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Preface

Lignocellulosic materials are a natural, abundant, and renewable resource essential to the
functioning of industrial societies and critical to the development of a sustainable global
economy. As wood and paper products, they have played an important role in the evolution
of our civilization. Improvement of the qualities of such products and the efficiency of
their manufacturing processes have often been hampered by the lack of understanding
of the complex physical states, morphological features, and chemical compositions of the
materials. Novel or improved methods for the characterization of lignocellulosic materials
are needed.

As serious economic, sociopolitical, and environmental issues build up with the use
of petrochemicals, lignocellulosic materials will be relied upon as the feedstock for the
production of chemicals, fuels, and biocompatible materials. Significant progress has been
made to use lignocellulosic materials as a feedstock for the production of fuel ethanol and
as a reinforcing component in polymer composites. Effective and economical methods
for such uses, however, remain to be developed, partly due to the difficulty encountered
in the characterization of the structures of native lignocelluloses and lignocellulose-based
materials.

This book was developed based on 8 presentations selected from the 2005 Pacifichem
Symposium on Characterization, Photostabilization, and Usage of Lignocellulosic Materi-
als, and 12 invited contributions from researchers renowned in the field of lignocellulosics’
characterization and usage. It covers the recent advances in the characterization of wood,
pulp fibers, and cellulose networks (papers). It also describes the analyses of native and mod-
ified lignocellulosic fibers and materials using advanced techniques such as time-of-flight
secondary ion mass spectrometry, 2D heteronuclear single quantum correlation NMR, and
Raman microscopy. Furthermore, it presents useful methods for the characterization of
lignocellulose-reinforced composites and polymer blends.

It is anticipated that this book will provide references on the state-of-the-art characteriz-
ation of lignocellulosic materials to both academic and industrial researchers who work in
the fields of wood and paper, lignocellulose-based composites and polymer blends, and bio-
based fuels and materials. It is also anticipated that this book will stimulate further efforts
in the development of new processes and technologies to use lignocellulosic materials for
the production of chemicals, fuels, and bio-based materials for years to come.
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Plate 1 Raman image (false color) of lignin spatial distribution in selected cell wall area in (a) in two-
dimensional representation. Intensity scale appears on the right. Bright white/yellow locations indicate
high concentration of lignin; dark blue/black regions indicate very low concentration, for example, lumen
area; from Reference 9.
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Plate 2 Raman images (false color) of cellulose spatial distribution in cell wall area selected in (a) in
two-dimensional representation. Bright white/yellow locations indicate high cellulose concentration; dark
blue/black regions indicate very low concentration, for example, lumen area; from Reference 9. See Plate 2
for the color image. (From Agarwal [9].)

Plate 3 Schematic illustration of fiber/paper surfaces covered by AKD either as a monolayer, as patches
or as a combination of both.
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Plate 4 Two-dimensional (2D) topography of an unfilled pilot paper surface determined by white-light
profilometry; the surface size is 1.15 mm × 1.23 mm.

50

60

70

80

90

100

110

120

7.5 7.0 6.5

OH

OMe

H HH

H H

H

H

6

5
4

3

2
1

α β
γ

OH
O

Aryl

HO3S

6.0 5.5 5.0 4.5 4.0 3.5 3.0 ppm

ppm

Plate 5 600 MHz 1H–13C HSQC NMR spectrum of a low-molecular weight fraction of LS2; the structure
of the α-sulfonic acid β-O-4-moiety, including the numbering of the carbon atoms, is shown together with
the assignment of the various C–H signals by color and arrows from the structure.
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Plate 6 600 MHz 1H–13C multiplicity-edited HSQC spectrum of LS3; signals ascribable to the methylene
groups, the methine or methyl groups, and the α-sulfonic acid β-O-4-moiety are shown in red, black, and
brown, respectively.
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Chapter 1

2D Heteronuclear (1H–13C) Single Quantum
Correlation (HSQC) NMR Analysis of
Norway Spruce Bark Components

Liming Zhang and Göran Gellerstedt

Abstract

Norway spruce (Picea abies) bark, collected during the winter and summer seasons, has
been separated into inner- and outer-bark fractions followed by extraction using a five-
solvent extraction procedure. The inner-bark fraction was found to contain a rather high
amount of carbohydrates but only minor amounts of tannin. In addition, the glucosides of
stilbenes such as astringin and isorhapontin were detected. The outer-bark fraction had a
high content of high-molecular-mass tannin but was low in carbohydrates. Lignin-derived
components were also detected. Further studies of the tannin fraction using advanced
nuclear magnetic resonance (NMR) techniques showed that polyflavanol and polystilbene
units together with glucoside units were prevalent.

1.1 Introduction

Bark comprises ∼9–15% of the wood log volume depending on species. Today,
large amounts of bark materials are produced as a waste product from the pulp and paper
industry as well as from the wood-processing industry. These bark materials are mostly
burned as low-valued fuel. Alternative uses of bark components have been investigated but,
so far, without any major progress. Thus, the use of tannin from wattle as a substitute for
phenols in adhesives formulations was suggested a long time ago [1]. More recently, how-
ever, the antioxidant and cancer chemoprevention activity of various tannins has attracted a
considerable interest as many natural phenolic and polyphenolic compounds are considered
beneficial for human health [2–8]. It has also been noted that stilbenes found in spruce bark
may act as inhibitors of certain pathogens [9] and that such compounds could have a poten-
tial as precursors for medicinally interesting substances [10], act as strong antioxidants [11],
or have cancer chemopreventive activity [12]. The detailed chemical composition of bark
from various wood species is, however, rather poorly understood, and before any major
advances in the use of bark components can be realized, a thorough group/compound
separation and identification must be done followed by further characterization work on,
for example, medicinal properties.
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Previous studies have shown that 24% of the spruce bark material is soluble in, and can
be extracted by, organic solvents and water [13]. The holocellulose content in spruce bark
was found to be ∼37%, and the major extractable component was a polyphenolic tannin
believed to be of the polyflavonoid type with a broad-molecular-mass distribution [14].
Some lignin-like substances were also assumed to be present in the bark, but these could
not be identified.

The chemical composition of the water-soluble material from spruce bark has been
studied in detail. Stilbene glucosides, glucose, fructose, sucrose, and soluble tannins were
found to be the main components [15]. Furthermore, the complex mixture of lipophilic
extractives present in spruce bark has been characterized and found to contain fatty acids,
resin acids, fatty alcohols, β-sitosterol, and terpenoids [16].

In the present work, inner and outer bark from spruce (P. abies) has been separated and
the overall chemical composition of each type of bark has been determined. In addition, the
dominant material present, a broad range of tannins, has been further characterized using
modern nuclear magnetic resonance (NMR) techniques.

1.2 Experimental

1.2.1 Materials

Winter (January) and summer (June) spruce (P. abies) bark materials were obtained from
60- to 100-year-old trees in the Stockholm area. The inner- and outer-bark fractions were
separated by hand cutting. The bark materials were air-dried in the dark at room tem-
perature (∼24◦C) for 2 weeks. After that, the dried bark was ground in a Wiley mill to a
particle size of 40 mesh. β-Glucosidase and catechin were purchased from Sigma-Aldrich
Sweden AB, Stockholm.

1.2.2 Solvent extraction

Each bark sample (10 g) was successively extracted with petroleum ether (bp 40–60◦C),
methylene chloride, acetone, water, and acetone–water (2:1 v/v). All extractions were carried
out with 100 mL of the solvent at room temperature overnight. After each extraction, the
liquid phase was collected and the residue was subjected to an identical second extraction
with the same solvent before the next solvent in the series was used. After the acetone
extraction, however, the bark residue was allowed to dry before being extracted with water.
The dissolved material from each solvent extraction was isolated by evaporation of the
combined solvent of the two identical extractions under reduced pressure at 40◦C. When
water was present, the concentrated solution was freeze-dried.

1.2.3 Purification of the condensed tannin

After freeze-drying, the residue from the acetone–water (2:1 v/v) extraction that contained
the condensed tannin was sequentially extracted with methylene chloride and acetone
again, in the same way as mentioned above, to eliminate any residual lipophilic and
low-molecular-mass tannin and stilbene fractions. The purified condensed tannin was
air-dried.
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1.2.4 Milled bark tannin–lignin

The insoluble residue left behind after a complete five-solvent extraction sequence was
air-dried and then subjected to ball milling for 48 h. Subsequently, the milled powder
was extracted with acetone–water (2:1 v/v) twice overnight (cf. Reference 17) to give
an acetone–water-soluble tannin–lignin material denoted as milled bark tannin–lignin
(MBTL). The yield of MBTL was∼71% based on the “Klason lignin” content of the insoluble
residue.

1.2.5 Analyses

Klason lignin analysis was conducted on the insoluble residue left behind after a com-
plete five-solvent extraction sequence according to the TAPPI Test Method [T222 om83].
Carbohydrate analysis was carried out using acid hydrolysis and gas chromatography of
alditol acetates [18].

All NMR analyses were made at 24◦C on a Bruker Avance 400 MHz instrument.
One-dimensional (1D) quantitative 13C NMR experiments were recorded with a 5-mm
broadband probe and with an inverse-gated proton-decoupling sequence. A pulse angle
of 90◦ and a delay time of 12 s between pulses were applied during data acquisition.
Two-dimensional (2D) NMR experiments were performed with an inverse proton/carbon
selective probe equipped with a z-gradient coil. Standard Bruker pulse programs were
applied in all experiments. Chemical shift values were referenced to the TMS signal.
DMSO-d6 was used as the solvent in most cases with some experiments performed with
acetone-d6/D2O (2:1). 2D heteronuclear (1H–13C) single quantum correlation (HSQC)
and HSQC–total correlation spectroscopy (TOCSY) NMR spectra were acquired with a
spectral window of 12.8 ppm in F2 and 150 ppm in F1 with increments 2K × 0.5K, giving
an acquisition time of 0.2 s in F2. The spectral center was set at 5.3 ppm in the 1H and
at 70 ppm in the 13C dimension. Typical parameters for data acquisition included a delay
time of 1 s, an average coupling constant of 150 Hz, and 128 scans per increment. For
HSQC–TOCSY experiments, a mixing time of 70 ms was applied. The acquired 2D NMR
data sets were processed with 2K × 1K data points using the π/2-shifted sine-bell window
function in both dimensions.

High-performance liquid chromatography (HPLC) was performed on a Waters system.
A Nuckeosil 5, C18 column was used. The mobile phase was water–acetonitrile, with a
linear gradient from 0% to 70% acetonitrile during 50 min. Gas chromatography–mass
spectrometry (GC–MS) was performed on a Finnigan TRACE GC–MS, 2000 series system.
The MS ionization method used was electron impact operating at 70 eV.

1.3 Results and discussion

1.3.1 Solvent extractions and separation of bark components

There is no simple separation method or any definite distinction between inner- and
outer-bark sections in spruce. Therefore, the inner soft and light brown material was sep-
arated by hand cutting from the darker hard material located on the outer part of the bark.



Suma Hu: “c001” — 2007/11/29 — 14:21 — page 6 — #6

6 Characterization of Lignocellulosic Materials

Table 1.1 Yields (% of the original dry bark) of the extracts and the residues from the spruce bark, collected
during winter and summer times, respectively, after successive extractions with five different solvents.

Solvent Winter bark Summer bark Major components

Inner Outer Inner Outer

Petroleum ether 4.0 3.1 1.8 5.2 Resin acids, fatty acids, terpenoids
CH2Cl2 1.2 1.4 0.6 2.6 Resin acids, fatty acids, terpenoids
Acetone 15.1 7.0 17.6 7.9 Stilbene glucosides, tannin
Water 12.3 10.0 Glucose, fructose, sucrose

7.0 6.8 Glucose, fructose, sucrose, tannin
Acetone–water (2:1) 1.7 8.0 1.9 7.9 Condensed tannin
Residue 65.7 68.1 “Cellulose”

73.5 69.6 Polysaccharides, polymeric
tannin–lignin (MBTL)

The mass ratio between the inner- and outer-bark materials was found to range from 1:1
to 1:2, depending on the tree age and the bark location on the tree. Bark collected from the
bottom of an old tree seemed to contain more outer-bark mass.

All bark samples, viz., inner and outer bark collected during winter and summer, respect-
ively, were successively extracted with five different solvents and the yields of the extracts
and the insoluble residues are listed in Table 1.1. The compositions of the winter and sum-
mer samples were found to be similar, but with only minor differences in amounts. The
extractions with petroleum ether and methylene chloride produced lipophilic extractives
that accounted for ∼2.4–7.8% of the original bark dry weight. Similar results have been
obtained before, and most of the individual components have been identified [16].

The inner bark contained higher amounts of acetone extractable material (15.1–17.6%)
than the outer bark (7.0–7.9%). Predominant components in these extracts were found
to be a mixture of stilbene glucosides and a low-molecular-mass tannin fraction. Both of
these structural types may act as precursors to the higher-molecular-mass material present
in bark, denoted as condensed tannin. Detailed analysis of the low-molecular-mass tannin
is of particular importance as condensed tannin is much more difficult to study by NMR
because of the presence of rotamers [19] and the fast signal transverse relaxation.

The extraction with water at room temperature resulted in mixtures of simple sugars
such as glucose, fructose, and sucrose in amounts of∼10–12% and 7% from the inner and
outer bark, respectively. In addition, small amounts of tannin were obtained from the outer-
bark extractions. In agreement with these results, it has been shown recently that glucose,
fructose, sucrose, and stilbene glucosides are the predominant components present in the
effluents from the debarking operation in pulp mills [15]. In the present work, the stilbene
glucoside fraction was, however, found in the acetone extract.

After the extraction with water, a condensed tannin fraction could be obtained by extrac-
tion with acetone–water (2:1) with the outer bark containing a much higher amount than
the inner bark (∼8% vs <2%). Altogether, ∼30% of the material could be dissolved by
the series of extractions with ∼70% left as an insoluble residue. After air-drying and ball
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Table 1.2 Klason lignin and carbohydrate analysis of the
insoluble residues (% of the original dry bark) from the
summer bark after successive extractions with five different
solvents.

Component Inner bark Outer bark

Klason lignin (tannin–lignin) 3.1 34.8
Glucose 40.9 17.4
Galactose 2.9 1.8
Mannose 1.8 2.9
Arabinose 6.7 3.3
Xylose 3.3 2.6
Rhamnose 0.7 0.3
Total 59.4 63.1
Theoretical 68.1 69.6

milling, all the residues were extracted with acetone–water (2:1), resulting in the dissolution
and isolation of a large amount of a tannin–lignin material (denoted as MBTL) from the
outer-bark residue. The inner-bark residue, on the other hand, gave only a small amount of
such a tannin–lignin material with the predominant component being glucose (after acid
hydrolysis) (Table 1.2).

Furthermore, in both the inner and the outer bark, glucose was found to be the dominant
sugar with only small amounts of other neutral sugars. The tannin–lignin material behaved
like Klason lignin and could be analyzed as a solid residue after acid hydrolysis, whereas
the amount of “acid-soluble tannin–lignin” was negligible. As the total recovery of material
after the acid hydrolysis (59.4% and 63.1%) was somewhat lower than theoretical (68.1%
and 69.6%) (Table 1.2), some other acid-soluble materials such as uronic acids may also be
present in the residues. The major difference in composition between the inner- and outer-
bark residues after the five-stage extraction can thus be summarized as a strong decrease
of polysaccharides and an increase in tannin when going from the inner to the outer bark.
Stilbene glucosides are, however, much more prevalent in the inner bark.

1.3.2 Stilbenes and tannins

The stilbene glucosides astringin 1 and isorhapontin 2 were identified as the predominant
constituents present in the acetone extract. The presence of a small amount of piceid 3 could
also be observed (Figure 1.1). After HPLC separation (Figure 1.2), the relative quantity of
the compounds 1–3 was estimated as 7:2:0.7 with λmax-values of 325, 325, and 319 nm,
respectively. By treatment with β-glucosidase in aqueous solution, the stilbene glucosides
could be hydrolyzed, releasing the free stilbenes, which subsequently could be identified by
GC-MS analysis. The stilbene glucosides 1–3 have been isolated before from spruce bark
in yields between 1% and 6% of the bark dry weight [20]. The biological activity of such
stilbenes has also been widely studied [12,21,22].



Suma Hu: “c001” — 2007/11/29 — 14:21 — page 8 — #8

8 Characterization of Lignocellulosic Materials

OH

B

HO OR1

1.  R1 = GIc     R2 = OH

2.  R1 = GIc     R2 = OCH3

3.  R1 = GIc     R2 = H

4.  R1 = GIc or H     R2 = OH

5.  R1 = GIc or H     R2 = OCH3 6.  R = GIc

A

R2

R1O

A

OH

OH

C
O

4
5

6 2
1

8
7

1
2

3

4

6

5

3

7

6

8
9

1

2

4

3

5
10

OH

OH

OH

RO

HO

B

RO
A

OR

OH

O

OH

B
16

15

13
12

14

10

R1O
R2

OH

D

OH

OH

E

F
O

7

6

8
9

1

2
3 2

4 1

5
6

8
7

6

5

2
1

4

3

A
OCH3

7

OCH3

OH

B

O

HO

OH

6

5

2
1

9 8 7

4

3

2
1

6

5

7
8

9

4

3
4

3

5
10

Figure 1.1 Structures identified in the acetone extract.
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Figure 1.2 HPLC separation of stilbene glucosides present in the acetone extract.

In addition to the stilbene glucosides 1–3, the presence of structures 4–7 (Figure 1.1) in the
acetone extract could also be identified by applying a 2D HSQC NMR analysis on the whole
mixture (Figure 1.3). Detailed 1H and 13C NMR shift identification and assignments for the
2D HSQC NMR spectrum in Figure 1.3 are listed in Table 1.3, which also contains HSQC–
TOCSY correlations (see the following discussion). On the basis of these assignments, the
origins of some of the signals found in the similar spectra of the condensed tannin and
MBTL were identified (see next section).

1.3.3 Identification by NMR

Compound 4 had a typical B-type proanthocyanidin structure with a 4–8 interflavonoid
linkage and with a catechin end unit [23]. Model compound studies performed in the
present work showed that the catechin structure in DMSO-d6 produced 2D HSQC NMR
signals at δ values (ppm) 2.36, 2.66/27.7 (4, F4), 3.82/66.2 (4, F3), and 4.49/80.8 (4, F2), in
agreement with literature data [24]. All these signals were also found in the 2D HSQC NMR
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Figure 1.3 2D HSQC NMR spectrum of the winter-outer-bark acetone extract (in DMSO-d6). For a
complete signal assignment (see Table 1.3).

spectrum of the acetone-extracted tannin from the winter outer bark (Figure 1.3). Results
from the 2D HSQC–TOCSY NMR experiment proved that all these NMR signals were cor-
related to each other, confirming the presence of catechin end units in the acetone-extracted
tannin. No NMR signals originating from epicatechin (epimer of catechin; catechin and epi-
catechin have 2,3-trans and 2,3-cis stereochemistries, respectively) end units [24] could be
observed, however, indicating that epicatechin end structures were either not present or
present only with a very low abundance. The origin of the catechin end units can either
be as a part of flavonoid oligomers or as catechin itself. It has also been shown before that
various flavonoids isolated from spruce root bark all carry a catechin end unit [25].

The C4 carbon in compound 4 can give 13C NMR signals at two different chemical shift
values depending on the stereochemistry at the 2 and 3 positions of ring C. The 2,3-cis
units will give a 13C signal for C4 at∼36.5 ppm (in acetone-d6) [26] and the 2,3-trans units
a 13C signal for C4 at ∼38.0 ppm (in acetone-d6) [27,28]. The 2D HSQC NMR analysis
showed that in the winter-outer-bark acetone extract, the 2,3-cis units were more abundant.
In DMSO-d6, the 2,3-cis units present in the acetone extract were found to give a C4 signal
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Table 1.3 Assignments for cross-peaks in the 2D HSQC NMR spectrum of the stilbene glucosides and
tannin obtained from the acetone extract of the outer bark (1H and 13C δ-values in DMSO-d6).

Symbol 1H 13C HSQC–TOCSY Assignment References
correlations

a1 2.36–2.66 27.7 a11–a17 4, 5-F4 24
a2 2.48 31.2 a3–a10 7-B7 32
a3 1.66 34.4 a2–a10 7-B8 32
a4 4.29–4.69 35.1–35.9 4, 5-C4 27
a5 3.40 53.4 a9–a18 7-A8 33
a6 3.62–3.82 55.2–55.6 2, 5, 7-OCH3 33
a7 4.34 55.3 a19 6-A8 30,31
a8 3.48–3.72 60.7 Glc-6 35
a9 3.60–3.70 62.9 7-A9 33
a10 3.40 60.0 7-B9 32
a11 3.82 66.2 a1–a17 4, 5-F3 24
a12 3.16 69.8 Glc-4 35
a13 3.21 73.4 Glc-2 35
a14 3.27–3.31 76.8–77.1 Glc-3,5 35
a15 3.59–4.00 70.1–71.2 4, 5-C3 27
a16 4.79–5.19 75.3 4, 5-C2 27
a17 4.49 80.8 a1–a11 4, 5-F2 24
a18 5.45 86.4 7-A7 33
a19 5.24 92.6 a7 6-A7 30,31
a20 5.87–5.91 95.1–96.1 4, 5-A6; A8 27
a21 4.80 100.7 Glc-1 35
a22 6.32 102.8 1-A4 35
a24 6.70 104.9 1-A2 35
a23 6.55 107.2 1-A6 35
a25 6.98 113.3 1-B2 35
a26 6.73–6.69 114.4–115.0 4, 5-B12; B15 15,27
a27 6.72 115.5 a29 1-B5 35
a28 6.60 118.3 4, 5-B16 15,27
a29 6.85 118.6 a27 1-B6 35
a30 6.77 125.0 a31 1-7 35
a31 6.96 128.8 a30 1-8 35

at∼35.5 ppm (symbol a4 in Table 1.3). A much smaller signal at 37.6 ppm (Figure 1.3) could
be assigned to the 2,3-trans units. In the 2D HSQC NMR spectrum of the condensed tannin
sample dissolved in acetone-d6/D2O (Figure 1.4), the C4 signal was mainly observed at
36.3 ppm. Therefore, the internal flavonoid units in spruce tannin should be present mainly
in the 2,3-cis (epicatechin) configuration, in contrast to the end catechin units, which have
been observed to be mostly in the 2,3-trans form. In a previous study, the 2,3-cis monomer
units were found to be dominant (70%) in polyflavonoids isolated from spruce root bark
[25]. However, the HSQC NMR signals corresponding to the internal 2,3-trans units could
still be observed.
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Figure 1.4 2D HSQC NMR spectrum of the condensed tannin found in the acetone–water (2:1) extract
(in 2:1 acetone-d6–D2O).

Structure 5 represents tannin units containing a methoxy group. In the condensed tannin
fractions isolated from both the outer and inner bark, the methoxy group content was found
to be ∼30% of the flavonoid units based on a quantitative 13C NMR estimation (see later
section). Part of the methoxy groups may be attributed to the presence of lignin or lignan
contaminations in the tannin preparation, such as structure 7. The actual ratio between
catechol and guaiacyl moieties in spruce tannin can be estimated to be similar to that
observed with the stilbene glucosides, that is, 7:2. Guaiacyl-containing flavonoids of the
structure type 5 have previously been isolated from spruce root bark [25].

Traditionally, the condensed tannin from spruce bark has been regarded as having a
pure polyflavonoid structure with interlinkages between the C4 and C8 (shown as linkage
between the carbon 4 in ring C and the carbon 8 in ring D of structures 4 and 5 in Figure 1.1)
or C4 and C6 carbon atoms [25,29]. Liquid chromatography on Sephadex LH-20 has been
used as a key step in the isolation of pure tannin. In most cases, however, the yield of purified
tannin has not been reported, but it has been observed that Sephadex LH-20 has a strong
affinity for tannin [25]. In the present work, the condensed tannin was isolated by solvent
extraction at room temperature in a yield of ∼8% from the outer bark (Table 1.1).

Structure 6 is a dehydrodimer of a stilbene structure. The HSQC NMR signals at 5.24/92.6
and 4.34/55.3 (symbols a19 and a7 in Figure 1.3, respectively) were assigned to the side-chain
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Figure 1.5 2D HSQC NMR spectrum (in DMSO-d6) of the milled bark tannin–lignin (MBTL) sample from
the winter outer bark. Structures 8, 9, and 10 referred to in the figure are shown in Figure 1.6.

CH-groups C7 and C8, respectively, based on NMR data from similar type of structures
[30,31]. Results obtained from 2D HSQC–TOCSY analysis showed that the two 1H NMR
signals belonged to the same molecule and were coupled to each other. In the present work,
the structural type 6 was found both in the condensed tannin and the MBTL samples, as
revealed by their 2D HSQC NMR spectra (shown as signals 6-A7 and 6-A8) (Figures 1.4
and 1.5).

Compound 7 is related to lignin and is a dimer of coniferyl alcohol. This structure was
found to be present in the acetone extract as well as being part of the condensed tannin. No
other lignin-related structures were found in this tannin. The MBTL sample, on the other
hand, contained not only compounds 6 and 7 but also significant amounts of other lignin
structures including linkages of the β-O-4 and β–β types (structures 8 and 9, respectively,
Figure 1.6). Furthermore, dihydroconiferyl alcohol structures (10) were detected [32,33].
The MBTL sample had a methoxy content more than three times as high as that of the
condensed tannin sample. Therefore, these results clearly demonstrate that typical lignin
structures can coexist with condensed tannin in spruce outer bark.

In the quantitative 13C NMR analysis of the condensed tannin (Figure 1.7), the NMR sig-
nal integration was referenced to the total, mostly aromatic region between 93 and 163 ppm.
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Figure 1.7 Quantitative 13C NMR spectrum of the acetone–water (2:1) extracted condensed tannin from
the winter outer bark.

This range was given a total value of 13 carbon atoms based on the following calculations.
Each flavanol monomer containing a total of 15 carbon atoms contributes 12 aromatic car-
bons. The presence of glucose units was found to contribute ∼0.48 carbons to this mostly
aromatic region through the anomeric carbon located at 101 ppm. Other nonaromatic car-
bons such as the double bond in stilbenes (∼125–129 ppm) and the carbon C7 (∼93 ppm)
in structural units belonging to compound 6 (Figure 1.1) were estimated to contribute less
than 0.5 carbons to this mostly aromatic region. Thus, the polyflavanol type of structure
with C4–C8 and C4–C6 linkages is estimated to account for only ∼30% of the total units
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Figure 1.8 Proposed chemical structure of a segment of the condensed tannin obtained in the acetone–
water (2:1) extract. R1 = Glucose or H, R2 = OH or OCH3, T = tannin.

in the condensed tannin, because the C4 signal at 35–40 ppm has an integral value of 0.3.
The methoxy group content is estimated to be ∼29% of the flavonoid units according to
the integral value of OCH3 carbons at 56 ppm. The content of glucose can be estimated
by integration of the C6 carbon at 60.7 ppm. This signal gave an integration value of 0.48,
demonstrating that every second flavonoid monomer in the condensed tannin contained a
glucose unit. Stilbene glucosides as well as structures derived from compound 6 were found
to be one of the major components in the condensed tannin fraction.

On the basis of the carbon shifts for model phenols, such as resorcinol, the aromatic
HSQC NMR signals between the 13C shift values of 102 and 109 ppm were assigned to the
resorcinol units present in the stilbene moieties. In the 13C NMR spectrum, a resorcinol
unit shows two aromatic carbons at 157–161 ppm, whereas a phloroglucinol unit usually
gives three aromatic carbons between 153 and 157 ppm. Thus, by signal integration over
these two regions, it could be estimated that the flavonoid units accounted for ∼53% of
the monomers in the condensed tannin, whereas stilbene-derived structures accounted for
∼33%. The remaining aromatic units may originate from lignin-like structures. It has been
observed before that stilbene moieties of the resorcinol type can participate in condensation
reactions leading to the formation of condensed tannin [34]. A proposed chemical structure
for spruce condensed tannin is shown in Figure 1.8.

Conclusions

By a series of extractions employing solvents of different polarities, a complete separation of
spruce bark components, originating from inner and outer bark, could be achieved. It was
found that, in the outer bark, a series of tannin glucosides having different solubility char-
acteristics was predominant, whereas the inner bark mostly contained stilbene glucosides,
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monomeric sugars, and a large glucan residue, possibly with a cellulose structure. The
differences between bark collected during winter and summer time were small.

Various 1D and 2D NMR techniques were used to obtain detailed structural information
about the complex chemical structure of the tannins. Thereby, it could be shown that
condensed tannin in spruce is predominantly built up by flavonoid (∼53%) and stilbene
(∼33%) units and with a high degree of glucose substitution. A minor amount of lignin-
related structures of the β-5 type was also identified. In the major, highest-molecular-mass
tannin fraction, a high degree of copolymerization with lignin-derived structures was found.
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Chapter 2

Raman Spectroscopic Characterization of
Wood and Pulp Fibers

Umesh Prasad Agarwal

Abstract

This chapter reviews applications of Raman spectroscopy in the field of wood and pulp
fibers. Most of the literature examined was published between 1998 and 2006. In addi-
tion to introduction, this chapter contains sections on wood and components, mechanical
pulp, chemical pulp, modified/treated wood, cellulose I crystallinity of wood fibers, and
the “self-absorption” phenomenon in near-infrared (IR) Fourier-transform (FT)-Raman
spectroscopy. When needed, the sections are further categorized into various subsections.
For example, the section on wood and components contains a variety of topics ranging
from Raman band assignments to molecular changes during tensile deformation. From this
review it will become clear that Raman spectroscopy has become an essential analytical
technique in the field of wood and pulp fibers.

2.1 Introduction

Techniques that can provide information on the chemical constitution of wood and pulp
fibers and on processing-related changes of these materials are of great interest. Raman
spectroscopy [1] is one such technique that provides fundamental knowledge on a molecu-
lar level and does not require chemical treatment of the sample (contrary to the case, for
example, in fluorescence and electron microscopy). It has become an important analyt-
ical technique for nondestructive, qualitative, and quantitative analysis of materials. The
technique is useful in a number of areas, including analytical measurements, mechan-
istic studies, and structural determinations. Studying a sample is very simple and usually
involves sampling an area of interest by directing a laser excitation beam and analyzing the
collected molecularly specific scattered light [2]. Although initially, obtaining good-quality
Raman data required operator skill and training, this has started to change as a result of the
commercial availability of compact, easy-to-use, integrated instruments at reasonable cost.

Nevertheless, although the specificity of Raman spectroscopy is very high, its sensitivity
is somewhat poor. Considering that only a small number of the incident laser photons
are inelastically scattered, the detection of analytes present in very low concentrations is
limited. To overcome this problem, special Raman signal-enhancing techniques can be
applied. The two most prominent approaches are the resonance Raman effect [3] and the
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surface-enhanced Raman scattering (SERS) [4,5]. Resonance Raman and SERS are only
two of many special techniques in the field of Raman spectroscopy. Nonetheless, these
two techniques open the possibility of investigating low-concentration samples. Moreover,
resonance Raman and SERS spectra provide additional important information about the
investigated system.

In resonance Raman spectroscopy, the resonance state arises when the wavelength used
to excite the Raman effect lies within the electronic absorption band of the sample, causing
the vibrational modes involved in the electronic transition to be selectively enhanced (by a
factor of up to 106 compared with nonresonant excitation). In addition, resonance Raman
spectroscopy allows the site-specific investigation of chromophores within a molecule.

In Raman literature a large number of examples can be found where SERS has been used to
enhance the Raman scattering of an analyte. SERS is an effect wherein a significant increase
in the intensity of Raman light scattering can be observed when molecules are brought into
close proximity of certain metal surfaces (e.g., Ag and Au). The metal surface should contain
roughness with sizes in the order of 1/10th of the wavelength of the excitation light to obtain
the largest enhancement factors. The SERS effect entails enhancement (up to 1011–1014

times) of the Raman scattering of a molecule located in the vicinity of nanosized metallic
structures (usually Ag and Au). Electromagnetic and chemical enhancement mechanisms
are responsible for this effect. SERS is important not only for Raman spectroscopy but
also for surface science and nanoscience. Thus, SERS-active metal surfaces serve as model
substrates to investigate the type of interactions between a molecule and a substrate, the
molecule’s adsorption site, and, at times, the properties of such adsorbed molecules.

In studies of wood and pulp fibers, Raman spectroscopy has become an important ana-
lytical technique because of the important technical developments [6] with respect to both
new instrumentation (especially instruments that successfully limit sample fluorescence)
and new interpretive advances that have taken place within the past two decades. Such
progress has made the macro- and microlevel Raman investigations of wood and fibers
much more valuable. For instance, in the area of microinvestigations, chemical imaging of
fiber cell walls has become a reality and images of cellulose and lignin distributions in the
plant cell wall have provided useful information on the compositional and organizational
characteristics of woody tissues [7–9].

Raman spectroscopy and its various techniques have started to have an impact on the
field of wood and pulp fiber science. This chapter presents a brief overview of the recent
advances. The intent of the author is to present an overview that summarizes the various
capabilities of Raman spectroscopy in the field of lignocellulosics research. The chapter
focuses on the characterization work published between 1998 and 2006. An earlier review
by the author on the applications of Raman spectroscopy to the field of lignocellulosic
materials was published in 1999 [10].

2.2 Wood and components

2.2.1 Woods

Raman spectroscopy has been applied to study both softwoods and hardwoods in their
native states. Earlier studies [11–15] consisted of distinguishing these classes of woods
based on chemical composition-related Raman spectral differences. Although the chemical
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composition of wood is complex and varies from species to species, there are three structural
polymeric components, namely, cellulose, lignin, and hemicellulose, which are common to
all woods. Early on, wood spectra were assigned to various wood polymeric components
[16–18]. For example, for black spruce, it was reported that observed spectral features
were mostly due to cellulose and lignin [18]. Additionally, it was reported that, although
present in significant quantity (20–30%), very few hemicellulose Raman contributions were
detected. In more recent work [19], ultraviolet resonance Raman (UVRR) in conjunction
with principal component analysis has been used to characterize woods, and using this
approach, it was possible to distinguish between various aromatic and other unsaturated
structures in wood.

FT-Raman spectroscopy was applied to Eucalyptus wood meal samples [20–28] to not
only determine cell types, cell morphology, and wood constituents (α-cellulose, hemi-
cellulose and hemicellulose sugar composition, lignin and lignin syringyl-to-guaiacyl
ratio, extractives, etc.) but also to develop a rapid quantitative method for accessing
wood properties for kraft pulp production. Multivariate data analysis, including cross-
validation, produced highly significant correlations between conventionally measured and
Raman-predicted values for a number of traits.

Nondestructive monitoring of wood decay [29] and evaluation of acid–base properties
of wood [30] are two others areas of research that have taken advantage of the capabilities
of FT-Raman spectroscopy. In the former case, both the C==O and the glycosidic-bond
bands were used to monitor wood decay by Coriolus versicolor, Dichomitus squalens, and
Ceriporiopsis subvermispora [29]. Next, FT-Raman spectroscopy was used to investigate the
acid–base properties of bulk pine wood [30], and it was concluded that the pine was largely
acidic. In the investigation, various solvents were used as probe liquids, and spectral changes
at∼2936 and∼1657 cm−1 were used as measures of acid–base properties.

2.2.2 Extraneous compounds

In woods where extraneous compounds (other plant metabolites) including heartwood-
resins (e.g., flavonoids and pinosylvins) were present, they have been detected using near-IR
FT-Raman [31–33] and UVRR [34,35] spectroscopy. Specific bands in the spectra can be
used in both wood identification and quantitative determination of specific resin com-
pounds. For example, FT-Raman spectroscopy was used to characterize brazilwood [32]
to isolate key Raman biomarker bands that could provide the basis for an identification
protocol.

2.2.3 Wood components

Raman spectra of wood components – cellulose, hemicellulose, and lignin – have been
obtained [18,36,37]. It is reported that lignin spectrum varies depending upon the excita-
tion wavelength of the laser [37,38]; no such sensitivity to excitation wavelength exists in the
case of cellulose and hemicelluloses. For the former, this is explicable due to the occurrence
of the resonance Raman effect at shorter excitation wavelengths (UV), where different struc-
tures of lignin (p-hydroxyphenyl, guaiacyl, and syringyl) absorb the UV light differently.
Additionally, as previously reported [39], when excited in the visible range, band intensity
differences for specific modes in the spectrum of lignin arise due to pre-resonance [39] and
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conjugation effects [40]. Of the Raman spectra of three polymer components, only cellu-
lose spectrum has been well characterized and assigned [36,41], although high degree of
coupling exists between vibrations that involve C−−C and C−−O bonds. This knowledge has
helped in the interpretation of wood and pulp fiber spectra. Considering that the Raman
spectra of lignins (syringyl, guaiacyl, and coumaryl) are complex, significant advances have
been made to interpret them. This has come about as a result of studying, with a number
of approaches, not only lignins (native [18], milled wood [18,42,43], and residual lignins
[37,44–47]) and their models (deuterated and normal dehydrogenation polymer [DHP]
lignins [48] and a large number of lignin model compounds [38,49]) but also chemic-
ally modified (e.g., bleaching, hydrogenation, and acetylation) lignins and lignocellulosics
[10,39,43,50,51]. An additional tool in the aid to interpretation has been the theoretical cal-
culations on lignin models wherein some degree of preliminary work has been done [52,53],
but a lot more remains. In recently reported research findings, an additional approach, par-
tial least squares modeling, was successfully used to interpret the UVRR spectra of lignin
model compounds [54].

Considering that lignin’s heterogeneous structure consists not only of inter-
phenylpropane-unit linkages of carbon-to-carbon and carbon-to-oxygen but also of side
chains with various substituent and functional groups, a study of a large number of rep-
resentative models is essential. In the work recently completed in the author’s laboratory
[49], 40 lignin models were investigated (Figure 2.1) in the neat state (near-IR FT-Raman
and FT-IR), in solution (near-IR FT-Raman), and on cellulose (near-IR FT-Raman). These
models represent a large number of substituent/functional groups and substructures in
lignin–aliphatic and phenolic OH, C==O, CHO, COOH, CH3, OCH3, α, βC==C, furan,
and interunit C−−O−−C and C−−C linkages. Raman band positions associated with various
groups were identified and Raman frequencies and intensities were compared between the
models. The position of the 1600 cm−1-Raman-mode was found to be only minimally sensi-
tive to substituents because in∼70% of the models, including those containing more than
one phenyl group, the vibrational frequency was confined between 1594 and 1603 cm−1.
Sensitivity of a model’s vibrational frequencies to its environment was evaluated by compar-
ing frequency data in three different sampling states – in neat, in solution, and on cellulose.
Several Raman band positions shifted compared to the value in the neat state.

2.2.4 Band assignments

The Raman spectra of wood and pulp fibers were assigned to the three polymer compon-
ents and, in the case of lignin, further to its substructural units. Such interpretation of the
experimental Raman data was based on pure-component spectra and their assignments.
However, sometimes, a clear assignment of the measured Raman band to specific vibration
is unclear. To further improve this situation, an assignment of the observed Raman bands
can be assisted by a systematic comparison with the theoretically calculated spectra [52,53].
Although quantum chemical calculations and normal coordinate analysis have been avail-
able for sometime, recently it was shown that density functional theory (DFT) methods
provide a powerful alternative, as they are much less computationally demanding (com-
pared with the quantum calculations) and take account of the effects of electron correlation.
Recently, a DFT method using the B3LYP functional and 6-31+G(d) basis set was used to
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Figure 2.1 Molecular structures of 40 lignin models used in the lignin model study.
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predict the vibrational frequencies of some simple lignin models [53]. The performance of
this DFT method was evaluated by comparison of the computed frequencies with observed
Raman spectra of the appropriate model compounds. Assignments for vibrational bands of
the lignin polymer were presented. In future, this approach is expected to result in reliable
assignment of those experimentally observed lignin Raman bands that have not yet been
properly assigned, which in turn will lead to a detailed understanding of the geometrical
and electronic structure of the investigated molecular lignin model units.

2.2.5 Microscope studies

Although Raman microscopy (lateral spatial resolution∼1.0 µm) preceded IR microscopy
(resolution ∼10 µm) commercially by ∼5 years, infrared microscopy has been used more
often in the past. Currently easier to use and increasingly available, Raman microscopy is
being used more frequently. In the investigations of wood and pulp fibers, Raman stud-
ies range from investigating tensile deformation of single wood fibers [55,56] to detailed
investigations, at the subcellular level, of composition and ultrastructure of native woody
tissue [7–9].

Indeed, in the early years of wood investigations by Raman using the 514.5 nm argon ion
laser excitation, a Raman microprobe was more successful because of its ability to circum-
vent the sample fluorescence, which invariably accompanied the Raman signal. Moreover,
subsequently, with the availability of the 633- and 785-nm-laser-based Raman microscopy
systems, the fluorescence interference has been further minimized. Consequently, it became
realistic to investigate individual morphological regions in the woody tissue and spectra at
high spatial resolution could be obtained. Although a resolution of 1 µm (obtained using a
100×microscope objective) in Raman spectroscopy is limited due to the diffraction effect,
compared with IR microscopy, it is 10 times better. It was polarized Raman microscopy
that showed, for the first time, that secondary wall lignin was ordered [16,17]. The recent
technological advances [6] have benefited Raman microscopy instrumentation extensively
and a state-of-the-art system is capable of providing new information at the individual cell
wall morphological level [9].

2.2.6 Fiber cell wall organization and compositional heterogeneity

As mentioned earlier, with a confocal Raman microscope spectra of a very small sample-
volume can be measured, and therefore, the chemical composition of very small structures
can be determined. For heterogeneous samples such as wood fibers, the distributions of
cellulose and lignin are important. Such information can be obtained with a Raman micro-
scope that provides images based on a Raman band characteristic for the component of
interest [18]. In cell wall Raman imaging, inherent scattering characteristics of cellulose
and lignin are used to visualize their distribution and no external labels are necessary [8,9].
In confocal Raman microscopy, point-by-point imaging couples the mobility of an auto-
mated scanning stage with the high numerical aperture of the microscope objective to take
the spectrum at each sample point. The technique has been used to study micron-size
regions in the fiber cell wall.
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Although, in the studies of wood fibers, use of Raman microscopy preceded macro-
investigations, the progress towards detailed cell wall investigations was hindered due to
the limitations driven by both sampling and instrumentation. Sample fluorescence and a
lignin band that was less than fully stable made Raman microscopy investigations difficult. In
addition, a highly efficient Raman microprobe equipped with an automated high-resolution
x , y stage was not available. In the 1990s, new technologies such as the holographic notch
filter and the availability of charge-coupled devices that acted as multichannel detectors
decreased acquisition time by more than an order of magnitude. Rugged, air-cooled lasers
(e.g., He–Ne 633 nm) simplified utility requirements and provided more beam-pointing
stability compared with that of water-cooled lasers. Furthermore, sampling in confocal
mode reduced fluorescence by physically blocking the signal originating from the volume
of the sample not in focus. The detected Raman signal came from the illuminated spot.
The latest Raman microprobe incorporates these advances and is well suited to investigate
lignin and cellulose distribution in the cell walls of woody tissue. These capabilities permit
compositional mapping of the woody tissue with chosen lateral and axial spatial resolutions.

Most recent applications of confocal Raman microscopy to woody cell walls consisted of
chemical imaging of poplar (including the tension wood) and spruce woods [8,9] as well as
topochemical studies of beech wood [7]. In the case of spruce [9], a state-of-the-art 633-nm-
laser-based confocal Raman microscope was used to determine the distribution of cell wall
components in the cross section of black spruce wood in situ. Chemical information from
morphologically distinct cell wall regions was obtained and Raman images of lignin and
cellulose spatial distribution were generated. While cell corner (CC) lignin concentration
was the highest on average, lignin concentration in compound middle lamella (CmL) was
not significantly different from that in secondary wall (S2 and S2–S3). Images generated
using the 1650 cm−1 band showed that coniferaldehyde and coniferyl alcohol distribution
followed that of lignin and no particular cell wall layer/region was therefore enriched in
the ethylenic residue. In contrast, cellulose distribution showed the opposite pattern – low
concentration in CC and CmL and high in S2 regions. Nevertheless, cellulose concentration
varied significantly in some areas, and concentrations of both lignin and cellulose were high
in other areas. Figure 2.2a, taken from Reference 9, shows the bright field image of the cell
wall area that was investigated by Raman microscopy. Chemical images, indicating lignin
and cellulose distributions, are shown in Figure 2.2b and c, respectively.

Besides using visible laser excitation in Raman microscopy, for the first time, use of
UVRR (244 nm excitation) to study individual plant cell walls has been reported [57].
Because damage to the cell walls is expected at such high-energy wavelengths of excitation,
a series of spectra were obtained along a given cell wall at low power and for short duration.
These were then averaged to produce a mean spectrum with a high signal-to-noise ratio
and represented that region of the cell wall.

2.2.7 Molecular changes during tensile deformation

In other studies of wood fibers [55,56], Raman microscopy was used to show that during
tensile deformation the∼1095 cm−1 Raman band shifts towards a lower wave number due
to molecular deformation of cellulose. This shift has been shown to be useful in under-
standing the micromechanisms of deformation in wood and pulp fibers. In one study [56],
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isolated fibers of spruce latewood were mechanically strained and molecular changes due
to deformation were monitored by stress–strain curves and changes in band positions and
intensities. Frequency changes for the 1097 cm−1 band correlated well with the applied stress
and strain. Additionally, a decrease in the peak intensity ratio of the 1127 and 1097 cm−1

bands was related to the straining of the latewood fiber. Changes observed in the O−−H
stretch region were interpreted in terms of weakening of the hydrogen-bonding network as
a result of straining. Stretching of the spruce fiber was found to have no influence on lignin
Raman bands.

2.3 Mechanical pulp

Bleaching of spruce thermomechanical pulp by alkaline hydrogen peroxide, sodium dithion-
ite, and sodium borohydride was studied using FT-Raman spectroscopy [50]. The Raman
examination revealed that spectral differences between bleached and unbleached pulp fiber
spectra were primarily due to coniferaldehyde and p-quinone structures in lignin. This was
new direct evidence that such bleaching removes p-quinone structures. In the unbleached
pulp, the contribution of p-quinones was detected in the 1665–1690 cm−1 region. This con-
tribution was removed to varying degrees in the bleached pulps, depending on the extent
to which the pulps were brightened. As shown in Figure 2.3, the relative change in the
post-color number of the pulp correlated linearly with the Raman intensity decline in the
1665–1690 cm−1 region. Although the correlation was not great, it nonetheless indicated
that p-quinone structures were largely responsible for determining pulp brightness.

FT-Raman and other spectroscopic methods were used to detect lignin oxidation
products in thermomechanical pulp (TMP) [58]. It was shown that using 2,2′-azinobis-
3-ethylbenzthiazoline-6-sulfonate cation radical (ABTS•+) and FT-Raman spectroscopy,
detailed information on lignin reactions can be obtained. Another approach [59] in prob-
ing lignin structure by (ABTS•+) was to make use of the pre-resonance and resonance
Raman techniques in conjunction with the Kerr gate. The Kerr gate approach permits
temporary rejection of high level of fluorescence from resonance Raman spectra. Spec-
tral information obtained depended upon both the wavelength of excitation and lignin
excitation profiles.

Figure 2.2 (a) Bright-field image of spruce cross section (micrometer scale superimposed) showing
selected area (red rectangle) for Raman mapping. Rectangle encloses cell walls of six adjoining mature
tracheid cells and contains three CC regions. Raman images of this area are shown in (b) lignin and (c) cel-
lulose. A Y -segment at Y = 21.6 µm is marked; from Reference 9. For a better visual illustration, see the
colored figure in the reference. (b) Raman image (false color) of lignin spatial distribution in selected cell
wall area in (a) in two-dimensional representation. Intensity scale appears on the right. Bright white/yellow
locations indicate high concentration of lignin; dark blue/black regions indicate very low concentration,
for example, lumen area; from Reference 9. See Plate 1 for the color image. (c) Raman images (false
color) of cellulose spatial distribution in cell wall area selected in (a) in two-dimensional representation.
Bright white/yellow locations indicate high cellulose concentration; dark blue/black regions indicate very
low concentration, for example, lumen area; from Reference 9. See Plate 2 for the color image. (From
Agarwal [9].)
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Figure 2.3 Linear regression between �PC and the decline in Raman intensity of the 1665–1690 cm−1
region (contribution primarily due to p-quinones).

Hydrothermally degraded ground-wood-fibers containing paper (75% ground wood
and 25% bleached sulfite) was studied with the help of near-IR Raman spectroscopy [60].
Degradation reactions were monitored by observing the appearance of C==O stretching
bands upon formation of carbonyl containing species. However, other changes that resulted
in the C==C band intensity decline suggested involvement of the coniferyl alcohol groups.

Photochemically modified mechanical pulp fibers in printing and writing papers were
investigated by both macro- and micro-FT-Raman spectroscopy to determine the extent
to which aromatic lignin structure was destroyed [61]. In the microscopic study, 10 spots
through the thickness of the paper were analyzed, and the ratio of aromatic to cellulose
vibration intensity (I1600/I1095) was calculated. The results showed the destruction of aro-
matic structures on the photoexposed surface, as well as an increase in aromatic structure
intensity deeper in the sheet. This increased intensity was attributed to C==O bonds formed
on the aromatic structures during initial stages of photo-oxidation. Macro-Raman ana-
lysis revealed that upon photo-oxidation the band at 1654 cm−1 decayed and a new band
appeared at 1675 cm−1, indicating destruction of ring conjugated C==C structures and
formation of p-quinone structures.

Bleaching and photoyellowing of TMPs was also studied using UV–vis and resonance
Raman spectroscopy [62]. In the latter technique, the chosen excitation wavelength was
close to the absorption bands of the light-generated chromophores to take advantage of
the resonance enhancement. The results revealed that the originally present coniferalde-
hyde structures were partly removed by alkaline peroxide bleaching and they were further
degraded upon light exposure. On the basis of the resonance Raman analysis of the pho-
toexposed pulps, formation of quinone structures, possibly p-quinones, was found to be a
plausible explanation for the brightness reversion of the pulps.

The cause of darkening in biomechanical pulp was investigated by FT-Raman and other
spectroscopy techniques [63]. The results indicated that quinones (both o- and p-) were
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produced when wood chips were treated with the fungus. This was also the case when
fungus-treated wood chips were refined at higher steaming pressures (up to 85 psi). For
a given pressure, compared with control pulps, treated pulps were darker because their
quinone content was higher. Within the set of biopulps that were produced at various
steaming pressures, higher-pressure pulps were darker and contained more quinones.

2.4 Chemical pulp

Using conventional Raman spectroscopy fully bleached chemical pulp fibers have been stud-
ied earlier in the 1980s and differences in the pulp spectra were found to exist [64]. However,
due to the problem of fluorescence associated with unbleached and partly bleached pulps,
these could not be investigated and their Raman studies have to wait until near-IR-excited
FT-Raman technique was developed. Fluorescence signal was minimized in FT-Raman
spectroscopy and the technique was well suited to investigate residual lignin in chemical
pulps. Lignin in pine kraft pulps was quantified by FT-Raman based on the ratio of the
lignin and cellulose band intensities [44]. The data was found to correlate well with the
kappa number of the pulps. However, because in FT-Raman only a single prominent lignin
band at 1600 cm−1 was observed in the pulp spectra, it was still not possible to obtain
information on the detailed residual lignin structural changes that were being introduced
by the bleaching chemicals.

UVRR spectroscopy was used [37,46,47,65] not only for determination of lignin in
unbleached and fully bleached chemical pulps, but also to detect bleaching-related changes
in residual lignin. Both lignin and hexenuronic acid could be investigated. Whereas concen-
tration of lignin was predicted fairly accurately, the standard error of prediction was higher
for hexenuronic acid [65]. The UVRR method was found to be highly sensitive and selective
for detecting lignin structures.

In another application of resonance Raman spectroscopy to detect highly fluorescent
residual lignin in chemical pulps, optical Kerr gate approach was successfully used [47].
Sample fluorescence was effectively suppressed and much weaker bands of lignin could be
observed and information on chromophore groups in pulps could be obtained.

Recently, in the author’s laboratory, for the first time, SERS effect in unbleached kraft pulp
fibers was induced using nano- and microparticles of silver (Figure 2.4) [66]. Further, it was
shown that only residual lignin bands were enhanced in intensity. The lack of carbohydrate
signal enhancement implied that SERS method can be used to selectively investigate lignin
in presence of carbohydrate polymers. The structural transformations of lignin in pulps
bleached with polyoxometallates were investigated using SERS [45].

In addition to studies of residual lignin in pulps, a small amount of carbonyl groups
in cellulose pulps (µmol/g range), have been investigated by a combination of carbonyl-
selective fluorescence labeling method and UVRR. It was demonstrated [67] that carbonyls
in the pulps are not only present as a C==O structure with an sp2-hybridized carbon, but
also to a significant extent in sp3-hybridized form as hydrates or hemiacetals.

FT-Raman technique has been applied to the area of wood pulp recycling. In one study
[68], the composition of recycled pulp (including pigments such as calcium carbonate, talc,
gypsum, titanium dioxide and kaolin) was analyzed whereas in the other [69] structural
change in cellulose was the subject of investigation.
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Figure 2.4 Near-IR FT-Raman spectra of various samples: top, SERS of ball-milled unbleached KP (pulp-to-
Ag weight ratio 1:1); middle, normal spectrum of same pulp without Ag; bottom, spectrum of 100–150 nm
Ag particles. Spectra have been vertically offset for improved visualization. In the pulp SERS spectrum, most
enhanced bands were present between 250 and 1800 cm−1. In normal pulp spectrum (middle) hardly any
peaks were detected due to high sample fluorescence.

2.5 Modified/treated wood

2.5.1 Heat treated

Thermal modification of woods was studied by examining chemical changes in wood struc-
ture by UVRR spectroscopy [70]. It was found that upon heat treatment at 180◦C or higher
lignin became partly soluble in acetone. Spectra of extracted wood samples indicated that
the structure of unextracted lignin remained unchanged when heated to 200◦C. Addition-
ally, formation of new carbonyl groups was reported and it was found that the lignin content
of the samples was increased as a result of degradation of wood hemicelluloses.

In one study that used FT-Raman to look at the pyrolyzed Japanese cedar [71] in a nitro-
gen atmosphere at various temperatures (200–1000◦C), observation of two characteristic
bands at 1340 and 1590 cm−1 was reported and the spectral features were found to change
markedly as a function of temperature. A second study [72] involved Raman investigations
of Japanese larch heartwood and Japanese beech sapwood where the wood samples were
heated for 22 h at constant temperatures in the temperature range of 50–180◦C. The spec-
tral changes, mainly detected in the C==C and C==O regions, were interpreted in terms of
condensation reactions of lignin during heat treatment. At higher temperatures, spectral
changes in the region 1200–1500 cm−1 suggested that the wood constituents were partly
decomposed.

2.5.2 Chemically treated

Propiconazole, a fungistatic agent, has a Raman band in the region 647–693 cm−1. Using a
785-nm-laser-excited conventional microprobe, the band intensity in the latter region was
used to determine the propiconazole distribution in white spruce [73]. The Raman study
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of longitudinal depth distribution pattern of propiconazole correlated well with the gas
chromatography–mass spectroscopy (GC–MS) profile.

A Raman microscopic investigation to measure the melamine–formaldehyde resin con-
tent within cell walls of impregnated spruce wood was carried out [74] and the findings
were compared with the UV method. Not only Raman was found to be a good method
for estimating the resin content, the sharpness of the Raman melamine peak compared
with the not-well-defined increase in the UV absorbance was an added advantage in
the Raman analysis. Previously, FT-Raman spectroscopy was used for characterization of
melamine–formaldehyde resins [75].

Additionally, identification of adhesives in wood has been carried out using FT-Raman
method [76]. For example, wood adhesives such as urea resins, melamine resins, phen-
olic resins, resorcinol resins, and vinyl acetate resins were studied. How spectral fea-
tures were affected upon curing was also evaluated, and the FT-Raman method was
shown to be a useful nondestructive analytical technique to investigate synthetic resins
in wood.

Because of environmental benefits, boron compounds are often used for preservative
treatment of wood as they are less toxic to mammals while being regarded as both an
effective insecticide and fungicide. FT-Raman spectroscopy was used to understand the role
of boric acid in Japanese cedar wood [77]. A symmetrical stretching vibrational band of BO3

group at 879 cm−1 was used to study boric acid distribution of two different types of wood
blocks treated in aqueous boric acid solution, one cross-sectional and one longitudinal.
It was concluded that from the intensity and peak position of the Raman band due to
B(OH)3, the B(OH)3 unit in wood can be classified into two groups based on the chemical
species around it. One group comprises the microcrystalline state of B(OH)3 precipitated
in the lumens, and the other comprises the B(OH)3 units penetrating the cell wall. An
obvious tendency recognized from the Raman line maps in the longitudinal direction was
that B(OH)3 microcrystals were made significantly more abundant near the cut ends in a
longitudinal wood block due to the air-drying process.

2.6 Cellulose I crystallinity of wood fibers

Using near-IR FT-Raman spectroscopy and Whatman CC31 cellulose samples that were
partially crystalline, a cellulose I crystallinity estimation model based on the Raman band
intensity ratio of the 378 and 1096 cm−1 bands was developed [78]. This model was then
used to calculate cellulose I crystallinity in sour orange (a hardwood). Raman determ-
ined crystallinity values of wood cellulose were reliable and produced low standard error.
To detect if cellulose crystallinity changed in trees that were grown under elevated CO2

climate conditions, the FT-Raman model was used. No significant change in cellulose crys-
tallinity was found (Figure 2.5) although mean values varied between 46% and 51% and
one of the control samples (SOAC#7 in Figure 2.5) showed slightly higher absolute cel-
lulose crystallinity. While “crystallinity determination by Raman” work is ongoing, it is
expected that the Raman method will be applicable to fibers of softwoods, hardwoods, and
pulps.
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Figure 2.5 Cellulose I crystallinity of sour orange (hardwood) acid chlorite-delignified (SOAC) stem wood
calculated using the FT-Raman method; Controls – #1, #2, #7 and #8, and elevated CO2 – #3–#6; Error
bars represent mean± SD.

2.7 “Self-Absorption” phenomenon in near-IR
FT-Raman spectroscopy

Cellulose and lignocellulosic materials can be conveniently studied using near-IR FT-Raman
spectroscopy, and the problem of laser-induced fluorescence can be avoided or minimized.
However, it was reported [79] that in the FT-Raman spectral region 2800–3500 cm−1 the
phenomenon of self-absorption (defined as absorption of Raman scattered photons by the
sample itself) occurs, and therefore, the Raman intensity of bands in this region diminishes.
This was a study where Whatman cellulose paper and spruce TMP samples were studied and
the self-absorption effect was found to suppress the intensity of the 2895 cm−1 Raman band
in the C−−H stretch region. Experimental observations indicated that such suppression was
caused by cellulose in both the samples, and lignin, in the case of pulp, was not implicated.
Furthermore, hydroxyl groups present in cellulose/hemicellulose and water were suspected
to have played a role. Although certain precautions can be taken in FT-Raman quantitative
work to minimize the detrimental effect of this phenomenon, it is best to choose a band in
the spectrum that is not part of the C−−H stretch region.

Conclusions

As a material characterization technique, Raman is complementary to IR and both must
be used to obtain comprehensive information on samples. The field of Raman spectro-
scopy has benefited immensely from recent technological advantages in instrumentation.
Because of such advances, at present, wood and pulp fiber materials can be studied using
UV-, visible-, and near-IR-Raman methods. Application of Raman methods to wood and
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pulp fibers covers wide and diverse research areas. In fundamental and applied research,
the technique has produced useful insights and generated new information. Using the tra-
ditional approaches, not only large areas of wood and fiber samples have been investigated
but, with the help of a confocal Raman microscope, sample domains as small as 1.0 µm have
been analyzed and chemical images generated. This review convincingly demonstrates that
Raman spectroscopy has become an indispensable analytical method for studying wood
and pulp fiber materials.
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Chapter 3

Surface Characterization of Mechanical
Pulp Fibers by Contact Angle Measurement,
Polyelectrolyte Adsorption, XPS, and AFM

Per Stenius and Krista Koljonen

Abstract

The surfaces of pressure groundwood (PG), thermomechanical pulp (TMP), and
chemithermomechanical pulp (CTMP) were studied by atomic force microscopy (AFM),
x-ray photoelectron spectroscopy (XPS), contact angle measurement, and polyelectrolyte
adsorption. The combination of these methods yielded a comprehensive picture of the
chemistry, adhesive properties and morphology of the fiber surfaces and how they were
affected by washing, peroxide bleaching, dithionite bleaching, and ozone treatment. Overall,
the fiber surfaces were found to be very heterogeneous. Sulfite treatment in the production
of CTMP pulp, peroxide bleaching under alkaline conditions, and ozone treatment modi-
fied especially the lignin and/or the pectins so that more acidic groups were introduced into
the pulps. The adhesion between water and fibers increased when hydrophobic extractives
(pitch) were removed by extraction with dichloromethane.

3.1 Introduction

In the development of theories and experiments aiming at describing the papermaking
properties of mechanical pulps, fiber characteristics such as size distribution, coarseness,
and surface properties are main subjects of interest [1–3]. Numerous investigations of
various wood pulps have shown that the surface chemical composition of the pulps can be
very different from their bulk composition of the pulps. The surfaces of fibers and fines
come into contact during web forming, and hence, surface chemistry and morphology play
an important role in the formation of bonds between fibers, between fibers and fines, and
between fibers and different additives such as polyelectrolytes and fillers. The importance
of the surface properties in coating and printing is obvious. Knowledge of the surface
properties of mechanical pulp fibers will promote understanding of (1) factors affecting the
different bonds in the paper network; (2) how the surface should be chemically modified
to gain good strength/bonding properties of paper; (3) how to govern interactions between
surfaces and different additives; and/or (4) how to tailor wetting properties of surfaces for
different coatings and printing inks.

Characterization of Lignocellulosic Materials  Edited by Thomas Q. Hu  
© 2008 Blackwell Publishing Ltd.  ISBN: 978-1-405-15880-0
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Figure 3.1 Schematic of fiber rupture in different mechanical pulping processes [8].

Mechanical pulp fiber surfaces are rough and chemically heterogeneous, due to rup-
ture of different fiber layers during the mechanical treatment (Figure 3.1) and to changes
in composition induced by chemical treatments. Accordingly, a range of methods is
required to characterize the surface properties. This chapter describes the characterization
of mechanical pulp fiber surfaces using AFM (morphology) [4], Wilhelmy balance (surface
energy/adhesion) [5], XPS, also called electron spectroscopy for chemical analysis (ESCA)
(chemistry) [4], and polyelectrolyte adsorption [6] (charge). The chemistry of mechanical
pulp surfaces has also been studied by secondary ion mass spectrometry (SIMS), in partic-
ular time-of-flight SIMS (ToF-SIMS). This technique, which yields more detailed but less
quantitative information of the surface chemistry than XPS, is discussed in Chapter 6 and
will be only briefly considered here.

The aim of the research presented here was to evaluate how the surfaces of mechanical
pulps – pressure groundwood (PGW), thermomechanical pulp (TMP), and chemither-
momechanical pulp (CTMP) are modified by the following treatments: (1) washing in
alkali (E), (2) peroxide (P) and dithionite (Y) bleaching, (3) ozone treatment (Z), and
(4) water washing (w) in comparison with the untreated (unwashed) pulp (uw) (Table 3.1).
Table 3.2 shows the approximate analysis depths of the various characterization methods.
Following an introduction to mechanical pulps and mechanical fiber surfaces is given, each
method is shortly described, earlier investigations are briefly reviewed and some recent res-
ults are presented. More detailed descriptions of the results and the effects of pulp surface
properties on paper properties are given elsewhere [4–7].

3.2 Mechanical pulps

Depending on the manufacture process of mechanical pulps, different cell wall layers are
exposed (Figure 3.1). During manufacture of TMP and PGW pulps, the separation mainly
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Table 3.1 Notation and treatments of mechanical pulps prepared from Norwegian spruce (Picea abies)
[7], chemical charges are based on oven-dried weight of the pulps and all the treatments were made in
laboratory.

Notation Description Treatment

PGW-uw Pressure groundwood (CSF 45 mL)
from mill

None

PGW-w Washed PGW Three times washing with deionized water
PGW-E Alkaline-treated PGW pH 11.2 (NaOH), 60◦C, 1.5 h, 10%

consistencya

PGW-P Peroxide-bleached PGW 3% H2O2 at pH 11.2 (NaOH), 60◦C and
10% consistency for 1.5 ha

PGW-Y Dithionite-bleached PGW 1.5% Na2S2O4 at pH 6.0, 60◦C and 3%
consistency for 1 ha

PGW-Z Ozone-treated PGW Dispersed (in deionized water) at 1%
consistency and 60◦C for 3 h,
centrifuged (1500 rpm, 60 min), ozone
(55 min, dosage 5.2%, 12%
consistency), pH adjusted to 7.0, shives
removed by screening, dispersed at 1%
consistency and 60◦C for 2 h

TMP-uw Thermomechanical pulp (CSF 120 mL)
from mill

None

TMP-w Washed TMP Same treatment as PGW-w
TMP-E Alkaline-treated TMP Same treatment as PGW-E
TMP-P Peroxide-bleached TMP Same treatment as PGW-P
TMP-P2 Peroxide-bleached TMP (CSF 35 mL)

from mill
None

CTMP-uw Chemithermomechanical pulp (CSF
470 mL) from mill

None

CTMP-P-uw Peroxide-bleached CTMP (CSF 465 mL)
from mill

None

a After the treatments, the pH was adjusted to 5.3 and the pulps were washed three times with water.

occurs between primary and secondary walls, chiefly between the S1 and S2 layers [8–10].
The sulfonation of lignin by sodium sulfite used in CTMP pulping makes the cell wall more
hydrophilic and easier to soften [11,12]. It has been suggested that the rupture of the fiber
walls occurs then to a greater extent in the primary layer (P) and in the middle lamella
(ML) [8].

Mechanical fibers are rather stiff, and their composition is almost the same as that of
the wood. Therefore, mechanical and/or chemical modification is usually needed to render
them more flexible/swelling. Acidic groups are introduced by alkaline treatment (associated
with hydrogen peroxide bleaching) [13–15] and sulfonation [14,16]. Their presence results
in swelling of fibers due to electro-osmotic interactions, but the nature of the counter
ions of the acidic groups is also very important in determining the refining efficiency
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Table 3.2 Surface analysis methods used in our studies and their analysis depths [7].

Method 1. Input radiation
2. Radiation-detected

Application Analysis depth

ESCA/XPS 1. X-ray
2. Photoelectrons from inner

orbitals

Elemental composition,
chemical states

Few atom layers,
4–10 nm

ToF-SIMS 1. Primary ions
2. Secondary ions (atoms,

small and larger molecules)

Elemental and molecular
information

∼1 nm

AFM – Topography ∼1 nm

Wilhelmy balance – Contact angle between
single fiber and liquid

Outermost surface

[17,18]. Plasma treatment [19–23], enzymatic modification [16,24–27], and hemicellulose
adsorption [28–30] have also been used to modify the surfaces of mechanical pulps.

The fine particles formed during mechanical pulping can be roughly classified as fibrillar
and flake-like materials. The fibrillar material, thought to originate mainly from the primary
and secondary cell walls, has a high specific surface area and a low lignin content. The flakes
consist mainly of ML fragments and have a lower specific surface area and a higher lignin
content. The flakes provide strength to paper sheets less efficiently than the fibrils [31].

3.3 Morphology of mechanical pulp surfaces

Atomic force microscopy is one of the most useful techniques available for the study of the
morphology of mechanical pulp surfaces. The method provides detailed information on
the fibrillar and globular surface structures with dimensions of 10–100 nm [32,33] and on
the structure of fines. Some results obtained are

• Mechanical pulp fiber surfaces to a large extent consist of layers with well-oriented
parallel microfibrillar structures [34].

• The surface roughness of pine TMP fibers increases with increasing refiner pressure [35].
• Comparison of TMP with RTS (low retention, high temperature, high speed) processed

pulp shows that the raw material from which the pulp is manufactured has a greater
effect on the exposed cell wall layer than the temperature or type of process used [36,37].

• Fibrillar and granular structures present on the fiber surface after one-stage TMP refin-
ing have been identified as P/S1 cell wall layers. Two-stage refining results in much more
heterogeneous surfaces [37].

AFM phase-contrast images usually reveal more details of the fiber structure than topo-
graphy images. Examples of a topography image and a phase image of an unbleached PGW
fiber are given in Figure 3.2. Often there is no clear phase contrast between different com-
ponents, which are distinguished mainly on the basis of structural differences. However,
the phase image (image on the right, Figure 3.2) shows a distinct phase contrast. Because
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Figure 3.2 Topography (left) and phase (right) images of an unbleached PGW fiber surface. The image
size was 3 µm × 3 µm [7]. Instruments and settings: NanoScope IIIa Multimode scanning probe micro-
scope, commercial Si cantilevers (Digital Instruments, Inc. Santa Barbara), tapping mode in air, resonance
frequency 300–360 Hz, free amplitude ∼20 nm, set-point ratio rsp 0.4–0.6, no image processing.

(a) (b)

200 nm

Figure 3.3 AFM phase image of the PGW w before (a) and after (b) ozone treatment. The image size is
3 µm × 3 µm [4]. Instrument and settings are the same as those described in the caption of Figure 3.2.

a rather light tapping was used, this contrast is probably due to the differences in hydro-
phobicity. The AFM tip adheres more strongly to hydrophilic areas that appear darker in
the image.

AFM micrographs also indicated that S2 layers and a more irregular layer (S1 or P) were
exposed by pressure grinding (PGW) as well as chip refining (TMP) [4]. The surfaces were
not markedly different although the pulp freeness levels were quite different.

The surface morphology of PGW and TMP fibers was not changed by peroxide bleaching.
However, the PGW fiber surfaces were modified by ozone treatment (Figure 3.3). Distinct
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(a) (b)

Figure 3.4 AFM phase image of the CTMP-uw before (a) and after (b) peroxide bleaching. The image size
is 3 µm × 3 µm [4]. Instrument and settings are the same as those described in the caption of Figure 3.2.

granules were observed on the surface of unbleached CTMP fibers (Figure 3.4a). These
granules were no longer present after peroxide bleaching (Figure 3.4b).

Despite the ability of AFM to distinguish between different cell wall structures, clarifica-
tion of the nature of the granules has turned out to be difficult. They have been linked to, for
example, extractives in unbleached CTMP [38], adsorbed xylan in modified CTMP [28] or
lignin in kraft pulps [39–42]. Furthermore, different extractives seem to behave differently
on the fiber surfaces, which does not make the interpretation any easier. Stearic acid and
calcium stearate form aggregates with diameter of 100–500 nm, while oleic acid forms a
more uniform layer on kraft pulp surface [43]. When hexane-extracted extractives (pitch)
from TMP were precipitated on bleached kraft fibers, they formed a thin film, as verified by
XPS [44].

3.4 Surface chemistry of mechanical pulps

XPS and SIMS have yielded detailed information on the surface chemistry of mechanical
pulps. Infrared (IR) and Raman spectroscopies have also been utilized, but the analysis
depths of these methods are orders of magnitude higher (micrometers) than those of XPS
or SIMS (nanometers). Thus, they do not probe the surface layers on a molecular scale.

3.4.1 X-ray photoelectron spectroscopy

XPS was first applied to pulp fibers by Dorris and Gray [45–47] in the late 1970s, and since
then it has been used in numerous investigations of the elemental and chemical composition
of pulp/fiber/fines surfaces. The most common approach is to combine XPS with solvent
extraction (acetone or dichloromethane, DCM) to evaluate the amount of extractives (resin)
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Figure 3.5 C1 as a function of O/C of the mechanical pulps investigated before (a) and after (b) DCM
extraction [7]. Kratos Analytical AXIS 165 electron spectrometer, monochromated AlKα x-ray source (run at
100 W), survey scans (O1s, C1s) at 80 eV pass energy and 1.0 eV step, high-resolution spectra (C1s) at 20 eV
pass energy and 0.1 eV step. Theoretical values for cellulose, lignin, and extractives from Reference 60.

and lignin on the surface. Using this approach, the amounts of lignin and extractives on
PGW, TMP [45–52], and CTMP pulp sheet surfaces [19,48,53,54] have been evaluated. It
has been shown that

• Lower amounts of lignin or higher amounts of carbohydrate on the surfaces of CTMP
pulps are favored by a lower temperature in press-drying (170–140◦C) [53], a lower
sodium sulfite charge during sulfonation [54], and the manufacture of pulp by steam
explosion [49].

• Extractives are enriched on the surface of fines [55], especially flake-like fines of TMP
pulp [56].

We have conducted a detailed XPS study of the surface chemistry of different mechan-
ical pulps [4]. The correlation of high-resolution C1s data (C1 carbon) to O/C atomic
ratios from wide-scan spectra was established, as recommended by Johansson et al. [57–59]
(Figure 3.5). Quantification of surface lignin and extractives was based on C−−C (C1 car-
bon) percentages as these were found to give more reproducible results than O/C ratios.
The larger scattering in O/C ratios especially for the extracted samples (Figure 3.5b) may
be due to adsorbed water present on the hygroscopic fiber surface.

Assuming that pure milled wood lignin contains 49% C1 carbon while pure cel-
lulose contains no C1 carbon [7], the surface content of lignin was estimated using
Equation (3.1):

φlignin =
(C1extracted pulp − a)× 100%

49%
(3.1)
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where C1extracted pulp is the relative amount of the C1 component in the high-resolution C1s
spectrum of the extracted pulp and a is the contribution to this component from surface
contamination. The value used for a was 2% because this was the lowest amount of C1
detected by the XPS instrument on the surface of a fully bleached pulp. The surface content
of extractives was calculated using Equation (3.2):

φextractives = C1pulp − C1extracted pulp (3.2)

It was found that the surfaces of the mechanical pulps were 50–75% covered by lignin
and extractives [4]. The bulk fibers contained only 30% of these components. Lignin was
slightly enriched on the surface (surface 35–40%, bulk 25–29%). The amount of lignin on
the surface was not readily reduced by E, P, or Y treatments but lowered by ozone treatment
(Figure 3.6).
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Figure 3.6 High-resolution C1s XPS spectra of water-washed (PGW-w), dithionite-bleached (PGW-Y),
peroxide-bleached (PGW-P), and ozone-treated (PGW-Z) PGW pulps, respectively. Before taking the spec-
tra, extractives were removed with DCM extraction [4]. Spectrometer and settings were the same as those
described in Figure 3.5 caption, curve fitting was done with symmetric Gaussians; chemical shifts for C2,
C3, and C4 relative to C1 were assumed to be 1.7, 3.1, and 4.4 eV, respectively.
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Figure 3.7 High-resolution C1s carbon spectra of unwashed (TMP-uw), water-washed (TMP-w),
unwashed and DCM extracted, and water-washed and DCM extracted TMP pulps [4]. Spectrometer, settings
and fitting are the same as those described in the caption of Figure 3.6.

Extractives were strongly enriched on the surface (surface 13–32%, bulk 0.2–2.3%). The
effect of washing and extraction with DCM on TMP-uw is shown in Figure 3.7. Washing
with water reduced the amount of surface extractives by 10–15%.

By applying the method introduced by Tougaard [61,62] to TMP, Johansson et al.
[63] obtained quantitative information on the depth distribution of surface lignin and
extractives. An ECF bleached softwood kraft pulp (BKP) was used for comparison. Peak-
to-background ratios (D) were determined by dividing the area under the O1s XPS peak
with the background intensity at 40 eV from the O1s peak center (Figure 3.8) [44]. A decrease
in D indicates stronger inelastic scattering of the electrons and thus a longer path traveled
by them in the solid. For polymeric materials, D > 25 eV indicates homogeneous depth
distributions or clusters thicker than the XPS escape depth [63]. D < 25 eV suggests surface-
depleted distributions such as thin surface films. Table 3.3 shows that surface coverage by
extractives and lignin on the TMP-uw was much higher than on the BKP but the layers
were, on average, thinner than the escape depth. After the removal of extractives, TMP was
still partially covered with materials containing less oxygen than cellulose, but the covering
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Figure 3.8 A close up from the survey spectra region of the O1s peak for TMP-uw. D values are calculated
by dividing the peak area (A) by the background area (B) at 40 eV from the peak center [44]. Spectrometer
and settings are the same as those described in the caption of Figure 3.6.

