforming, etc. Their trade mark,
ARBOFORM® includes grades in which lignin is combined with natural fibers, natural
resins and waxes. ARBOFORM® is also referred to as 'Liquid Wood' due to its properties similar to those of wood and the fact that it can be melted. These grades have been
applied in the construction industry, electronics, jewelry, furniture, musical instruments,
etc. Fig. 1.17 shows a pair of commercially available headphones with earcups made of
'Liquid Wood’.

Figure 1.17 AudioQuest® NightHawk
ARBOFORM®

headphones

with

earcups

made

of
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Cicala et al. [184] found that the component which makes ARBOFORM® a
thermoplastic is PLA. This result is strongly corroborated by the DSC thermograms of
‘Liquid Wood’ [175,184,185] showing the glass transition and the cold crystallization
of PLA. Therefore, we can conclude that ARBOFORM® is actually a PLA/lignin blend
reinforced with hemp, flax or other natural fibers.
The potential use of lignin as a stabilizer has already been discussed in section
1.2.2. Due to the presence of phenolic hydroxyl groups in its polyphenol structure, lignin has a radical scavenging and stabilizing effect in polymers. The crucial role of the
phenolic hydroxyl groups in stabilization was proved by Sadeghifar and Argyropoulos
[186] who showed that selective methylation of the phenolic hydroxyls decreases antioxidant activity. The antioxidant and stabilizing characteristics of lignin have been
studied in several polymers mainly in PE [93,94,98,186], PP [93,95-100] and PLA
[162,163]. Most experiments indicated that lignin is usually inferior to commercial
additive packages, and it also discolors the polymer, thus further work must be done
before its industrial application.
The polyaromatic structure of lignin makes it a promising precursor for carbonization. Carbonized lignin can be applied in catalysis, energy storage and fibers. Li et al.
[187] fabricated a lignin-derived catalyst for biodiesel production, which had large
catalytic activity with excellent cycle performance.
The carbonization of lignin leads to products for electrical applications. Wang et
al. [188] produced fibrous carbon mats from Alcell® lignin/PEO blends by electrospinning, carbonization and thermal annealing in the presence of urea. The mats were found
to be efficient anodes in lithium ion batteries. Hu et al. [189] prepared high energy density supercapacitors from activated submicron carbon fibers derived from lignin. The
excellent performance of the material demonstrates the potential of lignin-based carbons
for electrical energy storage.
Kadla et al. [190] fabricated carbon fibers from the blends of lignin and PEO
through thermal spinning followed by carbonization. The tensile strength of the fibers
was 300–450 MPa and their modulus 30–60 GPa corresponding to general performance
grades. Schreiber et al. [191] produced carbon fibers from blends of hardwood organosolv lignin and cellulose acetate by electrospinning. The fibers were treated with iodine
to facilitate carbonization and to help retain fiber morphology. Compared to carbon
fibers produced from neat polyacrylonitrile (PAN), the fibers derived from biopolymers
had a smaller degree of overall graphitization, but formed larger in-plane graphitic crystals. Liu et al. [192] prepared composite fibers containing lignin, PAN and carbon nanotubes (CNT) by gel-spinning and then carbonization at the temperatures of 1000 and
1100 °C, respectively. The fibers made from PAN/lignin blends had a strength of 1720
MPa and modulus 230 GPa, properties very similar to those of neat PAN fibers
(strength 1600 MPa, modulus 223 GPa). The addition of CNT resulted in a slight deterioration of properties (strength 1400 MPa, modulus 200 GPa).

1.4. Conclusions
The chemical structure of lignin is complex and depends very much on the extraction technology used for its production. Because of the complicated structure, the
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proper characterization of lignin is difficult and requires the use of a number of methods. Besides the number of functional groups, the ratio of monomers and molecular
mass must be also determined for the complete characterization of lignin. The combination of lignin with thermoplastics should be treated as blend and not composite. Because
of their large number of polar functional groups, lignin molecules interact strongly with
each other. As a consequence, competitive interactions determine the structure and
properties of the blends, and most polymers are immiscible with lignin, because of
weaker interactions forming between lignin and the matrix polymer than among lignin
molecules. Apparently none of the interactions developing in the blends, including
hydrogen bridges, is sufficient to result in complete miscibility. Nevertheless, strong
interactions, like the combination of aromatic -electron interaction and hydrogen
bonds, lead to very small dispersed particles and relatively good properties. However,
the deformability of the blends is usually poor which might be compensated by the
chemical modification of lignin, plasticization, or the use of coupling agents. Lignin can
act also as a reactive component in the preparation of various resins and polymers.

1.5. Scope
After cellulose, lignin is the second most abundant natural polymer, thus it represents an enormous renewable material source at relatively low price. No wonder that
there is an increasing interest in the utilization of lignin, which is evidenced by the fact
that more and more papers are published on the characterization, modification and possible application of lignin. An obvious route to use lignin in the plastics industry is
blending it with polymers to create novel materials with new properties. It was shown in
the introductory part of this Thesis that polymer/lignin blends are surrounded with much
controversy; therefore, further study is needed on the miscibility-structure-property
relationships of these materials to utilize all potentials of blending. Our laboratory has
considerable experience in the development and characterization of polymer blends and
composites, furthermore, we started a number of projects related to natural polymers in
recent years. The main goal of this Thesis is to show a comprehensive study about polymer/lignin blends, with a particular focus on the relationships among interactions,
structure and properties. Actually, the order of the next chapters represents a train of
thought; however, the chapters are presented in a way that they can be understood more
or less individually. Therefore, all of them contain a brief introduction followed by the
results and discussion. The main conclusions are summarized in the final section of each
chapter.
In Chaper 2, we describe the materials used in polymer/lignin blends, the sample preparation process, and the methods applied for the characterization of the materials prepared. In all cases, the polymer components were thermoplastics, while the lignin
component was lignosulfonate.
Polyolefins are cheap commodity polymers with good, balanced properties. As
lignin is very polar, and polyolefins are apolar polymers, we can expect immiscibility
and poor compatibility in their blends. Despite this prediction, a wide range of opinions
have been published about the miscibility or compatibility of lignin and polyolefins.
The inferior compatibility of lignin with polyolefins is evidenced also by the numerous
attempts to improve interfacial interactions in polyolefin/lignin blends. Although the
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knowledge about polyolefin/lignin blends seems to be advanced, we believe that the
controversies mentioned previously have to be clarified using proper methods. Therefore, the goal of the study presented in Chapter 3 was to prepare PP/lignosulfonate
blends in a wide composition range, and to investigate the effect of compatibilization on
interactions, structure and properties. The deformation and failure mechanism of the
blends was also studied in order to obtain further information about structure and interactions.
Lignin molecules contain numerous aromatic rings capable of forming π electron
interactions. These interactions are stronger than dispersion forces, therefore, they may
improve miscibility and compatibility between lignin and thermoplastic polymers with
aromatic rings. Some papers have already been published about the possible effect of
aromatic interactions in materials prepared with lignin. However, according to our
knowledge, there is no research paper that presents a systematic study focusing on the
role of π electron interactions on the miscibility, structure and properties of polymer/lignin blends. In Chapter 4, we present our study in which blends were prepared
from lignosulfonate as well as polystyrene, polycarbonate, and a glycol modified
poly(ethylene terephthalate), while the PP/lignosulfonate blends prepared earlier were
used as reference. Interactions and miscibility were compared with several approaches,
such as the analysis of the composition dependence of tensile strength, the estimation of
Flory-Huggins interaction parameters, and the investigation of deformation and failure
mechanism of the blends.
Although many papers have been published on blends prepared from lignin and
polymers capable of forming hydrogen bonds, the conclusions about miscibility and
structure are often rather contradictory or surprising. The main reasons behind this fact
are the application of inadequate methods, as well as the misunderstanding or the insufficient evaluation of research data. Therefore, we decided to perform a study revealing
the effect of hydrogen bonds on the miscibility, structure and properties of polymer/lignin blends. In Chapter 5, the matrix polymers were ethylene-vinyl alcohol copolymers with different vinyl alcohol content, thus the number of H-bonds between the
blend components could be systematically changed. Lignosulfonate was blended with
these copolymers in a wide composition range, and LDPE/lignosulfonate blends were
used as reference. Several approaches were used for the estimation of interactions: the
composition dependence of transition temperatures was determined, and the FloryHuggins interaction parameters were calculated from solubility parameters and from the
melting points of the blends with the Nishi-Wang approach. Also, structure was analyzed quantitatively.
Ionomers are mostly ethylene-acrylic acid or ethylene-methacrylic acid copolymers which are partially neutralized with various, the most often zinc and sodium ions.
Lignosulfonates also contain ionic functional groups, namely sulfonate groups. Consequently, besides dispersion interactions and hydrogen bonds, ionomers might form also
ionic bonds with lignosulfonate. The formation of ionic bonds may result in stronger
interactions, better homogeneity and properties. Thus, blending ionomers with lignosulfonates seems to be obvious; however, we are aware of no paper reporting the preparation and characterization of ionomer/lignin blends. Therefore, the goal of the study
presented in Chapter 6 was to prepare ionomer/lignosulfonate blends for the first time,
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estimate the role of various types of interactions in them and determine their structure
and properties. Several commercial ionomers neutralized with zinc and sodium ions,
respectively, were used in the study combined with two lignosulfonates with calcium
and sodium counter ions to check the effect of the valence of the ion on blend properties. Interactions were estimated quantitatively by various methods including the analysis of the composition dependence of transition temperatures and tensile strength, as
well as the determination of Flory-Huggins interaction parameters with the Nishi-Wang
approach. The correlations between the properties of the blends and the composition of
the ionomer were also investigated, eventually.
In Chapter 7, we present a comprehensive study on the correlations among miscibility, structure and properties of polymer/lignin blends. The data used in this chapter
were collected from our previous research work described in Chapters 3 and 4, and
additional polymer/lignosulfonate blends were prepared as well. Interactions between
the components were estimated quantitatively and correlations were established between interactions and structure, as well as between structure and properties. The perspectives of preparing blends with acceptable properties from polymers and lignin, as
well as practical consequences are also discussed in this chapter
The final chapter of the Thesis, Chapter 8 is devoted to summarizing briefly the
main results obtained during the work. As the most important conclusions were drawn
and reported at the end of each chapter, we refrain from their detailed discussion. The
main goal of this chapter is providing a list of the major thesis points. We believe that
our conclusions on polymer/lignosulfonate blends laid a strong basis for further research. As a result, we intend to continue the development of lignin-based polymeric
materials.

1.6. References
1.
2.

3.
4.

5.
6.

Calvo-Flores, F.G.; Dobado, J.A.; Isac-García, J.; Martín-Martínez, F.J. Lignin
and Lignans as Renewable Raw Materials. Chemistry, Technology and Applications; Wiley: Hoboken, 2015.
Zion Research. Lignin Market (Lignosulfonates, Kraft Lignin and Others) for
Concrete Additive, Animal Feed, Dye Stuff, and Other Applications: Global Industry Perspective, Comprehensive Analysis and Forecast 2014 – 2020; Market
Research Store: Deerfield Beach, 2015.
Wang, J.; Manley, R.St.J.; Feldman, D. Synthetic Polymer-Lignin Copolymers
and Blends. Prog. Polym. Sci. 1992, 17, 611–646.
Glasser, W.G. Classification of Lignin According to Chemical and Molecular
Structure. In: Lignin: Historical, Biological, and Materials Perspectives; Glasser, W.G.; Northey, R.A.; Schultz, T.P., Eds.; ACS Symp. Ser. 1999, 742, 216–
238.
Feldman, D. Lignin and Its Polyblends – A Review. In: Chemical Modification,
Properties, and Usage of Lignin; Hu, T.Q., Ed.; Kluwer Academic/Plenum Publishers: New York, 2002, pp. 81–99.
Stewart, D. Lignin as a base material for materials applications: Chemistry, application and economics. Ind. Crop. Prod. 2008, 27, 202–207.

Introduction

7.
8.
9.
10.
11.

12.
13.
14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

37

Doherty, W.O.S.; Mousavioun, P.; Fellows, C.M. Value-adding to cellulosic
ethanol: Lignin polymers. Ind. Crop. Prod. 2011, 33, 259–276.
Thakur, V.K.; Thakur, M.K.; Raghavan, P.; Kessler, M.R. Progress in Green
Polymer Composites from Lignin for Multifunctional Applications: A Review.
ACS Sustainable Chem. Eng. 2014, 2, 1072–1092.
Sen, S.; Patil, S.; Argyropoulos, D.S. Thermal Properties of Lignin in Copolymers, Blends, and Composites: A Review. Green Chem. 2015, 17, 4862–4887.
Freudenberg, K. Lignin: Its Constitution and Formation from pHydroxycinnamyl Alcohols. Science 1965, 148, 595–600.
Notley, S.M.; Norgren, M. Lignin: Functional Biomaterial with Potential in
Surface Chemistry and Nanoscience. In: The Nanoscience and Technology of
Renewable Biomaterials; Lucia, L.A.; Rojas, O.J., Eds.; Wiley-Blackwell: Hoboken, 2009, pp. 173–205.
Freudenberg, K.; Neish, A.C. Constitution and Biosynthesis of Lignin; Springer:
Berlin, 1968.
Adler, E. Lignin Chemistry-Past, Present and Future. Wood Sci. Technol. 1977,
11, 169–218.
Brunow, G.; Kilpeläinen, I.; Sipilä, J.; Syrjänen, K.; Karhunen, P.; Setälä, H.;
Rummakko, P. Oxidative Coupling of Phenols and the Biosynthesis of Lignin.
In: Lignin and Lignan Biosynthesis; Lewis, N.S.; Sarkanen S., Eds.; ACS Symp.
Ser. 1998, 697, 131–147.
Gellerstedt, G. Lignin complexity: fundamental and applied issues 2007,
<http://rfparois.free.fr/LIG2G/Seminaire%20LIG2G-WEB-vs-tout-public.htm>.
Nimz, H. Beech Lignin-Proposal of a Constitutional Scheme. Angew. Chem.
1974, 13, 313–321.
Lawoko, M.; Henriksson, G.; Gellerstedt, G. Structural differences between the
lignin–carbohydrate complexes present in wood and in chemical pulps.
Biomacromolecules 2005, 6, 3467–3473.
Sjöström, E. Wood Chemistry. Fundamentals and Applications, 2nd ed.;
Academic Press: San Diego, 1993.
Watt, C.; Burgess, H. Improvement in The Manufacture of Paper from Wood,
US 11343 A, 1854.
Dahl, C.F. Process of Manufacturing Cellulose from Wood, US 296935 A, 1884.
Glasser, W.G.; Davé, V.; Frazier, C.E. Molecular Weight Distribution of (Semi-)
Commercial Lignin Derivatives. J. Wood Chem. Technol. 1993, 19, 545–559.
Gratzl, J. S.; Chen, C.-L. Chemistry of Pulping: Lignin Reactions. In: Lignin:
Historical, Biological, and Materials Perspectives; Glasser, W.G.; Northey,
R.A.; Schultz, T.P., Eds.; ACS Symp. Ser. 1999, 742, 392–421.
Tilghman, B.C. Improved Mode of Treating Vegetable Substances for Making
Paper-Pulp, US 70485 A, 1867.
Braaten, S.M.; Christensen, B.E.; Fredheim, G.E. Comparison of Molecular
Weight and Molecular Weight Distributions of Softwood and Hardwood Lignosulfonates. J. Wood. Chem. Technol. 2003, 23, 197–215.
Kleinert, T.; Tayenthal, K. Über neuere Versuche zur Trennung von Cellulose
und Inkrusten verschiedener Hölzer. Z. Angew Chem. 1931, 44, 788–791.
Kleinert, T.; Tayenthal, K. Process of decomposing vegetable fibrous matter for
the purpose of simultaneous recovery both of the cellulose and of the incrusting

38

27.
28.
29.
30.
31.
32.
33.
34.

35.
36.
37.
38.
39.
40.
41.
42.

43.
44.

Chapter 1

ingredients, US 1856567 A
Diebold, V.B.; Cowan, W.F.; Walsh, J.K. Solvent pulping process, US 4100016
A
Ni, Y.; Hu, Q. Alcell® lignin solubility in ethanol-water mixtures. J. Appl.
Polym. Sci. 1995, 57, 1441–1446.
Mason, W.H. Process and apparatus for disintegration of wood and the like, US
1578609 A
Stelte, W. Steam explosion for biomass pre-treatment, Resultat Kontrakt (RK)
Report; Danish Technological Institute, 2013.
Tanahashi, M.; Tamabuchi, K.; Goto, T.; Aoki, T.; Karina, M.; Higuchi, T.
Characterization of steam-exploded wood II: chemical changes of wood components by steam explosion. Wood Res. 1988, 75, 1–12.
Sarkanen, K.; Schuerch, C. Conductometric determination of phenolic groups in
mixtures such as isolated lignins. Anal. Chem. 1955, 27, 1245-1250.
Pobiner, H. Improved inflection points in the non-aqueous potentiometric titration of acid functionalities in lignin chemicals by using internal standardization
and ion exchange. Anal. Chim. Acta 1983, 755, 57-65.
Chum, H.L.; Ratcliff, M.; Schroeder, H.A.; Sopher, D.W. Electrochemistry of
biomass-derived materials. Characterization, fractionation, and reductive electrolysis of ethynol-extracted explosively depressurized aspen lignin. J. Wood
Chem. Technol. 1984, 4, 505–532.
Adler, E.; Hernestam, S.; Walldén, I. Estimation of phenolic hydroxyl groups in
lignin. Sven. Papperstidn. 1958, 61, 641-647.
Gierer, J.; Lenz, B.; Noren, I.; Soderberg, S. Reactions of lignin during sulfate
cooking. III. The splitting of aryl-alkyl ether bonds in milled wood lignin by alkali. Tappi 1964, 47, 233-239.
Månsson, P. Quantitative Determination of Phenolic and Total Hydroxyl Groups
in Lignins. Holzforschung 1983, 31, 143–146.
Lai, Y.Z. Determination of phenolic hydroxyl groups. In: Methods in Lignin
Chemistry; Lin, S.Y.; Dence, C.W., Eds.; Springer: Berlin, Heidelberg, 1992, pp.
423–434.
Lenz, B. Application of nuclear magnetic resonance spectroscopy to characterization of lignin. Tappi 1968, 51, 511-519.
Ludwig, C.H. Magnetic resonance spectra. In: Lignins occurrence, formation,
structure and reactions; Sarkanen, K.V.; Ludwig, C.H., Eds.; Wiley: New York,
1971, pp. 299-344.
Faix, O.; Schweers, W. Vergleichende Untersuchungen an Polymermodellen des
Lignins (DHP's) verschiedener Zusammensetzungen. Holzforschung 1974, 28,
179-185.
Faix, O.; Grünwald, C.; Beinhoff, O. Determination of Phenolic Hydroxyl Group
Content of Milled Wood Lignins (MWL’s) from Different Botanical Origins Using Selective Aminolysis, FTIR, 1H-NMR, and UV Spectroscopy. Holzforschung
1992, 46, 425–432.
Lundquist, K. Proton (1H) NMR spectroscopy. In: Methods in Lignin Chemistry;
Lin, S.Y.; Dence, C.W., Eds.; Springer: Berlin, Heidelberg, 1992, pp. 242–247.
Robert, D.R.; Brünow, G. Quantitative estimation of hydroxyl groups in milled
wood lignin from spruce and in dehydrogenation polymer from coniferyl alcohol

Introduction

45.
46.
47.
48.

49.
50.
51.
52.
53.

54.
55.
56.
57.

58.
59.
60.
61.
62.

39

using 13C NMR spectroscopy. Holzforschung 1984, 38, 85–90.
Landucci, L. Quantitative 13C NMR characterization of lignin 1. A methodology
for high precision. Holzforschung 1985, 39, 355-359.
Faix, O.; Argyropoulos, D.S.; Robert, D.; Neirinck, V. Determination of Hydroxyl Groups in Lignins Evaluation of 1H-, 13C-, 31P-NMR, FTIR and Wet
Chemical Methods. Holzforschung 1994, 48, 387–394.
Argyropoulos, D.S. Quantitative Phosphorus-31 NMR Analysis of Lignins, a
New Tool for The Lignin Chemist. J. Wood Chem. Technol. 1994, 14, 45–63.
Granata,
A.;
Argyropoulos,
D.S.
2-Chloro-4,4,5,5-tetramethyl-1,3,2dioxaphospholane, a Reagent for the Accurate Determination of the Uncondensed and Condensed Phenolic Moieties in Lignins. J. Agric. Food Chem.
1995, 43, 1538–1544.
Aulin-Erdtman, G. Phenolic groups in spruce lignin. Svensk Papperst. 1954, 57,
745-760.
Goldschmid, O. Determination of phenolic hydroxyl content of lignin preparations by ultraviolet spectrophotometry. Anal. Chem. 1954, 26, 1421-1423.
Wexler, A.S. Characterization of Lignosulfonates by Ultraviolet Spectrometry,
Direct and Difference Spectrums. Anal. Chem. 1964, 36, 213–221.
Zakis, G.L. Functional Analysis of Lignins and Their Derivatives; Tappi Press:
Atlanta, 1994.
Goldmann, W.M.; Ahola, J.; Mankinen, O.; Kantola, A.M.; Komulainen, S.;
Telkki, V.-V.; Tanskanen, J. Determination of Phenolic Hydroxyl Groups in
Technical Lignins by Ionization Difference Ultraviolet Spectrophotometry (ΔεIDUS method). Period. Polytech. Chem. 2017, 61, 93-101.
Jakab, E.; Faix, O.; Till, F.; Székely, T. Thermogravimetry/mass spectrometry
study of six lignins within the scope of an international round robin test. J. Anal.
Appl. Pyrolysis 1995, 35, 167–179.
Jakab, E.; Faix, O.; Till, F. Thermal decomposition of milled wood lignins studied by thermogravimetry/mass spectrometry. J. Anal. Appl. Pyrolysis 1997, 4041, 171–186.
Kuhn, R.; Roth, H. Mikro-Bestimmung von Acetyl-, Benzoyl- und CMethylgruppen. Ber. Dtsch. Chem. Ges. 1933, 66, 1274-1277.
Roth, H. Analytik der alkoholischen und phenolischen Hydroxylgruppe. In:
Methoden der organischen Chemie (Houben-Weyl) 4. Auft., Bd II Analytische
Methoden; Müller, E.; Bayer, O.; Meerwein, H.; Ziegler, K., Eds.; George
Thieme: Stuttgart, Federal Republic of Germany, 1953, pp. 330-380
Bethge, P.O.; Lindström, K. Determination of O-Acetyl Groups in Wood. Svensk
Papperstidn. 1973, 17, 645–649.
Milne, T.A.; Chum, H.L.; Agblevor, F.; Johnson, D.K. Standardized Analytical
Methods. Biomass Bioenerg. 1992, 2, 341–366.
Chen, C.-L. Determination of methoxyl groups. In: Methods in Lignin
Chemistry; Lin, S.Y.; Dence, C.W., Eds.; Springer: Berlin, Heidelberg, 1992, pp.
465–472.
Hodges, K.L.; Kester, W. E.; Weiderrich D. L.; Grover, J. A. Determination of
Alkoxyl Substitution in Cellulose Ethers by Zeisel-Gas Chromatography. Anal.
Chem. 1979, 51, 2172–2176.
Balogh, D.T.; Curvelo, A.A.S.; De Groote, R.A.M.C. Solvent Effects on Orga-

40

63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.