Table 3.3 O/C ratios, relative amounts of C1 carbon (carbon atoms bound only
to other carbon atoms or hydrogen), relative surface areas (�) for lignin and
extractives (extracted with DCM) and peak-to-background ratios (D) determined
by XPS [63].

Sample XPS analysis D (eV)

O/C ratio C1 (% of total
carbon)

�lignin
(atom-%)

�extractives
(atom-%)

TMP 0.41 51 40 29 18
TMP, extracted 0.65 22 40 – 24
ECF 0.80 4 2 1 25
ECF, extracted 0.80 3 2 – 25

layer was thicker than the escape depth. Thus, on the TMP-uw the extractives formed a film
that was thinner than the analysis depth of XPS (∼10 nm).

Westermark [51] and Heijnesson-Hultén et al. [64,65] labeled the lignin in the fibers by
mercurization and determined the amount of mercury bound to lignin in the surface by
XPS. Their results confirm that the lignin content of different fibers is slightly higher on the
surface than in the bulk.

3.4.2 Time-of-flight secondary ion mass spectrometry

ToF-SIMS has recently been used for the analysis of the surfaces of fibers and fines [66–72].
It has been shown that:

• The fines of TMP pulp contain more extractives, lignin, and pectin than the bulk
fibers [67].
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• The surfaces of fibrillar and flake-like fines of unbleached groundwood (GW), PGW,
and TMP contain more lignin and extractives than the surface of ray cells [68,69].
Fibrillar fines in TMP contain more extractives, cellulose and mannan but less lignin
than flakes [70]. Flake-like fines in CTMP pulp are enriched with extractives [69].

• Peroxide bleaching decreases surface coverage by extractives on different mechanical
pulps. Residual extractives are adsorbed more on fibrillar than on flake-like fines [71].

• Fibrillar fines consist of outer fiber wall layers (P + S1). The amount of S1 material
increases with refining energy. Flakes produced during mainline refining originate from
middle lamella and P. In reject refining they are released also from the outer S1 wall
layer [72].

Extractives are enriched on the surface of fines [55,67–69]. Studies of whether there are
more extractives on flakes [56,69] or on fibrils [70,71] have given somewhat contradictory
results. Very recently it has been shown by XPS that the surfaces of flakes from Norwegian
spruce contain more extractives than fibrils [73].

3.4.3 Polyelectrolyte adsorption, anionic groups, and surface charge

The content of anionic (acidic) groups in pulps has been determined by conductometric
titration [74–76], potentiometric titration [77,78], polyelectrolyte adsorption [14,79–81],
magnesium or benzidinium ion exchange [82,83], and methylene blue adsorption [84,85].
Several authors have compared these methods [86–90].

Some of cations used in these methods may not have access to all anionic groups in the
fibers, but only polyelectrolyte adsorption is capable of selectively detecting the outermost
surface charge. In this method, adsorption isotherms of polycations with different molecu-
lar weights (Mw) are determined by equilibration of the fibers with polycation solutions.
The equilibrium concentration of polycation in solution is determined by titration with
a polyanion. The point of equivalence can be detected by using a cationic dye indicator
(e.g., toluidine blue) or a particle charge detector (PCD). The amount of cationic groups
adsorbed at the plateau level of the isotherm is assumed to be stoichiometrically equivalent
to the amount of accessible anionic groups in the fibers. The accessibility depends on the
Mw of the polycation [91,92]. All groups in the fibers will be accessible to a polymer with
low Mw, while polymers with sufficiently high Mw (>105) will have access only to groups
on the outermost surface of the fibers. It is important that the ionic strength is chosen
to ensure stoichiometric reaction with the accessible anionic groups [86,93–95]. This will
generally be the case as long as the charge density of the polymer is high and electrostatic
interactions are not screened by the electrolyte in the solution.

The effect of different treatments on the surface charge of mechanical pulps in
their sodium form was investigated using highly charged polycations [6]. Polybrene
(i.e., 1,5-dimethyl-1,5-diazaundecamethylene polymethobromide) (Mw � 8.0 × 103,
charge density = 5.35 mmol g−1) was assumed to have access to all of the anionic groups
in the fibers. Poly(diallyldimethylammonium chloride) (PDADMAC) with charge density
6.19 mmol g−1 and Mw 1.0–3.0 × 105 and Mw > 1.0–3.0 × 105 were used to determine
the charge distribution and surface charge. The amount of nonadsorbed polycation was
determined by titration with sodium polyethylenesulfonate. Typical adsorption isotherms
are shown in Figure 3.9.
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Figure 3.9 Adsorption isotherms for polybrene (�), and PDADMAC with Mw = 1.0–3.0 × 105 (◦)
and Mw > 3.0× 105 (�), respectively, in 0.01 M NaCl and pH � 7.0 on unbleached PGW pulp with its
anionic groups in sodium form. The amount of polycation corresponding to neutralization of the accessible
charge on the fibers was determined by extrapolation of the linear part of the isotherm to zero polymer
concentration (arrows).

The charge distributions in PGW-uw and TMP-uw were found to be similar (surface
charge accessible to PDADMAC with Mw > 3.0 × 105 = 22 mmol kg−1, surface charge
accessible to PDADMAC with Mw 1.0 − 3.0 × 105 = 35 mmol kg−1, total charge =
80–95 mmol kg−1). The total charge of CTMP-uw, which contained sulfonate groups, was
higher (surface charge = 35 mmol kg−1, total charge = 140–160 mmol kg−1, amount of
SO−3 at pH 2.5 � 50 mmol kg−1). Figure 3.10 shows that end-point detection with the
PCD yielded charges that were consistently somewhat lower than detection with the dye
indicator. Treatments of the PGW pulp caused the following changes in the charge profiles
(total charge profiles shown in Figure 3.10):

Dithionite bleaching (Y). The surface and total charges increased only moderately.

Alkaline treatment (E) and peroxide bleaching (P). Both the surface and total charges
increased two- to threefold over those of the untreated pulp. Other investigations [96] have
shown that during treatments in alkali, free carboxyl groups are formed by demethylation
of methyl ester groups in pectins. Peroxide bleaching introduced some additional carboxyl
groups into the pulp.

Ozone treatment (Z). The total charge and especially the surface charge of the PGW
increased markedly. The surface layer of PGW-Z was more acidic than that of PGW-uw.
The increase in the charge was most probably due to the formation of carboxylic groups in
lignin [97].
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Figure 3.10 Total charge (polybrene adsorption) of the differently-treated PGW pulps measured with
the dye indicator (toluidine blue, �) and particle charge detector (Mütek, �); uncertainty in the
determinations = ±5 mmol kg−1 [7].

Figure 3.11 shows the total charge against the surface charge for various pulps:
unbleached, Y- or P-bleached, and E-treated PGW, TMP and CTMP pulps, as well as
Z-treated PGW. In most pulps∼35% of the anionic groups were accessible to the polyelec-
trolyte with Mw 100 000–300 000. The value for PGW-Z was∼70%. This selective effect of
ozone treatment on the surface charge is consistent with the well-known fact that penetra-
tion of ozone into fibers is relatively slow, but it may also partly be explained by changes in
topography.

An independent determination of the amount of carboxyl groups on the fiber surface
was obtained by XPS analysis [4]. Usually, the amount of carboxyl groups on the surface
is determined by measuring the relative intensity of the peak representing carboxyl groups
in the high-resolution XPS C1s spectrum (C4 carbon, see Figures 3.6 and 3.7). However,
the intensity of this peak is low and it includes carboxyls in methyl esters. Therefore, the
free carboxyl groups of the PGW pulps were label ed by conversion of the fibers into
calcium form, followed by determination of calcium by XPS. One calcium ion is assumed
to correspond to two carboxyl groups on the fiber surface. As shown in Figure 3.12, the
calcium content of the surface (in atom-%) is linearly dependent on the surface charge
determined by adsorption of PDADMAC. This confirms that PDADMAC adsorption does
give a measure of the surface charge of the pulp.

3.5 Surface energy of mechanical pulp fibers

Contact angle measurements using the Wilhelmy balance have been widely applied to
single fibers [98–102], yielding information on factors governing the surface energy
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Figure 3.12 Content of calcium on the outer surface of the PGW pulps determined by XPS vs sur-
face charge determined by polyelectrolyte titration (toluidine blue) [6]. Spectrometer is the same as that
described in the caption of Figure 3.5, high resolution spectra (Ca 2p) at 20 eV pass energy and 0.1 eV step.
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of kraft [103,104], recycled [105,106], and mechanical fibers [38,54,101,107–110]. This
method measures the downward force acting upon a fiber suspended vertically through a
liquid surface [101,111,112]. Inverse gas chromatography (IGC) has also been extensively
used to evaluate the surface energy and acid/base properties of wood fibers [104,113–117]
and wood surfaces [118–120]. However, single fiber wetting and IGC measurements have
provided different results. According to the wetting data, most wood fibers are basic, whereas
the IGC results show that they are predominantly acidic [114,117,121,122]. It has been sug-
gested that IGC mainly assesses the high-energy sites on the surface, while the advancing
contact angle mainly probes low-energy domains [114,123].

We measured the wetting properties of single pulp fibers using the Wilhelmy balance
technique [5].

The contact angles θ were calculated from Equation (3.3):

F = pγL cos θ +mg − (ρL − ρv)Vg (3.3)

where F is the force acting on the fiber, p is the wetted perimeter, γL is the surface tension of
the liquid, m is fiber mass, V is submerged fiber volume, and ρL and ρv are the liquid and
vapor densities, respectively. The buoyancy force, mg − (ρL − ρv)Vg , could be neglected
[101,112].

The receding contact angle is assumed to be zero [99,101,124–126]. Then, by combining
measurements of average advancing and receding forces (FA and FR), the advancing contact
angle, θA, can be calculated from Equation (3.4):

cos θA = FA

FR
(3.4)

Contact angles were calculated only from the first immersion cycle of the fibers. Two addi-
tional cycles were used to confirm that no marked changes in fiber properties occurred due
to the repeated immersion and withdrawal of the fibers.

The work of adhesion, Wa, between the liquid and the fiber was calculated using the
Dupré equation, Equation (3.5):

Wa = γL(1+ cos θA) (3.5)

The Lewis acid–base (W LW
a ) and Lifshitz–van der Waals (Wa) contributions to the work of

adhesion (Wa) were calculated using the van Oss–Chaudhury–Good approach [127–129]
(Equation [3.6]):

Wa = W LW
a +W AB

a = 2
(√
γ LW

S γ AB
L

)
+ 2

(√
γ+S γ

−
L +

√
γ−S γ

+
S

)
(3.6)

where the subscripts L and S refer to liquid and solid phases and γ LW, γ+, and γ− are
the Lifshitz–van der Waals, acid, and base parameters, respectively. These were determ-
ined using three solvents with known acid–base properties: water, ethylene glycol, and
α-bromonaphthalene (BN). Values of γ LW

L , γ+L , and γ−L proposed by Della Volpe et al.
[130,131] were used. BN, for which γ+1 and γ−L ≈ 0, was used to calculate W LW,BN

a from
Equation (3.7):

W LW,BN
a = 1

4
γ BN

L (1+ cos θBN)2 (3.7)
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Table 3.4 Fiber surface free energy parameters (mJ m−2) [5] calculated
from Equations (3.6) and (3.7) using liquid parameters from References 130
and 131.

Sample Surface free energy parameters (mJ m−2)

γs γ LW
s γAB

s γ+s γ−s

PGW fibers
Unwashed (uw) 45 40 4 0.4 12
Water washed (w) 45 43 2 0.3 4
Alkaline E (w) 45 41 4 0.3 12
Peroxide P (w) 46 43 3 0.3 8
Dithionite Y(w) 46 43 3 0.2 11
Ozone Z (w) 48 41 7 0.5 22

TMP fibers
Unwashed (uw) 43 41 2 0.1 9
(uw) DCM extracted (e) 47 43 4 0.6 7
P (uw) 47 43 4 0.5 7
P (uw) (e) 48 43 5 0.5 13
P (w) 47 42 5 0.4 14
P (w) (e) 49 43 6 0.5 16

CTMP fibers
Unwashed (uw) 48 43 5 0.5 15
(uw) (e) 48 41 6 0.6 18
P (uw) 47 42 4 0.3 18
P (uw) (e) 48 42 5 0.3 22

Kraft fibers
Fully-bleached kraft 49 43 5 0.4 21

Although van Oss et al. assume that for water γ+L = γ−L , according to Della Volpe et al.
water is more acidic than basic (γ+L /γ

−
L = 4.3/1).

Results for the mechanical pulp fibers (Table 3.4) show that the Lewis base parameters
of the fibers are substantially larger than the Lewis acid parameters. If water is more acidic
than basic, the water–fiber interaction will be predominantly due to the basic groups in
the fibers. However, this does not exclude the possibility that the fibers may contain some
Lewis’ acid groups.

Changes in surface energies were due to changes in acid–base interactions, the Lifshitz–
van der Waals component remaining more or less constant. The increased hydrophilicity
resulting from different treatments was due to an increase in γ−S , that is, the exposure of
more basic groups in the fibers resulted in increased adhesion of the acid water. The removal
of extractives from the fiber surface also increased the basicity/hydrophilicity, as illustrated
in Figure 3.13. CTMP was the most hydrophilic of the unbleached mechanical pulps, with
the lowest contact angle between water and fibers. Lignin-modifying treatments, such as
ozonation and sulfonation followed by peroxide bleaching, increased the hydrophilicity of
the fibers.
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Figure 3.13 Work of adhesion between fibers and water as a function of the surface coverage of extractives
for PGW (�), TMP (◦), CTMP (�) and fully bleached softwood kraft pulp (×). Arrows indicate trends [7].

Conclusions

A combination of AFM, XPS, contact angle measurement, and polyelectrolyte adsorption
yields a comprehensive picture of the chemistry, adhesive properties, and morphology of
mechanical pulp and fiber surfaces. Overall, the surfaces of mechanical pulps and fibers
are extremely heterogeneous. The morphology, chemical composition and charge profile of
the fiber surfaces vary widely, depending on manufacturing methods and chemical treat-
ments. Water washing of the pulp after the treatments also has an influence on the surface
composition of the pulps/fibers, especially on the extractives content.

From the papermaker’s point of view, swelling, water removal, and strength of mech-
anical pulps are important factors. Generally, swelling of mechanical fibers and fines is
increased when ionic groups are introduced, resulting in the formation of stronger fiber–
fiber bonds. Sulfite treatment in the production of CTMP pulp, peroxide bleaching under
alkaline conditions, and ozone treatment modify especially the lignin and/or the pectins
so that more acidic groups are introduced into the pulps. Hydrophobic extractives (pitch)
should be removed to increase the adhesion between fibers.
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Chapter 4

Assessing Substrate Accessibility to
Enzymatic Hydrolysis by Cellulases

Richard P. Chandra, Ali R. Esteghlalian, and
John N. Saddler

Abstract

Although the structure and function of cellulase systems continue to be the subject of intense
research, it is widely acknowledged that the rate and extent of the cellulolytic hydrolysis of
lignocellulosic substrates is influenced not only by the effectiveness of the enzymes but also
by the chemical and morphological characteristics of the heterogeneous substrate. Over
the last few years we have examined various characteristics of lignocellulosic substrates
at the fiber, fibril, and microfibril levels that undergo modifications during pretreatment
and subsequent hydrolysis. For example, changes can be monitored at the fiber level by
measuring fiber width, length, and particle size, and changes at the microfibril level can be
assessed by measuring crystallinity and degree of polymerization (DP), while changes in
specific surface area (SSA) affect all three levels of structural organization. Previous work
in our group has shown that effective hydrolysis can occur even though little change is
detected in the crystallinity and DP of the lignocellulosic substrates. In contrast we have
shown a direct correlation between the SSA of lignocellulosic substrates and their ease of
enzymatic hydrolysis. Assessing the “exterior surface area” of the substrate by measuring
fiber length or particle size, and the “interior surface area”, using techniques such as pore
volume, or Simons’ Stain (SS), has strongly indicated that a given substrate’s accessibility
to cellulases is closely tied to its overall hydrolyzability. The various techniques utilized for
the measurement of both exterior and interior surface area and how the results of these
techniques have been used to assess the susceptibility of various lignocellulosic substrates
to subsequent hydrolysis by cellulases will be discussed.

4.1 Introduction

Cellulose is the most abundant renewable biopolymer on earth, and plants are the most
plentiful source of cellulose. However, cellulose, unlike starch, was primarily “designed” by
nature to fill a structural role and, as a result, it is usually associated with other components,
such as lignin and hemicelluloses, which collectively provide the structural integrity of plant
materials. Most of the world’s ethanol that is currently produced as a transportation fuel
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has been derived from sugar (Brazil) or starch (USA) feedstocks. It is recognized that, if
the global utilization of ethanol is ever to reach significant levels, ethanol derived from a
range of agricultural and forestry derived lignocellulosic materials will have to be developed,
due to their global availability and the likely lower costs associated with these feedstocks.
However, it is known that natural degradation of lignocellulosic materials is a relatively
slow process and that for the bioconversion process to ever be economically viable, there
is a need to both increase the accessibility of the substrate to the hydrolytic enzymes while
finding ways to enhance the hydrolytic potential of the overall “cellulase complex”.

The lignocellulosic biomass-to-ethanol bioconversion process usually consists of three
major steps. These include: pretreatment to improve the accessibility of the substrate to
subsequent enzymatic hydrolysis; enzymatic hydrolysis by carbohydrate degrading enzymes
to create monomeric sugars from cellulose and hemicelluloses; and fermentation of the
resulting sugars to ethanol. To be fully effective, the pretreatment step should be inexpensive,
simple, and allow recovery of the lignin component in a higher-value form, with maximum
recovery of the hemicellose sugars, ideally in a monomeric form while resulting in a cellulosic
substrate that can be rapidly hydrolyzed by low concentrations of cellulases. Unfortunately,
this ideal scenario is beyond the scope of any pretreatment processes that are currently being
advocated. One of the goals of this review is to discuss the enzyme and substrate factors that
influence the effective pretreatment and hydrolysis of “generic” lignocellulosic substrates. It
has been shown that the source, type, and physical handling of the biomass material prior
to pretreatment and enzymatic hydrolysis will all have a significant influence on the overall
efficiency of conversion. For example, a more friable lignocelluolosic substrate such as corn
fiber will require a significantly different pretreatment and enzyme hydrolysis regime than
would a commercial batch of softwood chips. These types of variables are beyond the scope
of the current review. Instead, we will initially discuss the progress that has been made in
the understanding of what constitutes an “effective cellulase system” and then review the
methods that can be used to determine which key substrate characteristics influence the
enzymatic hydrolysis of a generic lignocellulosic substrate.

4.2 Enzymatic hydrolysis by cellulases

It is recognized that the enzymatic degradation of lignocellulosic substrates is influenced
by both substrate- and enzyme-related properties [1,2]. Cellulases are multicomponent
enzyme systems that depolymerize cellulose to monomeric glucose through synergistic
binding and catalysis [3,4]. Cellulolytic enzymes are either associated into multienzymatic
complexes, that is cellulosomes, or remain as individual multidomain proteins in a liquid
cocktail [5,6]. It has been shown that the rate and extent of cellulose hydrolysis by cellulases
is strongly influenced by numerous substrate characteristics, such as the cellulose index
of crystallinity, DP, and the occurrence of structural irregularities, such as amorphous
regions. In plant biomass, cellulose digestibility is further complicated by the presence of the
lignin–hemicellulose matrix in which cellulose is tightly embedded. The numerous studies
conducted with various cellulase systems and different cellulosic substrates all seem to point
to the fact that it is ultimately the “accessibility” of the cellulose fraction to the enzyme system
that determines how fast (reaction rate) and how far (% conversion) the hydrolysis reaction
can proceed [2,7]. The term “substrate heterogeneity” has also been used to highlight the
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Substrate factors

Cellulose inherent properties
(crystallinity, degree of
polymerization, structural
heterogeneity: presence of
recalcitrant/inaccessible and
susceptible fractions, etc.)

Lignocellulose properties (presence
of non-cellulose components, effect
of pretreatment, impact of enzyme
components (e.g., CBMs), pore
distribution, etc.) 

Cellulosic
substrates

Glucose
monomers

Cellulase enzyme
systems

Enzyme factors

Inherent properties regardless of
substrate (synergism, thermal
deactivation, etc.) 

System properties in conjunction with
substrate (binding kinetics, diffusion
of enzyme components into pores,
product inhibition, alteration of
substrate accessibility/binding sites
during hydrolysis, presence of other
plant cell wall hydrolases, etc.)   

Figure 4.1 Enzyme and substrate properties both influence the rate and extent of enzymatic hydrolysis
of lignocellulosic substrates [9].

fact that different portions of the substrate accommodate and react with cellulase enzymes
differently, thereby producing different reaction rates and yields [8]. We and other groups
have shown that the substrate accessibility is an “enzyme–substrate system” property that
only becomes meaningful when a cellulase system encounters a specific substrate with a
defined intrinsic pore size distribution, degree of swelling, and other gross and detailed
substrate characteristics [9]. In addition to its morphological properties, the reactivity of a
cellulosic substrate is also strongly influenced by the type of the physical and/or chemical
treatments that it has undergone during its preparation/pretreatment (Figure 4.1).

It is generally recognized that the depolymerization of cellulose by a cellulase system
occurs through the synergistic action of three enzyme components (1) endoglucanases
(EGs), which cleave the cellulose along the backbone; (2) cellobiohydrolases (CBHs), which
act on the mid-chain free ends created by EGs hydrolzying the cellulose chain and produce
water-soluble cellobiose units; and (3) β-glucosidase that hydrolyzes dimeric cellobiose
to monomeric glucose. Studies with the fungus Trichoderma reesei have confirmed that
the plant-cell-wall-degrading enzyme system produced by this fungus includes not only
cellulases (5 endo and 2 exo) but also ten different types of hemicellulases [10]. Others have
also shown that the presence of hemicellulases, such as feruloyl esterase, can help uncover
and degrade cellulose more efficiently [11]. The majority of plant cell wall hydrolases,
including cellulases, have a multidomain structure. The catalytic domain that performs the
actual hydrolytic cleavage of β-1,4 bond between two adjacent glucose units in a cellulose
polymer is linked to one or more binding domains that facilitate the anchoring of the
enzyme on the insoluble substrate. Relatively short and flexible polypeptide chains, known
as linkers, connect the various domains of an enzyme.
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The aggregated form of cellulases, cellulosomes, are perhaps the largest extracellular
enzyme complexes in nature (0.65–2.5 MDa) consisting of a large noncatalytic scaffolding
protein to which individual glycosyl hydrolase (GH) enzyme components are attached
through a 22-amino-acid sequence called a dockerin [5]. In addition to the catalytic domain
and the dockerin linker, the scaffolding-bound cellulosomal enzymes may contain other
domains such as carbohydrate binding modules (CBMs), immunoglobulin-like domains
and surface layer homology (SLH) domains. The protein components of the scaffolding,
that is, scaffoldins, include cohesin domains (Coh), cellulose binding domains (CBDs) as
well as several other domains with unidentified function. The cohesin domains act as the
binding site for the dockerin domains of the GH enzymes attached to the scaffolding [5].

It has been shown that the removal of carbohydrate binding modules (CBMs) from
GHs has no detrimental effect on the enzyme activity on soluble substrates. However,
it appears that the deletion of CBMs reduce enzyme activity against insoluble and more
complex substrates [6,12]. Therefore, it has been suggested that the functional role of
cellulose and xylan binding modules (CBMs and XBMs) include attaching the protein onto
the substrate to increase enzyme concentration in the proximity of cellulose, orienting the
catalytic domain toward the cleavage site and, with a lesser degree of certainty, disrupting
the polysaccharide structure to enhance substrate accessibility [13].

The CBMs of CBHs have been suggested to have a “plough-like” structure whereby they
can peel off individual cellulose polymers from the crystalline structure and feed it through
the tunnel-shaped catalytic domain for hydrolysis to cellobiose units. The “accessibility
enhancing” function of CBMs has not been fully validated [7] and continues to be the
subject of research [14]. It has also been observed that CBMs can impact the processivity of
an enzyme; for instance, the binding module of Thermobifidia fusca Cel9A has been used to
explain why Cel9A, despite being a EGs, act processively on filter paper producing only 13%
insoluble products. More conventional endocellulases produce 30–48% insoluble products
on the same substrate [8,15]. The ratio of soluble to insoluble reducing sugars produced by
the cellulolytic digestion of filter paper is often used to gauge how processive the action of
an enzyme is and helps distinguish the exo- and endo-activities of an enzyme [16].

Recently, some other noncatalytic proteins were shown to disrupt the cellulose structure
without degrading the polysaccharide. One such protein was isolated from T. reesei culture
supernatant and has been named, swollenin, as it has been shown to swell cotton fibers
without producing detectable amounts of reducing sugars [10]. This protein has a modular
structure containing an N-terminus CBM and has a significant sequence identity to plant
expansins that are considered to be responsible for loosening the cell wall structure during
plant cell growth [11]. It has been proposed that expansins enlarge cell wall cavities by
disrupting hydrogen bonding between adjacent cellulose microfibrils or between cellulose
and other cell wall polysaccharides without any hydrolytic effect [10]. In this work, the
authors demonstrated that incubation with swollenin reduced the wet tensile strength of
filter paper strips by 10–15%, caused swelling in cotton fibers, and disrupted Valonia cell
wall fragments, without releasing any reducing sugars from any of the three substrates [10].

Although the structure and function of cellulase systems continue to be the subject of
intense research, it is widely acknowledged that the rate and extent of the cellulolytic hydro-
lysis of lignocellulosic substrates depends not only on the enzyme properties but also on the
substrate chemical, physical, and morphological properties. Approaches such as site satur-
ation mutagenesis or directed evolution can be employed to improve cellulase properties
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such as binding affinity, catalytic activity, or thermostability. However, a complementary
goal should be to gain a thorough understanding of the structural, physical, and chemical
properties of the substrate and to develop ways to alter these properties and maximize
substrate accessibility to the cellulase complex.

At this time there continues to be a lack of fundamental understanding of the substrate
properties that govern effective hydrolysis. Historically, substrate characteristics such as
crystallinity, DP, and accessible surface area have all been thought to influence the hydrolysis
of cellulose [1,2]. Several researchers have found that, when all other substrate factors are
maintained at a similar level, changes in the crystallinity of lignocellulosic substrates do not
have a significant effect on the rate or extent of hydrolysis [17,18]. In a similar vein, it is also
problematic to assess the effect of DP on cellulose hydrolysis as it is difficult to alter the DP
exclusively, without affecting other substrate factors such as the accessible surface area.

It is intuitive to think that of all the substrate factors that potentially affect hydrolysis, an
increase in the specific surface area (SSA) available for cellulases would have a significant
effect on both the extent and the rate of hydrolysis, as the enzyme active site requires
contact with the substrate for hydrolysis to occur. The pioneering work of Stone et al. [19]
estimated that, during hydrolysis, the rate limiting pore size of a substrate lies within the
40–50 Å range, while Cowling and Kirk [20] showed that the diameter of most cellulases was
in the 24–77 Å range, indicating that the 40–70 Å pore size was necessary to accommodate
cellulases to catalyze hydrolysis. Since then there have been numerous reports stressing
the necessity to develop adequate surface area accessible to cellulases to achieve effective
hydrolysis [21]. The exposed surfaces and pores of either wood chips or even wood particles
that are accessible to cellulases can be best described as scarce [22]. The very existence of a
substrate pretreatment step originates from the requirement to increase the accessibility of
the substrate to cellulases by altering cellulose structure and the distribution of lignin and
hemicelluloses [23,24].

Frequently, especially in the case of lignocellulosic hydrolysis, investigators have attributed
enhanced hydrolysis performance to changes in the proportion of the lignin, hemicellulose,
and cellulose contents of the substrate during pretreatment. However, it is important to
take this conclusion one step further as it is likely that decreases in lignin and hemicellulose
content that occur as a result of pretreatment [21,25] also can increase the accessibility of
cellulases to cellulose [26]. Several investigations have concluded that the SSA of cellulosic
substrates is a controlling factor for effective enzymatic hydrolysis by cellulases [22,27,28].
A recent study relating substrate characteristics of pretreated corn stover to the initial
hydrolysis rate to develop predictive models for hydrolysis concluded that the addition of
surface area measurements would improve the predictive capability of their model [29].
Indeed, direct correlations have been found between the initial pore volume [22] and
particle sizes [30] of cellulosic substrates and their initial rate and extent of hydrolysis. It
has been proposed that the efficacy of cellulose hydrolysis is enhanced when the pores of
the substrate are large enough to accommodate both large and small enzyme components
to maintain the synergistic action of the cellulase enzyme system [28].

Although there have been numerous cellulose hydrolysis reviews that have stressed the
importance of SSA [1,2], these papers have not been able to identify or recommend a suit-
able method for the measurement of SSA that is capable of assessing the susceptibility of
substrates to subsequent hydrolysis by cellulases. The various methods that have been util-
ized to measure the SSA have differed in the type of surface area that has been measured,
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Figure 4.2 Measurement techniques that estimate interior specific surface area (SSA), exterior SSA, and
gross measurements that estimate the combined interior and exterior SSAs.

and they can generally be divided into those methods that measure either the interior or the
exterior surface area. Cellulose particles consist of internal pores, fissures, and microcracks
which can be referred to as “interior surface area”. Techniques such as mercury porosi-
metry and solute exclusion have been used to quantify interior surface area. The “exterior”
surface area, which is mainly determined by particle dimensions, has been measured by
microscopy combined with image analysis or by particle size analyzers such as the fiber
quality analyzer (FQA). Techniques such as SS, nitrogen adsorption, and water retention
value (WRV) measure a combination of both interior and exterior surface area. A summary
of these techniques is presented in Figure 4.2. Owing to the complex structure of cellulose,
and the limitations of each measurement, each of these methods has inherent advantages
and disadvantages. The measurements of SSA are complicated to a greater degree by the
presence of lignin and hemicelluloses, which are typically present during the hydrolysis of
lignocellulosic substrates.

In the following sections we will describe the various methods used to measure the
interior and exterior surface area of lignocellulosics and discuss how effective they have
been in predicting the susceptibility of cellulose and pretreated lignocellulosic substrates to
subsequent enzymatic hydrolysis.

4.3 Exterior surface area

4.3.1 Particle size

It is known that the SSA of a mixture of particles is inversely proportional to their average
diameter, and therefore, a smaller average particle size results in an increase in surface area.
Thus, it would be expected that a relationship between particle size and cellulose hydrolysis
would occur. However, only a few studies have presented data to correlate these two factors
and the studies that have attempted to correlate particle size to cellulosic hydrolysis have only
presented circumstantial evidence with no direct measurements of the SSA of the various
particle sizes. The size of cellulosic particles can be difficult to measure, as their shapes are
irregular and they have a tendency to agglomerate [31]. Particle size distributions can be
measured using a variety of methods, including visually by microscopy and image analysis,
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or using a variety of automated particle size analyzers, such as those based on the Coulter
principle [32], interactions with lasers [33,34], and high-throughput image analysis. It
should be noted that these types of gross estimations assume smooth particles and do not
consider surface topology, cracks, and fissures, which may account for significant increases
in SSA. Nevertheless, the general consensus from the limited available literature on this
topic is that a smaller particle size increases the rate of hydrolysis by cellulases due to an
increase in SSA.

It has been shown that ball milling of Pangola grass stems from an average particle size of
1.0–0.1 mm increased the extent of cellulose hydrolysis by cellulases from 40% to 90% during
a 100-h hydrolysis period [30]. Surprisingly, decreasing the particle size was more effective
than a chlorite delignification treatment of the 1.0 mm particles prior to hydrolysis. During
a study assessing the effects of crystallinity on the enzymatic hydrolysis of lignocellulosic
substrates subjected to various pretreatments, Puri [17] concluded that particle size and SSA
were controlling factors affecting enzymatic hydrolysis rather than crystallinity. Sawada et al.
[35,36] and others [18,37] have shown that lignocellulosics pretreated with steam explosion
at a series of elevated temperatures produce substrates with progressively smaller particle
sizes that result in increases in hydrolysis yields.

Further work addressing the effects of particle size on the digestibility of substrates using
cellulases has mainly been performed on pulp fibers, as pulps used for the formation of paper
usually contain a heterogeneous distribution of particle sizes. Consequently, the application
of cellulases to pulp samples results in varying levels of performance depending on the fiber
size distribution [18].

Methods for the measurement of fiber length include microscopy, the Kajaani, and more
recently, the FQA, which consists of a flow cell as well as optical and image analysis systems
[38]. The flow cell transports a dilute suspension of pulp fibers past the optical and imaging
systems and orients fibers into the two-dimensional plane where they are measured by the
image detection system. Recently, the high-resolution FQA has enabled high-throughput
measurement of fiber width, in addition to length, and coarseness [39]. Cellulases have
been thought to act on the surface of pulp fibers, resulting in a “peeling effect” [18], and
therefore, smaller particle sizes with a greater amount of SSA would be expected to rapidly
hydrolyze. In the case of kraft pulps, it has been shown that decreasing fiber size results in
both increased hydrolysis rates and the ability to hydrolyze at lower cellulase loadings [40].
In an investigation assessing the hydrolysis of Douglas-fir (Pseudotsuga menziesi) kraft and
mechanical pulps, Mooney et al. [26] showed that, at equal lignin contents, the “fines” of a
delignified mechanical pulp were hydrolyzed faster than the longer fibers of the kraft pulp.
When each fiber length fraction was hydrolyzed separately, it was seen that the isolated
long-fiber fraction hydrolyzed slower and had less cellulases adsorbed than did the whole
pulp [26]. The increased hydrolysis rate of the whole pulp was attributed to the greater
amount of specific surface available for the adsorption of cellulases provided by the pulp
fines and short fibers. Although it is apparent that particle size has a significant effect on
cellulose hydrolyzability [41], it has also been shown that fiber delamination and enhanced
swelling that results from mechanical treatment of kraft pulp fibers has a greater effect on
hydrolysis by cellulases than does a decrease in particle size. As mentioned previously, the
measurement of particle size should not be used exclusively to evaluate substrate accessibility
to cellulase enzymes, as particle size does not account for the surface topology and porosity
of each particle. However, particle size measurements may be effective in assessing potential
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substrates for cellulases when employed in combination with other measurements that
assess interior surface area, such as pore size measurements.

4.4 Combination measurements: Interior and exterior
surface area

4.4.1 Swelling and water retention value

A significant factor affecting the interior surface area or porosity of potential substrates for
cellulases is the swelling of cellulosics/lignocellulosics that occurs in aqueous environments.
The swelling of substrates is heavily influenced by the charged groups that populate the
interior and exterior fiber surfaces, the pH of the medium and the presence of electro-
lytes [42]. As mentioned earlier, some previous work has attributed improved hydrolysis
performance to increases in porosity due to fiber swelling [43,44].

A common method used to assess swelling is the centrifugal WRV measurement ori-
ginally developed by Hopner et al. [45]. The WRV measurement consists of measuring a
known weight of pulp and subjecting it to soaking under controlled conditions, followed
by centrifugation and drying in an oven. The mass of the sample after soaking and centri-
fugation is compared with the sample mass after oven-drying to obtain a WRV. Although
attempts have been made to standardize the WRV method [46], there have been numerous
variations in the centrifugation speed and the temperature and duration of the oven-drying
step. Although the basic aspects of the WRV test remain the same, the variations in meth-
odology present a challenge when comparing the results from different investigations. In
the case of highly swollen pulps, the WRV method tends to underestimate the swellability
of highly swollen pulps compared with measurements obtained by the solute exclusion
technique [47]. However, good correlations were obtained between WRVs and pore size
measurements when performed using the nitrogen adsorption and mercury porosimetry
techniques for white birch treated with ten swelling agents to create a range of WRVs and
pore size values [43]. Owing to the simplicity of the WRV method and its strong correlation
with pore volume measurements, it has been utilized on a handful of occasions to assess the
susceptibility of substrates to enzymatic hydrolysis.

In an elaborate study, Ogiwara and Arai [44,48] used the WRV method to measure the
degree of swelling of sulfite, kraft, and semimechanical pulps, and found a linear correl-
ation between initial cellulose hydrolysis rates and WRV values. This linear relationship
was maintained as increased hydrolysis rates were shown to correspond to increases in the
WRV value that occurred from either a mechanical or NaOH and ZnCl2 treatments of the
pulps. Enhanced hydrolysis performance has also been associated with increases in WRV
in the case of textile cotton wastes [49] and woven fabrics from cotton, Lyocell, modal,
and viscose [50]. As recycled pulps originate from fiber sources that undergo irreversible
changes in their structure upon drying [51], their swelling properties must be regenerated
by employing a mechanical treatment referred to as “refining” or “beating”. After beat-
ing, the pulp sample usually drains at a rate inadequate for use on a high-speed paper
machine. Consequently, cellulases have been shown to improve the drainage of recycled
pulps [52]. Oksanen et al. [53] applied separate EG1, EG2, and CBH1 cellulase components
to pulps during each recycling run. As each pulp was beaten after recycling, the WRV value
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increased and the pulp became more responsive to cellulases, especially EG1 and EG2.
Similar results were obtained with sulfite pulp, as the hydrolysis rate doubled after the
pulp was subjected to a single beating treatment [48]. These results are not surprising as
it has been established that mechanical treatment of lignocellulosics results in a crack-
ing and delamination of the secondary cell wall layers, which increases porosity and the
propensity for fibers to swell [54]. The exposure of new surfaces containing amorphous
hydrophilic hemicelluloses in a process referred to as internal fibrillation [54] also increases
the swelling of lignocellulosic substrates, which increases pore size. The WRV measurement
has been shown to be a useful tool for indirectly assessing swelling and the potential for
hydrolysis by cellulases. Methods that have been used to obtain a direct measurement of
area or volume of pores in a substrate include nitrogen adsorption, mercury porosimetry,
and solute exclusion, while SS provides an estimation of the pore size distribution in a
substrate.

The pores in a substrate represent the true internal or interior surface area. Pores with
diameters up to 2 nm are referred to as micropores, while pores in the 2–50 nm range
are called “mesopores”. “Macropores” have diameters >50 nm [55]. The nitrogen adsorp-
tion and mercury porosimetry methods differ from the WRV in that they require the
cellulosic/lignocellulosic sample to be completely devoid of water prior to measurement.
The SS [56] method uses the competitive adsorption of two direct dyes that differ in their
size and affinity for cellulose in order to obtain an estimate of the pore volume distribution
in a sample [57].

4.4.2 Simons’ stain

Simons’ stain (SS) was originally developed as a pulp fiber staining method to be used in the
microscopic evaluation of mechanical damage undergone by pulp fibers during beating [56].
The SS method uses a direct blue and direct orange dye. The direct blue dye has a smaller
molecular size and a weaker affinity for cellulose compared with the direct orange dye.
The original method utilized the direct orange and direct blue dyes as received. However,
later work revealed that the high-molecular-weight fraction of the direct orange dye was
responsible for the increased affinity of the dye for cellulose, while the low-molecular-weight
fraction of the dye had a similar affinity for cellulose as the direct blue dye [57]. Therefore,
the method was subsequently modified to include a mixture of the direct blue and the
high-molecular-weight fraction of the direct orange dye.

Initially, the direct blue dye molecules populate the smaller pores of the fiber, while the
direct orange dye enters the larger substrate pores and the surface. Upon an increase in pore
size of the lignocellulosic sample either by physical or fungal action [58], the direct orange
dye gains access to the enlarged pores and displaces the direct blue dye due to their higher
affinity for cellulose hydroxyl groups [59]. The ratio of the adsorbed orange dye to the blue
dye (O/B) has been used as an estimation of substrate porosity [59]. Measurements of pore
volume using SS on Avicel were shown to be directly proportional to measurements of SSA
using nitrogen adsorption [59]. Therefore, the application of the mixture of direct blue and
direct orange dyes can serve as a semiquantitative indicator of the pore size distribution of
lignocellulosic samples.
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The SS method has been used frequently to evaluate the effects of mechanical treatment
on the development of lignocellulosic fibers for subsequent use in papermaking applica-
tions [60,61]. The SS method has also been used to measure energy savings resulting from
biological treatment of wood chips prior to mechanical refining or “biomechanical pulp-
ing” [58]. The differences in the fiber structure as measured by SS that occurred during the
fungal treatment of wood chips and subsequent refining were shown to correlate with the
energy savings observed during mechanical fiberization [59].

Although the SS method has been used to characterize pulps with varying degrees of
porosity as a result of mechanical or combined biomechanical treatments, there has only
been a single study evaluating the ability of the SS method to assess the accessibility of
substrates to cellulases. As it is well known that wood pulps undergo significant reductions
in pore volume upon drying, Esteghlalian et al. [9] applied the SS method to compare
the relative porosity of never-dried kraft pulp fibers with those of oven-dried, air-dried,
and freeze-dried samples. Of the dried samples, the freeze-dried pulp adsorbed the greatest
amount of the orange dye, and thus retained a greater amount of porosity compared to
the original never-dried pulp sample. Also, the SS method was effective in predicting the
susceptibility of these substrates to hydrolysis by cellulases as the extent of adsorption of the
orange dye directly correlated with the extent of hydrolysis after 12 h (Figure 4.3).

4.4.3 Nitrogen adsorption technique

Unlike the SS Technique, nitrogen adsorption is a direct measure of SSA. Nitrogen or other
probe gases that are unreactive with cellulose have been used extensively to characterize
the pores within potential substrates for cellulases [62,63]. The method was first applied
for characterizing the surface area of pulp fibers by Haselton [64]. He showed that the use
of nitrogen as a probe gas in combination with the Brunauer, Emmett, and Teller (BET)
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Figure 4.3 The correlation between the ratio of orange to blue dye adsorbed (O/B) on never-dried (ND),
freeze-dried (FD), air-dried (AD), and oven-dried at 50◦C and 100◦C (OD50 and OD100) kraft pulps and
the extent of hydrolysis after 12 h. The data was plotted from Reference 9. Hydrolysis conditions: Celluclast
(40 FPUg−1 dry pulp) and β-glucosidase (80 CBUg−1 dry pulp), 50◦C, pH 4.8, 2% pulp consistency.
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method [65] was suitable for measuring the surface area of lignocellulosic pulps produced
by the pulp and paper industry.

In the N2 adsorption method, the surface of the cellulosic or lignocellulosic material is
exposed to adhering molecules of N2 at a series of increasing pressures. The total surface
area accessible to the applied N2 could be quantified by counting the number of molecules
that filled the substrate pores. Usually these measurements are performed in an automated
device at low temperatures. Nitrogen gas adsorbs on the dried sample, and using the BET
equation [65], the known amount of adsorbed nitrogen (calculated from the applied pres-
sure and the adsorption isotherm), the size of the nitrogen molecule (0.345 nm at 77 K
or −196.2◦C) [66], and the SSA of the cellulosic sample can be determined. Usually the
adsorption isotherm at lower vapor pressures is used to calculate the surface area as the
accuracy of the measurement is greatest at a monolayer coverage of nitrogen. The drying
of the lignocellulosic samples presents a complication in the measurement of SSA using
N2 adsorption, because of the surface-tension-triggered collapse of substrate pores that
can occur during the drying process [9,51]. In an attempt to circumvent this problem,
researchers have used the solvent drying technique, discussed in depth in an early paper
by Ingmanson et al. [67] and more recently by Jin et al. [68]. The solvent-exchange drying
technique involves exposing the sample to a series of solvents of increasing hydrophobicity
with a final air drying step to ensure a drying process that begins in the absence of water. The
solvent drying process has been used for the preparation of cellulosic and lignocellulosic
samples for subsequent SSA measurement using N2 adsorption to evaluate the susceptibility
of substrates to hydrolysis by cellulases.

Using N2 adsorption with solvent drying using methanol followed by benzene, Fan et al.
[69] measured the surface area of pure cellulose sulfite pulp samples (Solka Floc) in an
attempt to determine if a relationship existed between the measured SSA and the initial
hydrolysis rate. Substantial variations in hydrolysis rates were observed at similar measured
values of SSA, whereas a linear relationship between sample crystallinity and hydrolysis
rate was found. In another study [62], the same authors used gamma ray irradiation to
treat pure cellulose samples to increase SSA measured by N2 adsorption while preserving
a constant level of crystallinity. Although the initial hydrolysis rate was not plotted against
the SSA, it was evident from the results that the gamma ray treatment increased the SSA,
which was directly proportional to the increase in the hydrolysis rate. This demonstrated
the dependency of hydrolysis rate on SSA. The discrepancy between the conclusions from
the two studies is difficult to ascertain. However, it is likely that the gamma ray treatment
increased the SSA by directly increasing the number of pores in the substrate accessible to
cellulases. In a later study, the same authors correlated the rate of enzymatic hydrolysis to
both SSA and crystallinity and developed an equation to predict the hydrolysis rate of pure
cellulose substrates from measurements of crystallinity and SSA [70].

Studies relating the SSA measured by N2 adsorption to hydrolysis performed on ligno-
cellulosic substrates have been far less frequent than studies performed on pure cellulose.
One of these studies was performed by Gharpuray et al. [63], who applied a two-stage pre-
treatment of wheat straw consisting of ball milling with subsequent treatment with either
peracetic acid or ethylene glycol. It was shown that the ball milling decreased crystallin-
ity and increased SSA, while the ethylene glycol treatment removed lignin and increased
SSA, thus increasing the initial rate of hydrolysis. The authors used the results to develop a
formula to fit the data relating the initial rate of hydrolysis to a combination of increased
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SSA and decreased crystallinity [70]. As will be discussed in further detail later, the rel-
ative infrequency of N2 adsorption studies on lignocellulose is most likely because of the
underestimation of the surface area of substrates using this technique. The N2 molecule is
∼3200 times smaller [71] than the size of cellulase enzymes, and therefore measures the
area in pores that are inaccessible to cellulases. Another potential deficiency of the nitrogen
adsorption method is the substantial difference in the measured results obtained when the
calculations are based on either the adsorption or the desorption isotherm [66]. Further
studies utilizing N2 adsorption to determine the relationship between SSA and hydrolysis
rate have combined the measurements of N2 adsorption with mercury porosimetry as N2

adsorption is better suited for the measurement of mesopores while mercury porosimetry
can measure both meso- and macropores [72].

4.5 Interior surface area

4.5.1 Mercury porosimetry

The mercury porosimetry method strictly measures the interior surface area of substrates,
whereas the N2 adsorption measurement represents a gross surface area determination
including both the pores and exterior substrate surfaces. As mercury is a nonwetting liquid
for cellulose, pressure is required to facilitate the penetration of mercury into substrate
pores. Therefore, when a dried cellulose or lignocellulose sample is submerged in mer-
cury, the applied pressure for the penetration of the liquid into the pores is inversely
proportional to the pore radius, as per the Washburn equation [73,74]. As the applied
pressure increases, smaller pores are penetrated by the mercury, and thus a pore size
distribution can be obtained. The accuracy of the test is compromised when there are
large pores with smaller openings that require higher mercury pressures for penetration,
resulting in an underestimation of pore volume. Applying higher pressures can also dis-
tort or collapse adjacent pores; thus mercury porosimetry is best suited for measuring
macropores.

Mercury porosimetry and N2 adsorption were applied to measure the surface area of
an ethanol organosolv pulp from white birch (Betula papyrifera) to assess if a relationship
existed between the surface area and hydrolysis of the pulp by cellulases [75]. The authors
found that the increase in surface area that occurred upon increasing the ethanol concen-
tration during pulping was directly proportional to an increase in the initial hydrolysis rate.
In a later study by the same authors [43], white birch was pretreated by a host of swelling
agents, followed by steam explosion. The surface area of the resulting pulps was measured
by N2 adsorption, mercury porosimetry, and solute exclusion. Similar to the results with the
ethanol-pretreated pulp, the hydrolysis rate of the steam exploded samples treated with the
various swelling agents was directly proportional to the median pore size and SSA estimated
by N2, mercury and solute exclusion. However, the solute exclusion technique was applied
utilizing a molecular probe with a diameter of 90 Å compared to the pore size estimations
of 18 and 29 969 Å determined by N2 adsorption and mercury porosimetry, respectively.
The results for mercury porosimetry were most likely obtained by low pressure application.
However, the underestimation of pore size by the N2 measurement is most likely due to
the inadequate preservation of the substrate pore structure during solvent drying. The SSA
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measurements by N2 have been reported to be 10–15 times lower [70] than those reported
by the solute exclusion technique [76].

4.5.2 Solute exclusion

The solute exclusion technique can be regarded as an accurate measurement of surface
area of pores in cellulosic and lignocellulosic substrates as it is a direct measurement of
the pore volume of a wet, fully swollen sample. The solute exclusion technique has been
referred to as a “more correct” method to determine the volume of pores in a substrate
when compared to the WRV measurement [77]. Solute exclusion was initially used for the
measurement of the pore size distribution of cotton and rayon fibers [78] and was later
adapted and applied for the measurement of pulps [79]. The method has also been used
frequently for the measurement of pore volume of various pretreated substrates prior to
enzymatic hydrolysis for saccharification [21,27,28].

The solute exclusion method measures the volume of water accessible and inaccessible
to the pore structure of the cellulosic substrate under examination. Cellulose samples are
exposed to a series of solutions containing known concentrations of a molecular probe.
An effective probe for the pore volume measurement should be obtainable in a range
of narrowly distributed molecular weights, should be spherical in solution, and should
not be an electrolyte or adsorbed on cellulose during the measurement [80]. Considering
these criteria, the molecular probes that have been usually employed to study cellulose
and lignocellulosic samples include polyethylene glycol (PEG) and dextran. The PEG or
dextran molecules diffuse into substrate pores with a diameter greater than their molecular
diameter, and thus the volume of water inaccessible to substrate pores can be calculated
from the change in PEG or dextran concentration of the impregnation solution.

Batch measurements of pore volume can be performed by placing a cellulosic sample
in a bottle containing solutions of the probe at a known concentration. The bottles are
allowed to incubate at room temperature with intermittent shaking followed by measure-
ment of the PEG or dextran concentration in the supernatant by viscosity measurement
or via a polarimeter. Although the batch method has been employed successfully for pure
cellulose and lignocellulosic substrates [19,21], usually the changes in concentration of the
impregnating solutions are quite small, resulting in substantial measurement errors [71,81].
Alternatively, solute exclusion measurements on cellulosic substrates can also be performed
continuously using gel permeation chromatography. In the continuous measurement, the
column is packed with the cellulosic substrate, with subsequent loading of the column with
solutions of known concentration and molecular weight of the probe (e.g., PEG or dextran).
The probe molecules which do not penetrate the substrate in the column elute and can be
analyzed using a differential refractometer, which is reasonably sensitive to small changes
in solute concentration. Therefore, the pore volume measurements using the continuous
method are more precise [71]. More recent work characterizing substrates have utilized
the packed-column continuous method to measure changes in probe concentrations using
a differential refractometer [82]. Although, the solute exclusion technique is effective, it
requires a significant investment in time to obtain reproducible results. Also, it is likely that
the pores in a lignocellulosic substrate will have irregular shapes, and will thus affect the
accuracy of the measurement [83]. Another drawback is that the method does not measure
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the area in pores that are larger than the size of the probe, which would provide the easiest
access for cellulases. However, despite these drawbacks, the solute exclusion method has
been the most frequently applied method used to determine whether there is a relationship
between cellulase hydrolysis performance and surface area accessibility.

The initial studies characterizing substrates via solute exclusion utilized molecular probes
to estimate the rate-limiting pore size necessary for hydrolysis to occur. Stone et al. [19]
measured pore volume on a series of cotton linter samples swollen to varying degrees using
H3PO4 to calculate the surface area within the swollen fibers. Subsequent correlation of
the surface area of the swollen cotton linters to the initial rate of hydrolysis with cellulases
showed a direct linear relationship between increasing surface area and initial hydrolysis rate.
By extrapolating the plot of initial hydrolysis rate vs the volume accessible to each probe of
known size to the origin, Stone et al. [19] concluded that the threshold pore size for effective
hydrolysis was 40 Å; thus it was hypothesized that the size of the cellulose enzyme must
lie in this range. Similarly, later work investigating the hydrolysis of a set of pure cellulose
samples including Sigmacell, milled cotton, Solka Floc, Avicel, and carboxymethyl cellulose
by Weimer and Weston [27] also found a direct correlation between pores accessible to a
probe size of 43 Å and the initial rate of hydrolysis with a coefficient of determination (r2)
of 0.83 and 0.85 for Trichoderma and Clostridium cellulases, respectively. When comparing
the hydrolysis performance of free cellulases to cellulase components aggregated by cross-
linking, Tanaka et al. [28] concluded that, when smaller pores predominate, the smaller
cellulose components enter the pores and become deactivated due to a lack of synergism, but
when the pores are large enough to accommodate all the components, hydrolysis proceeds.

In a lignocellulosic substrate, lignin and hemicellulose are intermingled with cellulose,
thus adding a layer of complexity to the determination of accessible area available to cellu-
lases. Similar to the results obtained for pure cellulose substrates, Grethlein et al. and others
[84] have found that the rate-limiting pore size for the hydrolysis of acid-pretreated hard-
woods and softwoods was 51 Å, thus the solute exclusion technique was effective for both
cellulose and lignocellulosic substrates as originally stated by Stone et al. [19]. Although
the dimensions of the pores in lignocellulosic substrates may be sufficient to accommodate
cellulases, lignin can physically block access to the β-1,4 bonds of cellulose and can also bind
cellulases, thus decreasing their overall hydrolytic capabilities [85,86]. However, extensive
work has substantiated the relationship between pore volume measurements and hydrolysis
[24] and simultaneous saccharification and fermentation [87] performance with pretreated
lignocellulosic substrates. From the data of previous studies applied to pure cellulose, the
accessibility of a 51 Å probe has been used as a benchmark for evaluating the accessibil-
ity of substrates to subsequent enzymatic hydrolysis. The data in Table 4.1 demonstrates
the effects of various pretreatments applied to lignocellulosics on the area accessible to a
51 Å probe and the resulting hydrolysis yield after 2 h. It is evident that the development
of adequate accessible surface area during substrate pretreatment is essential for effective
hydrolysis by cellulases.

Grethlein and coworkers have obtained hydrolysis yields of 90–100% after acid pre-
treatment of corn stover, newsprint, oak, poplar, and mixed hardwood [22,88,89], while a
hydrolysis yield of 65% was obtained in the case of white pine softwood. The difference in
hydrolysis performance among the feedstocks was attributed to a “resistance” of the white
pine, as a greater amount of hemicellulose remained in the substrate after the acid pretreat-
ment. Even though other substrate factors, such as the recalcitrance of the guaiacyl-rich
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lignin in the softwood, may have affected the development of porosity, the authors rational-
ized their results by equating the development of pores within the substrate to a removal of
hemicellulose. It should be noted that lignocellulose is a heterogeneous matrix composed
of lignin, hemicellulose, and cellulose; therefore, it is difficult to unequivocally associate the
removal of hemicellulose to the development of pores without the consideration of lignin.

During a comparison of the hydrolysis of Avicel to n-butylamine treated rice straw, Tanaka
et al. [28] reported that, although the rice straw contained 25% lignin, the n-butylamine
treatment resulted in a larger pore size than the Avicel. The initial hydrolysis rate of the
corn stalk was double that of the Avicel [28], thus demonstrating the significance of pore
volume. Similar results were also observed previously with rice straw, but the surface area
was not measured [90]. Later work by Wong and coworkers [84] has shown that, although
amplifying the severity of steam explosion pretreatment increased pore volume and hydro-
lysis yields, washing with alkali to remove lignin after pretreatment resulted in decreased
pore volume and cellulose hydrolysis. The authors concluded that the alkali extraction
redistributed lignin within the substrate pores, thereby reducing the overall accessibility of
the substrate to cellulases. The results described by Tanaka et al. [28] and Wong et al. [84]
indicate the importance of the location of lignin rather than the lignin content. Mooney
et al. [91] used the solute exclusion method to measure the pore volume of refiner mech-
anical pulp (RMP), sulfonated RMP, sodium chlorite delignified RMP, and kraft pulp from
Douglas-fir to assess the susceptibility of these pulps to subsequent hydrolysis by cellulases.
As mentioned earlier, the delignification of the RMP resulted in a greater rate and extent
of hydrolysis than the kraft pulp sample, which may be attributed to the smaller particle
size of the RMP. The sulfonation of the RMP dramatically increased swelling; however,
unlike the delignification, this did not translate into either enhanced access to the 5.1 nm
probe or hydrolysis performance. The most feasible explanation for these results is that the
lignin content of the sulfonated pulp (30.9%) inhibited hydrolysis, regardless of the greater
swelling of the pores. These results further support the effectiveness of the solute exclusion
measurement in predicting the rate of substrate hydrolysis by cellulases. Overall, despite
their various limitations, it is apparent that methods utilizing either polymeric probes or
dyes to evaluate substrate accessibility in a wet state (such as solute exclusion and SS) provide
some useful information and give a relatively good indication of how various lignocellulosic
substrates will respond to subsequent cellulase treatments.

Conclusions

It is recognized that both substrate characteristics and the nature of the enzyme complex
have a significant effect on how effectively a pretreated lignocellulosic material will be
hydrolyzed by cellulase systems. Our survey of the literature shows that, although several
reports appear to substantiate the view that the initial hydrolysis rate of lignocellulosics is
directly proportional to substrate surface area, at this time there does not seem to be one
specific, rapid, accurate, and reproducible method by which the SSA of a substrate can be
measured. The methods that have been used are either indirect, tedious, or compromised
by the requirement of sample drying prior to the measurement. Comparisons between data
in the literature are difficult to carry out, primarily because of inconsistencies in sample
preparation and variations in the methods used to perform the measurements. Additionally,
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any measurements that only provide estimates of surface area usually do not account for the
presence of hemicelluloses and lignin that may block reactive sites for cellulases. At the core
of this discussion is the assumption that the cellulase enzyme components require contact
with the substrate to catalyze hydrolysis of β-1,4-glycosidic bonds; therefore, the most
desirable assays would measure both the SSA required for accommodating the enzymes and
the actual “reactive sites” on the cellulose or lignocellulosic substrate. A method possessing
these capabilities would be invaluable in the development of effective biomass pretreatments
that produce substrates amenable to subsequent enzymatic hydrolysis.
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Chapter 5

Characterization of AKD-Sized Pilot Papers
by XPS and Dynamic Contact Angle
Measurements

Rauni Seppänen

Abstract

Alkyl ketene dimer (AKD)-sized pilot papers with varying doses of AKD were prepared
and the influence of AKD on the surface chemical composition was investigated by x-ray
photoelectron spectroscopy (XPS). In addition, the chemical nature of the papers was
evaluated in a dynamic wetting study using two test liquids with different surface tensions.
The papers were made of bleached elemental chlorine-free (ECF) pulp, unfilled and filled
with 20% high opacity scalenohedral precipitated calcium carbonate (PCC), respectively.
The results showed that with increasing AKD addition a higher amount of aliphatic carbon
C1 originating from AKD was present on the paper surface. The C1 concentration was
significantly lower on the PCC-filled paper surfaces mainly because of the higher specific
surface area of the filler. The background evaluation of the XPS oxygen signal suggested that
there was a thin overlayer film of AKD on the unfilled paper surface only at a high AKD
addition level.

The wettability of the sized papers was observed to be greatly dependent on the sizing
degree of the papers and the surface tension of the liquid. The contact angles of ethylene
glycol, which has a lower surface tension than water, showed more clear and stepwise
increase with the increase of AKD on the paper surfaces than those of water. On the other
hand, contact angles of water above 90◦ were reached at a low AKD coverage. The PCC-filled
papers wetted more rapidly than the corresponding unfilled ones, although the total amount
of AKD in the papers was the same.

5.1 Introduction

Most paper and board grades need to be resistant to wetting and absorption by polar liquids
such as water, aqueous solutions, and suspensions. Internal sizing refers to the process of
introducing chemical additives to make fibers hydrophobic. In addition to improving the
barrier properties of liquid packaging, sizing (hydrophobizing) also improves, for example,
paper printability by controlling ink spreading and absorption. For instance, newsprint
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Figure 5.1 Molecular structure of AKD; R comprises C16 carbons.

grade with reduced grammage is sized to hinder print-through and absorption prob-
lems. It is also frequently necessary to size paper to retard or hinder the penetration of
liquids in cartons, packaging paper and board, paper cups, and so on. For uncoated paper
grades, the buildup of hydrophobicity depends on interactions between a sizing agent
and different papermaking components such as fibers, fines, filler, and various chemical
additives.

An effective method of sizing of paper and board at neutral or alkaline pH is to apply
an internal sizing agent, for instance, AKD (see Figure 5.1 for structure) to the wet end
of a paper machine (for a comprehensive overview, see Reference 1). The AKD molecule
consists of a fiber-reactive group, which is expected to anchor to the cellulose surface, and
a hydrocarbon part, which gives the desired hydrophobic properties. AKD is added to the
furnish as an emulsion, stabilized often with cationic starch, so as to enhance its retention
with negatively charged fibers. Upon sizing, polar hydroxyl groups of cellulose react or
get shielded by absorbing AKD moieties leading to reduced paper wettability. Thus, the
improved water resistance of sized paper can be explained by the formation of low-energy
regions on fiber surfaces that inhibit spreading and capillary penetration of water into paper.

High retention, large coverage of fiber and filler surfaces by the sizing agent and well-
anchored size molecules are the most evident requirements for high sizing efficiency. A large
number of papers dealing with the spreading of AKD have been published. It has been
proposed that the mechanism is complete spreading, which leads to a monomolecular
layer of AKD on the fiber surface [2]. Contradictory observations have, however, been
reported. Ström et al. [3] suggested that spreading of molten AKD on the paper surface
stops at a certain film thickness and does not continue to a monomolecular layer. The
spreading of AKD wax and a commercial AKD emulsion on model and cellulose sur-
faces has been investigated, and a complete spreading of AKD to a monolayer was not
observed [4,5]. Seppänen et al. [6] concluded that AKD spread over hydrophilic cellulose
and silica surfaces, but that the spreading was not complete. Further spreading was shown
to occur by surface diffusion in the form of an autophobic monolayer precursor, which
grows from the foot of the AKD drop or particle. The monolayer diffusion process was
observed to be quite slow, the apparent surface diffusion coefficient being on the order
10−11 m2 s−1 at 45◦C. Shchukarev et al. [7] obtained a diffusion coefficient of the same
order at 80◦C.

The surface chemistry of paper is important because it influences paper properties such
as wettability, adhesion, friction, and strength, which are critical in converting and end-use
applications. The aim of this work is to investigate the influence of increased AKD amounts
added to furnish on the surface chemical composition of paper. Using surface-sensitive
x-ray photoelectron spectroscopy (XPS), we have analyzed the aliphatic C−−C carbon peak
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of the high-resolution C1s signal. This is possible, as an unsized paper made from bleached
pulp fibers contains only small amounts of unoxidized carbon, while this type of carbon
is the major component of AKD [3]. Since the pioneering work by Dorris and Gray [8],
XPS has been widely used to study lignocellulosic surfaces – for example, unbleached kraft
pulp fibers [9,10], different mechanical pulp fibers [11], chemically modified lignocellulosic
fibers [12–14], plasma-treated surfaces [15,16], and also AKD-sized papers [3,7,17].

In XPS, the measuring principle is that a sample, placed in high vacuum, is irradiated
with well-defined x-ray energy, resulting in the emission of photoelectrons. Only those
from the outermost surface layers reach the detector. By analyzing the kinetic energy of
these photoelectrons, their binding energy can be calculated, thus giving their origin in
relation to the element and the electron shell. XPS provides quantitative data on both
the elemental composition and different chemical states of atoms in the surface layer. The
chemical shifts for carbon (C1s) in pulp fibers have been classified into four categories
[8]: unoxidized carbon (C−−C), carbon with one bond to oxygen (C−−O), carbon with two
bonds to oxygen (O−−C−−O or C==O), and carbon with three bonds to oxygen (O==C−−O).

Wettability is often characterized by measuring the contact angle formed between a liquid
drop and a solid surface. Contact angle of water is a common measure of the hydrophobicity
of a surface. However, paper substrates are not compliant with the assumptions of Young’s
equation. Paper surfaces are porous and chemically and physically heterogeneous. A liquid
drop placed on a porous paper does not only spread on the surface but also penetrates
into the paper, thus modifying its wetting properties. Therefore, the ability to consistently
measure the contact angle for papers has long been a significant challenge because of
spreading, absorption, dissolution, and swelling, which can occur on similar time scales.
Despite these obstacles, there is now a relatively good qualitative understanding of the factors
affecting the determination of the equilibrium contact angle on paper and the dynamics of
wetting, for example, on sized paper [17–21] and unsized paper [17,18]. During the last
few years there has been a renewed interest in wetting, especially on the wetting of rough
surfaces [22–24] based on theoretical foundations of the Wenzel (1936) [25] and Cassie
[26] relations. Briefly, these theories attempt to explain the effect of surface roughness
that increases the surface area of a hydrophobic material, and the effect of geometrically
enhancing hydrophobicity (homogeneous wetting). On the other hand, air can remain
trapped below the liquid drop, which also leads to a superhydrophobic behavior, since the
drop rests partially on air (heterogeneous wetting).

In the present work, the objective was to study the influences of internal sizing by AKD
on pilot paper characteristics, such as surface chemical composition, size distribution,
and wettability. To obtain a deeper understanding, papers were prepared from elemental
chlorine-free (ECF) bleached kraft pulp fibers without any filler but were also filled with
20 wt% precipitated calcium carbonate (PCC). The pilot papers were prepared to represent
fine paper quality or fully bleached top-ply of cartonboard, but were not surface sized or
calendered.

The surface chemical composition and size coverage were determined by XPS, whereas a
sessile drop technique was used to evaluate the wetting properties of the pilot papers. The
wetting of the papers was studied by using the dynamic approach, since in many practical
applications, such as printing, the dynamic conditions are more important than the static
conditions.
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5.2 Materials and methods

5.2.1 Materials

5.2.1.1 Pulp and sizing agents

Bleached ECF 70% hardwood and 30% softwood pulp refined to 27 SR (Shopper Riegler
drainage evaluation) was obtained from Stora Enso Berghuizer mill, the Netherlands. Com-
mercial AKD, AKD-C18 (melting point 55–60◦C), emulsion was obtained from Hercules.
The chemical structure of AKD-C18 is shown in Figure 5.1.

5.2.1.2 Filler and retention aid

Twenty wt% calcitic scalenohedral PCC based on paper from Specialty Minerals, UK, was
used. The specific area of the PCC was 6.0 m2 g−1. In case of unfilled papers 0.0125% cationic
retention copolymer from Hercules was used. In case of PCC-filled papers 0.5% dry-based
cationic potato starch (N = 0.35%) from Roquette Frères, France, and 0.015% of the
above cationic retention polymer together with 0.2% refined bentonite from Ciba Specialty
Chemicals, UK, were used.

5.2.2 Methods

5.2.2.1 Preparation of pilot papers

Pilot papers with a grammage of 80 g m−2 were prepared on a Fourdrinier pilot paper
machine at Hercules European Research Center, Barneweld, the Netherlands. The machine
speed was 12 m min−1. Drying was performed using steam-heated drying cylinders at Tmax

105◦C. Six different AKD addition levels from 0.03 to 0.30 wt%, based on active size were
used. The papers were made at pH 8.0. As the drying of papers was considered to be similar
or even better than on full-scale paper machines, the papers were not cured at a high
temperature after preparation. Instead, they were sealed with aluminium foil in plastic bags
and stored at 23◦C and 50% relative humidity for a week prior to analysis.

5.2.2.2 X-ray photoelectron spectrometer

The surface chemical composition of pilot papers was determined with a Kratos AXIS
HS x-ray photoelectron spectrometer (Kratos Analytical, UK) at a photoelectron takeoff
angle of 90◦. The samples were analyzed using a monochromatic Al x-ray source for high-
resolution carbon spectra and Mg x-ray source for wide and detail spectra. Analyses were
made on an area <1.0 mm2. In the analysis, wide spectra were run to detect elements
present in the surface layer. The relative surface compositions and O/C were obtained from
quantification of detailed spectra run for each element. High-resolution carbon spectra
were also run.

The relative amounts of carbon species with different bonds to oxygen were determined
from high-resolution carbon C1s spectra using a Gaussian curve-fitting program from the
spectrometer manufacturer. The chemical shifts relative to C−−C (C1) used in the convo-
lution were 286.8 eV for C−−O (C2), 288.2 eV for O−−C−−O or C==O (C3), 289.4 eV for
O==C−−O (C4), and 290.1 for carbonate carbon (C5).
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Table 5.1 Physical properties of test liquids used.

Liquid Surface
tension
(mN/m)a

(23± 2◦C)

Density
(g/cm3)

(24± 2◦C)

Viscosity
(mPa)
(25◦C)

Water 72.0± 0.1 0.998 0.89
Ethylene glycol 48.8 1.110 16.1

a Measured in our lab.

5.2.2.3 Contact angle measurements

Apparent dynamic contact angles of test liquid drops were determined from side images of
the drop profile, which was monitored as a function of time with a Dynamic Absorption
Tester Fibro 1100 DAT (Fibro Systems AB, Sweden). With the DAT, the spreading and
absorption of liquid drop can be followed with a time resolution of∼20 ms. The instrument
applies a liquid drop to the surface while a high-speed video camera captures images as the
drop spreads and/or is absorbed. Liquid is automatically pumped out from a syringe and
the drop is formed at a tip of Teflon-coated tube, thus avoiding liquid sticking to the tip. An
electromagnetic dispenser automatically applies the drop on the substrate. During the first
second, 50 images are captured and stored for later analysis. After the first second, the images
are analyzed online and fewer images are captured, ∼5–10 s−1. After the measurement,
the saved images are evaluated by image analysis in terms of drop volume, height, base
diameter/area, and contact angle. The test liquids used in the measurements comprised
distilled deionized (MilliQ Plus) water and ethylene glycol (Table 5.1). The drop volume
of the liquids was 4 µL. Measurements were performed at five different locations on each
sample and the average values were calculated. The measurements were performed at a
relative humidity of 50± 3% and temperature of 23± 1◦C.

Figure 5.2 illustrates how water wets papers with different AKD coverage. The paper with
a low AKD coverage (Figure 5.2a) shows a rapid absorption of the water droplet into the
paper. For the paper with medium AKD coverage (Figure 5.2b) two different regimes can be
distinguished. One concerns wetting, whereas the other is dominated by liquid absorption
into the paper. In comparison, the paper with a high AKD coverage (Figure 5.2c) shows
stable contact angles over time. The baseline and volume of the drop are in this case constant
because of the hydrophobic character of the paper.

5.2.2.4 Surface roughness of paper and other tests

The surface roughness was determined by a ZYGO profilometer (New View 5010 from
ZYGO, Middlefield, CT, USA). The principle is a noncontact three-dimensional metrology
based on white light interferometry. The roughness value is given as Rq (root mean square)
roughness. Papers were also characterized in terms of thickness and density according to
standard methods. The results are summarized in Table 5.2.
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Figure 5.2 Time-dependence of the apparent dynamic contact angle, water drop volume, and baseline
determined for unfilled papers with (a) low, (b) medium, and (c) high surface coverage of AKD.

5.3 Results and discussion

5.3.1 Surface chemical composition

The purpose was to study the pilot papers more in steady state with respect to sizing
development. Therefore, the surface chemical composition of the papers was determined
1 week after production. The papers were stored sealed in aluminium foil and plastic bag at
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Table 5.2 Thickness and density of unfilled and PCC-filled pilot
papers sized with AKD.

Physical property AKD-sized,
unfilled papers

AKD-sized,
PCC-filled

paper 0.30%
0.03% 0.30%

Thickness (µm) 149 138 133
Covariance% (CoV%) 7.3 7.2 7.7
Density (kg/m3) 583 585 597

23◦C and 50% relative humidity. The time delay was chosen because of a well-known fact
that AKD sizing develops slowly and may continue for several days after papermaking.

Figure 5.3 illustrates a typical XPS low-resolution detail spectra for unfilled and
PCC-filled papers sized with AKD. The XPS spectra were run using a takeoff angle of
90◦ meaning that the information was collected from a ∼10 nm thick layer. As hydrogen
cannot be detected by XPS, the only atoms that can be determined in pure cellulose fibers
are carbon and oxygen. In this work, the AKD-sized pilot papers without any filler contain
mainly carbon (C) and oxygen (O) in its uppermost surface, the amount of nitrogen and
calcium being near the noise level. Both carbon and oxygen originate from cellulose fibers,
AKD, and retention aid polymer. The corresponding spectra, for PCC-filled papers sized
with AKD studied, comprise carbon (C), oxygen (O), calcium (Ca), and silica (Si). C and O
originate from cellulose fibers, AKD, retention system polymers, and calcium carbonate,
Ca from calcium carbonate and raw water, and Si from the bentonite used in the retention
aid system.

Representative highly resolved C1s XPS spectra of AKD wax and an unsized paper, as
well as an unfilled and a PCC-filled paper sized by AKD, are shown in Figure 5.4. AKD used
in this work to modify fibers contains aliphatic C18-carbon chains in its structure, and thus
gives rise to a large C1 carbon (C−−C) signal, as is exemplified in Figure 5.4a. Pure cellulose
fibers contain only C2 (C−−O) and C3 (O−−C−−O) carbons. However, a small amount of
extractives gives a small C1 carbon peak to the unsized paper (Figure 5.4b). Consequently,
an increase of AKD on the fiber/paper surface can be detected as an increase of the aliphatic
carbon, C1-carbon, originating from the C−−C carbon in the size. This means that the
atomic O/C ratio decreases. Figure 5.4d shows that the C1 carbon is significantly lower for
the PCC-filled paper than for the unfilled one, although the amount of AKD added was the
same. The C1s spectrum for the PCC-filled paper also shows a small C5 band originating
from inorganic carbon, that is, carbonate carbon from PCC as expected.

It is evident from Figure 5.5 that, with increasing size addition, the C1 increases nearly
linearly at low and medium addition levels and after a certain surface coverage, the C1 carbon
starts to level off. The results suggest a good retention and distribution of AKD molecules
on fibers at low and medium addition levels, whereas at high levels AKD retention seems to
decrease. Another explanation is that AKD particles end up in multilayer batches/aggregates
as seen to occur according to a time-of-flight secondary ion mass spectrometry (ToF-SIMS)
analysis [27].
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Figure 5.3 Low-resolution XPS detail spectra C1s, O1s, Si 2p, and Ca 2p for (grey line) unfilled and (black
line) PCC-filled pilot papers made from ECF bleached pulp fibers and sized with AKD. The size addition
in both papers was 0.12 wt%.

In a monolayer, AKD molecules are tightly packed having their polar groups against fiber
surface and hydrocarbon chains upwards, while in a double-layer structure, the polar ends
of the second AKD molecular layer would be upwards. This raises questions of the physical
states of AKD present on the fiber surface, either as monolayer film, or in the form of
multilayer structure. For AKD, the coverage has been observed both as monolayer coverage
[2] and as being in the form of isolated islands with a thickness of 3 nm [3]. We have earlier
reported that after initial wetting AKD can spread/migrate further over time through a
monolayer film consisting of active AKD that extends from the foot of each AKD drop
retained at the surface of fibers [6]. This type of spreading mechanism via surface diffusion
over the air–solid interface is relatively slow, the apparent surface diffusion coefficient being
on the order 10−11 m2 s−1 at 45◦C. Shchukarev et al. [7] obtained a diffusion coefficient
of the same order for AKD on paper surface. However, in the current work, the papers
were studied 1 week after preparation, so surface diffusion type spreading should also have
occurred to a certain degree. Figure 5.6 illustrates fiber/paper surfaces covered by AKD as
isolated islands, as a monolayer film, or as both.