76.
77.

78.
79.

Chapter 1

nosolv Lignin from Pinus caribaea hondurensis. Holzforschung 1992, 46, 343348.
Obst, J.R.; Landucci, L.L. Quantitative 13C NMR of lignins. Methoxyl: aryl ratio,
Holzforschung 1986, 40 (Suppl.), 87-92.
Robert, D.; Chen, C.-L. Biodegradation in spruce wood by Phanerochaete chrysosporium: quantitative analysis of biodegraded spruce lignins by 13C NMR spectroscopy. Holzforschung 1989, 43, 325-334.
Gosselink, R.J.A.; Abächerli, A.; Semke, H.; Malherbe, R.; Käuper, P.; Nadif,
A.; Van Dam, J.E.G. Analytical protocols for characterisation of sulphur-free
lignin. Ind. Crop. Prod. 2004, 19, 271–281.
Kirk, T.K.; Chang, H.-m. Decomposition of lignin by white-rot fungi. II. Characterization of heavily degraded lignins from decayed spruce. Holzforschung 1975,
29, 56-64.
Adler, E.; Marton, J. Zur Kenntnis der Carbonylgruppen im Lignins, I. Acta
Chem. Scand. 1959, 13, 127-137.
Gierer, J.; Soderberg, S. Uber die Carbonylgruppen des Lignins. Acta Chem.
Scand. 1959, 13, 127-137.
Chen, C.-L. Determination of carbonyl groups. In: Methods in Lignin Chemistry;
Lin, S.Y.; Dence, C.W., Eds.; Springer: Berlin, Heidelberg, 1992, pp. 446–457.
Lundquist, K.; Olsson, T. NMR studies of lignins. 1. Signals due to protons in
formyl groups. Acta Chem. Scand. 1977, B31, 788–792.
Adler, E.; Marton, J. Zur Kenntnis der Carbonylgruppen im Lignin. I. Acta
Chem. Scand. 1959, 13, 75–96.
Faix, O.; Andersons, B.; Zakis, G. Determination of carbonyl groups of six
round robin lignins by modified oximation and FTIR spectroscopy.
Holzforschung 1998, 52, 268–274.
Öster, R.; Kringstad, K.P.; Hirose, S.; Hatakeyama, H. Oxidative sulfonation of
kraft lignin. Nord Pulp Pap. Res. J. 1988, 3, 68-74.
Beatson, R.P. Determination of Sulfonate Groups and Total Sulfur. In: Methods
in Lignin Chemistry; Lin, S.Y.; Dence, C.W., Eds.; Springer: Berlin, Heidelberg,
1992, pp. 473–484.
Mansouri, N.-E.; Salvadó, J. Structural characterization of technical lignins for
the production of adhesives: Application to lignosulfonate, kraft, sodaanthraquinone, organosolv and ethanol process lignins. Ind. Crop. Prod. 2006,
24, 8–16.
Mansouri, N.-E.; Salvadó, J. Analytical methods for determining functional
groups in various technical lignins. Ind. Crop. Prod. 2007, 26, 116–124.
Himmel, M.E.; Tatsumoto, K.; Oh, K.K.; Grohmann, K.; Johnson, D.K.; Li
Chum, H. Molecular Weight Distribution of Aspen Lignins Estimated by Universal Calibration. In: Lignin. Properties and Materials; Glasser, W.G.;
Sarkanen, S., Eds.; ACS Symp. Ser. 1989, 397, 82–99.
Colombini, M.P.; Orlandi, M.; Modugno, F.; Tolppa, E.-L.; Sardelli, M.; Zoia,
L.; Crestini, C. Archaeological wood characterisation by PY/GC/MS, GC/MS,
NMR and GPC techniques. Microchem. J. 2007, 85, 164–173.
Guerra, A.; Gaspar, A. R.; Contreras, S.; Lucia, L.A.; Crestini, C.; Argyropoulos,
D.S. On the propensity of lignin to associate: A size exclusion chromatography
study with lignin derivatives isolated from different plant species. Phytochemis-

Introduction

80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.

41

try 2007, 68, 2570–2583.
Faix, O.; Meier, D.; Fortmann, I. Thermal degradation products of wood. Gas
chromatographic separation and mass spectrometric characterization of monomeric lignin derived products. Holz. Roh. Werkst. 1990, 48, 281–285.
Faix, O.; Meier, D.; Fortmann, I. Thermal degradation of wood. A collection of
electron impact (EI) mass spectra of monomeric lignin derived products. Holz.
Roh. Werkst. 1990, 48, 351–354.
Sette, M.; Wechselberger, R.; Crestini, C. Elucidation of Lignin Structure by
Quantitative 2D NMR. Chem. Eur. J. 2011, 17, 9529–9535.
Kammer, H. W. Surface and Interfacial Tension of Polymer Melts. Thermodynamic Theory of the Interface between Immiscible Polymers. Z. Phys. Chem.
(Leipzig) 1977, 258, 1149−1161.
Taylor, G.I. The Formation of Emulsions in Definable Fields of Flow. Proc. R.
Soc. London, Ser. A 1934, 146, 501−523.
Fortelný, I.; Kamenická, P.; Kovar, J. Effect of the Viscosity of Components on
the Phase Structure and Impact Strength of Polypropylene/Ethylene-Propylene
Elastomer Blends. Angew. Makromol. Chem. 1988, 164, 125−141.
Móczó, J.; Fekete, E.; Pukánszky, B. Acid-Base Interactions and Interphase
Formation in Particulate-Filled Polymers. J. Adhesion 2002, 78, 861–875.
Bouajila, J.; Dole, P.; Joly, C.; Limare, A. Some Laws of a Lignin Plasticization.
J. Appl. Polym. Sci. 2006, 102, 1445–1451.
Feldman, D.; Banu, D. Contribution to the Study of Rigid PVC Polyblends with
Different Lignins. J. Appl. Polym. Sci. 1997, 66, 1731–1744.
Cui, C.; Sadeghifar, H.; Sen, S.; Argyropoulos, D.S. Toward Thermoplastic
Lignin Polymers; Part II: Thermal & Polymer Characteristics of Kraft Lignin &
Derivatives. Bioresources 2013, 8, 864-886.
Kadla, J.F.; Kubo, S. Lignin-Based Polymer Blends: Analysis of Intermolecular
Interactions in Lignin–Synthetic Polymer Blends. Composites Part A 2004, 35,
395–400.
El Mansouri, N.-E.; Yuan, Q.; Huang, F. Characterization of Alkaline Lignins
for Use in Phenol-Formaldehyde and Epoxy Resins. Bioresources 2011, 6,
2647–2662.
Rials, T.G.; Glasser, W.G. Multiphase Materials with Lignin. VI. Effect of Cellulose Derivative Structure on Blend Morphology with Lignin. Wood Fiber Sci.
1989, 21, 80-90.
Pucciariello, R.; Villani, V.; Bonini, C.; D'Auria, M.; Vetere, T. Physical Properties of Straw Lignin-Based Polymer Blends. Polymer 2004, 45, 4159–4169.
Levon, K.; Huhtala, J.; Maim, B.; Lindberg, J.J. Improvement of the thermal
stabilization of polyethylene with lignosulphonate. Polymer 1987, 28, 745–750.
Chodák, I.; Brežný, R.; Rychlá, L. Blends of Polypropylene with Lignin: I.
Influence of a Lignin Addition on Crosslinking and Thermooxidation Stability of
Polypropylene. Chem. Pap. 1986, 40, 461–470.
Košiková, B.; Kačuráková, M.; Demianová, V. Photooxidation of the Composite
Lignin/Polypropylene Films. Chem. Pap. 1993, 47, 132–136.
Košiková, B.; Demianová, V.; Kačuráková, M. Sulfur-Free Lignins as
Composites of Polypropylene Films. J. Appl. Polym. Sci. 1993, 47, 1065–1073.
Alexy, P.; Košiková, B.; Podstránska, G. The Effect of Blending Lignin with

42

99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.

Chapter 1

Polyethylene and Polypropylene on Physical Properties. Polymer 2000, 41,
4901–4908.
Gregorová, A.; Košiková, B.; Staško, A. Radical Scavenging Capacity of Lignin
and Its Effect on Processing Stabilization of Virgin and Recycled Polypropylene.
J. Appl. Polym. Sci. 2007, 106, 1626–1631.
Košiková, B.; Sláviková, E. Use of Lignin Products Derived From Wood
Pulping as Environmentally Desirable Additives of Polypropylene Films. Wood
Research 2010, 55, 87–92.
Jeong, H.; Park, J.; Kim, S.; Lee, J.; Cho, J.W. Use of Acetylated Softwood Kraft
Lignin as Filler in Synthetic Polymers. Fiber. Polym. 2012, 13, 1310–1318.
Glasser, W.G.; Knudsen, J.S.; Chang, C.-S. Multiphase Materials with Lignin.
III. Polyblends with Ethylene-Vinyl Acetate Copolymers. J. Wood. Chem.
Technol. 1988, 8, 221–234.
Ciemniecki, S.L.; Glasser, W.G. Polymer Blends with Hydroxypropyl Lignin.
In: Lignin. Properties and Materials; Glasser, W.G.; Sarkanen, S. Eds.; ACS
Symp. Ser. 1989, 397, 452–463.
Luo, F.; Ning, N.; Chen, L.; Su, R.; Cao, J.; Zhang, Q.; Fu, Q. Effects of
Compatibilizers on the Mechanical Properties of Low Density
Polyethylene/Lignin Blends. Chin. J. Polym. Sci. 2009, 27, 833–842.
Sailaja, R.R.N.; Deepthi, M.V. Mechanical and Thermal Properties of
Compatibilized Composites of Polyethylene and Esterified Lignin. Mater.
Design 2010, 31, 4369–4379.
Maldhure, A.V.; Ekhe, J.D.; Deenadayalan, E. Mechanical Properties of
Polypropylene Blended with Esterified and Alkylated Lignin. J. Appl. Polym.
Sci. 2012, 125, 1701–1712.
Chen, F.; Dai, H.; Dong, X.; Yang, J.; Zhong, M. Physical Properties of LigninBased Polypropylene Blends. Polym. Compos. 2011, 32, 1019–1025.
Barzegari, M.R.; Alemdar, A.; Zhang, Y.; Rodrigue, D. Mechanical and Rheological Behavior of Highly Filled Polystyrene With Lignin. Polym. Compos.
2012, 33, 353–361.
Lisperguer, J.; Nuñez, C.; Perez-Guerrero, P. Structure and thermal properties of
maleated lignin-recycled polystyrene composites. J. Chil. Chem. Soc. 2013, 58,
1937–1940.
Pouteau, C.; Baumberger, S.; Cathala, B.; Dole, P. Lignin–Polymer Blends:
Evaluation of Compatibility by Image Analysis. C. R. Biologies 2004, 327, 935–
943.
Canetti, M.; Bertini, F. Supermolecular structure and thermal properties of
poly(ethylene terephthalate)/lignin composites. Compos. Sci. Technol. 2007, 67,
3151–3157.
Liu, C.; Xiao, C.; Liang, H. Properties and Structure of PVP–Lignin “Blend
Films”. J. Appl. Polym. Sci. 2005, 95, 1405–1411.
Cunxiu, G.; Donghua, C.; Wanjun, T.; Changhua, L. Properties and Thermal
Degradation Study of Blend Films with Poly(4-Vinylpyridine) and Lignin. J.
Appl. Polym. Sci. 2005, 97, 1875–1879.
Rodrigues, P.C.; Cantão, M.P.; Janissek, P.; Scarpa, P.C.N.; Mathias, A.L.; Ramos, L.P.; Gomes, M.A.B. Polyaniline/lignin blends: FTIR, MEV and electrochemical characterization. Eur. Polym. J. 2002, 38, 2213–2217.

Introduction

115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.

43

Kadla, J.F.; Kubo, S. Miscibility and Hydrogen Bonding in Blends of
Poly(ethylene oxide) and Kraft Lignin. Macromolecules 2003, 36, 7803–7811.
Kubo, S.; Kadla, J.F. Poly(Ethylene Oxide)/Organosolv Lignin Blends: Relationship between Thermal Properties, Chemical Structure, and Blend Behavior.
Macromolecules 2004, 37, 6904–6911.
Kubo, S.; Kadla, J.F. Kraft Lignin/Poly(Ethylene Oxide) Blends: Effect of Lignin Structure on Miscibility and Hydrogen Bonding. J. Appl. Polym. Sci. 2005,
98, 1437–1444.
Kubo, S.; Kadla, J.F. Effect of Poly(Ethylene Oxide) Molecular Mass on Miscibility and Hydrogen Bonding with Lignin. Holzforschung 2006, 60, 245–252.
Liu, C.; Xiao, C.; Liang, H. Properties and Structure of PVP–Lignin “Blend
Films”. J. Appl. Polym Sci. 2005, 95, 1405–1411.
Cunxiu, G.; Donghua, C.; Wanjun, T.; Changhua, L. Properties and Thermal
Degradation Study of Blend Films with Poly(4-Vinylpyridine) and Lignin. J.
Appl. Polym Sci. 2005, 97, 1875–1879.
Silva, M.F.; da Silva, C.A.; Fogo, F.C.; Pineda, E.A.G.; Hechenleitner, A.A.W.
Thermal and FTIR Study of Polyvinylpyrrolidone/Lignin Blends. J. Therm.
Anal. Calorim. 2005, 79, 367–370.
Feldman, D.; Banu, D.; El-Raghi, S. Poly(Vinyl Chloride)-Lignin Blends for
Outdoor Applicationin Building. J. Macromol. Sci., Pure Appl. Chem. 1994, 31,
555–571.
Feldman, D.; Banu, D.; Lora, J.; El-Raghi, S. Rigid Poly(Vinyl Chloride)Organosolv Lignin Blends for Applications in Building. J. Appl. Polym. Sci.
1996, 61, 2119–2128.
Feldman, D.; Banu, D.; Campanelli, J.; Zhu H. Blends of Vinylic Copolymer
with Plasticized Lignin: Thermal and Mechanical Properties. J. Appl. Polym. Sci.
2001, 81, 861–874.
Feldman, D.; Banu, D. Interactions in Poly(Vinyl Chloride)–Lignin Blends. J.
Adhes. Sci. Technol. 2003, 17, 2065–2083.
Feldman, D.; Banu, D.; Manley, R.St.J.; Zhu, H. Highly Filled Blends of a Vinylic Copolymer with Plasticized Lignin: Thermal and Mechanical Properties. J.
Appl. Polym. Sci. 2003, 89, 2000–2010.
El Raghi, S.; Zahran, R.R.; Gebril, B.E. Effect of Weathering on Some Properties of Polyvinyl Chloride/Lignin Blends. Mater. Lett. 2000, 46, 332–342.
Ciemniecki, S.L.; Glasser, W.G. Multiphase Materials with Lignin: 2. Blends of
Hydroxypropyl Lignin with Poly(Vinyl Alcohol). Polymer 1988, 29, 1030–1036.
Kubo, S.; Kadla, J.F. The Formation of Strong Intermolecular Interactions in
Immiscible Blends of Poly(Vinyl Alcohol) (PVA) and Lignin. Biomacromolecules 2003, 4, 561–567.
Xu, G.; Ren, S.; Wang, D.; Su, L.; Fang, G. Fabrication and Properties of Alkaline Lignin / Poly (Vinyl Alcohol) Blend Membranes. Bioresources 2013, 8,
2510–2520.
Su, L.; Fang, G. Characterization of Cross-linked Alkaline Lignin/Poly (Vinyl
Alcohol) Film with a Formaldehyde Cross-linker. Bioresources 2014, 9, 4477–
4488.
Rahman, M.A.; De Santis, D.; Spagnoli, G.; Ramorino, G.; Penco, M.; Phuong,
V.T.; Lazzeri, A. Biocomposites Based on Lignin and Plasticized Poly(L-lactic

44

133.

134.
135.
136.
137.
138.
139.
140.
141.

142.
143.
144.
145.
146.
147.
148.
149.

Chapter 1

acid). J. Appl. Polym. Sci. 2013, 129, 202–214.
Chen, R.; Abdelwahab, M.A.; Misra, M.; Mohanty, A.K. Biobased Ternary
Blends of Lignin, Poly(Lactic Acid), and Poly(Butylene Adipate-coTerephthalate): The Effect of Lignin Heterogeneity on Blend Morphology and
Compatibility. J. Polym. Environ. 2014, 22, 439–448.
Ouyang, W.; Huang, Y.; Luo, H.; Wang, D. Poly(Lactic Acid) Blended with
Cellulolytic Enzyme Lignin: Mechanical and Thermal Properties and Morphology Evaluation. J. Polym. Environ. 2012, 20, 1–9.
Mousavioun, P.; Doherty, W.O.S.; George, G. Thermal Stability and Miscibility
of Poly(Hydroxybutyrate) and Soda Lignin Blends. Ind. Crop. Prod. 2010, 32,
656–661.
Mousavioun, P.; Halley, P.J.; Doherty, W.O.S. Thermophysical Properties and
Rheology of PHB/Lignin Blends. Ind. Crop. Prod. 2013, 50, 270–275.
Olabisi, O.; Robeson, L.M.; Shaw, M.T. Polymer-Polymer Miscibility; Academic Press: New York, 1979.
Thielemans, W.; Wool, R.P. Lignin Esters for Use in Unsaturated Thermosets:
Lignin Modification and Solubility Modeling. Biomacromolecules 2005, 6,
1895–1905.
Myrvold, B.O. The Hansen Solubility Parameters of Some Lignosulfonates.
World Acad. Sci. Eng. Technol. Trans. Energy Power Eng. 2014, 1, 261.
Turcsányi, B.; Pukánszky, B.; Tüdős, F. Composition dependence of tensile
yield stress in filled polymers. J. Mater. Sci. Lett. 1988, 7, 160–162.
Turcsányi, B., Pukánszky, B., Tüdős, F. Effect on Interfacial Interaction on the
Tensile Yield Stress of Polymer Composites. In Interfaces in Polymer, Ceramic,
and Metal Matrix Composites; H. Ishida, Ed.; Elsevier: New York, N.Y., 1988,
pp. 467–477.
Pukánszky, B. Influence of interface interaction on the ultimate tensile properties
of polymer composites. Composites 1990, 21, 255–262.
Fekete, E.; Pukánszky, B.; Peredy, Z. Mutual correlations between parameters
characterizing the miscibility, structure and mechanical properties of polymer
blends. Angew. Makromol. Chem. 1992, 199, 87–101.
Nishi, T.; Wang, T.T. Melting Point Depression and Kinetic Effects of Cooling
on Crystallization in Poly(viny1idene fluoride)-Poly (methyl methacrylate) Mixtures. Macromolecules 1975, 8, 909–915.
Szabó, P.; Epacher, E.; Belina, K.; Pukánszky, B. Effect of component interaction on the melting and crystallization characteristics of PE/PIB blends. Macromol. Symp. 1988, 129, 137–149.
Kim, W.N.; Burns, C.M. Thermal Behavior, Morphology, and the Determination
of the Flory-Huggins Interaction Parameter of Polycarbonate-Polystyrene
Blends. J. Appl. Polym. Sci. 1987, 34, 945–967.
Szabó, P.; Pukánszky, B. Miscibility of Crystalline and Amorphous Polymers:
Polyethylene/Polyisobutylene blends. Macromol. Symp. 1998, 129, 29–42.
Hopfenberg, H.B.; Paul, D.R. Transport phenomena in polymer blends. In: Polymer Blends; Paul, D.R.; Newman, S., Eds.; Academic Press: New York, 1978,
pp. 445–489.
Szabó, P.; Epacher, E.; Földes, E.; Pukánszky, B. Miscibility, structure and
properties of PP/PIB blends. Mater. Sci. Eng. 2004, 383, 307–315.

Introduction

150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.

45

Krause, S. Polymer Compatibility. J. Macromol. Sci. – Revs. Macromol. Chem.
1972, 7, 251–314.
Small, P.A. Some factors affecting the solubility of polymers. J. Appl. Chem.
1953, 3, 71–80
Hoy, K.L. New Values of Solubility Parameters from Vapor Pressure Data. J.
Paint Technol. 1970, 42, 76–118.
van Krevelen, D.W. Сhemical structure and properties of coal. Fuel 1965, 44,
229-242.
Hayes, R.A. The relationship between glass temperature, molar cohesion, and
polymer structure. J. Appl. Polym. Sci. 1961, 5, 318-321.
Fedors, R.F. A method for estimating both the solubility parameters and molar
volumes of liquids. Polym. Eng. Sci. 1974, 14, 147-157.
Hoftyzer, P.J.; van Krevelen, D.W. Cohesive properties and solubility. In: Properties of Polymers, 2nd Ed; van Krevelen, D.W., Ed.; Elsevier: New York, 1976,
pp. 152–155.
Pukánszky, B. Interfaces and interphases in multicomponent materials: past,
present, future. Eur. Polym. J. 2005, 41, 645–662.
Imre, B.; Pukánszky, B. Compatibilization in bio-based and biodegradable polymer blends. Eur. Polym. J. 2013, 49, 1215–1233.
Imre, B.; Renner, K.; Pukánszky, B. Interactions, structure and properties in
poly(lactic acid)/thermoplastic polymer blends. Express Polym. Lett. 2014, 8, 2–
14.
Su, L.; Xing, Z.; Wang, D.; Xu, G.; Ren, S.; Fang, G. Mechanical Properties
Research and Structural Characterization of Alkali Lignin /Poly(vinyl alcohol)
Reaction Films. Bioresources 2013, 8, 3532–3543.
Vasile, C.; Iwanczuk, A.; Frackoviak, S.; Cazacu, G.; Constantinescu, G.; Kozlowski, M. Modified Lignin/Polyethylene Blends. Cellul. Chem. Technol. 2006,
40, 345.
Gordobil, O.; Delucis, R.; Egüés, I.; Labidi, J. Physicochemical properties of
PLA lignin blends. Polym. Degrad. Stabil. 2014, 108, 330–338.
Gordobil, O.; Egüés, I.; Labidi, J. Kraft lignin as filler in PLA to improve ductility and thermal properties. Ind. Crop. Prod. 2015, 72, 46–53.
Maldhure, A.V.; Ekhe, J.D. Effect of modifications of lignin on thermal, structural, and mechanical properties of polypropylene/modified lignin blends. J.
Thermoplast. Compos. Mater. 2015, DOI: 10.1177/0892705715610402
Wei, M.; Fan, L.; Huang, J.; Chen, Y. Role of Star-Like Hydroxylpropyl Lignin
in Soy-Protein Plastics. Macromol. Mater. Eng. 2006, 291, 524–530.
Chen, P.; Zhang, L.; Peng, S.; Liao, B. Effects of Nanoscale Hydroxypropyl
Lignin on Properties of Soy Protein Plastics. J. Appl. Polym. Sci. 2006, 101,
334–341.
Casenave, S.; Aït-Kadi, A.; Riedl, B. Mechanical Behaviour of Highly Filled
Lignin/Polyethylene Composites Made by Catalytic Grafting. Can. J. Chem.
Eng. 1996, 74, 308–315.
Wu, L.C.-F.; Glasser, W.G. Engineering Plastics from Lignin. I. Synthesis of
Hydroxypropyl Lignin. J. Appl. Polym. Sci. 1984, 29, 1111–1123.
Glasser, W.G.; Barnett, C.A.; Rials, T.G.; Saraf, V.P. Engineering Plastics from
Lignin. I. Synthesis of Hydroxypropyl Lignin. J. Appl. Polym. Sci. 1984, 29,

46

170.
171.
172.
173.
174.
175.
176.
177.
178.
179.
180.
181.
182.
183.
184.
185.
186.
187.
188.
189.

Chapter 1

1111–1123.
Alexy, P.; Košiková, B.; Crkonová, G.; Gregorová, A.; Martiš, P. Modification
of Lignin–Polyethylene Blends with High Lignin Content Using Ethylene–
Vinylacetate Copolymer as Modifier. J. Appl. Polym. Sci. 2004, 94, 1855–1860.
de Oliveira, W.; Glasser, W.G. Multiphase Materials with Lignin. XIV. StarLike Copolymers with Styrene. J. Wood Chem. Technol. 1994, 14, 119–126.
Fan, D.; Chang, P.R.; Lin, N.; Yu, J.; Huang, J. Structure and Properties of Alkaline Lignin-filled Poly(butylene succinate) Plastics. Iran. Polym. J. 2011, 20, 3–
14.
Sahoo, S.; Misra, M.; Mohanty, A.K. Enhanced properties of lignin-based biodegradable polymer composites using injection moulding process. Composites Part
A 2011, 42, 1710–1718.
Sahoo, S.; Misra, M.; Mohanty, A.K. Effect of Compatibilizer and Fillers on the
Properties of Injection Molded Lignin-Based Hybrid Green Composites. J. Appl.
Polym. Sci. 2013, 127, 4110–4121.
Blanco, I.; Cicala, G.; Latteri, A.; Saccullo, G.; El-Sabbagh, A.M.M.; Ziegmann,
G. Thermal characterization of a series of lignin-based polypropylene blends. J.
Therm. Anal. Calorim. 2017, 127, 147–153.
Ramachandran, V.S. Concrete Admixtures Handbook; Noyes Publications: Park
Ridge, 1994.
Knodt, C.B. Feed Pelleting Process and The Resulting Product, US 3035920 A,
1963.
Coyle, R.P. Particleboard, hardboard, and plywood produced in combination
with a lignin sulfonate-phenol formaldehyde glue system, US 3931072 A, 1976.
Northey, R.A. Low-Cost Uses of Lignin. In: Emerging Technology of Materials
and Chemicals from Biomass; Rowell, R.M.; Schultz, T.P.; Narayan, R., Eds.;
ACS Symp. Ser. 1992, 476, 146–175.
Goheen, D.W. Process of making methyl mercaptan, US 2840614 A, 1958.
Browning, W.C. Oil well drilling fluids, US 2771421 A, 1956.
Anthone, R.; Parks, M.P. Composition and method for soil stabilization, US
4001033 A, 1977.
Dilling, P. Process for preparing lignosulfonates, US 4521336 A, 1985.
Cicala, G.; Latteri, A.; Saccullo, G.; Recca, G.; Sciortino, L.; Lebioda, S.; Saake,
B. Investigation on Structure and Thermomechanical Processing of Biobased
Polymer Blends, J. Polym. Environ. 2016, DOI: 10.1007/s10924-016-0857-5
Nedelcu, D.; Ciofu, C.; Lohan, N.M. Microindentation and differential scanning
calorimetry of ‘‘liquid wood’’. Composites B 2013, 55, 11–15.
Sadeghifar, H.; Argyropoulos, D.S. Correlations of the Antioxidant Properties of
Softwood Kraft Lignin Fractions with the Thermal Stability of Its Blends with
Polyethylene. ACS Sustainable Chem. Eng. 2015, 3, 349−356.
Li, X.; Zuo, Y.; Zhang, Y.; Fu, Y.; Guo, Q. In situ preparation of K 2CO3 supported Kraft lignin activated carbon as solid base catalyst for biodiesel production. Fuel 2013, 113, 435–442.
Wang, S.-X.; Yang, L.; Stubbs, L.P.; Li, X.; He, C. Lignin-Derived Fused Electrospun Carbon Fibrous Mats as High Performance Anode Materials for Lithium
Ion Batteries. ACS Appl. Mater. Interfaces 2013, 5, 12275−12282.
Hu, S.; Zhang, S.; Pan, N.; Hsieh, Y.-L. High energy density supercapacitors

Introduction

190.
191.
192.

47

from lignin derived submicron activated carbon fibers in aqueous electrolytes. J.
Power Sources 2014, 270, 106–112.
Kadla, J.F.; Kubo, S.; Venditti, R.A.; Gilbert, R.D.; Compere, A.L.; Griffith, W.
Lignin-based carbon fibers for composite fiber applications. Carbon 2002, 40,
2913–2920.
Schreiber, M.; Vivekanandhan, S.; Mohanty, A.K.; Misra, M. Iodine Treatment
of Lignin−Cellulose Acetate Electrospun Fibers: Enhancement of Green Fiber
Carbonization. ACS Sustainable Chem. Eng. 2015, 3, 33–41.
Liu, H.C.; Chien, A.-T.; Newcomb, B.A.; Liu, Y.; Kumar, S. Processing, Structure, and Properties of Lignin- and CNT- Incorporated Polyacrylonitrile-Based
Carbon Fibers. ACS Sustainable Chem. Eng. 2015, 3, 1943–1954.

48

Chapter 1

49

Experimental

Chapter 2
Experimental
2.1. Materials
2.1.1. Thermoplastic polymers
The type, source and most important characteristics of the matrix polymers used
in Chapter 3, 4 and 7 are summarized in Table 2.1. The polypropylene used as matrix
in the experiments was provided by the MOL Group, Hungary. The polystyrene (PS)
was supplied by Americas Styrenics, USA, the polycarbonate (PC) by Covestro, Germany, and the glycol modified poly(ethylene terephthalate) (PETG) by SK Chemicals,
South Korea. The poly(methyl methacrylate) sample (PMMA) was obtained from
Arkema, France, while the poly(lactic acid) (PLA) used is the product of NatureWorks.
The ionomer (ION) applied was provided by DuPont, USA, an ethylene-methacrylic
acid copolymer partially neutralized by zinc hydroxide. The molecular mass of PP, PS,
PC, PMMA and PLA was determined by gel permeation chromatography in trichlorobenzene (PP) or tetrahydrofuran (PS, PC, PMMA, PLA), respectively, while that of
PETG by the measurement of intrinsic viscosity at 25 C in 1,1,2,2-tetrachloroethane
using the Mark-Houwink constants K = 0.000372 and a = 0.73 [1].
Table 2.1

The most important characteristics of the polymers used as matrix materials in Chapter 3, 4, and 7.

Trade name
Tipplen H 649 FH
Styron 686 E
Altuglas HFI 7 Clear 101
Ingeo 4032
Makrolon 2658
Ecosen SE
Surlyn 1706

Abbreviation
PP
PS
PMMA
PLA
PC
PETG
ION

Density
(g/cm3)
0.90
1.05
1.17
1.24
1.20
1.27
0.95

MFRa
(g/10 min)
2.5
2.5
11.0
3.9
13.0
10.9
0.7

Mn
(g/mol)
92600
128000
43500
24700
88500
25000b
–

Mw/Mn
4.84
2.44
1.88
2.07
1.80
–
–

a) melt flow rate at various temperatures and loads; b) calculated from intrinsic viscosity

In Chapter 3, interactions were modified by the addition of MAPP coupling
agents. Two types of MAPP were used: the Polybond 3200 grade (MA content: 1 wt%,
MFR: 106 g/10 min at 190 °C and 2.16 kg, M n: 33000 g/mol) produced by Chemtura,
USA, and the Orevac CA100 grade (MA content: 1 wt%, MFR: 112 g/10 min at 190 °C
and 2.16 kg, Mn: 25000 g/mol) supplied by Arkema, France.
The type, source and most important characteristics of the polymers used in
Chapter 5 are listed in Table 2.2. The ethylene-vinyl alcohol copolymers (EVOH)
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supplied by Kuraray Europe GmbH had various vinyl alcohol content in order to study
the effect of hydrogen bonds quantitatively. In further discussion, EVOH is used as the
overall abbreviation of the ethylene-vinyl alcohol copolymers studied. Low density
polyethylene (LDPE) was supplied by the MOL Group, Hungary. As LDPE has zero
amount of vinyl alcohol, it was used as a reference material in Chapter 5.
Table 2.2

The most important characteristics of the polymers used as matrix in
Chapter 5.

Trade name

Abbreviation

Tipolen FA 244-51
Eval G156B
Eval H171B
Eval F101B
Eval M100B

Vinyl alcohol
(mol%)
0
52
62
68
76

LDPE
EVOH52
EVOH62
EVOH68
EVOH76

Density
(g/cm3)
0.92
1.12
1.17
1.19
1.22

Melt flow rate
(g/10 min)
0.3a
6.4a
1.7a
1.6a
2.2b

a) 190 °C/2.16 kg; b) 220 °C/2.16 kg.

The type, source and the most important characteristics of the polymers used in
Chapter 6 are summarized in Table 2.3. LDPE was obtained from the MOL Group,
Hungary, while the ethylene-acrylic acid copolymer (EAc) and the ionomers from
DuPont, USA. The structure of the ionomers is presented in Fig. 2.1. Most of the data in
Table 2.3 was supplied by the producer, but the composition of the polymers was determined by us with Fourier transform infrared spectroscopy and inductively coupled
plasma optical emission spectrometry. LDPE and the EAc copolymer were used as
reference materials in Chapter 6. Instead of their trade name, the ionomers are identified according to their counter ion as ZnMer1 or 2, or NaMer1 or 2, respectively.
Table 2.3

The most important characteristics of the polymers used as matrix materials in Chapter 6; identification, properties and chemical composition.
Composition (mol%)

Trade name
Tipolen FA
244-51
Nucrel 31001
Surlyn 1601
Surlyn 8150
Surlyn 1706
Surlyn 9020

Density
(g/cm3)

MFRd
(g/10
min)

Tme
(°C)

T ff
(°C)

Abbrev.

MAca

MAb

iBuAc

LDPE

–

–

–

0.92

0.3

106

91

EAc
NaMer1
NaMer2
ZnMer1
ZnMer2

3.5
0.9
1.5
1.4
2.4

–
1.4
2.4
2.4
2.7

–
–
–
–
1.8

0.94
0.94
0.97
0.95
0.96

1.3
1.3
4.5
0.7
1.0

99
98
84
90
85

80
68
40
54
64

a) methacrylic acid; b) methacrylate; c) isobutyl acrylate; d) 190 °C/2.16 kg; e) melting point; f) freezing point
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a)

b)

c)

Figure 2.1

Chemical structure of the matrix polymers used in Chapter 6; a) EAc,
b) NaMer1 and NaMer2, c) ZnMer2.

2.1.2. Lignosulfonates
Lignosulfonate samples used in the experiments were kindly supplied by the
Burgo Group SpA, Italy. In Chapter 3, the Bretax C and Bretax SRO2 grades were
used. In Chapter 4 and 7, only Bretax C was added to the blends, while in Chapter 5,
only Bretax SRO2 was the lignosulfonate component. In Chapter 6, two types of lignosulfonates with similar composition but different counter ions were used: Bretax SRO2
with sodium, and Bretax CRO2 with calcium counter ions.
The Bretax C grade is the primary by-product of cellulose production and the
counter ion of the sulfonate groups is calcium. Bretax SRO2 and CRO2 are modified
products. In Bretax CRO2 a significant part of its sugar content is oxidized, while in
Bretax SRO2 calcium ions are exchanged to sodium ions as well. All grades have a
small number average molecular mass and a wide molecular mass distribution
(Mn = 1400-2400 g/mol, Mw = 26000-41000 g/mol), and they are contaminated by various amounts of inorganic salts and sugar. The average bulk density of Bretax C is
1.43 g/cm3, while that of Bretax SRO2 and CRO2 is 1.63 g/cm3. The average particle
size of the samples is around 80 m.
Bretax C contains 2.43 mmol/g aliphatic hydroxyl, 0.74 mmol/g phenolic hydroxyl, 0.11 mmol/g carboxyl and 1.75 mmol/g sulfonate groups, while Bretax SRO2
and CRO2 contain 2.73 mmol/g aliphatic hydroxyl, 0.70 mmol/g phenolic hydroxyl,
0.54 mmol/g carboxyl and 1.75 mmol/g sulfonate groups. The concentration of hydroxyl and carboxyl groups was determined by 31P NMR [2,3], while that of sulfonate by
titrimetry. A model molecule of lignosulfonate is shown in Fig. 2.2. Whenever in further discussion lignin is mentioned, we always mean lignosulfonate under this term.
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Fig. 2.2
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A model molecule of lignosulfonate used in the experiments.

2.2. Sample preparation
Prior to blending, PMMA and PETG were dried at 80 °C, while PC was dried at
120 °C for 4 hours at atmospheric pressure. PLA was kept at 110 °C for 4 hours in a
vacuum oven (200 mbar pressure) to remove its humidity content. All the other thermoplastic polymers were used as received. Lignosulfonates were dried at 105 °C for
24 hours at 200 mbar pressure.
The components were homogenized in a Brabender W 50 EHT internal mixer at
42 cm3 charge volume and 10 min mixing time after the addition of lignin. Set temperature was 180 °C for PLA/lignin blends, 220 °C for the blends of LDPE, EVOH and PC,
and 190 °C for all the other blends. Processing rate was 50 rpm for the blends of LDPE,
EVOH, EAc and ionomers, and 42 rpm in the case of all the other blends. Torque and
temperature were recorded during mixing and used in further analysis. The amount of
lignin increased from 0 to 60 or 70 vol% in 10 vol% steps in the blends. In Chapter 3,
the amount of MAPP was always 20 vol% related to the quantity of lignin added.
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Plates of 1 mm thickness were compression molded from the homogenized
blends using a Fontijne SRA 100 machine. The temperature of compression molding
was set at the same value as that of the internal mixer for each material. Tensile bars
were machined from the plates for further testing after one week storage at 23 °C and
50 % relative humidity.

2.2. Characterization
In order to determine the relaxation transitions and glass transition temperature
(Tg) of the polymer, dynamic mechanical thermal analysis (DMTA) was carried out on
specimens with 60 x 5 x 1 mm dimensions using a Perkin Elmer Diamond DMTA apparatus in tensile mode. Samples were measured at 1 Hz frequency, 10 μm deformation
and 2 °C/min heating rate. The temperature range was chosen to include the Tg and the
most important relaxation transitions of the polymers. The starting temperature was
-150 °C for the blends of LDPE, EVOH, EAc and ionomers, -50 °C for the PP/lignin
blends, and +30 °C for the blends of PS, PMMA, PLA, PC and PETG. All measurements were terminated at the melting of the specimen.
Transitions were studied by differential scanning calorimetry (DSC) using a Perkin Elmer DSC 7 apparatus. The weight of the samples was 3-5 mg in each case. The
measurements were performed in two heating and one cooling runs. The blends of
LDPE, EAc and ionomers were measured between 30 and 130 °C with heating and
cooling rates of 10°C/min, the measurements on EVOH/lignin blends were carried out
between 30 and 220 °C with 10 °C/min, while all the other blends were studied between
30 and 220 °C with 10 °C/min.
Mechanical properties were characterized by tensile testing using an Instron
5566 universal testing machine. Gauge length was 80 mm and the test was done at
10 mm/min cross-head speed. Local deformation processes were followed by acoustic
emission testing. The signals were detected with a Sensophone AED 40/4 type equipment at 20 dB threshold level.
The structure of the blends was analyzed by scanning electron microscopy
(SEM) using a Jeol JSM 6380 LA apparatus. Thin slices were cut from the 1 mm thick
plates using a Leica EM UC6 microtome at -120 °C for LDPE/lignin blends, -80 °C for
the blends of EAc and ionomer, and -60 °C for all the other blends. Subsequently, the
lignosulfonate was dissolved from the slices by soaking them in distilled water for
24 hours at ambient temperature. The average size and the size distribution of dispersed
lignin particles were determined by image analysis. SEM micrographs were recorded
also on the fracture surfaces created during tensile testing in order to obtain information
about local deformation and failure processes.
FTIR spectroscopy was applied to determine the functional groups in the films of
the blends by using a Bruker Tensor 27 spectrophotometer in the wavelength range of
4000-400 cm-1 at 2 cm-1 resolution with 16 scans.
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Modification of interactions in
polypropylene/lignosulfonate blends2
3.1. Introduction
Polyolefins, including polypropylene (PP), are commodity polymers used in
very large quantities in industrial practice. They are very cheap, but possess good, balanced properties resulting in a wide range of applications. PP can be further modified in
various ways to extend its range of properties and applications. Its stiffness is increased
by the incorporation of fillers or fibers [1], impact resistance by modifying it with elastomers [2], nucleation results in larger stiffness [3], but often also in good optical properties [4]. Combining PP with lignin might result in blends with an advantageous property combination at an acceptable price.
As discussed in Chapter 1, the interaction of components is a key factor determining the properties of blends; weak interactions result in immiscibility and poor
properties. Lignin is very polar, while polyolefins are apolar polymers, thus the strong
interactions developing among lignin molecules are expected to result in very poor
miscibility. In spite of this prediction, a wide range of opinions have been published
about the miscibility or compatibility of lignin and polyolefins.
Kadla and Kubo [5] found that PP and Kraft lignin formed immiscible blends
as no specific interactions developed between the components. Pouteau et al. [6] observed poor compatibility between LDPE, PP and unmodified Kraft lignin. The authors
also blended PP with different molecular mass fractions of lignin and claimed a significant improvement of compatibility as the molecular mass of lignin decreased. Good
compatibility was found between PP and organosolv as well as prehydrolysis lignin by
Košiková [7], while Jeong et al. [8] claimed complete miscibility of lignin with several
polymers including LDPE, PP, polystyrene and poly(ethylene terephthalate). Unfortunately, these claims were supported by very little experimental evidence. In spite of the
claims about good compatibility and even miscibility, properties were shown to deteriorate upon blending lignin with most polymers including polyolefins. Although stiffness
usually increases in larger or smaller extent [8-13], tensile strength and deformability
decrease in most cases [8,9-14] indicating poor interactions and the development of a
heterogeneous structure.
The inferior compatibility of lignin with polyolefins is shown also by the numerous attempts to improve interactions and miscibility in such blends. Lignin has been
modified by stearoyl chloride [15], grafted with ethylene monomers [16], esterified with
phthalic [12] and maleic anhydride [13], alkylated by dichloroethane [13] and dodecane
bromide [14], or compatibilized by a third component. Ethylene-vinyl acetate copolymer [9,10,11,16] or maleated polyethylene [11,12] was added to the blend to modify
2
Bozsódi, B.; Romhányi, V.; Pataki, P.; Kun, D.; Renner, K.; Pukánszky, B. Modification of interactions in
polypropylene/lignosulfonate blends. Mater. Des. 2016, 103, 32-39.
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structure and improve properties in the latter case. Some of these modifications were
claimed to improve blend properties significantly and make possible the production of
films for practical applications [9,10,11,12,15,17].
In view of the controversies mentioned above, the goal of our study was to
prepare PP/lignin blends in a wide composition range, estimate interactions in them,
modify those interactions by coupling, if possible, and determine the resulting structure
and properties. We also intended to study the deformation and failure mechanism of the
blends in order to obtain further information about structure and interactions, and draw
conclusion about the possible use of these materials in practical applications.