Suma Hu: “c005” — 2007/11/29 — 14:22 — page 89 — #9

Surface Characterization of AKD-Sized Papers 89

C1

C4

292 290 288 286 284
Binding energy (eV)

282

C2

(a)
In

te
ns

ity

C1
C3

C4

292 290 288 286 284
Binding energy (eV)

282

C2

(b)

In
te

ns
ity

C1

C4

C3

292 290 288 286 284
Binding energy (eV)

282

C2

(c)

In
te

ns
ity

C1C3

C4C5

292 290 288 286 284
Binding energy (eV)

282

C2

(d)

In
te

ns
ity

Figure 5.4 High-resolution C1s XPS spectra of (a) AKD wax, (b) unsized paper, (c) AKD-sized, unfilled
paper, and (d) AKD-sized, PCC-filled pilot paper. C1: C−−C from AKD and extractives, C2: C−−O mainly
from C−−OH groups in fibers, C3: O−−C−−O mainly from fibers, C4: O−−C==O from AKD and possible
carboxyl acid/carboxylate groups in unsized paper and C5: carbonate carbon from PCC. Amount of AKD
added was 0.12 wt% in (c) and (d).

Figure 5.5 also shows clearly that the increase in C1 (aliphatic carbon) with increasing
addition of AKD is less significant for the PCC-filled papers, although the added amount
of AKD was the same as for the unfilled papers. To enable comparison of the PCC-filled
papers with the unfilled ones, the C1 carbon is given in both cases as a relative amount,
that is, it has been normalized with respect to the total amount of carbon. This was done
as carbon and oxygen originate from fibers as well as from carbonate. In the filled papers
used in this study, the PCC content based on paper was 20 wt%. Calculated roughly on the
dry specific surface areas of 1.5 m2 g−1 for bleached soft and hardwood fibers [2] and of
6.0 m2 g−1 for PCC, approximately a 60% higher dose of AKD is needed to reach the same
size coverage in PCC-filled than in unfilled papers. However, the size concentration on the
surface of the PCC-filled papers is lower than expected, especially at high addition levels.
This may be due to the fact that the specific surface area of the fiber surface is higher than
the assumed 1.5 m2 g−1, and also due to the different retention and spreading behavior of
AKD on PCC compared to that on fiber surfaces. It should be noted that according to liquid
chromatography mass spectroscopy analysis, the total amount of AKD was slightly higher
in the PCC-filled papers.
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Figure 5.5 Relative amount of C1 carbon in atom% vs amount of size added for unfilled and PCC-filled
pilot papers sized with AKD.

Figure 5.6 Schematic illustration of fiber/paper surfaces covered by AKD either as a monolayer, as patches
or as a combination of both (see also Plate 3).

The hydrophobicity of the papers can be followed by evaluating the C1 carbon of the high-
resolution C1s spectra as shown earlier or by determining the atomic ratio between oxygen
and carbon obtained in the low-resolution spectra. A small round-robin investigation con-
cluded that the correlation of high-resolution C1s data with O/C atomic ratios could also
be used in testing instruments and experimental setups for pulp and paper materials [28].
Figure 5.5 shows how the hydrophobic character of the papers builds up with increasing
size addition. A closer examination of the XPS spectra reveals a linear relationship between
the C1 and O/C atomic ratio for both series of papers as displayed in Figure 5.7. This means
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Figure 5.7 Relative amount of C1 carbon in atom% vs O/C atomic ratio for unfilled and PCC-filled pilot
papers sized with AKD. The linear regression given is for the unfilled, AKD-sized papers.

that with increasing size coverage on the fibers, the signal from oxygen originating mainly
from fibers decreases.

Figure 5.8 shows that, with increasing C1 carbon from AKD, the C2 and C3 carbon signals
originating mainly from fibers decrease. A slight increase in the C4 carbon originating from
a carbon with three bonds to oxygen, for example, −−O−−C==O, can also be observed. The
C4 carbon could be present in the unreacted AKD or covalently bonded AKD, or both. It
has been assumed that there is no significant contribution from fatty acids to the C4 carbon,
as their content is low. However, it can be concluded that the level of this carbon signal is
more or less constant with the increased AKD addition.

As can also be seen from Figure 5.8, the highest C1 carbon value is 42%. The values
are low compared with the corresponding values for pure AKD wax, which is 96%. This
result suggests that, as the C1 carbon value from AKD is reduced due to contribution from
underlying fibers, the AKD is present in either a layer with thickness below the analysis
depth of 10 nm or that AKD is present in patches. The most probable explanation is that
there are isolated AKD patches that have spread out to give somewhat thinner layer. Further
investigation of Figure 5.4 shows that the AKD wax also contained 2% C2 and 2% C4
carbons. When evaluating AKD sizing, one must also consider the hydrolysis of AKD. Under
papermaking conditions, AKD will also react with water to give a ketone containing an acid
group [29]. The reaction is catalyzed by ions, such as Ca2+, Mg2+, and HCO−3 [30]. Thus,
the C3 carbon shown in Figure 5.8 may originate from fibers (O−−C−−O) or hydrolyzed
AKD (−−C==O), or both. The former contributes more to the C3 carbon, and therefore
the detection of hydrolyzed AKD is not possible. However, in a forthcoming publication,
ToF-SIMS analyses revealing the existence of hydrolyzed AKD on the paper surface will be
reported.
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Figure 5.8 Relative amount of various carbon peaks of the high-resolution C1s spectra vs AKD addition
level for unfilled pilot papers sized with AKD.

We also studied the distribution of AKD in the uppermost surface of the sized papers
by the spectral background analysis of the O1s signal according to the method used by
Tougaard and Ignatiev [31]. Using this approach, a thin surface layer from clusters on
rough surfaces can be detected. We calculated peak-to-background D values for the O1s
signal by dividing the elastic peak area by the increase in the background intensity at
a distance of 40 eV as reported [32,33]. The background evaluation data is presented
in Figure 5.9. The results of the unfilled papers show that at the lowest size addition of
0.03 wt% the D value is∼24 eV for AKD. In comparison, for bleached ECF kraft pulp [32]
and for homogeneous polymers matrices [34], a D value of 25 eV has been shown. In our
study, with increasing AKD addition the D value clearly decreases. The highest D value at
low additions indicates that AKD is present mainly as patches or islands thicker than the
analysis depth of ∼10 nm. With increasing amounts of AKD added, the D value clearly
decreases, thus indicating the formation of a thin AKD film on the surface of the papers.
The oxygen atoms, mainly originating from cellulose backbone, are gradually covered with
AKD that contains less oxygen. As the lowest D value of 18 is reached for the unfilled paper
at the same AKD addition and retention, this shows more of a thin overlayer film for unfilled
than for PCC-filled paper. The latter contains also oxygen from the filler, calcium carbonate.
Also important to stress is that the decrease in the D value does not exclude the presence
of patches or islands, but it does confirm surface film formation. It is an interesting finding
that the D value of 18 eV obtained for the unfilled papers in this work is the same as for
fibers covered by a thin film of extractives [32].
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Figure 5.9 Background evaluation of the oxygen O1s region for the unfilled and PCC-filled papers sized
with AKD.

5.3.2 Wettability

The chemical nature of the unfilled and PCC-filled papers was also studied using two test
liquids of different surface tensions. From a thermodynamic viewpoint, the wettability
of paper by a liquid is determined by the surface tensions of the paper and the liquid.
The wetting dynamics may, however, depend on a number of other properties such as the
liquid viscosity [35] and the heterogeneity, physical [25] or chemical [36] properties of the
substrate, as well as sheet structure [18]. It is well known that the apparent contact angle on a
rough surface is higher than the value on the corresponding smooth surface [18,19,25,37].
The uneven structure creates barriers against the spreading, which increases the contact
angle compared with the situation of a flat surface.

In this work, the hydrophobic papers were evaluated using the Sapparent contact angle
approach. The contact angles determined were dynamic contact angles. The size of a liquid
drop was 4 µL and the Rq surface roughness among the papers in this study was ∼9 µm.
Figure 5.10 shows a representative two-dimensional image and a cross-sectional profile of
an unfilled paper surface. Roughness on different scales including varied textures with,
for example, slope discontinuities can be observed. The roughness profile suggests that
during contact angle determination, air can remain trapped under the drop. Consequently,
the water droplet with a diameter of millimeter size rests on the composite of surface made
up of both the hydrophobic paper and air, thus increasing the apparent contact angle.
Indeed, the surface area measured including height variations was approximately twice of
that excluding the height variations.
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Figure 5.10 Two-dimensional (2D) topography (top; see also Plate 4) and 2D cross-sectional profile
(bottom) of an unfilled pilot paper surface determined by white-light profilometry; the surface size is
1.15 mm × 1.23 mm.

To study the chemical nature of the papers as a function AKD addition, it was chosen to
use initial dynamic contact angles of test liquids determined at ∼0.05 s on the AKD-sized
papers. The time chosen was considered to be long enough with respect to the viscous
ethylene glycol having a slower drop relaxation and to be short enough to minimize possible
liquid absorption in paper. Figure 5.11 illustrates how the sizing buildup for unfilled papers
increases with an increasing amount of aliphatic carbon, C1 originating from AKD. The
symbols shown represent the six AKD addition levels from 0.03 to 0.30 wt% resulting in
varying sizing degrees as discussed earlier. The paper containing the lowest AKD addition
of 0.03 wt% shows a contact angle of∼95◦ against water, whereas the contact angle for the
0.06 wt% is close to 120◦. The contact angles of papers with the highest AKD additions are
∼125◦. In comparison, a water equilibrium contact angle of 109◦ on a smooth surface of
pure AKD wax has been reported [38]. The difference in the contact angles is most probably
due to the roughness of the papers studied in this work.
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Figure 5.11 Initial dynamic contact angles at 0.05 s of water and ethylene glycol for unfilled pilot papers
internally sized with AKD. The contact angles are average values of five different measurements.

It is clear from Figure 5.11 that with increased size coverage the contact angles of water
and ethylene glycol increase, indicating that the total surface energy of the papers decreases.
In the case of water with a high surface tension (72 mN/m), the contact angles clearly reach a
plateau level when the relative amount of C1 carbon mainly originating from AKD is below
20 atom% of the total carbon. This agrees well with the water resistance results obtained
by Ström et al. [3] and indicates that, with increasing size addition, the surface polarity
of the papers decreases. In a previous paper [39] we showed how a small AKD addition
reduced clearly the polar component in the total surface energy: γ tot = γ LW + γ AB, where
γ LW is nonpolar (dispersive) and γ AB polar (acid–base) component. Moreover, the LW
contribution correlated well with the total surface energy. It has to be kept in mind that the
hydrophobic paper surface is a heterogeneous composite of cellulose fibers, AKD and, most
probably, entrapped air voids. Thus, the physical meaning of the measured surface energies
is under such circumstances questionable. The results can, however, be used to predict, for
example, polymer adhesion on paper.

In many applications such as in water-based printing, optimization of liquid penetration
is necessary. Having a same sizing degree in a paper, liquid wetting and penetration time can
be affected by choosing a liquid with a lower surface tension than water. In liquid carton,
the opposite is required. The influence of the surface tension is illustrated in Figure 5.11
where the above-mentioned papers were studied also by ethylene glycol with a lower surface
tension (48.0 mN/m) and a higher viscosity than water (Table 5.1). The liquids also differ
in terms of basic character [40]. The contact angles increase continuously with increasing
amount of C1 (mainly originating from AKD) on the paper surface. The results display
clearly and surprisingly well differences also among papers with high sizing degrees, that
is, high amounts of C1 carbon. The results also indicate that at the highest C1 amount
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of ∼31 atom% (corresponding to the highest added AKD amount) the paper surface is
nearly totally covered by AKD. It agrees well with the XPS results discussed in the previous
section.

The contact angles shown above were extracted from the wetting study where the time-
dependence wetting of each paper by water and ethylene glycol was followed as illustrated

(b)

140
(a)

120

100

80

60

D
yn

am
ic

 c
on

ta
ct

 a
ng

le
s 

of
 w

at
er

 (
de

gr
ee

)

40

20

0,1 1 10 100

Time (s)

0.03 wt%
0.06
0.09
0.12
0.24
0.30

0

140

120

100

80

60

D
yn

am
ic

 c
on

ta
ct

 a
ng

le
s 

of
 w

at
er

 (
de

gr
ee

)

40

20

0,1 1 10 100

Time (s)

0.03 wt%
0.06
0.09
0.12
0.24
0.30

0

Figure 5.12 Time dependence of dynamic contact angles of (a) water and (b) ethylene glycol for unfilled
pilot papers sized with AKD.
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Figure 5.13 Time dependence of dynamic contact angles of ethylene glycol for PCC-filled pilot papers
sized with AKD.

in Figures 5.12 and 5.13. It is obvious that water wets the surfaces of the unfilled papers only
partly over the time of 60 s, whereas ethylene glycol with lower surface tension clearly shows
different wetting behavior on the papers of different sizing degree. Moreover, the results
suggest that the dynamics of wetting is dependent on the sizing degree of the papers. It is
most clearly seen as differences in initial wetting behavior of ethylene glycol (Figures 5.12b
and 5.13). Three different wetting regimes can be seen, most clearly for the papers with
low sizing degree and tested by ethylene glycol. The initial wetting up to 0.1 s occurs
most rapidly following one or two slower wetting regimes. For the papers with high AKD
coverage, equilibrium contact angles are reached, whereas for those with low AKD coverage,
the contact angles decrease after ∼10 s because of the absorption of the liquid drop into
paper structure. The long initial wetting by ethylene glycol is most likely due to its higher
viscosity compared to water. The viscosity retards subsurface absorption more than surface
spreading [35]. It has to be noted that there is most likely a difference in the z-structure of
the filled paper due to the PCC particles compared to the unfilled one, a fact that may affect
how a liquid absorbs into paper [41].

It has been concluded that the wetting dynamics is independent of the chemical
heterogeneity of the paper surface [19]. Our results do not support such a conclusion.

The XPS and contact angle results in this work suggest that AKD does not cover totally
fiber surfaces at low and medium addition levels of AKD. Consequently, it can lead to
wetting hysteresis due to chemical heterogeneity [36]. For example, water vapor starts to
condense on hydrophilic spots on the paper surface/pore walls at pressures below the liquid
vapor pressure. As a result, the contact angle is gradually shifted from advancing to receding
and the sustained pressure head is reduced, enabling water uptake.
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Conclusions

The XPS results showed that AKD covered the paper surface to a higher degree in unfilled
than in PCC-filled papers. The results suggest that AKD covers fiber surfaces mainly in the
form of patches or islands. In addition, the background analysis of the O signal confirms
the formation of a thin surface film. As expected, with an increased amount of AKD in a
paper, the initial contact angles of water and ethylene glycol increased. However, the contact
angles of ethylene glycol displayed a more clear increase with an increase in the sizing degree
of the papers than those of water. Furthermore, by using ethylene glycol, differences in the
sizing degree among the hard-sized papers could also be observed. At high AKD addition,
the contact angles of water were higher than those measured on smooth pure AKD wax.
This was concluded to be due to the roughness of paper.

The XPS and contact angle results indicate that only the surface of the unfilled paper with
the highest AKD addition is totally covered by AKD.
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Chapter 6

Chemical Microscopy of Extractives on
Fiber and Paper Surfaces

Pedro Fardim and Bjarne Holmbom

Abstract

Chemical microscopy methods are nanoscale measurements that couple spatial resolution
with chemical specificity. Among the techniques available, time-of-flight secondary ion
mass spectrometry (ToF-SIMS) has unique capabilities of imaging combined with surface
mass spectrometry, while x-ray photoelectron spectroscopy (XPS) is useful for estimation
of surface components and their different oxidation states. In this chapter we describe our
previous investigations on the distribution and composition of extractives in pulp fibers
and newsprint papers using a combination of XPS and ToF-SIMS analyses. Our results
suggest that extractives are usually evenly distributed on fiber and paper surfaces, and that
the surface coverage by extractives is affected by the pulping and papermaking processes
rather than by the wood itself. We suggest that extractives play an important role in the
nanostructure and surface energy of fiber and paper surfaces and that the role of extractives
should be carefully investigated when innovative fiber and paper products are designed.

6.1 Introduction

“Wood extractives” is a generic term for a large number of compounds present in wood
which are soluble in organic solvents. They are usually low-molecular-mass compounds
and are nonstructural wood constituents [1]. The composition of extractives is dependent
on the wood species, and the amount is generally much lower than cellulose, hemicelluloses,
and lignin. However, high amounts of extractives can be found in heartwood and knots in
softwoods [2] and in certain hardwood and softwood cells [3].

Wood resin is a term frequently used in the pulp and paper industry for the wood
extractives that are lipophilic and soluble in nonpolar organic solvents such as acetone,
dichloromethane, or petroleum ether [1]. Wood resin consists mainly of fatty acids and
their esters, resin acids, sterols and other alcohols and their ester, and hydrocarbons. The
resin is mainly located in parenchyma cells both in hardwoods and softwoods, as well as in
resin ducts in softwoods. The process used for pulp manufacture significantly affects the
amount and the distribution of extractives that affect important interactions in the different
bleaching and papermaking processes. Generally, the fiber surface coverage of extractives
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is much higher than the amount present inside the fiber [4]. Extractives can deposit onto
fiber surfaces during chemical pulping [5], bleaching [6], and papermaking [7], and can also
cover the fiber surfaces of mechanical and chemimechanical pulps [8]. Surface extractives
are believed to affect both pulp [9,10] and paper [11] strength, refining [12] and wetting
properties [13], and is an important parameter that influences product performance.

Ideally, chemical microscopy methods should give information both on the morphology
and on the chemical composition of extractives. A great number of techniques can be
used for this purpose [14], although techniques with the best spatial resolution usually
give limited information on chemical composition, and vice versa. Analyses of surface
extractives can be carried out by x-ray photoelectron spectroscopy (XPS), also known as
electron spectroscopy for chemical analysis (ESCA), and more recently also with ToF-SIMS.
XPS has been used for the estimation of surface coverage of extractives [5,15–19] while
ToF-SIMS has been used for assessing the detailed surface composition in addition to
surface distribution [17,20]. ToF-SIMS is a technique that is most close to an ideal chemical
microscopy, once the detailed chemical information in the form of surface mass spectra at
depths lower than 1 nm can be obtained simultaneously with the surface distribution of
secondary ions at a lateral resolution of∼200 nm.

Quantitative analysis using ToF-SIMS has many limitations caused by the effects of the
electronic state of the surface on the secondary ion yield [21]. Imaging of fiber surfaces
by ToF-SIMS has the advantage of chemical specificity, but has limitations regarding spa-
tial resolution and surface damage at small raster size. XPS quantification is also limited
due to surface heterogeneity, charging, and overlapping in C1s curve fitting [22–24]. The
strengths and weaknesses of XPS and ToF-SIMS techniques make them complementary.
In this chapter, we review our previous investigations on the composition and distribution
of extractives in mechanical, chemical, and recycled pulps and in newsprint paper by a
combination of XPS and ToF-SIMS analyses.

6.2 Surface analysis of extractives by XPS

XPS has been extensively used to assess the fiber surface composition and to estimate the
surface coverage by lignin and extractives [5,15,17,19,25–29]. It has also been used to obtain
information on chemical bonding and different oxidation states [21]. Estimation of surface
coverage by extractives of pulp samples has been made based on the O/C ratios [15] and
C1s peak-fitting analysis [6,29] before and after solvent extraction. The most commonly
used solvent is acetone; however, dichloromethane [30] and acetone–phosphate [31] have
also been used.

The chemical and morphological heterogeneity of pulp fibers presents a serious challenge
in this context. Moreover, the analysis is further complicated by contamination, a problem
that is common to all surface analysis. The most abundant surface contaminants are carbon
and oxygen. Furthermore, there are sources of errors inherent to XPS, such as x-ray-induced
irradiation damage, adsorption/desorption of volatile species in ultra-high vacuum, and the
reliability of charge compensation. Recently, topics such as resistance to solvent extraction
[17], contamination and degradation problems [18,32,33], and differences in the results
derived from the methods for lignin surface coverage [19,29,34] have been described. Recent
advances in XPS instrumentation are promising for quantitative XPS on paper-like surfaces,
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and recommendations on the experimental XPS setups have been proposed for paper-like
materials [32]. A critical comparison of the available methods for determining surface
coverage by extractives has also been reported recently [16]. These methods are based
on two different modes of spectral acquisitions, that is, low- and high-resolution. Low-
resolution XPS (Figure 6.1a) is used to determine the elemental surface composition and
then to calculate O/C ratios. The O/C ratios are used to calculate the surface coverage
by extractives, θext, according to Equation (6.1). High-resolution XPS is used to record
C1s spectra (Figure 6.1b). It is assumed that the C1s peak comprises a contribution from
four different carbon functionalities: C1 (C−−C, C−−H, C==C), C2 (C−−O or C−−O−−C),
C3 (C==O or O−−C−−O), and C4 (O−−C==O). The curve-fitting of C1s peak is usually
performed using a Shirley or linear background, Gauss or Gauss–Lorentzian character and
a full width at half-maximum (FWHM) of 0.9–1.6 eV, depending on the instrument used.
Binding energy (BE) of all spectra is related to C1 at 285.0 eV. The following BE, relative to
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Figure 6.1 An example of XPS spectra of a birch bleached kraft pulp (BKP) before extraction (Un). Acquis-
ition modes: low-resolution (a), high-resolution and curve fitting of C1s peak (b). Data recorded at Top
Analytica, Turku, Finland.
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the C1 position, are employed for the respective groups, 1.7 ± 0.2 eV for C2, 3.1 ± 0.3 eV
for C3, and 4.6 ± 0.3 eV for C4. In the literature [15,26] the same assumption was made
to account for the chemical and morphological heterogeneity of pulp fibers. The C1 values
are used to calculate θext according to Equations (6.2) and (6.3):

φextractives = O/Cafter extraction −O/Cbefore extraction

O/Cafter extraction −O/Cextractives
(6.1)

φextractives = C1before extraction − C1after extraction (6.2)

φextractives = C1before extraction − C1after extraction

C1extractives − C1after extraction
(6.3)

where O/Cextractives and C1extractives are the theoretical O/C ratio (0.11) and C1-carbon
content (94%) of oleic acid, respectively.

The O/C method based on Equation (6.1) and one of the C1 methods [29] based on
Equation (6.3) work on the following assumptions:

1. Extractives are distributed as patches on the top of lignin and cellulose regions (model
proposed by Ström and Carlsson 1992 [16]);

2. The thickness of the extractive layer exceeds the depth of analysis (∼10 nm);
3. Complete removal of surface extractives can be achieved by solvent extraction.

The other C1 method based on Equation (6.2) [6] makes no specific assumption about
the distribution of extractives, and only the difference in the C1 components (C−−C, C−−H,
C==C) of unextracted and extracted pulp samples has to be taken into consideration.
However, assumptions 2 and 3 also have to be considered.

6.3 Surface analysis of extractives by ToF-SIMS

Information on the chemical composition of the outermost surface layer can be obtained by
ToF-SIMS spectrometry using either a positive or negative operation mode. The absolute
counts cannot be taken as quantitative information in this technique as the secondary
ion yield is influenced by the electronic and chemical states of the surface. Usually the
positive mode is taken for peak identification in pulp samples due to the lower intensity of
characteristic peaks in the negative mode as shown in Figure 6.2. Positive secondary ions
from carbohydrates [35] and lignin [36] are originated by fragmentation processes, while
extractives are desorbed from the surface, giving quasimolecular ions of the type [M+H]+
and [M + 2H]+. Fatty acid salts of sodium and calcium can also give quasimolecular ions
of the type [M+ Na]+, [M+H+ Na]+, [M+ 2Na]+, [M+ Ca]+, [M+H+ Ca]+, and
[2M + Ca]+. Extractive quasimolecular ions and fragments from carbohydrates can lose
small molecules such as H2O and CO. In the case of fatty acid quasimolecular ions, losses of
CH2, C2H4, HCOOH, and HCOH have also been observed [37]. Secondary ion peaks due
to Na, Al, Si, Ca, and other metals can also be detected at low-mass regions of the spectra.
Minor peaks due to siloxane are often observed at 73, 147, 207, 221, and 281 Da, as well as
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Figure 6.2 Comparison of ToF-SIMS spectra obtained in positive (+) and negative (−) modes for the same
softwood bleached kraft pulp sample. The negative mode causes an extensive fragmentation of surface
components, resulting in very low intensity peaks in the spectral regions where characteristic peaks of
different pulp components are detected.

from phthalates at 149, 167, 279, and 391 Da. The origin of these peaks is usually difficult
to determine. It must be made clear that ToF-SIMS has a very high surface sensitivity and
enough mass resolution (here, up to 3000) to distinguish peaks from contaminants and
pulp components. Another reasonable explanation is that traces of siloxane and phthalates
are usually present in most industrial samples, and thus are part of the surface composition.

ToF-SIMS imaging is another feature of the ToF-SIMS technique where characteristic
secondary ions of extractives can be mapped with a lateral resolution similar to optical
microscopy, that is, ∼200 nm using 69Ga+ as the primary ion beam. Recent development
of new liquid metal ion sources (LIMS) has improved the lateral resolution to a level of
40–100 nm [38]. ToF-SIMS imaging is sensitive to artifacts due to the effect of the impact
angle of the primary ion gun on the sputtering yield, which are clearly observed in the bright
areas of the images, and any interpretation regarding these areas should be done carefully
[39]. This artifact is intrinsic in the ToF-SIMS experiments, in addition to differences in
ionization probability of different molecules and clusters, and the effects of topography.
Topographical effects are supposed to be eliminated in the experiments due to the large
angle of collection of the instruments.

6.4 Extractives on fiber and paper surfaces as investigated by
XPS and ToF-SIMS

A combination of spectrometric and imaging methods is the best available strategy to
investigate the location, morphology, and distribution of extractives on the fiber and



Suma Hu: “c006” — 2007/11/29 — 14:22 — page 106 — #6

106 Characterization of Lignocellulosic Materials

Table 6.1 Low- and high-resolution XPS spectral data for mechanical, chemical, recycled fibers and filter
paper (as reference), and theoretical values for cellulose, lignin (spruce), and oleic acid.

Material O/C C1 (%) C2 (%) C3 (%) C4 (%)

Cellulose 0.83 0 83 17 0

Lignin (spruce) 0.33 49 49 2 0

Oleic acid 0.11 94 0 0 6

Filter paper 0.84 (0.02) 4.9 (0.3) 76.2 (1.1) 17.8 (1.3) 1.1 (0.2)

Mechanical pulp (spruce) 0.55 (0.01) 29.4 (1.5) 53.6 (0.8) 16.0 (0.9) 1.1 (0.2)
After acetone extraction 0.66 (0.01) 19.1 (1.3) 64 (1.2) 15.4 (0.9) 1.6 (0.2)

U-chemical pulp (birch) 0.45 (0.01) 38.4 (0.5) 46.2 (2.3) 13.8 (1.9) 1.6 (0.2)
After acetone extraction 0.78 (0.01) 11.5 (0.5) 70.4 (2.3) 16.0 (0.9) 2.1 (0.2)

B-chemical pulp (birch) 0.67 (0.02) 18.5 (3.0) 64.3 (2.3) 15.3 (0.3) 1.6 (0.2)
After acetone extraction 0.82 (0.04) 5.3 (1.0) 73.8 (0.2) 18.9 (1.2) 1.9 (0.3)

Recycled pulp 0.77 (0.04) 33.9 (2.3) 53.6 (1.2) 10.5 (1.0) 2.0 (0.3)
After acetone extraction 1.02 (0.08) 17.9 (3.0) 64.3 (2.0) 14.7 (0.8) 3.1 (1.0)

Note: U = unbleached and B = bleached.

paper surfaces. The content of surface extractives can be assessed by XPS and the chemical
identification and localization determined by ToF-SIMS.

6.4.1 Surface coverage by extractives on mechanical, chemical,
and recycled fibers

The low-resolution spectra of unextracted mechanical and chemical pulps generally have
only C and O peaks, while spectra of recycled fibers have additional Al, Si, and Ca peaks
originating from mineral particles used as paper fillers and coatings, such as clay, silicates,
and CaCO3. After solvent extraction, the O/C ratio of the pulps increases depending on
the pulp type (Table 6.1). Fully bleached chemical pulps have their O/C increased to values
close to 0.83, which is the typical ratio for cellulose or hemicelluloses [27]. Mechanical
and unbleached chemical pulps have lower O/C ratios because of contribution from lignin.
Higher O/C ratios are observed in recycled pulps than in chemical and mechanical pulps.
After extraction, the O/C ratio of recycled pulps is higher than 0.83 because of the presence
of oxides. The acetone extraction also affects the high-resolution spectrum. A significant
reduction of C1 area accompanied by an increase in C2 and C3 due to solvent extraction
is observed for all pulp samples. However, relative areas of 5–19% of C1 are still observed
after extraction for both fully bleached and lignin-containing samples. This may have been
due to a residual layer of lignin, extractives, or contaminants originating from contact with
the environment or in the instrument vacuum chamber [32]. The effect of contaminants
can be easily seen in the C1 value of filter paper; this value can be used as a reference when
C1 is used for the calculation of surface coverage by lignin [16]. However, the origin of the
contamination is practically impossible to determine.
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Table 6.2 Surface coverage by extractives (θext) for different pulp
samples calculated using Equation (6.1) (O/C method) except for
recycled pulp where the Equation (6.2) (C1 method) was used.

Pulp θext (area-%) References

U-PGW spruce 15 [8]
B-PGW spruce 7
U-TMP spruce 16
B-TMP spruce 15
U-CTMP spruce 15
B-CTMP spruce 8
U-Kraft pine (kappa 26) 8 [30]
B-ECF pine 3–7
B-TCF pine 2–5
U-Kraft birch (kappa 18) 37 [40]
B-ECF birch 20 [31]
U-Kraft eucalypt (kappa 15) 5.2 [17]
B-ECF eucalypt 5.0 [41]
B-ECF acacia 24 [41]
Recycled pulp (office waste) 21 [31]

Note: U = unbleached, B = bleached, PGW = pressurized groundwood pulp.

Estimations of surface coverage by extractives, θext, for a number of pulps show that
unbleached mechanical and chemical pulps have higher θext values than the bleached ones
(Table 6.2). Among these pulp samples, birch kraft pulps have the highest θext values and are
probably the main component of the recycled pulp studied. The removal of surface extract-
ives during bleaching may be ascribed to pulp washing rather than chemical degradation.
The fatty acid soaps used in de-inking may also be a source of surface extractives for the
recycled pulp. This pulp contains oxides and the application of the O/C method is not
adequate. In this case the C1 method is the best alternative available. It should be men-
tioned that the θext values presented here reflect the contribution of the fiber portion in
the pulps. It is expected that different wood cells will also differ in their θext; for example,
parenchyma and ray cells have higher contents of extractives than fibers. Therefore, the θext

for mechanical pulps need a clear definition of what types of cells have been measured.
In case of fully bleached chemical pulps the relocation of extractives during the various
bleaching stages is much more intensive, and a lower difference in θext between fibers and
fines might be expected.

6.4.2 Surface coverage by extractives on newsprint papers

Newsprint papers can be manufactured by using only mechanical pulp or by using mix-
tures of recycled, mechanical, and chemical pulps as raw material. The surface coverage
of extractives in newsprint papers can be analyzed using the C1 method [Equation (6.2)],
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Table 6.3 Surface coverage by extractives (θext) estimated using the
C1 method [Equation (6.2)] for two unextracted newsprint papers, and
the O/C ratios and high-resolution C1s data for both the unextracted
and the extracted samples.

Paper θext O/C C1 C2 C3 C4

TMP 34.3 0.35 60.6 33.2 4.6 1.6
After acetone extraction 0.82 26.3 58.6 12.0 3.0

Recycled pulp (RP) 33.6 0.46 52.3 37.0 10.0 0.6
After acetone extraction 0.81 18.7 68.7 11.5 1.2

Note: The TMP paper was made from 100% spruce TMP while the RP paper was
made from 56% recycled fiber, 41% TMP and 3% chemical pulp.

but not the O/C method, because of possible interferences of oxygen-containing fillers
or papermaking chemicals with the O/C method. The θext of two newsprint papers is
presented in Table 6.3. The θext is higher than that of the similar pulps listed in Table 6.2.
The reason for the higher surface coverage in newsprint papers may be the migration of
extractives to paper surfaces during drying in the paper machine or the contribution of
acetone-extractable components such as fatty alcohols and surfactants used as defoamers
and emulsifiers in papermaking chemicals, respectively. Another possible explanation might
be the deposition of colloidal dissolved substances present in papermaking water systems
where mechanical pulps are used as raw materials.

The addition of recycled fibers to the newsprint furnishes does not seem to affect the θext

value when compared with newsprint paper containing only mechanical pulp (Table 6.3).
This is a clear indication that the fatty acids usually employed in de-inking are not extensively
attached to the fiber surfaces, being largely removed in flotation and pulp washing. This
assumption is also in agreement with the values presented in Table 6.2, where bleached birch
pulp and recycled pulp had very similar θext values. Thus, it seems that the papermaking
process rather than the pulping process affects the surface extractives of newsprint papers.

6.4.3 Surface composition and distribution of extractives on
fiber and paper surfaces

The surface composition of unbleached and unextracted spruce TMP can be assessed in
detail by ToF-SIMS spectrometry. Characteristic peaks of cellulose (127 and 145 Da) and
softwood lignin (137 and 151 Da) can be distinguished from extractives that have char-
acteristic peaks in the spectral region of 200–650 Da in positive mode (Figure 6.3). Resin
acids, sterols, steryl esters, and triolein are the main components of extractives from spruce
TMP. Resin acids can be detected as molecular ions of the type M+ (302 Da) and of that
from the loss of CH3 (287 Da). Quasimolecular ions of the type [M+H]+ and [M−H]+
are also observed at 303 and 301 Da, respectively. Sterols have characteristic ions at 414 Da
[M+•], 415 Da [M + H]+, 413 [M − H]+ and 397 Da [M + H−−H2O]+. Oxo-sitosterol
gives the ions 429 Da [M + H]+ and 411 Da [M + H−−H2O]+. Steryl esters and trioleins
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Figure 6.3 ToF-SIMS spectrum of a spruce TMP (unbleached, unextracted). Positive mode, 69Ga+ ion
gun operated at 15 kV accelarating voltage, raster size 200 µm× 200 µmwith charge compensation using
an electron flood gun.

TI (+) EXT

Figure 6.4 ToF-SIMS imaging of a pulp handsheet made from an unbleached TMP showing total ion (TI)
and extractives (EXT) ion images. Characteristic secondary ions of resin acids, sterols, steryl esters and
trioleins were mapped on handsheet surfaces.

are cleaved in the ToF-SIMS experiments in characteristics patterns where fragments of
fatty acid units are generated. Steryl esters have a peak at 397 Da due to fragmentations
of the type [M + H−−RCOO]+, while trioleins have peaks at 603, 339, and 265 Da due
to fragmentations of the types [M − RCOO]+, [M + H−−RCOO−−RCO]+, and [RCO]+
respectively.

The lateral distribution of the unbleached TMP extractives assessed by ToF-SIMS imaging
is presented in Figure 6.4. The images were obtained in pulp handsheets and the region
analyzed in this case was enriched with fibrils and fines, as can be seen in the total ion
image (TI). The extractive ion image (EXT) shows that the extractives are evenly distributed
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Figure 6.5 ToF-SIMS spectra of bleached birch kraft pulps unextracted (BKP-U), acetone-extracted
(BKP-Ac), acetone–acetic acid extracted (BKP-AcH), and acetone–phosphate extracted (BKP-AcP),
respectively. From Fardim et al. [31], copyright (2005) with permission from Elsevier.

at this field of view (200 µm × 200 µm) with no particular regions where patches or
continuous layer is observed.

The composition of surface extractives by ToF-SIMS spectrometry for an unextracted
bleached chemical pulp BKP-U (Figure 6.5) showed ions due to methyl betulinate (457 Da),
betulinol (443, 427, 411 Da), sitosterol (415, 397 Da), sitostanol (417, 399 Da), palmitic
acid (257, 239, 221, 207 Da), heptadecanoic acid (271, 253 Da), stearic acid (285, 267 Da),
oleic acid (283, 265 Da), linoleic acid (281, 263 Da), arachidic acid (313, 299 Da), behenic
acid (341, 327 Da), and lignoceric acid (369, 355 Da). Calcium salts of palmitic acid (551,
295 Da) and stearic acid (606, 325 Da) were also observed. Sodium salt of lignoceric acid
was also present (413, 391 Da). After extraction with acetone (BKP-Ac), peaks of fatty acid
calcium salts (palmitic and stearic), fatty acids (palmitic, linoleic, stearic) and sterols were
still observed in the ToF-SIMS spectrum. Extraction with acetone–acetic acid (BKP-AcH)
removed fatty acid calcium salts, but peaks due to fatty acid were still present, espe-
cially linoleic and lignoceric acids. After extraction using acetone–phosphate (BKP-AcP)
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TI (+) EXT

STL FA

Figure 6.6 ToF-SIMS imaging of birch BKP-U; images of TIs, EXTs, sterols (STL), and fatty acids (FA) were
taken using raster size of 200 µm × 200 µm and positive mode. From Fardim et al. [31], copyright (2005)
with permission from Elsevier.

the ToF-SIMS spectrum showed extractive secondary ion peaks of very low intensity, close
to the background level (Figure 6.5).

ToF-SIMS imaging was employed to assess the distribution of extractives in the unex-
tracted birch BKP. The distribution of extractives (EXT), fatty acids (FA), and sterols (STL)
for the BKP are presented in Figure 6.6. TI was also taken. Artifacts due to the effects of
the impact angle of the primary ion gun in the sputtering yield were clearly observed in
the bright areas of the TI image, and any interpretation regarding these areas should be
done carefully [39]. This artifact is intrinsic in the ToF-SIMS experiments in addition to
differences in ionization probability of different molecules and clusters, and the effects of
topography. Topography effects are supposed to be removed in the experiments as a result
of the large angle of collection of the instrument used. The distributions of EXT, STL, and
FA were even for the BKP at the raster size investigated. Some agglomeration of spots was
observed in the EXT and FA images.

The ToF-SIMS spectrum of the unbleached de-inked pulp (DIP-U) (Figure 6.7) is much
more complex than the spectra of BKP or TMP. Inorganic components such as CaCO3, clay
and talc were identified in the low-mass region. Peaks of Na, Mg, Al, Si, K, and Ca were
present in the high-intensity region. The spectral region of extractives showed secondary
ions from sitosterol (415, 397 Da), sitostanol (417, 399 Da), palmitic acid (257, 239, 221,
207 Da), heptadecanoic acid (271, 253 Da), stearic acid (285, 267 Da), linoleic acid (281,
253 Da), arachidic acid (313, 299, 295 Da), behenic acid (341, 327, 323 Da), lignoceric acid
(369, 355 Da), and resin acids (303, 302 Da). Calcium salts of palmitic acid (551, 295 Da) and
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Figure 6.7 ToF-SIMS spectra of deinked pulps unextracted (DIP-U), acetone-extracted (DIP-Ac), acetone–
acetic acid extracted (DIP-AcH), and acetone–phosphate extracted (DIP-AcP), respectively. From Fardim
et al. [31], copyright (2005) with permission from Elsevier.

stearic acid (606, 325 Da) and sodium salt of lignoceric acid (413, 391 Da) were identified.
Even just after extraction with acetone (DIP-Ac), the spectrum was different. Peaks due to
calcium salts of palmitic and stearic acids as well as sodium salts of lignoceric acid were
dominant, but linoleic acid peaks were also present. Extraction with acetone–acetic acid
(DIP-AcH) gave a spectrum similar to that as observed for DIP-Ac, but with lower peak
intensities. After extraction with acetone–phosphate (DIP-AcP), peaks due to fatty acid
calcium salts, particularly from palmitic and stearic acids and sodium lignocerate, were
still detected. A peak of sodium–potassium lignocerate was also observed at 429 Da. The
latter was a cationization product as a consequence of addition of K+ ions in the AcP
method (Figure 6.7). Furthermore, typical peaks of siloxane (281, 221, and 207 Da) and
phthalates (161, 149, 91 and 77 Da) were observed in the ToF-SIMS spectra for BKP and DIP,
before and after extraction. These contaminants are commonly present in industrial samples
[17,20,31]. Their peak intensities were significantly reduced after different extractions for
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Figure 6.8 ToF-SIMS imaging of DIP-U; images of TIs, metals (Al, Si, Mg, Na, Fe, Ca), extractive ions
(EXT), fatty acids (FA), resin acids (RA), sterols (STL), and contaminants (CT) were taken using raster size
of 200 µm × 200 µm and positive mode. From Fardim et al. [31], copyright (2005) with permission from
Elsevier.

the BKP, but only slightly for the DIP, where they probably originated from components of
printing residuals or from the contact with plastics in the recycling process.

The distribution of metals, extractives, and contaminants was also assessed by ToF-SIMS
imaging (Figure 6.8). Similar artifacts to those observed for the BKP could be observed in
the TI image. The distributions of Al, Si, and Mg showed that clay and talc were present and
confirmed the previous observation by XPS. The Ca image was due to calcium carbonate,
while the origin of Na is difficult to determine because it is present in many paper chemicals
as salts or counterions. The Fe image indicated that traces of toner pigments were probably
present. EXT, FA, resin acids (RA), and STL were evenly distributed. Contaminants (CT)
such as siloxane and phthalates were also observed, and they showed an even distribution
with agglomeration in some spots. Similar agglomeration was observed in the FA and EXT
images, but not in RA or STL. Extractives and contaminants were distributed over both
fibers and minerals, with no particular dominance.

The ToF-SIMS spectrum of a newsprint paper produced using 100% of mechanical pulp
shows that the composition of surface extractives is predominantly steryl esters and trioleins
(Figure 6.9). In contrast to mechanical pulp, the sterols and resin acids had much lower
secondary ion peak intensities. This might indicate a preferential migration or deposition
of steryl esters and trioleins on the paper surfaces.
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Figure 6.9 ToF-SIMS spectrum of a 100% mechanical pulp newsprint paper surface.

TI (+) EXT

Figure 6.10 ToF-SIMS imaging of a newsprint paper; images of TIs and EXTs were taken using raster size
of 200 µm × 200 µm and positive mode.

The imaging of extractives on the newsprint paper shows an even distribution in the whole
field of view (Figure 6.10). However, some large agglomerates can be seen as dark spots. The
dimensions of these agglomerates measured by image analysis are in the range of 0.8–1.2 µm.
Probably the spots are caused by an agglomeration of colloidal particles containing triolein
and steryl esters in papermaking waters and subsequent deposition on paper surfaces during
the sheet formation in the wet end. The surface extractives may contribute to reducing the
surface energy of paper and affecting interactions with water and printing inks.

6.5 Role of extractives on fiber and paper surfaces

Extractives with low molar mass are present in specific cells or tissues in wood. The different
processes of fiber liberation affect their distribution in a way such that they are spread to
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other pulp components. It has been believed that extractives have a patchy distribution
pattern on fiber surfaces [15]. In fact, terms such as “patchy” and “even” are empirical
and should be carefully considered because they depend on the scale observed. A good
illustration is the EXT images obtained by ToF-SIMS for BKP-U (Figure 6.6) and DIP-U
(Figure 6.8): At the 200 µm × 200 µm raster size, that is, at micrometer scale, the EXT
spots appeared evenly distributed, even though agglomeration of spots could also be noted.
These agglomerations observed at nanometer scale as achieved by other techniques such
as atomic force microscopy (AFM) can be described as patchy. We have reported recently
that different extractives form different aggregates on fiber surfaces [31]. Our results sug-
gested that saturated fatty acids and their salts had a tendency for patchy distribution or
a formation of aggregates, while oleic acid formed a uniform layer as indicated by AFM.
Considering this, one may expect that a patchy or even tendency will depend on the compos-
ition and proportion of different extractive components. This suggestion should be further
investigated.

The fact that extractives are small molecules compared with cellulose, lignin, and hemi-
celluloses also needs to be considered. It is assumed that carbohydrates are organized in
a porous and high-surface-area fiber wall [42]. The surface energy of this system is high
[43] and the adhesion of compounds that lower the surface energy such as extractives and
contaminants are thermodynamically favored at the fiber–air interface [44]. Extractives and
contaminants can move freely through different regions in the fiber wall according to the
interface involved. After drying, and in air, it is reasonable to formulate that a fiber surface
is promptly covered by these low-molar-mass compounds that migrate from different fiber
regions. After extraction, however, a residual layer of extractives has a favored thermody-
namic tendency to remain attached to the surface or be replaced by a contamination layer
from the air. This can explain why C1 peaks were observed for XPS spectra of pure cellulose
films in other investigations [45]. It should also be stressed that ToF-SIMS and XPS operate
at the fiber–vacuum interface and it is difficult to determine if any artifact is introduced by
this feature.

There are still critical issues regarding application of chemical microscopy method
such as XPS and ToF-SIMS to investigate extractives on fiber and paper surfaces. It
should be mentioned that estimations of surface extractives by XPS are not absolute and
only relative comparisons are possible because of incomplete removal of extractives by
solvents, the contamination in the vacuum chamber and the model used for calculation.
The presence of different nano-assemblies of surface extractives poses a challenge to the
models available for fiber surfaces and requires investigations with imaging and spectro-
metry method combined. This approach demand high spatial resolution techniques to
resolve both morphological and chemical composition differences. ToF-SIMS can meet
these requirements to a certain extent, although improvements in instrumentation to
reduce the fragmentation of high-m/z secondary ions and the raster size of analysis are
needed. Other demanding capability for this technique is for improving analytical identi-
fication of several peaks present in heterogeneous samples. The possibility of controlled
fragmentation of selected ions to improve identification should be considered by the
instrument manufacturers, along with new ion sources to enhance secondary ion yield
and imaging capability. Meanwhile, development of chemical labeling strategies is a good
alternative to enhance analytical and imaging capabilities, and it will be the focus of our
future work.
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Finally, from a papermaking point of view, the effects of composition, distribution, and
nanostructure of surface extractives on the mechanical and wetting properties of pulp
fibers and papers should be further investigated. In this case, we suggest a combination of
different techniques such as AFM, XPS, and ToF-SIMS as a reliable strategy for a detailed
characterization of fiber and paper surfaces.
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Chapter 7

Studies of Deformation Processes in
Cellulosics Using Raman Microscopy

Wadood Y. Hamad

Abstract

A Raman microscope, or microprobe, incorporates a dispersive spectrometer with photon
multiplier detectors in conjunction with a light microscope for the alignment of samples and
collection of spectra from very small domains (∼1–2 µm) to lessen structural heterogeneity.
The Raman effect, or the inelastically scattered light by an atom or molecule, carries useful
information on the molecular vibrations in a material, and the technique has successfully
been applied to characterizing deformation in nonmetallic materials by monitoring the
shift of the Raman-sensitive bands upon the application of external stress or strain.

This chapter focuses on demonstrating the application of Raman microscopy to studying
deformation processes in native and regenerated cellulosics. The 1095 cm−1 Raman-
sensitive band has been shown to characteristically shift upon the application of external
stress to various groups of cellulose fibers, and to the extent that the Raman technique
could be calibrated, it provides a unique “microscopic strain gauge” by which internal
microstrains/microstresses could be monitored and predicted. The chapter also discusses
how the Raman technique is used to quantify deformation in cellulose fibers by relating the
fiber macrodeformation to that of the cellulose chains through the concepts of strain and
stress sensitivities.

7.1 Introduction

Vibrational spectra are measured by two very different techniques, infrared (IR) and Raman
spectroscopy. The energy of lighti in the region 100–5000 cm−1, 1.2–60 kJ mol−1 (or
0.3–15 kcal mol−1) is sufficient to excite vibrations of the molecules that absorb it [2].
Rotational energies of molecules are even smaller than vibrational energies, and therefore
light energetic enough to excite vibrations would simultaneously excite rotations as well.
The excitation of rotation or vibration, in this context, means that the molecule is promoted
to a state of higher energy in which its rotational frequency or vibrational amplitude is
increased.ii

In IR spectroscopy, light of all different frequencies is passed through a sample and the
intensity of the transmitted light is measured at each frequency. In Raman spectroscopy,
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however, light scattered by the sample, not transmitted light, is observed – from any con-
venient direction with respect to the incident light. Raman experiments require light of a
single frequency, νo, or monochromatic light, and the Raman effect, or Raman scattering,
refers to the inelastic scattering of a photon.iii When light is scattered by an atom or molecule,
most photons are elastically scattered (the Rayleigh scattering), that is, scattered photons
have the same energy and, therefore, the same wavelength as the incident photons. However,
a small fraction of the scattered light (∼1 in 1000 photons) is scattered from excitations
with optical frequencies different from, and usually lower than, the frequency of incident
photons. It is these inelastically scattered photons that carry information about molecu-
lar vibrations in the material, and thus are useful for the characterization of nonmetallic
materials.

The Raman effect corresponds to the absorption and subsequent emission of a photon via
an intermediate electron state having a virtual energy level. If no energy exchange between
the incident photons and molecules occurs, then there is no Raman effect. If, however,
energy exchanges do occur, then the energy differences are equal to the vibrational and
rotational energy levels of the molecule. In crystals, only specific photons are allowed by
the period structure, and Raman scattering can thus appear at certain frequencies. For
amorphous materials such as glass, more photons are allowed and the discrete spectral
lines become broad. Raman-scattered radiation comprises two components, Stokes and
anti-Stokes (Figure 7.1). When a molecule absorbs energy, the resulting photon of lower
energy generates a Stokes line on the red side of the incident spectrum. If the molecule
loses energy, however, the incident photons are shifted to the blue side of the spectrum,
thus generating an anti-Stokes line. Since the distortion of the molecule is determined by its
polarizability, Raman transition from one state to another, or a Raman shift, occurs when
there is a polarizability change – during vibration or rotation.

Energy

Virtual energy
level

First excited
vibrational state

Ground state

Rayleigh
scattering

Stockes
scattering

Anti-stokes
scattering

∆Ev = hvv

∆Ei = hv0 ∆Ei = hv0

∆Ei =
−h(v0−vv)

−∆Ei =
−h(v0+vv)∆Ei = hv0∆Ee = −hv0

Figure 7.1 The different possibilities of visual light scattering: Rayleigh (no Raman effect), Stokes
(molecules absorb energy), and anti-Stokes scattering (molecules lose energy). The symbols in the dia-
gram are: E = the energy carried by each photon, h = Planck’s constant, ν = frequency. As λν = c, where
c is the speed of light, and the wave number defined as, ν̄ ≡ 1/λ, the energy carried by the photon, E ,
becomes E = hν = hc/λ = hc ν̄. (Diagram assembled from information in References 1 and 2).



Suma Hu: “c007” — 2007/11/29 — 14:22 — page 123 — #5

Raman Studies of Deformation in Cellulosics 123

If the spectroscopist’s task is to interpret – and perhaps predict – the interaction of light
with matter, then the objective of the present chapter is to present a materials scientist’s
approach to utilizing spectroscopy to study deformation in materials. In particular, we shall
discuss the principles of Raman microscopy and its application to characterize deforma-
tion processes in polymers, focusing on cellulosics. To facilitate the discussion on Raman
deformation processes, a concise treatment of the structure and solid-state characteristics
of cellulosics will be given.

7.2 Principles of Raman microscopy

Raman spectroscopy has enjoyed a remarkable growth in applications since the significant
development of (air-cooled rather than water-cooled) lasers as exciting sources in 1960s, and
the development of high-throughput monochromators and highly sensitive photon detect-
ors such as charge-coupled device (CCD) cameras. Moreover, the innovation of the Raman
microscope or Raman microprobe system has proved a particularly powerful characterization
tool. The Raman microprobe is basically the coupling of a conventional Raman spectro-
meter with a specially designed optical microscope [3–5]. The microscope performs two
key functions. It focuses the exciting light on the sample down to a diameter of ∼1–2 µm,
then gathers the scattered light and transmits it to the slit entrance of the spectrometer.
Because the system acquires spectra from such small domains, the structural heterogeneity
of the domains is greatly reduced relative to the domains examined in conventional Raman
spectroscopy. It, therefore, becomes possible to identify morphological features and to use
the collected spectra to relate orientation, composition, and structure to morphology.

Raman microscopy has also proved to be particularly useful in characterizing and quan-
tifying the deformation micromechanics of polymer fibers and composites. The technique
monitors the shift of the Raman-sensitive band as the sample is subjected to external stress or
strain (see Figure 7.2). Data thus gathered on the internal, or molecular, state of deformation
may be related to the macroscopic properties of the material under investigation.

Laser frequency, v0 v0 ± ∆v

F F

Fiber specimen

Inelastic (Raman)
scattering → molecular
vibrations in material

Figure 7.2 Schematic representation of the Raman effect for a fiber deformation experiment. The tech-
nique monitors the shift of the Raman-sensitive band (the inelastically scattered light), which carries
quantifiable information about molecular vibrations in the material. Deformation micromechanics studies
are concerned with relating this information to the material’s macroscopic properties.
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Research in Raman microscopy has seen an unyielding upsurge over the past three dec-
ades owing, primarily, to the important development of several new polymers that were
particularly amenable to characterization by Raman spectroscopy. For instance, highly-
crystalline fibers obtained from liquid crystalline polymer solutions – for example, Kevlar –
have been shown to have particularly well-defined Raman spectra because of a combination
of their highly oriented molecular structure and the aromatic nature of the molecular back-
bone. Another contemporary development is that of conjugated polymers with interesting
and unusual optical and electronic properties, such as substituted polydiacetylenes, whose
molecular structures also give well-defined Raman spectra.

7.2.1 Instrumentation for Raman microscopy

A Raman spectrum is obtained by the exposure of a sample to a monochromatic source
of exciting photons and the measurement of the light intensity at the frequencies of the
scattered light. Because the intensity of the scattered Raman component is much lower
than that of the Rayleigh-scattered component, filters and diffraction gratings are used to
suppress the latter component.

In conventional Raman spectroscopy, where visible laser radiation is used, the exciting
photons are typically of much higher energies than those of the fundamental vibrations of
most chemical bonds or systems of bonds, usually by a factor ranging from 6 for O−−H and
C−−H bonds to∼200 for bonds between very heavy atoms [4,6]. The 514.5 and 488 nm lines
from an argon-ion laser, or 632.8 nm red line of a helium–neon laser with power<50 mW
power, are typically used as exciting frequencies. However, because most of fluorescent
compounds have no electric absorption bands near the IR, Fourier transform (FT) Raman
spectroscopy is utilized with a 1064 nm light source. The FT-Raman system is potentially
efficient and has high calibration accuracy. However, an important difference between
conventional and near-IR FT approaches is the difference in the scattering efficiencies at
the absolute Raman frequencies. Raman scattering intensity is directly proportional to
the fourth power of the excitation frequency, ν4

0 , and as such the intensity of the Raman
scattering is reduced by an order of magnitude by the use of IR radiation rather than
excitation in the visible region. The choice between the use of dispersive or FT systems
is primarily dictated by the scattering characteristics of the material under investigation
and the type of information being sought. A laser with 785 nm can, for instance, combine
fluorescence prevention with a high spatial resolution of dispersive Raman spectroscopy in
comparison with the FT-Raman approach.

Most of the work in the literature concerning Raman spectroscopy of synthetic or biopoly-
mers has been performed using dispersive spectrometers with photon multiplier detectors.
Many of these systems incorporate a microscope for the alignment of the sample and
collection of spectra from very small domains (∼1–2 µm) to lessen their structural hetero-
geneity, as alluded to earlier. Almost all modern Raman microscopic systems incorporate
array detectors to enable a particular region of a spectrum to be acquired simultaneously
rather than stepping through single points, which drastically reduces the time required
to obtain the spectra. Further, a modern Raman microscope incorporates a CCD camera
typically with quantum efficiencies between 20% and 40% in the region 450–900 nm and a
dark noise<10−3 electrons pixel−1 [7].
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7.2.2 Raman deformation studies of polymers

Some of the most common applications utilizing Raman spectroscopy have investigated
the deformation micromechanics of high-performance fibers, where it has been found that
the frequencies or wave numbers of the Raman-sensitive bands shift upon the application
of stress or strain to the fibers. The phenomenon was first reported for the deforma-
tion of polydiacetylene single crystal fibers [8], and subsequently confirmed by others
[9–12]. Batchelder and Bloor [9] explained that the behavior was due to the macroscopic
deformation being transformed directly into stressing the covalent bonds along the polymer
backbone and changes in the bond angles as discussed, almost half a century ago, by Terloar
[13]. The shift in the Raman band wave numbers for polydiacetylenes are particularly large
(−20 cm−1/% strain) since their unique conjugated backbone structure produces strong
and well-defined resonance Raman spectra [9].

Following the original work on polydiacetylene single crystals, it became evident that
stress- or strain-induced shifts in the position of the Raman-sensitive bands occur in
several high-performance fibers. This phenomenon was first observed in aromatic poly-
amides, such as Kevlar [14,15], then in rigid-rod polymer fibers such as poly(p-phenylene
benzobisthiazole) (PBT) [16], poly(p-phenylene benzoxazole) (PBO) [17], and poly(2,5(6)-
benzoxazole) (ABPBO) [18]. All these fibers have well-defined Raman spectra due to the
high degree of molecular orientation and the possibility of resonance enhancement. As
they also have high Young’s moduli, it was purported that the macroscopic deformation
was translated into the direct stressing of the backbone bonds in the molecules. This, in
effect, materializes as shifts in the Raman-sensitive bands [14–18]. Similar behavior has
been observed in gel-spun polyethylene fibers [19,20], as well as nonpolymeric fibers, such
as carbon [21], silicon carbide [22], and alumina [23].

The strain sensitivities, or the rate of shift of the Raman-sensitive band with respect to
percentage strain, of high-performance fibers range from −4.4 cm−1/% strain for aramids
[14,15] to −12.1 cm−1/% strain for rigid-rod PBT fibers [16]. However, the levels of the
frequency shifts measured during deformation of conventional polymers, such as oriented
polyesters [24] or polypropylene [25], are found to be much smaller: typically≤1.0 cm−1/%
strain, up to yield.

The phenomenon of stress- or strain-induced Raman-sensitive band shifts during
fiber deformation was subsequently used by several researchers to study different aspects
of the structure–property relations in materials (see e.g., Reference 26), and to char-
acterize interfaces in polymers and polymer–fiber-reinforced composites (see, amongst
others, [27]).

7.3 Deformation processes in cellulosics

Raman and IR spectral studies of cellulosics have typically concentrated on discerning poly-
morphic [6] and structural changes [28]. However a decade ago, Hamad and Eichhorn [29]
were first to utilize Raman microscopy for the study of deformation processes in regener-
ated cellulose fibers, where it was reported that the cellulose Raman-sensitive bands shift
upon the application of external stress to the fibers. Thereafter, a number of publications
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appeared that confirmed those findings for regenerated as well as native cellulose – see, for
instance, References 30–33.

7.3.1 The structure and solid-state properties of cellulose fibers

It is well established from x-ray diffractometric studies that the crytallinity in cellulose is
polymorphic: celluloses, native, regenerated, and mercerized represent two crystallographic
polymorphs [34].

VanderHart and Atalla [35] concluded, based on high-resolution solid-state NMR spec-
troscopy, that most native celluloses crystallized as a mixture of two allomorphic forms:
celluloses Iα and Iβ. Cellulose Iα was found to predominate in alga and bacterial celluloses,
whereas the Iβ form was predominant in the higher plant celluloses, such as ramie or cotton.
This critical finding was subsequently confirmed through careful electron diffraction stud-
ies by Sugiyama et al. [36]. By recording electron diffraction patterns from small areas along
the microfibrils of the alga Microdictyon tenuius, these researchers were able to demonstrate
that the Iα and Iβ forms coexisted in the same microfibril. The two forms were separated
along the long direction of the microfibril changing sharply, but seamlessly, from one form
to another. Many crystalline “blocks” of the two forms were found to alternate along the
microfibril. Within the domain of each allomorph the entire width of the microfibril crys-
tallized only in that form, with no mixing of allomorphs in the lateral direction of the
microfibril. More critically, the Sugiyama et al. [36] study was successful in characterizing
the unit cell of the Iα crystal form. Whereas Iβ still possessed the familiar two-chain, mono-
clinic unit cell identical to that proposed in earlier studies of native celluloses, the Iα form
was radically different. It crystallized in a one-chain, triclinic unit cell [36]. The shape of
this cell was identical to the two-chain, triclinic cell proposed by Sarko and Muggli [37] for
Valonia, but in a crucial difference, its size was such as to accommodate only one cellulose
chain. This result furnished the necessary proof for the parallel-chain structure of native
celluloses. While the Iα form cannot, by virtue of its unit cell, be anything but parallel-chain,
the seamless merging and alteration of the Iα and Iβ forms along the microfibril rules out
anything but the parallel structure for the Iβ cellulose. The differences in chain packing of
the two allomorphs are schematically shown in Figure 7.3.

The controversy concerning chain polarity in cellulose – how a parallel-chain struc-
ture could easily be converted to an anti-parallel-chain crystal structure, via mercerization
without any apparent disruption to the fiber – was resolved in 1994 through a power-
ful method used in polymer analysis, viz., crystallography of model compounds [38]: the
crystal structure of β-d-cellotetraose, a known model for cellulose II, was resolved in view
of the similarities of the representative diffraction diagrams and spectroscopic data. The
characteristics of the crystal structure of β-d-cellotetraose definitively predicted that cel-
lulose II should be an anti-parallel-chain structure. With reference to Figure 7.4, the unit
cell of cellotetraose, which can nearly be superimposed on the cellulose II unit cell, con-
tains two molecules whose conformations are virtually identical with that of cellulose II
chains. The molecules are packed anti-parallel, occupying the exact locations of the corres-
ponding chains in the cellulose II cell [38]. During the mercerization process, and other
solid-phase transformations, a number of crystal-to-crystal phase transforamations take
place sequentially [39]. The conversion from a parallel to an anti-parallel chain crystal
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Figure 7.3 Projections of the crystal structures of cellulose Iα (top) and Iβ (bottom) on a plane perpen-
dicular to the fiber axis. Illustrated to the right are the respective chain staggers along the fiber axis. After
Sugiyama et al. [36], Gardner and Blackwell [52], and Hardy and Sarko [54].

Figure 7.4 Projection of the crystal structure of β-D-cellotetraose on the ab plane. The unit cell outline of
cellulose II is shown in a dashed line. After Geßler et al. [38], Stipanovic and Sarko [55], and Kolpak and
Blackwell [56].

structure therefore occurs during the first of these transformations – change of cellulose I to
Na-cellulose I [40]. Careful analysis of the crystallite sizes further showed that conversion
initially began in the amorphous phase of the fiber, then quickly progressed to the smallest,
least stable crystallites [41].

7.3.2 Molecular deformation processes in celluloses

Spectral features associated with the molecular vibrations that are most sensitive to poly-
morphic change particularly occur in the regions below 1500 cm−1. Figure 7.5 depicts a
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typical Raman spectrum of a bleached, softwood, kraft pulp fiber from our studies. The rel-
atively high intensity and good resolution of the skeletal modes reflect the basis for activity
of molecular vibrations in Raman spectroscopy. That is, activity in the Raman spectrum
requires finite transition moments involving the polarizability of the bonds.iv The two peaks
at 895 and 1095 cm−1 are prominent in the Raman spectrum of cellulose, and the molecular
deformation of the cellulose fiber can be ascertained by following these peaks as a cellulose
fiber is subjected to external strain [29].

Wiley and Atalla [42] reported that the potential energy distributions in the region
between 950 and 1180 cm−1 were dominated by C−−C and C−−O stretching motions, and
that the motions were highly coupled – often involving coupling between the d-glucose
rings. The high Raman intensity of the bands evident in Figure 7.5 is consistent with the
large band density and the dominance of the C−−C and C−−O stretching motions predicted
by normal-coordinate calculations [6,42,43]. As the 1095 cm−1 Raman band is most intense
when the electric vector of the incident light is parallel to the fiber axis, it must result from
C−−C and C−−O stretching motions parallel to the chain axis [42].

The Raman band at ∼895 cm−1 is fairly intense in the spectrum shown in Figure 7.5.
Two decades ago, Wiley and Atalla [42] suggested, in their landmark study of the Raman
band assignments in celluloses, that the intensity of this band is related to the lateral size
of the cellulose crystallites. It had been found earlier that the intensity of the 895 cm−1

correlates with the intensity of the broad, upfield shoulders for the C4 and C6 atoms in the
solid-state 13C NMR spectra of native cellulose [35]. The broad shoulders arise from the
cellulose chains on the crystallite surfaces and in the amorphous regions, which suggest
that the intensity of the 895 cm−1 Raman-sensitive peak is proportional to the amount
of disorder in cellulose. As the likely sites of disorder in the cellulose molecules are the
glycosidic linkages, the C6 atoms and the hydroxyl groups, the 895 cm−1 band is likely to
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Figure 7.5 Raman spectrum of a single bleached, softwood, kraft pulp fiber in the region 800–1400 cm−1
using the 632.8 nm radiation from a He–Ne laser, collected over ∼100 s.
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involve one or more of these sites: potentially H−−C−−C and H−−C−−O bending localized at
the C6 atom [42,44].

The Raman spectrum of a regenerated cellulose fiber (e.g., tencel) is similar but with two
primary differences [29]. First, the intensity of the 895 cm−1 Raman peak is higher than that
of native cellulose, indicating a higher degree of disorder. Second, there are much weaker,
almost indistinguishable, peaks at ∼1000 cm−1. This band is dominated with C−−C and
C−−O stretching motions, with small contributions from H−−C−−C, H−−C−−O and skeletal
atom bending [42].

The effect of deformation upon the dominant Raman-sensitive bands due to skeletal
modes from our studies is clearly shown in Figure 7.6. The deformation causes a shift of
the bands to lower wave number accompanied by a (small) decrease in peak intensity and a
(slight) broadening of the band peaks. Hamad and Eichhorn [29] were first to recognize this
phenomenon in regenerated cellulose (both tencel and viscose), which was later confirmed
with native cellulose ([33], see also our data in Figure 7.8) and other regenerated fibers
[30,31]. It has been shown that primarily the cellulose bands identified with C−−C and
C−−O stretching motions, the 895 and 1095 cm−1 Raman bands, shift upon the application
of external stress/strain to the fiber. The shift is an indication of the straining of the fiber
causing molecular deformation, and the broadening shows that there is a distribution of
the stresses and strains over the cellulose molecules within the fiber [29].

Figure 7.7 depicts the well-correlated dependence of the peak position of the 1095 cm−1

Raman band upon strain for native cellulose fibers. It can be seen that the peak shifts to
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Figure 7.6 Shift in the Raman-sensitive bands, particularly the 1095 cm−1, for the native cellulose shown
in Figure 7.5 at three strain levels.
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Figure 7.7 Linear dependence (R2 > 0.9) of the wave number of the 1095 cm−1 Raman band peak of
our single bleached softwood kraft pulp fiber (whose original Raman spectrum is shown in Figure 7.5)
on strain.

lower wave numbers and that the dependence upon strain is clearly linear (R2 > 0.9). It is
worth pointing out that both the 895 and 1095 cm−1 have been shown to shift to lower wave
numbers upon the application of external stress to regenerated cellulose fibers. However,
the correlation associated with the Raman-shift vs strain response for regenerated cellulose
is lower than that for the native cellulose shown in Figure 7.7. There are two main reasons.
First, the intensity and resolution of the Raman-sensitive peaks for native cellulose are
shown to be higher than those associated with regenerated celluloses [29–31], and there is
indication of a higher degree of order (leading to a higher degree of crystallinity) associated
with native cellulose. Recalling from earlier discussions, as the 895 cm−1 is indicative of the
degree of disorder in cellulose, it is expected to be prominent in the molecular deformation
of solvent-spun regenerated celluloses that are known to possess a high degree of disorder,
or amorphicity – see Reference 45 for a detailed investigation of the structure of regenerated
cellulose fibers. Second, scatter in the Raman measurements of regenerated celluloses stems
from the intrinsic material behavior resulting from the solvent-spinning technique and
the chemical/structural changes thus caused [29]. These changes seemingly influence the
monoclinic character of the “unit cells”v for the cellulose chains and the bent conformations
resulting from the glucose units’ rotation around the glucose linkage [47]. The scatter,
therefore, is not due to instrument-induced error.

The data scatter particularly associated with the 895 cm−1 Raman-shift vs strain response
presented by Hamad and Eichhorn [29] for regenerated cellulose may further be explained
by examining the macroscopic Young’s modulus of the fiber. Figure 7.8 clearly illustrates
that strain sensitivity, or the rate or Raman-sensitive band shift with respect to strain,
is proportional to the material’s Young’s modulus: the lower the modulus, the lower the
strain sensitivity. It therefore follows that the 1095 cm−1 band represents a more repro-
ducible, accurate Raman shift with respect to applied strains for cellulose – native or
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Figure 7.8 Variation of the strain sensitivity of the position of 1610 cm−1 Raman band in aramid fibers
[51], the 1555 cm−1 for rigid-rod ABPBO (poly(2,5(6)-benzoxazole) fibers [18], the 1616 cm−1 in PET
fibers [50], and the 1095 cm−1 for tencel [29] and our bleached softwood kraft pulp fibers as a function
of the fiber’s Young’s modulus.

regenerated – which may subsequently be used for characterizing the interfacial phenomena
in cellulosic networks or composites.

The strain sensitivity for celluloses – native and regenerated – falls within the range for
conventional polymers:≤1.0 cm−1/% strain for polyethylene terephthalate (PET) films [24]
and polypropylene fibers [25]. In their examination of regenerated cellulose fibers, Hamad
and Eichhorn [29] showed that the macroscopic deformation of tencel is translated directly
into molecular deformation. From the foregoing discussions and in reference to Figure 7.5,
it is recognized that the deformation-induced skeletal modes most receptive to the Raman
effect are those due to C−−C and C−−O stretching motions together with ring stretching.
The magnitude of the 1095 cm−1 Raman-sensitive band shift,�ν, for a typical regenerated
cellulose fiber is −3.26 cm−1 and for a native cellulose (kraft pulp) fiber −1.97 cm−1, and
the strain sensitivity, d(�ν)/dε, is−0.55 and−0.19 cm−1/% strain, respectively.

Moreover, the changes noted in Figures 7.5 and 7.6 indicate that skeletal bending and
torsional modes would be altered to a greater degree than the skeletal stretching modes by
any rotation about the bonds in the glycosidic linkage.

The linear correlation shown in Figure 7.7, to the extent that the Raman effect is calib-
rated, serves to provide a “microscopic strain gauge” by which internal strains/microstresses
could be monitored [29]. If we consider the linear portion of the stress–strain relationship
for celluloses,vi then the correspondence between the Raman vibrational frequency and
stress would also be linear. Therefore, the strain sensitivity, d(�ν)/dε, will be propor-
tional to the fiber modulus, and the stress sensitivity, d(�ν)/dσ , the same for (all) cellulose
fibers/materials. The analysis illustrates that the Raman technique is directly monitoring the
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molecular stress of the fibers rather than strain [29]. We shall return to this point through
a comparison to conventional polymers.

Figure 7.8 depicts comparative results for cellulose, conventional and rigid-rod polymer,
as well as high-performance fibers obtained from liquid crystalline polymer solutions. It is
reasonable to assume from the figure that the basic mechanism of deformation for these
(different) fibers is similar. It then follows that once a polymeric material is calibrated for
the Raman technique, the modulus of the sample could be determined indirectly from
d(�ν)/dε. It should be cautioned, however, that the figure, and ensuing relations, merely
give an indication that the deformation processes in these fibers are similar, but details
pertaining to molecular backbone configurations and inherent structure–property relation
are far from being similar. Indeed, for regenerated cellulose [29] and PET fibers [50], the
Raman technique monitors molecular stress, whereas for aramid fibers it gives a direct
measure of chain stretching [51]. A closer examination of the deformation mechanisms for
PET and regenerated cellulose fibers seems warranted.

It has been stated earlier that the strain sensitivities for regenerated cellulose and PET
fibers fall within the expected region of conventional polymers: −0.55 and −0.6 cm−1/%
strain, respectively. Table 7.1 reveals that the stress sensitivities are higher for fibers with
higher values of tensile modulus. This indicates that there is necessarily more molecular
stressing in the higher-modulus fibers. Consequently, the Raman technique gives a direct
measure of molecular stressing in these types of fibers. It is worth noting that, for both
regenerated cellulose fibers indicated in Table 7.1, the stress sensitivities, d(�ν)/dσ , while
within the same range, are higher for the higher-modulus viscose fibers.

The rate of Raman-sensitive band shift with respect to stress, d(�ν)/dσ , for the regen-
erated celluloses are on the same order of magnitude as d(�ν)/dε. When comparing these
results to those of a conventional polymer, such as PET yarn, there exists a markedly higher
rate of change of band shift with stress (Table 7.1). This indicates that a much lower level
of molecular stressing takes place in regenerated cellulose fibers than in PET – the latter
known for the presence of amorphous material and a poor level of molecular orienta-
tion. The stresses and strains in a (typical) regenerated cellulose fiber are more uniformly
distributed owing to the “good” packing if unit cells forming the cellulose chains – a phe-
nomenon accounted for in the spatial configuration by the presence of intermolecular
and intramolecular bonding [52,53]. Structurally, the cellulose units are composed of two
β-d-glucose residues, which are linked by an oxygen bridge to adjacent residues and are also
rotated with respect to one another about a screw-axis so that they form continuous chain

Table 7.1 Comparative results for stress sensitivity
variations for tencel and viscose [29] vs PET fibers [50].

Fiber E (GPa) Raman band
(cm−1)

d(�ν)/dσ
(cm−1 GPa−1)

Tencel 2.1 1095 −0.36
Viscose 3.0 1095 −0.43
PET 13.0 1616 −5
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Figure 7.9 A structuralmodel of the repeating unit cells forming cellulose chains. After Jacobson et al. [46].

segments [46]. Besides, there is an intramolecular bond between the hydroxyl group of one
glucose residue and the oxygen ring of the next residue – see Figure 7.9.

Concluding remarks and future applications

It is hoped that this chapter has provided ample evidence that, beyond the interpretation of
the interaction of light with matter (which is the typical purview of spectroscopic studies),
Raman spectroscopy in conjunction with an optical microscope, the Raman microprobe or
microscope, is a powerful tool for quantifying deformation processes in celluloses by fol-
lowing the molecular/chain stretching upon application of external stress or strain to the
material. It has been identified that the 1095 cm−1 Raman-sensitive band for celluloses –
native and regenerated – reproducibly provides the characteristic band for monitoring
microstructural changes in these materials, or the interface of celluloses and other materi-
als – as in composites, where experimental quantification of the interfacial phenomena are
critical for understanding/predicting the mechanical response of the composite structure.
The 1095 cm−1 Raman band is more representative in this regard than the 895 cm−1 band,
as the latter is proportional to the amount of disorder in cellulose and typically results
in more data scatter. The 1095 cm−1 band corresponds, in the structure of cellulose, to
a combination of C−−C and C−−O stretching motions (and some contribution from angle
bending coordinates involving heavy atoms).

Significant shifts of−1.97 and−3.26 cm−1 have been recorded for native (softwood kraft
pulp) and regenerated (tencel and viscose) cellulose fibers when monitoring the 1095 cm−1

band as strain is applied to the fibers. The shifts result in strain sensitivities of −0.19
and −0.55 cm−1/% strain, respectively – typical of conventional polymers. The Raman
technique has been shown to give a direct measure of molecular stress, and it could be
calibrated to provide a “microscopic strain gauge” by which internal strains/microstresses
could be monitored and predicted. As such, the Raman technique may be used to monitor
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time-dependent phenomena or unravel structure–property relations in celluloses subjected
to thermal, mechanical, or a combination of treatments.

Dedication

The completion of this work could not have been possible without the understanding
and patience by my wife, Dima, and toddler son, Riam. Throughout this exercise and
other research-related activities, they lovingly endured my noticeable absence and seeming
absent-mindedness over many a weekend and an evening. It is to both of them that I dedicate
this humble contribution.