3.2. Results and discussion
The results are presented in several sections. First the crucial issue of interactions
is discussed, followed by the presentation of the resulting structure. Deformation and
failure mechanism as well as the composition dependence of blend properties are analyzed in the next sections and then general correlations and consequences for practice
are discussed in the end.
3.2.1. Interactions
As mentioned in the introductory section and in Chapter 1, conclusions published in the literature about the compatibility of polyolefins and lignin contradict each
other seriously. Considering the structure of lignin that contains a number of aromatic
rings and several functional groups including ionic, aliphatic and phenolic hydroxyl, as
well as methoxy and acid groups, one would expect the development of very strong
interactions among lignin molecules. The existence of these interactions is supported by
the fact that lignin in itself cannot be melted and processed by any processing technology. Polypropylene is very apolar containing only carbon and hydrogen atoms and capable of forming only very weak dispersion interactions. As a consequence, any kind of
miscibility or compatibility between lignin and PP would be quite surprising.
Interactions and miscibility can be estimated in various ways in polymer blends.
The simplest is the determination of solubility parameters. The value of 33.1 MPa 1/2
derived from solubility tests was published for calcium lignosulfonate by Myrvold [18].
The solubility parameter of polypropylene was calculated from Hoy's group contributions yielding a value of 16.0 MPa1/2. The very large difference between the two quantities predicts complete immiscibility for the two materials, i.e. lignin and PP. The FloryHuggins interaction parameter can be approximately calculated from solubility parameters [19] and a value of 5.8 was obtained, which is also very large and predicts the lack
of compatibility. In view of these calculations the claim of partial or even complete
miscibility [8] of lignin and polyolefins is difficult to understand.
Another way to estimate miscibility is the determination of the glass transition
temperature (Tg) of the components. Usually a single transition temperature is detected
in miscible blends, while two T g's corresponding to that of the two components is expected to appear at complete immiscibility [20]. The temperature dependence of the loss
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tangent of a blend series is presented in Fig. 3.1. Storage and loss moduli convey the
same message thus we refrain from their presentation here. Similarly, the temperature
dependence of tg  as well as the effect of composition on it was very similar also for
the other three series of PP/lignin blends. Three transitions can be detected on the traces.
The relaxation transition of the amorphous phase of PP appears approximately at 2 °C.
The other two transition temperatures observed at around 70 and 120 °C might be assigned to the relaxation of the rigid amorphous phase of PP and to that of lignin, but the
assignment needs further analysis and verification.
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0.4
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0.0
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Temperature (°C)
Figure 3.1

Temperature dependence of the loss tangent (tg ) of PP/lignosulfonate
(Bretax C) samples containing a MAPP coupling agent (Polybond 3200).
Effect of composition; lignin content increases from top to bottom.

However, the quantitative analysis of all transition temperatures indicates that
they are completely independent of composition which clearly proves the lack of strong
interactions and miscibility. An example is shown in Fig. 3.2 in which the glass transition temperature of the amorphous phase of PP is plotted against the lignin content of
the blends. The Tg of PP seems to be completely independent of the type of lignin and
maleic anhydride-grafted PP (MAPP) used as well as the amount of lignin in the blend.
Contrary to some claims in the literature, all considerations and results indicate the
complete immiscibility of lignin and PP.
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Figure 3.2

Independence of the glass transition temperature of the PP matrix of
lignin type, content and coupling. Symbols: () Neat PP, () Bretax C,
() Bretax C/MAPP, () Bretax SRO2, () Bretax SRO2/MAPP.

3.2.2. Structure
The structure of miscible blends is homogeneous, phase separation does not take
place in them. On the other hand, two-phase structure forms in immiscible blends, usually one of the polymers is dispersed in the other in the form of droplets at the two sides
of the composition range, while a co-continuous structure forms in between. The width
of this latter depends on the interaction of the components, it becomes wider at stronger
interactions. The structure of all PP/lignin blends was heterogeneous in our case, and
lignin droplets were dispersed in the PP matrix at all compositions, even at 70 vol%
lignin content. The original lignin particles are quite large as shown by Fig. 3.3a. The
average particle size was around 80 m for both lignin grades. The particles break up
during processing, their average size decreases considerably. A typical micrograph is
presented in Fig. 3.3b for the PP/SRO2 blend, while the effect of coupling is shown in
Fig. 3.3c. Average particle size is in the range of 10 m in the former and 1 m in the
second case. One may consider changing particle size as a sign of miscibility, but we
assume that lignin softens at the relatively high temperature of processing and breaks up
during mixing. The final size of the particles depend on mixing conditions, i.e. shear,
and on interactions. The coupling agent increases stress transfer from the PP melt to the
dispersed lignin particles and stabilizes smaller particles preventing their coalescence.
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c)

Figure 3.3

Particle size and size distribution of the SRO2 lignin dispersed in PP; a)
original lignin particles, b) 30 vol% lignin, no coupling, c) 30 vol% lignin, MAPP.

The lack of miscibility is demonstrated well by Fig. 3.4 showing the composition
dependence of particle size for the two series prepared with the SRO2 lignin. Particle
size does not change or increases slightly with increasing lignin content in both series.
Particle break up and coalescence compete during mixing, the second becoming more
important with increasing lignin content. This latter effect leads to the development of a
co-continuous structure in most polymer blends. However, because of weak interactions
in the PP/lignin blends and the large viscosity (melt strength) of the lignin particles cocontinuous structure does not form at any composition confirming again the development of weak interfacial interactions and the lack of miscibility between the two polymers. Coupling is a surface related effect and does not change the structure of the blends
principally, but modifies only particle size. The study of blend structure indicates again
the poor miscibility of the components.
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Figure 3.4

Effect of lignin content on the average particle size of the SRO2 lignin
dispersed in PP; () no coupling, () MAPP.

3.2.3. Failure mechanism
The study of deformation and failure mechanism might offer further information
about interactions, but also about the performance of the blends. Local deformations
occurring around inclusions generate elastic waves which can be detected by piezoelectric sensors. The results of such a test is shown in Fig. 3.5 for the PP blend containing
20 vol% of the Bretax C lignin. Individual events indicated by small circles form two
groups; one large group at small deformations and another, sparser one throughout the
rest of the test. The stress vs. deformation trace is also included as reference. Further
information can be deduced from the test if we also plot the cumulative number of signals as a function of deformation. The trace clearly shows that the majority of the signals develop at small deformations, at around 1 %. Such traces tending towards saturation are usually detected when debonding, i.e. the separation of the inclusions from the
matrix at the interface, is the dominating deformation process. The slow increase of the
number of signals with increasing deformation indicates the occurrence of another process, e.g. the fracture of the particles.
Coupling changes both the evolution of the signals and the shape of the cumulative number of signal trace quite considerably (Fig. 3.6). The number of signals increases about ten times, the main deformation process is initiated at larger deformation and
the number of events increases continuously until the end of the test. These features
indicate improved interfacial adhesion and particle fracture as the dominating deformation process. This also confirms that coupling is a surface related process in this case
and does not change the miscibility of the components.
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Acoustic emission testing of a PP/Bretax C blend; lignin content: 20
vol%, no coupling. Stress vs. elongation trace is plotted as reference;
○ individual signals,  cumulative number of signals.
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Effect of coupling on the acoustic emission pattern of PP/20 vol% Bretax
C blend. MAPP: Polybond 3200. Symbols are the same as in Fig. 5.
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The conclusions about the deformation mechanism of the blends are based on
previous experience [21-24] and on indirect evidence related to the number of signals
and the shape of the traces. SEM might supply further evidence about the mechanism of
deformation and failure. The micrograph recorded on the fracture surface of a specimen
containing 20 vol% of the Bretax C lignin is presented in Fig. 3.7a. The debonding of
particles of all sizes and the fracture of large particles are clearly seen in the micrograph, both confirming our tentative explanation presented above. A much more homogeneous and featureless picture is offered by the micrograph taken from the blend which
contained the MAPP coupling agent (Fig. 3.7b). Much less debonding is seen in the
micrograph, less shear deformation than in Fig. 3.7a and less well defined interfaces.
The fracture of larger particles can be detected, but more difficult to observe than previously, because of the lack of clear interfaces. Nevertheless, the micrographs clearly
prove that debonding and particle fracture are the two main deformation processes occurring in PP/lignin blends, the first dominating in the blends without coupling, while
the second in the case of strong interfacial adhesion.
a)

Figure 3.7

b)

Deformation and failure mechanism of PP/lignin blends. Lignin: 20 vol%
Bretax C. a) no coupling; debonding, shear yielding and particle fracture; b) MAPP; limited debonding, and particle fracture.

3.2.4. Properties
Similarly to miscibility and interactions, the information published on the properties of polyolefin/lignin blends is quite contradictory. Modulus increased in most
cases [8-13], but decrease was also observed with increasing lignin content occasionally
[14,17], which seems to be rather strange. On the other hand, strength and deformability
mostly decreased [8,9-14], but larger strength and elongation-at-break than those of the
matrix polymer were also observed occasionally [9,10,11]. Since properties depend on
structure and interactions, the contradictory information indicates the improper characterization of these factors. The particle size of the dispersed phase, for example, was
never given in the papers cited above.
The stiffness of two sets of blends is plotted against lignin content in Fig. 3.8.
Young's modulus increases with increasing lignin content as expected. The stiff molecules and strong interactions of lignin results in a very stiff material which should reinforce PP. The stiffness of the blend not containing the coupling agent is smaller than
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that of the other series, the one prepared with MAPP. The difference might seem surprising at the first glance, since stiffness usually depends mainly on the volume fraction
of the second component and not on particle size or interaction. However, the very large
lignin particles in the former set of blends debond very easily at small deformations
yielding a material with voids and small modulus. This result further confirms that
without coupling or other modification the interaction between lignin and PP is very
poor.
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Figure 3.8

Effect of lignin content on the stiffness of PP/SRO2 blends; () no coupling, () MAPP.

Properties measured at larger deformations are much more sensitive to interactions than modulus. This statement is strongly corroborated by Fig. 3.9 in which the
tensile strength of the same two sets of blends is plotted against lignin content as in the
previous figure. Tensile strength decreases with increasing lignin content in the absence
of coupling, while it increases when MAPP is also added. This results confirms the
conclusion drawn in section 3.2 claiming that debonding is the dominating local deformation process in the former case, while the fracture of the particles in the second. This
latter process becomes less probable and more difficult with decreasing particle size
because of the decreasing number of flaws in small particles. Although both modulus
and strength can be improved by the application of the MAPP coupling agent, unfortunately deformability decreases invariably either with or without coupling. The elongation-at-break values of the blends are plotted against lignin content in Fig. 3.10 showing
very small, around 1 % deformability at large lignin loadings. The results clearly show
that stiff and fragile materials are obtained at large lignin contents, which might limit
their final application.

64

Chapter 3

Tensile strength (MPa)

40

30

20

10

0
0.0

0.2

0.4

0.6

0.8

Volume fraction of lignin
Figure 3.9

Tensile strength of PP/Bretax SRO2 blends plotted as a function of lignin
content; () no coupling, () MAPP.
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Figure 3.10 Dependence of the deformability of PP/SRO2 blends on lignin content;
() no coupling, () MAPP.
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The measurement of the composition dependence of mechanical properties offers
also the possibility to estimate interactions in particulate filled polymers and blends.
The composition dependence of tensile strength can be expressed with the correlation
[25,26]

 T   Tm n

1
exp B  
1  2.5 

(3.1)

where T and Tm are the true tensile strength (T =  and  = L/L0, where L is the
ultimate and the L0 initial gauge length of the specimen) of the blend and the matrix,
respectively, n is a parameter taking into account strain hardening,  is the volume
fraction of the dispersed phase and Bσ is related to its relative load-bearing capacity, i.e.
to the extent of reinforcement, which, among other factors, depends also on interfacial
adhesion. If we transform Eq. 3.1 into a linear form (Eq. 3.2)
 1  2.5  1 
  ln  Tm  B 
ln  Tred  ln   T
1   n 


(3.2)

and plot the natural logarithm of reduced tensile strength ( Tred) against the volume
fraction of the dispersed phase, we should obtain a straight line, the slope of which is
proportional to the load-bearing capacity of the reinforcement, and under certain conditions to the strength of interaction.
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Figure 3.11 Reduced tensile strength of PP/Bretax SRO2 blends plotted against lignin
content in the form of Eq. 3.2. Effect of coupling on reinforcement. () no
coupling, () MAPP.
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The tensile strength of two of the blend series is plotted in this way in Fig. 3.11.
Both correlations are linear indeed with very different slopes showing dissimilar interfacial adhesion in the two cases, i.e. in the presence or absence of the MAPP coupling
agent. We should like to remind the reader here to the fact that the value of Bσ is 0 at
zero interaction and Bσ = 1 obtained for the PP/lignin blend is rather small, since values
larger than 10 can be also obtained in the case of strong reinforcement [27,28]. Quantities characterizing the extent of reinforcement are collected in Table 3.1 for all four
series. The results indicate that interfacial adhesion is the main factor determining reinforcement and the somewhat smaller Bσ value obtained for the PP/Bretax C blends in
the presence of coupling indicates somewhat different properties for this lignin (larger
particles, smaller inherent strength) than for SRO2.

Table 3.1
Lignin
Bretax C
Bretax
SRO2

Reinforcing effect of lignin in PP; effect of lignin type and coupling.
Coupling
–
MAPP
–
MAPP

Tm (MPa)
measured
21.7 ± 1.6
22.8 ± 1.1

calculateda
25.7
26.5
26.0
28.0

Bσ

R2b

1.13
2.62
1.05
3.40

0.9287
0.9406
0.8661
0.9757

a) Calculated from the intersection of the lnTred vs.  lines.
b) Determination coefficient indicating the goodness of the fit.

3.2.5. Discussion, consequences
Previous analysis proved that the interaction between PP and lignin is poor, but
interfacial adhesion can be modified by coupling. The deformation and failure of the
blends is determined by component properties, structure and interfacial adhesion.
Debonding and particle fracture proved to be the two main local deformation processes
at poor and good adhesion, respectively. The first results in small strength and deformability, while coupling increases tensile strength, but deformability remains small also in
this case. The importance of local deformation processes is shown by the comparison of
the critical stress of the dominating deformation process to the tensile strength of the
blends. A characteristic stress (AE) can be determined from the cumulative number of
signal vs. deformation traces in the way shown in Fig. 3.5. Initiation deformation (AE)
is obtained by the extrapolation of the increasing, straight section of the correlation and
initiation stress can be derived from that value. Tensile strength is plotted against initiation stress in Fig. 3.12. A close correlation is obtained between the two quantities indicating that the tensile strength of the blends is practically determined by local processes.
As soon as any of these processes are initiated, the catastrophic failure of the blends
occurs. The close grouping of points in the upper right corner of the plot also indicates
that tensile strength is determined by the inherent strength of lignin particles which
changes in a relatively narrow range. Increasing the deformability and strength of lignin
particles might be a way to improve the properties of PP/lignin blends.
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Figure 3.12 Correlation between the initiation stress (AE) of the dominating deformation process determined by acoustic emission testing and the tensile
strength of PP/lignin blends. Symbols: () Bretax C, () Bretax
C/MAPP, () Bretax SRO2, () Bretax SRO2/MAPP.

3.3. Conclusions
The analysis of results obtained by various measurements showed that the structure of PP/lignin blends form during processing by the breakup of large lignin particles
which soften at the high temperature of processing. Practically all evidence indicates the
development of weak interactions between PP and lignin; in fact the interactions among
lignin molecules are much stronger and prevent any mixing of the two components. As
a consequence, dispersed structure forms in the entire composition range studied, a cocontinuous structure cannot develop at all, further confirming weak interactions and
very poor miscibility. Interfacial adhesion can be improved through the addition of a
MAPP coupling agent. Depending on the strength of interfacial adhesion the blends fail
either by debonding or the fracture of the lignin particles. Although coupling improves
the stiffness and even more the tensile strength of PP/lignin blends, deformability is
very small especially at larger lignin content representing the largest obstacle of practical application. Better dispersion, stronger interactions and modified lignin properties
may lead to the improvement of blend properties.
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Competitive interactions in aromatic polymer/lignin
blends3
4.1. Introduction
A considerable number of papers have been published on the blends of lignin
with a wide range of aromatic polymers including polystyrene [1-6], poly(ethylene
terephthalate) [3,7-9], and poly(butylene adipate-co-terephthalate) (PBAT) [10]. These
and other papers published on lignin blends occasionally offer contradictory information
both about the properties obtained and especially about the miscibility of the components. Miscibility was claimed to change from the complete solubility of the components in each other [3,7,9] to complete phase separation [2,4-6,8,10] with properties
changing accordingly.
The importance of interactions is mentioned in a number of papers published
on lignin blends. Several of them emphasize the significance of hydrogen bonds, but
Kilpeläinen et al. [11] also showed the role of aromatic,  electron interactions in the
complete dissolution of wood in ionic liquids. The authors [11] claim that these interactions help to dissolve also the lignin component of wood which otherwise forms a suspension in the solution of non-aromatic ionic liquids. The possible role of specific interactions generally and that of - stacking particularly are mentioned also in several
other papers. Chen et al. [10], for example, think that the significant shift in the aromatic group vibration in PBAT/kraft lignin blends is caused by aromatic interactions.
Bahl et al. [12] studied the effect of a polybutadiene-g-polypentaflouorostyre coupling
agent on the properties of styrene-butadiene rubber/lignin blends and claimed that the
coupling agent improved properties through - stacking interactions. Such interactions
were utilized in the preparation of hybrid fillers by combining lignin and carbon black
[13] and were found to be active in lignin/carbon nanotube [14,15] as well as in lignin/graphene [16-18] combinations. Deng et al. [19] studied aromatic interactions specifically in various solvents and found considerable changes in the fluorescent spectra of
the solutions with increasing lignin content. Although much evidence indicates the
existence and effect of aromatic - interactions, Doherty et al. [20] claim that noncovalent interactions are not sufficient to result in the complete solubility of lignin in
most polymers.
In Chapter 3 the structure, interactions and properties of polypropylene/lignin
blends were discussed [21]. The results clearly proved that interactions between polypropylene (PP) and lignin are very weak resulting in large lignin particles being dispersed in the PP matrix at all compositions, and in very poor properties. Although interfacial adhesion could be increased by the application of a coupling agent, the properties
of the blends, especially their deformability, needed further improvement. Based on the
3
Szabó, G.; Romhányi, V.; Kun, D.; Renner, K.; Pukánszky, B. Competitive interactions in aromatic
polymer/lignosulfonate blends. ACS Sustain. Chem. Eng. 2017, 5, 410-419.
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results obtained in the previous project, we decided to check the possible role and effect
of aromatic,  electron interactions on the miscibility, structure and properties of polymer/lignin blends. A commercial lignosulfonate sample was blended in a wide composition range with polystyrene (PS), polycarbonate (PC) and a glycol modified
poly(ethylene terephthalate) (PETG), respectively. Special effort was made to estimate
interactions and miscibility quantitatively, but structure and properties were also determined. The PP/lignin blends prepared earlier (see Chapter 3) were used as reference.

4.2. Results and discussion
The results are presented in several sections. The properties and structure of the
blends are shown in the first two sections followed by the discussion of the crucial issue
of interactions in the subsequent one. Deformation and failure mechanisms are analyzed
in the next part of the paper, followed by a discussion including comments on the consequences for practice.
4.2.1. Properties
The blending of two polymers can result in various combination or properties.
The characteristics of blends produced from miscible components changes more or less
additively with composition, while immiscibility usually leads to negative deviation
from additivity [22]. The viscosity of the blends studied increases with increasing lignin
content, but only limited information can be drawn from the results thus we refrain from
their presentation.
The stiffness of the aromatic polymer/lignin blends is plotted against composition in Fig. 4.1. The modulus of PP/lignin blends is shown as reference. The stiffness of
all four blends increases with increasing lignin content. The gradient of modulus increase is similar for the three aromatic polymers and somewhat smaller for PP. As described previously, the interaction between PP and lignin is very weak, dispersed particles debond under the effect of the slightest load and the resulting blend has a small
modulus [21]. In polymers with reasonable interfacial adhesion the very stiff lignin
component increases the modulus of the blends considerably and more or less proportionally to lignin content. Much information about interactions and miscibility cannot be
obtained from the composition dependence of stiffness.
The tensile strength of the blends depends on lignin content in a more complicated way. The strength of the blends goes through a slight maximum for all three aromatic
polymers, but this maximum seems to be absent in PP (Fig. 4.2). The appearance of
such maxima indicates the development of relatively good interactions between the
components, but it is impossible to draw valid conclusion about interfacial adhesion
directly from primary strength data. The only conclusion that we can draw from the
direct observation of the composition dependence of tensile strength is that it points
toward somewhat stronger interaction between the aromatic polymers used and lignin,
than between PP and lignin. The small strength of PS blends is surprising and we think
that it results from the processing technology used (compression molding) and from the
extreme brittleness of the plates obtained.
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Figure 4.1

Effect of lignin content on the stiffness of thermoplastic/lignin blends.
Symbols: () PP, () PS, () PC, () PETG.
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Figure 4.2

Tensile strength of thermoplastic polymer/lignin blends plotted as a function of lignin content. Symbols are the same as in Fig. 4.1.
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The deformability of the blends was a crucial question in PP/lignin blends; lignin
made the blends extremely brittle. The elongation-at-break values measured for the
various blends are presented in Fig. 4.3. Although the deformability of neat PP and
PETG is quite large, around 100 %, that of the blends is extremely small, below 10 %,
already at 10 vol% lignin content. Obviously, not only PP but all polymers become
quite brittle upon the incorporation of lignin. The composition dependence of the studied properties shows that viscosity and stiffness increase, strength changes moderately,
while deformability decreases drastically upon the addition of lignin, but we obtained
very limited information about the interaction of the components in this way.
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Figure 4.3

Dependence of the deformability of polymer/lignin blends on lignin content. Symbols are the same as in Fig. 4.1.

4.2.2. Structure
The structure of polymer blends depends significantly on the interaction of its
components. Complete miscibility results in homogeneous structure, while immiscibility leads to dispersed structure with various morphologies [23-25]. Besides dispersed
particles, very often phase inversion and a co-continuous structure are also observed in
most blends [23-25]. Quite surprisingly, such phase inversion did not occur in the studied blends even above 50 vol% lignin content; lignin was dispersed in the form of droplets in all blends independently of the type of the polymer matrix or composition. Two
micrographs are presented in Fig. 4.4 demonstrating this dispersed structure. Lignin is
distributed in the form of very large particles in PP (Fig. 4.4a), while its particle size is
much smaller in PETG (Fig. 4.4b). The attention must be called here to the different
scale of the two micrographs in Fig. 4.4. The average size of the dispersed particles
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differs so much in the two cases that it was impossible to show them on the same scale.
The size of the dispersed particles in heterogeneous blends is a clear indicator of interactions. Stronger interactions result in smaller interfacial tension [26,27], thicker interphase [27], better stress transfer [28] and smaller particles [29,30]. According to the
micrographs presented in Fig. 4.4 the interaction between PETG and lignin is much
stronger than between lignin and PP.

a)

Figure 4.4

b)

Dispersed structure of polymer/lignin blends. Cut surfaces etched with
water for 24 hours. Lignin content: 20 vol%. a) PP, 250x; b) PETG,
2500x.

Particle size distribution was determined quantitatively by image analysis from
the micrographs. The composition dependence of the average particle size is shown in
Fig. 4.5 for the four blend series. Particle size differs significantly in PP from that observed in the blends of aromatic polymers.  electron interactions are apparently much
more effective than the dispersion forces acting in PP blends and result in the small size
of dispersed lignin particles. The difference among the three polymers containing aromatic rings is much smaller. According to the size of lignin particles the strongest interaction prevails in PETG, while the weakest in PS. However, this qualitative assessment
must be supported with a more quantitative estimation of the strength of component
interactions.
During the detailed study of PP/lignin blends in Chapter 3 we concluded that
the original lignin particles of about 80 m size break up during processing to smaller
ones dispersed in the blends (around 6-9 m) [21]. Particle size is determined by thermodynamic (interactions) and kinetic (shear, time) effects during homogenization. Instead of composition, average particle size is plotted against the equilibrium torque of
mixing proportional to the shear stress acting in the internal mixer (Fig. 4.6). The dependence of particle size on shear is very strong in the PP blends, while quite small in
the other three blends indicating that kinetics dominates in the first case, and thermodynamics in the second. This result clearly proves that aromatic,  electron interactions are
much stronger than dispersion ones and they determine the structure of the blends in
polymers containing aromatic rings.

76

Chapter 4

Average particle size (m)

10

8
PP
6

4
PS
2
PETG
0
0,0

0,2

0,4

0,6

0,8

Volume fraction of lignin

Figure 4.5

Effect of lignin content on the average size of lignin particles dispersed in
the various polymers studied. Symbols are the same as in Fig. 4.1.
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Effect of shear stress (torque) prevailing in the internal mixer during
homogenization on the size of lignin particles dispersed in the polymers.
Symbols are the same as in Fig. 4.1.
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4.2.3. Interactions
The interaction of blend components can be estimated in several ways. Very often miscibility or compatibility is estimated from SEM micrographs or the composition
dependence of properties. The decrease of tensile strength is usually interpreted as weak
interfacial interaction [31,32], but that statement is completely wrong. The strength of
interactions cannot be estimated from the composition dependence of strength directly,
because the effect of the dispersed phase is influenced also by the strength of the matrix.
A simple model describing the composition dependence of composite or blend strength
offers the possibility of estimating the strength of interactions. The model can be expressed in the following form [28,33]

 Tred   T

1  2.5 1
  Tm exp B  
1   n

(4.1)

where Tred is the reduced tensile strength of the blend, T and Tm are the true tensile
strength (T =  and  = L/L0, where L is the ultimate and L0 the initial gauge length of
the specimen) of the blend and the matrix, respectively, n is a parameter taking into
account strain hardening,  is the volume fraction of the dispersed component and Bσ is
related to its relative load-bearing capacity, i.e. to the extent of reinforcement which,
among other factors, depends also on interfacial adhesion. If we plot the natural logarithm of reduced tensile strength against the amount of the dispersed phase, we should
obtain a straight line, the slope of which is proportional to the load-bearing capacity of
the reinforcement, and under certain conditions to the strength of interactions. The tensile strength of the four series of blends is plotted in this way in Fig. 4.7. All correlations are linear indeed with different slopes showing dissimilar interfacial adhesion.
Quantities characterizing the extent of reinforcement were calculated in the
way described above and collected in Table 4.1 for all four series. The difference between the calculated and the measured strength of the matrix (see columns 2 and 3)
indicates that deformation mechanism changes in the blends, failure occurs by a new
mechanism induced by the presence of lignin particles. Parameter Bσ changes between
0.74 and 1.76 showing some difference in interactions. According to the values these
are the weakest in PP, as expected, and the strongest in PETG. Among the aromatic
polymers PC seems to develop the weakest interaction with lignin, which contradicts
somewhat the conclusion drawn from the size of the dispersed lignin particles (see Fig.
4.5). Here we must remind the reader, though, that parameter Bσ depends also on the
properties of the matrix and does not reflect the strength of interactions completely
correctly [34].
Another approach takes the load carried by each component and the properties of
the constituents into account and relates mechanical properties to the size of the dispersed particles [28]. The stress carried by the dispersed component is expressed by
Parameter C

 C Td
B  ln 
  Tm





(4.2)

where Td and Tm are the tensile strength of the dispersed particles (lignin) and the

78

Chapter 4

matrix, respectively. Since we do not know the strength of the lignin particles, which
may change also with their actual size [35], we can calculate only the CTd term expressing the load carried by the lignin phase which is related to the strength of interactions. In Eq. 4.2 Td, i.e. the strength of lignin particles is assumed to be constant and
the same in all blends. The quantity (CTd) is included into the last column of Table 4.1
and indicates that the strength of interaction differs indeed for the four polymers, it is
the weakest in PP, while the strongest in PETG.
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Figure 4.7

Reduced tensile strength of polymer/lignin blends plotted against lignin
content in the linearized form of Eq. 4.1. Symbols are the same as in Fig.
4.1.

Table 4.1

Quantities characterizing interaction calculated from the mechanical
properties of the blends

Polymer
PP
PS
PC
PETG

σTm (MPa)
Measured
Calculateda
21.7 ± 1.6
29.5
21.0 ± 6.1
37.7
50.6 ± 8.6
66.4
42.1 ± 8.0
82.9

Bσ

R2b

CσL

0.74
1.68
1.48
1.76

0.9641
0.9482
0.9928
0.9821

77
114
238
480

a) Calculated from the intersection of the lnTred vs.  lines.
b) Determination coefficient indicating the goodness of the fit.
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Parameter C depends on the size of the interface and on the thickness of the interphase and it is inversely proportional to the Flory-Huggins interaction parameter ( )
[28]. As mentioned above, the size of dispersed particles is also related to interactions
thus a direct correlation can be established between the mechanical properties of the
blends and the size of the dispersed particles [28]

CK

2

(4.3)

d2

where  is the volume fraction of the dispersed particles, d their average diameter and K
is a constant. The correlation is presented in Fig. 4.8 at 30 vol% lignin content. The
close relationship confirms that both mechanical properties and particle size are determined by the interaction of the components and that this latter is weak for PP and
stronger in the aromatic polymers used.
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Figure 4.8

Correlation between quantities characterizing mechanical properties
(strength, C) and dispersed structure (particle size, d) both being determined by interactions. Lignin content: 30 vol%.

The Flory-Huggins interaction parameter measures the strength of interactions
more directly. It can be obtained by different routes. The simplest way is its estimation
from the solubility parameters of the components by Eq. 4.4
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Vr (  1   2 ) 2
RT

(4.4)

where Vr is a reference volume with the value of 100 cm3/mol [36], 1 and 2 the solubility parameters of the components, R the universal gas constant and T the absolute
temperature. The Hildebrand solubility parameters of the matrix polymers were calculated from the group contributions of Hoy [37]. The solubility parameter of the lignin
sample was taken from the literature and it was determined experimentally specifically
for a lignosulfonate sample by Myrvold [38]. The results of the estimate are collected in
Table 4.2. In spite of all the simplifications and neglected factors, they agree well with
those derived from mechanical testing; the smallest Flory-Huggins parameter, i.e. the
strongest interaction and the largest degree of solubility, was obtained for PETG, while
the largest for PP. The interaction of PS with lignin is not very strong, in spite of the
aromatic rings in its structure.

Table 4.2

Polymer
PP
PS
PC
PETG
Lignin

Flory-Huggins interaction parameters calculated from solubility parameters (T=298 K).
Hildebrand solubility parameter a
(MPa1/2)

Flory-Huggins interaction parameter, 

16.0
18.6
21.0
21.9
33.1

11.8
8.5
5.9
5.1
–

a) Calculated from Hoy's group contributions, except for lignin which was determined experimentally by
Myrvold [38]

Although the estimate presented above agrees well with the results obtained by
other measurements, the approach includes a large number of simplifications (constant
reference volume,   0, average interactions, no H-bridges and specific interactions).
Interactions can be estimated also from the number and composition dependence of the
relaxation transition temperatures in blends. Complete miscibility results in a single
glass transition temperature, while partial or complete immiscibility in two T g values
[22]. The Tg of PP practically does not change as shown in Chapter 3. The glass transition temperature of the phases rich in the aromatic polymer in the three blend series was
determined by dynamic mechanical thermal analysis (DMTA) and differential scanning
calorimetry (DSC), respectively. As these methods provided similar results, only the
glass transition temperatures of DMTA are plotted against composition in Fig. 4.9. The
glass transition temperature of all three thermoplastic polymer phases decreased in
different extents indicating the interaction of the phases. The Tg of the PS phase changes
only slightly (0.4 °C in the entire composition range), while that of PC (11 °C) and
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PETG (9 °C) more considerably. The absolute values of these changes indicate the
weakest interaction between PS and lignin, while the strongest in the PC blend. However, since the transition of the dispersed lignin phase was very weak and difficult to determine, component interactions cannot be estimated quantitatively from changes in the
glass transition temperatures [39].
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Figure 4.9

Dependence of the glass transition temperature of the aromatic polymer
matrices on lignin content. Symbols are the same as in Fig. 4.1.

4.2.4. Deformation and failure
Although aromatic,  electron interactions increased the compatibility of the
blends, their deformability is still limited possibly hindering application in certain
fields. The large deviation between the calculated and measured strength of the matrix
(see Table 4.1) also needs explanation. Deformation and failure processes in heterogeneous polymers can be followed relatively simply by acoustic emission measurements.
The dissimilar elastic properties of the components initiate local deformation processes
around the inclusions under the effect of external load, which can be detected by piezoelectric sensors. The result of such a measurement is presented in Fig. 4.10 for the PETG
blend containing 20 vol% lignin. The small circles represent individual acoustic events
(signals, hits) and the continuously increasing correlation (right hand axis) indicates the
cumulative number of signals detected during the measurement. The stress vs. deformation trace of the blend is also included for reference (left hand axis). The large num-
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ber of events and the steeply increasing cumulative number of hit trace indicate strong
interaction and/or the fracture of the lignin particles [35,40].
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Figure 4.10 Acoustic emission testing of a PETG/lignin blend. Lignin content:
20 vol%. Stress vs. elongation trace is plotted as reference. ○ individual
signals,  cumulative number of signals.

The cumulative number of event traces are compared to each other in Fig. 4.11.
The trace of a PS blend is not included, because the specimens prepared from this polymer were extremely brittle and broke at very small deformations resulting in a very
small number of signals. The traces obtained for the aromatic polymers and PP differ
considerably from each other. The latter increases at the beginning of the measurement
and then almost flattens out, increasing only slowly at larger deformations. Such traces
usually indicate debonding as the dominating local deformation process with subsequent fracture of the particles at larger deformations [40]. In the other two blend series
the large number of signals and the steeply increasing cumulative number of hit trace,
on the other hand, indicate particle fracture as the dominating mechanism. Although the
mechanism of deformation seems to be different in PP and in the other polymers studied, all the blends are very brittle and their elongation-at-break is very small hindering
their application in certain fields.
The mechanism of deformation and failure can be confirmed further with the
help of electron micrographs recorded on fracture surfaces. Three typical micrographs
are presented in Fig. 4.12. Extensive debonding and some particle fracture are seen in
Fig. 4.12a showing the fracture surface of a PP blend containing 20 vol% lignin. Some
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plastic deformation and mainly the fracture of the particles occur in the blends prepared
from aromatic polymers as shown in Fig. 4.12b and Fig. 4.12c, respectively. Obviously,
the stronger interaction between lignin and the aromatic polymers prevent debonding
and the particles break in these blends instead. The fracture of lignin particles changes
failure mechanism and leads to the dissimilar matrix strengths listed in columns 2 and 3
in Table 4.1. The particles are very brittle and weak; their extrapolated strength is
around 10 MPa.
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Figure 4.11 Comparison of the cumulative number of signal traces of three polymer/lignin blends containing 20 vol% of the dispersed phase.  PP,
------ PC,  PETG.

4.2.5. Discussion
All the results presented above agree quite well with each other and show that
aromatic,  interactions contribute to the partial solubility of the components and the
improvement of properties compared to PP/lignin blends. On the other hand, the differences in the behavior of the three polymers containing aromatic moieties require further
considerations and explanation. Although the aromatic rings are there in all three thus
they can interact with lignin through  interactions, their structure is quite different.
Apart from aromatic,  interactions PS cannot interact with lignin in any other way,
except through dispersion forces, but these latter proved to be weak and insufficient in
PP blends. The limitations of  electron interactions is clearly shown by the inferior
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properties of the PS blends, which is in complete agreement with literature references
[1,3,5]. On the other hand, PC contains one, while PETG two carbonyl groups in their
repeat units, which can form hydrogen bonds with the various functional groups of
lignin. The importance of hydrogen bonds was pointed out in several publications by a
number of authors. They were thought to be significant in poly(vinyl chloride) [41,42],
poly(vinyl alcohol) [7,43,44], poly(lactic acid) [10,45,46], and polyhydroxybutyrate
[47,48]. In spite of the importance of hydrogens bonds, Doherty et al. [20] claimed that
they alone are not sufficient to compete successfully with the strong interactions among
lignin molecules and to result in complete miscibility. It is obvious that  electron interactions may boost properties, but do not solve the problem of insufficient miscibility
that is proved by the heterogeneous nature of the blends and by the fact that coupling is
used in some cases [4,5].

b)

a)

c)

Figure 4.12 SEM micrographs showing the deformation and failure mechanism of
polymer/lignin blends. Lignin content: 20 vol%. a) PP, debonding and
some particle fracture; b) PC, particle fracture, c) PETG, local yielding
and particle fracture.

The results indicate that the miscibility of lignin and thermoplastic polymers
can be achieved only through much stronger interactions than those prevailing in the
studied polymers. An even larger obstacle before the application of lignin blends is the
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brittleness of lignin, the fracture of the particles during deformation, which leads to the
catastrophic failure of the blends. This problem might be overcome by better dispersion
than that achieved in the blends produced in this study or by the modification of lignin
through functionalization or plasticization as suggested by some authors [41,49,50].
Functionalization with more apolar moieties decreases the interaction among lignin
molecules, but also those formed with other polymers. Obviously further work and
optimization must be done before the practical utilization of thermoplastic polymer/lignin blends.

4.3. Conclusions
The results of blending experiments carried out with lignin and three thermoplastic polymers containing aromatic rings in their structure have shown that  electron
interactions improve compatibility compared to that created by dispersion forces acting
in PP blends. The size of dispersed particles was smaller and properties were better in
aromatic polymers than in PP. After PP, PS containing only aromatic rings and no other
functional groups formed the weakest interaction with lignin, while interactions in PC
and especially in PETG capable of forming also hydrogen bonds was much stronger
showing that the combined effect of competitive interactions determines the structure
and properties of the blends and leads to the differences observed. In spite of their
stronger interactions, the aromatic polymers studied are not miscible with lignin in the
composition range studied, heterogeneous structure containing dispersed lignin particles
forms at all concentrations. Debonding is the dominating local deformation process in
PP, but mainly the fracture of the particles occurs at stronger interactions. Deformability
is still very small in all the blends studied and they are very brittle. Further improvement is needed in interactions and deformability for the practical use of thermoplastic
polymer/lignin blends.
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Hydrogen bonding interactions in poly(ethylene-co-vinyl
alcohol)/lignosulfonate blends4
5.1. Introduction
Numerous papers have been published on blends prepared from lignin and
polymers capable of forming H-bonds. The conclusions about interaction, miscibility
and structure are often rather contradictory or surprising like in the case of PVC/lignin
blends. Feldman at al. [1-6] studied these blends quite extensively. In their first paper
they reported the appearance of two glass transitions on the differential scanning calorimetry traces, one of which disappeared after annealing at higher temperature [1]. Although the authors mention the likelihood of homogeneous PVC/lignin blends, they do
not claim miscibility definitely in this and in their subsequent papers even when they
used plasticized PVC for better dispersion. In spite of the detailed studies and conclusions of Feldman et al. [1-6], El-Raghi et al. [7] came to the conclusion that PVC and
lignin are miscible as a result of interactions between the α hydrogen of PVC and the
hydroxyl groups of lignin. The development of hydrogen bridges was observed also in
the blends of lignin and several biopolymers such as poly(lactic acid) (PLA), polyhydroxybutyrate (PHB) and poly(butylene adipate-co-terephthalate) (PBAT). PLA seems
to be immiscible with lignin [8-10], but based on SEM micrographs, Ouyang et al. [11]
claimed the formation of a homogeneous, single-phase structure in their blends. PHB
was claimed to form miscible blend up to 40 wt% lignin content, but phase separation
occurs at large concentrations [12,13]. Since the chemical structure of these biopolymers is quite similar, their dissimilar behavior in the blends is rather surprising. The
compatibility of PBAT with lignin is better because the two polymers can form also π
electron interactions [9]. Miscibility was claimed for other polymers as well. Liu et al.
[14,15] found that poly(vinyl pyrrolidone) is miscible with lignin. A similar conclusion
was drawn about polyaniline/lignin blends by Rodrigues at al. [16] by the analysis of
FTIR spectra and the results of cyclic voltammetry, but unfortunately, SEM micrographs recorded on their samples clearly indicated the formation of heterogeneous structure, the presence of lignin particles. Another polymer found to be miscible with lignin
was poly(ethylene oxide) (PEO). Based on FTIR spectra and the composition dependence of the glass transition temperature (Tg) of the blends Kadla and Kubo [17-21] concluded that miscibility is the result of the formation of H-bonds. As the ether groups of
PEO form H-bridges only with the hydroxyl and carboxyl groups of lignin, polymers
containing hydrogen-donor groups in large numbers should be able to form even more
hydrogen bonds with lignin. Poly(vinyl alcohol) contains numerous hydroxyl groups
capable of donating hydrogens to the oxygen-containing functional groups of lignin,
thus it is expected to be miscible, but at least compatible with lignin. Quite a few studies
have been carried out on this combination of materials and most of the authors conclud4
Podolyák, B.; Kun, D.; Renner, K.; Pukánszky, B. Hydrogen bonding interactions in poly(ethylene-co-vinyl
alcohol)/lignin blends. Int. J. Biol. Macromol. 2018, 107A, 1203-1211.
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ed that they form heterogeneous blends [19,22-25], which contradicts the expectations
and is quite surprising.
In Chapter 3 the experiments carried out with polypropylene (PP)/lignin blends
showed that the weak dispersion interactions developing in such blends result in dispersed structure, large lignin particles and poor properties [26]. Although interfacial
interactions could be improved by the use of a coupling agent, the miscibility of the
components did not improve much. In Chapter 4 it was shown that polymers containing aromatic moieties formed much stronger interactions with lignin [27]. The size of
dispersed lignin particles decreased and properties improved considerably because of
the formation of aromatic, π-electron interactions. However, differences were considerable in the structure and properties among the three polymers, i.e. polystyrene, polycarbonate and glycol modified poly(ethylene-terephthalate, used as matrix in the study.
These results indicated that the possibility of forming hydrogen bridges further improves the compatibility of the components.
In view of our previous results on polymer/lignin blends in Chapters 3 and 4
and the contradictory information related to the role of hydrogen bonds in the determination of structure and properties in such blends, we decided to study this question more
in detail. We prepared poly(ethylene-co-vinyl alcohol) (EVOH)/lignin blends in a wide
range of lignin contents. In order to study the effect of H-bonds quantitatively, we
changed the vinyl alcohol content of the copolymers from 52 to 76 mol%. Low density
polyethylene (LDPE) with no vinyl alcohol content was used as a reference material.
Several approaches were used for the estimation of interactions, and structure was also
analyzed quantitatively. Conclusions about the significance of hydrogen bonding interactions are drawn in the last section of this chapter, in which consequences for practice
are also mentioned.

5.2. Results and discussion
The results are presented and discussed in several sections. The effect of composition on the structure of the blends is shown in the first section, and then interactions
are discussed in detail in the next one. Correlations between structure and interactions
are analyzed quantitatively in the subsequent section followed by a discussion including
relevance for practice.
5.2.1. Structure
As described in the introductory part, the opinions on the structure of polymer/lignin blends differ considerably among groups and authors. Miscibility was
claimed even for polyolefin/lignin blends [28], while heterogeneous structure was found
for example for the PVOH/lignin pair [22-25] although both components of the latter
are capable of forming strong hydrogen bonds with each other. Structure is a good indicator for interactions, since complete immiscibility leads to heterogeneous structure and
dispersed particles of one component in the other, while complete miscibility to a homogeneous, one phase material. The effect of the vinyl alcohol content of the polymers
on the structure of their blends with lignin is demonstrated in Fig. 5.1 at 30 vol% lignin
content. The figure allows the drawing of two important conclusions. It is completely
clear that structure is heterogeneous in all cases, the matrix polymer contains dispersed
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lignin particles. On the other hand, the size of these particles decreases significantly
with increasing vinyl alcohol content indicating that the number of OH groups and thus
interactions influence structure considerably. We must also emphasize here that heterogeneous structure was observed in the entire composition range, phase inversion or cocontinuous structure did not develop in any of the blends.

a)

b)

c)

d)

e)

Figure 5.1

The structure of polymer/lignin blends at 30 vol% lignin content. Matrix
polymer: a) LDPE, b) EVOH52, c) EVOH 62, d) EVOH 68, e) EVOH76.
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The qualitative observation is shown quantitatively in Fig. 5.2 in which the average size of the lignin particles is plotted against the vinyl alcohol content of the polymers used as matrix. The considerable effect of OH content is clearly demonstrated by
the figure. Since the original size of the lignin particles was around 80 μm, they must
have broken up during homogenization. However, the extent of attrition is very different. Quite large particles with a size of around 20 μm form in polyethylene, while much
smaller ones are present in the blend with large vinyl alcohol content. These results
question very strongly the claims about the miscibility of polyolefins and lignin [28], on
the one hand, and prove that hydrogen bonds are very efficient in increasing compatibility and even resulting in partial miscibility, on the other. In accordance with our earlier
experience, competitive interactions determine the structure and properties of polymer
lignin blends [27], thus they must be investigated more in detail.
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Figure 5.2

Effect of vinyl alcohol content on the average size of dispersed lignin
particles in polymer/lignin blends at 30 vol% lignin content.