Notes

i. Light is electromagnetic radiation with a wavelength that is visible to the eye (visible light),
or strictly speaking, it is electromagnetic radiation of any wavelength. The elementary particle
that defines light is the photon, and the three basic dimensions of electromagnetic radiation
are: (1) intensity, or alternatively amplitude, which is related to the perception of bright-
ness; (2) frequency, or alternatively wavelength, perceived by humans as color of light; and
(3) polarization, or angle of vibration, which is only weakly perceptible by humans ordinarily [1].

ii. The interested reader is referred to Harris and Bertolucci’s classic textbook, Symmetry and
Spectroscopy, for further details and elaboration on spectroscopic techniques and principles.

iii. In 1922, the Indian physicist C.V. Raman published, with his collaborators, a series of investiga-
tions on the molecular diffraction of light. Their experimental work culminated in the discovery
of the namesake radiation effect, which was published in Nature (Vol. 121, No. 3048, p. 501) as
“A new type of secondary radiation” on March 31, 1928, for which he was awarded the Nobel
Prize in 1930.

iv. It should be noted, however, that the activity of molecular vibrations in obtaining IR spec-
tra requires finite transition moments involving the permanent dipoles of bonds undergoing
displacement, hence the problem of interference.

v. Cellulose crystallizes partially or completely within a fiber in such a manner that “unit cells are
formed.” These cells are repeated in form of a chain, and a structural model of repeating units
may thus be visualized as in Figure 7.8 [46].

vi. The relation is almost entirely linear for Kraft pulp fibers, that is, there is no yielding [48], or there
may exist a noticeable yield point in the case of thermally or mechanically treated fibers [49].
For solvent-spun regenerated celluloses the yield point may vary depending upon treatment and
spinning variables [45]. In the case of tencel, for instance, the stress–strain response is almost
entirely linear [29].
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Chapter 8

Lifetime Prediction of Cellulosics by
Thermal and Mechanical Analysis

Tatsuko Hatakeyama and Hyoe Hatakeyama

Abstract

Cellulose is a complex biopolymer the physical properties of which depend markedly on its
plant source and method of isolation and the durability (lifetime) of which is influenced
by various factors. Thermogravimetry studies and mechanical measurements have been
performed on cellulose fabric and cellulose powder. Selection of thermal degradation and
mechanical stress as the main factors affecting the lifetime of these cellulose materials and
consideration of the time and temperature conversion are shown to allow reasonable lifetime
prediction of the materials.

8.1 Introduction

Lifetime of cellulosics is an important property when plant-based materials are widely used
in practical fields. Long-term properties of cellulosics are affected by various factors such
as temperature, humidity [1], biological degradation [2], irradiation of light, and mechan-
ical stress. Under ordinary conditions, these factors affect the durability of cellulosics in a
complex manner. Because of this, it is difficult to choose appropriate experimental condi-
tions to accelerate damage on cellulosics in a similar manner to that in natural conditions.
Prediction necessarily introduces variation due to oversimplification.

For the long-term properties of synthetic polymers, researchers have investigated phys-
ical aging [3,4]. Molecular relaxation occurs when amorphous polymeric materials are
maintained at a temperature lower than their glass transition temperatures, which causes a
change of mechanical properties. The mechanical properties can be determined when the
annealing temperature and time of a sample are known. Accelerated weathering, which is
widely carried out in polymer industry using weather meters, is another method to shorten
the time interval in order to compare the results with those obtained from weathering in
nature [5].

To decrease the time scale of experimental procedure, theories of lifetime prediction
necessarily assume time–temperature conversion based on linear relationship between these
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two factors. Cellulosics is a crystalline biopolymer and the main chain motion is restricted
via inter- and intramolecular hydrogen bonding [6]. Thus, methods applied to synthetic
polymers are not always appropriate for cellulosics and a certain limitation needs to be
placed. Of the factors affecting the durability of cellulosics, thermal stability and mechanical
strength are the major ones. In this chapter, thermal and mechanical properties of cellulosics
as a function of time over a long span are described.

8.2 Materials and methods

8.2.1 Samples

Cellulose powder (Avicel powder grade PH-101) was obtained from Asahi Chemicals Co.
Ltd. The size of the powder was measured using a light microscope, and the size distribution
histogram was obtained. To obtain a pellet-shaped sample, the powder was pressed at room
temperature for 5 min under the pressure of 1.0× 107 Pa.

Cellulose fabric was obtained from the Japanese Standardization Association [JIS L 0803,
cotton plane fabric No. 3]. The warp and weft were 20 and 16 tex, respectively. Circularly
shaped fabrics with a diameter of 7.0 mm obtained using a punch were stored in a dessicator
prior to the thermogravimetric (TG) studies.

For the mechanical measurements, the cellulose fabric was used as a cellulose I sample.
The fabrics were soaked with a surfactant and washed several times in water. Rectangular
samples of 20 mm (width) ×100 mm (length) were prepared, stored in a desiccator and
then used for the mechanical measurements. Samples were annealed at various temperatures
from 323 to 493 K for 1 to 2× 104 min.

8.2.2 Thermogravimetry

A Seiko Instruments’ thermogravimeter-differential thermal analyzer, TG/DTA220, SSC
5200, was used. The temperature ranged from 300 to 870 K. A sample of ∼7.0 mg was
tightly placed in order to attach samples at the surface of platinum crucible. The heating
rate was 20 K min−1, and air or N2 gas was used as an atmospheric gas with a flowing
rate of 100 mL min−1. The decomposition temperature and mass residue were determined
as previously reported [7]. In this study, the point where the extension line of mass in
the solid-state crosses with that of the steep mass decrease was used as the extrapolated
temperature (Td). The mass residue was obtained at 770 K. To calculate the activation
energy by the Ozawa–Flynn–Wall method [6–9], the heating rate was varied between 2, 5,
10, 20, and 50 K min−1.

8.2.3 Mechanical measurements

An Instron-type mechanical tester, Orientec Tensiron RTA, was used. The stretching rate
was 50 mm min−1. Measurements were carried out at 298 K (25◦C). The tensile strength,
tensile elongation at break, and Young’s modulus were calculated. Three test pieces at each
annealing temperature and time were tested and the average value was used.
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8.3 Prediction of durability

In this study, the dynamic data obtained by thermogravimetry is used for the prediction of
thermal stability based on the Ozawa–Flynn–Wall method [8–10]. The mechanical strength
was measured using pre-annealed cellulose samples and the time–temperature relationship
was established. Thermal and mechanical properties are predicted in a temperature range
from 300 to 470 K and in a time range from several minutes to several hundred years.

8.3.1 Prediction by TG

The Ozawa–Flynn–Wall method for analyzing reaction kinetics using TG data has been
used for the studies of thermal decomposition and crystallization kinetics of various kinds
of polymers [11,12]. The method is based on a simple assumption that the reaction rate,
dx/dt (x is reacted mass and t is time), is correlated with the function of reacted x , f (x),
via the Arrhenius equation. Using the kinetic data, the lifetime of polymeric materials can
be estimated.

Thermal decomposition of cellulose and related compounds has been extensively stud-
ied [13–17]. Although conflicting results are evident in the whole temperature range of
decomposition of cellulose, the thermal decomposition in the initial stage is well explained.
Using kinetic data from the initial stage of thermal decomposition, the lifetime of cellulose
materials can be estimated. In this study, the initial stage of thermal decomposition of the
cellulose fabric is investigated by thermogravimetry.

As stated earlier, the following equation can be established between the rate of reacted
mass and the activation energy (�E).

−dx

dt
= A exp

(
−�E

RT

)
f (x) (8.1)

where x is the reacted mass, t the time, A the frequency factor, T the absolute temperature
in degrees Kelvin, and R the gas constant. According to the definition of thermal analysis,
dT /dt = constant (β) corresponds to the heating rate, and the following equation can be
obtained.

−
∫ x

x0

dx

f (x)
= A

∫ t

t0

exp

(
−�E

RT

)
dt = A

β

∫ T

T0

exp

(
−�E

RT

)
dT (8.2)

where x0 and T0 are the values of x and T at t = t0.
As the rate of reaction is usually low at low temperatures, the next approximation can be

obtained.
∫ T

T0

exp

(
−�E

RT

)
dT =

∫ T

0
exp

(
−�E

RT

)
dT (8.3)

The right-hand side of the equation can be expressed using the following p-function [18,19].
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−�E

RT

)
dT (8.4)
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When (�E/RT ) > 20, p(�E/RT ) can be approximated by the following equation.

log p

(
�E

RT

)
∼= −2.315− 0.4567

(
�E

RT

)
(8.5)

At a given mass loss, the left-hand side of the Equation (8.2) is a constant and independent
of β. Thus, if a constant mass fraction is attained at a temperature T1 for β1, T2 for β2, and
so on, the following equation is obtained.

A�E

β1R
p

(
�E

RT1

)
= A�E

β2R
p

(
�E

RT2

)
= · · · (8.6)

Using Equation (8.5), the following linear relations can be derived.

− log β1 − 0.4567

(
�E

RT1

)
= − log β2 − 0.4567

(
�E

RT2

)
= · · · (8.7)

log β = −0.4567

(
�E

R

) (
1

Ti

)
+ const (8.8)

If 1/Ti is plotted against logβ,�E can be obtained from the gradient (Ozawa–Wall–Flynn
method).

Figure 8.1 shows TG curves of the cellulose fabric measured in air at various heating
rates (β). It is clearly seen that the thermal decomposition takes place in two stages at∼573
and 673 K at β ≤ 20 (K min−1), with the first stage decomposition being reached at a
mass residue of≤∼30%. Using TG-Fourier transform infrared spectrometry (TG-FTIR), it
was identified that the gas evolved during the thermal decomposition of the samples [15].
At>570 K, the evolution of CO2 was clearly observed. To minimize the complications from
the evolution of gases such as CO2, the Ozawa–Wall–Flynn method was applied in a range
where x was smaller than 0.2, that is, the mass residue was higher than 80%.

Figure 8.2 shows the linear relationship between log β and the reciprocal absolute tem-
perature (T−1) of the cellulose fabric measured in air. From the gradient, the activation
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Figure 8.1 TG curves of the cellulose fabric measured in air; numerals in the figure are the heating rates,
β (Kmin−1); mT = mass at a temperature T , and m298 = mass at 298 K.
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Figure 8.2 Ozawa plot of the cellulose fabric measured in air; β = the heating rate (Kmin−1) and
x = reacted mass.

Table 8.1 Activation energy of the initial stage of
thermal decomposition of the cellulose fabric and the
cellulose powder.

Sample Atmosphere �E (kJmol−1)

Cellulose fabric N2 136
Air 125

Cellulose powder N2 190
Air 179

energy (�E) was calculated. Similar results were obtained when the flowing gas was N2,
although the cellulose decomposed in one stage. Calculated�E values for both the cellulose
fabric and the cellulose powder are shown in Table 8.1.

When the temperature is assumed to maintain at a constant, Tc, Equation (8.1) can be
rewritten as follows.

−dx

dt
= A exp

(
−�E

RTc

)
f (x) (8.9)

Since Tc is independent of time (t ) and the lifetime τ is defined as the time interval in
which x changes from x0 to x1, Equation (8.10) can be obtained.

−
∫ x1
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dx

f (x)
= A

∫ t0+τ
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exp

(
−�E
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)
dt

= A exp

(
−�E

RTc

)
τ (8.10)
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Figure 8.3 Relationship between lifetime (τ ), x , and the holding temperature (Tc) of the cellulose fabric
in air; numerals in the figure are the values of Tc (K).

By combining Equation (8.10) with Equation (8.2), the lifetime τ is obtained as follows.

τ =
∫ T1

T0
exp(−(�E/RT ))dT

β exp(−(�E/RTc))
(8.11)

Using the Equation (8.11), τ value at the chosen Tc could be calculated, as �E was
calculated from the Equation (8.8) and β had been selected. Figure 8.3 shows the plots of
τ calculated thus vs x of the cellulose fabric maintained at various Tc in air. It is clearly
seen that the τ value varies from 1 to 108 min (∼1500 years). Each plot was extended to
x = 0 to give a value corresponding to the time interval where no mass loss would occur
at the given Tc. The cellulose fabric maintained in N2 (data not shown) showed a similar
behavior. The cellulose powder also shows very similar relationships between τ , x , and Tc

as those shown in Figure 8.3.
Figure 8.4 shows the relationships between Tc and τ values where x = 0.1 (10% mass

decrease) and the interpolated τ values at x = 0 of the cellulose fabric maintained in air.
The relationships between Tc and τ values at x = 0.1 and interpolated τ values at x = 0
of the cellulose fabric maintained in N2 (data not shown) were similarly established. The
effect of atmosphere was profound at a low-temperature region. The 10% mass decrease
(x = 0.1) of the cellulose fabric at 370 K (1/Tc× 103 = 2.70) is predicted to take∼72 years
in air but∼150 years in N2. At a temperature lower than 370 K, extrapolated values are not
reliable because of the long extrapolation. When the Ozawa–Wall–Flynn method is applied
to the initial stage of the thermal decomposition, the lifetime prediction at a constant
temperature (Tc) > 370 K appears to be reliable.

8.3.2 Prediction of mechanical properties

The tensile strength of the cellulose fabric annealed at various temperatures (from 323 to
493 K) as a function of annealing time from 1 to 2 × 104 min is shown in Figure 8.5.
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Figure 8.4 Lifetime (τ ) at x = 0 and 0.1 (10%mass decrease) of the cellulose fabric;•: x = 0,◦: x = 0.1.
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Figure 8.6 Master curve of tensile strength of the cellulose fabric; TR = 323 K, ◦: Ta = 323, •: 343,
�: 373, �: 423, 
: 453, �: 473, and �: 493 K.

As seen from the figure, the tensile strength gradually decreased at 323 K. With increasing
temperature, the tensile strength decreased rapidly. Similar trends were observed for the
values of elongation at break and Young’s modulus.

Curves obtained at various annealing temperatures other than 323 K were horizontally
shifted and a smooth master curve was obtained (Figure 8.6). The William–Landau–Ferry
(WLF) equation is not applicable for crystalline polymers such as cellulose having no molten
state. By assuming a simple Arrhenius-type Equation (8.12), the activation energy (�E)
could be calculated [20].

log αT = �E

2.3R

(
1

T
− 1

TR

)
(8.12)

where αT is the shift factor, T is the annealing temperature, TR is the reference temperature
(323 K in this case), and R is the gas constant. The calculated�E � 115 kJ mol−1.

The fact that a master curve can be established indicates that the loss of the tensile
strength occurs in the same mechanism regardless of the annealing temperature. To predict
the mechanical properties, the time interval to reach a predetermined tensile strength by
each annealing temperature (Ta) was evaluated from Figure 8.5. The predetermined tensile
strength of annealed samples as a percentage was calculated based on the tensile strength
of the original sample. In this study, the time intervals to reach the 5%, 10%, 12%, 15%,
and 20% decreases of the tensile strength were obtained at each annealing temperature.
The obtained values were plotted against the reciprocal annealing temperature. Figure 8.7
shows the representative relationship between the time interval and the reciprocal annealing
temperature at 10% decrease of the tensile strength. The fitted line was extrapolated to 298 K
(T−1

a × 103 � 3.36 K−1) and the assumed time interval at which the tensile strength of the
cellulosic fabric decreases by 10% was obtained. A similar procedure was repeated to obtain
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Figure 8.8 Relationship between the lifetime at 298 K and the decrease of tensile strength.

the assumed/predicted time intervals at which the tensile strength decreases by 5%, 12%,
15%, and 20% at 298 K (25◦C).

Figure 8.8 shows the relationship between the decrease of tensile strength and the pre-
dicted time interval at room temperature (25◦C, or 298 K). From this figure, one can predict
that it would take 137 years for the tensile strength of the cellulose fabric to decrease by
10%, if no other factors are at play.
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Chapter 9

Recent Advances in the Isolation and
Analysis of Lignins and Lignin–Carbohydrate
Complexes

Mikhail Yurievich Balakshin, Ewellyn Augsten
Capanema, and Hou-min Chang

Abstract

This review discusses advantages and limitations of various methods for the isolation and
characterization of native and technical lignins and lignin–carbohydrate complexes (LCCs)
based on our recent studies as well as achievements of other groups in the field. The use of
high-resolution correlation and quantitative nuclear magnetic resonance (NMR) techniques
in the analysis of lignocellulosics provides a large amount of information on a high variety
of structures in relatively short experimental time. The NMR data should be complemented
by appropriate wet chemistry techniques that are focused on specific substructures. In
addition, coupling selective modification of lignin with high-resolution NMR analysis gives
valuable information, especially in the studies of new and underinvestigated lignin and LCC
preparations.

9.1 Introduction

Understanding the mechanisms of various processes for the chemical utilization of ligno-
cellulosics requires good knowledge on the lignin structure in the starting raw material and
its transformation during the processing. In addition to mechanistic studies, the structures
of technical lignins are of primary importance for their utilization as chemical feedstock.
Increasing interest in biomass utilization necessitates the analysis of large amounts of ligno-
cellulosics materials (soft- and hardwoods, nonwoody plants, agricultural and municipal
wastes, etc.) and the understanding of their transformations in various biorefining pro-
cesses. These demands require efficient and informative methodology for characterization
of lignin in lignocellulosics of different types.

Lignin is an irregular aromatic biopolymer composed by phenylpropane (or C9) units of
the p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) types (Figure 9.3). These mono-
meric units are linked in lignin macromolecule by various ether and C−−C bonds [1–3].
According to current understanding, almost all lignin in softwood and softwood pulps
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is linked to polysaccharides, mainly hemicelluloses [4]. The occurrence of stable lignin–
carbohydrate (LC) bonds is one of the main reasons preventing selective separation of the
wood components in biorefining processes. Linkages between lignin and carbohydrates
also create significant problems in the selective isolation of lignin preparations/samples
from lignocellulosics.

In spite of extensive works on lignin and LCC chemical structures our knowledge in this
field is still insufficient. Further progress requires development of new analytical meth-
odologies. This chapter summarizes our recent studies, along with relevant achievements
of other groups, on the isolation and characterization of lignin and LCC from wood and
chemical pulps. On the basis of these data, optimal methodology to assess lignin and LCC
structure is discussed.

9.2 Isolation of lignin and LCC preparations/samples from
wood and pulps

Most methods for lignin analysis require the isolation of lignin preparations/samples from
lignocellulosic materials. The main problems in lignin isolation are associated with the com-
plex structure of the cell wall and the interaction of its components. As almost all lignin is
linked to polysaccharides, it is not possible to isolate pure lignin without any chemical cleav-
age. An appropriate isolation procedure should produce a representative lignin preparation
and minimize structural changes during isolation. Generally, two approaches are used to
isolate lignin from lignocellulosics: acidolysis methods [5–10] and extraction of lignin after
ball milling and/or enzymatic hydrolysis of carbohydrates [10–15]. Although the acidolytic
methods are quite fast and produce lignin preparations of high purity, the acidic conditions
employed trigger some changes in lignin structures [5,7–10,16]. Apparently, the stability of
most LC linkages (probably of the ether type) is higher than that of certain lignin linkages.
Therefore, the use of acidolysis to obtain pure lignin preparations results in not only extens-
ive cleavage of LC bonds, but also cleavage of certain amounts of lignin–lignin ether bonds.
A decrease in the acidity of dioxane solution to avoid degradation of major lignin structures
results in preparations with a high amount of carbohydrates [9,17]. Isolation of lignins by
enzymatic hydrolysis of polysaccharides is accompanied by minimal structural changes, but
the resulting lignin preparations contain 5–15% carbohydrates [10–16,18,19] that complic-
ate the analysis of the lignin samples. However, application of advanced analytical methods
such as multidimensional heteronuclear NMR techniques overcomes complications due to
the presence of carbohydrates after enzymatic hydrolysis [19–22]. In addition, LC linkages
can be investigated [10,16,19,23,24].

9.2.1 Isolation of lignin from wood

Various methods for the isolation of lignin and LCC preparations/samples from wood
are summarized in Figure 9.1. Enzymatic hydrolysis cannot be directly applied to wood,
and a preceding efficient milling of the wood sample is required. During ball milling
significant degradation of polysaccharides occurs along with a certain breakdown of
the lignin macromolecule. Extraction of the milled wood with 96% dioxane produces
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Figure 9.1 Isolation of lignin and LCC preparations/samples from wood. *Acidolysis is usually carried
out in aqueous dioxane (85–90%) with addition of HCl (0.05–0.2 M) under reflux.

milled wood lignin (MWL) [11]. This is currently the most common procedure for the
isolation of lignin from wood. There are two main issues/questions when transferring
knowledge on the structure of MWL to lignin in situ: (1) how representative of the whole
wood lignin MWL preparations with typical yields of 20–30% are, and (2) how significant
lignin degradation is during the milling.

As the yield of MWL has been considered insufficient to reproduce the whole lignin in
wood, significant efforts were made recently to increase the yield of the isolated lignins.
Lu and Ralph [25] suggested a method that results in complete solubilization of wood by
dissolving acetylated milled wood in N-methylimidazole/dimethyl sulfoxide (NMI/DMSO)
to obtain a preparation called “acetylated cell walls” (Ac-CW). This allowed the character-
ization of wood components by solution-state NMR that provides much higher resolution
than solid-state NMR.

Enzymatic hydrolysis of carbohydrates in the milled wood followed by dioxane extraction
of the residue produces cellulolytic enzyme lignin (CEL) [12]. Very recently Hu et al. [26]
were able to obtain pine CEL preparations with high yields, up to 86% (calculated on true
lignin). The material in the dioxane insoluble residue was DMSO-soluble after acetylation
(Figure 9.1). Moreover, all the lignin has been isolated as CEL preparation from birch wood
[27]. Thus, the whole wood lignin was analyzed with high-resolution NMR methods. The
much lower carbohydrate content made this analysis easier than the NMR analysis of the
Ac-CW preparation.

Argyropoulos and coworkers [17,28] suggested a more complex three-stage isolation
procedure involving ball milling, enzymatic hydrolysis followed by acidolysis of the residue
to obtain enzymatic mild acidolysis lignin (EMAL) (Figure 9.1). This method provides
higher yields of lignin preparations at the same milling time than the CEL protocol. However,
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the maximal yield obtained (<75%) [17,29] was lower than the yield of CEL obtained
without acidolysis (86–100%) [26,27]. A modification of the EMAL approach was used
[22]. The authors extracted lignin released after the enzymatic hydrolysis (equivalent to
CEL) and used only the insoluble residue for acidolysis (Figure 9.1) to avoid the acidic
degradation of the CEL fraction.

As all the methods discussed require ball milling of wood, it is important to understand
how significant lignin is degraded during the milling. It is known that some changes in the
lignin structure occur during ball milling, particularly the increase of the content of carbonyl
and phenolic OH groups and the decrease of molecular mass [11,12]. Recent studies showed
that ball milling did not cause changes in aromatic ring of lignin units, but results in some
cleavage of β-O-4 structures in the whole wood lignin [26,30,31]. However, the amount of
β-O-4 units detected by ozonolysis in the pine MWL and CEL preparations in the yield range
of 20–65% was practically the same [26]. Moreover, NMR and FTIR (Fourier transform
infrared spectroscopy) studies demonstrated that the chemical structures of MWL and CEL
preparations isolated in high yields (up to 65%) were fairly similar to those isolated in
the common 20–30% yields [26,32,33]. Further increase in the yield of pine CEL >65%
resulted in a decrease in the amount of β-O-4 units [26], likely because of the accumulation
of degradation products in the CEL preparation. Therefore, the classical MWL isolated from
softwoods with the yield of 20–30% is as much representative, in terms of morphological
origin, as high-yield MWL and CEL preparations [26,32] (but might contain somewhat less
degradation products).

Various LCC preparations/samples can be obtained by methods similar to those used
for lignin isolation. Extraction of the wood residue with DMSO after extraction of MWL
produces Bjorkman’s LCC [34]. Other solvents and water were also used to extract LCC
from the residue obtained after MWL isolation [35,36]. Partial enzymatic hydrolysis of
the milled wood followed by wet chemistry separation allows the isolation of various LCC
fractions from wood and pulps [4]. Complete enzymatic hydrolysis of milled wood results
in a preparation called milled wood enzymatic lignin (MWEL) [37] (Figure 9.1). (CEL is
the dioxane-soluble fraction of MWEL.) A preparation enriched in LCC fragments, called
LCC-AcOH, can be obtained during purification of the crude MWL with 90% AcOH [38].
Similar preparation (LCC-W) was obtained earlier [39] using a more complex protocol.
Therefore, most of lignin and LCC preparations obtained give information on both lignin
and LCC structure, and from this point of view can be defined as carbohydrate-rich LCC
(Bjorkman’s LCC and similar ones) and lignin-rich LCC (MWEL, CEL).

On the basis of our current knowledge, the advantages and limitations of various lignin
and LCC preparations can be discussed. Ideally, Ac-CW protocol allows the structural
characterization of all the wood components using a single preparation. However, identi-
fication and especially quantification of various structures is a challenge, even using very
advanced NMR methods, as the composition of the preparation is very complex [25]. In
addition, even the Ac-CW protocol cannot be considered as nondestructive as 13–27%
of β-O-4 linkages in wood lignin is degraded depending on milling intensity (Y. Mat-
sumoto, personal communication). As the Ac-CW preparation contains the whole wood
lignin, it also contains the degraded lignin fragments. No important differences have been
detected in the chemical structure of lignin in MWL (with yields above c .20%), CEL, and
EMAL [17,22,26,28,40] preparations, except the degradation of some acid-labile lignin
units in EMAL [22]. (Some structural differences observed [29] were very likely due to
very low yields of the MWL used for comparison.) As purified MWL contains much less
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carbohydrates than the corresponding CEL preparation, it is more suitable for precise ana-
lysis of the lignin structure. CEL can be very useful for the analysis of LC linkages. MWEL
is very representative as it contains most of the LC linkages of the original wood [37].
However, in contrast to CEL, it is not completely soluble. This limits its analysis with high-
resolution spectroscopic methods. Optimal application of EMAL preparation is still to be
found. Much higher carbohydrate content in the EMAL than that in purified MWL results
in less accurate quantitative lignin analysis. On the other hand, as LC bonds are partially
degraded during acidolysis, the use of EMAL preparation for the analysis of LCC is less
suitable than that of CEL. Moreover, the structure of MWL and CEL lignin is independent
of the milling intensity and apparatus used [26,27,31–33]. In contrast, the composition of
EMAL is significantly affected by milling intensity [17]. This implies that intensive milling
affects the subsequent acidolysis stage of the EMAL protocol (but not dioxane extraction
of MWL!), triggering oxidation and condensation reactions [17]. Therefore, the optimized
EMAL method requires very mild milling resulting in very long experimental time. For
example, to obtain ∼45% yield, a milling time of almost 1 month is required [17]. In con-
trast, intensive ball milling can produce∼30% yield of MWL (or 60% yield of CEL) within
1–2 h of milling [41].

The major problem in detailed analysis of most LCC preparations is the low frequency
of LC bonds. The frequency of LC bonds in wood is only ∼0.03 per C9-unit [37]. From
this point of view LCC-AcOH preparation is very promising as it contains large amounts
of LC linkages [38]. In spite of a lower yield, as compared to Bjorkman’s and Koshijima’s
LCCs [34–36], this preparation is not less representative as the frequencies of LC bonds is
much higher. It has been shown [38] that LCC-AcOH preparation qualitatively represents
both the middle lamellae and secondary wall regions of the cell wall. However, whether the
amounts of various LC linkages in the LCC-AcOH are proportional to their amounts in the
whole cell wall is still under investigation.

In contrast to softwood, the composition of MWL preparations isolated from hardwood
using the common protocols is dependent on the lignin yield and usually contains a signific-
ant amount of carbohydrates (5–10%) [27,42,43]. However, MWL isolated from Eucalyptus
globulus and Eucalyptus grandis after alkali pre-extraction of the wood sample under mild
conditions (to remove tannins) contained very small amounts of sugars, even without puri-
fication common for MWL [16,44,45]. This finding implies that in eucalyptus a significant
amount of carbohydrates are attached to lignin via alkali-labile linkages, probably of the
ester type [44]. Moreover, comparison of E. grandis MWL preparations with the yields of
55% and 25%, respectively, showed very little differences [33]. The NaOH pre-extraction
of wood resulted in the loss of a part of lignin enriched in H- and G-units and phenolic OH
as compared to the bulk lignin; significant differences in the amounts of inter-unit linkages
were also observed [16,44]. The alkali-soluble lignin contained ∼20% of carbohydrates
and therefore was referred to as LCC [16,44] (Figure 9.1). Similar results were obtained
with other hardwood species [27]. Thus, it could be suggested that hardwood native lig-
nins consist of two fractions: an “easy soluble lignin” and the bulk ones. The differences
in the structure of the traditional MWL preparations as milling proceeds are therefore due
to variations in the proportion of the “easy soluble” and “bulk” lignin fractions in MWL.
Pre-extraction of the “easy soluble lignin” from wood with NaOH under mild conditions
(Figure 9.1) allows the separation of these fractions and results in the independence of the
structure of MWL isolated from the pre-extracted wood on its yield [27,33].
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Our very recent results [27] have shown that the structure of CEL with yields above∼75%
is somewhat different from that of the “bulk” MWL or CEL, showing a noticeable decrease
in S/G ratio, in agreement with earlier work on isolation of dioxane lignin from aspen
wood [5]. Therefore, it appears that the structure of hardwood native lignins is rather
heterogeneous. “Bulk lignin” (equivalent to MWL isolated from NaOH pre-extracted
wood) represents ∼50–60% of the total hardwood lignin. The “easy extractable lignin”
(equivalent to NaOH-soluble lignin) and the “residual” 25–30% of lignin are somewhat
different from the MWL. Comprehensive studies in this area are in progress in our
laboratory.

9.2.2 Isolation of lignin from pulps

Similar to the isolation of lignin from wood, isolation of lignin from pulps can be performed
using acidolysis or enzymatic hydrolysis. Ball milling is not needed for the isolation of
lignin from most chemical pulps, and mechanical degradation of lignin can be therefore
avoided.

Isolation of enzymatic residual lignins from softwood kraft pulps is a well-established
procedure producing lignin preparations with high yields and relatively low enzyme impur-
ities [10,13–15,19]. In contrast, significant problems for the isolation of enzymatic residual
lignins from hardwood kraft pulps [46] and semibleached pulps have been reported [15].
Low yields (25–30%) make these preparations nonrepresentative for the whole pulp lignin.
Very large amounts of protein contaminants (15–35%) result in significant problems in
lignin analysis, particularly with spectroscopic methods [46]. Recently we were able to dra-
matically decrease protein contaminations in hardwood residual lignin preparations (to
1–6% in non-purified lignins) and to increase the yields to 40–50% by applying cellu-
lase preparations with high activity and by optimizing the enzyme charge [16,18,23]. The
optimal enzyme charge was the highest for the E. globulus pulp and the lowest for the birch
pulp with similar lignin content [16,18].

It is important to mention that the low yields of hardwood residual lignins (which
decreases with decrease in lignin content in pulps) indicate that a significant portion of
lignin is soluble in aqueous solution after enzymatic hydrolysis of the pulp even after
its acidification [18]. Apparently, this lignin consists of low-molecular-mass fragments,
which should be linked to carbohydrates. The frequency of LC bonds (per lignin unit) in
this fraction should be much higher than that in the fraction of higher molecular mass
residual lignin. Therefore, it is of interest to isolate the water-soluble lignin/LCC fraction
and characterize it. This work is currently in progress in our laboratory.

Similar to the isolation of lignin from wood, the protocol combining enzymatic hydrolysis
and acidolysis (EAL) inherits shortcomings of both methods [9]. An increase in the purity of
EAL preparations was very insignificant as compared to the purity of the enzymatic lignin.
At the same time the acidolytic step triggers changes in the lignin structure (concentration
of HCl was higher than that for the isolation of EMAL from wood). Improvement in EAL
lignin solubility after the acidolysis step was obviously due to degradation of lignin in acidic
dioxane as an increase in lignin purity was very insignificant [49]. An optimized protocol
for the isolation of enzymatic residual lignin produces lignin preparations well soluble in
DMSO [18,19], a typical solvent for NMR analysis.



Suma Hu: “c009” — 2007/11/29 — 14:23 — page 154 — #7

154 Characterization of Lignocellulosic Materials

9.3 Lignin and LCC analysis

9.3.1 Methods in lignin and LCC analysis

The majority of analytical methods in lignin chemistry can be divided into wet chemistry
methods and spectroscopic techniques. Most of the wet chemistry methods were developed
a long time ago and can be considered as traditional methods in lignin chemistry. They can
be subdivided into elemental and functional group analysis (OMe, total OH, phenolic OH,
carbonyl group, carboxyl groups) and degradation methods for inter-unit linkages analysis.

In contrast to wet chemistry, dramatic progress has been achieved recently in spec-
troscopic and spectrometric methods. Among them, multi-dimensional and quantitative
13C NMR techniques are the most informative methods in lignin analysis [48,49]. Mul-
tidimensional heteronuclear NMR methods offer much better separation of signals in
complex lignin preparations than one-dimensional (1D) NMR and also provide more reli-
able interpretation of the signals. However, routine two-dimensional (2D) sequences are
not quantitative. Some promising attempts to develop a quantitative heteronuclear single
quantum correlation (HSQC) sequences have been made [50,51], but a robust quantitative
HSQC technique is not available at the present time. Therefore, a combination of correla-
tion NMR methods with quantitative 13C NMR is the best approach as the former allows the
identification of various lignin moieties in a given preparation and thus significantly helps
in their reliable quantification by 13C NMR [7,45,52]. Recently, the methods for the quan-
tification of various lignin moieties used in lignin analysis with 13C NMR were reviewed
[45,52]. The most reliable methods were chosen and the limitations of other methods were
explained, along with a few new suggested approaches. This allows building up a compre-
hensive algorithm for the quantification of a large variety of lignin units (Table 9.1) using a
combination of 13C NMR of acetylated and nonmodified lignin [45,52].

Recently, application of an internal standard for the quantification of lignin by 13C NMR
has been suggested [53], similar to 1H [54] and 31P NMR [17]. Although this approach can
be a useful addition in some particular cases, under most circumstances it is less informative
and accurate than the traditional method for the calibration of 13C spectra of lignin using the
resonance of the aromatic carbons, as discussed earlier [55]. Moreover, while good results
were obtained with model compounds [53], application of the internal standard for the
quantification of spruce MWL and EMAL preparations [28] resulted in totally abnormal
data. For example, conversion of the data obtained in mmol g−1 to structures/C9-unit
indicates that 70% of G-units have a substituent at C-2 position of the aromatic ring as
compared to only trace amounts of these structures detected by other methods [1,2,48,52].
The integral assigned to the sum of β-O-4 and dibenzodioxocin structures (pinoresinol
and phenyl coumarane structures must be also included in this value [48,52]) was very
low, ∼25/100 C9 units [28]. This indicates that a number of issues must be addressed
before this approach [28] can be applied to lignin quantification.

The major advantages of high-resolution NMR spectroscopy over wet chemistry
methods are:

• observation of the lignin as a whole, not only specific moieties;
• analysis of a large variety of lignin moieties in a relatively short experimental time and

with relatively small amounts of sample;
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Table 9.1 Amounts of various moieties in soft- and hardwood MWLs (per 100 C9-units).

Moieties Spruce
(wet

chemistry)
[1,2]

Spruce
(quantitative
2D NMR)

[47]

Spruce
(13C NMR)

[49]

Birch
(wet

chemistry)
[1,2]

Eucalyptus
grandis

(NMR, PO)
[42]

β-O-4/α-OH (1) 34 36 36 55
β-O-4/α-CO (4) <1 2 2
Phenylcoumaran (5) 9–12 12 9 6 3
Pino/syringoresinol (6) 2–4 2.5 2 3 3
DBDO (7) 5 7 <1
β-1/α-OH (9) 7–9 2 1 7 1
Spirodienone (8)
Guaiacyl 2 1
Syringyl 2 4

Secoisolaricerisinol (10) 1 1 nd
Ar−−CH==CH−−CH2OH (18) 4 1 2 <1
Ar−−CH2−−CH2−−CH2OH (17) 4 1 2 <1
Ar−−CO−−CH2−−CH2OH (16) 3 2 <1
Ar−−CH==CH−−CHO (19) 4 5 4 1
Ar−−CHO (13) 3 5 3
Ar−−COOH (14) 2 2
Ar−−CH2OH (15) nd 2

β-O-4 total 45–50 45a 60 61
α-O-4 non-cyclic 6–8 (11) nd nd 6–8 nd

Alkyl-O-alkyl totalb 39–45 –
α-O-alkyl totalb 15–21
γ-O-alkyl totalb 24 23

5–5′ totalb (12) 19–22 22 24–27 9 6
Etherifiedb 19
Non-etherifiedb 5–8

4-O-5′ (11)
Guaiacyl 4–7 1 3
Syringyl 5.5 6

6(2)-condensed
Guaiacyl 3–4 1 3
Syringyl 1 3

OMe 95 95 160
Total OH 131 138 144
Aliphatic OH 100 107 125
Primary 75 68 70
Secondary 25 39 55
Benzylic 16–25 38 54

Phenolic OH 20–31 31 20 19
Total carbonyl 20 15 21 17
Aldehyde 9 4
Ketone 10 8
α-CO 10 8
Nonconjugated 5 3

COOH 2–4 5 5
Degree of condensation 45 38 21
S/G/H 50:50 62:36:2

See Figure 9.3 for structures of 1, 4–10, and 13–19.
nd: not detected.

a Sum of identified moieties.
b Amount of C9-units involved; in a case of symmetric moieties the amount of these structures will be half of the value
present.
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• detailed characterization of side-chain moieties; for example, different types of β-O-4
moieties (see structures 1–4, 7, 21 in Figure 9.3) can be distinguished;

• direct estimation of the amounts of lignin structural moieties;
• generation of a comprehensive fingerprint for lignin and LCC molecules with 13C NMR,

even when precise calculations are not possible.

The main disadvantage of high-resolution spectroscopic and spectrometric methods is
the necessity to isolate soluble-lignin preparations. In contrast, the major advantage of
degradation techniques is the possibility of analyzing lignin without its isolation. The relative
accuracy of degradation techniques is high. However, most of the methods require the use of
correction coefficients to achieve the absolute values. Therefore, the degradation techniques
allow high precision for relative comparison of different lignins, but quantitative 13C NMR
is preferable to access the absolute amounts of lignin subunits. In contrast to 13C NMR, wet
chemistry methods are focused on specific lignin moieties, and a combination of various
wet chemistry techniques is needed to obtain comprehensive information.

Some of the common degradation methods are nitrobenzene oxidation (NBO),
thioacidolysis (TA), ozonolysis, and permanganate oxidation (PO). Derivatization followed
by reductive cleavage (DFRC) method has been recently developed [56] as an alternative
to the TA method for the estimation of β-O-4 moieties. Modified DFRC and TA meth-
ods have been suggested to evaluate various types of β-O-4 units [30,57]. However, DFRC
usually gives significantly lower yields of the reaction products than TA. The reason is
incomplete cleavage of β-O-4 units in softwood lignin [57], although the corresponding
lignin model compounds reacted completely [56]. As the consequence, DFRC-31P NMR
method gave a much lower amount of β-O-4 units in softwood lignins (0.25–0.30/C9-unit)
[17,58] than other methods (see Table 9.1). In contrast, TA enables a complete cleavage
of β-O-4 units in lignin [57,59], and therefore, it is more suitable for quantitative lignin
analysis. It is noteworthy that the amount of β-O-4 units in eucalyptus lignins obtained by
DFRC-31P NMR method [29] was very similar to the values obtained by other methods
[7] (see also Table 9.1). Therefore, the low value obtained for the softwood lignin could
be due to the resistance of condensed β-O-4 lignin moieties to cleavage under the condi-
tions of DFRC protocol. This suggestion is in good agreement with the observation that a
very low amount of phenolic 5–5′ units were released after DFRC treatment of softwood
lignin [60].

Taking into account the advantages and limitations of the aforementioned methods, the
best strategy is to combine NMR analysis with appropriate wet chemistry techniques [7,26].
For example, structural studies using NMR spectroscopy and PO were very informative
[7,45]. The former provides detailed information on the side-chain structure and the latter
produces data on various substituents on the aromatic ring. Another example of the efficient
combination of NMR and wet chemistry methods is a correlation between the relative values
obtained by degradation methods with absolute values obtained for the same samples
with NMR techniques. For example, a correlation between syringaldehyde/vanillin (SA/V)
numbers obtained by NBO and S/G values obtained by 13C NMR has been established
for various hardwood MWLs [27]. This correlation allows calculation of S/G (absolute)
ratio from SA/V numbers obtained by NBO analysis of hardwood lignin in situ, without
isolation.
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9.3.2 Coupling of wet chemistry and NMR methods

Improved analysis can be achieved by a coupling of selective wet chemistry methods with
NMR spectroscopy. For example, analysis of lignin degraded by TA with 31P NMR allows
significant improvement in the resolution of 31P NMR spectra and semiquantitative analysis
of β-5, 5–5′, and 4-O-5 condensed lignin moieties [59].

The method of selective incorporation of 13C isotopes into specific positions of lignin
followed by 13C and 2D NMR studies, developed by Terashima and coworkers, appreciably
increases the capacity of NMR spectroscopy in lignin analysis, both high-resolution and
solid-state methods [61,62]. Unfortunately, it is a time-consuming and expensive method,
and high experimental skill is required to produce labeled lignin preparations.

Selective modification of specific lignin functional groups by reduction, acetylation, and
methylation is often used in UV- and FTIR. Coupling these specific reactions with high-
resolution NMR techniques was especially valuable [63,64]. In addition to the widely used
acetylation of OH groups [45,48,49,52], other reactions such as NaBH4 reduction (carbonyl
groups), methylations with methanolic HCl (conjugated OH, COOH groups), CH2N2

(phenolic OH and COOH groups), and Me2SO4 (total OH), and oxidation of conjugated
OH groups with DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) were studied using
comprehensive NMR methods [64]. The use of these additional reactions was very useful in
the identification of unknown signals in 2D and 13C NMR spectra of native and technical
lignins. Moreover, selective modification of specific lignin functionalities allowed separa-
tions of signals, which were overlapped in the spectra of unmodified lignin preparations,
and thus their accurate quantification by 13C NMR.

9.3.3 Strategy in the analysis of lignocellulosics

Nowadays, research targets often require not only reliable and informative methodology but
also an efficient one to enable comprehensive lignin analysis in a short time and sometimes
using a minimal amount of sample [32]. There is not a perfect or universal method for
obtaining the complete information on the lignin structure. An optimal approach for the
analysis of lignin is dependent on the research objective, the nature of the lignocellulosics,
the number of samples to be analyzed, the quantity of samples available, and so on. Figure 9.2
shows our proposal on a general analysis strategy for various situations.

If there are a large number of samples to be analyzed, it would be reasonable to screen
the samples with express methods such as near infrared (NIR) spectroscopy and pyrolysis
gas chromatography–mass spectrometry (Pyr-GC-MS) methods. If the samples are soluble
in an NMR solvent, express semiquantitative NMR methods such as 1H and 31P can be
applied. Express methods enable the analysis of a large number of samples in a short time,
but provide only limited information. Nonetheless, the result of using such methods allows
selection of samples with significant differences for more detailed analysis.

The combination of high-resolution NMR, preferably a 1H–13C HSQC or heteronuclear
multiple quantum coherence (HMQC) 2D technique, and quantitative 13C NMR [45,52]
is a good example of comprehensive methods in lignin analysis. This approach provides
a significant amount of information on various lignin moieties (functional groups, side-
chain structures, G/S ratio, degree of condensation, semi-quantitative estimation of various



Suma Hu: “c009” — 2007/11/29 — 14:23 — page 158 — #11

158 Characterization of Lignocellulosic Materials

Number of
samples

Express methods
NIR, Pyr-GCMS, NBO,

1H, 31P NMR 

Selected samples

Isolation
Comprehensive methods

high resolution NMR
(HSQC, quantitative 13C) 

General lignin structure

SolubleInsoluble

Dedicated
methods

Detailed lignin structure

Overlapping in 13C NMR
• Modification/13C NMR
• Terashima’s method

Unknown moieties:
• Correlation NMR (TOCSY,
   HMBC, HSQC–TOCSY, 3D)
•  Modification/NMR
• Terashima’s method

Functional groups:
OHPh, OHAl, CO, COOH 

Side chain:
TA, ozonolysis,

DFRC

Many

Few

Aromatic ring:
PO, NBO, 

TA/31P NMR

Figure 9.2 General strategy in lignin analysis.

condensed moieties, etc.) in an acceptable experimental time using a relatively small amount
of samples (40–70 mg) [52]. The use of a relaxation reagent in an appropriate concentration
allows a three- to fourfold decrease in experimental time for quantitative 13C NMR without
any damage to the spectra quality when DMSO-d6 is used as the NMR solvent [52]. However,
the use of the relaxation reagent significantly decreases the spectral resolution in acetone-d6

and therefore is not recommended for this NMR solvent. Further decrease in experimental
time and the amount of sample can be achieved by the use of a cryogenic probe [24,25].
As has been mentioned earlier, high-resolution NMR spectroscopy requires the isolation of
soluble lignin preparation/sample that usually consumes an appreciable amount of time.
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However, improvement of isolation methods such as ball milling, and/or the yields of
lignin preparations significantly decreased the experimental time and the amount of sample
(wood) required to obtain a sufficient amount of lignin. Moreover, the use of accelerated
solvent extraction (ASE, Dionex) allows the extraction of MWL preparation in 15 min
(instead of 4 days in classical MWL protocol) at 80◦C without any change in lignin structure
[41] resulting in tremendous decrease in the experimental time. Thus, combination of all the
achievements in the isolation techniques and NMR spectroscopy has allowed comprehensive
lignin analysis using 100–200 mg of wood (20–30 mg of lignin) within a few days (including
isolation and analysis) [25,27,32,41].

Dedicated methods can be used to obtain additional information on specific features of the
lignin structure and/or to verify previous information with another independent technique.
A few examples are given in Figure 9.2. In addition, comparison of detailed data obtained
for isolated lignin preparations with available results from the analysis of lignin without its
isolation is valuable for understanding the structure of lignin in situ.

9.3.4 Current understanding of the structure of lignin

The structure and biosynthesis of lignin, including newly discovered moieties, were com-
prehensively discussed in a recent review [3]. However, the authors did not present much
quantitative information, and therefore we will focus on this issue here. Table 9.1 sum-
marizes our recent results [45,52], along with literature data, on the structure of soft- and
hardwood MWLs. As spruce MWL is the most investigated lignin preparation, a few ana-
lytical approaches to its analysis are compared (Table 9.1). Birch lignin is presented as the
most investigated hardwood lignin, whereas the data on E. grandis MWL are an example of
the application of our recent approach. Recent findings in lignin chemistry are in general
agreement with earlier suggested comprehensive models [1,2], however, some important
exceptions have been indicated:

• The amounts of benzylic OH groups were significantly underestimated by a wet chem-
istry method [52]. The benzyl alcohol groups were detected by DDQ oxidation of
premethylated lignin followed by UV detection of the α-carbonyl groups formed. Our
studies on this reaction using the HMQC technique showed [64] that the reaction is
not selective; the oxidation of α-OH groups is not complete, and some yet unidentified
structures are formed in notable amounts in addition to the target α-carbonyl products.
Therefore, NMR techniques give more reliable values (∼35/100 C9-units) than the wet
chemistry method (16–25/100 C9-units).

• Modern NMR methods do not confirm the presence of non-cyclic α-O-4 moieties
(structure 2) (Figure 9.3); dibenzodioxocin (DBDO) moieties (structure 7) (Figure 9.3)
have been suggested instead [49,65]. The quantity of the dibenzodioxocin structures has
not been determined very accurately yet. 13C NMR apparently gives somewhat inflated
values due to the incomplete resolution of DBDO signal [66]. Calculation of DBDO
moieties from quantitative HSQC spectra [50] should be more accurate. However, the
experimental conditions allowing the quantitative 2D analysis of lignin have not been
completely established yet. The DFRC-31P NMR approach [58,60] should be considered
with care due to the inaccuracies discussed earlier [66].
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• The amount of β-1/α-OH moieties (structure 9) was significantly overestimated by
degradation techniques; significant amount of β-1 units are of spirodienone type
(structure 8) (Figure 9.3) [52,67].

• Significant amounts of Alk-O-Alk moieties (Table 9.1) have been suggested based on
the analysis of quantitative 13C NMR spectra [45,52]. However, this suggestion and the
exact structures of these moieties require further investigations.

Generally, the structure of lignin is very heterogeneous. Although most of the side-chain
structures are β-O-4 units (45–50% for softwood and up to 65% for typical hardwoods), they
are of different structural types (structures 1–4 and 7; Figure 9.3). Various combinations
of G- and S-units in these structures in hardwood lignins further increase the diversity. In
addition, stereochemical isomers (E and Z, R and S) should be taken into account. A large
variety of different moieties are present in lignins in small (1–5%) amounts (Figure 9.3,
Table 9.1). Furthermore, it is very difficult to come to 100% balance when quantifying lignin
structure in absolute values with quantitative NMR methods. All identified side-chain units
make up∼80–85%, and the exact structure of 15–20% lignin moieties is still unknown.

It is noteworthy to mention that the pictorial structures of lignin suggested [1,2] are
very tentative as very little is known about the sequence of various lignin moieties in the
macromolecule. The only method allowing the assessment of the sequences of lignin units is
the electrospray ionization-mass spectrometry (ESI-MS) technique. First interesting results
reported tentative assignments of some of the lignin oligomers [68]. However, most of the
lignin fragments are still to be assigned.

9.3.5 Analysis of technical lignins

The structures of technical lignins are even more heterogeneous than those of native lign-
ins. Degradation of lignin during pulping results in a notable decrease in the amounts of
original lignin moieties, particularly β-O-4 units, and the formation of a large variety of
new structures. NMR approach to assess the structure of technical lignins is different from
what we use for native lignins [45,52]. Due to broad and overlapping peaks 13C NMR
allows quantification typically on the level of functional groups and inter-unit linkages
(see Table 9.2), but not much on the amounts of specific structures [55]. Correlation 2D
NMR was very useful in the identification of various moieties formed during kraft pulp-
ing, such as units 21–28 (Figures 9.3 and 9.4), along with moieties of the original native
lignin [19–21,23,24,69]. However, their quantification still remains a challenge. Compar-
ison of relative signal intensities was used to estimate the abundance of various moieties
[19,20,23,24]. Development of semi- and quantitative 2D NMR methods [22,50,51] is very
important for more accurate analysis of technical lignins.

Investigation of technical lignins with 2D NMR demonstrated that the classical theory
of lignin condensation, developed by using lignin model compounds, is very limited in
kraft pulping of wood [19,24,69]. The role of Na2S in kraft pulping mechanism should
also be revised [70]. A new radical mechanism of condensation reactions involving sulfur
species has been recently suggested [71]. However, this mechanism does not explain lignin
condensation in alkaline conditions in the absence of Na2S (in soda pulping), and therefore,
the mechanism of lignin condensation in alkaline pulping should be further investigated.
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Table 9.2 Amount of different functionalities (per 100 Ar) in residual and technical/dissolved kraft lignins
determined by 13C NMR.

Moieties EGL RL EGR RL BRL EGL DL EGR DL BDL PRL PDL

Al–COOH 22 17 30 16 13 18 37 20
Ar–COOH 2 2 3 2 3 2 4 1
Total OH 162 143 123 128 119 107 127 108
Alip OH 123 78 56 51 39 27 55 34
OHpr 71 43 28 29 24 23 36 23
OHsec 52 35 28 22 15 4 19 11

OHph 39 65 67 77 80 80 72 74
S/G ratio 2.3 1.1 1.3 2.5 1.4 1.7 – –
OMe 155 129 124 141 125 141 98 81
Ar–H 194 197 162 191 186 172 210 218
Degree of condensation 37 52 82 37 55 65 90 82
β-5 1 4 4 1 2 2 4 3
β–β 3.5 3 3 2 1.5 1.5 2.5 2.5
β-O-4 37 21 3 12 5 2 5 3
Oxygenated aliphatic 221 161 123 110 79 86 114 72
Alk-Ether (total) 112 105 81 61 52 68 69 43
Alk-O-Alk 51 70 48 38 32 48 41 17

Abbreviations: EGL RL = Eucalyptus globulus residual lignin; EGR RL = Eucalyptus grandis residual lignin; BRL = birch
residual lignin; EGL DL = E. globulus dissolved lignin; EGR DL = E. grandis dissolved lignin; BDL = birch dissolved
lignin; PRL = pine residual lignin; PDL = pine dissolved lignin.

Recently, we revised the quantification of technical lignin structures with 13C NMR that in
many aspects is different from the analysis of native lignins [55]. The results are summarized
in Table 9.2. It is important to mention that the variations in the results obtained from
different analytical methods and calculation algorithms are significantly higher than in the
case of native lignins.

It is interesting to note that the differences in the structure of hardwood lignins after kraft
pulping are much bigger than those in the corresponding native lignins [23,24,55]. Lignin
in some hardwood species (birch, aspen, and poplar) is strongly degraded whereas lignin
in other species (E. globulus, E. grandis, and sweetgum) undergoes much less degradation.
This interesting phenomenon is worthy of further investigation.

9.3.6 Linkages between lignin and carbohydrates

The main types of LC linkages in wood are believed to be phenyl glycoside bonds (A),
benzyl esters (B) and benzyl ethers (C) (Figure 9.3). Different degradation techniques are
commonly used for the analysis of LCC isolated from plant tissues. This approach includes
cleavage of LC bonds and identification of the resulting products by alkaline hydrolysis, acid
hydrolysis, Smith degradation, methylation analysis, and DDQ oxidation [36,37,39,72,73].
However, most of these methods give information on the carbohydrate part of LCC only
and do not provide direct evidences on the presence LC bonds. Spectroscopic methods
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Figure 9.4 HSQC spectrum of aspen dissolved kraft lignin obtained using Bruker CryoProbe™. Numbers
and letters correspond to structures shown in Figure 9.3. Ara- and Xyl-designate arabinose and xylose
units, respectively. C∗carb correspond to C-5 of arabinose and/or C-6 of glucose and galactose in benzyl
ether lignin–carbohydrate units (C).

faces significant difficulties because of heavy overlapping signals originated from different
functionalities of LCCs.

Recent application of multi-dimensional NMR spectroscopic techniques provides a great
advantage in the LCC analysis offering direct observation of various LC bonds in a model
LCC [74] as well as in preparations isolated from wood and kraft pulps [19,23,24,32,38,44].
This allows, for the first time, direct detection of phenyl glycoside bonds in LCC preparations
isolated from eucalypt and pine [32,38,44] (Figure 9.5). Another important finding was the
detection of γ-ester LC bonds instead of commonly believed benzyl (α-) esters (Figure 9.5).
The 2D NMR showed the presence of benzyl ether linkages between lignin and various
carbohydrate sites in preparations/samples of native and kraft residual and dissolved lignins
[19,23,24,38] (Figure 9.5).

Problems resulted from the low frequency of LC bonds in LCC can be overcome by
the use of newly developed NMR equipment of high sensitivity. The use of a cryogenic
probe allows 3–4 folds increase in the sensitivity of an NMR spectrometer. Application of the
cryoprobe in the analysis of residual and dissolved kraft lignins with high-resolution HSQC
and heteronuclear multiple bond correlation (HMBC) techniques [24] allows the efficient
detection of various LC bonds presented in these preparations in low concentrations.
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Figure 9.5 Expanded aliphatic region of the HMQC spectrum of the LCC-AcOH preparation. The letters
A, B, and C designate lignin–carbohydrate bonds of phenyl glycoside, γ-ester and benzyl ether types,
respectively (see Figure 9.3). The letters α, β, and γ in subscript designate positions in lignin C9-unit. From
Balakshin et al. [38], figure 2, copyright (2007), with permission from Holzforschung.

Another way to improve the analysis of LCCs is to isolate preparations/samples enriched
in LC linkages. LCC–AcOH preparation described in the previous section has high amounts
of various LC linkages (∼0.20–0.25/C9-unit) and is more suitable for 2D NMR analysis
[32,38] (Figure 9.5). However, some important signals were still overlapped in the HSQC
spectra due to a very complex sample nature. Detailed information on LC bonds, particularly
carbohydrate linkage sites, can be obtained by using 3D NMR. Another approach is selective
sample pretreatments (mild alkaline and acidic hydrolysis, reduction, methylation) followed
by the analysis of the pretreated preparations with correlation 2D and quantitative 13C NMR
methods [41].

In spite of great progress in the analysis of LCC with modern NMR techniques, accur-
ate quantification of LC bonds using NMR spectroscopy is still a challenge. Developing
quantitative 2D NMR methods can overcome this problem. Overall, a combination of
multidimensional NMR techniques and quantitative 13C NMR with wet chemistry methods
is likely the best approach in the comprehensive analysis of LCC preparations.
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Conclusions

There is not a perfect method for the isolation and analysis of lignin and LCC. Each analytical
approach has specific advantages and limitations. Therefore, combination of appropriate
methods and confirmation of experimental data by various independent techniques give
the best results. The choice of optimal methodological strategy depends on the research
objective, the nature of lignocellulosics, the number of samples to be studied and other
variables. Significant progress in the analysis of lignocellulosics has been made recently
with the development of new analytical methods, generating new structural information
while allowing the comprehensive analysis to be done with a small amount of samples in a
short experimental time.
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Chapter 10

Chemical Composition and Lignin
Structural Features of Banana Plant
Leaf Sheath and Rachis

Lúcia Oliveira, Dmitry Victorovitch Evtuguin,
Nereida Cordeiro, Armando Jorge Domingues
Silvestre, and Artur Manuel Soares da Silva

Abstract

Two morphological regions, leaf sheath and rachis, of banana plant “Dwarf Cavendish”
grown in Portugal were subjected to chemical composition studies and found to have high
ashes (19–27%), extractives (13–18%), cellulose (31–37%), and hemicelluloses (8–12%)
contents, and relatively low lignin (10–13%) content. The native in situ lignins were char-
acterized by nitrobenzene and permanganate oxidation (PO), while the dioxane lignins
(DLs) were analyzed by PO, UV, Fourier transform-infrared spectroscopy (FT-IR), solid-
and liquid-state NMR spectroscopies and size exclusion chromatography. Both the leaf
sheath and the rachis lignins are essentially of p-hydroxyphenyl (H)–guaiacyl (G)–syringyl
(S) type with H/G/S ratio of (20–35)/(51–60)/(14–20). The structural variation of lignin
in these morphological parts of banana plant is significant in terms of H/G/S ratio and
for the content of condensed structures. Most of the H units in DLs are terminal phenolic
coumarates linked to other lignin substructures by ester bonds in contrast to ferulates that
are mainly ether-linked to the bulk lignin. It is proposed that banana plant leaf sheath lignin
is chemically bonded to suberin-like components of the cell tissues by ester linkages via
ferulates in a greater extend than rachis lignin. β-O-4 structures (0.31–0.34/C6), the most
abundant in DLs, comprise mainly S units.

10.1 Introduction

Nonwood agricultural residues are highly abundant around the world and are becoming
increasingly important as raw materials for energy and chemical feedstock production.
The annual production of such biomass per area is much higher than in forests, and the
payback time of nonwood plantations is much shorter than that of forest plantations.
Wheat straw, rice straw, and bagasse are the most well-known examples. The banana tree,
an annual herbaceous plant that produces fruit all year around, could potentially serve as
an inexpensive and readily available nonwood, renewable source of biomass.
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About 4 500 000 ha of cultivated area worldwide are occupied by banana plantations [1].
Nowadays, India is the largest worldwide producer of banana (16.8 million tons year−1) fol-
lowed by Ecuador (5.4 million tons year−1) and Brazil (5.3 million tons year−1) [1]. Among
the banana varieties, the Cavendish is the most exploited, corresponding to∼ 1

3 of the world-
wide production (24.0 million tons year−1). Usually, after harvesting the single bunch of
bananas, a great amount of residues are produced. Despite the important function of these
residues for soil fertilization, their accumulation in high amounts promotes the prolifer-
ation of insects and microorganisms, leading to serious environmental and phytosanitary
problems. In terms of dry weight material, the Cavendish group produces ∼8 tons ha−1

of pseudostems, 7.7 tons ha−1 foliage and ∼0.5 tons ha−1 of rachis [2]. The development
of new applications for these residues could serve as an income for banana producers and
regional economy.

Recent preliminary studies on the utilization of pseudostems and rachis from “Dwarf
Cavendish” as raw materials for papermaking [3] and composite materials [4] have shown
rather promising results. Further investigations on the potential industrial utilization of
“Dwarf Cavendish” banana residues require a detailed knowledge of their chemical com-
position. The bibliography covering fundamental aspects of banana plant chemistry is rather
scarce and a more comprehensive study is needed. This knowledge is crucial in identifying
possible applications and profitable processing of banana plant residues. In this chapter
we present our results on the chemical and structural characterization, in particular, lignin
structural analysis of the most abundant fractions, leaf sheath, and rachis from “Dwarf
Cavendish” banana plants.

10.2 Materials and methods

10.2.1 Preparation of plant material

Randomly selected mature “Dwarf Cavendish” banana plants were harvested from a banana
plantation in Funchal (Madeira Island, Portugal). The plants were separated into five dif-
ferent morphological parts: petioles/midrib, leaf blades, floral stalk, leaf sheath, and rachis.
The pseudostems were separated from foliage, manually separated into leaf sheath (major
part of the pseudostem) and floral stalk, and air-dried. The fractions corresponding to
leaf sheath and rachis were milled in a Retsch AS200 and sieved to 40–60 mesh fractions,
respectively, and used for our studies.

10.2.2 Chemical analysis

The ash content was determined by complete incineration of a milled leaf sheath or rachis
sample in a Nabertherm muffle furnace at 600◦C for 6 h. The analysis of mineral element
was performed at the Laboratories of the Service Central d’Analyse of CNRS (Vernaison,
France). The extractives were isolated by successive Soxhlet extractions of a sample with
dichloromethane, ethanol/toluene (1:2 v/v), and water. The solvent and water-extracted
milled leaf sheath and rachis were air-dried and used for further analyses. The lignin con-
tents were determined using the Klason method [5]. The holocellulose and the cellulose
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were obtained using the peracetic acid method [6] and the Kürschner–Hoffner method [7],
respectively. The holocellulose was fractionated into hemicellulose A, hemicellulose B, and
α-cellulose by successive extraction, in nitrogen (N2) atmosphere, with 5% and 24% KOH
aqueous solutions containing 0.014 g L−1 of NaBH4, respectively [8]. The pentosan and
starch contents were determined using the bromide/bromate method [9] and the iodine
colorimetric method [10], respectively. Crude protein contents were calculated by convert-
ing the nitrogen contents (N × 4.4), determined by the Kjeldahl method in a Kjeldahl
Selecta Alcodest still [11,12]. The neutral sugars in the water extractives and the isolated
hemicelluloses were quantified as alditol acetate derivatives by gas chromatography [13].
All chemical analysis and fractionation experiments were carried out, at least, in duplicate,
and the presented results are the average values with a standard deviation<3%.

10.2.3 Isolation and characterization of lignins

10.2.3.1 Milled wood lignin

Milled wood lignins (MWLs) were isolated from the solvent and water-extracted milled
leaf sheath and rachis, respectively, using a centrifugal ball mill (Retsch S100) with sintered
corundum I jar and balls, and purified according to the Björkman method [14] with minor
modifications [15].

10.2.3.2 Dioxane lignin

The solvent and water-extracted milled leaf sheath and rachis were, respectively, subjected
to an alkaline (0.3% aqueous NaOH) extraction and then to acidolysis using the dioxane
method adapted from a previously published procedure [16]. The alkali-extracted materials
were subjected to three sequential extractions (30 min each) with 200 mL of dioxane/water
(9:1, v/v) solution containing 0.2 M HCl at reflux under N2, and were then washed with
dioxane/water (9:1, v/v) (without HCl) [16]. The extracts were concentrated separately to
∼40 mL each; and the resulting concentrates were then combined. The DLs were precipitated
by adding the combined concentrates to cold water, isolated by centrifuging, washed with
water until neutral pH, and freeze-dried.

10.2.3.3 Lignin purification

The isolated DLs were purified by dissolution in dioxane/methanol (9:1, v/v) (under stirring
at room temperature for 2 h) and re-precipitation in cold water, followed by centrifuging
and freeze-drying. The centrifuging procedure was repeated to ensure that all the purified
lignin was extracted. All the purified lignin fractions were combined. The yields of purified
DLs from both the leaf sheath and the rachis were∼30% of the Klason lignin in the alkali-
extracted materials. The purified DLs were dispersed three times in chloroform at room
temperature for 24 h with constant stirring, followed by filtration and drying under vacuum
to remove the aliphatic compounds in them [17]. The purified, chloroform-treated DLs
with yields of ∼17% of the Klason lignin in the alkali-extracted materials were submitted
to structural characterization.



Suma Hu: “c010” — 2007/11/29 — 14:23 — page 174 — #4

174 Characterization of Lignocellulosic Materials

10.2.3.4 Chemical analysis

Pyrolysis–gas chromatography/mass spectrometry (Py–GC/MS) of the MWLs, nitroben-
zene and/or permanganate oxidation (PO) of the in situ lignins and the DLs were performed
according to the literature procedures [18–20]. The analyses of neutral sugars in the DLs
were performed according to the literature procedure [13]. Methoxyl group analysis was
performed using Zeisel procedure [21], and the elemental composition was determined
using a LECO CHNS-932 instrument.

10.2.3.5 Analysis of DLs by size exclusion chromatography

The weight-averaged molecular weight (Mw ) of the DLs dissolved in dimethylformamide
(0.5% w/v) and 0.1 N LiCl were determined by size exclusion chromatography (SEC)
using a PL-GPC 110 chromatograph (Polymer Laboratories, UK) equipped with a Plgel
10 µm precolumn and two 300 mm × 7.5 mm Plgel (5 µm) Mixed D columns (Polymer
Laboratories, UK). The precolumn, column, injection system, and a refractive index detector
were maintained at 70◦C. The eluent (0.5% w/v LiCl in DMF) was pumped at a flow rate
of 0.9 mL min−1. The SEC columns were calibrated using lignin preparations previously
characterized by electrospray ionization–mass spectrometry (ESI–MS) [22].

10.2.3.6 Analysis of DLs by ultraviolet, FT-IR, and 13C
cross-polarization magic angle spinning NMR

UV spectra of the DLs were recorded in 2-methoxyethanol on a JASCO V-560 UV–vis spec-
trophotometer (1.0-cm cell). Fourier transform-infrared spectroscopy (FT-IR) spectra of
the DLs were recorded on a Mattson 7000 FT-IR spectrometer using KBr pellets (1/250 mg).
The spectra resolution was 4 cm−1, and 64 scans were averaged. 13C solid-state NMR spec-
tra of the DLs were recorded at 100.6 MHz (9.4 T) on a Bruker Avance 400 spectrometer.
A 7-mm double bearing Bruker rotor was spun in air at 5.0 kHz. In all experiments the 1H
and 13C 90◦ pulses were ∼0.4 µs. The cross-polarization magic angle spinning (CP-MAS)
spectra were recorded with a 5 s recycle delay and a 2 ms contact time.

10.2.3.7 Analysis of the acetylated DLs by 1H NMR

The DLs were acetylated according to the literature procedure [21]. The 1H NMR (300 MHz)
spectra of the acetylated DLs in deuterated chloroform (CDCl3) solution (2% concen-
tration) were obtained on a Bruker Avance 300 spectrometer at room temperature. The
acquisition parameters used were: 12.2 µs pulse width (90◦); 3 s relaxation delay; 300 scans.

10.2.3.8 Analysis of MWLs and DLs by 13C NMR
13C NMR (75.5 MHz) spectra of the MWLs and DLs in DMSO-d6 (∼23% concentration)
were recorded on a Bruker Avance 300 spectrometer at 318 K with SiMe4 (tetramethylsilane
[TMS]) as an internal reference. The inverse-gated decoupling sequence, which allows
quantitative analysis and comparison of signal intensities, was used with the following
parameters: 4.1 ms pulse width (90◦ pulse angle); 12 s relaxation delay; 16 K data points;
18 000 scans.
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Table 10.1 Chemical composition of leaf sheath and
rachis of “Dwarf Cavendish” (% w/w).

Components Leaf sheath Rachis

Ashes 19.0 26.8

Extractivesa

Dichloromethane 1.4 1.5
Ethanol/toluene 2.1 1.4
Water 9.1 14.7
Total 12.6 17.6

Lignin
Insolublea 12.6 9.6
Soluble 0.7 0.9
Total 13.3 10.5

Holocellulosea 49.7 37.9
Hemicellulose Aa 7.2 3.9
Hemicellulose Ba 4.2 3.6
α-Cellulosea 37.1 28.4

Cellulosea 37.3 31.0

Pentosanes 12.4 8.3

Starch 8.4 1.4

Proteins 1.9 2.0

a The ash content was determined and the final value was correc-
ted using the following equation: [% component corrected] =
[% component obtained] × (100− [% ashes])/100.

10.3 Result discussion

10.3.1 Chemical composition of leaf sheath and rachis

The results of the chemical composition of the “Dwarf Cavendish” leaf sheath and rachis are
presented in Table 10.1. Both the leaf sheath and the rachis contain significant amounts of
ashes (19.0% and 26.8%) and extractives (12.6% and 17.6%), which are considerably high
when compared with some other fast growing plants [23–25]. The lipophilic extractives
(∼1–2%) are likely composed mainly of long-chain fatty acids, (including several α- and
ω-hydroxyfatty acids), long-chain aliphatic alcohols, sterols, and steryl glucosides. Minor
amounts of aromatic acids, mono-glycerides and fatty acids steryl esters have been detec-
ted within these lipophilic extractives [26,27]. The high contents of ashes and lipophilic
extractives may constitute a negative point of the leaf sheath and rachis when used as a fiber
source for pulp and paper processing. Ashes have a negative effect on kraft pulping such as
in the recovery of pulping chemicals and in the pulp yield, and on paper quality. Extractives
will increase the consumption of chemicals during pulping and bleaching processes and
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may lead to pitch deposits in mill machinery and in pulp and paper, requiring higher main-
tenance costs and also decreasing the final product quality. However, the identification of
“Dwarf Cavendish” as an abundant source of steryl glucosides [26], known for the health
benefits associated with their inclusion in human diet, namely their ability to lower blood
cholesterol [28,29], could provide other potential uses of the leaf sheath and rachis.

Water-soluble extractives (9.1% in leaf sheath and 14.7% in rachis) are the predomin-
ant contributors to the total extractives content (∼72–84%). Preliminary results showed
that the water-soluble extractives are composed mainly of ashes (49% in leaf sheath and
64% in rachis) and carbohydrates (33.3% in leaf sheath and 6.4% in rachis). Among the
water-soluble/water-extracted carbohydrates in leaf sheath, starch was the most abundant
constituent.

Cellulose is the major polysaccharide in the leaf sheath and rachis (∼31–37%). The leaf
sheath and rachis also contain significant amounts of hemicelluloses (11.4% and 7.5%,
respectively; see further characterization below) and lignin (∼10–13%). The amounts of
lignin are typical for a large variety of gramineaceous species and very similar to those
reported for other annual plants [23–25,30]. Proteins were detected in small amounts in
the leaf sheath and rachis (∼2%).

10.3.2 Noncellulosic polysaccharides

Noncellulosic polysaccharides, consisting mainly of pentosanes and starch, represented 42%
and 26% of the total amount of polysaccharides in the leaf sheath and rachis, respectively
(Table 10.1). In the rachis, starch was detected in a very small amount (1.4%), whereas in
the leaf sheath its content was rather significant (8.4%). Similarly, the leaf sheath contained
more pentosanes (12.4%) than the rachis (8.3%). Fractionation of holocellulose into the
acidic hemicellulose (typically the glucuronoxylans), hemicellulose A (or HA), the neut-
ral hemicellulose (typically the glucomannans), hemicellulose B (or HB), and α-cellulose
showed that there was more HA than HB, particularly in the leaf sheath (Table 10.2). Fur-
ther analysis of the monosaccharide composition of the HA and HB fractions (Table 10.2)
showed that the HA fractions from both the leaf sheath and the rachis were composed
essentially of xylans. However, the HA fraction of leaf sheath contained also a remarkable
amount of arabinans. The relatively high proportion of xylose in the HB fractions may be,
at least partially, due to the incomplete xylan extraction during HA isolation. The relat-
ively high proportions of both the xylose and the glucose in the HB fractions suggested the
presence of xyloglucans in these fractions. A more complete elucidation of the structures of
these hemicelluloses remains to be performed.

10.3.3 Lignin characterization

10.3.3.1 Isolation and some chemical analyses of lignin

The leaf sheath together with the rachis represent the major components of the banana tree,
containing long fibers suitable for potential applications in papermaking and in biocompos-
ites [3,4]. In this context the knowledge on the lignin structure in these two morphological
regions is particularly important.
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Table 10.2 Monosaccharides composition in hemicelluloses
A and B (HA and HB, respectively) of “Dwarf Cavendish” from
leaf sheath and rachis (% molar proportions).

Monosaccharide Leaf sheath Rachis

HA HB HA HB

Rhamnose 0.5 0.4 1.5 0.4
Arabinose 27.5 4.1 6.3 1.2
Xylose 57.0 52.3 72.6 50.4
Mannose 0.2 0.9 1.0 2.1
Galactose 6.9 4.1 2.9 4.4
Glucosea 7.9 38.2 15.7 41.5

a Corrected for starch content.

The isolation of MWL from the leaf sheath and rachis was a difficult task. Owing to the
relatively low content and the strong structural association of the in situ “Dwarf Cavendish”
lignin with polysaccharides and lipophilic compounds, the yields of the purified MWLs were
rather low (0.8% and 4.0% for the rachis and the leaf sheath, respectively). The analysis
of solid-state 13C NMR spectra of these lignin samples (not shown) revealed the presence
of high proportions of aliphatic, phenolic compounds (tannins), and carbohydrates. The
ratios of p-hydroxyphenyl (H)/guaiacyl (G)/syringyl (S) units, estimated by Py–GC–MS
analysis, were 31:55:14 and 40:24:36 for the MWLs from the leaf sheath and the rachis,
respectively. These ratios were significantly different from those obtained for the in situ lign-
ins by nitrobenzene oxidation analysis of the leaf sheath and rachis (12:25:63 and 11:18:71,
respectively). These results (low yields, high contamination and different H/G/S ratios from
the in situ lignins) show that the MWLs are not representative of the in situ lignins. Thus,
our detailed lignin structural analyses were carried out only on the DLs.

DLs were isolated from extractives-free materials that had also been extracted with
alkali to eliminate the tannins. Their yields (∼30% based on Klason lignin in the
alkali-extracted materials) were about half of those reported for other annual plants
[31,32]. This can be explained by a strong structural association of the in situ “Dwarf
Cavendish” lignin with polysaccharides and, especially with lipophilic compounds in
these tissues, based on a series of spectroscopic data that were discussed elsewhere
[33]. For this reason, all DLs were additionally purified by dispersion/extraction in/with
chloroform at room temperature for 24 h. Notable amounts of long-chain hydroxy-
acids (2-hydroxytetracosanoic, 24-hydroxytetracosanoic, 26-hydroxyhexacosanoic, and
28-hydroxyoctacosanoic acids among others) and p-coumaric (4-hydroxycinnamic) and
ferulic (4-hydroxy-3-methoxycinnamic) acids have been detected in the chloroform extract
[33]. These acids may be originated from suberin-like structures, saponified during the
alkaline extraction prior to DL isolation [33].

Purified and chloroform-treated DL from the leaf sheath (DLLS) and that from
the rachis (DLR) were subjected to methoxyl group content and elemental ana-
lyses, leading to the formulation of the empirical formula per phenylpropane unit
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Figure 10.1 UV spectra of dioxane lignins from banana plant leaf sheath (DLLS) and rachis (DLR).

(C9 or ppu): C9H9.78O2.71(OCH3)1.09 for DLLS and C9H8.54O4.18(OCH3)1.41 for DLR.
The frequency of methoxyl group substitution in the aromatic ring of DLLS was slightly
lower than that of DLR, suggesting a higher content of S units in the later. The obtained
values are similar to those reported previously for other annual plant lignins such as Arundo
donax and Hibiscus cannabinus [31,32].

10.3.3.2 Analysis of DLs by UV, FT-IR, and 13C CP-MAS NMR

The UV spectra of DLLS and DLR (Figure 10.1) showed absorption bands typical for DLs
from other annual plants [31,32]. However, the extinction coefficient of the characteristic
absorption maximum at 280 nm which corresponds to the π → π∗ transition in the
aromatic ring [34] for DLLS was higher than that for DLR (Table 10.3). The hypsochromic
shift of this band for DLR (Figure 10.1, Table 10.3) confirmed the higher proportion of
S units in rachis than in leaf sheath lignin as suggested from the methoxyl group content
analysis.