5.2.2. Interactions
The strength of interactions can be estimated in various ways in polymer blends.
Since EVOH forms hydrogen bridges with lignin, one obvious way is to follow changes
in the absorbance of the hydroxyl groups between the wavenumbers of 3600 and 3300
cm−1 and quite a few groups do that [9,11,14,17-21,23]. The peak usually shifts significantly with increasing amount of lignin in the blend, which is often regarded as a proof
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for the presence of hydrogen bonds between the components or even for the formation
of a miscible blend. We recorded spectra on our EVOH/lignin blends and analyzed
changes in the absorbance of the hydroxyl group at 4350 cm -1 (see Fig. 1.8 in Chapter
1). As shown by Fig. 5.3, a shift was observed in the position of the peak indeed. However, this result must be treated with care, since deconvolution and mathematical analysis revealed that the infrared spectrum of the blends is practically the superposition of
the spectra of the two components [29]. Both components contain hydroxyl groups, but
in different environments, thus the corresponding absorption bands appear at different
wavelengths leading to the shift observed. Consequently, we must need further proof
and confirmation for the existence of strong interactions and for the estimation of their
strength.
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Figure 5.3

Shift in the position of the absorbance of the hydroxyl groups in the region of 3420-3450 cm-1. Possible effect of hydrogen bonding interactions.

Strong interactions result in a shift in the temperature of relaxation transition of
the components and usually a single transition is observed in the case of complete miscibility. Relaxation transitions and changes in them can be followed by dynamic mechanical analysis quite well. The temperature dependence of the loss tangent of
LDPE/lignin blends is presented in Fig. 5.4. Three transitions can be observed in the
spectra. The transition detected at the lowest temperature is assigned to the movement
of methylene units [30-33], the one appearing at around -25 °C to that of chain branches
[31-35], while the transition detected at the highest temperature is usually related to
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segments attached to the crystalline phase of polyethylene [30,36]. No transition can be
associated with the lignin phase in spite of the fact that quite a few papers report glass
transition temperatures for lignin [3,11,37-39]. These have been determined mostly by
DSC, which is quite surprising since lignin molecules are small and very stiff, thus their
mobility changes very little during the glass transition. We could not detect a T g for the
lignin used in any of the blends studied in this chapter as well as in Chapters 3 and 4.
Nevertheless, the most notable fact related to Fig. 5.4 is that none of the transitions
change their position with increasing lignin content indicating an almost complete lack
of interaction.
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Figure 5.4

Temperature dependence of the loss tangent recorded on LDPE/lignin
blends at various lignin contents.

DMTA spectra differ considerably for the EVOH/lignin blends (Fig. 5.5). Three
transitions can be observed in these spectra as well, but the transitions appear at different temperatures. The identification of the transitions is more difficult here, the lowest
one might be related to ethylene-vinyl alcohol units (Tβ) [40,41], the second one to
amorphous vinyl alcohol segments (T α) [42], while the one appearing at the highest
temperature to units attached to PVOH crystals (T α') [43-45]. The transitions of the
methylene segments cannot be detected in the spectra, and polyethylene crystallites
were not observed in the DSC traces either. Contrary to the spectra presented in Fig.
5.4, all three transitions move towards lower temperatures with increasing lignin content
in EVOH/lignin blends. Although the downward shift is slightly surprising, it indicates
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that interactions develop between the two components and they increase the mobility of
the EVOH phase. The extent of the shift increases with increasing lignin content proving that it results from the interaction of the two components.
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Figure 5.5

Effect of lignin content on the dynamic mechanical spectra (loss tangent)
of EVOH76/lignin blends.

The shift in the transition temperature of the polymer component was determined
quantitatively and the values are plotted against lignin content in Fig. 5.6. The temperature of the β transition was plotted for all blends for the sake of comparison. Transition
temperature does not change in the LDPE blend, as shown earlier, or increases slightly
at most. Considerable decrease is observed for the EVOH blends indicating quite strong
interactions. Both the transition temperature and the extent of the decrease depend on
the vinyl alcohol content of the copolymer, and both increases with increasing amount
of VOH.
In semi-crystalline polymers interactions influence also crystallization. Usually
both the thickness of the lamellae and crystallinity decreases as a result, thus the study
of the melting and crystallization of blends also offers information about interactions.
The melting traces of EVOH68/lignin blends are presented in Fig. 5.7. The melting
peak of the crystalline phase appears quite clearly in the traces, and the peak temperature of melting shifts quite strongly towards lower temperatures with increasing lignin
content. As mentioned earlier, the melting of methylene segments in the copolymer
cannot be detected by DSC at all, probably because a crystalline polyethylene phase
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does not form. The strong shift of the melting peak of the vinyl alcohol crystals confirms the formation of quite strong interactions between EVOH and lignin.
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Figure 5.6

Composition dependence of the β transition of polymer/lignin blends.
Effect of VOH content. Symbols: () 0 (LDPE), () 52, () 62, () 68,
() 76 mol% VOH content.

The changes mentioned above can be seen much better if we plot characteristic
values against lignin content. The composition dependence of melting temperature is
presented in Fig. 5.8. We can see that similarly to the transition temperatures determined by DMTA (see Figs. 5.4 and 5.6), the peak temperature of melting does not
change in the polyethylene blends basically at all. On the other hand, characteristic
temperatures, including the temperature of crystallization, decrease considerably with
increasing lignin content and the effect becomes stronger with the increasing VOH
content of the copolymers. Similarly to the melting temperature, the heat of fusion of
the matrix polymer also decreases with increasing lignin content, as shown by Fig. 5.9.
The same relationships can be observed in the figure as in the previous ones; no change
in LDPE and increasing effect with increasing VOH content. The changes clearly prove
the development of strong interactions between the components resulting in less regular
crystals and smaller crystallinity.
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Figure 5.7

Melting traces recorded in the second heating run on EVOH68/lignin
blends of various lignin contents.

5.2.3. Quantitative analysis, correlations
The results presented in the previous section indicate that lignin and EVOH polymers enter into strong interaction with each other. The methods used for the characterization of the blends yield only qualitative estimate of interactions. However, interactions can be characterized quantitatively with the help of appropriate models. The easiest way is the calculation of the Flory-Huggins interaction parameter () from solubility
parameters () using Eq. 5.1



Vr  1   2 
RT

2

(5.1)

where 1 and 2 are the solubility parameters of the components, Vr is a reference volume taken as 100 cm3 [44], R the universal gas constant, and T the absolute temperature.
Solubility parameters can be easily calculated from the group contributions of Small
[47], Hoy [48] or van Krevelen [49].
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Melting temperature, Tm (°C)
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Figure 5.8

Dependence of the peak temperature of melting of the crystalline EVOH
phase on lignin content in EVOH/lignin blends. Second heating run. Symbols are the same as in Fig. 5.6.
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Figure 5.9

Effect of composition on the heat of fusion of the crystalline EVOH phase
in EVOH/lignin blends. Second heating run. Symbols are the same as in
Fig. 5.6.
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Solubility parameters calculated for the polymers applied and Flory-Huggins
interaction parameters derived from them are listed in Table 5.1. The solubility parameter of lignin was determined experimentally by Myrvold [50] for sodium lignosulfonate
and its value is 32.7 MPa1/2. The large difference between the solubility parameters of
the matrix polymers and lignin forecasts immiscibility which was confirmed by the
SEM study (see Fig. 5.1). However, solubility and interaction parameters change with
composition, the first increases, while the second decreases with increasing VOH content, reflecting stronger interactions which result in smaller size of the dispersed lignin
particles (Figs. 5.1 and 5.2). The very close correlation of Fig. 5.2 indicates that interactions determine the structure of the blends and that hydrogen bonds create strong interactions between the components indeed.

Table 5.1

Quantities characterizing the interaction between lignin and the polymers
used in this study.

Polymer

Vinyl alcohol
(mol%)

LDPE
EVOH52
EVOH62
EVOH68
EVOH76

0
52
62
68
76

Interaction parameter, 
Nishi-Wangb
from a
9.2
-0.001
4.0
-0.035
3.3
-0.054
2.9
-0.095
2.5
-0.123


(MPa1/2)
17.6
22.8
23.7
24.2
24.9

a) at 25 °C.
b) at 220 °C.

The results presented in Section 4.2.2 offer us another way to estimate interactions. The Flory-Huggins interaction parameter can be calculated from the melting point
depression of the crystalline phase by the approach of Nishi and Wang [51]. The model
is based on the Flory-Huggins lattice model and relates the melting point of the crystalline component to the interaction parameter in the following way
1
1
R V2


 1  2 2
H 2 V1
Tm Tm 0

(5.2)

where Tm0 and Tm are the melting points of the crystalline component alone and in the
blend, respectively, V1 and V2 the molar volume of the repeating units of the two components, H2 the enthalpy of fusion of the crystalline polymer and 2 its volume fraction in the blend. Eq. 5.2 can be rearranged to
Tm  Tm 0 

B V2

H 2

Tm 0 1  2 

2

(5.3)

If the experimental values are plotted according to Eq. 5.3, a straight line
should be obtained and B can be calculated from its slope. B is related to the FloryHuggins interaction parameter in the following way
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B V1
RT

(5.4)

The melting temperature of the EVOH phase is plotted against composition for
selected blends according to the model in Fig. 5.10. We obtain straight lines with
changing slope indicating changing strength of interactions. The calculated FloryHuggins interaction parameters are listed in Table 5.2. They correlate well with those
derived from solubility parameters, but they have negative values. We must emphasize
here that the model of Nishi and Wang [51] yields inherently negative interaction parameters indicating complete miscibility that is obviously not true in our case. Although
the tendency is the same in the two cases, the negative values need further considerations.

Melting temperature, Tm (K)
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Figure 5.10 Melting temperature of the EVOH phase plotted against lignin content in
the representation of the Nishi-Wang [51] approach (see Eq. 5.3). Symbols are the same as in Fig. 5.6.

The approaches used supplied quantitative values for the strength of interaction,
and a comparison to the results of Fig. 5.2 indicate close relationship between interaction and structure. Structure and interaction can be related to each other quantitatively
by the use of further models. The simplified approach of Tokita [52] and Fortelný [53]
predicts the diameter (d) of the dispersed phase forming during the mixing of two immiscible polymers
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8   AB f rel 

(5.5)

d

 m



where AB is interfacial tension, f(rel) is a function of the relative viscosity of the two
components with a value close to 1 [54],  is the coalescence probability of colliding
particles and m is the viscosity of the matrix polymer. Interfacial tension is related to
the Flory-Huggins interaction parameter in the following way [55,56]
 AB 

b R T 1 / 2
Vr

(5.6)

where b is the effective length of a monomer unit. Introducing Eq. 5.6 into Eq. 5.5 and
combining some of the parameters into a constant (k1) leads to the correlation
d  k1

b R T 1 / 2

Vr

(5.7)

which can be simplified into the following form
d  k2  1 / 2

(5.8)

where k2 is a constant. Eq. 5.8 relates directly the structure of the blend (dispersed particle size, d) to the parameter expressing the strength of interaction (Flory-Huggins interaction parameter, ).
The results obtained were plotted in the way suggested by the model presented
above. One correlation is shown in Fig. 5.11 for demonstration. We can see that the
approach is valid and a very close correlation is obtained between the parameters representing structure and interactions. The blends contained 30 vol% lignin. At constant
lignin content the decreasing values of the independent variable mean increasing
strength of interaction which results in decreasing particle size. We can conclude that
hydrogen bonds generate strong interactions between lignin and EVOH polymers, the
strength of interaction increases with increasing VOH content and the structure of the
blends is determined by these interactions.
5.2.4. Discussion
Although we could prove unambiguously the important role of hydrogen bonds
in the determination of compatibility and structure, a few questions remained open. The
exact meaning of the interaction parameters determined by the Nishi-Wang [51] approach and their explanation is obviously one of them. In order to help the interpretation
of the values listed in Table 5.2, we compare them to literature data in Table 5.3. The
blends included into the table are listed in decreasing order of the interaction parameter
indicating increasing strength of the interactions. Very small absolute values were obtained for  in blends in which only dispersion forces act, i.e. for PP/polyisobutylene
(PIB), linear low density polyethylene (LLDPE)/PIB and LDPE/lignin. In spite of the
large number of functional groups of the lignin molecule, it can enter only into dispersion interactions with polyethylene. Nishi and Wang obtained a value of –0.295 at
160 °C (–0.336 at 220 °C) for the completely miscible blend of poly(methyl methacrylate) (PMMA)/poly(vinylidene fluoride) (PVDF). We calculated a value of -0.123 at
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220 °C for the EVOH76/lignin blend. The relatively large absolute value indicates
strong interaction, but the components are still immiscible, which is an obvious contradiction. The only explanation of immiscibility is that self-interactions within each component, EVOH and lignin, respectively, are extremely strong and compete with
EVOH/lignin interactions. The explanation about the strong self-interaction of the components is supported by the crystallinity of EVOH and the high melting temperature of
its crystals, on the one hand, and by the fact that lignin in itself cannot be melted and
processed, on the other.

Average particle size, d (m)

30
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5
0
0.4

0.6

0.8

1.0

1.2

1/2

Interaction parameter,  

Figure 5.11 Effect of interaction on the structure (average size of lignin particles) of
EVOH/lignin blends at 30 vol% lignin content. See Eq. 5.8.

Table 5.3

Comparison of Flory-Huggins interactions parameters for various crystalline/amorphous blends.

Blend component
Polymer 1
Polymer 2
LDPE
lignin
LLDPE
PIB
PP
PIB
EVOH76
lignin
PVDF
PMMA
a) at 25 °C.
b) at 220 °C.

Interaction parameter, 
Nishi-Wangb
from a
9.20
-0.001
0.20
-0.024
0.02
-0.104
2.50
-0.123
0.93
-0.336

Ref.
this work
57
58
this work
51
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The role of competitive interactions is demonstrated well also by the composition dependence of equilibrium torque recorded during the homogenization of the components. Torque is proportional to viscosity which increases with increasing lignin content in polyethylene (Fig. 5.12). On the other hand, a minimum appears in the viscosity
of the blends prepared from the EVOH polymers. As a result of the interaction of unlike
polymers, the mobility of the molecules increases and viscosity decreases. This effect is
related also to the chemical composition of the EVOH polymer since it decreases with
decreasing VOH content.
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Figure 5.12 Dependence of the equilibrium torque measured during homogenization
on lignin content. Decrease of viscosity upon blending. Symbols are the
same as in Fig. 5.6.

Increased mobility was observed already during the analysis of DMTA spectra
showing the shift of transitions towards lower temperatures. The effect of competition is
shown also by Fig. 5.13 in which the particle size of the EVOH68/lignin blend is plotted against composition; a minimum appears here too. We know that particle size is
determined by thermodynamic (interactions) and kinetic (shear) factors, and particle
break up and coalescence take place simultaneously. The combined effect of the two
factors results in the minimum in particle size at a certain composition. We can conclude that although the interactions between lignin and the polymers containing hydroxyl groups are quite strong, they are not strong enough to compete successfully with the
self-interactions of the components and thus do not result in complete miscibility. Obvi-
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ously the combination of several, different interactions (e.g. aromatic, H-bond, ionic)
and/or some other methods (plasticization, chemical modification [29]) are needed if we
want to prepare homogeneous blends from the lignin used in this study.
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Figure 5.13 Changes of the size of dispersed lignin particles in EVOH68/lignin blends
as a function of lignin content. Effect of thermodynamic and kinetic factors.

5.3. Conclusions
The results of the experiments directed towards the study of the role of hydrogen
bonds in the compatibility and structure of EVOH/lignin blends unambiguously proved
that strong hydrogen bonds form between the two components indeed. The development
of strong interactions was proved by FTIR spectroscopy, the shift of relaxation temperatures and by the decrease of crystallite size and crystallinity with increasing lignin content. In spite of the strong interactions, heterogeneous structure forms in the studied
blends, since self-interactions within the neat components are also very strong. The size
of the dispersed lignin particles is determined by competitive interactions in the blends;
increasing EVOH/lignin interactions result in smaller particle size. The competitive
character of interactions is shown also by the increased mobility of the matrix polymer
and the decreased viscosity of the blends at certain compositions. Although hydrogen
bonds are very strong indeed, miscible blends may be prepared from the lignin used in
the study only by applying other approaches like plasticization or chemical modification.
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Structure, properties and interactions in ionomer/lignosulfonate blends5
6.1. Introduction
Lignosulfonates contain a number of methoxy, hydroxyl, acidic and aromatic
groups in their structure, but also ionic, sulfonate groups. Accordingly, they are capable
of forming also ionic bonds. The advantage offered by electrostatic interactions has
already been applied in the extraction of organosolv lignin by ionic liquids [1,2] or in
the dissolution of cellulose [3]. The work of Kilpeläinen et al. [4] demonstrated the
beneficial effect of ionic bonds by the complete dissolution of wood, including its lignin
component, in aromatic ionic liquids.
Although blends have been prepared from lignosulfonates and a wide variety of
polymers, quite surprisingly, at least according to our knowledge, no attempt has been
made to combine them with ionomers. Ionomers are mostly ethylene-acrylic acid or
ethylene-methacrylic acid copolymers which are partially neutralized with various, the
most often zinc and sodium ions. Consequently, besides dispersion interactions and
hydrogen bonds, ionomers could form also ionic bonds with lignosulfonates resulting in
stronger interactions, better homogeneity and properties.
Considering the crucial role of component interactions in the determination of
the structure and properties of polymer/lignin blends [5,6], the goal of our work was to
prepare blends from lignin and ionomers for the first time, estimate the role of various
types of interactions in them and determine their structure and properties. Several commercial ionomers, i.e. ethylene-acrylic acid copolymers partially neutralized with zinc
(ZnMER1 and ZnMER2) or sodium ions (NaMER1 and NaMER2) were combined with
two lignosulfonates with calcium (CaLS) and sodium counter ions (NaLS) to check the
effect of the valence of the ion on blend properties. In addition, low-density polyethylene (LDPE) and an ethylene-acrylic acid copolymer (EAc) with no ionic functional
groups were used to prepare lignin blends as reference materials.
Interactions were estimated quantitatively by various methods, structure was
studied by scanning electron microscopy, while mechanical properties were characterized by tensile testing. The properties of the obtained blends are compared to those of
other blends prepared and reported in the literature, and structure-property correlations
as well as relevance for practice are discussed in the final section of this chapter.

5
Szabó, G.; Kun, D.; Renner, K.; Pukánszky, B. Structure, properties and interactions in ionomer/lignin
blends. Mater. Des. 2018, 152, 129-139.
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6.2. Results and discussion
The results are presented in several sections. The properties and the structure of
the blends are shown in the first two sections followed by the estimation and discussion
of component interactions in the subsequent one. Correlations between structure and
properties are analyzed in the next part of the paper together with comments on consequences for practice.
6.2.1. Properties
The processability of the blends is an important practical aspect. Among other
factors, it is determined by viscosity. The lignosulfonates themselves cannot be melted
and processed, because of the strong interactions among lignin molecules. The torque
measured during the homogenization of the components is proportional to viscosity thus
offers information about the processability of the blends. Equilibrium torque is plotted
against lignin content in Fig. 6.1. Only selected correlations are shown in the figure,
because the presentation of all twelve series would have overcrowded the figure leading
to confusion and making understanding difficult. Torque values change in a wide range
and cover the entire area of the plot. The melt flow rate of the polymer is not the determining factor (see Experimental in Chapter 2), since the PE used as reference has the
smallest melt flow rate (MFR) while its blends have the smallest viscosity at the same
time (Fig. 6.1). PE behaves differently from the ionomers; the shape of the torque vs.
lignin content correlation is different from the rest. The behavior of the EAc copolymer
is somewhere between the two groups, its viscosity depends almost linearly on lignin
content. Apparently, interactions play an important role in the determination of viscosity. Lignosulfonates having sodium counter ions are marked with empty, while those
containing calcium with full symbols. Blends with CaLS seem to have larger viscosity
practically in all cases. The difference might indicate the role of the valence of the ion,
but the inherent properties of the two lignin samples might be slightly different as well.
Nevertheless, differences in viscosity as a function of lignin type and ionomer composition indicate that the interaction of the components is a crucial factor in the case of these
blends.
The stiffness of the blends is plotted against lignin content in Fig. 6.2. Modulus
increases steeply with increasing lignin content, as expected. Lignin molecules are
small, the interactions among them are strong, thus lignin is a stiff material, and consequently it increases the modulus of the ionomers quite substantially. Stiffness covers a
very wide range; it increases from a few tenths to more than 3.5 GPa at the largest lignin
content for the NaMer2/NaLS blend. It is somewhat surprising that unlike torque, the
modulus of the various blends does not differ very much, but stiffness is not as sensitive
to interactions as viscosity or the mechanical properties measured at larger deformations.
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Figure 6.1

Equilibrium torque measured during the homogenization of the components plotted against lignin content. Symbols: () LDPE, () EAc, ()
NaMer1, () ZnMer1; full symbols: CaLS, empty symbols: NaLS.
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Figure 6.2

Effect of lignin content on the stiffness of the polymer/lignin blends. Symbols are the same as in Fig. 2. Additional symbols: () NaMer2, ()
ZnMer2.
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Tensile strength is plotted against the lignosulfonate content of the blends in Fig.
6.3. Clear differences can be observed between the behavior of PE used as reference and
the rest of the polymers including the EAc copolymer. After a slight decrease at small
lignin contents, tensile strength increases with increasing lignin concentration. The
peculiar shape of the correlations results from the changing deformability of the samples. The elongation-at-break of the neat matrix polymers is very large, between 200
and 500 %, but it decreases drastically with increasing amount of lignin and becomes
less than 10 % above 40 vol% lignosulfonate content. Although tensile strength values
cover some range, they are rather similar to each other in both tendency and value. The
similar behavior of the EAc copolymer to the ionomers indicates that hydrogen bonds
are at least as important in improving compatibility as ionic bonds; in fact, based on
these results, the effect of the two kinds of interactions cannot be distinguished from
each other.
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Figure 6.3

Dependence of tensile strength on the composition of the ionomer/lignin
blends studied. Symbols are the same as in Figs. 6.1 and 6.2.