DLLS also had a higher extinction coefficient at 310 nm than DLR (Table 10.3). The
absorption at 310 nm, assigned to the n → π∗ transition in lignin units containing
Cα==O groups and π → π∗ transitions in lignin units with Cα==Cβ linkages conjug-
ated to the aromatic ring, had previously been reported as being indicative of the presence
of 4-hydroxycinnamic acid type structures [35]. The presence of 4-hydroxycinnamic acid
type structures in our DLs was supported by the FT-IR spectra (Figure 10.2), which showed
the characteristic bands at 1708 and 1630 (number not shown in the spectra) cm−1 ascrib-
able to the C==O stretching of carboxylic acids, and to the stretching of C==C moieties
conjugated to the aromatic rings, respectively [36].

In the FT-IR spectrum of DLLS (Figure 10.2) the intensity of the signal at 1328 cm−1

that can be assigned to syringyl ring breathing with CAr−−OCH3 stretching [36] is lower
than that in the spectrum of DLR. Simultaneously, the ratio of A1462/A1594 that is related
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Table 10.3 Extinction coefficients
(L g−1 cm−1) of DLLS and DLR at
different wavelengths.

Wavelength (nm) DLLS DLR

209 121 99
230 56 47
276/280a 23 18
310 19 14

a 276 nm for DLR and 280 nm for DLLS.

DLLS

DLR

11
24

83
4

15
94

15
04

14
22

14
62

13
28

12
24

17
08

28
41

29
38

34
21

92
0

3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm−1)

Figure 10.2 FT-IR spectra of dioxane lignins from banana plant leaf sheath (DLLS) and rachis (DLR).

to the amounts of methoxyl groups in lignins [37] is lower for DLLS than for DLR. Both of
these features suggest a higher content of S units in DLR, which is in agreement with the
empirical formula and the UV analysis.

13C CP-MAS NMR spectroscopy confirmed the higher content of S units in DLR and also
showed the higher content of 4-hydroxycinnamic acid type structures in DLLS than in DLR.
Thus, the relative intensity of the signal at δ 152 ppm, assigned to C3/C5 resonance in S units
[38], is higher for DLR than for DLLS (Figure 10.3). In contrast, the signal at δ ∼ 160 ppm,
assigned to C4 in p-coumarates, is remarkably stronger for DLLS. Additionally, the presence
of aliphatic signals at δ 10–40 ppm was detected mainly in the DLLS spectrum.

10.3.3.3 Lignin molecular weight

The SEC chromatograms of DLLS and DLR were significantly different from each other,
and they showed bimodal and trimodal molecular weight distribution curves, respectively
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Figure 10.3 Solid-state 13C CP-MASNMR spectra of dioxane lignins from banana plant leaf sheath (DLLS)
and rachis (DLR).
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Figure 10.4 SEC molecular weight distribution of dioxane lignins from banana plant leaf sheath (DLLS)
and rachis (DLR).

(Figure 10.4), providing evidence for the presence of structurally inhomogeneous lignin
fractions. One of the reasons may be the branching of some of the lignin fractions with
suberin-like materials that increased the hydrodynamic volume of lignin macromolecules.
Formally determined Mw values of DLLS and DLR were 3350 and 5450 Da, respectively.
However, lignin fragments possess in general rather low molecular weights, which in these
cases correspond to the fractions eluted at 17–18 min (1200–1800 Da).

10.3.3.4 PO analysis of DLs and the in situ lignins

PO of the ethylated DLs and in situ lignins, followed by esterification according to the liter-
ature procedure [19] and GC/GC-MS analysis, allowed the identification and quantification
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Figure 10.5 Various carboxylic acid methyl esters obtained using permanganate oxidation
procedure [19].

Table 10.4 Molar proportions of carboxylic acid methyl esters (I–IX) (see Figure 10.5 for structures) and
the corresponding H, G, and S units obtained using the permanganate oxidation procedure [19].

Samples I (H) II (G) III (S) IV (G) V (G) VI (S) VII (G) VIII (G) IX (G-S)

Leaf sheatha 35 36 9 5 2 4 5 2 2
Rachisa 20 43 16 6 3 2 5 2 3
DLLS 21 33 24 6 3 2 6 1 4
DLR 23 28 31 4 2 2 3 1 6

a Alkali-extracted material.

of nine carboxylic acid methyl esters (Figure 10.5, Table 10.4), and the estimation of the
molar proportions of the different lignin substructures in these samples.

Our UV and FT-IR results indicate that most of the H units are p-coumaric
(4-hydroxycinnamic) acid type structures. The significantly higher content of H units in
the in situ lignins (20–35 mol%, Table 10.4) than that obtained by nitrobenzene analysis
(11–12 mol%) indicate that most of them are terminal phenolic units, as only such units
are accessible to PO analysis. Although the proportions of condensed structures (products
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IV–IX, Table 10.4) in the in situ lignins and in DLs are similar, the proportions of non-
condensed H, G, and S structures (products I–III) in these samples are rather different.
During the acidolytic isolation of DLs, some of the β-O-4 linkages in lignin are broken,
yielding phenolic end units accessible for PO analysis. The increased proportion of product
III and the accompanying, decreased proportion of product I (for DLLS) or II (for DLR)

when compared with the corresponding in situ lignins (Table 10.4) suggested that the O4
units in the β-O-4 linkages involve a relatively higher S units but lower H units for the leaf
sheath lignin, and relatively higher S units but lower G units for the rachis lignin. It can
also be concluded based on results of PO analysis that most of the condensed structures of
“Dwarf Cavendish” lignin are represented by phenylcoumarin (β-5′) and biphenyl (5-5′)
type structures (products IV and VII, respectively). The noticeable amounts of product VI
(2–4 mol%) indicate the presence of α-6′ (isotaxiresinol type) or β-6′ (phenylisochroman
type) structures as suggested previously in wood lignins [39,40].

DLLS had slightly more condensed units (molar ratio of products IV–IX/products
I–III = 22%) than DLR (molar ratio of products IV–IX/products I–III = 18%). The
contents of condensed units in these lignins are similar to those reported for other annual
plants and woods [16,31,32,41].

10.3.3.5 13C NMR analysis

The quantitative 13C NMR spectra of the purified DLLS and DLR are presented in
Figure 10.6, and the data on the frequency of occurrence of different structures, together
with signals (δ ppm) used for the assignment of the structures, are summarized in Table 10.5.
The almost complete absence of typical polysaccharide signals (δ 90–103 ppm) confirms

50100150 ppm

DMSO-d 6

LDR

LDLS

*

Figure 10.6 13C NMR spectra of dioxane lignins from banana plant leaf sheath (DLLS) and rachis (DLR)
(∗ = solvent contamination).
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Table 10.5 Frequency of various structural units in DLLS and DLR as revealed by 13C NMR.

Structural units (signal used for assignment, δ) Number/C6

DLLS DLR

OCH3 (55.0 ppm) 1.10 1.55
β–β+ β-5 structures (51.5–54.0 ppm) 0.08 0.02
β-O-4 structures without Cα==O (59.0–61.0 ppm) 0.27 0.32
β-O-4 structures with Cα==O (63.0 ppm) 0.04 0.02
Benzyl and Cγ ester structures (75.0–76.0 and 64.0–65.0 ppm) 0.09 0.05
Coniferyl alcohol structures (61.8 ppm) 0.02 0.02
p-Coumaric acid structures (Pc) (167.8 or 159.0–162.0 ppm) 0.07 0.05
Ferulic acid structures (Fe) (calculated value) 0.05 0.05
p-Hydroxybenzoic acid (163.0 ppm) nd 0.02
Esterified Pc and Fe structures (166–167 ppm) 0.07 0.04
Etherified Pc and Fe structures (167–168 ppm) 0.05 0.06
H/G/S ratio 7:43:50 7:29:64

the low content of associated polysaccharides in both lignins as determined by analysis of
neutral sugars (∼1–2%). The signals at δ 103–156 and 159–162 ppm are due to aromatic
(Ar) carbon and the side-chain olefinic carbon resonances [42]. We used the integral of
these signals that had been corrected for the olefinic carbons (see below) to calculate the
molar number of all structural units per one Ar ring (C6); molar number of a structural
unit/C6 = integral of the characteristic carbon resonance in the structure/corrected integral
at “103–156+ 159–162” ppm

The resonances at δ 167.8 and 166.4 ppm are assigned to C==O carbons in carboxyl and
ester groups, respectively, in p-coumaric and ferulic acid structures [43,44]. The signals at
δ 159.0–162.0 ppm also indicate the presence of p-coumaric structures and are assigned
to Ar–C4. The signal at δ 163.0 ppm present only in the DLR spectrum is assigned to
Ar–C4 in p-hydroxybenzoic acid. A small resonance at δ 61.8 ppm is assigned to Cγ in
cinnamyl alcohol units [42]. Using these assignments, the integral of signals at 103–156 and
159–162 ppm (abbreviated as I103−162) was corrected for the presence of olefinic structures
[I103−162(corrected) = I103−162–2I166.0−168.0–2I61.5−62.0] and used for the calculation of
the molar number of a structural unit/C6.

Characteristic tertiary carbon signals from S units at δ 103.0–110.0 ppm (C2,6), G units
at δ 110.0–125.0 ppm (C2,5,6), and quaternary carbon resonances from H units at δ
159.0–162.0 ppm (C4) were used to assess the H/G/S ratio in both lignins [16]. In DLR

the resonance at 163 ppm, due to p-hydroxybenzoic acid, was also included as H resonance.
The H/G/S ratio was 7:43:50 and 7:29:64 for DLLS and DLR, respectively. However, the
proportion of S units may be seriously overestimated as these structures are less condensed
than G units and contribute more strongly to the number of tertiary carbon signals. The
amounts of H type structures other than p-coumarates were insignificant (<0.02/C6) as
revealed from integrals of the signals at δ 156–158 ppm (C4 in corresponding structures)
and were not included in our calculations. The amount of p-coumaric acid structures was
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assessed based on signals at δ 159.0–162.0 ppm and the amount of ferulic acid structures
was calculated from the difference of integrals at 166.0–168.0 ppm (sum of p-coumarates
and ferulates) and those at δ 159.0–162.0 ppm (only p-coumarates).

p-Coumaric acid structures in both lignins are mainly terminal phenolic units, because
the signal at 159.8 ppm (C4 in phenolic p-coumarates) is prevalent over that at δ 160.8 ppm
(C4 in nonphenolic p-coumarates). Therefore, a predominant part of p-coumaric acid
structures is ester-linked to other lignin substructures. In the 13C NMR spectra, the char-
acteristic resonances at δ 75.0–76.0 ppm (Cα in benzyl acylated β-O-4 structures) and
64.0–65.0 ppm (Cγ in γ-acylated β-O-4 structures) [44] were observed. The total amount
of benzyl and γ-ester structures, calculated from the corresponding integrals, was almost
30% more intense than the integral of signals at δ 166.0–167.0 ppm (Cγ==O in esterified
p-coumarates and ferulates), indicating that p-coumaric acid structures are not the only
ones ester-linked to the bulk lignin. These could be the suberin-like compounds, although
the latter are normally linked to lignin by ester linkages via ferulates [45]. The intense
resonances at δ 29.0 and 31.2 ppm in DLLS (Figure 10.6) show that, despite the removal
of the major proportion of aliphatic compounds during extraction with chloroform, part
of them still remained in the purified DLLS sample. A group of nonresolved signals at δ
171–173 ppm for DLLS suggested the presence of ester-linked fatty/hydroxyl acids. Non-
esterified p-coumarates and ferulates (integral at δ 167.0–168.0 ppm) should be linked to
other lignin substructures by ether or carbon–carbon bonds.

Since most p-coumaric acid structures are terminal phenolic units (resonance at δ
159.8 ppm) and their content (0.07/C6) is similar to that of the sum of esterified p-coumaric
acid and ferulic acid structures (resonance at δ 166.4 ppm), almost all ferulic acid units
should be ether-linked. The lignin structures involving β-O-4 linkages without Cα==O
group were calculated based on the integral of signals at δ 59.0–61.0 ppm assigned to the Cγ

resonance [42]. These are the most frequent structures in both lignins, representing∼0.27–
0.32/C6. The β-O-4 structures with Cα==O group (0.02–0.04/C6) were assessed based on
the small signal at δ 63.0 ppm, assigned to Cγ in the corresponding structures [42]. The
amounts of these structures were confirmed by the integral at δ 196.0–198.0 ppm assigned
to Cα==O groups of β-O-4 structures [46]. DLR contains fewer β–β and β-5 structures than
DLLS (Table 10.5), as calculated from integral of signals at δ 51.5–54.0 ppm assigned to Cβ
in the corresponding structures [42].

Comparing the intensities of the signals at δ 152.1 ppm (C3,5 in etherified β-O-4 linked
S units) and 149.0–149.5 ppm (C3 in etherified β-O-4 linked G units), the ratio of which
is about 8:1 for both lignins, it can be concluded that S units are mainly ether-linked
contributing to linear molecular fragments, whereas G units are mainly non-etherified and
linked by carbon–carbon bonds representing terminal phenolic lignin units. This explains
the much higher content of G than S units in PO analysis (Table 10.4).

10.3.3.6 1H NMR analysis
1H NMR spectroscopy was used to confirm the quantitative estimation of some structural
units obtained from the analysis of 13C NMR and to obtain additional structural inform-
ation on the DLs. All calculations were made per C9 unit using the signal of methoxyl
protons at 3.60–4.00 ppm as an internal standard. The 1H NMR spectra of the acetylated
DLLS and DLR are presented in Figure 10.7. The amounts of β-O-4 structures without
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Figure 10.7 1H NMR spectra of the acetylated dioxane lignins from banana plant leaf sheath (DLLS) and
rachis (DLR) (∗ = solvent contamination).

Table 10.6 Frequency of major structural units in DLLS and DLR as revealed by 1H NMR.

Structural elements DLLS DLR

−−CH2−− and −−CH3 1.36 1.69
Hβ in β–β structures 0.04 nd
Hα in β-5 structures (phenylcoumaran) and Hα in noncyclic
benzyl aryl ethers (α-O-4 structures)

0.08 0.03

Hα in β-O-4 structures without Cα==O and Hα in β-1 structures 0.26 0.31

Note: nd – not detected.

Cα==O (Table 10.6), estimated based on the Hα signal at δ 5.8–6.2 ppm [47], are practically
the same as those determined by 13C NMR spectroscopy per C6 unit (Table 10.5). From the
amounts of β–β structures estimated based on the Hβ signal at δ 3.0–3.15 ppm (0.04/C9
for DLLS and 0.0/C9 for DLR; Table 10.6) and those of β-5 and β–β structures (Table 10.5),
the amounts of β-5 structures can be calculated to be 0.04/C6 and 0.02/C6 for DLLS and
DLR, respectively.

The signals between 0.8 and 1.6 ppm, assigned to CH3 and CH2 in saturated aliphatic
chains, respectively, suggest once more the presence of aliphatic compounds linked to lignin.
The existence of suberin-like aliphatic chains covalently bound to the lignin polymer with
similar signals has already been reported for Quercus suber L [17]. However, the presence
of proton signals from suberin-like aliphatic structures (including hydroxy acids) at δ 1.5–
2.2 ppm did not allow the quantification of aromatic and aliphatic hydroxyl groups, the
acetate derivatives of which showed resonances in the same region [48]. The broad signal
δ ∼7.4–7.6 ppm was assigned to H2/H6 aromatic protons and Hα in p-coumaric acid
structures [46], confirming the presence of significant amounts of these structures in both
lignins.
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Conclusions

The chemical compositions of leaf sheath and rachis, the major components of the banana
plant “Dwarf Cavendish” (Musa acuminata Colla, var. cavendish) biomass, have been
determined to estimate their potential applications. A remarkable variability in the amounts
and structures of the main constituents in these two morphological parts has been detected.
Despite their rather high ash and extractive contents, the leaf sheath and rachis are rich in
cellulose (31–37%) and non-(hemi)cellulosic polysaccharides (10–21%) and contain rather
low amounts of lignin (10–13%). The noncellulosic polysaccharides, the structure of which
has yet to be determined, may be of interest in the chemical processing of hemicelluloses
(xylan, arabinan, and xyloglucan).

The similarity of lignin structures in the leaf sheath and rachis suggests that they can be
processed together in pulp production. The previously reported successful pulping of the
leaf sheath and rachis [3] can be explained by several lignin structural features revealed in
this study: (1) high content of S units and relatively low degree of lignin condensation, and
(2) relatively high content of β-O-4 structures and alkali-labile ester-linked structural units
connecting the lignin with suberin-like component of the cell wall. Results of this work also
suggest different mechanisms involved in the bonding of p-coumarates and ferulates to the
main lignin backbone during biosynthesis.
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Abstract

Lignosulfonates are complex polymers isolated from spent sulfite pulping liquors and used
mainly as dispersants and binders in several industrial fields. While years of research
have led to the partial elucidation of the structure of these polymers, much is still not
known. In this chapter, we review our results on the characterization of several industrial
lignosulfonates using size exclusion chromatography and multi-angle laser light-scattering,
two-dimensional (2D) nuclear magnetic resonance (NMR) spectroscopy, hydrophobic
interaction chromatography (HIC), and x-ray (SEC-MALLS) fluorescence spectroscopy.

11.1 Molecular weight determination of lignosulfonates
by size exclusion chromatography and multi-angle
laser light scattering

11.1.1 Background

Size exclusion chromatography (SEC) is a well-established method for characterizing poly-
mers in solution. It separates polymer samples according to differences in hydrodynamic
volume. After calibration with standard polymers of known molar mass, the result can be
converted into molar mass distribution. However, if the molecular configuration of the
unknown is not the same as that of the calibration standards, very large errors can occur. In
fact, this is the case with lignosulfonates (i.e., the determination of absolute molecular weight
by SEC has been restricted by the lack of commercial absolute molecular weight standards).
Calibrations performed with polymers such as polystyrenesulfonates [1,2], pullulans (poly-
saccharides consisting of maltotriose units) [3], or proteins [4] have been attempted with
mixed results. Better results have been obtained by Lewis [5,6] and Buchholz [7], who
introduced lignosulfonate fractions with molecular weights determined independently by
analytical ultracentrifuge for calibration.
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A major improvement in the field of molecular weight determination is the online com-
bination of SEC and multi-angle laser light scattering (MALLS). In light scattering the
observed zero-angle (θ = 0) Rayleigh factor (Rθ ) is related to the weight-average molecular
weight through the standard equations:

Kc/Rθ = 1/Mw + 2A2c , (11.1)

K = 4π2n2
0(dn/dc)2N−1

A λ−4
0 (11.2)

where (dn/dc) is the refractive index increment (which has to be known from independent
measurements), n0 is the refractive index of the solvent, NA is Avogadro’s number, λ0 is the
wavelength of the incident light (in vacuo), and A2 is the second viral coefficient. For each
elution slice (i) in SEC the concentration (ci) is obtained from a concentration-sensitive
detector, usually a refractive index or UV detector, and R0 is obtained from the MALLS
(after extrapolation to zero-angle). Mw,i is then calculated according to Equation (11.1).
A2 must be known from independent (batch) light-scattering measurements, unless the
sample concentration is kept so low that A2c � 1/Mw.

The molecular weights of lignosulfonate molecules are found in the literature to vary
from 1000 to 150 000 g mol−1 [5,7–9], but values greater than 1.0× 106 g mol−1 have been
published [10,11]. Most of the molecular weight measurements on lignosulfonates have
been made on fractions prepared from softwoods. Based on a limited number of results,
lignosulfonates from hardwoods appear to have lower molecular weight than those from
softwoods [12–14]. The lower molecular weight can be explained by the presence of sinapyl
units in hardwoods, which have lesser tendency to polymerize than the coniferyl units in
softwoods [13].

11.1.2 Experimental and materials

The instrument setup consisted of a SEC-column (Jordi Glucose-DVB) combined with
a DAWN-F MALLS detector (Wyatt Technology Corporation) together with a Waters
refractive index-detector. The mobile phase consisted of water, sodium hydrogenphosphate
(Na2HPO4), dimethyl sulfoxide (DMSO), and sodium dodecylsulfate. This complex mobile
phase was chosen to prevent formation of aggregates and absorption to the column mater-
ial. Sulfonated lignins are fluorescent, and the MALLS detector was therefore equipped with
suitable optical filters. A more detailed description of the setup is found in Fredheim [15].

Eight industrial lignosulfonate samples (designated as LS1–LS8) produced by Borregaard
LignoTech, Norway, were analyzed. The wood type and the process of the samples are
presented in Table 11.1. Six lignosulfonate fractions (F-40–F-70) prepared from LS1 were
also included in this study. The fractionation was performed by eluting the lignosulfonate,
LS1, from a cellulose column with aqueous ethanol at decreasing ethanol concentrations
[16].

11.1.3 Results and discussion

Figure 11.1 shows elution profiles and calibration curves (plots of log M vs elution volume)
of the six lignosulfonate fractions of LS1. A progressive shift towards higher elution volumes
reflects the decrease in weight-average molecular weight (Mw). More than 90% calculated
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Table 11.1 Wood type, counterion, and process for eight commercial lignosulfonates.

Sample Wood type Counterion Process

LS1 Spruce Na Ion exchanged and ultrafiltered
LS2 Spruce Na Ion exchanged and filtered
LS3 Spruce Na LS1 pH adjusted to 12.5 and heat treated
LS4 Spruce Na LS1 desulfonated and oxidized
LS5 80 : 20 (Spruce : Birch) Na Ion exchanged and centrifuged
LS6 Aspen Ca No treatment
LS7 Eucalyptus globulus Na Ion exchanged and pH-adjusted to 9–10
LS8 Eucalyptus grandis Ca Heat treated
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Figure 11.1 Calibration plots and elution curves for fraction F-70 (�), F-60 (×), F-55 (•), F-50 (�), F-45
(�), and F-40 (�) [15].

sample recovery indicates that little material adsorbed to the column and that a negligible
amount of low-molecular-weight components eluted in the salt peak [15].

The calibration curves in Figure 11.1 are basically the same for all the fractions. This
indicates that the column covers the entire molecular weight range, and that peak broaden-
ing does not influence the result. It also demonstrates that all fractions belong to a family
of polymer chain with the same basic shape, only differing in the molecular weight. The
calculated Mw and number-average molecular weight (Mn) and polydispersities (Mw/Mn)

are summarized in Table 11.2. The results demonstrate that commercial lignosulfonates are
extremely polydisperse as fractions with molecular weights ranging from 4600 (F-70) to
400 000 g mol−1 (F-40) were obtained. Accordingly the polydispersity of the unfractionated
sample was high.

The elution profiles and calibration curves obtained for the five softwood lignosulfonates,
LS1–LS5 and for the three hardwood lignosulfonates, LS6–LS8, are shown in Figure 11.2a
and b, respectively [17]. Only minor differences can be observed from the elution profiles
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Table 11.2 dn/dc values, molecular weight averages, degrees of sulfonation and intrinsic viscosities
(η) obtained for the unfractionated and the six fractions of LS1.

Fraction dn/dc (mL g−1) Mn (gmol−1) Mw (gmol−1) Mw/Mn SO3/C9.95 η (mL g−1)

LS1 0.195 7 200 64000 8.8
F-70 0.186 3 200 4600 1.5 0.64 1.8
F-60 0.196 6 100 8000 1.3 0.53 3.0
F-55 0.200 9 900 15000 1.5 0.49 3.8
F-50 0.204 18 000 34000 1.9 0.44 5.2
F-45 0.203 31 000 68000 2.3 0.41 6.6
F-40 0.205 120 000 400000 3.3 0.39 12.1

of softwood, LS1–LS3 and LS5. They are all broad, reflecting considerable polydispersity.
Sample LS4 has a narrower and symmetrical elution profile, which is shifted towards higher
elution volumes, indicating both lower molecular weight and lower polydispersity than the
other samples. This sample has been exposed to harsh processing conditions, and a reduction
in molecular weight is therefore expected. The elution profiles for the hardwood samples
are all clearly shifted towards higher elution volumes as compared to those for the softwood
samples, suggesting that the average molecular weight is lower. In these cases distinct low-
molecular-weight molecules appear as individual peaks between 20.5 and 23.0 mL.

The same basic calibration curve was obtained for all the samples except LS4 (Figure 11.2).
Provided that non-SEC interactions do not influence the elution behavior, these data suggest
that both softwood and hardwood lignosulfonates belong to a single polymer family with
the same basic conformation, differing primarily in molecular weight.

The weight-averaged molecular weights of the lignosulfonates range from ∼5000 to
60 000 g mol−1, and the polydispersities are high (Table 11.3). Softwood lignosulfonates
(LS1–LS3 and LS5) have relatively high Mw, ranging from 36 000 to 61 000 g mol−1. For
LS4 the low Mw (4400 g mol−1)may be attributed to the harsh processing conditions. Hard-
wood lignosulfonates from aspen and Eucalyptus (LS6–LS8) have generally much lower Mw,
ranging from 5700 to 12 000 g mol−1. The lower-molecular-weight lignosulfonates from
hardwood is attributed to the intrinsic chemical structure of hardwood lignin, and not the
pulping process. Overall the SEC-MALLS method developed is fast and molecular weights
can be determined over a broad range (5000–400 000 g mol−1) in a single experiment.

11.2 Structure of lignosulfonates by two-dimensional nuclear
magnetic resonance spectroscopy

11.2.1 Introduction

Nuclear magnetic resonance (NMR) spectroscopy is extensively used for structural determ-
ination of natural products and polymers [18,19]. Initially, the use of NMR spectroscopy to
study the structure of both “native” and technical lignins was limited to one-dimensional
(1D) 1H and 13C NMR spectroscopy [20,21]. However, the complex nature of lignins,
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Figure 11.2 (a) Calibration plots and elution curves for softwood lignosulfonates: LS1 (�), LS2 (�), LS3
(+), LS4 (�) and LS5 (�). (b) Calibration plots and elution curves for hardwood lignosulfonates: LS6 (✳),
LS7 (•) and LS8 (×). From Fredheim et al. [17], Figure 1, copyright (2003) with permission from Taylor &
Francis.

including lignosulfonates, often resulted in overlapping peaks in 1D spectra. Therefore, 2D
1H–13C heteronuclear correlation spectra are now being used more frequently to obtain
structural information on lignins [22].

11.2.2 NMR of lignosulfonates

Although “non-polar” or “non-sulfonated” technical lignins have been studied extens-
ively using NMR spectroscopy, lignosulfonates have not. The main reason for this is that
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Table 11.3 Molecular weight averages, polydispersities and degrees
of sulfonation obtained for eight lignosulfonate samples (LS1–LS8).

Sample Mn (gmol−1) Mw (gmol−1) Mw/Mn SO3/C9.95/10.5

LS1 5 000 61000 12 0.52
LS2 3 200 36000 11 0.59
LS3 5 100 41000 8.2 0.53
LS4 4 400 0.20
LS5 4 300 36000 8.8 0.52
LS6 2 200 12000 5.3 0.54
LS7 2 200 6 300 3.0 0.54
LS8 1 900 5 700 3.0 0.46

lignosulfonates are insoluble in almost all organic solvents. Lignosulfonates are usually
obtained as metal salts, and the resulting solutions obtained when they are dissolved in water
are problematic in NMR, due to currents in the conducting solution and sample heating.
Lignosulfonates also contain some paramagnetic ions, typically iron, manganese, and nickel,
the presence of which causes signal broadening due to an increased relaxation rate.

11.2.3 Sample preparation

The literature contains a number of methods for derivatizing nonsulfonated lignins to make
them soluble in organic solvents [20,21]. These methods do not extend well to lignosulfon-
ates. However, lignosulfonates can be rendered soluble in methanol by ion exchange to the
acid form [23]. This method was adapted to obtain lignosulfonate in the D+ form dissolved
in methanol-d4, using Amberlite or Amberlyst ion exchange resin. In this reaction, most
of the metal ions, including the paramagnetic impurities, are removed from the solution,
thereby resolving the problems associated with conducting solutions and increased relaxa-
tion rates. Also, by running the analyses in methanol-d4, the association problems observed
in D2O were reduced and spectra with better resolution could thus be obtained.

11.2.4 Equipment

All NMR spectra have been recorded on a Bruker Avance 600 NMR Spectrometer operating
at 600 MHz for 1H and 150 MHz for 13C. The instrument was equipped with a TCI-
cryogenic probe with cold 1H and 13C channels.

11.2.5 Results and discussion

Three lignosulfonates, LS2, LS3, and LS4 (see Table 11.1 for their descriptions), were ion-
exchanged to the D+ forms and analyzed in methanol-d4. Figure 11.3 shows the 1H–13C
HSQC spectrum of a low-molecular-weight fraction of lignosulfonate, LS2. The signal from
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Figure 11.3 600 MHz 1H–13C HSQC NMR spectrum of a low-molecular-weight fraction of LS2; the
structure of the α-sulfonic acid β-O-4-moiety, including the numbering of the carbon atoms, is shown
together with the assignment of the various C–H signals by color and arrows from the structure (see also
Plate 5).

methoxy groups in this sample can be seen in green. Signals from the three aromatic protons
and carbons indicated in orange, magenta, and blue at the aromatic 2, 5, and 6 positions,
respectively, can also be seen. Model compound studies indicate that the signals from the
most important inter-unit linkage in lignosulfonate, the α-sulfonic acid β-O-4-moiety, can
be seen in brown. The signals in the 4.5–5.5/90–105 region of the spectrum are ascribable to
the protons/carbons present at the anomeric positions in glycosides, indicating that residual
sugars are present in LS2.

Figure 11.4 shows the multiplicity-edited 1H–13C HSQC spectrum of a mid-range
(i.e., moderately hydrophobic and dispersing) lignosulfonate, LS3. Signals from methyl-
ene groups in this sample is shown in red. Signals from methine and methyl groups is
shown in black. Despite partial desulfonation, signals for the α-sulfonic acid β-O-4-moiety
is still present, as seen in brown. The spectrum also shows that LS3 is less heterogeneous
than LS2. In addition, the intensity of the aromatic signal at∼6.7/123 ppm associated with
protons/carbons at the C6 position on the aromatic moieties (shown in blue in Figure 11.3),
is somewhat lower than that for LS2. This indicates that LS3 contains a higher amount of
6-substituted aromatic moieties. The HSQC spectrum of LS3 contains no signals associated
with residual sugars.

The 1H–13C HSQC spectrum of a high-end (i.e., highly hydrophobic and dispersing)
ultrafiltered and oxidized lignosulfonate, LS4, shows very few signals in the aliphatic region
(Figure 11.5). No signals associated with the α-sulphonic acid β-O-4-moiety, which is prom-
inent in the HSQC spectra of LS2 and LS3, can be seen, indicating that the β-O-4 linkage
between the aromatic units is broken in the oxidation process. Another interesting feature
is the presence of signal at ∼5.3/104 ppm that may be ascribed to non-aromatic double
bonds. Also, the relative intensity of the aromatic signal associated with the proton/carbon
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Figure 11.4 600 MHz 1H–13C multiplicity-edited HSQC spectrum of LS3; signals ascribable to the
methylene groups, the methine or methyl groups, and the α-sulfonic acid β-O-4-moiety are shown in
red, black, and brown, respectively (see also Plate 6).
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Figure 11.5 600 MHz 1H–13C HSQC spectrum of a high-end lignosulfonate, LS4.

at the C6 position on the aromatic moiety is even lower for LS4 than for LS3, showing that
a substitution may have occurred at this position during the oxidation.

The aromatic region in the spectrum of LS4 is also much more complex than that in the
spectra of LS3 and LS2. Integration of the signals in the aromatic region and the signals
from the methoxyl groups shows that LS4 contains significantly fewer aromatic protons
relative to methoxyl protons than LS2 or LS3.
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The results discussed herein indicate that, while the study of lignosulfonates by NMR
spectroscopy is still relatively new, further work is warranted because the technique produces
a wealth of useful structural information.

11.3 Hydrophobicity of lignosulfonates by HIC

11.3.1 Background

HIC separates substances according to hydrophobicity. HIC is typically used for purification
and analysis of peptides and protein mixtures [24–28]. A HIC column consists of a hydro-
philic matrix with weak hydrophobic ligands where hydrophobic surface sites of the sample
can adsorb. Adsorption is promoted by using mobile phases with high salt concentrations.
Solute molecules with larger hydrophobic surface areas will interact stronger with a HIC
column than solute molecules with larger hydrophilic surface areas. A gradient in the salt
content in the mobile phase often facilitates separation of the solute molecules according to
hydrophobicity. Initially, a high salt content favors adsorption of the hydrophobic material
while the hydrophilic passes through the column almost unhindered. Reduction of the salt
content in the mobile phase promotes the elution of the hydrophobic solutes adsorbed on
the column. The result is a chromatogram where the hydrophilic fractions of the sample
elute first, followed by increasingly hydrophobic fractions. HIC is similar to reverse-phase
chromatography but the interaction with the column material is weaker in HIC. The the-
oretical basis of HIC is explained by solvophobic theory [29] or by preferential interaction
theory [30–33].

11.3.2 Methods

Recently, we have developed a method for HIC analysis of lignosulfonates [34]. In this
method, the lignosulfonates are eluted as seven peaks in the chromatogram, numbered
from 1 to 7. Peaks 1–3 represent the hydrophilic portion while peaks 5–7 represent the
hydrophobic portion. Hence, a comparison of the area of the first three peaks relative to the
area of the last three peaks allows the classification of lignosulfonates as either more or less
hydrophobic.

11.3.3 Results and discussion

Of significant academic and industrial interest is the question of which factors affect the
hydrophobic character of lignosulfonates. Lignosulfonates have an abundance of charged
groups such as carboxylic acids, sulfonic acids, and phenolic hydroxyl groups. Lignosulf-
onate fragments containing a large amount of these hydrophilic groups elute early while
fragments with smaller amounts of hydrophilic groups elute later in the chromatogram
[31]. In most applications, the molecular weight of the solute does not affect the order
of retention in HIC. Although some unusual observations have been made [35,36], it is
discussed later and demonstrated elsewhere that on a general basis the molecular weight
of the sample is less important than the number of hydrophobic groups [37]. Figure 11.6
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Figure 11.7 HIC characterization of LS2, LS3, and LS4.

displays the percentage areas of the seven HIC peaks for six fractions with different molecu-
lar weights from LS1 [16]. It can be seen that the high-molecular-weight fraction, which
has a lower content of sulfonate groups (see Table 11.2), is more hydrophobic than the
low-molecular-weight fraction. It appears that the hydrophobicity of the lignosulfonates
increases with molecular weight due to the smaller amount of sulfonate groups.

Figure 11.7 shows the partition of three of the lignosulfonates listed in Table 11.1 in
the HIC chromatogram. Some analytical data for these three lignosulfonates are listed
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Table 11.4 HIC, molecular weight and total polar group
content data for three commercial lignosulfonates.

Parameter LS2 LS3 LS4

HIC Area peaks 1–3 73.4% 31.8% 29.6%
HIC Area peaks 5–7 10.2% 53.8% 53.5%
� Polar groups 18.0% 15.6% 19.1%

The polydispersity of industrial lignosulfonates is large and the variation
in Mw reported for LS2–LS4 in Table 11.3 and here reflect the natural
variation between batches.

in Table 11.4. The sum of polar groups, S Polar groups, refers to the sum of sulfonic
and carboxylic acids and phenolic OH groups and was determined according to literature
methods [38]. LS2 has the highest hydrophilic character for the HIC analysis but the amount
of hydrophilic groups is not deviating significantly from LS3 and LS4. LS3 and LS4 have
similar HIC profiles but the amount of charged groups is somewhat lower in LS3. The
important difference between LS3 and LS4 appears to be the molecular weight. It is apparent
from this comparison that HIC provides qualitatively new information in lignosulfonate
analysis. Classical analysis (Table 11.4) do not suggest significant difference between LS2,
LS3 and LS4. In light of their use as dispersants, LS2 is a lower end dispersant while LS3
and LS4 are mid-range and high-end dispersants respectively, possibly due to the more
pronounced hydrophobic character.

It is difficult to draw conclusions on the behavior of LS4 with a limited understanding of its
structure. However, it can be elucidating to compare LS4 with typical anionic surfactants.
A typical anionic surfactant comprises one hydrophilic and one hydrophobic parts, and
this clear division enables such a surfactant to form highly organized mesoscopic structure.
A possible scenario can be that LS4 is a lignosulfonate that most closely resembles typical
anionic surfactants. The low molecular weight (a distinct hydrophobic character) combined
with a high apparent charge density gives LS4 characteristics more similar to those of
synthetic surfactants than other purified lignosulfonates.

11.4 Elemental analysis of lignosulfonates by x-ray
fluorescence spectroscopy

11.4.1 Background

Various elements are monitored and controlled in the manufacture of commercial lignosulf-
onates. These elements include calcium, sulfur, and those naturally present in trace
quantities such as chloride, sodium, iron, manganese, nickel, and copper. Calcium is mon-
itored in calcium lignosulfonates both prior to and post base exchange to other cations.
Sulfur is monitored in products where the degree of sulfonation is increased or decreased
depending on the desired result in the final product. To produce high-quality lignosulfon-
ates for ceramics and refractories, sodium is controlled because it can, if present in sufficient
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quantity, affect the temperature at which vitrification occurs. These elements are regularly
monitored as part of quality control programs to verify that they are present within set
limits.

Typically, metal content is determined on an individual basis by atomic absorption spec-
troscopy or simultaneously with inductively coupled plasma (ICP) spectroscopy. Sulfur is
analyzed by a sulfur analyzer or by ion chromatography.

X-ray fluorescence (XRF) spectroscopy was investigated as a method that could analyze
the aforementioned elements quickly, simultaneously, and without destructive wet chem-
istry preparation. XRF can identify the elements over a wide concentration range from parts
per million, ppm, to percentage levels. Each element is identified by its characteristic x-ray
emission spectrum and quantified by the intensity of its characteristic line. When an atom
is excited by removal of an electron from an inner shell, it usually returns to its normal state
by transferring an electron from some outer shell to the inner shell and emitting energy as
x-rays. In XRF spectroscopy, excitation is accomplished by irradiation with x-rays of shorter
wavelength. XRF is a nondestructive analytical technique used to identify and determine
the concentrations of elements in solids and liquids.

Moseley first demonstrated the relationship between atomic number, Z , and the recip-
rocal of the wavelength, 1/λ, for each spectral line corresponding to a particular series of
emission lines for each element in the periodic table. The relationship is expressed as

c/λ = a(Z − σ)2 (11.3)

where c is the velocity of light, a is a proportionality constant, and σ is a constant whose
value depends on the particular series. In energy dispersive spectrometers the pulse height of
the signal is proportional to the x-ray photon energy. The energy is related to the wavelength
by the Duane–Hunt equation [39]:

λ0 = hc/eV = 12.393/V (11.4)

where λ0 is the wavelength in angstroms (Å), V is the voltage in keV, e is the charge on
the electron, h is Plank’s constant, and c is the velocity of light. These wavelengths and
energies are well documented and the measured spectral intensities allow an element and
its concentration to be identified (Table 11.5). Dean states that chemical form (sample
matrix) may shift emission lines as much as 10–20 eV [40].

Table 11.5 X-ray emission wavelengths
and energies for element emission line, Kα1.

Element Wavelengths (Å) Energy (keV)

Sodium 11.909 1.041
Sulfur 5.3720 2.308
Calcium 3.3583 3.691

Source: From Dean [40; Table 8-1].
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Table 11.6 Conditions for XRF spectroscopic analysis of lignosulfonates.

Element Voltage Current Medium Tube filter Counting time Sample preparation
(kV) (µA) per sample (s)

Calcium 8.00 325 Helium Al Thin 60 and 180 Pressed powder
Sodium 5.00 150 Helium None 180 Pressed powder
Sulfur 4.00 500 Helium None 180 30% Solution

keV
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ity

S Kα1 2.308 keV

Ca Kα1 3.691 keV

Ca Kβ1 4.012  keV

Figure 11.8 X-ray fluorescence spectrum of a calcium lignosulfonate standard analyzed with a rhodium
x-ray tube showing sulfur and calcium.

11.4.2 Experimental and materials

The measurements were performed using a PANalytical MiniPal 2 benchtop, energy dis-
persive XRF (EDXRF) spectrometer equipped with a 30 kV rhodium tube, five filters, a
helium purge, and a high resolution solid-state detector. An algorithm was used to correct
for matrix effects and resolve elements. All analyses were performed in a helium envir-
onment to maximize the sensitivity of lower energy x-rays. The measurement conditions
are given in Table 11.6. Powder samples were pressed in 32 mm aluminum pellet cups. To
improve sample homogeneity, sulfur measurements were performed using 30% solutions.

11.4.3 Results and discussion

The contents of calcium and sodium, and the content of sulfur of a series of commercial
lignosulfonates were analyzed with atomic absorption or ICP spectroscopy and with a
sulfur analyzer, respectively, and used to provide the calibration curves. An example of a
XRF spectrum of a calcium lignosulfonate with sulfur and calcium peaks present is shown
in Figure 11.8. The calibration curve for calcium is shown in Figure 11.9.
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Figure 11.9 Calibration plot for calcium.

Table 11.7 Calibration results for calcium, sodium, and sulfur.

Element Concentration RMS (wt%) Correlation Lower limit of
range (wt%) coefficient detection (wt%)

Calcium 0.18–5.77 0.102 0.996 0.001–0.002
Sodium 0.61–15.38 1.348 0.977 0.1–0.2
Sulfur 0.66–3.90 0.076 0.998 0.002–0.003

The calibration results for the three elements are summarized in Table 11.7. The root mean
square (RMS) error listed is an indication of the magnitude of difference between the XRF
measured concentration and the chemical standard. The calibration results indicate a good
correlation between the known element concentration and the measured XRF intensity.
The lower limits of detection for calcium and sulfur are satisfactory, while for sodium,
the detection limit is at about the sodium specification. The comparatively poor sodium
detection limit likely reflects the reduced detector sensitivity to the low energy x-rays the
sodium atom emits.

The reproducibility is another important aspect of quantitative analysis. A sample was
measured repeatedly to provide data. The average concentration, the standard deviation and
the relative standard deviation are presented in Table 11.8. The reproducibility is within 2%
relative for calcium, sodium, and sample 1 for sulfur. Apparently, there may be matrix effects
influencing the results for sample 2.

The work presented above represents a screening evaluation of the efficacy of XRF spec-
troscopy to serve as a quality control tool for the manufacture of commercial lignosulfonates.
The technique has satisfactory sensitivity and correlation for calcium and sulfur. However,
in the case of sodium, it is evident some technique refinement is needed to improve the
correlation coefficient and the lower limit of detection. Also warranted is the investigation
of the possible matrix effects in the case of sulfur. In the lignosulfonate sample matrix sulfur
can be present as the sulfate ion, the sulfite ion, or the sulfonate group. It is postulated
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Table 11.8 Average concentration, standard deviation, and relative standard deviation.

Element Average Standard Relative standard Number of
concentration (wt%) deviation (wt%) deviation (%) measurement

Calcium 6.96 0.035 0.5 5
Sodium 8.2 0.17 2.0 3
Sulfur:
Sample 1 2.11 0.038 1.8 7
Sample 2 2.83 0.166 5.8 9

that, as the energy spectra are affected by chemical form, these different forms of sulfur
have different characteristic energy spectra. They therefore distort the correlation between
energy intensity and sulfur concentration depending on their relative abundance.
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Chapter 12

Integrated Size-Exclusion Chromatography
(SEC) Analysis of Cellulose and
its Derivatives

Akira Isogai and Masahiro Yanagisawa

Abstract

Use of size-exclusion chromatography (SEC) systems equipped with multi-angle light-
scattering (MALS), quasi-elastic light-scattering, and photodiode array detectors provides
significant and valuable information such as absolute molecular mass (MM), MM distribu-
tion, root mean square radius and molecular conformations of cellulose, pulp samples and
cellulose derivatives in solutions, and their interactions with other coexisting components
such as hemicelluloses or residual lignin. The LiCl/N ,N -dimethylacetamide (DMAc)and
LiCl/1,3-dimethyl-2-imidazolidinone (DMI) solvent systems are suitable for direct dis-
solution of cellulose, pulp samples, and cellulose derivatives for SEC-MALS analysis,
although some skillful handling in the preparation of the cellulose solutions and careful
interpretations of the SEC results are required.

12.1 Introduction

Polymer chains take various forms or conformations in solution- and solid-states depending
on their primary structures and surroundings. Some specific properties and functionalities
of polymers are influenced by their molecular mass (MM) values, MM distributions, con-
formations and other factors as macromolecules. This also holds true with cellulose and
cellulose derivatives which have been extensively utilized in various forms such as fibers,
films, gels, thickeners, retarding materials, membranes, paper and others with or without
chemical and morphological modifications. Cellulosic materials generally have various MM
and MM distributions, depending on their biological origins and treatment histories during
isolation, purification and modification processes. Size-exclusion chromatography (SEC)
is practically the sole method for MM and MM distribution measurement of cellulose and
cellulose derivatives.

Recently, SEC analysis of unmodified cellulose using LiCl/N ,N -dimethylacetamide
(DMAc) as a mobile phase has been extensively studied [1–8]. Many constructive results on
the molecular characteristics of cellulose and other related materials (e.g., hemicelluloses
and residual lignin) were thus obtained [9–14]. These techniques were comprehensively
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reviewed by Strlič and Kolar [15], Conner [16], and Sjöholm [17]. However, some prob-
lems associated with LiCl/DMAc were also reported; for example, incomplete dissolution
of several cellulose materials such as softwood kraft pulps and detrimental degradation
of cellulose during dissolution at heating in this solvent system [6]. LiCl/1,3-dimethyl-
2-imidazolidinone (DMI) is a transparent and colorless solvent system applicable to
unmodified celluloses, and has some advantages over LiCl/DMAc in terms of solubility
of some cellulose materials such as tunicate cellulose and softwood kraft pulps [18–20].

SEC systems equipped with multi-angle light scattering (MALS) (also referred to as multi-
angle laser light scattering, MALLS), quasi-elastic light scattering (QELS) and photodiode
array (PDA) detectors have emerged as potential tools for studying molecular structures
and conformations of polymers in solution states, and the MM and MM distributions of
cellulose, hemicelluloses and residual lignin as well as their interactions [17,21]. Especially,
absolute MM, root mean square radius (RMS radius, Rg or 〈S2〉1/2) and hydrodynamic
radius (Rh) of each elution slice can be successively and simultaneously obtained by the
SEC-MALS-QELS system. This sequential technique needs no multiple standard samples
with known MM and MM distributions, and samples with various MM distributions can
be utilized in the same manner in principle. Distributions of small amounts of carbonyl and
carboxyl groups present in pulp samples can also be determined by selective fluorescent-
labeling techniques combined with SEC-MALS analysis [5,22,23]. The LiCl/DMAc system
has been used as a solvent and a mobile phase in the SEC-MALS analyses of cellulose by
many researchers, while a few studies using LiCl/DMI have also been reported. In this
chapter, some results of SEC-MALS-PDA analysis of cellulose and cellulose derivatives
recently obtained in our laboratory and the related techniques are discussed.

12.2 Background of MALS analysis

The R(θ) values obtained from Rayleigh light scattering (LS) intensities detected with
photodiodes in a MALS apparatus are expressed by the Equation (12.1). K ∗, n0 (refractive
index of the solvent) and λ0 (wavelength of the incident light) are constant, depending on
the solvent and polymer used in SEC analysis, and the concentration c , weight-average MM,
Mw, mean-square radius 〈S2〉z and the angle θ are variables [21].

K ∗c
R(θ)

≈ 1

Mw

[
1+

(
16π2n2

0

3λ2
0

)
〈S2〉z sin2

(
θ

2

)]
(12.1)

The constant K ∗ is expressed by the Equation (12.2), and dn is the solution refractive
index increment with respect to a concentration change dc of the solute molecules. The
dn/dc values must be measured separately using an interferometric refractometer with
laser light having the same wavelength as that of the MALS apparatus used.

K ∗ = 4π2(dn/dc)2n2
0/(naλ

4
0) (12.2)

Figure 12.1 shows a representative relationship between sin2(θ/2) and K ∗c/R(θ). At
each slice of SEC elution patterns, the concentration c calculated from refractive index (RI)

intensity is constant. Thus, Mw and RMS radius (〈S2〉1/2
z ) of each slice can be obtained from

the extrapolated value at θ → 0 and the slope, respectively, in Figure 12.1, assuming that c is
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Figure 12.1 Relationship between sin2(θ/2) and K ∗c/R(θ) of a polymer obtained by MALS.
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Figure 12.2 Typical conformation plots (double-logarithmic plots of Mw vs 〈S2〉1/2z ) of polymers obtained
by SEC-MALS analysis.

sufficiently small. The commercially available MALS apparatus and the attached software
provide the absolute values of Mw and RMS radius simultaneously and successively at each
slice of SEC elution patterns without using any monodisperse standard polymers.

The obtained Mw and RMS radius values corresponding to each slice of SEC elution
patterns also impart significant information concerning conformations of the molecules in
the solvent. From the slope of double-logarithmic plots of Mw vs RMS radius of polymers
(Figure 12.2), their conformations can be categorized to, for example, rod-like, random-
coil and sphere ones. As described later, the possibility for cellulose molecules to have
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some branch structures with hemicelluloses, or the intra-molecular electric repulsions of
cellulose derivatives having ionic groups in water can be studied from their conformation
plots obtained by the MALS analysis. The MALS detector is generally sensitive to polymer
molecules with RMS radii greater than 10 nm. Thus, when an intrinsic viscosity detector
and a QELS detector are equipped to the MALS system, more detailed and complementary
information concerning polymer conformations in solvents can be obtained.

12.3 Dissolution of cellulose in solvents for SEC analysis

There are two ways to dissolve cellulose in a solvent for determination of MM and MM
distribution by SEC analysis, derivatizations (mostly tricarbanilation) of cellulose followed
by dissolution in an organic solvent such as tetrahydrofuran (THF), and direct dissolutions
of cellulose in LiCl/amide solvents. Depolymerization of cellulose must be avoided during
derivatization and dissolution processes, and the solvent should be intrinsically colorless
for SEC analysis. SEC-MALS analysis of cellulose triphenylcarbamates (CTCs) and cellu-
lose triethylcarbamates has been studied extensively, where chemical wood pulps and cotton
celluloses are used as the starting materials [14,17]. As for direct dissolution of cellulose
in a solvent for SEC analysis, 8–10% LiCl/DMAc, and 8–10% LiCl/DMI (see Figure 12.3
for structures of DMAc and DMI) are commonly used. 13C-NMR spectra of low-MM cel-
lulose dissolved in 8% LiCl/DMI and 8% LiCl/DMAc suggested that cellulose molecules
are dissolved in these solvents without forming any derivatives [19]. However, some com-
plex formation at each hydroxyl group of cellulose with the solvent component(s) may be
possible.

One of the following two activations or pretreatments of cellulose is required to obtain
cellulose solutions in the LiCl/amide systems: (1) solvent exchange from water to the amide
via acetone and (2) heating in the amide at ∼150◦C for 30 min. Some active species are
formed as by-products in cellulose/LiCl/amide systems during the heating process, resulting
in partial depolymerization of cellulose molecules [6]. The solvent exchange method is thus
more suitable. In this method, a cellulose sample is first dispersed in water and then solvent-
exchanged from water to either DMAc or DMI through acetone. In each solvent, the cellulose
slurry is stirred at room temperature overnight, and filtration of the cellulose is carried out
using either filter paper on a Buchner funnel or grass filter.

DMAc (N,N-dimethylacetamide) DMI (1,3-dimethyl-2-imidazolidinone)

H3C

H3C

N C

CH3

O
CH3H3C

O

N

C

N

Figure 12.3 Chemical structures of DMAc and DMI.
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It has been difficult to know the precise cellulose concentrations in the LiCl/amide solu-
tions prepared, because a small amount of cellulose may be lost during the aforementioned
multiple solvent exchange and filtration process. This may give inaccurate dn/dc values,
resulting in inaccurate MM data by SEC-MALS analysis. Matsumoto et al. [18] developed
the following procedures to overcome this problem. The wet cellulose containing a small
amount of DMAc or DMI obtained from the final filtration of the cellulose slurry is
vacuum-dried at 60◦C for 40 h to completely remove the residual DMAc or DMI. The
solvent-exchanged and then vacuum-dried cellulose can be stored in a sample bottle in
a desiccator before use. LiCl dried overnight at 120◦C is added to DMAc or DMI dried
for over 40 h over molecular-sieve 4A, and the mixture is stirred until LiCl is completely
dissolved in the solvent. Because LiCl, DMAc, and DMI are all hygroscopic, the preparation
of 8% LiCl/DMAc or LiCl/DMI must be carried out quickly so as not to absorb moisture
as far as possible. Absorption of moisture by the solution causes incomplete dissolution
of cellulose or formation of cellulose aggregates when the water content exceeds a certain
level [24,25]. The LiCl/amide solution thus prepared is stored in the dark under dry con-
ditions before use. To prepare the cellulose solutions, a known amount of 8% LiCl/DMAc
or LiCl/DMI is added to a suitable amount of the solvent-exchanged, vacuum-dried cellu-
lose in a sample bottle equipped with a magnetic stirrer bar. The slurry is stirred at room
temperature or below 4◦C until the cellulose is completely dissolved, the time required for
which depends on the cellulose samples and is generally 1–30 days.

Cellulose solutions in 8% LiCl/amide system with accurate cellulose concentrations can
be, thus, obtained by the above activation and dissolution procedures. In general, cellu-
lose concentrations are adjusted to 0.5–10 mg mL−1. The LiCl/DMAc is suitable for the
dissolution of regenerated celluloses, while the LiCl/DMI is suitable for tunicate cellulose,
softwood kraft pulps, and holocelluloses [19,20]. The cellulose solutions in LiCl/DMI are
stable without depolymerization for more than 6 months at room temperature. The cellu-
lose solutions in 8% LiCl/DMAc or LiCl/DMI thus prepared are diluted with pure DMAc
or DMI to adjust the LiCl concentration to that in the eluent for SEC analysis. Generally,
the LiCl concentration is decreased to 0.5–1%, and cellulose concentrations are adjusted to
0.5–5 mg mL−1.

12.4 SEC-MALS analysis of celluloses

A few steps that are useful to follow when subjecting cellulose solutions in LiCl/DMAc or
LiCl/DMI to SEC analysis are (1) in some cases, it is better for the column temperature
to be increased up to about 60◦C to decrease the viscosity of the eluent, (2) when some
insoluble residues are present in the sample solutions, they must be removed by, for example,
centrifugation, (3) the sample solutions and eluents must be filtered through 0.45 or 0.10 µm
PTFE membrane before use, and (4) because LiCl possibly rusts metallic parts in the MALS
apparatus, the eluent used for and remained in the MALS system including the injector and
the column after the measurement must be displaced with fresh DMAc or DMI to remove
LiCl completely.

Details on the SEC system used in our laboratory are described in a previous paper
[26]. A schematic diagram and a photograph of our SEC-PDA-MALS-QELS-RI system are
shown in Figure 12.4. Data acquisition and processing were carried out using the ASTRA IV
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Figure 12.4 Schematic representation and photograph of our SEC-PDA-MALS-QELS system.

software (Wyatt technologies) and the LC solution software (Shimadzu). SEC conditions
were: sample concentration = 0.05–0.3% (w/v), injection volume = 100 µL, flow rate =
0.5 mL min−1 and the column temperature = 60◦C. The detector cells of PDA and RI were
also kept at 60◦C. Before injection, the sample solutions were filtered through a 0.45 µm
PTFE disposable membrane (Omnipore; Millipore, USA). The eluents (1% LiCl/DMI and
8% LiCl/DMAc) were filtered through a 0.10 µm PTFE membrane (Millex-LG; Millipore,
USA) before use.
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12.5 Determination of dn/dc of cellulose in
LiCl/amide solvents

As described in the previous section, an accurate measurement of dn/dc (specific refractive
index increment) values of polymers in solutions is needed for obtaining correct values
of Mw and RMS radius by SEC-MALS analysis. For cellulose derivatives such as CTC,
triethylcarbamate or acetate, and various water-soluble cellulose ethers, the dn/dc values
determined are accurate for SEC-MALS analysis. In contrast, however, determination of
dn/dc values of polymers in complexing solvents such as LiCl/amide systems is difficult
[8,27]. The Mw values obtained using the dn/dc values of cellulose in the LiCl/amide
solvents may not be those of celluloses themselves; cellulose molecules may form transient
complexes with the solvent components. This may lead to some increases in the apparent
Mw values of celluloses. Thus, the MM data reported so far using the SEC method based on
dn/dc values obtained by the conventional means may not be correct when LiCl/DMAc is
used as the cellulose solvent.

To solve the above problem, Saalwächter et al. [28] employed an indirect method using
CTC that does not form complex with the solvent. They measured MM values of CTC
samples in THF and determined the correct degrees of polymerization (DP), which were
then used as the DP of the original cellulose samples. This method is applicable to the dn/dc
measurement on the assumption that no degradation occurs on cellulose molecules during
the carbanilation process [29]. We also adopted this indirect method using CTC to determ-
ine dn/dc values of cellulose in 8% LiCl/DMAc and 1% LiCl/DMI. The calculated dn/dc
values obtained by this indirect method were clearly different from the actual measured
values obtained using an interferometric refractometer (Table 12.1), indicating that cellu-
lose molecules form some complexes with the solvent component(s). It may be possible to
evaluate the MM of each repeating unit of cellulose including LiCl and/or amide molecules
in the solutions by comparing DP values obtained using the calculated and measured dn/dc
values.

12.6 Determination of MM values of celluloses and pulps by
SEC-MALS

A SEC elution pattern of a hardwood bleached kraft pulp (HBKP, α-cellulose content =
90%), detected by RI, and the corresponding Mw and RMS radius plots are shown in

Table 12.1 Specific refractive index increment
(dn/dc) of cellulose in LiCl/amide solvents [26].

Solvent Measured
dn/dc (mL g−1)

Calculated
dn/dc (mL g−1)

8% LiCl/DMAc 0.078 0.091
1% LiCl/DMI 0.062 0.087
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Figure 12.5 SEC elution pattern and the corresponding RMS radius and MM plots of a hardwood bleached
kraft pulp dissolved in 1% LiCl/DMI. From Yanagisawa et al. [19], Figure 4, copyright (2004) with permission
from Springer.

Figure 12.5, where 1% LiCl/DMAc was used as both the HBKP solvent and the SEC eluent
[19]. Both these plots decrease linearly with the elution volume, clearly showing that cel-
lulose molecules are separated properly in the reverse order of their Mw or RMS radius by
the SEC system. The shoulder peak around 9 mL elution volume is due to the hemicellulose
fraction present in the HBKP [1]. Because MALS can detect polymer molecules with RMS
radius greater than∼10–20 nm, the plots of RMS radius at the elution volume higher than
8.4 mL, and the MM plots at the elution volume higher than 9 mL are remarkably scattered,
and no meaningful data can be obtained in these regions.

Because LS detection is very sensitive to aggregation, it can be used to pick up aggregates
that may be present in the system. Chromatograms of LS at 90◦ and RI of the HBKP are
illustrated in Figure 12.6. The RI detector gives a typical bimodal SEC elution pattern. The
shapes of two elution patterns detected by LS and RI in the high-MM region are correlated
with each other, and no irregular peak denoting aggregation is observed in the high-MM
region of the LS chromatogram. Therefore, practically no aggregates are present in this
system under the given conditions. The applicability of this HBKP solution to SEC analysis
is validated from these results.

The SEC elution patterns of various cellulose and pulp samples obtained in our laboratory
are shown in Figure 12.7. Eight percent LiCl/DMAc was used both as the solvent for the
samples and as the eluent in SEC-MALS analysis, and the dn/dc value of 0.091 mL g−1

[26] in Table 12.1 was adopted. The elution volumes at the peak positions of these cellulose
samples corresponded well to their viscosity average MM values obtained by the 0.5 M
copper ethylenediamine method. Most of the pure celluloses such as bacterial, cotton and
microcrystalline celluloses had SEC elution patterns close to normal distributions, while
bleached chemical wood pulps such as the HBKP and a softwood bleached sulfite pulp
(SBSP) had typical bimodal SEC elution patterns due to the presence of hemicellulose
fractions. The Mw, Mn, and Mw/Mn values and the corresponding DPw and DPn values for
the cellulose and pulp samples obtained by the MALS method (Figure 12.7) are summarized
in Table 12.2.
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Figure 12.6 SEC elution patterns of hardwood bleached kraft pulp detected by refracrive index (RI) and
laser light scattering (LS) at 90◦. From Yanagisawa et al. [19], Figure 5, copyright (2004) with permission
from Springer.
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Figure 12.7 SEC elution patterns of various cellulose and pulp samples A–I (see Table 2 for sample
descriptions) detected by RI with 8% LiCl/DMAc as the eluent.

12.7 Conformation analysis of cellulose molecules in LiCl/DMI

Figure 12.8 shows the conformation plots of an acid-hydrolyzed tunicate cellulose, the
cotton lint and microcrystalline cellulosed, the HBKP and SBSP dissolved in 1% LiCl/DMI,
where the x-axis shows the weight-average contour length, Lw (Lw = 0.515× DPw nm) of
the cellulose chains. These conformation plots are on a common line in general, which is
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Table 12.2 Weight- and number-average MM values (Mw and Mn) and the corresponding
degrees of polymerization (DPw and DPn) of various cellulose and pulp samples determined by
SEC-MALS using 8% LiCl/DMAc as the eluenta.

Cellulose samples in Figure 12.7 Mw (DPw) Mn (DPn) Mw/Mn

A Bacterial cellulose 899 000 (5500) 667 000 (4100) 1.35
B Cotton lint 341 000 (2100) 203 000 (1300) 1.68
C Cotton linters 91 200 (600) 56 900 (350) 1.60
D Regenerated cellulose fiberb 81 200 (500) 39 500 (240) 2.06
E Microcrystalline cellulose 26 600 (190) 20 200 (120) 1.32
F Hydrolyzate of sample D 4 970 (31) 4 590 (28) 1.08
G Low MM cellulosec 3 820 (23) 3 780 (23) 1.01
H Softwood bleached sulfite pulp 307 000 (1800) 54 400 (340) 5.64
I Hardwood bleached kraft pulp 272 000 (1700) 67 100 (410) 4.05

a The dn/dc value of 0.091 (mL/g) was used [26].
b Bemlise® prepared form cotton linters using copper ammonium hydroxide solution.
c Prepared from microcrystalline cellulose by homogeneous hydrolysis using 85% H3PO4 [30].
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Figure 12.8 Double-logarithmic plots of RMS radius vs weight-average contour length Lw of various
cellulose and pulp samples, (- - -) Benoit–Doty theoretical curve at the Kuhn segment length of 18 nm.
From Yanagisawa and Isogai [26], Figure 6, copyright (2005) with permission from American Chemical
Society.

to be expected for similar polymer molecules. The slope value of the linear part of the plots
is ∼0.57, showing that the high-Lw parts of these cellulose and pulp samples are similar
to each other in terms of the molecular shape which has random-coil conformations. It
is reasonable that even semiflexible polymers such as cellulose would have random coil
conformations as a whole when they have sufficiently high Lw. A slight but reproducible
curvature appears in the low-Lw region; the conformation plots deviate from the linear
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ones in the high-Lw region. These show that the conformation of cellulose molecules varies,
depending on their Lw values; the cellulose molecules in the low-Lw region have no longer
random coil conformations but have more extended and semi-rod-like shapes.

Such an Lw-dependent conformation transition between random coils and rigid rods
may be explained by the Benoit–Doty theory [31] for the Kratky–Porod chains [32] or the
wormlike polymer chains, which are the most typical models proposed for semi-flexible
polymers. According to the theory, RMS radius 〈S2〉1/2 (or Rg) of unperturbed polymer
chains are given by the Equation (12.3).

〈S2〉z = lKL

6
− l2

K

4
+ l3

K

4L

[
1− lK

2L
(1− e−2L/lK )

]
(12.3)

where lK is the Kuhn segment length, which is used as a measure of chain stiffness of the
polymer. With this parameter, the contour length L or 0.515 × DPw is described by the
Equation (12.4)

L = NKlK (12.4)

where NK is the number of the Kuhn segments.
In Figure 12.8, the theoretical curve at lK = 18 nm (dashed line) is depicted. This

curve is almost linear with the slope of ∼0.5 in the sufficiently high-Lw region, showing
random-coil conformations. On the other hand, a remarkable bending is observed in the
low-Lw part of the curve; this reflects the coil/rod conformation transition of cellulose. The
theoretical curve imposed in Figure 12.8 seems to agree with the actual conformation plots
especially in the low-Lw region (Lw < 1000 nm), where NK < 50 and the excluded volume
effect is practically negligible [33]. On the contrary, in the high-Lw region, the difference
between the actual data and the theoretical curve becomes greater, and this is probably
due to the expression of the excluded volume effect. Installation of a QELS autocorrelator
into the MALS system enables additional determination of the hydrodynamic radius (Rh) of
polymers, and the SEC-MALS-QELS data obtained for CTC in THF also show that cellulose
molecules having low Lw have semi-rod-like shapes [26].

12.8 SEC-MALS analysis of cellulose in softwood kraft pulps
using LiCl/DMI

Although 8% LiCl/DMAc dissolves most of cellulose and pulp samples, it does not com-
pletely dissolve softwood kraft pulps. Some insoluble residues or gels are always formed
and they must be removed by centrifugation or filtration before the dissolved kraft pulps
are subjected to SEC analysis. However, softwood kraft pulps are completely soluble in
8% LiCl/DMI, and thus with the LiCl/DMI as the solvent and eluent SEC-MALS analysis
can be used to determine the MM and MM distribution of softwood kraft pulps as well as
other cellulose and pulp samples.

The SEC elution patterns of various cellulose and pulp samples including a softwood
bleached kraft pulp (SBKP) and their MM plots [20] are depicted in Figure 12.9a. Even
though the cellulose and pulp samples had various SEC elution patterns, depending on
their MM values and MM distributions, all the cellulose and pulp samples except the SBKP
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Figure 12.9 SEC elution patterns and MM plots (a) and the corresponding double-logarithmic (conform-
ation) plots (b) of various cellulose and pulp samples including SBKP in 1% LiCl/DMI. From Yanagisawa
et al. [20], Figures 6 and 7, copyright (2005) with permission from Springer.

gave a similar line of MM vs elution volume plots; these cellulose molecules intrinsically
have similar conformations and structures in the LiCl/DMI solvent. On the other hand,
anomalous MM plots were obtained for the SBKP. As the arrow in Figure 12.9 indicates, the
position of the MM plots of the SBKP deviates from the others in the high-MM region; the
MM of the cellulose in the SBKP is about twice as much as those of the other cellulose and
pulp samples at the same elution volume in this region.
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The particular behavior of the cellulose molecules in the SBKP becomes clear when its
relationship between Mw and the RMS radius is depicted together with those of the other
cellulose and pulp samples (Figure 12.9b). Because the slopes of the conformation plots
for all the cellulose and pulp samples except the SBKP are in the range of 0.57–0.59, they
behave as random coils in 1% LiCl/DMI. On the other hand, because the slope value for
the SBKP is ∼0.41, cellulose molecules of the SBKP are regarded to have some branch
or aggregate structures in the LiCl/DMI solvent. Similar results of anomalous cellulose
molecules were observed also for softwood unbleached kraft pulps (SUKPs) and softwood
holocelluloses by SEC-MALS analysis, but not for SBSP or acid-hydrolyzed SBKP. Thus,
some branch structures of glucomannan may be partially present in high-MM cellulose
molecules of softwood, and these branch structures between glucomannan and cellulose
may be susceptible to acid treatments and removable by pulping under acid conditions [20].

12.9 SEC-PDA-MALS analysis of unbleached chemical pulps

Because softwood and hardwood unbleached chemical pulps are soluble in 8% or 1%
LiCl/DMI, SEC-MALS analysis of residual lignin in unbleached chemical pulps is possible
when a ultraviolet (UV) or a PDA detector is attached to the SEC-MALS system. Relation-
ships in the distribution between residual lignin detected by UV at 280 nm and cellulose
and hemicellulose fractions detected by RI in unbleached chemical pulps can therefore be
studied for unbleached chemical pulps [3,9–14]. UV-vis absorption spectrum of each slice
of SEC elution patterns can also be obtained simultaneously, when the PDA is attached to
the SEC system. Structural analysis of residual lignin between pulp samples or between dif-
ferent MM regions of the same pulp is possible by the SEC-PDA-MALS system. Typical SEC
elution patterns of softwood and hardwood unbleached kraft pulps (HUKPs) dissolved in
1% LiCl/DMI, which were detected by RI and UV at 280 nm, are shown in Figure 12.10. For
the SUKP, a significant amount of residual lignin coexists with high-MM fraction (mostly
cellulose) of the pulp. For the HUKP, residual lignin is predominantly present in the low-
MM fraction (mostly hemicelluloses), although some residual lignin is clearly present also
in the high-MM fraction. Detailed studies of residual lignin in unbleached chemical wood
pulps will be presented elsewhere.

12.10 SEC-MALS analysis of cellouronic acid and other
water-soluble cellulose derivatives

When regenerated or mercerized cellulose suspended in water at pH 10–11 was oxidized with
sodium hypochlorite and a catalytic amount of 2,2,6,6-tetramethylpiperidine-1-oxy radical
(TEMPO) at room temperature, it became water-soluble within 30 min as the oxidation
proceeded [34,35]. NMR analysis of the obtained products revealed that almost all C6
primary hydroxyl groups of the cellulose were regioselectively converted to carboxyl ones,
giving water-soluble β-1,4-linked polyglucuronic acid sodium salt having a homogeneous
chemical structure, that is, cellouronic acid sodium salt (CUA-Na) [34] (Figure 12.11). The
MM and MM distribution of the CUA-Na filtered with 0.02 µM membrane was studied by
SEC-MALS using 0.1 M NaCl as an eluent [35]. Carboxymethyl cellulose (CMC) sodium
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Figure 12.10 Typical SEC elution patterns of softwood and hardwood unbleached kraft pulp, detected by
RI and UV at 280 nm.
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Figure 12.12 SEC elution patterns and the corresponding MM plots of water-soluble cellulose derivatives
and alginic acid. From Shibata et al. [35], Figure 3, copyright (2006) with permission from Springer.

Table 12.3 Weight- and number-average molecular mass values (Mw and Mn) and the corresponding
degrees of polymerization (DPw and DPn) of cellouronic acid filtered with a 0.02 µm membrane, cellulose
derivatives and alginic acid, determined by the SEC-MALS system using 0.1 M NaCl as the eluent [35].

Sample Mw (DPw) Mn (DPn) Mw/Mn

Cellouronic acid Na salt 7 050 (36) 4 350 (22) 1.6
Carboxymethyl cellulose Na salt 136 000 (580) 67 300 (290) 2.0
Hydroxypropyl cellulose 435 000 (1600) 139 000 (500) 3.1
Alginic acid 203 000 (1000) 120 000 (600) 1.7

salt (CMC-Na), hydroxypropyl cellulose (HPC), and alginic acid (AGA) (Figure 12.11) were
also analyzed for comparison.

All these cellulose derivatives had SEC elution patterns close to normal distributions
(Figure 12.12). The MM plots of these materials revealed that the MM values linearly
decreased with an increase of the elution volume in the whole range, resulting from the
proper size-exclusion mechanism by the SEC column. The MM plots of AGA and CMC-Na
mostly overlapped, indicating that these two ionic polysaccharides have similar molecular
expansions in 0.1 M NaCl. Although HPC and CMC-Na have the same cellulose backbone,
CMC-Na molecules are more expanded in the solution probably by intra-molecular electric
repulsions. CUA-Na filtered with 0.02 µm membrane had a SEC peak position far from
those of the other samples; its MM is far lower than that of AGA, CMC-Na, or HPC. The
MM plot of CUA-Na is slightly shifted to lower MM value at the same elution volume; the
CUA-Na molecules are expanded in the solution more than those of AGA or CMC-Na.

The Mw and Mn values and the corresponding DPw and DPn, respectively, of CUA-Na,
CMC-Na, HPC, and AGA are calculated from the SEC-MALS data, and summarized in
Table 12.3. Because the DPv value of the original viscose rayon used for the preparation
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Figure 12.13 SEC elution patterns of carboxymethyl celluloses with different degree of substitution (DS),
detected by RI and LS at 90◦ [38].

of cellouronic acid is 380, the low DPw value for cellouronic acid prepared shows that
significant depolymerization occurs on the cellulose chains during the TEMPO-mediated
oxidation. The DPw values ∼36 were always observed for cellouronic acids prepared from
various regenerated cellulose samples under various TEMPO-mediated oxidation condi-
tions. This constant DPw of cellouronic acid is close to that of the leveling-off DP of
regenerated celluloses (∼DP 40) obtained by the dilute and heterogeneous acid hydrolysis
[36]. Thus, depolymerization of cellulose chains during the TEMPO-mediated oxidation
may preferably occur in disordered regions of the cellulose, resulting in the DPw values of
cellouronic acids close to the leveling-off DP in a manner similar to that of the dilute acid
hydrolysis.
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12.11 SEC-MALS analysis of CMC used as wet-end additive
in papermaking

CMC has anionic charges as well as pulp fibers that contain small amounts of carboxyl
groups, depending on the wood species used and the pulping and bleaching conditions.
However, it was recently found that more than 80% CMC added to the pulp slurries were
irreversibly adsorbed onto pulp fibers, and that the degree of CMC adsorption on pulp fibers
was influenced by the degree of substitution (DS) of CMC and the electrical conductivity of
pulp slurries [37,38]. Because CMC adsorption introduces new anionic sites onto pulp fiber
surfaces, efficiency of wet end additives and the resultant paper properties can be improved.
To understand the CMC adsorption behavior in terms of CMC molecular conformations
in aqueous solutions at various electrical conductivities, SEC-MALS analysis was applied to
CMC samples with different DS values.

Figure 12.13 shows SEC elution patterns of CMC with DS 0.46 and 0.65, detected by
RI and laser LS at 90◦ [38]. As described previously, LS is quite sensitive to aggregates
present in the apparently clear solutions. In fact, the aggregate formation is clearly detected
for the CMC with DS 0.46, although the absolute amount of the aggregates are not so
large, judging from the SEC elution pattern detected by RI. On the other hand, no such
aggregates are present in the solution of CMC with DS 0.65. It has been found that CMC
molecules added to pulp slurries are preferably adsorbed on pulp fibers and become effective
in improving paper qualities, only when some CMC aggregates are present in the solutions.
CMC molecules tend to have these aggregates with decreasing DS and increasing electrical
conductivity. Thus, the optimum effect of CMC addition to pulp slurries in papermaking
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Figure 12.14 Reactions of cellulose to form cellulose triphenylcarbamate and cellulose/OKD β-ketoester.
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Figure 12.15 SEC elution patterns and MM plots (a) and the corresponding conformation plots (b) of CTC
and cellulose/OKD β-ketoester with DS 2.1. From Yoshida et al. [39], Figures 13 and 14, copyright (2005)
with permission from Elsevier.

can be obtained, when CMC molecules have high affinity to each other to form aggregates.
Although the presence of such aggregates in solutions should be avoided or removed for
general measurements of accurate MM, the molecular aggregates detected by SEC-MALS
analysis often provides valuable information concerning functionalities of molecules in
solution state.
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12.12 SEC-MALS analysis of polymer-brush-type cellulose
β-ketoesters

Cellulose β-ketoesters with long and branched alkenyl chains were prepared using cis-
9-octadecenyl ketene dimer (OKD) and LiCl/DMI as the esterifying reagent and cellulose
solvent, respectively [39]. The DS values of the cellulose/OKD β-ketoesters were controllable
up to 2.1 by selecting the reaction conditions. Thus, new polymer-brush-type cellulose
β-ketoesters can be prepared by the homogeneous reaction between cellulose and OKD
[39]. Solution- and solid-state 13C-NMR analyses revealed that cellulose backbones of
the cellulose/OKD β-ketoesters with DS 2.1 behave like a solid in chloroform owing to
strong restriction on the movement of cellulose chains by the long and branched alkenyl
substituents introduced. SEC-MALS analysis was applied to the cellulose/OKD β-ketoester
dissolved in THF for conformation analysis in comparison with CTC. Reactions of cellulose
to form these two cellulose derivatives are shown in Figure 12.14.