6.2.2. Structure
The composition dependence of properties presented in the previous section indicates the development of much stronger interactions in the EAc copolymer and ionomer blends than in polyethylene. These interactions should result in dissimilar structure
as well. The structure of ionomer/lignin blends can be rather complicated. The polymers
have a crystalline phase, ionic species form clusters or aggregates [7-11] and lignin
generates either a homogeneous or a heterogeneous structure. In spite of the fact that
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complete miscibility and homogeneous structure was reported in the literature for the
most diverse polymer/lignin pairs, in Chapters 3-5 it was shown that miscible blends
could not be prepared from lignin and any of the polymers (LDPE, PS, PC, glycol modified PET, ethylene-vinyl alcohol copolymers) used as matrix [12-14].
The structure of polymer lignin blends is demonstrated with a few SEM micrographs in Fig. 6.4. A micrograph recorded on a PE/lignin blend at 30 vol% lignin content is shown in Fig. 6.4. Large lignin particles are dispersed in polyethylene indicating
the poor interaction of the two components. Although heterogeneous structure forms
also in the ionomers, the size of the dispersed particles is about two orders of magnitude
smaller as shown by Fig. 6.4b as an example (see the different scale). Even the appearance of an interpenetrating network (IPN) like structure is observed at large lignin contents in some of the blends (Fig. 6.4c). Such IPN like structure has never been detected
in any of the blends studied in Chapters 3-5 [12-14]. This structure indicates the development of good interaction between the ionomers and lignin. Improved interaction and
small dispersed particles might result from ionic, but also from H-bonding interactions,
since all the copolymers contain non-neutralized acrylic or methacrylic acid.

b)

a)

c)

Figure 6.4

Representative SEM micrographs demonstrating the structure of the polymer/lignin blends studied. a) LDPE, 30 vol% lignin, b) ZnMer1, 30 vol%
lignin, c) IPN structure in a ZnMer1 blend, 50 vol% lignin. Note the different scale in micrographs a) and b), c).
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Particle size was determined quantitatively by image analysis. The dependence
of particle size on lignin content is presented in Fig. 6.5. In accordance with Fig. 6.4,
the average particle size is very large in PE; it is around 4 m already at 10 vol% lignin
and goes up to around 50 m with increasing lignin content. On the other hand, the
average size of dispersed lignin particles is much smaller in EAc and in the ionomers,
changes between 0.2 and 1.8 m, and practically does not depend on composition. The
composition of the polymer and the type of the counter ion of the lignosulfonate affect
particle size, but only within this range.
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Figure 6.5

Effect of lignin content on the average size of dispersed lignin particles in
the polymer lignin blends studied. Symbols are the same as in Figs. 6.1
and 6.2.

The size of the original lignin particles is around 80 m. The final size of the
particles depends on thermodynamic and kinetic factors, i.e. on interactions and the
shear forces prevailing during mixing. The effect of kinetics is shown in Fig. 6.6 in
which particle size is plotted against the equilibrium torque measured during homogenization. Particle size increases in PE due to coalescence, and slightly decreases in the rest
of the blends. The very small effect of kinetics proves that interactions are strong in the
ionomer blends and thermodynamics dominates particle size.
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Figure 6.6

Independence of particle size of kinetic effects in the EAc and the ionomer
blends studied. Symbols are the same as in Figs. 6.1 and 6.2.

6.2.3. Interactions
The fact of the formation of strong interactions is established, but the estimation
of their strength is quite difficult, especially in the present case. The easiest way to
obtain a rough estimate about interactions is the calculation of the Flory-Huggins interaction parameter [15,16] from Hildebrand solubility parameters [17]. These latter can be
taken from handbooks or can be calculated from the group contributions of Small [18],
Hoy [19] or van Krevelen [20]. Pouteau et al. [21], for example, used the solubility
parameter approach to estimate the compatibility of lignin with a range of polymers.
Unfortunately, group contributions do not exist for ionic moieties, thus this route cannot
be followed. Interactions can be estimated also from thermal analysis [22-25], either
from DMTA or from DSC measurements.
DMTA traces, or more exactly, the temperature dependence of loss tangent, are
presented in Fig. 6.7 for the ZnMer2/NaLS blends. Three transitions can be observed on
the traces. The one detected at the lowest temperature at around -125 °C is usually assigned to the movement of methylene units [26-29], the transition appearing around -20
°C belongs to the movement of branches [27-31], while the highest to the transition of
segments attached to crystals [26,32] or in our cases also to ionic clusters. According to
the results, this latter transition shifts towards higher temperatures with increasing lignin
content. The position of none of the peaks depends on lignin content in PE/lignin
blends. Obviously, interactions result in decreasing mobility in ionomer/lignin blends.
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Temperature dependence of the loss tangent of ZnMer2/NaLS blends.
Effect of lignin content. Shift in the temperature of the α relaxation.

The effect of lignin content on mobility can be seen much better in Fig. 6.8, in
which the temperature of the  transition of the polymer is plotted against lignin content. The effect depends on the type of the ionomer and the lignin and covers a relatively wide range. Unfortunately, these results cannot be transformed into a quantitative
measure of the strength of interaction.
Strong interactions influence also crystalline structure in the blends of a crystalline and an amorphous polymer [22,23]. Both the melting temperature of the crystals
and crystallinity decrease with increasing strength of interaction. The heat of fusion of
selected blends is presented in Fig. 6.9 as a function of lignin content. Crystallinity does
not change in polyethylene indicating poor interactions, but it decreases quite considerably in the blends of the EAc copolymer and the ionomers. The slope and extent of the
decrease differ slightly for the various polymer/lignin blends depending on the chemical
composition of the matrix polymer. Melting temperature also decreases slightly with
increasing lignin content in the ionomer blends.
Changes in melting temperature allows the quantitative estimation of the FloryHuggins interaction parameter with the help of the Nishi-Wang approach [22], which is
based on the Flory-Huggins lattice model and relates the melting point of the crystalline
component to the interaction parameter in the following way
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(6.1)

where Tm0 and Tm are the melting points of the crystalline component alone and in the
blend, respectively, R the universal gas constant, V1 and V2 the molar volume of the
repeat units of the two components, H2 the enthalpy of fusion of the crystalline polymer and 2 its volume fraction in the blend. Eq. 6.1 can be rearranged to
Tm  Tm 0 

B V2
1  2 2
H 2

(6.2)

If the experimental values are plotted according to Eq. 6.2, a straight line should be
obtained and B can be calculated from its slope. B is related to the Flory-Huggins interaction parameter in the following way



B V1
RT

(6.3)
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Figure 6.8

Dependence of the transition temperature of the  relaxation of polymer/lignin blends on lignin content. Symbols are the same as in Figs. 6.1
and 6.2.
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Figure 6.9

Heat of fusion of the polymer component of polymer/lignin blends plotted
against their lignin content. Symbols are the same as in Figs. 6.1 and 6.2.

The composition dependence of the melting temperature of selected blends is
presented in Fig. 6.10 in the representation of Eq. 6.2. Straight lines are obtained in
most cases with various slopes from which  can be derived. Occasionally the fit is not
very good, because of the small changes and the large standard deviation of the measurement. The calculated Flory-Huggins interaction parameters are listed in Table 6.1.
They have negative values, but the model of Nishi and Wang [22] yields inherently
negative interaction parameters indicating complete miscibility that is obviously not
true in our case. Nevertheless, the interaction parameters determined are related to the
strength of interactions, and were shown in Chapter 5 to correlate well with values
derived from other approaches [14]. Differences among the blends are rather large. The
value obtained for PE is practically the smallest showing the development of weak
interactions, while the strength of interaction is the strongest in the EAc/lignin blends.
Apparently, hydrogen bonds improve compatibility more than ionic interactions. The
rest of the values are between these two extremes. CaLS develops stronger interaction
with the polymers than NaLS, thus also the valence of the ion attached to the sulfonate
group seems to influence interactions.
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Figure 6.10 Melting temperature of selected polymer/lignin blends plotted in the representation of the Nishi-Wang approach [22]. See Eq. 6.2. Symbols are
the same as in Figs. 6.1 and 6.2.

Table 6.1

Quantities characterizing the interaction of the components calculated
from the Nishi-Wang approach [22] and the composition dependence of
tensile strength [35]

Blend
LDPE/NaLS
EAc/CaLS
EAc/NaLS
NaMer1/CaLS
NaMer1/Na/LS
NaMer2/CaLS
NaMer2/NaLS
ZnMer1/CaLS
ZnMer1/NaLS
ZnMer2/CaLS
ZnMer2/NaLS

Nishi-Wang (Eq. 6.1)
R2a

-0.001
0.2369
-0.486
0.9052
-0.390
0.8500
-0.049
0.4518
-0.081
0.3082
-0.040
0.9252
-0.014
0.9959
-0.215
0.7764
-0.104
0.6545
-0.213
0.4869
-0.190
0.5240

a) Determination coefficient showing the goodness of the fit.

Tensile strength (Eq. 6.4)
R2a
B
1.07
0.9377
6.01
0.9815
5.16
0.9913
4.63
0.9985
4.23
0.9932
3.18
0.9745
3.21
0.9705
3.19
0.9933
3.12
0.9783
3.70
0.9981
4.09
0.9969
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Another way to estimate the strength of interactions in a heterogeneous polymer
system, a composite or a blend, is to use a simple model describing the composition
dependence of yield stress [33,34] or tensile strength [35]. For the latter, the model can
be expressed in the following form [35]

 T   Tm n

1
exp B  
1  2.5 

(6.4)

where T and Tm are the true tensile strength (T =  and  = L/L0, where L is the
ultimate and L0 the initial gauge length of the specimen) of the blend and the matrix,
respectively, n is a parameter taking into account strain hardening,  is the volume
fraction of the dispersed component and B is related to its relative load-bearing capacity, i.e. to the extent of reinforcement, which, among other factors, depends also on interfacial adhesion. If we transform Eq. 6.4 into a linear form and plot the natural logarithm
of reduced tensile strength against the volume fraction of the dispersed component, we
should obtain a straight line, the slope of which is proportional to the load-bearing capacity of the reinforcement, and under certain conditions to the strength of interactions.
The tensile strength of selected blends is plotted in this way in Fig. 6.11. The correlations are linear indeed with different slopes showing dissimilar interfacial adhesion.
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Figure 6.11 Tensile strength plotted against the lignin content of the blends according
to the linearized form of Eq. 6.4. Symbols are the same as in Figs. 6.1
and 6.2.
The B values determined are also listed in Table 6.1. We can see that the reliability of the model is much better than that of the Nishi-Wang approach (see determi-
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nation coefficients, R2), but the obtained values convey the same message. The weakest
interaction develops in PE, while the strongest in the EAc copolymer. The rest of the
values are very similar between these two boundary cases. Both approaches used for the
quantitative estimation of interactions led to the same result showing the development
of relatively strong component interactions in the studied ionomer/lignin blends. However, at the same time they also indicate that hydrogen bonds are more beneficial in
improving compatibility than ionic bonds, a result that is rather surprising.
6.2.4. Structure-property correlations
The development of strong interactions between lignin and the polymers used in
this study, with the exception of PE, of course, was confirmed by both the direct evaluation of the primary results and the use of various theoretical approaches. On the other
hand, we could draw very few conclusions about how interactions relate to the composition of the polymers (comonomer content, functional groups) or the type of the ion used
either for the neutralization of the ionomers or as counter ion in the lignosulfonate samples. Several results indicated that the acid content of the polymers has a stronger effect
on interactions than their ionic group content. The correlation of the Flory-Huggins
interaction parameter determined by the Nishi-Wang approach [22] and the
(meth)acrylic acid content (H-bonds) of the polymers is presented in Fig. 6.12 to confirm the above statement. The value of  decreases drastically with increasing acid
concentration showing the strong effect of this compositional variable on the strength of
interaction.
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Figure 6.12

Correlation between the Flory-Huggins interaction parameter derived from the
Nishi-Wang approach and the concentration of free (meth)acrylic acid in the
polymers. Symbols: () 1st heating run, () 2nd heating run.
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The other approach to estimate interactions quantitatively was the evaluation of
the composition dependence of mechanical properties. B values determined from the
yield stress (By) and tensile strength (B) of the composites are plotted against the
(meth)acrylic acid content of the polymers used as matrix. Two unambiguous correlations are obtained again indicating that with increasing acid content the load bearing
capacity of dispersed lignin particles increases (Fig. 6.13). However, if we plot B values against the ion concentration of the same polymers, we can observe no correlation
or some decrease at most (Fig. 6.14), showing that increasing ion concentration results
in the deterioration of mechanical properties.
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Figure 6.13

Dependence of parameter B derived from the tensile properties of the blends
on the concentration of free acid groups. B is related to the load bearing capacity of the blends and interactions. Symbols: () tensile strength, B,
() tensile yield stress, By.

The obtained results are difficult to interpret or they outright contradict the expectations. One would expect ionic bonds to have a positive effect on homogeneity and
properties. We must consider, however, that the separation of the effects of the concentration of ionic and acidic groups is very difficult. We used commercial polymers, in
which comonomer content, neutralization, acid content and ion content changed more or
less arbitrarily, at least from our point of view. The apparently negative effect of ion
concentration might result also from cluster formation; with increasing number of ions
the size of the clusters increases [10] and they cannot interact with lignin. On the other
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hand, ions must have some effect on structure formation, since considering all the
blends studied in Chapters 3-5 [12-14], the smallest particles formed in the ionomers
and traces of a co-continuous phase has not been observed before either. Obviously, in
order to separate the effect of acidic and ionic groups on the structure and properties of
ionomer/lignin blends, further experiments must be carried out, in which acidic groups
are neutralized systematically. Nevertheless, we can conclude that the combined effect
of hydrogen bonds and ionic interactions between lignin and the ionomers result in
blends with good overall performance, and their properties usually exceed those reported in the literature for most of the thermoplastic/lignin blends [5].
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Figure 6.14 Dependence of parameter B derived from the tensile properties of the
blends on the concentration of free acid groups. B is related to the load
bearing capacity of lignin and interactions. Symbols: () tensile strength,
B, () tensile yield stress, By.

6.3. Conclusions
Blends were prepared from industrial lignosulfonates and ionomers for the first
time. All properties of the blends indicate the development of strong interactions between the components compared to the dispersion forces forming in the PE/lignin blend
used as reference. Strong interactions resulted in the increase of strength, the decrease
of deformability, shift in the transition temperature of the matrix polymer and the decrease of the melting temperature as well as the heat of fusion of the latter. The simulta-
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neous action of hydrogen bonds of partially neutralized methacrylic acid moieties and
ionic bonds resulted in the formation of small, dispersed lignin particles of the size of
several tenth of a micron. The quantitative estimation of interactions by the Nishi-Wang
approach and the evaluation of the composition dependence of mechanical properties
confirmed the formation of strong interactions. Unambiguous correlations could not be
established among the chemical composition of the ionomers, the ions used for their
neutralization, the counter ion of the lignosulfonate and structure, as well as properties.
Hydrogen bridges apparently improve interactions and compatibility somewhat more
than ionic bonds. In spite of the development of strong interactions, heterogeneous
structure formed in the studied ionomer/lignin blends, complete miscibility could not be
achieved. The properties of the blends cover a wide range and materials with a reasonable combination of properties can be produced at moderate lignin contents especially if
we compare them to blends prepared from other thermoplastic polymers. Above 40
vol% lignin, the blends become extremely brittle for any practical application. Plasticization and chemical modification might lead to further improvement in properties.
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Correlations among miscibility, structure and properties in
thermoplastic polymer/lignin blends6
7.1. Introduction
Blends were prepared from lignin and many types of polymers, and the conclusions about the structure and properties of these blends are very controversial. A wide
variety of behaviors was reported for the blends from complete miscibility [1-7] to
complete immiscibility [2-4,8-19] for all kinds of polymers. This is valid even for polyolefins [1-3,8-10], which is very strange in view of their apolar structure and lack of
functional groups. Systematic research carried out with polymers with increasing polarity from polypropylene (Chapter 3) [20], to polymers forming aromatic, π-electron
interactions (Chapter 4) [21], hydrogen bonds (Chapter 4, 5 and 6) [21-23] or electrostatic interactions (Chapter 6) [23] showed that interactions play a crucial role in the
determination of the structure and properties of the blends. Complete miscibility was
not observed in any of the cases, but lignin was dispersed in the form of droplets in the
matrix polymer. The size of the particles changed with the strength of interactions and
properties changed accordingly. Obviously, the self-interactions of lignin molecules
prevent miscibility, but competitive interactions with the functional groups of the matrix
polymer lead to changing structure and properties.
Earlier studies focused either on a specific polymer or on specific interactions
(dispersion forces, aromatic interactions, H-bond), but the latter were rarely determined
or estimated quantitatively. Accordingly, the goal of this work was to use data collected
in our previous projects (Chapters 3 and 4), as well as to prepare blends from additional polymers and compare the results in order to draw general conclusions about the role
of interactions in polymer/lignin blends. Component interactions were estimated quantitatively and correlations were established between interactions and structure, as well as
between structure and properties. The perspectives of preparing blends with acceptable
properties from polymers and lignin, as well as practical consequences are discussed in
the final section of this chapter.

7.2. Results and discussion
The results are presented in several sections. The composition dependence of selected properties is shown in the first followed by the analysis of the structure of the
blends prepared from the various polymers. The load bearing capacity of dispersed
lignin particles is discussed in the next section, and finally the detailed analysis of miscibility-structure-property correlations is presented in the final section of the chapter.

6
Romhányi, V.; Kun, D.; Pukánszky, B. Correlations among Miscibility, Structure and Properties in Thermoplastic Polymer/Lignin Blends. ACS Sustain. Chem. Eng. 2018, 6, 14323-14331.
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7.2.1. Properties
The properties of polymer blends are influenced by several factors including the
miscibility of the components. The strength of interactions, compatibility and miscibility are often deduced from the composition dependence of various properties, the most
often mechanical characteristics, modulus or strength. The effect of lignin content on
the stiffness of the blends is presented in Fig. 7.1 for all the studied blends. Modulus is
increasing with lignin content in each case and even the extent of increase is practically
the same for the various polymers, except maybe for PP. In this latter case, the increase
is somewhat smaller with increasing lignin content than in the rest of the polymers. The
stiffness of the matrix polymers covers a relatively wide range, from 0.4 GPa for the
ionomer to about 3.6 GPa for PLA. The stiff aromatic structure and the strong selfinteraction of the lignin molecules result in very stiff particles and in the increase of the
modulus of blends containing them. However, the results do not give any information
about either the strength of interactions or the miscibility or compatibility of lignin and
the matrix polymers.
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Figure 7.1

Composition dependence of the stiffness of polymer/lignin blends. Matrix
polymer: () PP, () PLA, () PMMA, () PS, () PETG, ( ) PC,
( ) ionomer.

The tensile strength of the blends is plotted against lignin content in Fig. 7.2. The
interpretation of the correlations is even more difficult than in the case of stiffness. The
most diverse composition dependence is observed for the various polymers from continuous decrease (PP, PLA), through correlations exhibiting a maximum (PS, PMMA,
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PC, PETG) to a more or less continuous increase with lignin content (ionomer). The
decrease of strength is often interpreted as weak interaction and immiscibility, while an
increase as strong interaction and good compatibility. In this simple scheme, correlations with a maximum cannot be interpreted or they are difficult to explain. However,
because of the effect of several factors, the direct interpretation of primary data is very
difficult or impossible. The composition dependence of properties measured at large
deformation (yield properties, strength) is affected by the characteristics of the matrix,
interactions and structure as well [24-27]. Consequently, the strength of interactions or
miscibility cannot be judged from the data presented in Fig. 7.2, further analysis is
needed.
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Figure 7.2

Effect of lignin content on the tensile strength of polymer/lignin blends.
Symbols are the same as in Fig. 7.1.

Deformability is an important attribute of all structural materials, because it is often closely related to impact resistance. Fig. 7.3 shows that the deformability of the
matrix polymers and that of the polymer/lignin blends studied varies in a relatively wide
range at small lignin contents, but invariably decreases with as the amount of lignin in
the blend increases. The elongation-at-break values of the ionomer/lignin blends are
reasonable up to 30 vol% lignin content, but most of the blends are quite stiff and break
at very small deformations. This is one of the drawbacks of these blends, which may
hinder their practical application.
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Figure 7.3

Dependence of the deformability of polymer/lignin blends on lignin content. Symbols are the same as in Fig. 7.1.

7.2.2. Structure
Miscibility and homogeneous structure were reported in the literature for the
blends of the most diverse polymers and lignin [1-7], but the claims were not supported
by experimental evidence in many cases. The lignin used in our experiments is a commercial product prepared by spray drying. Its particle structure is presented in Fig. 7.4a.
The average size of the particles is around 80 m. The structure of some of the blends is
demonstrated by further micrographs in Fig. 7.4. Large particles can be seen in PP (Fig.
7.4b), but they are much smaller than the original lignin particles. Obviously the original particles break up during processing and form smaller droplets in the matrix polymer. The average size of the dispersed lignin particles depends very much on the type of
the polymer used as matrix, and very small, several tenths of a micron sized particles
form in the ionomer (Fig. 7.4e).
The composition dependence of the average particle size is presented in Fig. 7.5.
Large particles develop in PP and PLA, and much smaller in the rest of the polymers.
The extent of changes with lignin content also varies in a wide range, size depends only
slightly on composition in most of the polymers, except in PP and PLA. The size of
dispersed particles in a blend are determined by thermodynamic factors and processing
parameters, i.e. mainly by shear forces prevailing in the melt. Thermodynamics is determined by the interaction of the components. Shear forces depend on composition, on
the amount of lignin in the blends. Our blends were homogenized in an internal mixer
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and the torque measured during mixing is proportional to the shear forces developing in
the melt. The composition dependence of equilibrium torque is plotted against lignin
content in Fig. 7.6. Torque increases in all cases and with the exception of the ionomer
blend, the gradient of torque increase is very similar. Shear forces are determined mainly by the viscosity of the matrix polymer, but interactions influence them as well. If
processing parameters determine the size of the dispersed lignin particles, this latter
should decrease with increasing torque and the extent of decrease should be proportional to the torque measured.