Figure 12.15a depicts SEC elution patterns and the corresponding MM plots of CTC
and cellulose/OKD β-ketoester. Both the MM plots decrease with an increase of the elution
volume, showing that each molecule is properly separated according to its hydrodynamic
radius in THF by the SEC system. The peak position in the SEC elution pattern of
cellulose/OKD β-ketoester is higher than that of CTC, and the MM value of the former
is two to three times as much as that of the latter at the same elution volume. Because aver-
age mass values of one glucose residue in CTC and cellulose/OKD β-ketoester with DS 2.1
are 519 and 1270.8, respectively, the difference in the MM plots between the two cellulose
derivatives is quite reasonable. Figure 12.15b shows the double-logarithmic plots of MM
vs the RMS radius for the two cellulose derivatives. The slope of the plots for CTC is 0.59,
indicating that its molecules have random-coil conformation in THF. On the other hand,
the cellulose/OKD β-ketoester with DS 2.1 has the slope value of 0.71, which corresponds to
semi rigid-rod conformation. The long and branched alkenyl substituents introduced into
the cellulose hydroxyls may have brought about such a typical molecular conformation to
the cellulose/OKD β-ketoester in THF.
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Chapter 13
13C CPMAS NMR Studies of Wood,
Cellulose Fibers, and Derivatives

Sirkka Liisa Maunu

Abstract

The research area in lignocellulosic materials is an extremely large field, and it can be
approached in a variety of ways. The diversity of nuclear magnetic resonance (NMR) spec-
troscopy, together with the increased knowledge and the development of the hardware and
software possibilities during recent years, open up many possibilities for characterizing
lignocellulosic materials. Solid-state NMR methods provide a way to do chemical structure
analyses in a native state. Even if the resolution is lower compared with liquid-state meas-
urements, it is a remarkable choice for samples with restricted solubility such as residual
lignins, or when a physical structure such as cellulose morphology is studied. This chapter
demonstrates how advanced 13C cross-polarization magic angle spinning (CPMAS) NMR
methods can be applied to obtain morphological as well as chemical information of such
complicated substances – woods, cellulose fibers, and cellulose derivatives.

13.1 Introduction

Solid-state nuclear magnetic resonance (NMR) is a remarkable choice for samples with
limited solubility or when a physical structure such as material morphology is studied,
despite its much lower resolution compared to liquid-state NMR [1]. 13C cross-polarization
magic angle spinning (CPMAS) NMRmethods provide a way to conduct chemical structure
analyses in a native state without any chemical modifications or fractionation pretreatment.
A relatively high amount of sample is needed; however, good information of a bulk sample
is obtained.

The combination of cross-polarization (CP) and magic angle spinning (MAS) together
with proton dipolar decoupling (DD) initiated the utilization of this method also in the
area of wood, fiber, and cellulose research. Accumulation of knowledge together with the
development of the hardware and software provides a way to reach increasingly more
detailed information about the structure of heterogeneous materials.

For pure cellulose samples the crystallinity index (CrI) obtained from ordinary 13C
CPMAS spectra has been shown to correlate well with the corresponding crystallinities
obtained by x-ray diffraction. Hemicelluloses and lignin resonate in the same region as
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amorphous cellulose, interfering thus the determination of cellulose crystallinity in wood
and pulp samples. To obtain quantitative cellulose spectra, these amorphous noncellulosic
components must be removed prior to CrI determination. This can be done chemically or
spectroscopically using special spectral edition that is based on proton spin relaxation dif-
ferences [2,3]. The same procedure is utilized when the heterogeneity of cellulose derivatives
is studied [4].

The information in the basic 13C CPMAS NMR spectra of lignin samples remains limited
because of the low resolution. To obtain more detailed structural information, the use of
special techniques is required. In the dipolar dephasing (DD) technique, dipolar interactions
between protons and carbons cause the fast decay of the signals from carbons attached to
protons (i.e., tertiary aromatic carbons in lignins) in the CPMAS spectra. This technique
allows more precise analysis of the quaternary carbons, and it is utilized for example in the
studies of the degree of condensation in lignins [5,6].

Despite the known disadvantages of the solid-state NMR, that is, long measurement
time and limited resolution, valuable information of solid materials, which is not accessible
with other methods, has been obtained during the past few decades. With this method
the physical information of the samples is obtained on the grounds of the molecular-level
structure via chemical shifts.

This chapter reviews our recent studies dealing with solid-state NMR research of wood,
isolated wood components, cellulose fibers, and cellulose derivatives.

13.2 Experimental

All the measurements were conducted with a Varian UNITYINOVA 300 NMR spectrometer
operating at 75.5 MHz for carbons. The 7-mm sample rotor was rotated at a spinning
speed of 5000 Hz in most cases. Contact times were 1–2 ms, delay between pulses 2–4 s
depending on the sample, and acquisition time 20 ms. Time of accumulations was long
enough to obtain a good signal-to-noise ratio. Before NMR measurements the wood and
pulp samples were moistened with deionized water (∼50 wt% H2O). The chemical shifts
in CPMAS spectra were referenced using the cellulose C1 signal as an internal stand-
ard (105 ppm) or methoxyl signal (56 ppm) when lignin samples were studied. Detailed
description of the samples and parametres used during the measurements in various cases
studied are available in the primary publications referenced.

13.3 Special characteristics of 13C CPMAS NMR

High-resolution solid-state 13C NMR has been successfully exploited in the structural and
morphological studies of lignocellulosics ever since the early work done in the 1980s and
the 1990s [7,8]. The potential of the combination of three special techniques, CP, MAS, and
DD was demonstrated also in the studies of cellulose morphology. It became possible to
evaluate supramolecular arrangement in the solid state from the line shapes or from the
splitting of resonance signals.

Solid-state NMR is a bulk technique in which particle size effects have a minor impact on
the intensity of the measured signal. There is no need for a single crystal of sufficient quality
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as in the case of x-ray crystallography. A further advantage is that samples can be studied
without fractionation or isolation of components and thus all changes that might occur due
to chemical treatments are avoided. In wood samples, cellulose, hemicelluloses, lignin, and
to some extent also extractives give characteristic signals in the solid-state NMR spectrum.
Relatively sharp signals are assigned to ordered cellulose and hemicelluloses while broader
signals are assigned to disordered hemicelluloses and lignin.

For samples with diverse chemical structures, such as wood or heterogeneous cellulose
derivatives, the CP kinetics differs between aromatic, carboxylic carbons, and aliphatic
carbons. The individual carbon intensities in the CPMAS spectra depend upon the contact
time and the relaxation rates. It follows that the comparison of intensities requires the
recording of a contact time series together with relaxation evaluations [9].

It is generally accepted that the 13C CPMAS NMR spectrum of cellulose is quantitative.
The intensities for each of the six carbons in the anhydroglucose ring are expected to be
equal because of the rather rigid hydrogen-bonded structure and because all carbons have
directly bonded protons. The CP rate is equal for these carbons, which opens the possibility
to study cellulose morphology.

During the measurement, a solid sample is rotated rapidly about an axis in a so-called
magic angle relative to the external field. In practice, the rotation rate is lower than is needed
to remove the chemical shift anisotropies of aromatic and carbonyl resonances, and hence
for these, a narrow center band with various side bands is detected. The appearance of
spinning side bands (SSB) increases the complexity of quantitative analysis because their
intensities have to be included to the main signal intensity. Further, the overlapping of
signals has to be avoided.

An ordinary 13C CPMAS NMR spectrum of wood contains frequent overlaps of vari-
ous signals from different wood components (see Figure 13.1). In chemical pulp samples
the overlapping is still considerable, though less important due to the lower amount of
hemicelluloses and residual lignin. In the proton spin relaxation edition (PSRE) method,
the differences in the proton spin relaxation times (T1ρH) of different spatial domains,
crystalline cellulose, and amorphous matrix are utilized to separate the phases into
subspectra of their own. In addition to the ordinary CP, PSRE pulse sequence has a
spin-lock delay between proton preparation pulse and the contact time. In this way,
the interference of lignin and hemicellulose signals can be removed by purely spectro-
scopic means and all the possible structural changes caused by chemical treatments are
avoided [2,3]. The crystallinity indices of cellulose can hence be obtained for wood samples
using solid-state NMR [2,3,10–13]. An important feature, discovered with the subspec-
tra separation for pulp samples, is that the intimate association (interaction/bonding)
between hemicelluloses and cellulose leaves hemicellulose residuals in the crystalline
phase [14].

Solid-state 13C CPMAS spectroscopy is a much utilized characterization method for
lignin studies. The major drawback is, however, its low resolution compared with the
solution-state measurements. This can and needs to be compensated by special techniques.
In the DD technique [5,6] the high-power decoupler is turned off for a short while (d2) after
CP and then turned on again for data acquisition. During the delay, the dipolar interactions
between protons and carbons induce a fast dephasing of the signals, which is most rapid for
the tertiary aromatic carbons. The extent of lignin condensation in softwoods and softwood
pulps has been estimated by this technique [15–19]. Recently chemical modifications in
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Figure 13.1 The 75 MHz 13C CPMAS spectra of a wood sample, a chemical pulp sample, a mixture
of hemiselluloses, and milled wood lignin (MWL), respectively, from top to bottom. From Maunu [1],
Figures 5 and 9, copyright 2002 with permission from Elsevier.

wood lignin structures occurring at high temperatures were also evaluated on the basis of
DD measurements [10,11,13,20,21].

13.4 Applications

13.4.1 Wood

Solid-state 13C CPMAS NMR spectroscopy has been extensively applied to the struc-
tural studies of natural wood. In native wood samples the main structural components –
cellulose, hemicelluloses, lignin and, to some extent, extractives – give their characteristic
shifts (Table 13.1) to the spectrum shown in Figure 13.1. Proportional comparisons can
be done directly on the basis of the conventional CPMAS measurements, but comparisons
between results from different studies require special accuracy focused on the measurement
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Table 13.1 Signal assignments for 13C CPMAS
spectra of wood.

Chemical shift (ppm) Assignment

173 COOH in acetyl
153 S3e, S5e, G4e
148 S3f, S5f, G3
146 G4f
136 S1e, S4e, G1e
133 S1f, S4f, G1f
120 G6
116 G5
112 G2
105 C1 of cellulose
102 C1 of hemicelluloses
89 C4 of crystalline cellulose
84 C4 of amorphous cellulose
72–75 C2/C3/C5 of cellulose
65 C6 of crystalline cellulose
62 C6 of amorphous cellulose
56 Methoxyl groups in lignin
21 CH3 in acetyl groups

S = syringyl, G = guaiacyl, e = etherified C4, f = free
phenolic C4, S3e refers to aromatic carbon-3 of the S unit
with etherified C4, and so on.

conditions, that is, sample humidity, spectrometer hardware and pulse sequence, values of
parametres, as well as data handling [1].

13.4.1.1 Cellulose morphology in wood

For wood samples characterized by solid-state NMR, a wide range of percentual values of
cellulose crystallinity are reported in literature. The main reason for this is the way how the
CPMAS spectrum is divided into subspectra or deconvoluted to individual signals, in other
words, how successfully lignin and hemicelluloses have been eliminated either chemically
or spectroscopically [1].

Digital resolution enhancement of the 13C CPMAS spectrum was the first method used
to distinguish between the different crystalline cellulose forms in wood samples. Although
the method remains questionable for solid-state spectra, comparisons of signal strengths
at the crystalline C4 region in the wood samples studied show a higher relative amount of
Iα for the softwoods and higher relative amount of Iβ forms for the hardwoods [22–24].
Normal and tension woods from Populus maximowiczii have been proved to be rich in the
cellulose Iβ form [1,25].

The conventional 13C CPMAS spectra of wood contain many signal overlaps. The inter-
fering signals of lignin and hemicelluloses must be removed before CrI of cellulose can be
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Figure 13.2 The 13C CPMAS NMR spectrum of (A) pine wood, and the separated subspectra of (B)
cellulose, and (C) lignin–hemicellulose matrix. From Maunu et al. [4], Figures 3–7, copyright 2005 with
permission from Appita Inc.

determined reliably. The subspectra of more ordered cellulose and the amorphous mat-
rix are separated on the basis of the different relaxation times when the PSRE method
is used. Linear combination procedure is used to obtain the subspectrum of cellulose as
subspectrum B) in Figure 13.2.

The crystallinity is determined in our studies from the area of the crystalline (86–92 ppm)
cellulose C4-signal, a, and the area of the amorphous (79–86 ppm) cellulose C4-signal, b,
according to Teeäär et al. [26] as

CrI = a/(a + b)× 100% (13.1)

Only the highly ordered cellulose in the interior of the crystallites is considered as crystal-
line cellulose by this method and the remaining less-ordered cellulose, including the fibril
surfaces, is considered as being amorphous [8]. The spin-locking technique has been used
to investigate the cellulose crystallinity in various woods [2,3]. Slightly lower crystallinities
for hardwoods, 54% (mean value for six woods), than for softwoods, 57% (mean value for
five woods), were obtained.

We have studied variations in cellulose morphology by taking samples from different
parts of wood stem: from near the pith, from mature wood, and at different heights of the
stem [12]. The cellulose crystallinities (CrI) were obtained by the spin-locking technique
for three different Scots pine and three different Norway spruce samples. It was observed
that the crystallinity of cellulose was the same from the pith to the bark for both woods
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within the accuracy of the determination. Besides NMRs the samples were studied also
by x-ray-scattering measurements. Solid-state NMR was applied to determine the crys-
tallinity of cellulose and x-ray crystallography to determine the crystallinity of wood. For
comparison, the crystallinity of wood was also calculated from the NMR crystallinity of
cellulose using mass fractions 52.2% and 48% for cellulose in Pinus sylvestris and Picea
abies, respectively. The values of 27% and 25% for Scots pine and Norway spruce were only
slightly lower than the crystallinities obtained by wide angle x-ray scattering (WAXS) for
the mature wood. Taking into account the accuracy of the estimations, the values agree well
enough. It can be concluded from this comparison that the spin-locking technique provides
a good way to determine cellulose crystallinity in wood samples [12].

13.4.1.2 Lignin structures in woods

The aromatic carbons of lignin resonate in the 13C CPMAS NMR spectra without nearly any
interference from the signals of cellulose and hemicelluloses. The resolution in the spectra,
however, remains low (top and bottom spectra in Figure 13.1). The DD technique has proven
to be a very useful method when lignin structures, especially those in wood, are studied in
more detail [10,11,13,20,21]. In the DD spectra the signals of quarternary aromatic carbons
are observable without overlapping of signals from tertiary aromatic carbons. Hardwood
lignin contains syringyl (S) as well as guaiacyl (G) units. The spectra of hardwoods show
signal at 153 ppm assigned to C3 and C5 carbons and a signal at ∼135 ppm assigned to
C1 and C4 carbons of the S unit (Figure 13.3a). The G units in softwoods give a signal at
∼150 ppm assigned to C3 and C4 carbons, and the signal at∼133 assigned to C1 units and
substituted C5 carbons (Figure 13.3b).

The lignin in hardwoods is built up of G and S units in ratio varying from 4:1 to 1:2
for the two monomeric units [27]. The lignin in oak and aspen contains more G units and
probably more nonetherified S units than the lignin in birch as revealed by solid-state NMR
[5,13,28].

Twenty-five tropical hardwoods from Ghana were examined recently using different spec-
troscopic techniques in the solid state to explore the chemical structure and phytochemical
diversity [29]. DD NMR results showed variations in the S/G proportions in lignin. It was
observed that a higher amount of G units correlated with a higher amount of lignin and
that this further correlated with better bio-resistance.

13.4.1.3 Chemical structure of thermally modified wood

The utilization of spin-locking and DD methods makes it possible to follow changes that
various treatments cause to the chemical structure of wood and its components. In our
group we have utilized these solid-state NMR methods to evaluate the thermal modification
effects on different woods [10,11,13,20,21].

The conversion of cellulose during thermal modification is observed as a decrease in the
signals at 84 and 62 ppm assigned to disordered, amorphous cellulose (Figure 13.4). The
PSRE technique and linear combinations of measured spectra were used to isolate sub-
spectra of cellulose and lignin–hemicellulose material as described in the beginning of this
chapter. The crystallinity of the cellulose was found to increase with increasing temperature
with the CrI being the highest (65%) for pine wood treated at 230◦C. This was due to
a preferred degradation of the less-ordered molecules during the thermal treatment [11].
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Figure 13.3 The DD spectra of (a) silver birch and (b) scots pine; G refers to guaiacyl units and S to
syringyl units; e refers to etherified C4 units, f to free phenolic C4 units and s to substituted structures.

The results show that thermal modification enhances cellulose crystallinity in every stud-
ied wood species. The crystallinity indices are higher for the thermally modified softwood
samples than for the hardwood samples (Figure 13.5). One relevant factor for the lower cellu-
lose crystallinities of hardwoods than of softwoods studied by this method is the incomplete
removal of xylan. The accuracy of the values was estimated to be within ±3% on the basis
of spectra processing [11,13].

The relative mass fraction of lignin increased during thermal modification in propor-
tion to the relative mass fraction of carbohydrates, being the highest for the pine wood
samples treated at the highest temperature of 230◦C. This change was due to the preferential
degradation of carbohydrates.

DD measurements were used to follow the changes in lignin structures in more detail.
Cleavage of the β-O-4 linkages in lignin is observed in softwoods from the shape of the
G C3 and C4 signals at 140–160 ppm (Figure 13.6). The etherified G units in lignin are
seen as a shoulder at 153 ppm and free phenolic G units appear as a shoulder at 146 ppm.
After thermal modification, softwood lignin contains more free phenolic units than before
treatment. The increase in signal height at 128 ppm arises from the C5-substituted struc-
tures and indicates an increase in the content of condensed lignin G structures due to the
modification [11,13].
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Figure 13.4 The 75 MHz 13C CPMAS spectra of a heat treated wood and its reference sample. From
Maunu [1], Figures 5 and 9, copyright 2002 with permission from Elsevier.

For hardwoods the cleavage of the β-O-4 linkages in lignin is observed from the relative
intensities of the signal at 153 and 148 ppm [13]. The signal at 153 ppm is assigned to S C3
and C5 units that are etherified at C4 whereas the signal at 148 ppm is assigned to those in
free phenolic units and to G C3 and C4. The majority of the S units in hardwoods appear to
contain β-O-4 linkages before treatment, whereas after treatment a substantial part of these
linkages are cleaved.

Other changes that the thermal modification cause to the wood structure detected on
the basis of solid-state NMR measurements were the deacetylation of hemicelluloses and the
demethoxylation of lignin. The thermal degradation of wood was shown to begin with the
hemicelluloses. The lower thermal stability of hemicelluloses compared to cellulose can
be explained by the low amount of crystallinity.

13.4.2 Cellulose fibers

Owing to the capability of measuring samples in their native states, 13C CPMAS NMR can
be applied to investigate both the physical and chemical structure of lignocellulosics. The
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Figure 13.5 Cellulose crystallinity indices (%) for variouswood samples; Ref refers to the untreated sample
and Tm to thermally modified sample.

delignification reactions during cooking and bleaching lead to structural changes of the
components of the pulp fibers and require characterization in the solid phase. Solid-state
NMR methods have been used to follow delignification during pulping as well as to study
the kinetics of the pulping process. Further, the morphology of cellulose in pulps has been
characterized extensively. The structural details of the insoluble residual lignin, resistant
to removal during pulping, have been clarified also using solid-state NMR methods. The
results are referred to in many reviews and recently also by the present author [1]. In the
following sections, the fiber ultrastructure from the viewpoint of cellulose morphology and
chemical structure, as well as the condensation in technical lignins, will be discussed based
on the results obtained from our laboratory during the past few years.

13.4.2.1 Cellulose morphology in fibers

Structural changes occurring in the morphology of cellulose during various chemical
pulping related processes were followed in order to optimize the cooking and bleaching
conditions [16,18,23,24,30,31]. According to the 13C CPMAS measurements the crystallin-
ity of cellulose increases during pulping. The CrI values obtained by the ordinary 13C
CPMAS measurements are very sensitive to the variations of the lignin and hemicellulose
contents. Therefore, the amorphous lignin and hemicelluloses were removed by the PSRE
method discussed in Section 13.3. Cellulose crystallinity was calculated from the areas of
the crystalline and amorphous C4 signals after deconvolution using the subspectrum from
PSRE measurement (Figure 13.7a). When various pulps were studied, a slightly lower degree
of cellulose crystallinity was found in birch pulps compared with the corresponding pine
pulps [16].
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Figure 13.6 The DD spectra of thermally modified (Tm) and unmodified reference (Ref) samples of
different wood species; arrows indicate the changes referred to in the text.

The occurrence of various crystalline forms of cellulose can be observed in the original
CPMAS spectrum inter alia as shoulders in the C4 crystalline signal [7,8]. To determine
the relative proportions of cellulose polymorphs, resolution enhancement has to be used
in order to succeed with signal deconvolution (Figure 13.7b) [16,22,32]. The increased
noise level involved with this method exposes the deconvolution of small signals to errors,
and therefore, the determination of cellulose II form is not very accurate. During pulping
part of the metastable cellulose, Iα is converted to the more stable cellulose Iβ polymorph
[18,23,24,30].

The structure of the fiber wall is inhomogeneous and the composition of the fiber surface
differs from the inner part of the fiber. To obtain information about the pulping effects on
the fiber surface structure, kraft pulp was refined and the fines were separated from the
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Figure 13.7 The 75 MHz 13C CPMAS spectrum of a softwood pulp sample (as an example) with decon-
volution of the spectrum (a) and resolution enhanced crystalline C4 resonance with deconvolution (b).
Measured spectra, calculated spectra, and deconvoluted lines are shown from top to bottom, respectively.

long fibers, and various fractions were studied regarding the cellulose morphology [24].
After kraft pulping, cellulose crystallinity was found to be lower in ray cells and on the fiber
surface compared with the long-fiber fractions. Only marginal changes in the amounts of
the crystalline forms of cellulose were observed during refining. In the fines the relative
proportions of Iα and Iβ were similar to the corresponding bulk fibers.

The cellulose C4 resonance region in the solid-state 13C CPMAS NMR spectra
(80–92 ppm) is very informative when divided into separate resonances by spectral fitting
[33–35]. The C4 carbons in the ordered region have been assigned to crystalline cellulose I
forms with sharp Lorenzian line shapes, and moreover, these are overlapped by a broad
Gaussian line assigned to paracrystalline cellulose with shorter carbon relaxation time. The
more disordered region has been divided into two signals from cellulose at accessible fib-
ril surfaces and one signal from cellulose at inaccessible fibril surfaces, all with Gaussian
line shapes. Owing to the differences in chemical shifts of the crystalline interiors and the
crystallite surfaces, fitted results can be used to determine the average fibril dimensions
and further the differences in chemical shifts of accessible and inaccessible fiber surfaces
for determination of fibril aggregate dimensions. The method is based on the square cross-
section fibril model and aggregated cellulose fibrils model [33]. For successful application
of this method, it is necessary, depending on the pulps, to remove hemicelluloses as well
as residual lignin from samples before NMR analysis. No major differences were obtained
in fibril and aggregate dimensions when isolated cellulose from fines and long fibers were
compared [31].

13.4.2.2 Ordered hemicelluloses

For pure cellulose samples the degree of crystallinity can be determined by ordinary
13C CPMAS NMR measurements. However, in chemical pulp samples the remaining
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Figure 13.8 Cellulose crystallinities (CrI %) of various chemical pulps determined by the PSRE method,
and after 17 h acid hydrolysis and then determined by ordinary CPMAS, respectively.

hemicelluloses and lignin interfere with the determination of cellulose crystallinity. There-
fore, to obtain quantitative cellulose spectra these amorphous noncellulosic components
must be removed from the samples. This can be done either chemically by NaClO2 deligni-
fication and acid (such as hydrochloric acid) hydrolysis (at 100◦C) or spectroscopically by
the PSRE method described above. To compare these two methods, various pine and birch
pulps containing varying amounts of hemicelluloses have been analyzed [14,16,36].

After removal of hemicelluloses by hydrochloric acid hydrolyses at 100◦C for 17 h, higher
CrI values were obtained in comparison with the unhydrolysed samples. The crystallinities
obtained for pine kraft pulps obtained from flow-through (FT) kraft cooking (FT-kraft
pulp), kraft cooking (kraft-pulp), and kraft polysulfide–anthraquinone cooking (PS–AQ
pulp) after acid hydrolysis (CrIAH+CPMAS) were lower than the corresponding crystallinities
obtained by PSRE method (CrIPSRE). For birch samples just the opposite was observed
(Figure 13.8). The lower values of the pine pulps are at least partly due to the incomplete
removal of hemicelluloses by the acid hydrolysis. Another effect of the acid hydrolysis is the
dissolution of amorphous cellulose. The higher CrIPSRE values obtained for the pine pulps
indicate that the amorphous noncellulosic components may be removed more effectively
by the PSRE method than by the acid hydrolysis. We concluded that the PSRE method
is a more convenient way to remove the interfering hemicellulose signals from softwood
chemical pulps. After the spectroscopic or chemical removal of hemicelluloses, no significant
differences in the cellulose crystallinities were observed between pulps obtained by various
pulping methods. According to the CrI values, the crystallinity is lower in birch pulps than
in the corresponding pine pulps. It has been reported earlier that in hardwoods the degree
of crystallinity is slightly lower than in softwoods [2,3,11], and this seems to remain also
after pulping.
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The CrIPSRE values of birch pulps are even lower than the corresponding CrIAH+CPMAS

values. This is a result of the incomplete removal of xylan from the birch pulps by the PSRE
method as the xylan signal can still be seen at 82 ppm in the subspectrum of the crystalline
component (Figure 13.9a). This indicates similar relaxation behavior of xylan and cellulose,
which may be a consequence of a close association and interactions between xylan and
cellulose and/or increased relaxation times of xylan due to ordered structure. Likewise, all
the glucomannan could not be removed completely by the PSRE method. The C1 signal
of the mannose residues can still be seen at 102 ppm in the subspectra of the crystalline
components of all the softwood pulps studied (Figure 13.9b). It is therefore likely that
some of the glucomannan may as well possess an ordered ultrastructure or interact with
cellulose. From this it was concluded that the PSRE method also provides information on
the interactions between cellulose and hemicelluloses [14].

13.4.2.3 Extent of lignin condensation

Solid-state 13C CPMAS spectroscopy can be very well utilized in the studies of isolated lignin
structures with limited solubility. However, the low resolution in the ordinary CPMAS
spectra of lignins limits the investigation of detailed structures, but some structural features
can be obtained, and these even more profound when the DD method is used. Condensed
aromatic lignin structures have a significant role when the incomplete delignification is
considered. In our research projects we have had an opportunity to evaluate the feasibility
of the DD method to determine the degree of condensation in various lignin samples
[16–19].

Using DD technique the average extent of substitution of the aromatic rings of lignin can
be determined. Dipolar interactions between protons and carbons induce a fast dephasing of
the signal, and this is more rapid with the tertiary aromatic carbons due to the proximity of
the attached protons. Two different methods were used to obtain the degree of condensation
and the methods were compared with different model compounds [19].

The ordinary 13C CPMAS spectrum of a kraft pulp residual lignin without any delay and
the DD spectrum measured with the 50 µs dephasing delay are shown in Figure 13.10a.
The signal A (140–160 ppm) in the lower spectrum is due to the C3 and C4 of the G group
whereas the signal B (115–140 ppm) is due to the C1 and the substituted C5 of the G group.
The ratio of these signal areas (A/B) provides information on the aromatic substitution and
on the degree of condensation [17,18].

The average extent of the substitution can also be determined by monitoring the unequal
decay rates of the aromatic tertiary and quarternary carbon signals. This method was in the
first instance applied to the analysis of various naturally degraded and fossilized soil and
coal samples [37,38]. The natural logarithm of the area of aromatic region is presented as a
function of the dipolar dephasing delay time (Figure 13.10b). The total intensity (Itot) of the
aromatic area is composed of the intensities of the faster decaying aromatic tertiary carbons
(Ia) and the slower decaying quaternary carbons (Ib). The procedure to obtain the number
of tertiary carbons in guaiacyl ring and further the extent of condensation was delineated
in detail by Liitiä et al. [19]. According to the results obtained on the basis of the model
compounds studied, the “d2-array” method was found to be slightly more accurate than
the A/B method.
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Figure 13.9 The 13C CPMAS NMR spectrum of (a) birch pulp with the subspectrum of the crystalline
component and (b) pine pulp with the subspectrum of the crystalline component.
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(b) decay of the ln Itot as a function of d2-delay.

The extent of condensation obtained by the d2-array method for native and several tech-
nical lignins is represented in Figure 13.11. According to the results, spruce lignin isolated
enzymatically from ball-milled wood (MW-E), which is considered to be a better represent-
ative of native lignin, was found to be more condensed than pine milled wood lignin (MWL),
which might represent the most easily isolated and the least condensed part of lignin. All
technical lignins were found to be more condensed than pine MWL. Studies of pine spent
liquor lignins (SLLs) dissolved in various stages (60–240 min) of FT cooking, FT-SLL-60 to



Suma Hu: “c013” — 2007/11/29 — 14:23 — page 243 — #17

13C CPMAS NMR Studies 243

0
10
20
30
40
50
60
70
80
90

100

M
W

L
M

W
E

FT-S
LL

-6
0

FT-S
LL

-1
20

FT-S
LL

-1
80

FT-S
LL

-2
40

FT-R
L

Kra
ft-

SLL

Kra
ft-

RL

Kra
ftO

-R
L

Kra
ftO

QP-R
L

Pine Spruce

C
on

de
ns

ed
 s

tr
uc

tu
re

s 
(%

)

Figure 13.11 The extent of condensed structures in native and technical lignins.

FT-SLL-240, show that the amount of condensed structures increases as the cook proceeds.
This indicates that the uncondensed lignin structures are most easily removed in the begin-
ning of the cook. As the cook proceeds more condensed lignin structures are dissolved, the
corresponding residual lignin (FT-RL) is the most condensed. The SLL of the conventional
spruce kraft pulp is more condensed than the last SLL-fraction of the FT-cook of pine.
While assuming that the lignin structural difference between spruce and pine is small, these
results indicate that either more condensed lignin structures have been dissolved in the con-
ventional kraft cook or some further condensation has occurred in the black liquor lignin
during the conventional cook. In the RLs of the conventional spruce and the FT pine kraft
cook, the extent of condensation seems to be quite similar. Oxygen (O) delignification of
the kraft pulp was found to further increase the relative amount of the condensed structures
in RL. A slight increase in the amount of the condensed structures was observed further
after chelation and then peroxide bleaching (QP).

It can be concluded that both A/B and d2-array methods can be used to estimate the degree
of condensation in lignin samples and no chemical treatment for the sample preparation
is needed. The accuracy of the d2-array method was found slightly better, but the long
measurement times required and interference of carbohydrates and all aromatic impurities
are the disadvantages of this method. Therefore, the A/B method may be more reliable for
samples containing large amounts of carbohydrates or some aromatic impurities.

13.4.3 Derivatives

The applications of high-resolution NMR spectroscopy to the studies of chemically modified
cellulose can occasionally be met with difficulties because of the limited solubility of the
derivatives in common NMR solvents. The morphological as well as the chemical analysis
of solid cellulose derivatives is however possible even though the resolution in the solid-
state NMR remains low. A selective derivatization can be followed on the basis of CPMAS
spectra, and it can be estimated if the entire initial cellulose is made accessible to the
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modification reactions. However, successful application of solid-state NMR methods for the
characterization of cellulose derivatives requires the control of a variety of parameters [4].

For samples with more diverse chemical structures such as cellulose derivatives, the CP
kinetics differs between the aromatic, carboxylic, and aliphatic carbons. The individual
carbon intensities depend upon the contact time and relaxation rates. It follows that the
comparison of intensities requires the recording of a contact time series together with
relaxation evaluations. Signal intensities of a carboxymethyl cellulose (CMC) with varying
contact times are presented in Figure 13.12a. During CP the magnetization builds up and
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C2–C5 of AGU
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C=O C1

C6

C2–C5, C7
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Figure 13.12 (a) Signal intensities of carboxyl carbons and C2−−C5 carbons of the anhydroglucose unit
(AGU) of CMC as a function of the contact times; (b) the 13C CPMAS NMR spectrum of CMC with signal
assignments. From Maunu et al. [4], Figures 3–7, copyright 2005 with permission from Appita Inc.
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relaxes with different rates, which requires an extrapolation to contact time = 0 or a
selection of a suitable contact time for quantitative comparison of signals [9].

13C CPMAS spectrum measured with 2 ms contact time and 5 s delay between pulses is
presented in Figure 13.12b. The appearance of SSB in the spectrum increases the complexity
of quantitative analysis because their intensities have to be included in the main signal
intensity. The sample rotation rate has to be chosen in a suitable way to prevent signal
overlapping and to obtain adequate resolution. Ideal would be if the spinning speed were
greater than the static line width expressed in hertz. Unless this condition is attained, SSBs
are observed on both sides of the main signal and their intensities have to be included in the
main signal intensity. When these are taken into account, the degree of substitution can be
evaluated for CMC by comparing the signal intensities of C==O (+SSBs) and the C1 signal
of the anhydroglucose unit (AGU).

Because of the complicated wood structure and fiber morphology in wood pulps, the
accessibility of cellulose to solvents is limited in many cases. This causes the derivatiza-
tion of cellulose to be difficult and often results in inhomogeneously substituted cellulose
derivatives. If the derivatization reactions are performed in solutions, a more homogeneous
product is obtained. However, due to the limited solubility of the starting material, the
derivatization processes are usually heterogeneous, resulting in modification mainly in the
accessible cellulose domains. The homogeneity of the derivatives can be evaluated spec-
troscopically by applying the PSRE technique as described above. This method has been
used by us in the analysis of a cellulose carbamate sample. The modification is seen as a
carbonyl signal at ∼158 ppm (Figure 13.13a). The differences in the proton relaxations

170 160 150 140 130 120 110 100 90 80 70 60 50 ppm

(a)

(b)

(c)

Figure 13.13 The 13C CPMAS NMR spectrum of cellulose carbamate (a) and the separated subspectra of
ordered (b) and unordered matrix (c). From Maunu et al. [4], Figures 3–7, copyright 2005 with permission
from Appita Inc.
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were used to separate the ordered (Figure 13.13b) and unordered phases (Figure 13.13c).
As seen in the bottom spectrum the unordered phase contains the carbonyl signal, which
leads to the conclusion that the modification has occurred in accessible amorphous phase
in this case.

Concluding remarks

Solid-state NMR has the potential to analyze samples in native state and obtain average
information of bulk samples. The diversity of NMR techniques, together with the increased
knowledge and the development of the hardware and software during recent years, provides
many opportunities for characterizing heterogeneous materials. This chapter has demon-
strated how advanced 13C CPMAS NMR methods can be applied to obtain morphological
as well as chemical information of such complicated substances as woods, cellulose fibers,
and cellulose derivatives.

In the PSRE method the differences in the relaxation times (T1ρH) of different spatial
domains can be utilized to separate the components into subspectra of their own. The
technique is used in this context to separate ordered and unordered matrix from each
other. Dipolar interactions between protons and carbons are used to cause dephasing of
the proton-attached C signals in the CPMAS spectra and this technique allows the study
of the lignin aromatic quaternary carbons more precisely. In addition to the ordinary 13C
CPMAS NMR measurements, these methods have been applied to investigate the effects
of chemical pulping-related processes on the polymeric components of wood and pulp.
Further the changes that a heat treatment process brings in the chemical structure of wood
components have been investigated. Solid-state NMR provides also remarkable structural
and morphological information of insoluble cellulose derivatives, especially in the studies
of the heterogeneous chemical modification of the samples.
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Chapter 14

Advances in the Characterization of
Interfaces of Lignocellulosic Fiber Reinforced
Composites

Sherly Annie Paul, Laly A. Pothan, and
Sabu Thomas

Abstract

Ecological concern has resulted in a renewed interest in lignocellulosic materials and
therefore, issues such as recyclability and environmental safety are becoming increasingly
important for the introduction of new materials and products. Natural fibers such as flax,
hemp, kenaf, jute, and sisal have a number of techno-economical and ecological advant-
ages over synthetic fibers. The combination of good mechanical and physical properties
together with their environmentally friendly character has triggered a number of industrial
sectors, notably the automotive industry, to consider these fibers as potential candidates
to replace glass fibers in environmentally safe products. A major disadvantage of cellulose
fibers is their highly polar nature, which makes them incompatible with nonpolar poly-
mers. The stress transfer at the interface between two different phases is determined by the
degree of adhesion. A strong adhesion at the interfaces is needed for an effective transfer
of stress and load distribution throughout the interface. The compatibility of hydrophobic
polymer and hydrophilic cellulose fibers can be enhanced through the modification of
polymer or fiber surface. A clear understanding of the complex nature of cellulose sur-
faces and interfaces is needed to optimize surface modification procedures and thus to
increase the usefulness of lignocelluloses as a constituent of composites. Various treatments
of the lignocellulosic surfaces and the characterization techniques have been illustrated. The
characterization techniques for lignocellulosic fibers and interfaces that are enumerated in
this article are micromechanical, microscopic, spectroscopic, and thermodynamic analysis.
Recent interfacial studies of different lignocellulosic fiber reinforced composites have also
been cited.

14.1 Introduction

14.1.1 Lignocellulosic fibers and their composites

14.1.1.1 Different types of lignocellulosic fibers

Plant fibers are a composite material designed by nature [1]. Most plant fibers, except cotton
are composed of cellulose, hemicelluloses, lignin, waxes, pectins, and some water-soluble
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compounds [2]. Physical properties of natural fibers are basically influenced by the chemical
structure such as cellulose content, degree of polymerization, orientation and crystallinity,
which are affected by conditions during growth of plants as well as extraction methods
used. There is an enormous amount of variability in plant fiber properties depending upon
whether the fibers are taken from which part of the plant, the quality of plant, and loc-
ation. Different fibers have different lengths and cross-sectional areas and also different
defects such as microcompressions, or pits or cracks. Table 14.1 contains the world pro-
duction of certain commercially important fiber sources [3]. Table 14.2 shows the chemical
composition of a few plant fibers [1].

Natural fibers are subdivided based on their origins – plants, animals, or minerals. Plant
fibers include bast fibers, leaf fibers, and seed/fruit fibers. Bast consists of a wood core

Table 14.1 Commercially important natural
fiber sources.

Fibre source Species Origin

Wood 10000 species Stem
Cotton lint Gossypium sp. Fruit
Jute Corchorus Stem
Flax Linum usitatissimum Stem
Sisal Agave sisilana Leaf
Hemp Cannabis sativa Stem
Coir Cocos nucifera Fruit
Ramie Boehmeria nivea Stem
Abaca Musa textiles Leaf
Sunhemp Crorolaria juncea Stem
Kenaf Hibiscus cannabinus Stem
Bamboo >1250 species Stem

Table 14.2 Chemical composition of various plants.

Fiber Cellulose
(wt%)

Hemi
celluloses (wt%)

Lignin
(wt%)

Pectin
(wt%)

Moisture
content (wt%)

Waxes
(wt%)

Microfibrillar
angle (deg)

Flax 71 18.6–20.6 2.2 2.3 8–12 1.7 5–10
Hemp 70–74 17.9–22.4 3.7–5.7 0.9 6.2–12 0.8 2–6.2
Jute 61–71.5 13.6–20.4 12–13 0.2 12.5–13.7 0.5 8
Kenaf 45–57 21.5 8–13 3–5 – – –
Sisal 66–78 10–14 10–14 10 10–22 2 10–22
Henequen 77.6 4–8 13.1 – – – –
PALF 70–82 – 5–12.7 – 11.8 – 14
Banana 63–64 10 5 – 10–12 – 12–14
Cotton 85–90 5.7 0–1 – 7.85–8.5 0.6 –
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surrounded by a stem. Within the stem, there are a number of fiber bundles, each containing
individual fiber cells or filaments. Fibers are extracted from stems after a process called
retting [3]. Examples include flax, hemp, jute, kenaf, and ramie. Leaf fibers such as sisal,
abaca, banana, and henequen are coarser than bast fibers. Cotton is the most common seed
fiber. Other examples include coir and oil palm. Other sources of lignocellulosics can be
from agricultural residues such as rice hulls from a rice processing plant, sun flower seed
hulls from an oil-processing unit, and bagasse from a sugar mill.

14.1.1.2 Properties of lignocellulosic fibers

To compare different kinds of lignocellulosic fibers, knowledge about fiber length and fiber
diameter is important. The effective length of the long fibers after processing is based on the
type of plant, the processing technology, the precut length of the stalks, and the operation
data of the decorticator. The length of the natural fibers varies in a wide range from 10 to
250 mm. An important parameter is the aspect ratio (length/diameter) that has an influence
on the mechanical properties of the composite [4]. A high aspect ratio is very important in
agro-based fiber composites as it gives an indication of possible high strength properties.
This aspect ratio is highly sensitive to attrition during processing (extrusion, injection)
[5]. Table 14.3 shows the dimensions and mechanical properties of some common natural
fibers [1].

The fiber strength is an important factor in selecting a specific vegetable fiber for a
specific application. The mechanical properties are influenced by several external factors.
Because of this, harvesting, storage and processing of the fibers have to be controlled as
much as possible to eliminate the loss of fiber strength [6]. From Table 14.3 it can be seen
that mechanical properties of vegetable fibers vary widely depending on the type of the
fibers. The retting process increases the tensile strength of hemp fibers [6]. This means that
fibers become stronger and harder, while simultaneously elasticity and elongation decreases.
Tensile strength of natural fibers is comparable to that of high-tensile steel which is classified
by strength of 450 N mm−2 (85 000 Ib in.−2) [6]. The modulus of elasticity of natural fibers
depends on the type of plants and retting varying from 24 to 60 kN mm−2 [6]. It is about
one-seventh the modulus of steel. This modulus marks the outstanding tensile stress of

Table 14.3 Mechanical properties and dimensions of some common natural fibers.

Fiber Tensile
strength (MPa)

Young’s
modulus (GPa)

Elongation
at break (%)

Density
(g cm−3)

Diameter
(µm)

Jute 393–800 13–26.5 1.16–1.5 1.3–1.49 25–200
Hemp 690 70 1.6 1.47 25–500
Cotton 287–800 5.5–12.6 7–8 1.5–1.6 12–38
Sisal 468–700 9.4–22 3.7 1.45 50–200
Coir 131–220 4–6 15–40 1.15–1.46 100–460
Kneaf 930 53 1.6 – –
Flax 345–1500 27.6 2.7–3.2 1.5 40–600
Banana 600–750 28–29 2–5 1.3 80–120
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fibers. Because of this, natural fibers are predestined for application in composites and
construction components requiring high package crushability, for example, bumpers of
cars [6].

Fiber fineness is a measure of the degree of fiber bundles to loosen up into thinner bundles
or elementary fibers. Modern decortications methods, for example, the hammer mill with
integrated cleaning effect, provide a high fiber fineness of less than 15 tex [6]. Pretreatment
of fiber bundles by retting improves the fineness of fibers after processing [6]. Flax and
linseed fibers, which have thinner fiber bundles, show a higher fineness after processing.
The fineness of hemp fibers meets the requirements of boards, mats, and fleeces (<18 tex).
Retted hemp and unretted flax and linseed meet the requirements of heat insulation mats,
coarse yarn, and compression moulding [6].

Cellulosic fibers have amorphous and crystalline domains with a high degree of organ-
ization. The crystallinity degree depends on the origin of the material. Cotton, flax, ramie,
sisal, and banana fibers have high degrees of crystallinity (65–70%), but the crystallinity of
regenerated cellulose is only 35–40%. Progressive elimination of the less organized parts
leads to fibrils with ever increasing crystallinity, until almost 100% crystallinity leading to
whiskers [7]. Crystallinity of cellulose results partially from hydrogen bonding between
the cellulosic chains, but some hydrogen bonding also occurs in the amorphous phase
[7] although its organization is low. In cellulose there are many hydroxyl groups available
for interaction with water by hydrogen bonding. In contrast to glass fibers, where water
absorption is important only at the surface, cellulosic fibers interact with water not only
on the surface but also in the bulk. The quantity of water absorbed depends on the relative
humidity of the confined atmosphere with which the fiber is in equilibrium. The sorption
isotherm of cellulosic material depends on the purity of cellulose and the degree of crys-
tallinity. All –OH groups in the amorphous phase are accessible to water, whereas only a
small amount of water interacts with the surface –OH groups of the crystalline phase.

14.1.1.3 Lignocellulosic fiber composites

Different plant fibers and wood fibers are found to be interesting reinforcements for rubber,
thermoplastics, and thermosets [8–12]. Extensive research work has been carried out by
Thomas and coworkers [13–18] on the utility of various natural fibers as reinforcement in
plastics and rubbers. The addition of particulate fillers (wood flour) and short fibers (sisal)
into an unsaturated polyester (UP) matrix was performed and analyzed by Marcovich
et al. [19]. The efficiency of the filler treatment was carefully investigated, in particular,
esterification with two different anhydrides, maleic anhydride (MAN) and an alkenyl suc-
cinic anhydride (ASA). The efficiency of the reactions was assessed by Fourier transform
infrared spectroscopy (FTIR), titrimetric techniques, and moisture absorption values. The
results showed that esterification improves the wettability of the fillers by the resin so that
higher concentrations of filler could be incorporated into the composite. The use of short
palm tree lignocellulosic fibers as a reinforcing phase in polyester and epoxy matrices has
been reported by Kaddami et al. [20]. The morphology and the mechanical properties of
the resulting composites were characterized using scanning electron microscopic analysis,
differential scanning calorimetry, dynamical mechanical analysis and three-point bending
tests. It was shown that the interfacial adhesion was better in the case of epoxy-based com-
posites. To improve interfacial adhesion, the esterification of the lignocellulosic filler in
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alkaline medium was performed using acetic or MAN. They concluded that such chemical
modification, which led to a change in the chemical composition of the filler, only succeeded
to improve the mechanical properties of the epoxy-based composites. Another interesting
area is that of hybrid composites. The incorporation of two or more fibers within a single
matrix is known as hybridization and the resulting material is referred to as hybrid compos-
ites. The behavior of hybrid composites is a weighted sum of the individual components in
which there is a more favorable balance between the inherent advantages and disadvantages.
Hybrid composites were prepared from glass fiber mat and chemically modified coir fiber
mat with polyester resin by Rout et al. [21]. The comparative study of the water absorption
revealed that water uptake was less for glass-hybridized composites. Study of the mechanical
properties of sisal/oil palm hybrid fiber-reinforced natural rubber composite was conducted
by Jacob et al. [22]. Their conclusion was that increasing the concentration of fibers resulted
in reduction of the tensile strength, but increased modulus of the composite.

Researchers have reported the results of their studies on green composites of different
plant fibers and various biodegradable matrices like poly(lactic acid) (PLA), poly(butylene
succinate) (PBS), and soy-based matrices. As growing environmental concerns are making
plastic a target of criticism due to their lack of degradability, biodegradable polymers are
considered an eco-friendly option to manage waste. They constitute a loosely defined family
of polymers that are designed to degrade through the action of living microorganism [23].
The major advantage of green composites is that they are environmentally friendly, fully
degradable, and sustainable. Lee et al. [24] investigated the effect of lysine-based diisocy-
anate (LDI) as a coupling agent on the properties of biocomposites from PLA, PBS, and
bamboo fibers (BFs). Tensile properties, water resistance, and interfacial adhesion of both
the PLA–BF and the PBS–BF composites were improved by the addition of LDI, whereas
thermal flow became somewhat difficult due to cross-linking between the polymer matrix
and BF. Crystallization temperature and enthalpy in both composites were increased and
decreased, respectively, with increasing LDI content. The heat of fusion in both compos-
ites was decreased by the addition of LDI, whereas there was no significant change in the
melting temperature. Thermal degradation temperature of both composites was lower than
those of pure polymer matrix, but the composites with LDI showed higher degradation
temperature than those without LDI. Dweib et al. [25] reported the studies of natural-fiber-
reinforced composites from thermosetting resin developed and manufactured from plant
oil (soybean).

Natural-fiber-reinforced composites have yet many challenges to overcome to become
largely used as a reliable engineering materials for structural elements. Availability, price,
performance, and biodegradability are some of the factors that have catalyzed the urge of
using lignocellulosic fibers as reinforcements in polymeric materials. However, the large
diversity of lignocellulosic fibers results in high variability in their properties.

14.1.2 Interfaces of lignocellulosic fiber reinforced composites

14.1.2.1 Interface and interphase

The term interface is defined as a two-dimensional region between the fiber and matrix
having properties intermediate between those of fiber and matrix. Matrix molecules can be
anchored to the fiber surface by chemical reaction or adsorption, which determine the extent
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of interfacial adhesion. In certain cases, the interface may be composed of an additional
constituent such as a bonding agent or as an interlayer between the two components of the
composite. The region separating the bulk polymer from the fibrous reinforcement is of
utmost importance to load transfer. This region was originally called the interface but is
now viewed as an interphase because of its three-dimensional heterogeneous nature. It is
not a distinct phase, as the interphase does not have a clear boundary. It is more accurately
viewed as a transition region that possesses neither the properties of the fibers nor those
of the matrix. An interphase that is softer than the surrounding polymer would result in
lower overall stiffness and strength, but greater resistance to fracture. On the other hand, an
interphase that is stiffer than the surrounding polymer would give the composite less fracture
resistance but make it very strong and stiff. The nature of the interphase varies with the
specific composite system. The interphase is generally thought to be thin (<5 µm) with very
subtle differences in properties between bulk polymer and interphase. The developments
of atomic force microscope and nano-indentation devices have facilitated the investigation
of the interphase [26].

14.1.2.2 Types of interfacial bonding

The structure and properties of the fiber–matrix interface play a major role in the mechanical
and physical properties of composite materials. The large difference between the elastic
properties of the matrix and the fibers have to be communicated through the interface or in
other words the stress acting on the matrix are transmitted to the fiber across the interface.
These interface effects are seen as a type of adhesion phenomenon and are often interpreted
in terms of the surface structure of the bonded material, that is, the surface factors such as
wettability, surface free energy, the presence of polar groups on the surface and the surface
roughness of the material to be bonded. Several mechanisms have been suggested to account
for fiber–matrix interfacial adhesion.

When two electrically neutral surfaces are brought sufficiently close together, there is a
physical attraction that is best understood by considering the wetting of solid surfaces by
liquids. In the case of two solids being brought together the surface roughness on a micro
and atomic scale prevents the surface coming into contact except at isolated points which
will lead to weak adhesion. For effective wetting of a fiber surface, the liquid resin must
cover every hill and valley of the surface to displace all the air. It is possible to form a bond
between two polymer surfaces by the diffusion of the polymer molecules on one surface
into the molecular network of the other surface. The bond strength will depend on the
amount of molecular entanglement and the number of molecules involved. Interdiffusion
may be promoted by the presence of solvents and plasticizing agents and the amount of
diffusion will depend on the molecular conformation and constituents involved and the
ease of molecular motion.

Forces of attraction occur between two surfaces when one surface carried a net positive
charge and the other surface a net negative charge as in the case of acid–base interactions and
ionic bonding. The strength of the interface will depend on the charge density. The anionic
and cationic species present at the fiber and matrix phases will have an important role in the
bonding of the fiber–matrix composites via electrostatic attraction. Introduction of suitable
coupling agents at the interface can enhance the bonding through the attraction of cationic
functional groups by anionic surface and vice versa. Introduction of silane coupling agent
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on the glass surface is an example of this type of interaction. In this case, the pH of the silane
can be controlled to obtain optimum coupling effect. A chemical bond is formed between
a functional group on the fiber surface and an appropriate functional group in the matrix.
The strength of the bond depends on the number and type of bonds, and interface failures
mostly involve bond breakage. The process of bond formation and breakage are in some
form of thermally activated dynamic equilibrium. Mechanical interactions can occur in a
number of ways. For example, when a liquid polymer matrix is made to flow on the rough
surface of a solid substrate, a “lock and key configuration” results in solidification. Surface
roughness can increase the adhesive bond strength by promoting wetting or providing
mechanical anchoring sites.

14.1.2.3 Chemical modifications to improve interfacial bonding

Natural fibers are amenable to chemical modification due to the presence of hydroxyl
groups. The hydroxyl groups may be involved in the hydrogen bonding within the cellulose
molecules thereby reducing the activity towards the matrix. Chemical modifications may
activate these groups or can introduce new moieties that can effectively interlock with the
matrix. One of the most common methods of chemical modification is mercerization,
which is a treatment with sodium hydroxide. Alkali treatment improves the fiber surface
adhesive characteristics by removing natural and artificial impurities from the surface.
The surface tension and hence the wettability of the mercerized fibers are higher, and this
results in better bonding between the fibers and the matrix. Mercerization also leads to
fiber fibrillation which increases the effective surface area available for contact with the wet
matrix [27].

Coupling agents are widely used to strengthen composites containing fillers and fiber rein-
forcements. The most common coupling agents are silanes, isocyanates, titanates, MAN, and
maleic anhydride-grafted polypropylene (MAA-PP). The chemical composition of these
coupling agents allows them to react with the fiber surface to form a bridge of chemical
bonds between the fiber and matrix. It is expected that the formation of strong covalent
bonds between cellulose fibers and the coupling agents and of weak non-covalent bonds
between the thermoplastics and the coupling agents would improve the mechanical prop-
erties of fiber-reinforced thermoplastics. Pretreatment of fibers by encapsulated coating
with silanes or isocyanates, grafting, and so on, provides better dispersion by reducing the
fiber–fiber interaction with the formation of coating on the fiber surface.

Maleated coupling agents are widely used to strengthen composites containing fillers
and fiber reinforcements. Interactions between the anhydride groups of maleated coupling
agents and the hydroxyl groups of natural fibers can overcome incompatibility problem
to increase the tensile and flexural strengths of natural fiber thermoplastic composites.
Schematic representation of the reaction of MAPP with natural fibers is represented in
Figure 14.1 [28].

Another popular chemical modification is silanation. The bifunctional silane molecules
act as a link between the resin and the cellulose fibers by forming a covalent bond with
the surface of the fibers through a siloxane bridge while its alkyl (R) groups, for example,
bond to the polymer resin via van der Waals interactions. Such a covalent bond and van der
Waals interactions gives molecular continuity across the interface region of the composite.
A number of factors affect the microstructure of the coupling agent, which in turn controls
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Figure 14.1 Reaction of natural fibers with MAPP. Reprinted with permission from Mohanty et al. [28],
copyright 2002 with permission from BRILLNV.

the mechanical and physical properties of the composites. They are the silane structure
including the structure of the R groups, acidity, drying conditions and homogeneity, the
topology, and the chemical composition of the fiber surface. Figure 14.2 shows the schematic
representation of silane and cellulose reaction [29].

Grafting is an effective method for the modification of natural fibers. Grafting efficiency,
proportion and frequency determine the degree of compatibility of cellulose fibers with a
polymer matrix. The grafting parameters are influenced by the type and concentration of
initiator, the monomer to be grafted, and the reaction conditions [30]. Acetylation is an
attractive method of modifying the surface of natural fibers and making it more hydro-
phobic. The principle of the method is to react the hydroxyl groups of fiber constituents
with the acetyl groups. The reaction is catalyzed by bases or acids, and a large number
of catalysts including pyridine and sulphuric acid have been used in the past; but the use
of catalysts creates many problems. Strong acids cause hydrolysis of cellulose resulting in
damage of fiber structure. The probable reaction between the fiber and acetic anhydride
can be represented as follows:

Another method of modifying the surface of natural fibers is sizing with fatty acids
such as stearic acid. The carboxyl group reacts with hydroxyl groups of the fiber through
an esterification reaction, and hence the treatment reduces the number of hydroxyl groups
available for bonding with water molecules. Also, the long hydrocarbon chain of stearic acid
provides an extra protection from water, as it is itself quite hydrophobic. Another advantage
of stearic acid is that it is not susceptible to oxidation at the processing temperatures of
natural fiber systems.

14.2 Characterization of the interfaces of lignocellulosic fiber
reinforced composites

14.2.1 Micromechanical techniques

The characterization of the interface gives the chemical composition as well as inform-
ation on the interactions between the fibers and the matrix. Mechanical properties of
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fiber-reinforced plastics highly depend on the properties of the interface between the fibers
and the matrix. Various methods are available for the characterization of the interface. Two
popular methods are the microbond test and the single-fiber pull-out test [31]. These are
among the most effective and convenient methods to determine the fiber–matrix interfa-
cial properties. In the microbond test, a small droplet of matrix is deposited on a fiber
and sheared off by restraining the droplet while the fiber is pulled out. In the single-
fiber pull-out test, the end of a fiber is embedded in a larger amount of matrix and
pulled out while the matrix is held. In both experiments the peak force P, required to
debond the fiber is recorded as a function of droplet length (microbond) or embedded
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fiber length (pull-out) test. The extent of fiber–matrix interface bonding can also be
determined by microindentation/microcompression/fiber push-out test and single-fiber
fragmentation test.

Craven et al. [32] evaluated the interface of Bombyx mori silkworm silk–epoxy composite
by microbond test. Cured resin droplets were sheared from the silk fibers by knife-edged
jaws of a microvice. The microbond test has been used in this work due to its suitability for
fibers that can carry only low loads. Silk is a strong fiber but its individual fibers are fine
and so have a limited load-bearing capacity. The microbond technique involves depositing
a microdroplet of resin onto a fiber. After the resin has cured, it is sheared from the fiber by
two parallel plates attached to a microvice. They observed that the mean interfacial shear
strength (IFSS) of silk–epoxy composite is 15 (±2) MPa. It was found that silk fibers could
offer useful reinforcement to an epoxy system due to their high tensile strength and extensib-
ility. In an interesting study, Luo and Netravali [33] characterized the interfacial properties
of green composites made from pineapple fibers and poly(hydroxybutyrate-covalerate)
(PHBV) resin by means of microbond technique and single-fiber fragmentation. The IFSS
value was found to be very low. The IFSS depends mainly on two factors: mechanical locking
and chemical bonding. In the case of pineapple fiber–PHBV resin, H-bonding is possible
between the ester group on the resin and the OH group on the fibers; however, because of
the hydrophobicity of methyl and ethyl pendant groups in the resin, H-bonding probability
is low. As a result, IFSS is mainly attributed to high surface irregularity of pineapple fibers
and the resulting mechanical interaction. The high viscosity of the resin also seemed to
preclude much mechanical bonding. Zafeiropoulos et al. [34] characterized the interface in
flax-fiber-reinforced PP composites by means of single-fiber fragmentation test. Flax fiber
was modified by means of two surface treatments: acetylation and stearation. The authors
observed that acetylation improved the stress transfer efficiency at the interface. Stearic acid
treatment was also found to improve the stress transfer efficiency but only for shorter treat-
ment times. They also found that stearation for longer durations deteriorated the interface.
This was attributed to a decrease of fiber strength upon treatment for a longer duration and
the fact that excess of stearic acid acted more as a lubricant than as a compatibilizer. The
interfacial characterization of flax-fiber-reinforced thermoplastic composites was carried
out by Stamboulis et al. [35]. They employed the single-fiber pull-out technique. Two types
of flax fibers were used, namely, dew retted and upgraded duralin fibers. The duralin fibers
were treated for improved moisture resistance. The IFSS of dewretted and upgraded dur-
alin fibers in low-density polypropylene (LDPE), high-density polypropylene (HDPE), and
MAN-modified PP were determined. The force displacement curves for all the samples were
found to be typical of a brittle fracture mode interface behavior. They also did not observe
any improvement of IFSS in the case of upgraded flax-fiber-reinforced composite. Another
study utilizing single-fiber pull-out test was attempted by Vandevelde and Kiekens [36]. The
authors used dew retted hackled long flax treated with propyltrimethoxy silane, phenyl iso-
cyanate, and MAA-PP. The studies revealed that composite prepared with flax fiber treated
with MAA-PP exhibited the highest IFSS. The interfacial adhesion of flax-fiber-reinforced
polypropylene (PP) and polypropylene–ethylene propylene diene terpolymer (PP–EPDM)
blends were investigated by Manchado et al. [37]. In this study both the matrices were
modified with MAN. The single-fiber pull-out test was conducted to investigate the extent
of interfacial adhesion. They observed that the addition of small proportions of MAN to
the matrices significantly increased the shear strength. The authors were of the opinion that
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introduction of functional groups in the matrix reduced the interfacial stress concentrations
preventing fiber–fiber interactions which are responsible for premature composite failure.
Also, in the presence of MAN, the esterification of flax fibers takes place, which increases the
surface energy of the fibers to a level closer to that of the matrix. Hence, a better wettability
and interfacial adhesion is obtained. In an innovative study [38] interfacial evaluation of
the untreated and treated jute and hemp fibers reinforced different matrix polypropylene–
maleic anhydride polypropylene copolymer (PP–MAPP) composites was investigated by
micromechanical technique combined with acoustic emission (AE) and dynamic contact
angle (DCA) measurement. The studies revealed that the alkali-treated fibers raised the
surface energy due to the removal of the weak boundary layers, and thus increasing the
surface area, whereas the surface energy of silane-treated jute and hemp fibers decreased
due to the blocking of high energy sites. MAPP in the PP–MAPP matrix caused the surface
energy to increase due to the acid–base sites introduced. Microfailure modes of two natural
fiber composites were observed differently due to different tensile strength of the natural
fibers, and the results were also confirmed by nondestructive AE analysis indirectly.

14.2.2 Microscopic techniques

Microscopic studies such as optical microscopy, scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and atomic force microscopy (AFM) can be used to
study the morphological changes on the fiber surface and can predict the extent of mech-
anical bonding at the interface. The adhesive strength of fiber to various matrices can be
determined by AFM studies. AFM has become a technique of major interest in composite
science. It is a useful technique to determine the surface roughness of fibers. The effect of
silane coupling agent on the morphological properties of luffa fiber (LF)–PP composites
were studied by Demira et al. [39]. They used AFM to study the morphology of the fibers
and reported that the use of silane coupling agents decreased the surface roughness of the
fibers. Figure 14.3 shows the AFM topographic pictures of the untreated and treated LFs.
Balnois et al. [40] used AFM method to investigate the effect of chemical treatments on
the surface microstructure and adhesion properties of flax fibers. The studies revealed that
after chemical treatments, the fiber surface appear to be less heterogeneous in topology
and smoother and no significant roughness difference was found between the different
treatments.

In an innovative study, Michaeli et al. [41] characterized the interfacial adhesion between
flax fibers and UP resin with different microscopic methods. The techniques employed
were SEM, TEM, and AFM. The authors used two methods to incorporate the coupling
agent: a fiber finish process in which the butyl titanate coupling agent was directly added
to the fibers and a resin additive process where the coupling agent was mixed with the
resin. From the SEM studies a very clear boundary layer on the fibers that were coated
with the coupling agent was observed. For the fibers with the titanate agent mixed into
the matrix, no clear boundary line was observed. TEM studies revealed that butyl titanate
had a greater adhesion effect in the resin additive process than in the fiber finish process.
AFM images supported SEM and TEM findings. Furthermore, the images implied that
the boundary layer possessed many small white areas, which differentiated the boundary
layer with its phase shift from the fibers and the matrix. The interface of eucalyptus kraft
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Figure 14.3 AFM topographic pictures of (a) untreated, (b) NaOH-treated, (c) NaOH+ (3-aminopropyl)-
triethoxysilane (AS)-treated, and (d) NaOH + 3-(trimethoxysilyl)-1-propanethiol (MS), treated luffa fibers
(LFs). From Demira et al. [39], Figure 9, copyright 2006 with permission from Elsevier.

fiber-reinforced silicone composites was analyzed by Redendo et al. [42]. The eucalyptus
fibers were modified with vinyltriethoxysilane. The interface was studied by field emission
SEM (FESEM). In and only in the untreated composites, there was a lack of adhesion
between the fibers and the silcone matrix resulting in pull-out. This fracture was found to
occur exclusively in the matrix and perpendicularly to the fiber direction. This indicated
the silane coupling agent promoted adhesion between the fiber and silicone composite. The
usefulness of lignocellulosic waste flours, that is, spruce, olive husk, and paper flours as
a source of filler for the preparation of cost-effective and biodegradable polymer matrix
composites was studied by Tserki et al. [43]. The biodegradable polyester Bionolle 3020 was
used as matrix. Waste flour–matrix interfacial adhesion was promoted by means of flour
surface treatment, acetylation and propionylation, and by the addition of MAN-grafted
Bionolle as a compatibilizer. The composite materials produced were characterized by means
of mechanical property measurements, SEM, water absorption, and biodegradation studies.
Compatibilizer addition resulted in materials with improved mechanical properties, while
flour treatment with acetic or propionic anhydride significantly reduced the material water
uptake. In addition, waste flour incorporation into the polymeric matrix increased its
biodegradation rate. Figure 14.4 shows the SEM micrographs of the fracture surfaces of
the composites with untreated, acetylated, propionylated paper flours, and compatibilizer
added.

Dufresne et al. [44] investigated the ultrastructure and morphology of potato (Solanum
tuberosum L.) tuber cells by optical, scanning, and transmission electron microscopies. After
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Figure 14.4 SEM micrographs of the fracture surfaces of composites with (a) untreated, (b) acetylated,
(c) propionylated paper flours, and (d) compatibilizer addition. From Tserki et al. [43], Figure 4, copyright
2006 with permission from Elsevier.

the removal of starch granules, pectins and hemicelluloses were solubilized under alkaline
conditions. Composite materials were processed from this potato cellulose microfibril sus-
pension using gelatinized potato starch as a matrix and glycerol as a plasticizer. After
blending and casting, films were obtained by water evaporation. The mechanical properties
and water absorption behavior of the resulting films were investigated, and differences were
observed depending on the glycerol, cellulose microfibrils, and relative humidity content.
Dong et al. [45] studied the effect of preparation conditions on the structures of the cellulose
microcrystals from sulphuric acid hydrolysis of cotton fiber. Characterization of the cellu-
lose whiskers were performed using different techniques such as TEM, x-ray and neutron
diffraction, nuclear magnetic resonance (NMR), and AFM. The interaction between coup-
ling agent and lubricants in wood–polypropylene composites was conducted by Harper
and Wolcott [46]. They studied the influence of the coupling agent and lubricants on the
crystallization of polypropylene in the bulk and interphase regions and the subsequent
spatial distribution of the additives. Differential scanning calorimetry and polarized light
microscopy were used to determine kinetic parameters for the crystallization.

14.2.3 Spectroscopic techniques

Electron spectroscopy for chemical analysis (ESCA) also referred to as x-ray photoelec-
tron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), laser Raman
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spectroscopy (LRS), NMR, and photoacoustic spectroscopy have been shown to be
successful in polymer surface and interface characterization.

XPS, originally developed by Siegbahn and coworkers [47] for the investigation of a
solid surface, provides an understanding of both the quality of interfacial bond and the
performance of the bond during service. Gellerstedt and Gatenholm [48] characterized
succinylated lignocellulosic fibers using XPS. The results showed that carboxylic function-
alities were predominantly introduced to the fiber surface. The surface properties of the
modified chemical pulp, as measured by XPS, showed that the fiber surfaces were modified
to a higher extent than the cell wall. Cai et al. [49] studied the effect of surface grafted
ionic groups on the performance of cellulose-fiber-reinforced thermoplastic composites.
The elements present on the fiber surface were detected using XPS analysis; the atomic ratio
oxygen/carbon (O/C) increased slightly upon the treatment of the fibers. XPS study of the
raw banana fibers by Pothan et al. [50] showed the presence of numerous elements on the
surface of the fibers (Figure 14.5). Investigation of the surface after alkali treatment showed
the removal of most of the elements. Silane treatment was found to introduce considerable
amount of silicon on the surface of the fibers. The XPS surface characterization of the argon
and air plasma-treated wood fibers carried out by Yuan et al. [51] showed that the air plasma
treatment increased the O/C ratio more than that of the argon plasma-treatment. Effect of
γ-aminopropyl trimethoxy silane on the performance of jute–polycarbonate composites
was reported by Khan and Hassan [52]. The jute surface was modified with γ-aminopropyl
trimethoxy silane to improve interfacial adhesion between jute fiber and polycarbonate.
The treated and untreated jute fiber surfaces were investigated by XPS. The study indicated
that the silane played an important role in forming interfacial bonding with the jute fibers
and polycarbonate.

Hristov and Vasileva [53] employed FTIR to examine the interface of wood-fiber-
reinforced polypropylene composites. The authors modified polypropylene matrix with
maleated polypropylene (PPMA) and poly(butadiene styrene) rubber. They inferred from
the FTIR spectra that the coupling agent was located around the wood fibers rather than
randomly distributed in the PP matrix. From the spectra of the treated composite they con-
cluded that the compatibilizer was attached to the wood fibers either by ester or hydrogen
bonds. The effect of different chemical modifications of aspen fibers on the interfacial char-
acteristics of the aspen-fiber-reinforced high-density polyethylene (HDPE) composite was
conducted by Colom et al. [54]. The interaction between the aspen fibers and HDPE was
improved by the addition of two coupling agents, maleated polyethylene (epolene C-18)
and γ-methacryloxy-propyl trimethoxy silane (silane A-174). Interfacial morphology was
studied using FTIR. The spectral band at 1635 cm−1 corresponds to water absorption.
Owing to the hydrophilic character of the lignocellulosic fiber, this band was found to be
the highest for untreated composites and the lowest for composite modified with maleated
polyethylene. The different patterns of this band were due to the hydrophilic nature of the
lignocellulosic fibers and the protective effect produced by the coupling agents. They also
observed that silane was a better coupling agent than epolene.

Raman spectroscopy has been extensively utilized for the study of deformation
micromechanics of fiber-based composites. The technique relies on the fact that Raman
bands corresponding to the vibrational modes of bonds in the polymer fiber shift towards
a lower wave number because of molecular stress and resultant strain. This has been used
to map stresses along fibers embedded in a resin matrix to determine the interfacial shear
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Figure 14.5 Series of XPS survey spectra of raw and chemically treated banana fibers. (a) untreated
fibers, (b) fibers after a treatment with 0.25% NaOH, (c) fibers after acetylation, (d) fibers
grafted with A-174 (γ-methacryloxy-propyl trimethoxy silane), (e) fibers grafted with fluorosilane,
(1H,1H,2H,2H-perfluorooctyl triethoxysilane), (f) fibers grafted with sulfur containing silane, [bis(3-
triethoxysilylpropyl)tetrasulfone)], (g) fibers treated with C18T (2,4-dichloro 6-n-octa-decyloxy-s-triazine).
The insets are cuts of the survey spectra of untreated (a) and NaOH-treated (b) banana fibers showing the
presence or absence of accompanying elements on the sample surfaces. From Pothan et al. [50], Figure 4,
copyright 2006 with permission from the American Clinical Society.

stress. Recently, Raman spectroscopy has also been used to investigate the deformation
micromechanics of natural and regenerated cellulose fibers. Studies have also been carried
out in the case of composites but it was found that bonding across the ends of the fibers
gave rise to good stress transfer and it was difficult to evaluate the properties of the inter-
face. Eichom et al. [55] used Raman spectroscopy to follow the composite micromechanics
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of hemp fibers and epoxy resin microdroplets. The authors observed that the 1095 cm−1

cellulose Raman band had been shifted to a lower wave number under the application of
strain and stress, indicating molecular deformation. It has also been shown that it is possible
to map the stress of a hemp fiber inside an epoxy resin droplet on the surface. Use of this
technique has also shown that an interfacial shear stress for epoxy and hemp fibers is com-
parable to amide–epoxy and glass–epoxy systems but coupled with good adhesion of the
fiber ends may lead to low fracture toughness of a natural fiber composite. Solid-state 13C
NMR spectroscopy using cross polarization and magic angle spinning (CP/MAS) is useful
for characterizing wood-polymer composites since detailed information can be obtained
from solid samples. These include the composition, glass transition temperature, melting
transition, percent crystallinity, and the number and type of crystalline phases [56]. In
an innovative study [57] the composites formed by sugarcane bagasse and thermoplastic
polymers, such as PP, PE, and ethylene-co-vinyl acetate (EVA), have been analysed by high-
resolution, solid-state, CP/MAS 13C NMR spectroscopy with varying contact times and
proton spin-lattice relaxation times in the rotating frame. The NMR responses showed that
these techniques can be used to observe the degree of compatibility and homogeneity of dif-
ferent polymer composites. Preparation and characterization of EVA–sisal fiber composites
was reported by Malunka et al. [58]. When the samples were prepared in the presence of
dicumyl peroxide, cross-linking of EVA as well as grafting between EVA and the sisal fibers
appeared to take place. SEM, FTIR, surface free energy, and gel content analyses strongly
indicated grafting of EVA onto sisal fibers under the composite preparation conditions, even
in the absence of the peroxide. But the grafting mechanism could not be confirmed from
solid-state 13C NMR analysis. Physicochemical and 13C NMR characterization of different
treatment sequences on kenaf bast fibers has been reported by Keshk et al. [59].

Another interesting technique for characterizing fibers is solvatochromism. Surface polar-
ity of the lignocellulose fibers and related materials can be measured by solvatochromism
using Ultraviolet-visible (UV-Vis) spectroscopy of adsorbed solvatochromic probes on the
fibers and using the linear solvation–energy relationship. Fischer et al. [60] studied the
surface polarity of native cellulose using genuine solvatochromic dyes. Spange et al. [61]
studied the α, β, and π* parameters of the native celluloses, carboxy methyl celluloses,
cellulose tosylates, and other derivatives with different degrees of substitution, and found
that α depends on both the amount and the acidity of the accessible surface acidic groups.
Pothan et al. [62] reported the determination of polarity parameters of chemically modified
banana fibers by solvatochromic technique and reported that different silanes, NaOH, and
long alkyl groups used to modify the cellulose fiber surface had changed the hydrogen bond
donating ability of the fibers. UV-vis absorption spectra of iron dye on the untreated and
silane-treated banana fibers [62] is shown in Figure 14.6.

14.2.4 Thermodynamic and other techniques

The frequently used thermodynamic methods for the characterization of lignocellulosic
fiber reinforced polymers are wettability study, inverse gas chromatography (IGC), and
zeta potential measurements. Contact angles provide useful information on wettability, the
improvement of which is the aim for the modification of fiber surfaces in many cases. The
degree to which liquids wet a fiber determines how easily the liquid can penetrate fiber
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Figure 14.6 UV-vis absorption spectra absorption spectra of iron dye on untreated and silane-treated
banana fibers. 1: untreated, 2: 0.25% NaOH + A-174, and 3: 0.5% NaOH + A-151. A-174 = γ-
methacryloxy-propyl trimethoxy silane, A-151 = vinyl triethoxysilane. From Pothan et al. [62], copyright
2000 with permission from John Wiley & Sons, Inc.

assemblage. The interface can also be characterized qualitatively by other methods such
as dynamic mechanical analysis and stress relaxation technique. Swelling techniques have
been used to assess the level of interfacial adhesion in the case of fiber-reinforced elastomer
composites.

X-ray diffraction method is a powerful tool for detecting the stress on the incorporated
fiber in the composite under load in situ and nondestructively. X-ray diffraction studies of
the stress transfer of kenaf-reinforced poly(l-lactic acid) (PLLA) composite was performed
by Nishino et al. [63]. The stress on the incorporated fibers in the composite under trans-
verse load was monitored in situ and nondestructively using x-ray diffraction. The outer
applied stress was found to be well transferred to the incorporated kenaf fibers through the
PLLA matrix, which suggested a strong interaction between the fibers and the matrix. In
addition, it was also revealed that a silane coupling treatment of the kenaf fibers was effective
for the improvement of interfacial adhesion. Morphological aspects and chemical charac-
terization of piassava (Attalea funifera) fibers were reported by Almeida et al. [64]. Chemical
composition study revealed that piassava were lignin rich fibers, 48.4 wt%. X-ray diffraction
showed that cellulose I was their main crystalline constituent. Natural fiber surface prop-
erties can be examined using contact angle measurements [65]. Shen et al. [66] employed
the capillary rise technique to study the surface energy of BF. Based on the obtained contact
angles, they determined the γ d

S of bamboo to be 42.3 mJ m−2 and found that bamboo was
significantly more basic (γ−S > γ+S )γ than cotton linter samples. Rong et al. [67] evaluated
the surface properties of sisal fibers by the capillary rise technique using the Washburn
analysis. They obtained γ d

S of 18.8 mJ m−2 for the untreated fibers. Cantero et al. [68] by

employing the same technique found γ d
S for natural flax to be 23.0 mJ m−2. The surface
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energies of the natural fibers can be investigated using IGC. The surface energy of highly
crystalline cellulose has been reported to be between 60 and 66 mJ/m2. William and Douglas
[69] used DCA analysis and IGC to probe the surface-chemical changes in wood pulp fibers
during recycling. The DCA measurements revealed that the overall effect of recycling was
an increase in the nonpolar (dispersive) component and a corresponding decrease in the
surface free energy of the polar component, hence resulting in a total surface free energy
that remained essentially unaltered. The DCA experiment also showed that virgin fibers lost
both their electron accepting (γ+S γ and their electron-donating (γ−S γ characteristics when
converted to papers. Upon rehydration, the fibers recovered some surface acidity (γ+S γ
but surface basicity (γ−S )γ continued to decrease. The changes in polar surface free energy
correlated well with the changes in hydroxyl number determined independently using the
acetylation method. But IGC could not detect changes in the dispersive component of the
surface free energy induced by recycling. The acid–base changes in the IGC measurements
were also indistinguishable between virgin fibers and recycled fibers.

The zeta potential technique has been found to be useful in characterizing lignocellulosic
fibers [70]. The presence of acidic or basic dissociable surface functional groups can be
estimated by measuring the pH dependence of the zeta potential. The measurement of the
pH dependence of the zeta potential results in the qualitative measurement of the acidity
or basicity of solid surfaces. Schematic sketch of the electrokinetic analyzer is given in
Figure 14.7. The characterization of solid surfaces by electrokinetic phenomena was reported
by Grundke et al. [71]. Stana-Kleinschek and Ribitsch [72] discussed the electrokinetic
properties of processed cellulose fibers. Pothan et al. [73] studied the influence of chemical
treatments on the electrokinetic properties of banana fibers. Figure 14.8 shows the pH
dependence of zeta potential on the raw and silane-treated banana fibers.

Dynamic mechanical analysis has been used to analyze the interfacial adhesion in chem-
ically modified sisal-fiber-reinforced polypropylene composites by Joseph et al. [74]. The
dynamic modulus value and the damping parameter, used to quantify interfacial interaction

Electrolyte input

Fiber plug

Ag/AgCI electrodes
(perforated)

Electrolyte
output

Figure 14.7 Special cell used for the investigation of zeta (ζ ) potential. From Pothan et al. [73], Figure 2,
copyright 2002 with permission from BRILLNV.
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Figure 14.8 pH dependence of zeta potential on the raw and silane-treated fibers. From Pothan et al.
[73], Figure 17, copyright 2002 with permission from BRILLNV.

in composites were investigated with special reference to the effect of temperature and fre-
quency. Increased dynamic modulus values and low damping value showed the improved
interactions between the fibers and the matrix Stress relaxation experiments could also be
used as an efficient method for characterizing the interface. In a series of stress relaxation
tests carried out by Geethamma et al. [75], it was observed that the nature of the relaxation
curve depended on the nature of the interface.

The interfacial adhesion in fiber-reinforced elastomer composites can be analyzed by
swelling technique. Jacob et al. [22] investigated the interfacial bonding in sisal/oil palm
hybrid fiber-reinforced natural rubber composites by means of anisotropic swelling meas-
urements. The authors observed that the presence of fibers restricted the entry of solvent.
Swelling was found to be at a minimum for composites containing a strong interface while
the presence of a weak interface enabled the entry of solvent.

Conclusion

New environmental regulations and societal concerns have triggered the search for new
materials, products and processes that are compatible with the environment. The use of
lignocellulosic fibers derived from annually renewable resources as a reinforcing phase in
polymeric matrix composites provides positive environmental benefits with respect to ulti-
mate disposability and raw material use. One of the promising applications of natural fibers
is in polymer composites that can be moulded into a variety of flat and complex shaped
components by exploiting their unique reinforcing potential. Lignocellulosic composites
have a bright future, yet their acceptability on a large scale has remained limited due to
various reasons. In this chapter, different types of lignocellulosic fibers, their properties and
the use of these fibers as reinforcement in polymer matrices have been described. Effective
chemical modification of the surface of lignocellulosic fibers with the aim of using them in
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polymer matrices can be carried out following a number of procedures. The chemical modi-
fication of fibers leads to the formation of composites with good strength. The interface is
an area that has generated tremendous interest. The properties of composites depend on
the response of the interface. Different types of interfacial bonding and methods to improve
interfacial bonding have also been discussed. Several methods for the characterization of
the interface have also been described. The industrial application of natural fibers requires
making high quality fibers on a continuous basis in large quantities at competitive prices.
Conventional processing technologies cannot meet the strict demands of the modern indus-
tries. Consequently, new technologies have to be developed in order to successfully build
efficient process plants for natural fibers.
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Chapter 15

Thermal and Mechanical Analysis of
Lignocellulose-Based Biocomposites

Hyoe Hatakeyama, Takashi Nanbo, and
Tatsuko Hatakeyama

Abstract

Biocomposites composed of a kraft lignin–ethylene glycol-type polyol polyurethane mat-
rix and a biofiller or an inorganic filler have been characterized by thermogravimetry
(TG), derivative thermogravimetry (DTG), and mechanical analysis. Depending on the
filler type and content, up to three thermal degradation temperatures are observed and the
mass residues at 450–550◦C range from ∼30% to >90%. Densely filled composites (with
apparent density of∼1.2–1.8 g cm−3) having good mechanical performance (with bending
strength≥25 MPa) can be obtained by proper selection of the molecular weight of the ethyl-
ene glycol-type polyol, the type of the filler, and, most importantly, the content of the filler.

15.1 Introduction

In the present polymer industry, attention is being drawn to polymers that are compatible
with the natural environment. For the development of environmentally compatible poly-
mers, it should be recognized that nature has already constructed a variety of polymeric
materials that are being used or can be readily transformed to usable products in our daily
life. Major plant components such as polysaccharides and lignin contain hydroxyl groups
that can be used as reactive sites for the synthesis of polymers such as polyurethanes.

Lignin, a by-product of the chemical pulping industry, is mostly burnt as a fuel, even
though it is one of the most promising natural resources. Most industrial lignins are obtained
from the kraft and sulfite pulping processes. As lignins are natural polymers with random
cross-linking of their substructural phenyl propane units, their physical and chemical prop-
erties are highly dependent on their isolation processes. The higher order structure of
lignin is fundamentally amorphous with two or three of its phenylpropanoid monomers,
p-coumaryl alcohol, coniferyl alcohol, and/or synapyl alcohol cross-linked to produce a
three-dimensional lignin polymer via a radical coupling process during its biosynthesis.
Lignin and polysaccharides have been found to be useful raw materials for the preparation of
lignin- and polysaccharides-based films, polyesters, polyurethanes, and polyblends [1–23].

Biocomposites obtained from various natural resources have been utilized from pre-
historic times. Clay mixed with straw has been used as a strong construction material. The
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Table 15.1 Classification of biocomposites.

Group Matrix Filler

I Epoxy resin [22,23] or polyolefine Cellulose fiber or powder, or wood meal
II Bio-urethane [24,25] BaSO4, CaCO3, Al(OH)3, talc or sand
III Bio-urethane Cellulose fiber or powder, wood meal, empty fruit

bunches, or coffee grounds

durability of biocomposites prepared using elaborate manual methods is higher than that of
modern composites consisting of glass fiber and epoxy resin. That this is true is illustrated by
the fact that a long wall constructed in 2 bc in the Taklimakan desert still remains. Although
various definitions exist concerning composites [24], biocomposites should consist of two
or more mechanically separable biocomponents. Biocomposites prepared under controlled
conditions are expected to possess improved properties over their individual components.

Biocomposites are more and more in demand not only because the supply of petroleum
is limited, but also because environmentally compatible properties are now required for
many products. To meet such a demand, a large variety and quantity of renewable resources
need to be adapted to the industrial scale of modern production systems. Bioresources
obtained as by-products of agriculture-related industries have received much attention,
because the amount of the materials can easily be estimated and unique properties can
often be obtained. The pulp and paper industry, the sugar industry, and the food and coffee
industries produce a large amount of residual by-products that have not been fully utilized
and can potentially serve as key components of biocomposites.

Depending on the source of their components, biocomposites can be classified into three
groups: with one of the following components, (I) filler components are biomaterials;
(II) matrix components are biomaterials; and (III) the whole composites are fabricated
from biomaterials. Table 15.1 shows a general classification of biocomposites. In early
biocomposite research, attention was paid to biofillers. The major difficulty of synthetic
polymer matrix–biofiller composites came from the fact that the surface compatibility of
the two materials was insufficient and the composites were delaminated. In this chapter,
biocomposites belonging to groups II and III are discussed based on recent results obtained
in our laboratory.

15.2 Sample preparation and measurements

Kraft lignin (KL)-based polyurethane (PU) matrices and composites were prepared as
follows: A KL (33 g), kindly provided by Westvaco Asia Co. Ltd., was first dissolved in 67 g
of diethylene glycol (DEG), 67 g of triethylene glycol (TEG), and 67 g of polyethylene glycol
(PEG) with molar mass of∼200, respectively, to give three polyol solutions containing KL,
designated as KLD, KLT, and KLP. To each of the polyol solutions was added poly(phenylene-
methylene) polyisocyanate (MDI) (polymerized diphenylmethane diisocyanate) (150 g).
The mixture was vigorously stirred to give each of the PU matrices designated as KLDPU,
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KLTPU, and KLPPU, respectively. To prepare the KL-based PU composites, each of the
polyol solutions was mixed with a known amount of the biofiller, an industrially ground
wood meal (60–80 mesh) of Japanese cedar kindly provided by Taiyo Chemicals Co., Ltd.,
or an inorganic filler such as BaSO4, Al(OH)3, CaCO3 or talc before the addition of MDI.

Measurements of the thermal and mechanical properties of the prepared samples were
carried out as follows: Thermogravimetry (TG) was performed using a Seiko TG 220 at
a heating rate of 20◦C min−1 in a nitrogen atmosphere. Derivative thermogravimetric
(DTG) curves were obtained by differential calculation of TG curves. Mass residues (MR)
measured at 450◦C, 500◦C, and 550◦C were designated as m450, m500, and m550, respectively.
m20 refers to the mass residue at 20◦C which was the amount of the material used for the
TG experiments. Apparent density [ρ = weight (M )/apparent volume (V ), g cm−3] was
measured on samples of 15.0 (length)× 3.0 (width)× 1.0 (thickness) cm using a Mitsutoyo
ABS digital solar caliper and an electric balance (Shimadzu balance EB-4300DVW). The
average caliper values of each part of a sample were measured at three different spots and
used to calculate the apparent volume (V ). The mass (M ) of each sample was weighed using
the Shimadzu balance.

Bending strength was measured on samples of the same size as those for ρ measurement
on a Shimadzu Autograph AG-IS. Applied stress was varied in order to control the rate in a
range from 1.0× 10−3 to 1.0× 10−2 m min−1. Bending strength (σ , MPa) was calculated
according to JIS A1408 [26]. Modulus of elasticity (E , GPa) was determined using the initial
stage of stress–strain curve at 25◦C according to Equation (15.1) (JIS Z 2101) [27].

E = (�P × L)/(�L × A) (15.1)

where P is the difference of the upper and the lower limit bending strength (kN) in the
linear part of the bending curve; L is the distance between the two points; �L is the strain
difference between the upper and lower limit and A is the cross-section area (m2).

15.3 Thermal and mechanical properties of PU composites
with wood meal as the bio-filler

Figure 15.1 shows the TG and the DTG curves of the KLPPU composites with wood meal as
the filler. Both the TG and the DTG curves show the presence of two thermal degradation
temperatures (Td’s), DTd1 and DTd2. DTd2 seems to be specific to the degradation of the
wood meal, because the DTd2 peak becomes prominent when the wood meal contents in
the PU composites are over 70%, and because only the DTd2 peak is present when the wood
meal content is 100%.

Figure 15.2 shows the change of MR at 450◦C, 500◦C, and 550◦C of the wood meal–
KLPPU composites with increasing wood meal content. Both the KLPPU matrix and the
wood meal undergo significant decomposition at ≥450◦C. The decomposition between
450◦C and 550◦C changes only slightly with the wood meal content due likely to the already
significant decomposition of the composites at∼450◦C.

Figure 15.3 shows the relationship between the apparent density (ρ) and the wood meal
content in wood meal–KLD, wood meal–KLT, and wood meal–KLPPU composites, respect-
ively. The ρ value reaches a maximum value at a wood meal content of∼50–70%. There is
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little difference among the three composites at the same wood meal content, showing that
the effect of molecular weight of the ethylene glycol-type polyol is not prominent in such
composites.

The bending strength (σ ) of the wood meal–KLD, wood meal–KLT, and wood meal–
KLPPU composites initially increases with increasing wood meal content, reaches a max-
imum value between a wood meal content of ∼50–70%, and then decreases (Figure 15.4).
The σ values of the composites, however, depend to a certain extent on the molecular weight
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Figure 15.4 Bending strength (σ ) vs woodmeal content of thewoodmeal-KLD (◦), -KLT (•), and -KLP (�)
PU composites.

of the ethylene glycol-type polyol (DEG, TEG, or PEG) used along with the KL to make the
PU matrix (KLD-, KLT- or KLPPU). The maximum (σ ) value varies from∼25 to 35 MPa,
depending on the ethylene glycol-type polyol and the wood meal content used for the pre-
paration of the composite. These results indicate that densely filled composites having good
mechanical performance can be obtained using a bio-KL-based PU as the matrix and a
wood meal bio-filler with proper control of the structure of the matrix and the amount of
the filler used.

The modulus of elasticity (E) of the composites calculated according to Equation (15.1)
described in Section 15.2 also increases initially with the wood meal content, reaches a
maximum value at a wood meal content of∼50–70%, and then decreases (Figure 15.5).
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15.4 Thermal and mechanical properties of PU composites
with inorganic fillers

Figures 15.6 and 15.7 show the TG and the DTG curves of KLPPU composites with Al(OH)3

and CaCO3 as the filler, respectively, at various filler contents. The composites with Al(OH)3

as the inorganic filler decompose in three stages at ∼230◦C (DTd1), 260◦C (DTd2), and
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Figure 15.7 TG and DTG curves of the KLPPU composites with CaCO3 as the filler; numerals are the
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330◦C (DTd3) (Figure 15.6). The first decomposition observed at ∼230◦C, DTd1, is likely
the thermal degradation of Al(OH)3 that corresponds to the decomposition of the hydrated
water. The second decomposition observed at 260◦C, DTd2, is attributed to the dissociation
of the isocyanate and the phenolic hydroxyl groups of lignin [25]. The third decomposition
observed at 330◦C, DTd3, can be attributed to the decomposition of the PEG chain [25].
The TG and DTG curves of the composites with CaCO3 (or talc, data not shown) as the
inorganic filler show only one decomposition at ∼300◦C ascribable to the decomposition
of the KLPPU matrix due to the fact that the inorganic filler (CaCO3 or talc) decomposes
at>700◦C [19].

Figure 15.8a and b show the plots of the mass residue of the KLPPU composites at 450◦C
(m450), 500◦C (m500), and 550◦C (m550) vs the content of Al(OH)3 and CaCO3, respectively.
The amount of mass residue ranges from 30% to 70% in the KLPPU composites with
Al(OH)3 as the filler and is independent on the three decomposition temperatures studied
(Figure 15.8a). The majority of the residue is the aluminum compound with a portion of
the decomposition of Al(OH)3 occurring due to the decomposition of the hydrated water.
At 100% Al(OH)3 content, the mass residue is∼70%. For the PU composites with CaCO3

as the filler, the amount of mass residue is also independent on the three decomposition
temperatures studied (Figure 15.8b). However, the mass residue at any given content of
CaCO3 is higher than that at the same content of Al(OH)3 with ∼100% mass residue at
100% CaCO3 content compared to ∼70% mass residue at 100% Al(OH)3 content. This is
because CaCO3, the major or sole composition of the residue, does not decompose at a
temperature lower than 550◦C. The KLPPU composites with talc as the filler gave a similar
result to that of the PU composites with CaCO3 as the filler.

Figure 15.9a and b show the plots of the apparent density (ρ) vs Al(OH)3 and CaCO3

contents, respectively, of the KLDPU, KLTPU, and KLPPU composites. As clearly seen from
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Figure 15.8 (a) Mass residues at 450◦C, 500◦C, and 550◦C vs Al(OH)3 content of the KLPPU composites
with Al(OH)3 as the filler;◦ = m450,• = m500 and � = m550. (b) Mass residues at 450◦C, 500◦C, and
550◦C vs CaCO3 content of the KLPPU composites with CaCO3 as the filler; ◦ = m450, • = m500 and
� = m550.
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Figure 15.9 (a) Apparent density (ρ) vs Al(OH)3 content of the KLD (◦), KLT (•), and KLP (�) PU
composites with Al(OH)3 as the filler. (b) Apparent density (ρ) vs CaCO3 content of the KLD (◦), KLT (•),
and KLP (�) PU composites with CaCO3 as the filler.

the figures, no significant differences between Al(OH)3 and CaCO3 fillers are observed
in the trend of the change of ρ with the filler content except for the ρ values and particularly
the maximum ρ values of the composites. The maximum ρ values of the composites with
CaCO3 as the filler are higher than those with Al(OH)3 as the filler due to the higher density
of CaCO3 than Al(OH)3.

Figure 15.10 shows the plots of the apparent density (ρ) vs the filler content of the
KLPPU composites with Al(OH)3, CaCO3, and talc as the fillers, respectively. As seen from
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Figure 15.10 Apparent density (ρ) vs filler content of the KLPPU composites with Al(OH)3 (◦), CaCO3
(•), and talc (�) as the fillers, respectively.

0 20 40 60 80 100

Al(OH)3 content (%)

(b)(a)

10

20

30

40

� 
(M

P
a)

0

10

20

30

40

� 
(M

P
a)

0
0 20 40 60 80 100

CaCO3 content (%)

Figure 15.11 (a) Bending strength (σ ) vs Al(OH)3 content of the KLD (◦), KLT (•), and KLP (�) PU
composites with Al(OH)3 as the filler. (b) Bending strength (σ ) vs CaCO3 content of the KLD (◦), KLT (•),
and KLP (�) PU composites with Ca(CO)3 as the filler.

the figure, the trend of the change in ρ of the KLPPU composites with the filler content
is similar. However, the ρ values including the maximum ρ values are dependent on the
type/density of the filler. In addition, the optimal amount of the filler to give the maximum
ρ value differs from one filler to another.

Figure 15.11a and b show the plots of the bending strength (σ ) vs Al(OH)3 and CaCO3

contents, respectively, of the KLDPU, KLTPU, and KLPPU composites. In general, the
σ values initially increase slightly with the filler contents, then increase rapidly to reach
maximum values, and finally decrease rapidly with further increase of the filler contents.
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Figure 15.12 Bending strength (σ ) vs filler content of the KLPPU composites with Al(OH)3 (◦), CaCO3
(•), and talc (�) as the fillers, respectively.

The σ values, particularly the maximum σ values, depend on both the PU matrix and on
the filler type; the highest maximum σ value is achieved for the KLPPU composite with
CaCO3 as the filler (Figure 15.11b).

Figure 15.12 shows the plots ofσ vs filler content of the KLPPU composites with Al(OH)3,
CaCO3, and talc as the fillers, respectively. As shown in the figure, the maximum σ value of
the composite with CaCO3 as the filler is higher than that of the composite with Al(OH)3

or talc as the filler. In addition, there exists an optimum content of the inorganic filler
at which the biocomposites possess the highest bending strength of ≥25 MPa. Such high
values of bending strength render these composites sufficient for practical applications.
The results in Figure 15.12 and those in Figure 15.11b show that the inorganic filler type
is an important factor and so is the type of polyol used in preparing the KL-polyol PU
matrix.

Modulus of elasticity (E) of the KLDPU, KLTPU, and KLPPU complexes with Al(OH)3 or
CaCO3 as the filler all shows an maximum value at an optimal filler content (Figure 15.13a
and b) similar to what is observed with bending strength. However, with Al(OH)3 as the
filler the highest E value is obtained for the KLDPU matrix while with CaCO3 as the filler
the highest E value is obtained for the KLPPU matrix. The effect of the molecular weight
of the ethylene glycol-type polyol on the maximum E value is different than that on the
maximum σ value where KLPPU matrix gives a higher maximum σ value than the KLTPU
or KLDPU matrix whether the filler is Al(OH)3 or CaCO3.

Figure 15.14 shows the plots of E vs filler content of the KLPPU composites with Al(OH)3,
CaCO3, and talc as the fillers, respectively. The maximum E value of the composite with an
inorganic filler is dependent on the kind of the inorganic filler and the content of the filler.
For the KLPPU composites, CaCO3 filler gives a higher maximum E value than Al(OH)3

or talc. These results and those in Figure 15.13a and b show that the inorganic filler type
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Figure 15.13 (a) Modulus of elasticity (E ) vs Al(OH)3 content of the KLD (◦), KLT (•), and KLP (�) PU
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Figure 15.14 Modulus of elasticity (E ) vs filler content of the KLPPU composites with Al(OH)3 (◦),
CaCO3 (•), and talc (�) as the fillers, respectively.

is an important factor and so is the type of polyol used in preparing the KL-polyol–PU
matrix.
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Chapter 16

New Insights into the Mechanisms of
Compatibilization in Wood–Plastic
Composites

Kaichang Li and John Ziqiang Lu

Abstract

Compatibilization between hydrophilic wood and hydrophobic thermoplastics is critical for
improving the interfacial adhesion in the resultant wood–plastic composites (WPCs). The
interfacial adhesion has a significant impact on the final mechanical properties of WPCs.
In this chapter, compatibilization mechanisms of WPCs with and without a compatibilizer,
increase in the strength and stiffness of WPCs through strengthening and stiffening wood,
and the effect of hydrophobic interaction on the WPC strength are reviewed with a focus
on topics related to polypropylene and polyethylene thermoplastic matrices and references
to the analytical methods used for studying the mechanisms.

16.1 Introduction

In the past decade, wood–plastic composites (WPCs) have been one of the most rapidly
growing composite materials. WPCs have been extensively used for automotive, building
products, furniture, packaging materials, and other applications [1,2]. WPCs maintain a
strong momentum for further growth in the 21st century [2–4].

Commonly used thermoplastics for WPCs include polypropylene (PP), polyethylene
(PE), polyvinyl chloride, and polystyrene, with PE being the most commonly used one
[5]. Wood is usually used in the forms of flour and fibers in WPCs [5]. The majority
of WPCs are produced through an extrusion process, while a small volume of them is
produced through a compression or injection molding process. In addition to wood and
a thermoplastic, various additives such as lubricants, compatibilizer (also called coupling
agent), and pigment may be added in the production of WPCs [5]. A number of literature
reviews of WPCs have been published [1,5–12].

Wood is hydrophilic and thermoplastics are hydrophobic. The interfacial adhesion
between wood and a thermoplastic in a WPC is typically weak. Stress cannot be effectively
transferred from the thermoplastic matrix to the reinforcing wood. Mechanical properties
of WPCs are thus typically low. Extensive efforts have been devoted to improvement of
the interfacial adhesion, that is, the compatibilization, between wood and a thermoplastic
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[6,10,13–20]. Because PE and PP are the predominant thermoplastics for WPCs, this review
will focus on various compatibilization mechanisms for PE- and PP-based WPCs with
references to the analytical methods used for studying the mechanisms.

16.2 Compatibilization mechanisms for WPCs without a
compatibilizer

A compatibilizer can significantly improve the interfacial adhesion between wood and a
thermoplastic, thus greatly enhancing the strength and stiffness of WPCs. However, the
use of a compatibilizer adds cost to WPCs. At present, a compatibilizer is not commonly
used in the commercial production of WPCs. As hydrophilic wood is not compatible with a
hydrophobic thermoplastic, a question arises regarding how WPCs without a compatibilizer
can maintain decent strengths for various applications.

PP was investigated as a hot melt wood adhesive for making plywood [21]. The exam-
ination of PP-bonded plywood with scanning electron microscopy (SEM) revealed that PP
penetrated into lumens of wood cells and filled gaps between wood fibers [21]. More spe-
cifically, molten PP penetrated into some vessels away from the glueline. It also penetrated
deeply into the wood fibers, ray parenchyma cells, and intercellular canals. PP penetrated
not only into cell lumens but also into pit cavities. It easily formed mushroom-like pro-
jections on vessels and filled bordered pit cavities. It was concluded that the anchoring
effect of PP that had penetrated into the interior of wood played an essential role in the
adhesion [21].

With a combination of optical microscopy and SEM techniques, studies on PP-wood
veneer laminates (models of wood–PP composites) also revealed that PP considerably
penetrated vessel lumens, ray cells, pits, and intercellular spaces of wood [22,23]. On the
wood–PP interfaces, the vessel lumens, ray cells, pits, and intercellular spaces were partly
blocked by PP [22,23]. Some penetrated PP experienced plastic deformation during a peel
fracture [22,23].

PP was used as an adhesive to bond glass and wood together [24]. The wood–PP inter-
face was investigated through etching wood away using a combination of chromic acid,
nitric, and sulfuric acids [24]. SEM characterization of the PP interface revealed that PP
penetrated the vascular tissues, and conformed to the features of the wood [24]. Recently
SEM characterization also showed that high-density PE (HDPE) penetrated deep into fiber
cracks, pit cavities, and other voids in the wood–HDPE composites [25].

All these results indicated that a thermoplastic penetrated wood in either wood/plastic
laminate or molded/extruded WPCs. Wood is porous and has many gaps and cracks
among fibers. In the production of WPCs, a thermoplastic is melted and then compoun-
ded with wood. It is understandable that some of the molten thermoplastic is forced into
cracks, gaps, and lumens of wood during compounding. Once WPCs are made and cooled
down, the penetrated thermoplastic remains in wood and forms mechanical interlocks with
wood. Mechanical interlocks appear to be the predominant forces that hold wood and the
thermoplastic together.

Numerous studies using differential scanning calorimetry (DSC), polarizing microscopy
equipped with a hot stage, dynamic mechanical analysis (DMA), dynamic mechanical
thermoanalysis (DMTA), and other methods have revealed that wood and other natural
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fibers can induce crystallization and transcrystallization of PP and PE in WPCs [26–33].
Crystallization of PP phase was dominated by the gradual formation of spherulites [28]
on the wood fibers embedded in the PP matrix. The average spherulite diameter of PP in
WPCs was normally smaller than that of pure PP [27,28]. Incorporation of fillers into ther-
moplastic matrices generally increases the crystallization temperature and accelerates the
nucleation of thermoplastics, thus improving its crystallization rate in WPCs [27,29,32,34].

Extensive evidences show that inserting cellulose/wood fibers accelerates transcrystal-
line growth of PP matrix around the fiber surface [26–33]. The PP spherulites produce a
cylindrical layer of columnar crystalline structures around the fibers. These oriented aggreg-
ations of lamellae are arranged along the fiber laterally and their growth is usually restricted
in the radial direction only [29]. As a nucleating agent, the wood/cellulose fibers inserted
in the PP matrix not only induce the formation of transcrystalline layers but also increase
the crystallization rate of the PP matrix [26–28,32,33].

Crystalline structures of thermoplastics are stronger and stiffer than their amorphous
structures. The crystalline structures of a penetrated thermoplastic can thus significantly
strengthen the mechanical interlocks between the thermoplastic and wood. Moreover,
the stiff transcrystalline layers around the fibers can improve the shear stress transfer
between the fibers and the thermoplastic matrix. The transcrystallization on the fiber
is expected to further increase the interfacial adhesion. As a result, crystallization and
transcrystallization of PP or PE effectively enhance the final mechanical properties of WPCs.

16.3 Increasing the strength and stiffness of WPCs through
strengthening and stiffening wood with wood adhesives

The WPCs without any additives typically have lower strength than their corresponding
thermoplastics [34]. Such WPCs cannot meet property requirements of many applica-
tions. To improve the strength and stiffness of WPCs, some WPC manufacturers add wood
adhesives such as powder phenol-formaldehyde (PF) resin in the production of WPCs.

PF resin and polymeric diphenylmethane diisocyanate (PMDI) resin are commonly
used adhesives for making wood composites such as plywood, particleboard, and oriented
strandboard [35,36].

SEM, DMA and water-uptake studies revealed that PF resin significantly increased the
strength and stiffness and reduced the water-uptake rate of the PF-treated WPCs [37,38].
The water-uptake rate of the PF-treated WPCs was measured under damp conditions by
soaking the injection-molded WPC samples in water at ambient temperature for a period of
80 days [37]. The water-uptake rate of each sample was then measured on days 18, 44, and
80, respectively. Moisture contents of WPCs varied with the soaking time in water and the
PF concentration in WPCs; untreated WPCs had a higher water-uptake rate than PF-treated
WPCs on day 80 [37]. The 30 wt% PF-treated WPCs showed the lowest water-uptake rate
(∼0.5 wt%) [37].

It was demonstrated that ethyl isocyanate, 1,6-hexamethylene diisocyanate, toluene
2,4-diisocyanate, and PMDI enhanced the strength and stiffness of wood–HDPE and wood–
LLDPE (linear low-density PE) composites [39]. Among these four isocyanates, PMDI was
the most effective, and ethyl isocyanate was the least effective [39].
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Several other studies using mechanical testing methods also confirmed that PMDI signi-
ficantly increased both the strength and stiffness of wood–HDPE composites [13,20,40–42].
PMDI resin is moisture sensitive. It was found that re-drying of wood flour prior to com-
pounding with a plastic further increased the modulus of rupture (MOR) and the modulus
of elasticity (MOE) of the resulting WPCs [41,42]. When HDPE was first mixed with PMDI,
and then with wood flour, the MOR and MOE of resulting WPCs were much higher than
those when wood flour was first mixed with PMDI and then with HDPE [41,42]. It is still
poorly understood why the mixing order makes such a big difference.

It is well known that PF resin and PMDI are not good adhesives for bonding PP or
PE together. In other words, PF resin and PMDI cannot form strong interfacial adhesion
between wood and PE (or PP). The question is why PF resin and PMDI can significantly
improve the strength and stiffness of wood–PE/PP composites.

As discussed previously, there are many fines and loose fibers on wood surfaces, and
there are many gaps and cracks inside wood. These gaps and cracks become the weak parts
when stress is applied to WPCs. There is no doubt that PF resin, and PMDI can consolidate
fines and loose fibers and bridge the gaps and cracks of wood, thus strengthening and
stiffening wood. A number of studies using mechanical testing methods revealed that the
strength and stiffness of WPCs increased when the stiffness and strength of wood flour/fibers
increased [15,43–46]. Strengthening and stiffening of wood by these wood adhesives are
expected to greatly contribute to the improvement of the strength and stiffness of WPCs
by these wood adhesives. Treatment of wood with these wood adhesives can significantly
increase the hydrophobicity of wood, thus improving the wettability of wood by PP or PE.
The improved wettability can facilitate the coverage of PP or PE on wood surfaces and the
penetration of PP or PE into the interior of wood, thus improving the mechanical interlocks
between wood and PP or PE. The improved wettability can also improve the dispersion of
wood in the PP or PE matrix, thus improving the uniformity of WPC properties. The
improved hydrophobicity of wood can improve hydrophobic interactions between wood
and PP or PE. Contributions of the hydrophobic interactions to the strength and stiffness
of WPCs are expected to be small because hydrophobic forces are typically very weak.
At present, the relative contributions of wood-strengthening/ wood-stiffening, improved
mechanical interlocks, improved dispersion, and hydrophobic interactions on the overall
properties of WPCs are not well understood.

16.4 Effect of hydrophobic interaction on the WPC strengths

Several studies using infrared (IR) and SEM characterization and mechanical testing
methods revealed that chemical modifications of wood and other natural fibers with acetic
anhydride, stearic acid, and maleic anhydride improved the strength of the resulting WPCs
[37,47–51]. Such chemical treatments increased the hydrophobicity of wood and other
natural fibers, thus improving their wettability and hydrophobic interactions with thermo-
plastics. The chemical treatments can also improve the penetration of thermoplastics into
wood and the dispersion of wood in the thermoplastic matrix during the preparation of
WPCs. In contrast to the treatment of wood with wood adhesives, these chemical treat-
ments cannot strengthen and stiffen wood fibers. Therefore, hydrophobic interactions and
mechanical interlocking are expected to be the main compatibilization mechanisms for
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these chemical-treated, wood-based WPCs. In general, these chemical treatments are not
very effective in improving the strength and stiffness of WPCs.

Numerous silane coupling agents with a basic structure of R–Si(OR′)3 have been extens-
ively studied and widely used for silica-filled composite materials because they can form
covalent linkages with silica [52]. The R group in R–Si(OR′)3 has to vary with the matrix
materials for achieving maximum compatibilization effects [52]. For example, silane coup-
ling agents containing a mercapto group (–SH) such as HSCH2CH2CH2Si(OCH2CH3)3
are typically used for silica-filled rubber composites because the −SH group can
covalently link to rubber via a vulcanization process [52]. Silane coupling agents con-
taining unsaturated C==C bonds such as 3-(methacryloyloxy)propyltrimethoxysilane,
CH2==C(CH3)COOCH2CH2CH2Si(OCH3)3, are typically used in glass-fiber-reinforced
or silica-filled unsaturated polyester because the C==C bonds in the silane coupling agents
can react with the unsaturated C==C bonds in the polyester via a free radical process to
form strong covalent linkages [52]. Because of their ready availability, various silane coup-
ling agents have been investigated for improving the strength and stiffness of WPCs. They
include vinyltri(2-methoxyethoxy)silane, 3-(methacryloyloxy)propyltrimethoxysilane, 2-
(3,4-epoxy cyclohexyl)ethyltrimethoxysilane, (3-glycidyloxypropyl)trimethoxysilane, and
γ-aminopropyltrimethoxysilane [40,53–60].

Silane coupling agents can react with various hydroxyl groups in wood to form cova-
lent linkages although such covalent linkages are susceptible to hydrolysis by water. Silane
coupling agents can also be readily hydrolyzed to form silanols, R–Si(OH)3, that can form
hydrogen bonding with hydroxyl groups in wood. They can increase the hydrophobicity
of wood fibers, and thus the compatibilization mechanisms are similar to those for the
chemical treatments of wood fibers with acetic anhydride, stearic acid, and maleic anhyd-
ride. More specifically, hydrophobic interactions between wood and thermoplastics and
improved mechanical interlocks from improved penetration of thermoplastics into wood
are main forces for the interfacial adhesion. However, silane coupling agents cannot form
strong covalent linkages with PP or PE unless they contain C==C bonds and are used
with a free radical initiator [60]. Silane coupling agents also cannot form entanglement
or co-crystalline structures with PP or PE because their hydrocarbon chains are too short.
Generally speaking, silane coupling agents are not very effective in improving the strength
and stiffness of WPCs.

16.5 Increasing the strength and stiffness of WPCs with a
compatibilizer

An effective compatibilizer must be able to bond with wood and plastics. Ideally, a compat-
ibilizer molecule should have two domains: a wood-binding domain and a plastic-binding
domain capable of bonding with wood and with plastics, respectively. The domain concept
is borrowed from protein chemistry. A domain can be referred to as a small functional group
such as a succinic anhydride group in maleic-anhydride-grafted PP (MAPP) (Figure 16.1)
or as a polymer with a complex structure. Theoretically, any chemicals/polymers that can
bond with wood can be used as a wood-binding domain. However, structural require-
ments for a plastic-binding domain are extremely strict because thermoplastics, especially
PP and PE, are difficult to bond. For PP and PE, formations of entanglements and
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Figure 16.1 Representative structures of maleic-anhydride-grafted polypropylene (MAPP), maleic-
anhydride-grafted polyethylene (MAPE), and N ,N ′-m-phenylene-bismaleimide-grafted polypropylene
(BPP).

a co-crystalline structure between PP/PE and a plastic-binding domain are the only effective
ways to strongly bond a plastic-binding domain with PP/PE. MAPP is a more effect-
ive compatibilizer for wood–PP composites than for wood–PE composites because the
PP chains in MAPP cannot form crystalline structures with PE chains. Ideally, a plastic-
binding domain should have exactly the same chemical structure as the thermoplastic used
in WPCs.

At present, the most extensively studied compatibilizers for WPCs are MAPP and maleic-
anhydride-grafted PE (MAPE) (Figure 16.1) [10,14–17,57,58,61,62]. MAPP and MAPE
have the same compatibilization mechanisms. The compatibilization mechanisms of MAPP
can be summarized as follows: MAPP binds wood through covalent ester linkages and
hydrogen bonds. The covalent ester linkages result from the reactions of succinic anhydride
(−−C4H3O3) groups in MAPP with the hydroxyl groups of wood components, and hydrogen
bonds are formed between the succinic acid groups (from the hydrolysis of some of the
succinic anhydride groups in MAPP or from mono-esterification of the succinic anhydride
groups in MAPP with the hydroxyl groups in wood) and the hydroxyl groups in wood.
The backbones of MAPP form entanglements and co-crystallization with PP matrix in
wood–PP composites. MAPP can significantly improve the strength and stiffness of wood–
PE composites through the entanglements between the PP backbones and the PE matrix.
However, MAPE is a more effective compatibilizer than MAPP for wood–PE composites
because the PE backbones of MAPE can form both entanglements and co-crystallization
with the PE matrix. MAPP and MAPE can also significantly improve the hydrophobicity
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and wettability of wood, thus improving the penetration of PP or PE into wood and the
dispersion of wood in the PP or PE matrix. Therefore, hydrophobic interactions between
wood and PP/PE and mechanical interlocking also contribute to the improved strength and
stiffness of WPCs by MAPP or MAPE.

It was first demonstrated using electron spectroscopy for chemical analysis (ESCA),
infrared (IR), contact angle measurement, titrimetric analysis, SEMs and other methods
that MAPP bonded with wood through covalent ester linkages [63,64]. ESCA spectra of
untreated and MAPP-treated cellulose fibers revealed that the MAPP-treated fibers had a
much stronger C−−C peak at 285 eV than the untreated fibers. In addition, the O/C and
the O/(O−−C==O) ratios of the MAPP-treated fibers were lower than those of the untreated
fibers by 40% and 50%, respectively [64]. The contact angle of the MAPP-treated fibers was
found to be high (up to 140◦). These results indicated that MAPP-treated cellulose/wood
fibers had hydrophobic properties on the surfaces due to the attachment of the PP tail of
MAPP onto the fibers by ester linkages [64].

The covalent ester linkages on the MAPP-treated fibers were confirmed by IR spectroscopy
[63,64]. IR spectrum of the neat MAPP showed a characteristic peak of a dicarboxylic acid
(from succinic acid) at 1717 cm−1 and characteristic peaks of a cyclic anhydride group
(from succinic anhydride) at ∼1786 and 1862 cm−1, respectively (the peak at 1862 cm−1

is usually difficult to detect) [64]. In contrast, the IR spectrum of the MAPP-treated wood
fibers showed an absorbance peak of the carbonyl group (−−C==O) of ester linkages at
∼1740 cm−1 [64]. Titrimetric analyses also showed that MAPP-treated fibers had a lower
free hydroxyl value, but higher free acid and saponification values than the untreated fibers,
indicating the formation of ester linkages between the fibers and MAPP. One succinic
anhydride group in MAPP can react with two or one hydroxyl group(s) in wood to form
two types of covalent linkages: two ester linkages or one ester linkage with one free carboxylic
acid. All experimental results indicated that these two types of covalent linkages both existed
[63,64].

However, there was one report showing that no direct evidence of ester linkages between
wood fibers and MAPP could be obtained [65]. This could be due to the typically low content
of the ester linkages and their embedment in WPCs. The usage of MAPP is typically only a
few percent of WPCs, and the amount of succinic anhydride groups in MAPP is typically
below 20 wt% of MAPP. Moreover, not all succinic anhydride groups can react with hydroxyl
groups in wood to form ester linkages. The amount of the resultant ester linkages is thus
very low in WPCs and the linkages are embedded in WPCs. It is not surprising that the ester
linkages cannot be detected by IR spectrometry if the WPC samples are not properly treated
prior to IR analysis. One way to allow the detection of a low content of the ester linkages is
to remove PP and MAPP that are not covalently bonded with wood fibers by extraction of
the WPC sample with hot p-xylene using a Soxhlet extractor [63]. This technique has been
successfully used to assist in the IR detection of covalent linkages of various compatibilizers
onto wood fibers in wood–PP and wood–PE composites [41,42,66].

Under heating, interfusion easily occurs between MAPP and the PP matrix, thus form-
ing polymer chain entanglement [6,30,67]. Dynamic mechanical spectroscopy, polarizing
optical microscopy, and other studies show that the MAPP backbones form transcrystalline
structures with the PP matrix [22,23,26–33,61,62]. Crystalline PP or PE is stronger and
stiffer than amorphous PP or PE. The transcrystallization is expected to further increase
the interfacial adhesion.
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Some studies suggested that maleated polyolefins hindered the transcrystallization of
PP or PE in WPCs [26,33]. MAPP tended to decrease the crystallization temperature of
PP in wood–PP composites [26,33]. Moreover, the spherulites in MAPP-treated WPCs
were bigger than those in untreated WPCs [26]. It was likely that MAPP around the fibers
hindered the molecular chain motion of the PP matrix and retarded its overall crystallization
rate [26]. It was also observed by polarizing optical microscopy that MAPP was outside the
PP transcrystallization region and was gradually expelled from the fiber surface during
crystallization of PP [33].

The compatibilization efficiency of maleated polyolefins is usually dependent upon the
acid number (i.e., the amount of succinic anhydride) and the molecular weight of maleated
polyolefins [25,61,62,68]. The amount of succinic anhydride is directly correlated with
the amount of ester linkages and hydrogen bonds between MAPP/MAPE and wood. The
molecular weight is related to the efficiency of forming entanglements and segmental
crystalline structures between MAPP/MAPE and the plastic matrix.

Other maleated thermoplastics include a maleic-anhydride-grafted styrene–ethylene–
butylene–styrene (MA-SEBS) triblock copolymer [69,70].

N ,N ′-m-phenylene-bismaleimide-grafted PP (BPP) (see representative structure in
Figure 16.1) was demonstrated as an effective compatibilizer for wood–PP composites
[71,72]. Vinyltrimethoxysilane-grafted PE, PE–(CH2CH2Si(OCH3)3)n , was prepared via
a free radical grafting process and shown to be an effective compatibilizer for wood–PE
composites [73–75].

The compatibilization mechanisms of BPP and PE–(CH2CH2Si(OCH3)3)n are sim-
ilar to those of MAPP and MAPE. The imide group in BPP can react with the hydroxyl
groups of wood components to form ester linkages [71,72] with the concurrent forma-
tion of an amide. The amide group can form hydrogen bonding with the hydroxyl groups
in wood. The imide group in BPP is less reactive than the succinic anhydride group in
MAPP. The PP backbone of BPP can form chain entanglements and co-crystalline struc-
tures with the PP matrix in wood–PP composites. For PE–(CH2CH2Si(OCH3)3)n , the
hydroxyl groups of wood replace the methoxy groups in PE–(CH2CH2Si(OCH3)3)n to
release methanol and to form silane–wood covalent linkages, PE–(CH2CH2Si(O–wood)3)n
[73–75]. PE–(CH2CH2Si(OCH3)3)n can be readily hydrolyzed to form the corresponding
silanols, PE–(CH2CH2Si(OH)3)n , that can form hydrogen bonding with wood [73–75].
The PE backbone of PE–(CH2CH2Si(OCH3)3)n can form entanglements and co-crystalline
structures with the PE matrix [73–75].

Maleated polyolefins such as MAPP and MAPE are usually synthesized through graft-
ing maleic anhydride onto the backbone of polyolefins via a free radical process. Hence,
maleic anhydride groups are randomly attached onto the molecular chain of a polyolefin.
Because the grafting reaction is a free radical reaction, it is difficult to control the distri-
bution of the succinic anhydride on the polyolefin backbones. In efforts to overcome the
drawbacks of maleated polyolefins, a number of new compatibilizers have been developed
and characterized in recent years [19,20,41,42,66,76,77].

A combination of stearic anhydride and polyaminoamide-epichlorohydrin (PAE) resin
was superior to PAE, stearic anhydride, or MAPE in terms of enhancing the strength and
stiffness of wood–PE composites [18,66]. PAE resin has been widely used as a paper additive
to improve the wet strength of paper and is known to be able to strongly bond with
wood fibers [18,66]. It was demonstrated by Fourier Transform-Infrared (FT-IR) analysis
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that stearic anhydride covalently linked with wood via ester linkages [66]. The treatment
of wood with the PAE resin facilitated the covalent linkages of stearic anhydride onto
wood [66]. The compatibilization mechanism for the combination of stearic anhydride and
the PAE resin has been proposed as follows: (1) the PAE resin bonded with wood, thus
strengthening and stiffening the wood fibers, which is evidenced by the subtracted FT-IR
spectra (e.g., the p-xylene-extracted wood residuals containing PAE as a compatibilizer
had an additional relatively strong absorbance peak at 1600–1650 cm−1, representing the
carbonyl group (C==O) of the amide linkages in the PAE resin), (2) stearic anhydride formed
covalent linkages with the PAE-treated wood fibers, which is manifested by the subtracted
FT-IR spectra (e.g., the WPCs treated with 3% stearic anhydride had a relatively strong
characteristic peak for the C==O group of esters at∼1740 cm−1), and (3) the hydrocarbon
chain of stearic anhydride formed entanglements and segmental crystalline structures with
the PE matrix [66].

A combination of PMDI and stearic anhydride or stearic acid was a more effective compat-
ibilizer system than stearic anhydride, stearic acid, PMDI, or MAPE individually [41,42].
Stearic anhydride or stearic acid was covalently bonded with wood. The compatibiliza-
tion mechanism for the combination of stearic anhydride (or stearic acid) and PMDI was
proposed to be similar to that for the combination of stearic anhydride and the PAE resin.

PE–MDI (4,4′-methylenediphenyl diisocyanate) and PE–PMDI block copolymers were
prepared and investigated as compatibilizers for wood–PE composites [20]. These block
copolymers effectively enhanced the strength and stiffness of the resulting wood–PE com-
posites [20]. These block copolymers are expected to form interfacial bridges between wood
and PE because they have a strong wood-binding domain (MDI or PMDI) and an ideal
plastic-binding domain (PE). However, they may not be able to strengthen and stiffen wood
fibers as effectively as MDI or PMDI alone.

Conclusions

This chapter systematically summarizes various compatibilization mechanisms in WPCs.
For WPCs without a compatibilizer, mechanical interlocking between penetrated thermo-
plastic (PP or PE) and wood fibers is the primary force that holds the thermoplastic and
wood fibers together. Transcrystallization of PP or PE on the fiber surface strengthens the
mechanical interlocking and facilitates stress transfer from the thermoplastic matrix to the
wood fibers.

A compatibilizer can significantly increase the strength and stiffness of the resultant
WPCs. All published results indicate that effective compatibilizers all contain two domains, a
wood-binding domain able to bond with wood fibers through chemical or physical bonding
(e.g., covalent bonding, hydrogen bonding, and van der Waals forces), and a plastic-binding
domain capable of bonding with the thermoplastic through transcrystallization and entan-
glements between the compatibilizer and the thermoplastic matrix. MAPP and MAPE are
the most extensively used compabilizers for wood–PP composites and wood–PE compos-
ites, respectively. The following compatibilization mechanisms for MAPP and MAPE have
been well established: MAPP and MAPE form ester linkages and hydrogen bonds with wood
fibers via their MA functional group, and transcrystalline structures and entanglements with
the thermoplastic matrices via their PP and PE backbones, thus improving the interfacial
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adhesion between wood and the thermoplastics. The formation of the ester linkages and the
transcrystalline structures has been extensively demonstrated by IR spectrometry, ESCA,
SEM, and contact angle measurements.

WPCs can also be stiffened and strengthened with wood adhesives (e.g., PF and PMDI).
These synthetic resins cannot effectively improve the interfacial adhesion between the fibers
and PP or PE matrix. However, they consolidate and strengthen the fibers through filling
and bonding the cracks and gaps in the fibers, thus enhancing the reinforcement effect
of the fibers in WPCs. Chemical modification of the fibers with acetic anhydride, stearic
acid, or maleic anhydride increases the hydrophobicity of the fibers, thus improving the
hydrophobic interactions between the fibers and the thermoplastics, and facilitating the
dispersion and penetration of the thermoplastic onto the fibers.
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Chapter 17

X-Ray Powder Diffraction Analyses of Kraft
Lignin-Based Thermoplastic Polymer Blends

Yi-ru Chen and Simo Sarkanen

Abstract

Plasticization of methylated kraft lignin-based polymeric materials by miscible low glass
transition temperature (Tg) aliphatic polyesters affects the x-ray powder diffraction pattern
in a counterintuitive manner. The d-spacing at the point of maximum intensity in the
characteristic amorphous halo is displaced towards smaller values. A reduction in molecular
weight of the kraft lignin components alone engenders a similar trend. These effects can be
understood by describing the diffuse scattering from methylated kraft lignin preparations
as a sum of two overlapping Lorentzian component peaks centered at d = ∼4.1 Å and
d = ∼5.1 Å. Comparison with the crystal structures of selected di- and trilignols indicates
that these two peaks encompass d-spacings between aromatic rings which are, respectively,
in roughly parallel-but-offset and edge-on orientations relative to one another. As would be
expected, the latter peak is broadened much more than the former when a miscible low-Tg

polymer is blended into a methylated kraft lignin-based material.

17.1 Introduction

17.1.1 X-Ray diffraction patterns from lignin preparations

The first wide-angle x-ray powder diffraction patterns of any consequence obtained from
simple lignin derivatives were published in 1974 [1]. The “milled wood lignin” and “dioxane
lignin” were prepared by extracting ball-milled cedar wood meal with aqueous 96% diox-
ane and refluxing dioxane containing 0.4% concentrated hydrochloric acid, respectively; a
portion of the dioxane lignin was also methylated. The diffuse haloes observed were char-
acteristic of amorphous polymers [1]; no attempt was made to distinguish which atoms or
groups might be separated by the various inter- and intramolecular distances that could
give rise to the broad overlapping peaks of diffracted intensity vs 2θ (where θ is the angle
of diffraction). Nevertheless, the variations with temperature of the d-spacings at the dis-
cernible outer peak maxima were used to estimate transition temperatures for the three
lignin preparations that were close to the glass transition temperatures (Tgs) determined by
differential scanning calorimetry [1].
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© 2008 Blackwell Publishing Ltd.  ISBN: 978-1-405-15880-0



Suma Hu: “c017” — 2007/11/29 — 14:24 — page 302 — #2

302 Characterization of Lignocellulosic Materials

In
te

ns
ity

d = 4.3 Å

d = 5.2 Å

d = 8.5 Å d = 4.0 Å

d = 9.8 Å

Cedar dioxane lignin

Methylated cedar dioxane lignin

5 10 15 20 25

2� (degree)

30

Figure 17.1 Wide-angle x-ray diffraction patterns from cedar dioxane lignin and its methylated derivative,
with d -spacings given at the broad peak maxima. Data from Reference 2.

Similar analyses of very similar lignin samples published 8 years later yielded virtually
identical results [2] from data, however, that were not exactly the same (Figure 17.1). The
authors commented upon the partial resolution of the outer 4.3 Å halo of the dioxane lignin
into two diffuse peaks centered at 4.0 and 5.2 Å as a result of methylating the lignin derivative.
They suggested that hydroxyl group methylation might expand some of the intermolecular
distances in the lignin domains, but they offered no interpretation about which separations
might have contributed to the distinguishable haloes in the x-ray diffraction patterns of the
amorphous lignin preparations [2]. This had to wait for another 23 years [3].

Actually, the enhancement in resolution of the diffuse 4.0 and 5.2 Å peaks, engendered
in the x-ray diffraction pattern by methylating the dioxane lignin, has important implica-
tions. It suggests that hydrogen-bonding and the other intermolecular forces between the
individual lignin components tend to favor significantly different arrangements of the inter-
acting species. Furthermore, it indicates that the two kinds of intermolecular interactions
have comparable effects as far as their relative strengths are concerned. This has, indeed,
been substantiated by MP2/6-31G(d) molecular orbital calculations [4].

17.1.2 Amorphous polymeric materials

Interestingly, the year 1974, which witnessed the publication of the first x-ray diffraction
patterns from simple lignin derivatives [1], also heralded the organization of a symposium
on the Physical Structure of the Amorphous State at the 168th National Meeting of the



Suma Hu: “c017” — 2007/11/29 — 14:24 — page 303 — #3

X-Ray Diffraction Patterns of Lignin-Based Plastics 303

American Chemical Society [5]. There, P.J. Flory declared that progress towards an under-
standing of the physical properties of polymeric materials requires knowledge of the spatial
conformations and intermolecular packing of polymer chains in the amorphous state.
He cautioned that ostensible difficulties in packing flexible macromolecules to bulk dens-
ity would not be alleviated by partial ordering [6]. Nevertheless, even though there is
no long-range three-dimensional order in amorphous polymeric materials, dense pack-
ing of macromolecular chain segments entails some correlation between their relative
positions and orientations [7]. The resulting anisotropy in short-range order is embod-
ied in the autocorrelation function of the electron density distribution in physical space
and the corresponding scattered intensity distributions in reciprocal space. Information
about molecular structure is more directly accessible in the radial distribution function
which can be derived from the electron density distribution, but greater clarity in regard to
intermolecular arrangements may be gleaned from the scattered intensity distributions [7].

Empirically, the diffuse scattering from atactic polystyrene is adequately described as a
sum of two broad Lorentzian peaks [8] centered at d-spacings of 8.9 Å (2θ = 10◦) and 4.6 Å
(2θ = 19◦). According to a radial distribution function analysis, 87% of the amorphous
outer peak centered at 4.6 Å results both from intramolecular distances between benzene
ring and chain atoms, and also from intermolecular separations between the aromatic
rings [9]. Above Tg, the 8.9 Å d-spacing at the maximum of the inner halo was reported
to increase with temperature [10] more than that of the outer one; the lower-angle peak
was therefore attributed primarily to intermolecular separation distances [8]. Despite some
inconsistencies in regard to the temperature sensitivity of the 8.9 Å polystyrene peak [1],
the foregoing interpretation largely conformed with the views of the authors responsible
for the first x-ray diffraction studies of simple lignin derivatives [2].

Generally speaking, the diffuse scattered intensity in the x-ray diffraction pattern from
an amorphous polymeric material is quite difficult to interpret, but in some instances
the amorphous domains in semicrystalline polymers may be more amenable to explicit
examination. This is illustrated for poly(ethylene terephthalate) (PET) in Figure 17.2, where
the respective x-ray diffraction patterns from a highly crystalline oligomeric powder and
a typical annealed polymer film are analytically resolved into crystalline and amorphous
peaks. At least two Lorentzian functions (centered at 2θ = 17.5◦, d = 1/0.20 = 5.0 Å and
2θ = 23.5◦, d = 1/0.26 = 3.8 Å, respectively) are necessary to fit the diffuse scattering
from the amorphous PET domains in both samples [11].

With oriented amorphous PET fibers, the intensities of the two amorphous haloes, as
they vary with azimuthal angle, reach their maximum values at the equator [11]. Therefore,
the diffuse 3.8 and 5.0 Å peaks have been related to distances along the two directions
transverse to the polymer chain axis. Indeed, since the 3.8 Å peak is very close to the intense
100 crystalline PET reflection [3.4 Å in Figure 17.2(a)], it was assigned to intermolecular
spacings normal to aligned aromatic rings that are rotationally correlated on adjacent chains.
Moreover, as the 5.0 Å halo is centered at the same 2θ value (namely, 17.5◦) as the 010
reflection [Figure 17.2(a)], intermolecular separations in the planes of the aromatic rings
have been thought to contribute significantly to this amorphous peak [11]. There is an
important corollary to describing the diffuse scattering from semicrystalline PET in terms of
spacings along two crystallographic directions; such an interpretation implies that incipient
order could exist even in the amorphous domains. The question arises as to whether a
comparable situation may be present in simple lignin derivatives.



Suma Hu: “c017” — 2007/11/29 — 14:24 — page 304 — #4

304 Characterization of Lignocellulosic Materials

(a)

(b)

5 10 15 20 25
2� (degree, Cu Kα)

30 35

In
te

ns
ity

 (
Li

ne
ar

 s
ca

le
)

01
1

– 11
1

01
1

01
0

10
0

–

10
3 

+
 1

11
–

–

11
0

– 11
2

–

s = 0.26 Å−1

s = 0.20 Å−1

Figure 17.2 X-Ray diffraction diagrams for (a) highly crystalline low-molecular-weight PET powder, and
(b) typical annealed polymeric PET film. Solid line over data points indicates sum of resolved crystalline
and amorphous peaks represented by dashed lines. From Murthy et al. [11], Figure 1, copyright 1991 with
permission from the American Chemical Society.

17.2 Kraft lignin-based polymeric materials

17.2.1 X-Ray powder diffraction patterns from paucidisperse
kraft lignin fractions

Decisions about which lignin samples are worthy of characterization by wide-angle x-ray dif-
fraction are based on a variety of considerations. One concern might depend on how closely
the lignin preparation reflects the native biopolymer from which it is derived. Another cri-
terion might involve the actual availability of a particular lignin derivative with promising
mechanical properties for producing useful polymeric materials. This second qualification
would point to the by-product lignins from the kraft pulping process as the lignin deriv-
atives of choice. Kraft lignins are interesting in that they have been formed under quite
severe chemical conditions (e.g., 2 h exposure to aqueous 45 g L−1 of NaOH and 12 g L−1

of Na2S at 170◦C, as far as the delignification of softwood chips is concerned), during
which many of the substructures along the macromolecular lignin chains may be cleaved
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or otherwise modified, and new covalent bonds can be formed between separate molecular
components [12].

Nevertheless, kraft lignins do not possess configurations that have been irretrievably
scrambled in relation to the native biopolymer. This is evident from the selectivity inherent
in the effects of the powerful noncovalent interactions that prevail between the discrete
kraft lignin components. Despite the extent to which these individual molecular species
might have been modified, they can still associate in their thousands with one another in
remarkably specific ways to form well-defined supramacromolecular complexes possessing
hydrodynamic volumes above that of 20-million-molecular-weight polystyrene [13,14].
The resulting molecular weight distributions of acetylated and methylated kraft lignin
derivatives are clearly multimodal in form, not unimodal as they would be if the huge
associated entities were randomly assembled.

Intermolecular association between lignin components is governed not by hydrogen
bonding but rather by strong noncovalent interactions between aromatic rings that can be
equivalent in their effects to at least two or three hydrogen bonds [4]. Yet, there are no
indications that crystalline domains exist in kraft lignin preparations (nor other kinds of
lignin derivatives). This assertion is based upon the kinds of experimental observations that
are exemplified in Figure 17.3, which depicts x-ray powder diffraction patterns from a series

Figure 17.3 Wide-angle x-ray diffraction patterns from underivatized and methylated paucidisperse kraft
lignin fractions. Data from Reference 3 and Y. Li and S. Sarkanen, unpublished results.
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of paucidisperse kraft lignin fractions with successively decreasing molecular weights. The
maximum in the intensity of the amorphous halo is displaced toward smaller d-spacings
(larger scattering angles) as the molecular weight is reduced, and the effect is enhanced
when the kraft lignin components have been methylated. Moreover, above the diffuse peak
maxima, the difference in scattered intensity between the methylated and unmethylated
(underivatized) higher-molecular-weight kraft lignin fractions increases with scattering
angle (Figure 17.3). Thus, in contrast to what previous claims would contend [2], hydroxyl
group methylation does not seem to expand any of the inter- or intramolecular separation
distances in softwood kraft lignin preparations.

17.2.2 Alkylated kraft lignin-based thermoplastic blends
with low-Tg polymers

In the US, kraft lignins are produced in huge quantities, amounting to ∼45 million met-
ric tons annually according to year 2000 estimates [15]. Thus, in terms of availability,
these lignin derivatives would be suitable starting materials for manufacturing lignin-based
plastics and other value-added by-products of converting lignocellulose into paper.

In this connection, the year 1997 was a watershed in the field of lignin-based polymeric
materials. A full-length paper was published about thermoplastics with promising mech-
anical properties (tensile strength extending to 26 MPa and Young’s modulus reaching
1.5 GPa) that were composed of 85% (w/w) kraft lignin [16]. Moreover, the same year saw a
preliminary account [17] on ethylated and methylated 100% kraft lignin-based polymeric
materials also with fairly encouraging tensile strengths (∼15 MPa) and moduli (∼1.3 GPa).
Both reports were unprecedented, and significant improvements in mechanical behavior
were soon to be realized by alkylating the kraft lignin preparations more completely [18].
These new thermoplastics had broken the barrier to becoming genuinely “lignin-based”, in
that, during the two previous decades, it had typically not been possible to exceed 30–45%
limits to the incorporation of simple lignin derivatives in cohesive polymeric materials [19].

The first formulations to accommodate very high levels of any lignin derivative in
promising polymeric materials were achieved with homogeneous blends of 85% (w/w)
underivatized kraft lignin containing 12.6% poly(vinyl acetate), 1.6% diethylene glycol
dibenzoate, and 0.8% indene [16]. Hereby, it had become feasible to fabricate a polymeric
material composed predominantly of a common lignin derivative, but the utility of these
new thermoplastics was limited by their tendency to dissolve partially in aqueous alkaline
solutions. Their primary value resided in what they revealed about the possible states of the
individual molecular components in lignin-based polymeric materials. A particular oddity
in the effect of composition on their mechanical properties clearly pointed to a functional
distinction between individual lignin components that are and are not incorporated into
supramacromolecular complexes [14,16].

Soon it became apparent that ethylated and methylated kraft lignin derivatives could
be used on their own to produce polymeric materials with tensile properties similar to
those of polystyrene [18]. In contrast to kraft lignins that have not been alkylated, these
simple kraft lignin derivatives can be plasticized by miscible low-Tg polymers such as
aliphatic main-chain polyesters or poly(ethylene glycol) [3,20]. The plasticizing effects of
poly(trimethylene glutarate) and poly(ethylene glycol), as they are blended in progressively
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Figure 17.4 Progressive plasticization of methylated polydisperse higher-molecular-weight kraft lignin
fraction in blends with poly(ethylene glycol) and poly(trimethylene glutarate). Data from References 3
and 20.

increasing quantities with a methylated polydisperse higher-molecular-weight kraft lignin
fraction (M̄w = 2.3 × 104, M̄w/M̄n = 2.6), are compared in Figure 17.4. The proportion
(35%) of poly(trimethylene glutarate) required to reach the threshold of plasticization is
significantly larger than that (<25%) of poly(ethylene glycol). The difference arises from
the strengths of the intermolecular interactions between the individual alkylated kraft lignin
components and the low-Tg polymer chains. When the interactions are stronger, the asso-
ciated supramacromolecular kraft lignin complexes [13,14] in the polymeric material are
(counterproductively) dismantled to a greater extent than when these intermolecular forces
are weaker. As a result, more low-Tg polymer is required in the composition of the blend at
the plasticization threshold.

The relative magnitudes of the intermolecular interactions between the alkylated kraft
lignin and low-Tg polymer are reflected in the concavity of the Tg–composition curve for
(homogeneous) blends of the two macromolecular components [3,14]. Thus, as shown in
Figure 17.5, the Tg of the poly(ethylene glycol) blends increases very little as the content
of the methylated kraft lignin fraction varies from 0% to 65% (w/w). On the other hand,
the Tg of the corresponding blends with poly(trimethylene glutarate) increases by more
than 60◦C over the same composition range. Analyses of the data using the Gordon–Taylor
formalism [21] provide direct confirmation of the qualitative impressions created by the
concavity of the Tg–composition curves [3,20]. The other miscible low-Tg polymers tested
fell within the range between these two bounds. For example, ∼30% poly(1,4-butylene
adipate) was required to exceed the plasticization threshold characteristic of its blends with
the methylated higher-molecular-weight kraft lignin fraction [3].
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Figure 17.5 Variation of Tg with composition for blends of methylated polydisperse higher-molecular-
weight kraft lignin fraction with poly(trimethylene glutarate) and poly(ethylene glycol). Data from
References 3 and 20.

These miscible low-Tg aliphatic polyesters are often semicrystalline; the point at which
the characteristic crystalline peaks appear in the x-ray diffraction patterns from their blends
with the methylated kraft lignin fraction occurs at a polyester content of∼55% and>70%
for poly(butylene adipate) (Figure 17.6) and poly(trimethylene glutarate), respectively [20].
Thus, the methylated kraft lignin components have a greater tendency to disrupt the crystal-
line domains of poly(trimethylene glutarate) than those of poly(butylene adipate) because
they interact with the former more strongly. Similar conclusions are obtained from analyses
of the Tg–composition curves (e.g., Figure 17.5) for the corresponding blends [3,20] using
the classical Gordon–Taylor formalism [21]. It is worth pointing out that the composition
of the alkylated kraft lignin preparation itself affects how much plastic deformation the
thermoplastic blend can withstand before fracture. Beyond the plasticization threshold,
the ultimate strains borne by the alkylated kraft lignin-based materials are extended by the
presence of low-molecular-weight lignin components, which hereby synergistically enhance
the action of the miscible low-Tg polymers as plasticizers in these blends [3,19].

17.2.3 X-Ray powder diffraction patterns from methylated kraft
lignin-based plastics

A prominent effect is observed in the x-ray powder diffraction pattern when miscible low-Tg

aliphatic polyesters are blended in progressively greater quantities with methylated kraft
lignin-based polymeric materials [3]. The d-spacing at the point of maximum intensity in
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Figure 17.6 Wide-angle x-ray diffraction patterns from blends of methylated polydisperse higher-
molecular-weight kraft lignin fraction with poly(1,4-butylene adipate) (PBA). From Li et al. [20], Figure 10,
copyright 2002 with permission from the American Chemical Society.

the characteristic amorphous halo is displaced towards smaller values, that is, the corres-
ponding scattering angle increases (Figure 17.7). This counterintuitive trend is encountered
whether the intermolecular interactions between the methylated kraft lignin components
and the low-Tg plasticizing polymer are strong or weak. Any attempt to interpret such a
result must contend with the fact that the polyester itself will contribute appreciably, if less
strongly than the aromatic lignin components, to the diffuse scattered intensity. Thus, it
should be easier to understand the cause(s) of the effect by searching for a context where an
analogous trend occurs without the introduction of any foreign blend components. Indeed,
a similar result is simply obtained with a series of paucidisperse methylated kraft lignin
fractions of successively decreasing molecular weight without introducing any (miscible)
low-Tg polymer (Figure 17.3). It is perhaps fitting that a comparable trend is also observed in
this case: alkylated low-molecular-weight kraft lignin components synergistically enhance
the amount of plastic deformation that an alkylated kraft lignin-based polymeric material
beyond the plasticization threshold can bear, prior to fracture (vide supra; [3]).

The amorphous scattering (Figure 17.3) from the paucidisperse methylated kraft lignin
fractions in the range 2θ = 5 − 35◦ (Cu Kα) can be described in terms of sums of two
Lorentzian component peaks [3] centered at 2θ = 16.9◦, d = 5.25 Å and 2θ = 22.1± 0.6◦,
d = 4.0 ± 0.1 Å, respectively (Figure 17.8). These two peak maxima occur at the same
d-spacings as observed much earlier [2] with a methylated cedar dioxane lignin preparation
(Figure 17.1), although the paucidisperse methylated kraft lignin fractions showed no sign
of the (less intense) inner halo at d = 8.5 Å.
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Figure 17.7 Wide-angle x-ray diffraction diagrams from blends of methylated polydisperse higher-
molecular-weight kraft lignin fraction with poly(butylene adipate) and poly(trimethylene succinate). From
Li et al. [3], Figure 3, copyright 2005 with permission from the American Chemical Society.

Unlike partially crystalline polymers such as PET (Figure 17.2), lignins and lignin derivat-
ives do not exhibit any detectable degree of crystallinity in the solid state. Thus, the origins
of the Lorentzian component peaks with maxima at 2θ = ∼17◦ and 22◦ that make up
the amorphous haloes from methylated kraft lignin fractions (Figure 17.8) and methylated
cedar dioxane lignin (Figure 17.1) cannot be deduced by comparison with the x-ray diffrac-
tion patterns engendered by crystalline domains in these kinds of materials (cf. Figure 17.2).
The predominant contributions to the diffuse scattered intensity are expected to arise from
the distributions of spacings between the aromatic rings [3]. The relative positions and ori-
entations of these moieties may be distributed about the various geometries that are evident
in the crystal structures of dimeric and trimeric lignin model compounds. At one extreme,
nonbonded orbital interactions could be important when the perpendicular separation
distances between cofacial aromatic rings are small (≤3.4 Å) [22]. The crystal structures
of divanillyltetrahydrofuran [23] and a 5-5′,8-O-4′′-linked trilignol derivative [24] may
embody circumstances where such interactions could occur. In contrast, when nonbonded
orbital interaction energies cannot overcome the effects of π-electron repulsion, face-to-face
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Figure 17.8 Fits of two principal Lorentzian functions to diffuse scattered intensity in the x-ray diffraction
patterns from methylated paucidisperse kraft lignin fractions. From Li et al. [3], Figure 4, copyright 2005
with permission from the American Chemical Society.

juxtaposition of the aromatic rings will be replaced by a continuum of possible geometries
varying between edge-on and parallel offset orientations [25]. The latter has been observed
at ∼4.6 Å intermolecular separations in the crystal structure of a phenolic 8-5′-linked
dilignol [26], while an arrangement approximating the former has been found at ∼5.3 Å
intermolecular separation distances in the crystal structure of a nonphenolic 8-O-4′-linked
dilignol [27].

Accordingly, the d-spacings between roughly parallel aromatic rings in di- and trimeric
lignin model compounds vary quite broadly (±0.6 Å) about 4.0 Å, while those between
aromatic rings that are approximately edge-on with respect to one another are centered
around 5.3 Å. These values are essentially identical not only to those of the two most
prominent diffuse peaks in the x-ray diffraction pattern from methylated cedar dioxane
lignin (Figure 17.1) but also to the maxima of the two Lorentzian component peaks
describing the amorphous haloes emanating from paucidisperse methylated kraft lignin
fractions (Figure 17.8). Of course, the packing of polymer chains in the amorphous state
has requirements that differ from that of small molecules in a crystal lattice. Yet, as with
polystyrene, liquid styrene exhibits an amorphous halo centered at 4.6 Å [8], although the
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8.9-Å subsidiary maximum in the diffuse scattering obtained from the polymer is absent.
Such a remarkable correlation between the results from a monomer and the correspond-
ing polymer suggest that the x-ray diffraction patterns of di- and trilignols could provide
important insights for interpreting those of polymeric lignin derivatives. Thus, the (com-
ponent) peak maxima at 4.0 Å and 5.2 Å in the amorphous haloes from the methylated
dioxane and kraft lignin preparations (Figures 17.1 and 17.8) may provisionally be assigned,
at least in part, to parallel and edge-on arrangements of the aromatic rings, respectively [3].

Interestingly, the ∼5.2 Å d-spacing at the maximum of the Lorentzian component peak
that includes the scattering from edge-on arrangements of the aromatic rings does not vary
with the molecular weight of the methylated paucidisperse kraft lignin fractions; however,
the peak itself is ∼30% narrower for the higher-molecular-weight species (Figure 17.8).
This is presumably caused by the fact that most of the higher-molecular-weight kraft lignin
components are incorporated into supramacromolecular associated complexes where the
range of permissible intermolecular registration is more restricted. The other Lorentzian
component peak with a maximum corresponding to a d-spacing of 4.1 Å encompasses the
diffuse scattering from more-or-less parallel aromatic rings in the methylated kraft lignin
complexes (Figure 17.8). This peak is broadened somewhat (by ∼20%) while undergoing
a shift to slightly smaller d-spacings (3.9–4.0 Å at its maximum intensity) for the lower-
molecular-weight kraft lignin components; the latter presumably allow more freedom in
regard to relative positioning of the aromatic rings.

The methylated polydisperse higher-molecular-weight kraft lignin fraction, upon which
the materials in Figures 17.4–17.6 are based, contains associated complexes in a more com-
plete state of assembly than the methylated paucidisperse fractions in Figure 17.8. The
reason is that thousands of individual components with a fairly broad range of molecular
weight are required to form the huge supramacromolecular assemblies in a well-defined
manner. Most of the discrete species that were not incorporated into associated complexes
were removed during the preparation of the higher-molecular-weight polydisperse kraft
lignin fraction [3]. The effect of this is evident in the x-ray diffraction pattern from the
methylated fraction (Figure 17.9) in the Lorentzian component peak (2θ = 17.4 ± 2.4◦)
that embraces the scattering from aromatic rings oriented edge-on with respect to one
another. The component peak width is ∼30% narrower than that from the methylated
paucidisperse high-molecular-weight kraft lignin fractions, and the d-spacing at the cor-
responding peak maximum is displaced to a slightly lower value (5.1 Å). However, the
other Lorentzian component peak (2θ = 21.5±5.0◦), which includes the diffuse scattering
from parallel aromatic rings (Figure 17.9), remains centered at the same d-spacing (4.1 Å)
as found with the methylated paucidisperse high-molecular-weight kraft lignin fractions,
even though its width is∼10% narrower [3].

Miscible aliphatic polyesters have a substantial impact upon the x-ray diffraction patterns
from alkylated kraft lignin preparations as they form homogeneous blends with these mater-
ials (Figure 17.7). For example, blending of 30–40% poly(trimethylene succinate) with the
methylated polydisperse higher-molecular-weight kraft lignin fraction broadens the two
Lorentzian component peaks centered at d-spacings of 4.1 and 5.1 Å in the amorphous halo
by ∼10% and 60%, respectively (Figure 17.9). The effects of adding the low-Tg polymer
are not strictly systematic; the integration of the reflections to which the poly(trimethylene
succinate) chains contribute in the x-ray diffraction pattern of the blend occurs in a man-
ner that cannot be easily predicted. Nevertheless, the distribution of separation distances
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Figure 17.9 Fits of two principal Lorentzian functions to diffuse scattered intensity in the x-ray diffraction
patterns from the methylated polydisperse higher-molecular-weight kraft lignin fraction and its blends with
poly(trimethylene succinate). From Li et al. [3], Figure 5, copyright 2005with permission from the American
Chemical Society.

between edge-on aromatic rings is clearly broadened much more than that between parallel
aromatic rings in the methylated kraft lignin components [3]. Such a difference would be
expected if the interactions between the former (which are separated to a greater extent
from one another) are weaker than those between the latter. Thus, the effects on the x-ray
diffraction pattern of adding a low-Tg polymer (Figure 17.9) are qualitatively similar to
those of reducing the molecular weight of the kraft lignin components (Figure 17.8). This
is in harmony with the finding that the lower-molecular-weight components in alkylated
kraft lignin-based polymeric materials enhance the impact of miscible aliphatic polyesters
upon them as plasticizers [3].

Concluding remarks

In 2006, the analysis of x-ray powder diffraction patterns from lignin-based polymeric
materials was still in its infancy. The inherent difficulty lies in the fact that no crystalline
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domains have ever been detected in simple lignin derivatives. Consequently, progress in
gleaning useful insights from the amorphous haloes to which lignin preparations give
rise can only be made through extensive comparisons of systematic trends in the diffuse
scattering from many series of lignin derivatives, fractions, and blends. Evaluation of the
x-ray powder diffraction patterns from methylated kraft lignin-based materials in terms of
two overlapping Lorentzian component peaks represents a promising beginning. One peak
encompasses scattering from cofacial aromatic rings that are roughly parallel but offset from
one another; the other arises, in part, from aromatic rings that are more-or-less edge-on
with respect to each other. Accordingly, a basis has been proposed for understanding how
these Lorentzian peaks are affected by the molecular weight of the kraft lignin components
and plasticization with miscible low-Tg polymers. It will be interesting to see how well
this framework will accommodate further trends from different families of lignin-based
polymeric materials in the future.
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Chapter 18

DSC and DMA of ECs and EC–MC Blends

Shizuka Horita, Tatsuko Hatakeyama, and
Hyoe Hatakeyama

Abstract

Ethylcelluloses (ECs) crossed-linked with hexamethylene diurethane and blends of EC and
methylcellulose (MC) have been characterized by differential scanning calorimetry (DSC)
and dynamic mechanical analysis (DMA). The main chain motion of the cross-linked EC,
detectable as a change in glass transition temperature (Tg) by DSC and in α-dispersion by
DMA, is affected by the molecular mass and degree of substitution (DS) of the EC and the
extent of cross-linking in a complex manner. The effect of molecular mass disappears at high
extents of cross-linking. At the same molecular mass, DS significantly affects the molecular
motion, particularly at higher extents of cross-linking. In EC–MC blends, the MC compon-
ent acts as a hard segment in the rubbery state where molecular motion of the EC chains is
restricted.