Figure 7.4

Influence of the chemical structure of the matrix polymer on the size of
dispersed particles in polymer/lignin blends. Lignin content: 20 vol%.
SEM micrographs; lignin etched by water. a) original lignin particle, b)
PP, c) PS, d) PETG, e) ionomer.
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Figure 7.5

Average size of dispersed lignin particles plotted against composition.
Symbols are the same as in Fig. 7.1.

Equilibrium torque (Nm)

100

80
PC, PETG
60
PP, PMMA
40

ION

20

PLA, PS

0
0.0

0.2

0.4

0.6

0.8

Volume fraction of lignin

Figure 7.6

Changes in the equilibrium torque (shear stress) measured during the
homogenization of polymer/lignin blends with increasing lignin content.
Symbols are the same as in Fig. 7.1.
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Particle size is plotted against equilibrium torque values in Fig. 7.7. Size decreases with increasing torque quite drastically in the PP and PLA matrix and hardly
changes in the rest of the polymers. Accordingly, we can conclude that processing parameters play an important role in the determination of particle size in the two polymers
and thermodynamics determines size in the others. The results also imply that interactions are rather weak between the two polymers (PP, PLA) and lignin, because processing conditions usually dominate in the absence of strong interactions. According to
the results presented in this section, complete miscibility of lignin was not observed
with any of the polymers studied contrary to claims published in the literature [20-23].
Dispersed structure was observed in each case and the size of the particles changed in a
wide range, from about 10 to 0.5 µm. The differences are caused mainly by dissimilar
interactions developing between lignin and the matrix polymers, but processing conditions also play a role. The estimation of interactions could give further information
about structure formation and the role of interactions in the determination of blend
properties.
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Figure 7.7

Correlation between the average size of dispersed lignin particles and the
equilibrium torque measured during the mixing of the components. Symbols are the same as in Fig. 7.1.
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7.2.3. Stress transfer, reinforcement
The size of dispersed lignin particles gave some indications about the interactions developing between lignin and the matrix polymer, although particle size is influenced also by processing conditions. Interactions affect also the stress carried by the
dispersed component, thus the analysis of the composition dependence of tensile
strength may offer further information about them. A simple model developed earlier,
which takes into account also interactions, offers the possibility to determine interfacial
adhesion quantitatively [24,28-30]. The model describes the composition dependence of
tensile strength in the following way [30]:

 Trel 

 T 1  2.5 1
 exp B  
 Tm 1   n

(7.1)

where Trel is relative tensile strength, T and Tm the true tensile strength (T =  and
 = L/L0, where L is the ultimate and L0 the initial gauge length of the specimen) of the
blend and the matrix, respectively, n is a parameter taking into account strain hardening,
 is the volume fraction of the dispersed component and B is related to its relative
load-bearing capacity, i.e. to the extent of reinforcement, which, among other factors,
depends also on interfacial adhesion. Parameter B is determined by the size of the
interface between the two components and the properties of the interphase [29], i.e.

 
B  1  Ad  d   ln  i
  Tm





(7.2)

where Ad and d are the specific surface area and density of the dispersed component,
while ℓ and i are the thickness of the interphase and its strength, respectively. Both
specific surface area (particle size) and the thickness of the interphase (ℓ) depend on the
strength of interactions, thus parameter B gives an estimate of component interactions.
If we transform Eq. 7.1 into a linear form and plot the natural logarithm of
relative tensile strength against the volume fraction of the dispersed component, we
should obtain a straight line, the slope of which is proportional to the load-bearing capacity of the second component, i.e. the dispersed lignin particles, and under certain
conditions to the strength of interactions. The tensile strength of the two blends with the
smallest and largest reinforcing effect is plotted in this way in Fig. 7.8. The correlations
are linear indeed with strongly differing slopes showing dissimilar interfacial adhesion.
The B values determined are listed in Table 7.1. The values obtained cover a
relatively wide range from 0.74 to 3.82. The order of the blends corresponds to previous
observations, since the size of the particles was the largest in PP and the smallest in the
ionomer. Accordingly, parameter B gives a good quantitative estimate of interactions.
However, the results must be treated with care, since parameter B depends also on the
properties of the matrix (see Tm in Eq. 7.2), thus always a larger B is determined in a
softer matrix. Accordingly, further approach or approaches are needed to verify the
results obtained by the evaluation of the composition dependence of strength.
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Figure 7.8

Relative tensile strength of two polymer/lignin blends in the linear representation of Equation 1. Symbols: () PP, () ionomer.

Table 7.1

Reinforcing effect of lignin in the various polymers used in the study

Polymer
PP
PLA
PMMA
PS
PC
PETG
Ionomer

Matrix strength
(MPa)

Parameter B

R2a

21.7
59.7
48.6
21.0
50.6
42.1
20.2

0.74
1.20
1.55
1.68
1.48
1.76
3.82

0.9641
0.9464
0.9940
0.9482
0.9928
0.9821
0.9941

a) determination coefficient expressing the goodness of the fit

7.2.4. Interactions
The chemical structure of the polymers used as matrix in this study covers a
wide range. The polymers can form the most diverse interactions with lignin and the
number and strength of these interactions differ considerably as well. The structure of
the polymers and the type of interactions formed are compiled in Table 7.2. Interactions
are weak in the polypropylene blends generated only by weak dispersion forces. Most
polymers can form hydrogen bonds, while the ionomer also ionic bonds. Since the
number and strength of interactions differ considerably, we expect very different effects
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in the various polymers, which was confirmed by the dissimilarities in properties, but
especially in structure.
Table 7.2

Polymer

Possible interactions developing in the polymer/lignin blends studied;
dispersion forces (d), hydrogen bond (H), aromatic interactions ( ), electrostatic, ionic forces (ion)
Structure

Interactions

PP

d

PLA

d, H

PMMA

d, H

PS

d, π

PC

d, H, π,

PETG

d, H, π,

ION

H, ion
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The techniques used the most often for the estimation of miscibility and interactions are FTIR spectroscopy [1,4-6,14] and the determination of the glass transition
temperature of the components by DSC or DMTA [1,2,6,8-11,14,17,19]. The shift in
the wavelength of the absorbance of a characteristic band can be misleading and may
not express interactions quantitatively [31]. A single Tg in a blend supposed to indicate
complete miscibility, while two Tgs identical to those of the neat components imply
complete immiscibility. A shift in either of the T g values indicates the partial miscibility
of the components [32].
The temperature dependence of the loss tangent of PC/lignin blends is plotted in
Fig. 7.9. A strong shift can be observed in the T g of the PC phase indicating some interaction between the components. We could not detect the T g of lignin either on the
DMTA or the DSC traces thus we cannot draw conclusions from changes in its value.
Interactions, or more exactly Flory-Huggins interaction parameters can be calculated
from the shift in the T g of the components by the method of Kim and Burns [33], but the
Tg values of both components are needed for the calculations. The most we can do is
compare the shift in the T g of the matrix polymer. These values are listed in Table 7.3
and they correspond more or less to the general tendency observed before and also to
the expectations. The Tg of PP does not change at all, because of weak interactions and
complete immiscibility while larger changes were observed for the ionomer, PC and
PETG capable of aromatic, hydrogen and ionic bonds, indicating the strongest interactions. Nevertheless, further evaluation and comparison to structure and properties are
impossible with this approach.
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Figure 7.9

Considerable shift in the glass transition temperature of the PC phase in
PC/lignin blends. Temperature dependence of loss tangent. Lignin content increases from top to bottom.
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Quantities characterizing interactions in the studied polymer/lignin
blends

a

b
1/2

(MPa )
PP
PLA
PMMA
PC
PS
PETG
Ionomer

16.0
19.7
18.8
21.0
18.6
21.9
27.6

11.8
7.2
8.3
5.9
8.5
5.1
1.2

Tgc
(°C)
0
+2.5
–5.0
–7.0
–1.5
–6.5
+8.0

Bd
0.74
1.20
1.55
1.68
1.48
1.76
3.82

CTde
(MPa)
77
202
241
230
114
480
2360

a) solubility parameter, b) Flory-Huggins interaction parameter, c) difference in Tg between the neat matrix
polymer and the blend at 30 vol% lignin content, d) reinforcement (see Eq. 7.1), e) stress transfer (see Eq. 7.7).

Structure, i.e. the size of the dispersed lignin particles changes with the type of
the polymer, weaker interactions result in larger particle size. An approach to estimate
quantitatively the strength of interactions is offered by the Flory-Huggins lattice theory
[34,35]. Interaction parameters can be determined, for example, from shifts in the glass
transition temperatures of the components, as mentioned above, or derived by calculations. The first method cannot be used because of the lack of lignin T g, but FloryHuggins interaction parameters can be calculated from solubility parameters using Eq.
7.3
V (    2 )2
(6.3)
 r 1
RT
where Vr is a reference volume with the value of 100 cm3/mol [36], 1 and 2 are the
solubility parameters of the components, R the universal gas constant and T the absolute
temperature. The  values of the polymers can be estimated using group contributions
according to the approach of Small [37], Hoy [38], van Krevelen [39] and others [4042].
Flory-Huggins interaction parameters ( ) calculated with Eq. 7.3 using Hoy’s
[38] group contribution values for  are listed in Table 7.3. The solubility parameter of
lignin was taken from the literature; it was determined experimentally specifically for a
lignosulfonate sample by Myrvold [43]. The largest  value was obtained for PP, as
expected, and the smallest for the ionomer. Relatively small  values were calculated
for PC and PETG as well. Particle size is plotted against interaction parameters in Fig.
7.10 and a relatively close correlation is obtained indicating the strong effect of thermodynamics in the determination of the structure of the blends. Moderate deviations are
observed in some cases (PLA, PS, PMMA), but if we consider the simplicity of the
approach and the possible effect of other factors (kinetics, degradation), the correlation
is very good. On the other hand, it does not help to relate interactions and structure to
the properties of the blends.
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Figure 7.10 Correlation between the average size of dispersed lignin particles and the
strength of interaction (Flory-Huggins interaction parameter, ). Lignin
content: 30 vol%. Symbols are the same as in Fig. 7.1.

As mentioned earlier, the size of dispersed particles depend on thermodynamic
factors and processing parameters, which can be expressed quantitatively by the approach of Taylor [44] and Fortelný [45], i.e.

d

8 AB f  rel 

m



(7.4)

where d is particle size, AB interfacial tension,  the probability of coalescence, m the
viscosity of the matrix, f(rel) a function of the relative viscosity of the components, the
value of which is close to 1 [44], and  is the volume fraction of the dispersed (lignin)
phase. Interfacial tension can be related to the Flory-Huggins interaction parameter
[46,47]
bRT  1 / 2
(7.5)
 AB 
Vr
where b is the effective length of a repeat unit. Combining Eqs. 7.4 and 7.5, and merging several parameters into a constant leads to
d  k1   1 / 2  

(7.6)

where k1 contains all the parameters regarded constant. Eq. 7.6 relates particle size to
interactions quantitatively.
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The model presented in the section of Stress transfer, reinforcement allows us to
relate properties (tensile strength) to interactions quantitatively. Parameter Bσ expresses
the load bearing capacity of the dispersed phase, but this depends also on the properties
of the particles, i.e. soft particles carry less load than hard ones. Accordingly, Bσ is related to the properties of the components through a stress transfer parameter (C) [24],
i.e.

 C Td
B  ln 
  Tm





(7.7)

where Td and Tm are the strength of the dispersed particles and the matrix, respectively. Stress transfer depends on the contact area between the two components (A) and the
thickness of the interphase (ℓ) [24], i.e.

C  k2  A

(7.8)

where k2 is a constant. A can be calculated from the size of the particles, while the
thickness of the interphase depends on interactions; this latter correlation is expressed as
[47]



b

1/ 2

(7.9)

If we combine all the equations, we obtain the relationship between the parameter related to stress transfer and particle size, i.e.

C  k3

2
d2

(7.10)

The correlation between stress transfer and particle size is plotted in the representation of Eq. 7.10 in Fig. 7.11. Contrary to Eq. 7.10, parameter C is not plotted directly in the figure, but its value is multiplied by the strength of lignin, CTd. This is
necessary because the strength of the lignin particles cannot be determined directly.
Assuming that the strength of lignin is the same in all blends, this transformation does
not hinder comparison. The correlation obtained is very close as Fig. 7.11 shows, indicating that interactions determine both structure, i.e. the size of dispersed lignin particles, and mechanical properties, the strength of the blends.

7.3. Conclusions
Industrial lignin is a small molecular weight polar material in which strong selfinteractions develop among lignin molecules. Its miscibility is poor with other polymers
as a consequence. Heterogeneous structure formed in all the polymers used as matrix in
this study, which contradicts quite a few reports published in the literature. Lignin contains various types and number of functional groups, which can enter into different
interactions with other polymers as well. Only weak dispersion forces develop in polyolefins, the properties of these blends are poor. Aromatic,  electron interactions are
stronger and combining them with H-bonds results in reasonable compatibility and
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mechanical properties. The best properties were achieved with the ionomer as matrix in
which the combination of hydrogen bridges and ionic bonds result in good compatibility
and properties. The strength of interactions was estimated by the Flory-Huggins interaction parameter and good correlations were found among miscibility, structure and properties, which could be predicted with simple theories. Although blends with acceptable
properties could be prepared from the ionomer and lignin, the deformability of most
blends was very small limiting practical application. The plasticization or chemical
modification of lignin may lead to materials which can be used in industrial practice.
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Figure 7.11 Correlation between the stress transfer coefficient calculated from the
tensile strength of polymer/lignin blends and the size of dispersed lignin
particles (see Eq. 7.10). Lignin content: 30 vol%. Symbols are the same
as in Fig. 7.1.
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Summary
The drive towards sustainable economy recently increased the interest in biopolymers enormously. As a consequence, more and more research is carried out on these
polymers with the goal to use them in larger quantities in all areas of the economy. This
fact applies also to lignin which is, after cellulose, the second most abundant natural
polymer. Lignin is produced as a byproduct mostly during the extraction of cellulose
from lignocellulosic plants. The source and the extraction technology of lignin affect its
structure considerably; thus the type of lignin refers to these two factors. We can differentiate softwood and hardwood lignin, as well as Kraft lignin, lignosulfonate, organosolv lignin etc. Most of the Kraft lignin is burned to produce energy, but considerable
amounts produced by the sulfite process find various, usually niche applications. An
obvious way to utilize lignin in the plastics industry is to blend it with other synthetic or
biopolymers.
A thorough literature research revealed that polymer/lignin blends are surrounded with much controversy; therefore, further study is needed on the miscibilitystructure-property relationships of these materials to utilize all potentials of blending.
As our laboratory has considerable experience in the development and characterization
of polymer blends and composites, we decided to carry out a comprehensive study on
polymer/lignin blends, with a particular focus on the relationships among interactions,
structure and properties. For our experiments, softwood lignosulfonates were used as
the lignin component. Although the most important results were summarized at the end
of each chapter, they are repeated to give a brief overview. At the end of this chapter,
our most important new findings are compiled in a few thesis points.
The first study presented in Chapter 3 revealed that the structure of polypropylene (PP)/lignosulfonate blends forms during processing by the breakup of large lignin
particles which soften at the high temperature of processing. This result confirms indisputably that polymer/lignin systems are blends, indeed. Although a wide range of opinions have been published about the miscibility or compatibility of lignin and polyolefins, all evidence implies that weak interactions develop between PP and lignosulfonate.
The interactions among lignosulfonate molecules are much stronger and prevent any
mixing of the two components, therefore, dispersed structure forms in the entire composition range studied. Interfacial adhesion can be improved through the addition of a
maleic anhydride grafted PP coupling agent. The strength of interfacial adhesion determines the local deformation processes of the blends which fail either by debonding or
the fracture of the lignosulfonate particles. Coupling enhances the stiffness and even
more the tensile strength of PP/lignosulfonate blends; however, deformability is very
small especially at larger lignosulfonate content representing the largest obstacle of
practical application.
The abundant amount of aromatic rings in lignin provides the possibility to utilize π electron interactions in polymer/lignin blends. In Chapter 4, the results of blending experiments carried out with lignosulfonate and three thermoplastic polymers con-

146

Summary

taining aromatic rings in their structure have shown that  electron interactions improve
compatibility compared to that created by dispersion forces acting in PP blends. After
PP, polystyrene containing only aromatic rings and no other functional groups forms the
weakest interaction with lignosulfonate. Polycarbonate and especially glycol modified
poly(ethylene terephthalate) are capable of forming also hydrogen bonds, thus interactions in their blends were even stronger. Close correlations were found among miscibility, structure and properties, therefore, it can be stated that the combined effect of competitive interactions determines the structure and properties of the blends. Although
stronger interactions develop between lignosulfonate and the aromatic polymers studied,
heterogeneous structure containing dispersed lignosulfonate particles was observed.
Debonding is the dominating micromechanical deformation process in PP, but mainly
the fracture of the particles occurs at stronger interactions. Deformability is still very
small in all the blends studied and they are very brittle.
Lignin contains also a number of polar functional groups which can form hydrogen bridges. Therefore, we decided to study the role of hydrogen bonds in the compatibility and structure of poly(ethylene-co-vinyl alcohol) (EVOH)/lignosulfonate blends in
detail. As it was shown in Chapter 5, the results unambiguously proved that strong
hydrogen bonds form between the two components, indeed. The development of strong
interactions was proved by several approaches, such as by the shift of relaxation temperatures and by the decrease of crystallite size and crystallinity with increasing lignosulfonate content. Despite the strong interactions, heterogeneous structure forms in the
studied blends, since self-interactions within the neat components are also very strong.
The structure of the blends is determined by competitive interactions; therefore, the
increasing vinyl alcohol content of EVOH results in the formation of smaller lignosulfonate droplets. The competitive character of interactions is shown also by the increased
mobility of the matrix polymer and the decreased viscosity of the blends at certain compositions.
Lignosulfonate is a special type of lignin which contains functional groups capable of forming ionic bonds. Blends were prepared from industrial lignosulfonates and
ionomers for the first time in order to investigate the role and importance of ionic
bonds. The ionomers used are ethylene-methacrylic acid copolymers which are partially
neutralized with zinc or sodium ions. In Chapter 6, all properties of the blends indicate
the development of strong interactions between the components compared to the dispersion forces forming in the polyethylene/lignosulfonate blend used as reference. Strong
interactions result in the increase of strength, the decrease of deformability, shift in the
transition temperature of the matrix polymer and the decrease of the melting temperature as well as the heat of fusion of the latter. The simultaneous action of hydrogen
bonds of partially neutralized methacrylic acid moieties and ionic bonds results in the
formation of small, dispersed lignosulfonate particles of the size of several tenth of a
micron; however, complete miscibility cannot be achieved. Also, unambiguous correlations could not be established among the chemical composition of the ionomers, the
ions used for their neutralization, the counter ion of the lignosulfonate and structure, as
well as properties. Hydrogen bridges apparently improve interactions and compatibility
somewhat more than ionic bonds. The properties of the blends cover a wide range and
materials with a reasonable combination of properties can be produced at moderate
lignosulfonate contents especially if we compare them to blends prepared from other
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thermoplastic polymers.
Eventually, the goal of the comprehensive study presented in Chapter 7 was to
draw general conclusions about the role of interactions in polymer/lignin blends. For
this purpose, we used data from our previous projects and prepared additional thermoplastic/lignosulfonate blends. Lignosulfonate contains various types and number of
functional groups which can enter into different interactions with other polymers. Only
weak dispersion forces develop in polypropylene, so the properties of these blends are
poor. Aromatic,  electron interactions are stronger and combining them with hydrogen
bonds results in reasonable compatibility and mechanical properties. The best properties
were achieved with the ionomer as matrix in which the combination of hydrogen bridges and ionic bonds result in good compatibility and properties. Good correlations were
found among miscibility, structure and properties, which could be described by using
simple theories. Although blends with acceptable properties could be prepared from the
ionomer and lignosulfonate, for most blends a severe limiting factor of application is
their poor deformability. The plasticization or chemical modification of lignosulfonate
may lead to materials which can be used in industrial practice.
The most important conclusions of this Thesis are summarized briefly in the following main points:
1. We proved with several approaches that only weak van der Waals interactions can
develop at most at the interface between the components of polypropylene/lignosulfonate blends. The energy of these interactions is far lower than that of
the self-interactions of lignosulfonates. The application of maleic anhydride grafted
polypropylene can increase interfacial adhesion by approximately one order of magnitude, thus the compatibility of the components can be improved as well (Chapter
3).
2. Based on the study of structure and properties, we showed that compatibility is improved significantly by π electron interactions in the blends of lignosulfonate and
thermoplastic polymers containing aromatic rings, compared to polypropylene/lignosulfonate blends. If the thermoplastic polymer contains also polar functional groups such as ether and ester groups, hydrogen bonds may be formed, which enhances further the compatibility (Chapter 4).
3. The investigations on poly(ethylene-co-vinyl alcohol)/lignosulfonate blends revealed that the competition of van der Waals forces and hydrogen bonding determines their structure and properties. The increasing vinyl alcohol content of the copolymer increases the amount of functional groups capable of forming hydrogen
bonding, thus the miscibility of the components is improved. However, complete
miscibility cannot be achieved since the energy of the interactions forming at the interface is lower than that of the self-interactions of lignosulfonate (Chapter 5).
4. We showed for the first time that hydrogen and ionic bonds forming at the interface
of ionomer/lignosulfonate blends increase considerably the compatibility, compared
to low density polyethylene/lignosulfonate blends in which weak van der Waals
forces may develop at most. Miscibility and compatibility is determined mostly by
the acid content of the ionomer, which proves that hydrogen bonds determine the
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properties of the blends studied in the first place, and ionic bonds only in the second
place (Chapter 6).
5. The detailed analysis of thermoplastic/lignosulfonate blends revealed that close
correlations exist among the interactions forming between the components, the
structure of the blends, and their mechanical properties, which can be explained by
simple models. The integration of these models shows that, among the polymers
studied, polypropylene forms the weakest (van der Waals forces), while the ionomer
the strongest interactions (hydrogen bridges and ionic bonds) with lignosulfonate.
As a consequence, the smallest extent of reinforcement can be achieved in polypropylene while the largest one in the ionomer (Chapter 7).
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parameter, load bearing capacity of the dispersed particles/filler calculated from the composition dependence of tensile strength
parameter, stress-transfer from the matrix to the dispersed particles
diameter of dispersed particle (µm)
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