18.1 Introduction

Ethylcellulose (EC) prepared from industrial processes is categorized into two groups, one
with a degree of ethylation in a range from 0.8 to 1.3 per one glucose unit and the other
with a degree of ethylation from 1.8 to 2.6. EC of the former group is water soluble and used
as a thickener and adhesive. The latter group of EC is insoluble in water, soluble in many
organic solvents, and used in paints and plastic sheets [1]. Like other cellulose derivatives
[2,3], EC is known to form liquid crystal in concentrated acetic acid or dichloroacetic acid
solution [4].

EC with a high degree of ethylation has film-forming ability, which is an important
factor in developing new applications for cellulose derivatives. Although EC has many
desirable characteristics such as film formation, transparency, and appropriate mechanical
properties, its water-retention capability is limited. To prepare stable films having a certain
degree of hydrophilicity from EC, we have considered the following approaches: (1) the
introduction of soft segments as a cross-linker and (2) molecular blends with other cellulose
derivatives such as methylcellulose (MC). The chemical structures of EC and MC are shown
in Figure 18.1.

Previously, we have investigated the cross-linking of water-soluble polysaccharides via a
urethane unit in aqueous media and the physical properties of the chemically crossed-linked

Characterization of Lignocellulosic Materials  Edited by Thomas Q. Hu  
© 2008 Blackwell Publishing Ltd.  ISBN: 978-1-405-15880-0
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Figure 18.1 Chemical structures of ethylcellulose (EC) and methylcellulose (MC).

hydrogels [5,6]. Chemically cross-linked hydrogels derived from polysaccharides are stable
in a wide range of temperatures, when compared with physical gels.

Blends of different types of polysaccharides have been widely investigated to obtain
new biocompatible materials having unique features [7–13]. Aqueous solution of MC is
known to form thermoreversible hydrogels by heating via hydrophobic molecular interac-
tion [14–16]. In this chapter, we describe our viscoelastic studies and thermal measurements
of the molecular motions of EC chemically cross-linked via a diurethane unit in an organic
solvent and of EC–MC blends. We chose MC as the other component in the EC blends,
because its chemical structure is similar to that of EC but it is more hydrophilic.

18.2 Experimental

18.2.1 Preparation of diurethane cross-linked EC films with various
NCO/OH ratios

EC powders with different molecular mass and degree of substitution (DS) were obtained
from General Science Co. (Tokyo, Japan). They were EC with DS of 2.43 and viscosities of
4, 10, 22, and 100 cp, respectively, and EC with viscosity of 100 cp and DS of 2.29. The
diurethane cross-linked EC films with various NCO/OH ratios were prepared as follows:
(1) EC powder was dissolved in chloroform (concentration= 6.25%), maintained at 50◦C
and stirred until a homogeneous solution was obtained; (2) a small amount of dibutyltin
dilaulate was added to the above solution as a catalyst; (3) hexamethylene diisocyanate
(HDI) (Asahi Kasei Co., Tokyo, Japan) was dissolved in chloroform and stirred at room
temperature (∼25◦C) until a homogeneous solution was obtained; (4) EC and HDI solu-
tions were mixed and stirred at room temperature at a known ratio to give NCO/OH molar
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ratio of 0 (without any diurethane cross-linking), 0.2, 0.4, 0.6, 0.8, and 1.0, respectively;
(5) after stirring, the mixed solution was maintained at∼25◦C for several minutes, and the
solution was extended on a glass plate for one night; and (6) the obtained films were stored
in a desiccator. The schematic chemical structure of the diurethane crossed-linked EC from
the reaction of the hydroxyl (OH) groups in EC and the diisocyanate group in HDI is shown
in Figure 18.2.

18.2.2 Preparation of films from EC–MC blends

The MC powder with a known molecular mass (viscosity = 100 cp) and DS (= 1.80) was
obtained from Nacalai Tesque, Inc. (Kyoto, Japan). Films from EC–MC blends were pre-
pared as follows: (1) MC powder was dissolved in chloroform (concentration = 6.25%)
maintained at ∼25◦C and stirred until a homogeneous solution was obtained; (2) homo-
geneous EC solution in chloroform (concentration= 6.25%) was prepared and maintained
at ∼25◦C; (3) MC and EC solutions were mixed under stirring at various blending ratios.
MC content of EC–MC blends was defined as follow:

MC Content = mMC

(mMC +mEC)
× 100(%) (18.1)

where mMC and mEC are masses of MC and EC, respectively; and (4) the solutions
were extended on a glass plate for one night and the films prepared were stored in a
desiccator.

18.2.3 Measurements

18.2.3.1 Viscoelastic measurements

A Seiko dynamic mechanical analyzer (DMA) DMS210 equipped with a tension mode
probe was used. Temperature was in a range from −120◦C to 200◦C. Heating rate was
1.0◦C min−1 and sample size was 20 mm (length) × 10 mm (width) × ∼0.1 mm (thick-
ness). Frequency was varied from 0.5 to 10 Hz. Measurement was carried out in air [17,18].
The dynamic modulus (real part of the complex modulus) (E ′), the dynamic loss modulus
(imaginary part of the complex modulus) (E ′′), and the loss tangent (tan δ) were sim-
ultaneously obtained as functions of temperature and frequency. The tan δ is defined as
follows [19]:

tan δ = E ′′

E ′
(18.2)

Activation energy was calculated using peak temperatures of tan δ curve at each frequency.

18.2.3.2 Differential scanning calorimetry (DSC)

A Seiko Instrument DSC 220C equipped with a cooling apparatus was used. Scanning rate
was 10◦C min−1 and nitrogen flow rate was 30 mL min−1. The temperature was varied as
follows: (1) the sample was cooled from 40◦C to −150◦C at cooling rate of 10◦C min−1;
(2) the sample was maintained at −150◦C for 5 min and heated at 10◦C min−1 to 180◦C;
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Figure 18.3 DSC heating curves of four EC films and one EC powder from EC with DS of 2.43 and various
viscosities; numerals in the figure are values of viscosity (cp).

and (3) the process (1) with cooling from 180◦C (instead of 40◦C) to −150◦C and the
process (2) were repeated. The data obtained by the heating run from (3) was mainly used
for the analysis [18].

18.3 Effect of inter-molecular hexamethylene diurethane
linkage on molecular motion of EC

Figure 18.3 shows the DSC heating curves of four control (with NCO/OH ratio = 0,
i.e. without any cross-linking) EC films with various molecular mass (viscosities) and a
EC powder with viscosity of 10 cp. Heat capacity gap (∆Cp) due to glass transition was
observed for all the samples. It is well known that molecular motion of polysaccharide
is restricted via inter-molecular hydrogen bonding and glass transition is hardly detected
by DSC [2,18]. The molecular motion of EC main chain is observable due to the effect
of long side-chains; however, the value of ∆Cp is not large (from 0.02 to 0.06 J g−1 K−1)

compared with that of synthetic polymers (0.2–0.4 J g−1 K−1) [20]. Although several small
heat capacity gaps were observed in the DSC curves of the samples with viscosity of 10 cp
(Figure 18.3), glass transition temperature (Tg) value was determined from the largest gap
taking into consideration of the sensitivity of DSC. The values of Tg for the EC films and
powder with DS = 2.43 defined and obtained from Figure 18.3 were then plotted against
the viscosities (Figure 18.4). Tg value of the sample increased rapidly from viscosity of 4
to 10 cp but gradually from viscosity of 10–100 cp. The effect of DS (DS 2.43 vs 2.29)
for the EC films with a viscosity of 100 cp on Tg was not statistically significant (data not
shown).



Suma Hu: “c018” — 2007/11/29 — 14:24 — page 321 — #6

DSC and DMA of ECs and EC–MC Blends 321

0

50

100

150

1 10 100 1000

Viscosity (cp)

T
g 

(°
C

)

Figure 18.4 Relationship between Tg of the EC films and the viscosity of the EC (DS = 2.43).
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Figure 18.5 Relationship between Tg and NCO/OH ratio of the EC (viscosity = 100 cp and DS = 2.43)
films; NCO/OH = 0 is for the control EC film without any cross-linking.

Hexamethylene diurethane cross-linked EC films were analyzed by DSC and Tg values
were obtained. The heat capacity gap at Tg of these chemically cross-linked EC films became
smaller and Tg was scarcely defined for samples with a high NCO/OH ratio. It is possible that
molecular enhancement diminishes via cross-linking. Figure 18.5 shows the relationship
between Tg and NCO/OH ratio of the cross-linked EC (viscosity= 100 cp and DS= 2.43)
films (NCO/OH = 0 for the control EC film without cross-linking). Tg decreases with
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Figure 18.6 E ′, E ′′, and tan δ curves of the EC (viscosity = 100 cp and DS = 2.43) films measured at
various frequencies; heating rate = 1.0◦Cmin−1, numerals in the figure are values of the frequency.

increasing NCO/OH ratio. This result seems to be unusual because in general cross-linking
restricts free rotation of molecular chains, which would increase Tg. However, as described
in the latter section, the Tg data obtained by DSC agree well with those obtained by DMA,
and are attributed to the fact that the hexamethylene diurethane cross-linker introduced to
the EC films works as a soft segment.

Figure 18.6 shows the dynamic modulus (E ′) (also called elastic or storage modulus, and
associated with the stiffness of the material), dynamic loss modulus (E ′′) (damping term
determining the dissipation of energy as heat) and the loss tangent (tan δ) (dissipation
factor, tan δ = E ′′/E ′) of the control EC (viscosity = 100 cp, DS = 2.43) films measured
at various frequencies. E ′ slightly decreased at ∼20◦C and steeply decreased at ∼130◦C.
E ′′ shows a broad peak from 0◦C to 90◦C (β-dispersion) and a distinct and sharp peak at
∼130◦C (α-dispersion). The peak of tan δ due to α-dispersion was observed at ∼135◦C.
The β-dispersion was not distinct in the tan δ curve. When temperature/viscosity was
increased/decreased, tan δ peak was significantly depressed, suggesting that the effect of
cross-linking was significant for short molecular chains.

Figure 18.7 shows the E ′ and tan δ curves of the control EC (viscosity= 100 cp, DS= 2.43)
and the diurethane cross-linked EC films with various NCO/OH ratios measured at 10 Hz.
As clearly seen from the figure, the temperature at which E ′ starts to rapidly decrease shifts
to the low temperature side with increasing NCO/OH ratio (i.e., increasing cross-linking).
In addition, E ′ at the rubbery state can clearly be observed for the cross-linked samples,
but not for the sample without cross-linking. The peak temperature of tan δ also shifts to
the low temperature side while the peak height and width of tan δ markedly decreases and
broadens, respectively, with increasing NCO/OH ratio.
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Figure 18.7 E ′ and tan δ curves of the control EC film (viscosity = 100 cp and DS = 2.43, NCO/OH = 0)
and the cross-linked EC films with NCO/OH ratios of 0.2–1.0; heating rate = 1.0◦Cmin−1, frequency =
10 Hz, numerals in the figure are the NCO/OH ratios.

Viscoelastic measurements were carried out for two more series of control and diurethane
cross-linked EC films from EC powder with different molecular mass (viscosity = 10 cp,
DS = 2.43) and DS (viscosity = 100 cp, DS = 2.29). Figure 18.8 shows the relationships
between the peak temperature of tan δ of the EC films with different molecular mass (curve I
vs curve II) or DS (curve I vs curve III) and the NCO/OH ratio. At the same DS, the tan δ

peak temperature for the EC films with viscosity of 100 cp (curve I) and 10 cp (curve II)
initially decreases and increases, respectively, with increasing NCO/OH ratio, but then
reaches and remains at a similar and constant value. Such a disappearance of the effect of
molecular mass at higher NCO/OH ratios was likely due to the increasing restriction of the
molecular motion by cross-linking. As shown in the figure, the effect of DS is more profound;
the peak temperature of tan δ increases with increasing NCO/OH ratio for the EC with
DS= 2.29 (curve III), in contrast to the decrease of tan δ peak temperature for the EC with
DS = 2.43 at the same viscosity value (curve I). It is possible that when DS slightly varies,
the number and/or the position of cross-linking changes, and thus the molecular motion is
significantly affected. The role of long alkyl-chains such as the hexamethylene unit in our
studies is thought to act in two manners according to the number of cross-linking; one role
is to act as a soft segment to enhance molecular motion, and the other is to act as a bridge
to restrict the mobility of the main chain.

The features of the tan δ peak as a function of NCO/OH ratio for the various EC films are
shown in Figure 18.9. The heights of the tan δ peaks for the EC films prepared from EC with
different molecular mass or DS all decrease with increasing NCO/OH ratio while the peak
widths all increase with increasing NCO/OH ratio. These results suggest that the distribution
of relaxation times caused by inhomogeneous structure spreads via cross-linking of the
molecular chains.
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of the EC films; curve I: viscosity = 100 cp, DS = 2.43, curve II: viscosity = 10 cp, DS = 2.43, and curve
III: viscosity = 100 cp, DS = 2.29.

Figure 18.10 shows the plots between E ′ values at −100◦C, at a temperature at which
E ′ starts to rapidly decrease (start of the α-dispersion) and at 180◦C (rubbery state),
respectively, vs NCO/OH ratio for the EC films with the same DS = 2.43 but different
molecular mass. As shown in this figure, E ′ at a temperature at which α-dispersion starts
decreases slightly with increasing NCO/OH ratio from 1.4 × 109 to 1.1 × 109 Pa for the
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Figure 18.10 Plots between E ′ values at −100◦C (∆, �), at a temperature at which E ′ starts to rapidly
decrease (�, �), and at 180◦C (rubbery state) (◦, •), respectively, vs NCO/OH ratio; ∆, � and ©: EC
with viscosity of 100 cp and DS of 2.43, �, � and•: EC with viscosity of 10 cp and DS of 2.43.

EC films with a viscosity of 100 cp. This corresponds to the shifts of E ′′ and tan δ peak
to the low temperature side. In contrast, E ′ at the rubbery state increases with increasing
NCO/OH ratio, showing that by intermolecular linking, the rubbery flow of the system is
severely restricted.

As shown in Figure 18.6, in a temperature range from−120◦C to 160◦C, two dispersions,
α and β, can be observed. From the frequency dependency of each peak temperature,
activation energy (∆E) of each molecular motion can be calculated based on Arrhenius-type
equation [Equation (18.3)].

f = A exp(−∆E/RT ) (18.3)

where f is the frequency, T the absolute temperature, and R the gas constant. Figure 18.11
shows the plots of ∆E of the α-dispersion (∆Eα) and β-dispersion (∆Eβ) vs NCO/OH
ratio. ∆Eα slightly decreases with increasing NCO/OH ratio, but ∆Eβ maintains a constant
value. The values of ∆Eα are larger than those of synthetic polymer [21]. This may be due to
the fact that large, rigid glucopyranose rings exist in the molecular chain. The β-dispersion
observed as a broad and small peak at ∼50◦C is attributed to the rotation of the ethoxyl
group when ∆Eβ value is taken into consideration.

18.4 Effect of MC blending on molecular motion of EC

When MC (viscosity = 100 cp, DS = 1.80) is blended with EC (viscosity = 100 cp,
DS = 2.43), smooth film could be obtained in a MC content lower than 60%. For blends
with MC content ≥80%, the films disintegrated when they were separated from the glass
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Figure 18.11 Plots of the activation energy of α-dispersion (Eα) and β-dispersion (Eβ) vs NCO/OH ratio
of the EC (viscosity = 100, DS = 2.43) films.
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Figure 18.12 Plots of Tg measured by DSC and temperature of α-dispersion measured by DMA vs MC
content of the EC/MC blends.

plate. Both Tg and temperature of the α-dispersion increase with increasing MC content
(Figure 18.12) due likely to the higher rigidity of the MC molecular chain than EC chain,
as shown in Figure 18.1.

E ′ at −100◦C, E ′ at a temperature at which the α-dispersion starts and at the rubbery
state (180◦C) increase with increasing MC content as shown in Figure 18.13. The fact that
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Figure 18.13 Plots of E ′ values at −100◦C (∆), at a temperature at which E ′ starts to rapidly decrease
(�), and at 180◦C (rubbery state) (◦) vs MC content of the EC/MC blends.

the rubbery state can be observed by blending EC with MC suggests that MC works as a
physical bridge between the EC molecular chains.
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Chapter 19

DSC and AFM Studies of Chemically
Cross-Linked Sodium Cellulose Sulfate
Hydrogels

Toru Onishi, Hyoe Hatakeyama, and
Tatsuko Hatakeyama

Abstract

Sodium cellulose sulfate (NaCS) and chemically cross-linked NaCS hydrogels have been
characterized by differential scanning calorimetry (DSC) and atomic force microscopy
(AFM). DSC studies show that the molecular motion of NaCS chains is remarkably
enhanced in the presence of water but is restricted by cross-linking. The maximum amount
of nonfreezing water plays an important role in the molecular motion in both the NaCS and
the cross-linked systems. AFM studies demonstrate that the entangled molecular bundles of
NaCS become flat by cross-linking and that the cross-linked NaCS molecular chains form
a large and relaxed network structure.

19.1 Introduction

Aqueous solutions of cellulose derivatives are known to show unique functional properties.
For example, aqueous solutions of methylcellulose form thermoreversible hydrogels and
those of hydroxypropylcellulose produce lyotropic liquid crystals [1–4]. Polyelectrolyte
cellulose derivatives such as sodium carboxymethylcellulose (NaCMC) and sodium cellulose
sulfate (NaCS) do not form hydrogels but thermotropic lyotropic liquid crystals in the
presence of water [4–8]. Previously we reported that NaCS molecules self-assemble and
ally in one direction, sandwiching sodium ions within a certain range of water content and
temperature [9]. The intermolecular distance of NaCS molecules increases with increasing
temperature or water content to a point at which NaCS molecules start to arrange in
a random way. CMC having various counter cations forms lyotropic and thermotropic
liquid crystals in the presence of water [10], and hydrogels that are induced by the metal
cations [11].

NaCS molecules self-assemble in the presence of water via breaking of hydrogen bonding
under certain conditions; however, the assembled structure could not be maintained when
water content is increased. For the studies and development of functional properties of NaCS
it is important to control the higher-order structure of NaCS molecules in the presence of
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water because the crucial role water plays in such a system. Chemical cross-linking is a
method to obtain a stable structure regardless of water content. In this chapter, we describe
the chemical cross-linking of NaCS, and our studies of the water–NaCS interaction and the
morphological features of the cross-linked NaCS using differential scanning calorimetry
(DSC) and atomic force microscopy (AFM), respectively.

19.2 Experimental

19.2.1 Preparation of hydrogels from cross-linked NaCS

The NaCS powder (molecular mass = 2.9× 105 and the degree of substitution per C6 unit,
DS � 1.0) was obtained from Acros Organics (New Jersey, USA). The cross-linked NaCS
hydrogel samples were prepared as follows: (1) NaCS powder was dissolved in distilled water
(concentration = 12.0–26.0%), maintained at 50◦C, and stirred until homogeneous solu-
tion was obtained; (2) water-soluble hexamethylene diisocyanate (HDI) (Asahi Kasei Co.,
Tokyo, Japan) was dissolved in water (concentration = 24.5 %) and stirred at 50◦C until
homogeneous solution was obtained; (3) a small amount of dibutyltin dilaurate was added
to the HDI solution as a catalyst; (4) NaCS and HDI aqueous solutions were mixed and
stirred at a predetermined ratio to give NCO/OH molar ratio of 0.0–0.6; (5) the mixed
solution was maintained at 50◦C for several minutes, and then kept in a desiccator for one
night; (6) the gels obtained (abbreviated as NaCS for the control sample with NCO/OH ratio
of 0.0, and as NaCS–PU for samples with NCO/OH ratio>0.0) were kept in a refrigerator.
The schematic chemical structure of NaCS–PU is shown in Figure 19.1.

19.2.2 Differential scanning calorimetry

A Seiko Instrument DSC 220C equipped with cooling apparatus was used. Scanning rate
was 10◦C min−1 and nitrogen flow rate was 30 mL min−1. The temperature was varied as
follows: (1) the sample was cooled from 40◦C to −150◦C at a cooling rate of 10◦C min−1;
(2) the sample was maintained at –150◦C for 5 min and heated at 10◦C min−1 to 80◦C; and
(3) step (1) with cooling from 80 (instead of 40) to−150◦C and step (2) were repeated. The
data obtained by the second heating run was mainly used for the analysis.

Water content of the sample was defined in Equation (19.1):

Wc = mwater/mdry sample (19.1)

where mwater is the mass of water in the sample and mdry sample is the mass of the dry sample.
Wc of each hydrogel sample was controlled as follows: (1) the sample was placed in an

aluminum sample pan the surface of which had previously been treated so as not to react
with water, and (2) water was evaporated until a predetermined mass was reached, after
which the sample was hermetically sealed using an automatic sealer.

Nonfreezing water content (Wnf ), the content of water showing no phase transition, was
calculated according to Equation (19.2) [4,6]:

Wnf = [1− ((�Hm)/334)]
mdry gel

(19.2)
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where �Hm is the enthalpy calculated from the melting peak of the gels from the DSC
heating curves, the value 334 (J g−1) is the enthalpy of the melting of water, and mdry gel is
the mass of the dry gel.

19.2.3 Atomic force microscopy

Both NaCS and NaCS–PU were dissolved in distilled water to give 1.0 wt% solution. The
solution was then diluted to 0.01% or lower concentrations when necessary depending on
the measurement conditions. The solution, the microfilter, the syringe, and syringe needle
were maintained at 40◦C for 30 min. Adhesive tape was attached to the mica surface and
detached. One drop of the solution was extended on the newly cleaved surface thus obtained.

A Seiko Instruments, Tokyo, Japan, scanning probe microscope, SPA400, was used. The
frequency was 1.0 Hz and the measurements were carried out using the tapping mode.
The value of measured width of the sample was calibrated taking into consideration the
geometrical shape of the cantilever; the size of cantilever tip is ordinarily larger than that of
the samples. Accordingly, apparent width (W ) of each sample is larger than the real width
as shown in Figure 19.2, in which the cross-section of a sample is assumed either rectangle
or circle. The real width was calculated by the equations shown in the figure caption of
Figure 19.2. In this study, by examining the molecular shape, the real width was calibrated
assuming circular cross-section.

19.3 Phase diagram of NaCS–water and NaCS–PU–water
systems

Figure 19.3a and b show the DSC heating curves of NaCS–water and NaCS–PU–water
hydrogels with NCO/OH molar ratio of 0.1, respectively, at various water contents. The
baseline deflection due to the glass transition can be observed for all the NaCS–water sys-
tems (Figure 19.3a). For the NaCS–water system with Wc = 0.58, an exothermic peak

a

b

W

Si tip

10 nm
Particle

(a)

Particle

10 nm

W

a

Si tip

(b)

Figure 19.2 Locus of cantilever when the cross-section of sample is assumed either rectangle or circle;
(a) rectangle (width a, height b) apparent width (W )W = 2

√
20b − b2+a, (b) circle (radius a)W = 4

√
10a.
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Figure 19.3 (a) DSC heating curves of NaCS–water system and (b) NaCS–PU–water system with NCO/OH
ratio of 0.1; numerals shown in the figures are water contents (Wc) in g/g.

due to cold crystallization, and two endothermic peaks due to melting and liquid crystal
transitions at progressively higher temperatures were also observed. A shoulder peak can be
detected on the low-temperature side of the melting peak. With increasing Wc (Wc ≥ 1.03)
glass transition shifts to the high-temperature side and liquid crystallization temperat-
ure shifts to the low-temperature side. Similar DSC heating patterns are observed for the
NaCS–PU–water systems, although cold-crystallization, melting, and liquid crystallization
occur at Wc values lower than those of NaCS–water systems (Figure 19.3b).

From the DSC heating curves of NaCS and NaCS–PU hydrogels with various NCO/OH
ratios at various water contents, transition temperatures were obtained and phase diagrams
established. Figure 19.4a shows the representative phase diagrams of NaCS and NaCS–PU
hydrogels with NCO/OH ratio of 0.2, while Figure 19.4b shows the schematic phase dia-
grams of the two systems. As shown in Figure 19.4a, the glass transition temperature (Tg)
decreased initially with increasing Wc, reached a minimum value then increased and leveled
off at a characteristic temperature. The lowest Tg and the Wc at which the lowest Tg is
obtained are defined as Tg min and WcTg min , respectively, while the temperature at which Tg

levels off is defined as Tg level off (Figure 19.4b). As discussed in our previous report [12],
Tg markedly decreases with increasing Wc in the low Wc range due to the catalytic breaking
of the intermolecular bonding by the water molecules. DSC results suggest that fewer than
several water molecules per one repeating unit of the NaCS molecules are involved in the
above event.

Changes of the cold-crystallization temperature (Tcc), the low-temperature side shoulder
peak (Tml), the main melting peak temperature (Tmh), and the liquid crystal transition
temperature (Tlc) are shown schematically in Figure 19.4b. Tmh increases gradually with
increasing Wc and then levels off at a characteristic value defined as Tmh level off .
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Figure 19.4 (a) Representative phase diagrams of NaCS (unfilled symbols such as◦ and �) and NaCS–PU
with NCO/OH ratio of 0.2 (filled symbols such as • and �), and (b) schematic phase diagrams showing
various characteristic temperatures vs water contents.
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Figure 19.5 Plots of Tg min and Tg level off vs NCO/OH ratio; data at NCO/OH = 0.0 are from the
NaCS–water system and those at NCO/OH = 0.05–0.6 are from the NaCS–PU–water systems.

Figure 19.5 shows the plots of Tg min and Tg levels off vs NCO/OH ratio. Both Tg min and
Tg level off increase with increasing NCO/OH ratio. The effect of cross-linking extent clearly
indicates that molecular motion of the main chain is restricted by cross-linking even though
the network structure of the NaCS–PU hydrogels is not extensive.

Figure 19.6 shows the relationship between the nonfreezing water content (Wnf ) calcu-
lated from Equation (19.2) and Wc for the NaCS and the NaCS–PU hydrogels. Wnf values
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Figure 19.6 Relationship between nonfreezing water content and water content of NaCS (NCO/OH = 0)
and NaCS–PU hydrogels with NCO/OH = 0.05–0.2.
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Figure 19.7 (a) Plots of Wnf level off and WcTg min vs NCO/OH ratio, and (b) plot of Wnf level off vs
WcTg min.

increase initially with increasing Wc and then levels off. The value of Wc at which Wnf

levels off is specific for each sample depending on the chemical and higher-order structure.
In our previous studies [13], it was shown that Wnf values depended on the number of
hydrophilic groups such as hydroxyl, carboxylate, and sulfate groups in the repeating unit
of the linear polysaccharides. The value of Wnf level off that is the maximum value of Wnf

decreased with an increase of NCO/OH ratio from 0 to 0.2 (Figure 19.6), but increased with
a further increase of NCO/OH ratio (see also Figure 19.7a).

The plots of Wnf level off and WcTg min vs NCO/OH ratio are shown in Figure 19.7a.
Both the Wnf level off and the WcTg min values decreased initially with increasing NCO/OH
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Figure 19.8 Plots of Tg level off and Tg min vs Wnf level off for the NaCS–water and the NaCS–PU–water
systems.

ratio, reached their respective minimum values, and then increased. The values of WcTg min

increased linearly with increasing values of Wnf level off (Figure 19.7b). Both the cold crystal-
lization temperature and the melting temperature of the hydrogels reached constant values
when the Wc of the sample reached the characteristic value at which Wnf leveled off (data
not shown).

Both the Tg level off and the Tg min appear to be linearly correlated to the Wnf level off for
the NaCS–water and the NaCS–PU–water systems (Figure 19.8). This result shows that
molecular motion is enhanced at a low temperature in the presence of a large amount of
nonfreezing water.

19.4 Atomic force micrographs of NaCS and
NaCS–PU hydrogel

Atomic force micrographs of NaCS (Figure 19.9) and NaCS–PU hydrogel (NCO/OH = 0.2)
(Figure 19.10) were taken under the conditions described in Section 19.2. The micrograph
of NaCS shows that its molecular chains are entangled at the concentration of 0.01 wt%.
The height and width of each bundle structure were ∼3.6 and ∼14 nm, respectively. As
described in the Section 19.2, the width was calibrated taking into consideration the shape
of the cantilever. Both measured and calibrated sizes of the bundles for the NaCS and
NaCS–PU samples are listed in Table 19.1. Based on the height and the width of each
bundle structure and the consideration of the molecular structure of cellulose obtained by
x-ray diffractometry [14], it is estimated that for four NaCS molecules pile and more than
ten molecular chains co-aggregate with each other.

When a more diluted solution (<0.01 wt%) of NaCS was used, the effect of the solu-
tion flow on the mica surface was observed. Each molecular bundle straightened and the
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Figure 19.9 Atomic force micrograph of NaCS at a concentration of 0.01 wt%; the arrow length is 0.5 µm.

Figure 19.10 Atomic force micrograph of NaCS–PU (NCO/OH = 0.2) at a concentration of 0.001 wt%;
the arrow length is 0.5 µm.

Table 19.1 Height and width of the molecular bundles of NaCS and NaCS–PU (NCO/OH = 0.2)
determined by AFM.

Sample Height (nm) Observed width (nm) Calibrated width (nm)

Average SD Average SD Average SD

NaCS 3.6 0.4 47.4 6.1 14.2 3.6
NaCS–PU 1.0 0.04 50.4 6.8 16.1 4.3
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molecular chains were oriented to the flowing direction. It is likely that the liquid crystal-
line structure is formed in such NaCS–water systems [4]. The height and the width of the
calculated molecular bundles for the more diluted solutions of NaCS were similar to those
shown in Figure 19.9. It is thought that the molecular entanglement loosens by dilution and
that the molecular chains form a straight structure and are aligned in one direction.

For the NaCS–PU hydrogel, a network structure of entangled chains can clearly be seen
(Figure 19.10). The width of the bundle structure of the NaCS–PU hydrogel was similar to
that of NaCS, but the height of the bundle was remarkably reduced (Table 19.1).

From the above AFM results, it is reasonable to conclude that the bundle structure of the
NaCS molecules was altered during their reaction with HDI molecules and that flat bundles
were formed by cross-linking. The AFM images indicate that the structure of the NaCS–PU
molecular chains form a large and relaxed network structure.
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Chapter 20

Microscopic Examination of Cellulose
Whiskers and Their Nanocomposites

Ingvild Kvien and Kristiina Oksman Niska

Abstract

Microscopic examination of cellulose nanowhiskers (CNW) and their nanocomposites is
described in this chapter. Field emission scanning electron microscope (FESEM) is shown
to be a convenient method for the detection of the presence of possible larger agglomerates
in the composites. More detailed information on the size and distribution of CNW can be
obtained using transmission electron microscope (TEM) and atomic force microscope
(AFM). TEM is capable of accessing the bulk structure of CNW, but it may underestimate
the length of CNW in the composites. AFM could be a powerful alternative to TEM, but it
has only limited access to the bulk structure.

20.1 Introduction

Nanocomposites are a relatively new generation of composite materials where at least one
of the constituent phases has one dimension <100 nm [1]. This new family of composites
is reported to exhibit remarkable improvements of material properties when compared to
conventional composite materials [2,3]. In this chapter we focus on polymer-based nano-
composites where both the continuous and reinforcing phases are bio-based. The utilization
of cellulose nanowhiskers (CNW) as reinforcement in nanocomposites has attracted sig-
nificant attention during the last decade [4,5]. The term whisker refers to the needle-like
structure of cellulose monocrystals. These crystals, linked by amorphous regions, build
up cellulose microfibrils in, for example, the wood cell wall. The hierarchic structure of
different types of reinforcement obtained from wood is shown in Figure 20.1. The first
three pictures from the left to the right show scanning electron microscope (SEM) images
of wood with annual growth rings, a cross-section of wood cell walls and cellulose fibers.
The last two pictures are transmission electron microscope (TEM) images of cellulose
microfibrils and nanowhiskers that build up the wood cell wall. Both are utilized as cel-
lulose nanoreinforcements. Microfibrils contain both amorphous and crystalline regions,
while whiskers consist of monocrystals. The interest to utilize CNW as reinforcement is
due to their renewable nature, abundance, large specific surface area, and good mechan-
ical properties [6]. The large specific area of the CNW leads to increased interaction with
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Figure 20.1 The hierarchic structure of wood. From left: wood with annual growth rings, wood cell walls,
cellulose fibers, cellulose microfibrils and nanowhiskers.
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Figure 20.2 Possible structures of nanocomposites based on cellulose nanowhiskers obtained fromMCC.

the matrix polymer on molecular level, which will lead to materials with new properties.
Because of their small size they will not create large stress concentrations in the polymer
matrix [1]. The small size also increases the probability of structural perfection and will
in this way be a more efficient reinforcement compared to their micro counterparts. CNW
are today only produced on lab-scale from different sources such as wood [7], tunicin [8],
ramie [9], cotton [10], wheat straw [11], bacterial cellulose [12], and sugar beet [13]. The
size of the CNW depends on the source, and is, for example,∼5 nm in width and 200 nm in
length for whiskers from wood [14]. CNW are not commercially available, but they canbe
isolated from microcrystalline cellulose (MCC) [7], which is widely used in food industry
and as a binder in tablets and capsules [15]. MCC is prepared by hot-treating cellulose from
wood with strong mineral acids, vigorous agitation of the slurry and spray drying [16].
Strong hydrogen bonding between the individual cellulose whiskers produced promotes
re-aggregation during the drying procedures [15]. Thus, the MCC produced consists of
aggregated bundles of whiskers. By using MCC as a starting material for the production
of CNW the tedious processing steps by means of purification, bleaching, fibrillation and
hydrolysis are reduced. Prior to nanocomposite processing the MCC can either be swelled in
an appropriate organic medium or treated by acid hydrolysis to produce a water suspension
of isolated CNW [17]. The possible structures of nanocomposites are shown in a schematic
drawing (Figure 20.2). In the first case, MCC is not swelled and the polymer is unable to
penetrate into the MCC particle and a nanostructure is not obtained. In the second case
when MCC is swelled, the polymer is expected to penetrate between the cellulose whiskers
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and form a partly dispersed nanostructure (comparable to intercalation of layered silicates
[2]). In the third case when the whiskers are isolated before blending with the polymer, one
can expect two different structures; dispersed whiskers or partly dispersed whiskers because
of re-aggregation of the CNW in the polymer.

A few studies have been reported on the preparation of nanocomposites by incorporat-
ing CNW into biopolymers such as starch [8,9], cellulose acetate butyrate (CAB) [12,18]
or polylactic acid (PLA) [19,20]. CNW are hydrophilic in nature and are reported to pro-
duce well-dispersed nanocomposites with starch as matrix [8,9]. For nanocomposites with
less hydrophilic matrixes, the CNW tend to aggregate and therefore cannot be regarded as
nanocomposites [19,20]. To obtain true nanocomposites and achieve significant increase
in material properties, the whiskers should be well separated and evenly distributed in the
matrix material. Different processing methods aided with a variety of chemicals (compatib-
ilizers, surfactants, etc.) have been explored to produce nanocomposites [4]. To know how
these various processing routes affect the distribution of the nanoparticles in the matrix,
it is essential that detailed structural examination of the nanocomposites be performed.

20.2 Characterization methods for nanostructures

The structures of polymer nanocomposites are traditionally characterized by a combina-
tion of TEM and wide-angle x-ray diffraction (WAXD) [2]. This combination is, however,
suitable only for layered silicate-based nanocomposites because of the ordered stacking of
the silicate layers. This regular stacking can be detected by a diffraction peak in the x-ray
diffractogram of the pure silicate. When the polymer chains are penetrating in between the
layers, the distance will increase, which leads to a shift in the diffraction peak corresponding
to the increased height (d in Bragg’s equation). For cellulose, only the three-dimensional
(3D) arrangement of the cellulose chains in the crystallites are detectable in WAXD and no
peaks corresponding to the stacking of the crystallites can be observed. The WAXD method,
therefore, cannot be utilized to determine the structure of CNW-based nanocomposites. For
the determination of CNW-based nanostructures, different microscopy techniques need to
be utilized. As biobased nanocomposites are in general nonconductive, soft, and water-
sensitive materials, and consist of low atomic number elements, both sample preparation
and instrumentation studies are challenging. For example, the use of electron microscopes
will in particular require special attention to electron dose, contrast, and methods to assess
the bulk structure without significantly affecting the morphology of the sample.

TEM has frequently been applied to study CNW. Some studies of CNW have also util-
ized the atomic force microscope (AFM). However, for structure determination of CNW
nanocomposites, the conventional SEM has often been utilized [4]. The resolution of a con-
ventional SEM is, however, limited compared to AFM and TEM, and detailed information
of the distribution of CNW in the matrix is difficult to obtain. Also, the conductive coating
will possibly cover the finer details or broaden the nanostructures. There are, however, SEM
microscopes with a so-called field emission gun (FESEM), which has comparable resolu-
tion to TEM even at very low voltages and makes it possible to observe organic materials
without conductive coating. In environmental SEM (ESEM) gas molecules are present in
the specimen chamber, which helps preventing accumulation of electrical charges in the
specimen. New SEMs that combine the environmental operating conditions with a field
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Table 20.1 Maximum resolution of the various microscopes.

Technique SEM FESEM TEM AFM

Resolution 5 nm [21] 1 nm [21] 0.2 nm [22] 1 nm (x ,y ) [34], 0.1 nm (z ) [29]

emission gun are now available and are showing promises for the analysis of biopolymer-
based nanocomposites. Table 20.1 lists the maximum resolution of the various microscope
techniques described in this chapter.

In the following sections, the principles of field emission SEM (FESEM), TEM, and AFM
are presented. Examples of different sample preparation methods for the structure analyses
of biobased nanocomposites and results from structure characterization of these materials
by the different microscopes are given.

20.3 Field emission scanning electron microscope

FESEMs generate electron probes with a higher brightness than conventional SEMs
(100 times brighter) [21] and can thus provide high resolution even at low voltages. FESEM
is used for surface analysis of various materials. An electron beam is focused down on
the specimen and the signals reflected back are collected by detectors to form the image.
Different signals are generated when the electron beam hits the specimen. Three important
and most used signals are the backscattered electrons, secondary electrons, and x-rays [22].
Backscattered electrons are elastically scattered primary beam electrons [23]. These elec-
trons can give compositional contrast because the scattered fraction depends on the atomic
number of the specimen. They are also used for topography imaging and to yield diffraction
contrast. Backscattered electrons have high energy, and they can come from depths of 1 µm
or more [22]. Secondary electrons have low energy and come from the top few nanometers
of the material [22]. These electrons are used to generate topography images. Secondary
electrons are generated because of the interaction between primary electrons and weakly
bound valence electrons [22]. More secondary electrons are generated if the specimen is
tilted because more of the interaction volume is near the surface [21].

20.3.1 Sample preparation

Polymers are generally insulators and a charge is easily built up in the specimen, which
can cause bright spots in the image, movement of the sample, and poor signal output [22].
Charging may be decreased by applying a thin conductive layer and assuring contact between
the coating and the sample holder. A thin conductive layer will also increase the emission of
secondary electrons [24]. There are several methods for applying conductive coatings, and
different metal types can be used [24]. Thick gold coatings tend to be granular, cracked,
and nonuniform, whereas Au–Pd and platinum are less likely to be resolved [24]. Carbon
coatings are applied to specimens when chemical imaging and x-ray analysis are performed
because heavy metal coating can influence the information obtained [22]. Carbon does not
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(a)(a) (b)(b)(a) (b)

Figure 20.3 FESEM pictures of a nanocomposite showing (a) the platinum coating and the underlying
structure and (b) cracked and resolved platinum coating.

provide much electron emission, and often metal coatings must be applied for imaging.
However, when analysing nanostructured materials, the coating may cover the finer details,
and therefore, it will be more reliable to analyze uncoated samples. Figure 20.3a illustrates
that the conductive coating may cover finer details of nanostructured materials. The figure
shows a FESEM picture of a bio-nanocomposite sample that is only partly covered by a
platinum layer and from which the underlying structure can be observed. Figure 20.3b
shows that the FESEM even at relatively low magnifications is able to resolve the platinum
coating, which may interfere with the interpretation of the structure. The conductive coating
appears to be more easily cracked on smooth surfaces than on rough surfaces. When no
conducting layer is applied, it is possible to avoid charging by operating the FESEM at
very low acceleration voltages. The resolution of a SEM is, however, proportional to the
accelerating voltage and it can be difficult to obtain sufficient resolution for nanostructured
materials.

20.3.2 The structure of CNW and nanocomposites

Figure 20.4 shows FESEM pictures of CNW. The sample was prepared by drying a droplet
of a water suspension of CNW on a copper grid covered with a holey carbon film for
support. The black areas in the pictures are the holes in the carbon film. The picture shown
in Figure 20.4a was obtained using backscattered electrons to image the CNW and uranyl
acetate to stain the CNW and enhance the contrast. Backscattered electrons are sensitive
to the atomic number contrast obtained by the staining, and therefore the presence and
shapes of the whiskers were defined through the heavy elements surrounding the whiskers.
However, low contrast and resolution made it difficult to discern the whiskers from the
carbon foil and to measure the whisker dimensions. Secondary electron imaging was applied
to achieve better resolution, but it was still difficult to clearly discern individual whiskers
from agglomerated structures (Figure 20.4b).
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(a) (b)

Figure 20.4 Cellulose nanowhiskers observed in FESEM using (a) back-scattered electrons (BSE) and (b)
secondary electrons (SE).

(a)(a)(a) (b)(b)(b)

Figure 20.5 (a) The structure of PLA/CNW composite showing large agglomerates of CNW and (b) the
structure of uncoated CAB/CNW showing well dispersed CNW.

Figure 20.5 shows examples of two different structures obtained after CNW-bio-
nanocomposite processing. Figure 20.5a shows the structure of a PLA–CNW composite.
This sample was fractured in liquid nitrogen and coated with platinum to avoid charging
in the electron beam. The cellulose whiskers were agglomerated in the PLA matrix, which
was easily detectable in FESEM. This material was therefore a conventional composite, and
new strategies to obtain a better distribution of the CNW had to be found. Figure 20.5b
shows the structure of a CNW nanocomposite with CAB as matrix. This sample was also
fractured, but was not coated. It was still possible to obtain reasonable resolution using a
voltage of 1 kV in the FESEM. In this case the CNW was better dispersed in the matrix.
There were no big agglomerates detectable in the CAB matrix. It was, however, possible to
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see small spherical particles in the matrix that might be cross-sections of small clusters of
cellulose whiskers or possibly additives in the matrix. In this case a further investigation of
the material in AFM or TEM would give more information on the distribution of CNW in
the matrix.

FESEM is a very convenient method to verify the presence of possible larger aggregates
in the composite, and can thus be an important and quick first step in the analysis of the
nanocomposite structures. Lack of aggregates in a sample could be an indication of good
dispersion of the cellulose whiskers.

20.4 Transmission electron microscope

TEM is used for analysis of the bulk structure of materials. The principle of TEM is that high-
energy electrons are transmitted through an ultrathin section of the specimen and the image
is formed when the electrons hit a photo film below the specimen. The image is formed due
to scattering of the electrons by the specimen. Bright field (BF) is an imaging mode where
an objective aperture is inserted in such a way that the direct unscattered electrons form the
image [22]. Areas in the specimen that scatter electrons weakly will therefore appear bright
in BF TEM. Regions in the specimen thatare thicker or of higher density will scatter more
strongly and will appear darker in the image because highly scattered electrons are stopped
by the objective aperture [21].

In TEM, there are three basic contrast mechanisms that may all contribute to the image
formed: (1) diffraction contrast, (2) mass–thickness contrast, and (3) phase contrast [22].
Figure 20.6 shows schematically the mass–thickness effect. In the thin area almost all elec-
trons are passing through the sample resulting in a brighter image. The thicker part of
the same material will scatter more electrons, resulting in a darker image. The gray area
illustrates higher density from heavy metal staining which will result in even higher scat-
tering and give the darkest image. The cellulose-based nanocomposites are composed of
low-atomic-number elements and therefore scatter electrons weakly, giving poor contrast
in the TEM. For these materials, the mass–thickness contrast mechanism can be exploited

Figure 20.6 A schematic illustration of the mass–thickness contrast; the gray area is stained by a heavy
metal and thus the electrons are more scattered.
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by deliberately staining the thin specimen with a heavy metal that will highlight specific
features of interest [21]. Staining involves the incorporation of high-atomic-number atoms
into the polymer to increase the density and thus enhance contrast [23]. In the so-called
negative staining, the shape of small particles is shown by staining the regions surrounding
the particles rather than the particles themselves [22]. Uranyl acetate is widely and routinely
used as a staining medium and is reported to produce high contrast and to be very suitable
for high-resolution work [25].

20.4.1 Sample preparation

For the preparation of CNW samples for TEM analyses, a droplet of a highly diluted
CNW water suspension can be placed on a carbon-coated copper grid and then dried.
The whiskers may be analyzed directly in the TEM using diffraction contrast because they
are highly crystalline, or they can be stained by, for example, uranyl acetate to enhance
the contrast. Sample preparation of the nanocomposites is a much more time-consuming
procedure and there is no single method that will fit all materials. Two methods for sample
preparation of nanocomposites are ultramicrotomy and freeze-etching.

20.4.1.1 Ultramicrotomy

Ultramicrotomy is a preparation method where ultrathin (<100 nm) sections of the sample
is prepared for TEM study [22]. This is one of the most widely used methods for the
preparation of polymeric samples. This method allows direct observation of the actual
structure in a bulk material. The steps involved in sample preparation for ultramicrotomy
are as follows: (1) specimen mounting, (2) embedding in a resin and curing, (3) trimming
and sectioning, and (4) post-staining. To obtain good sectioning it is important that the
hardness of the embedding media matches the hardness of the sample. Epoxies are in general
the most used embedding media because they are the most stable in the electron beam [22].
Ultramicrotome sections are obtained by first trimming the sample with a glass knife and
then cutting the sample with a diamond knife. Figure 20.7 shows a schematic drawing of
ultramicrotomy. The resultant slices are collected in a liquid-filled trough and then mounted
on grids. The sections are on the order of 50–70 nm in thickness to allow the electron beam

Sections

Trough with liquid

Epoxy block 

S

Diamond knife

Figure 20.7 The principle of ultramicrotomy. The specimen (S) is embedded in an epoxy block andmoved
steadily past a diamond knife. Thin sections are floated off the knife into the liquid filled trough.
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to transmit through the sample and to obtain sufficient signal to produce an image. It is
important to slice the sample to an even thickness to avoid artifacts from mass–thickness
contrast.

Polymers that have a glass transition temperature below room temperature can be too
soft for ultramicrotomy at room temperature [22]. Cryo-ultramicrotomy is a sectioning
method that is performed at low temperatures. The advantages of this technique are that
embedding is not required and that soft polymers and water-soluble polymers can be
sectioned. Disadvantages are the lengthy time needed, difficulty to collect the sections, and
frost build-up [22].

20.4.1.2 Freeze-etching

The freeze-etching method is an alternative to cryo-ultramicrotomy for water-soluble or
soft polymers and it is also useful for beam-sensitive materials. The advantage of the freeze-
etching technique is that there is no need for chemical fixation or staining of the sample.
The freeze-etching method involves five steps: rapid freezing, freeze fracturing, etching,
shadowing and replication, and replica cleaning by dissolving the specimen [26]. For rapid
freezing, the sample is mounted on a support and then rapidly immersed in propane
at its melting point (−189.6◦C) [26]. The sample is then placed in a liquid nitrogen-
cooled chamber and cut with a knife. The freshly cleaved surface is then etched (vacuum
sublimation of ice) in the presence of a coldtrap to prevent condensation of water vapor
on the surface of the specimen. The surface is shadowed with platinum at an angle of
20–45◦ [22] and a replication is made with a thin layer of carbon. The replica is floated
off the sample, washed and gathered onto TEM grids. Replicas are a copy of the surface
characteristics of the original specimen and are very stable in the electron beam.

20.4.2 The structure of CNW and nanocomposites

Figure 20.8 shows the TEM pictures of CNW isolated from MCC using two different
methods. Both samples were stained with uranyl acetate to enhance the contrast, although
the CNW are highly crystalline and would therefore contribute to diffraction contrast.
Figure 20.8a presents CNW isolated from MCC by sulfuric acid treatment. Proper treatment
of cellulose with sulfuric acid will lead to esterification of hydroxyl groups by sulfate ions
and therefore give a negatively charged surface, which will act as repulsive forces between
the whiskers and thereby give a stable colloid suspension [27]. The CNW appeared to be
quite well dispersed after drying, and it was possible to observe individual whiskers in
TEM. The whiskers were measured to be 5 ± 2 nm in width and 210 ± 75 nm in length
[14]. Figure 20.8b shows CNW isolated from MCC by hydrochloric acid treatment. In
this case the whiskers were highly agglomerated and it was difficult to discern individual
whiskers. This may reflect a lack of surface charges as opposed to the sulfuric-acid-treated
CNW. Compared to FESEM examination of CNW, TEM, aided with staining to enhance
the contrast, allowed for a more detailed examination of the individual cellulose whiskers.

TEM analysis of the CNW nanocomposites can be challenging for several reasons,
depending on the matrix used. Challenges can be the sample preparation due to a water-
sensitive or soft matrix, beam sensitivity, and lack of contrast between the whiskers and
the matrix. Three examples of TEM examination of CNW nanocomposites are given in
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(a) (b)

Figure 20.8 TEM pictures of CNW isolated from MCC by (a) sulfuric-acid-treatment and (b) hydrochloric
acid treatment.

Figure 20.9. All nanocomposites were produced with whiskers isolated from sulfuric-acid-
treated MCC. Figure 20.9a shows the structure of an ultramicrotomed CNW nanocomposite
with PLA. The sample was stained with uranyl acetate and the TEM was operated at 100 kV.
In this case the staining was not restricted to the close vicinity of the whiskers but was
present more like a continuous film. In BF images this gave rise to a continuous dark back-
ground, and therefore a reasonable contrast between the whiskers and the surroundings
was accomplished. Pores developed in the background film, where the underlying carbon
film could be observed, having similar contrast to the whiskers.

Figure 20.9b shows the TEM image of a CNW nanocomposite with CAB. This sample
was prepared and operated as for the PLA/CNW nanocomposite in Figure 20.9a. In this
case the contrast between the CNW and CAB was very poor. Both CNW and CAB are
based on cellulose, and it might therefore be difficult to selectively stain the area around
the CNW. The stain appeared to be distributed randomly in the nanocomposite. Staining
the nanocomposite longer with uranyl acetate did not improve the contrast, but rather
introduced more noise in the image. Figure 20.9c shows a replica of a freeze-etched surface
of a thermoplastic starch–CNW nanocomposite. Thermoplastic starch has a strong water
affinity, and water has to be excluded from the preparation step. Conventional methods
for chemical fixation and ultramicrotomy therefore cannot be used, and the sample was
prepared by the freeze-etching method described earlier. The CNW were easily detectable
in the thermoplastic starch. They seemed to protrude from the starch matrix and appeared
to be wide. The contrast between the starch and the whiskers as it appeared in the replica
was due to metal shadowing by platinum, and it was therefore difficult to judge whether the
whiskers as observed were individual whiskers broadened by the shadowing or agglomerates
of whiskers. A drawback of replication is that it is only a copy of the surface characteristics of
the original specimen, and therefore artifacts that make the interpretation difficult may be
introduced.

Contrary to SEM, TEM examination allows for determination of the whisker length in the
matrix. However, the whiskers that can be distinguished in the TEM image in Figure 20.9b
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(a) (b)

(c)

Figure 20.9 TEM pictures of (a) PLA–CNW nanocomposite having good contrast, (b) CAB/CNW nano-
composite having poor contrast, and (c) a replica of freeze-etched surface of thermoplastic starch/CNW
nanocomposite.

seemed to be shorter compared to the whiskers in Figure 20.8a. This is probably a result
of the sample preparation. When preparing a sample for TEM analysis by ultramicrotomy
a sheet with ∼50 nm thickness is cut. It is most likely that the whiskers are cut in this
procedure, especially if there is a tendency of orientation of the CNW perpendicular to the
sections. Thus, TEM examination of the nanocomposites may underestimate the length of
the whiskers.

20.5 Atomic force microscope

The AFM is used for topography imaging and can resolve structures in x-, y-, and
z-directions as opposed to SEM and TEM [28]. Additional advantages of AFM are that
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Figure 20.10 Schematic drawing of the atomic force microscope.

none or little pretreatment of the sample is required and that it can be operated in ambient
air, liquid, or vacuum [28]. Figure 20.10 shows a schematic diagram of an AFM. A very
sharp tip is fixed on the end of a cantilever. Typically, the tip has a radius of curvatures of a
few nanometres at the apex and this determines the in-plane resolution [29]. The sample is
fixed on a piezoelectric scanner that can move the sample (x-, y-, and z-axis) under the tip.
The position of the cantilever is measured using a laser that is reflected on the cantilever
and detected by a photodetector [30]. There are three main modes for AFM: contact mode,
tapping mode, and noncontact mode. The tapping mode is used to image, for example,
surfaces that are easily damaged (soft materials such as polymers) or loosely held to their
substrates. The tapping-mode AFM eliminates shear forces present in contact mode [29].
In the tapping-mode AFM, the cantilever is oscillated at a frequency near its resonance
(typically a few hundred kHz) [28]. The oscillation is driven by a constant force. The tip
is brought toward the sample surface until it begins to touch the surface [28]. The oscilla-
tion amplitude is reduced by the contact between the sample and the tip [28]. A feedback
control loop of the system maintains this new amplitude constant during the imaging. This
is done by the z-component of the scanner. The imaging is obtained by monitoring the
z-component of the sample while the tip moves across the surface. The tip is moved across
the surface at a relatively slow rate (1 s/scan line) whereas tapping has a very high rate
(200–400 kHz) [31]. Very stiff cantilevers with high resonant frequencies are required for
the tapping-mode AFM [28]. The tapping-mode AFM is used for topography imaging but
can also be extended to obtain phase images, which can be recorded simultaneously with
the topographic image [31,32]. The difference in phase between the periodic signal that
drives the cantilever and the oscillations of the cantilever are registered [31,32]. A change of
phase is associated with a change of the properties of the sample, and therefore, the phase
mode is used to detect variations in, for example, composition [32].

20.5.1 Sample preparation

AFM analysis is not carried out in vacuum or using electrons so there are no specific
requirements for the sample preparation. For examination of CNW in AFM, a drop of a
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Figure 20.11 AFM phase image of CNW.

diluted CNW water suspension can be placed and dried on a freshly cleaved mica surface
to ensure a flat background. For analysis of nanocomposites a flat surface is recommended,
and therefore, the nanocomposites can be prepared by ultramicrotomy. For soft materials,
the polymers can be smeared during cutting and can cover the underlying structure which
will not be accessible in AFM. Therefore, cryo-ultramicrotomy can be beneficial for these
materials.

20.5.2 The structure of CNW and nanocomposites

Figure 20.11 shows an AFM phase image of the CNW isolated from MCC by sulfuric
acid treatment. These whiskers were dried on a mica surface. The AFM picture was easily
obtained without any problems regarding contrast and resolution as for the FESEM and
TEM analyses discussed in the earlier sections. However, the shape of the whiskers appeared
different than that observed in FESEM and TEM (Figures 20.4 and 20.8). The structures
differed from the needle-like shape as observed in TEM. The whiskers appeared significantly
broader having a rounded shape. This broadening effect can be explained by the tip used
for imaging. In general, the AFM tip has a finite size and shape. As the tip passes over a
sample with surface features of comparable size as the tip, the shape of the tip will contribute
to the image that is formed [33]. Figure 20.12 illustrates the tip-broadening effect. It was
therefore difficult to judge whether the structures observed were individual whiskers or
several whiskers agglomerated side by side. The whiskers appeared longer than those from
TEM examination, and therefore the structures that appeared to be individual whiskers
possibly consisted of several whiskers. Because of the broadening effect it was not possible
to determine the width of an individual whisker. It is, however, possible to estimate the
thickness of a single whisker in AFM by measuring the height difference between the mica
surface and the whiskers because AFM has very good resolution in the z-direction. Line
scans across several individual cellulose whiskers showed a ∼10–15 nm height difference
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Tip
Cantilever 

Figure 20.12 Schematic drawing of the tip-broadening effect in AFM.

(a) (b)

Figure 20.13 AFM phase images of two different PLA–CNW nanocomposites of (a) an ultramicrotomed
surface and (b) a cryo-ultramicrotomed surface.

between the mica substrate and the whiskers. From TEM and AFM analyses, the whiskers
thus appeared to have almost the same width as thickness.

Figure 20.13 shows AFM phase images of two different PLA–CNW nanocomposites. The
sample in Figure 20.13a was prepared by ultramicrotomy. It was not possible to observe any
whiskers in the matrix. An explanation for this might be that the soft polymer was covering
the whiskers. The nanocomposite in Figure 20.13b was prepared by cryo-ultramicrotomy.
The sample was analyzed directly on the cryo-microtomed surface without any further
treatment of the sample. In this case the CNW were easily detectable in the PLA matrix.
The whiskers partly protruded from the matrix, which may be caused by differences in
thermal expansion during heating at cryogenic temperatures. The darker areas in the picture
are holes in the polymer matrix. Again the whiskers appeared broader than those from
TEM analysis, and a high-resolution tip should therefore be used for analysis of CNW
nanocomposites. AFM imaging has the necessary resolution capabilities without the need
for staining. AFM could therefore be a powerful alternative to TEM in materials where
contrast between the whiskers and the matrix is limited and the beam sensitivity is an issue.
The AFM technique described here is, however, a surface technique, and therefore has only
limited access to the bulk structure.



Suma Hu: “c020” — 2007/11/29 — 14:24 — page 354 — #15

354 Characterization of Lignocellulosic Materials

Conclusions

For the structure determination of CNW and their bio-nanocomposites, different micro-
scopy methods can be utilized to obtain information both on micro- and nanoscales. The
sample preparation and instrumentation of bio-nanocomposites have been found generally
to be challenging because they are nonconductive, soft, and water sensitive materials and
consist of low-atomic-number elements.

FESEM was shown to be a very convenient method to detect the presence of possible
larger agglomerates in the composites and can therefore be an important and easy first step
in the analysis of the nanocomposite structure. Lack of aggregates in a sample indicates
well-distributed CNW in the matrix.

More detailed information on the distribution of CNW can be obtained using TEM
and AFM. In TEM it is possible to access the bulk structure of the material, but the
whiskers might be cut in the sample preparation step, and therefore TEM examination
of the nanocomposites may underestimate the length of the whiskers. TEM analysis of the
CNW nanocomposites can be challenging due to the difficulty in sample preparation of a
water sensitive or soft matrix, the beam sensitivity and lack of contrast between the whiskers
and the matrix. AFM could be a powerful alternative to TEM because it has sufficient resol-
ution capabilities without the need of staining, and because beam sensitivity is not an issue.
The AFM technique described here is, however, a surface technique and therefore has only
limited access to the bulk structure.
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abaca, 252, 253
acid(s), 7, 19, 30, 50, 51, 63, 73, 91, 95, 151, 175,

177, 214, 218, 256, 258, 261, 268,
294, 295

acetic, 110, 112, 316
alginic, 219, 220
arachidic, 110, 111
behenic, 110, 111
boric, 29
carboxyl(ic), 89, 178, 181, 197, 199, 294
chromic, 289
p-coumaric, 177, 181, 183–5
dicarboxylic, 294
dichloroacetic, 316
fatty, 4, 6, 91, 101, 104, 107–13, 115, 175, 258
ferulic, 177, 183, 184
heptadecanoic, 110, 111
hexenuronic, 27
hydrochloric, 239, 301, 348, 349
hydroxy-, 177–9, 181, 183–5
Lewis, 50, 51
lignoceric, 110–12
linoleic, 110–12
mineral, 341
nitric, 289
oleic, 41, 42, 104, 106, 110, 115
palmitic, 110–12
peracetic, 70, 173
polyglucuronic, 218
stearic, 41, 110–12, 258, 260, 291, 292,

296, 297
succinic, 293, 294
sulfonic, 195–7
sulphuric (or sulfuric), 258, 263, 289, 348,

349, 352
uronic, 7

acid hydrolysis, 5, 7, 74, 163, 221, 239, 263, 341
acidity, 149, 258, 266, 268
acidolysis, 149–53, 173, 318, 325

activation energy, 139, 140, 145, 318, 325
α-dispersion, 326
β-dispersion, 326
initial stage of thermal decomposition of

cellulose fabric, 142
initial stage of thermal decomposition of

cellulose powder, 142
adsorption isotherm(s), 46, 47, 70
alkali (E), 37, 38, 43, 47–9, 51, 75, 150, 152, 173,

177, 181, 186, 257, 261, 264
extraction, 75, 177
soluble lignin, 152

alkaline, 38, 47, 51, 255, 306
conditions, 36, 52, 162, 263
extraction, 173
hydrogen peroxide, 25, 26
hydrolysis, 163, 165
peroxide, 74
pH, 75
pulping, 162

alkyl ketene dimer (AKD), 81–98
sized papers, 83, 91, 94
sized pilot papers, 81, 87
structure of, 82

alkylated kraft lignin-based polymeric material,
309, 313

anhydroglucose, 244, 245
apparent density (ρ), 275, 277, 279, 281–3
arabinose, 7, 164, 177
aramid(s), 125, 131

fibers, 131, 132
ash(es), 171, 175, 176, 186
ash content, 172, 175
aspect ratio, 253
aspen, 163, 191, 233, 236, 237

dissolved kraft lignin, 164
fibers, 264
fiber-reinforced high-density polyethylene

(HDPE), 264
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aspen (Cont’d.)
lignosulfonate from, 192
wood, 153

astringin, 3, 7, 8
atomic force microscopy (AFM), 36, 37, 39, 41,

52, 115, 116, 261–3, 329, 330, 332, 337,
338, 340, 342, 343, 346, 350–54

images, 261, 338
micrographs, 40
phase contrast images, 39
tip, 40, 352

atomic force microscopy (AFM) phase image, 40
of cellulose nanowhiskers (CNW), 352
of chemithermomechanical pulp (CTMP), 41
of polylactic acid (PLA)–cellulose

nanowhiskers (CNW)
nanocomposites, 353

back-scattered electrons (BSE), 343–6
bagasse, 171, 253, 266
bamboo, 252, 255, 267
bark, 3–7, 9–15, 232
bending strength (σ ), 275, 277–9, 283, 284
biocomposites, 176, 255, 275, 276, 284

classification, 276
durability, 276

biofiller, 275–7, 279
biomass, 61, 76, 148, 171, 186
bio-nanocomposite(s), 344, 345, 354
biorefining, 148, 149
birch, 74, 107, 155, 163, 191, 233, 234, 236,

237, 239
bleached kraft pulp (BKP), 103
chemical pulp, 106
dissolved lignin, 163
fibers, 264
kraft pulp(s), 107
lignin, 159
pulp(s), 108, 153, 236, 239–41
residual lignin, 163
wood, 150

black spruce, 19, 23
bleaching, 20, 25–7, 101, 102, 107, 175, 222,

236, 341
Bragg’s equation, 342

carbohydrate(s), 3, 5, 7, 27, 42, 61, 63, 104, 115,
148–53, 163–5, 176, 177, 234, 243

carboxymethyl cellulose (CMC), 73, 218–21,
244, 266, 329

catechin, 4, 8–10
β-d-cellotetraose, 126, 127
cellouronic acid(s) (CUA), 240, 221

degree(s) of polymerization (DPw and DPn),
220, 221

sodium (Na) salt, 218–20
cellulase(s), 60–64, 66–71, 73–6, 153
cellulolytic enzyme lignin (CEL), 150–53
cellulolytic enzymes, 61
cellulolytic hydrolysis, 60, 63
cellulose, 6, 15, 18–20, 22, 23, 25–7, 29, 30, 42,

44, 46, 60–66, 68–76, 82, 92, 104, 106,
108, 115, 121, 125, 126, 128–34, 138,
140, 142, 145, 171–3, 175, 176, 186, 190,
206–10, 212–22, 224, 227–33, 235–40,
243, 245, 251, 252, 254, 257–9, 263, 266,
290, 294, 336, 340–42, 346, 348, 349

amorphous, 228, 231, 233, 239
bacterial, 126, 215, 341
binding domains (CBDs), 63
crystalline, 229, 231, 232, 238, 268
crystallites, 128, 134
deformation of (in), 23, 121, 128
deformation processes in, 127, 133
depolymerization of, 62
derivatives, 206, 207, 209, 212, 220, 224, 227,

228, 243, 244, 246, 316, 329
disorder in, 128, 130, 133
dissolution(s) of, 209
distribution in the cell walls, 23
enzyme, 73
fabric, 138–46
fiber(s), 87, 95, 121, 125, 126, 128–33, 215,

227, 228, 235, 246, 251, 254, 257, 258,
264–6, 268, 276, 290, 294, 340, 341

hydrolysis, 61, 64–7, 75, 258
hydroxyl groups, 68, 82, 209, 218, 224
lifetime of, 140
mercerized, 218
microfibrils, 340, 341
monocrystals, 340
native, 126, 128–31, 266
powder, 138, 139, 142, 143
pulp(s), 27, 206
Raman images of, 23, 25
Raman spectrum of, 128
regenerated, 125, 129–34, 210, 215, 218, 219,

221, 254, 265
solution(s), 206, 209, 210
solvent, 212, 224
source of, 60
sugars from, 61
sulfite pulp, 70
surface(s), 82, 251
wood, 29

cellulose acetate butyrate (CAB), 342, 345,
349, 350
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cellulose crystallinity (crystallinities), 29, 228,
231–4, 236, 238, 239

cellulose ethers, 212
cellulose I, 127, 139, 238, 267

crystallinity, 17, 29, 30
cellulose Iα, 126, 127, 237, 238
cellulose Iβ, 126, 127, 231, 237, 238
cellulose II, 126, 127, 237
cellulose nanowhiskers (CNW), 340–42, 344–54
cellulose triethylcarbamate, 209
cellulose triphenylcarbamate (CTCs), 209,

222, 223
cellulose tunicate, 207, 210, 214
cellulose whiskers, 263, 340, 341, 345, 346,

348, 352
cellulosics, 123, 125, 138, 139

deformation process in, 121, 125
lifetime, 138
lifetime prediction of, 138
native, 121
regenerated, 121
swelling, 67

chemical microscopy, 101, 102, 115
co-crystallization, 293
coir, 252, 253, 255
cold crystallization, 333
cold crystallization temperature (Tcc ), 333,

334, 336
compatibilization mechanisms, 288, 289, 291–3,

295, 296
compatibilizer, 260, 262–4, 288, 289, 292–6, 342

wood–polyethylene (PE) composites, 295, 296
wood–polypropylene (PP) composites, 295

composite(s), 93, 123, 131, 133, 172, 251, 253,
254, 256, 257, 260–67, 269, 270, 276–82,
284, 288, 340, 345, 346, 354

aspen-fiber-reinforced high-density
polyethylene (HDPE), 264

cellulose fiber-reinforced thermoplastic, 264
cellulose fibers, 95
densely filled, 275, 279
epoxy-based, 254, 255, 260
fiber, 253, 254, 261, 266
fiber and silicone, 262
fiber-reinforced, 125, 251, 255, 258, 260
fiber-reinforced elastomer, 267, 269
fiber-reinforced, natural rubber, 255, 269
fiber-reinforced silicone, 262
flax-fiber-reinforced polypropylene (PP), 260
fracture surface of, 263
green, 255, 260
hybrid, 255
jute-polycarbonate, 264
kenaf-reinforced poly(l-lactic acid)

(PLLA), 267

kraft lignin (KL)-based, polyurethane
(PU), 277

kraft lignin diethylene glycol polyurethane
(KLDPU), 276–85

kraft lignin polyethylene glycol polyurethane
(KLPPU), 276–85

kraft lignin triethylene glycol polyurethane
(KLTPU), 276–85

lignocellulosic fiber, 254
lignocellulosic fiber reinforced, 251,

255, 258
luffa fiber–polypropylene (PP), 261
micromechanics, 265
modulus, 255
natural fiber thermoplastic, 257
polylactic acid (PLA)-cellulose nanowhiskers

(CNW), 345
polyurethane (PU), 277, 279–83, 285
processing, 341
silica-filled (rubber), 292
sisal-fiber-reinforced polypropylene

(PP), 268
wood, 290
wood-fiber-reinforced polypropylene (PP),

264
wood-high density polyethylene (HDPE),

289–91
wood-linear low density polyethylene

(LLDPE), 290
wood–polyethylene (PE), 291, 293–6
wood–polymer, 266
wood–polypropylene (PP), 263, 289, 291,

293, 295, 296
conductometric titration, 46
coniferaldehyde, 23, 25, 26
coniferyl alcohol, 12, 23, 26, 183, 275
coniferyl units, 190
contact angle(s) (θ), 39, 50, 51, 81, 83, 85, 86,

93–7, 266, 294
of ethylene glycol, 81, 97, 98
measurement(s), 36, 48, 52, 81, 85, 261, 267,

294, 297
of paper, 83, 94, 95, 98
of water, 81, 83, 95

contour length (L), 216
cotton, 67, 72, 73, 126, 139, 213–15, 251–4, 341

celluloses, 209
fiber(s), 63, 263
linters, 73, 215, 267

coumarates, 171
p-coumarates, 179, 183, 184, 186
cryo-ultramicrotomy, 348, 352, 353
crystal structure(s), 126
β-d-cellotetraose, 126, 127
cellulose Iα and Iβ, 127
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crystal structure(s) (Cont’d.)
dimeric and trimeric lignin model

compounds, 310
divanillyltetrahydrofuran, 310
nonphenolic 8-O-4′-linked dilignol, 311
phenolic 8-5′-linked dilignol, 311
selected di- and trilignols, 301

crystallinity (Crystallinities), 29, 30, 60–62, 64,
66, 70, 71, 130, 232, 233, 235, 238, 239,
252, 254, 266, 310

cellulose, 29, 228, 231–4, 236, 238, 239
cellulose I, 17, 29, 30
index (CrI), 227, 229, 232–4, 236
of regenerated cellulose, 254
of wood fiber(s), 17, 29

crystallization, 263, 290, 333
kinetics, 140
of polyethylene (PE), 290
of polypropylene (PP), 263, 290, 295
of polypropylene (PP) in wood–plastic

composites (WPCs), 290
rate, 290, 295
temperature, 255, 290, 295, 333, 336

deconvolution, 236, 238
signal, 237
of spectrum, 238

degree of polymerization (DP), 60, 61, 64, 212,
221, 252

degree of substitution (DS), 316, 320, 323
carboxymethyl cellulose(s) (CMC(s)), 221,

222, 245
cellulose/OKD β-ketoester, 222–4
ethylcellulose (EC), 316, 317, 320–26
methylcellulose (MC), 318, 325
sodium cellulose sulfate (NaCS), 330

derivative thermogravimetry (DTG), 275
derivative thermogravimetry (DTG) curves

kraft lignin polyethylene glycol polyurethane
(KLPPU) composites, 277, 280

wood meal–KLPPU composites, 278
derivatization followed by reductive cleavage

(DFRC), 156, 158, 159
2,3-dichloro-5,6-dicyano-1,4-benzoquinone

(DDQ), 157
oxidation, 159, 163

differential scanning calorimetry (DSC), 254,
263, 289, 301, 316, 318, 320–22, 326,
329, 330, 332, 333

differential scanning calorimetry (DSC) heating
curves, 320, 332

for ethyl cellulose (EC) films and powder, 320
of sodium cellulose sulfate (NaCS) and

NaCS–polyurethane (PU) hydrogels, 333

of sodium cellulose sulfate (NaCS)–water and
NaCS–polyurethane (PU)–water
hydrogels, 332, 333

dihydroconiferyl alcohol, 12
N , N -dimethylacetamide (DMAc), 209, 210

chemical structure, 209
see also lithium

chloride/N , N -dimethylacetamide
(LiCl/DMAc)

1,3-dimethyl-2-imidazolidinone (DMI), 209,
210

chemical structure, 209
see also lithium chloride/1,3-dimethyl-2-

imidazolidinone
(LiCl/DMI)

dipolar decoupling (dephasing) (DD), 227, 228,
230, 233, 234, 240, 242

dipolar decoupling (dephasing) (DD) spectrum
(spectra), 233, 237, 240

of a kraft pulp residual lignin, 242
of silver birch and Scots pine, 234

direct blue dye, 68
direct orange dye, 68
α-dispersion, 316, 322, 324–6
β-dispersion, 322, 325, 326
dissolution of amorphous cellulose, 239
dissolution of cellulose, 206, 209, 210
dissolution of regenerated cellulose, 210
dithionite bleaching (Y), 36, 37, 43, 47, 48
Douglas-fir (Pseudotsuga menziesi), 66, 75
dynamic Absorption Tester (DAT), 85
dynamic contact angle (DCA), 81, 85, 86, 93–7,

261, 268
dynamic loss modulus (E?), 318, 322, 325
dynamic mechanical analysis (DMA), 267, 268,

289, 290, 316, 322, 326
dynamic mechanical thermoanalysis (DMTA),

289
dynamic modulus (E′), 268, 269, 318, 322–7

electron spectroscopy for chemical analysis
(ESCA), 37, 39, 102, 263, 294, 297

see also x-ray photoelectron spectroscopy
(XPS)

electrospray ionization mass spectrometry
(ESI-MS), 162, 174

elemental analyses, 177
elemental analysis of lignosulfonates, 199
endoglucanase(s), 62
energy dispersive x-ray fluorescence (EDXRF)

spectrometer, 200
environmental scanning electron microscopy

(ESEM), 342
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enzymatic hydrolysis, 60–62, 64–7, 70, 72, 73,
76, 149–51, 153

enzymatic mild acidolysis lignin (MEAL),
150–54

enzyme(s), 60–64, 75, 76, 153
activity, 63
carbohydrate degrading, 61
cellulase, 62, 64, 66, 71, 73
cellulolytic, 61
glycosyl hydrolase (GH), 63
hydrolysis, 61
hydrolytic, 61
plant cell wall degrading, 62

epicatechin, 9, 10
ethanol, 60, 61, 71, 172, 175, 190
ethyl isocyanate, 290
ethylcellulose (EC), 316–18, 321–3, 325–8

cross-linked, 316, 321, 323
diurethane cross-linked, 317, 322, 323
film(s), 317, 320–26
hexamethylene diurethane cross-linked,

319, 321
powder, 317, 320, 323
solution, 318

eucalyptus, 19, 152, 192, 261
fibers, 262
lignin, 156

Eucalyptus globulus, 152, 191
residual lignin, 163

Eucalyptus grandis, 152, 155, 191
residual lignin, 162

extractives, 4, 19, 41–6, 51, 52, 87, 89, 92,
101–105, 108, 109, 111, 113–15, 171–3,
175, 177, 186, 229, 230

content, 43, 45, 52, 106, 107, 176
hexane-extracted, 41
hydrophobic, 36, 52
lipophilic, 6, 175
microscopy, 101
secondary ions of, 105, 111
surface, 44, 102, 104, 106–108, 110, 113–16
surface content of (φextractives), 43
surface coverage by, 103, 104, 106–108
water-soluble, 176

ferulates, 171, 184, 186
fiber(s), 18, 25, 19, 31, 36, 37, 39, 40, 43, 45–8,

50–52, 60, 61, 63, 66–9, 72, 73, 81, 82,
87, 89–92, 101, 102, 105, 106, 107,
113–15, 121, 123, 125–34, 175, 176, 206,
227, 236–8, 245, 251–70, 288–91, 294,
295, 297

aramid, 131, 132
cell wall, 18, 22

cellulose, 87, 95, 121, 125, 126, 128–33, 215,
227, 228, 235, 246, 251, 254, 257,
subitem 258, 264–6, 268, 276, 290, 294,
340, 341

chemical pulp, 27
chemithermomechanical pulp (CTMP), 41,

51
composite(s), 253, 254, 261, 266
crystalline, 124
deformation, 123, 125
glass, 251, 254, 255, 276, 292
kraft, 41, 51
kraft pulp, 27, 66, 69, 83, 128, 130, 131, 134
length, 60, 66, 253, 260
lignocellulosic, 69, 83, 251, 253, 254, 255, 258,

264, 266, 268, 269
mass, 50
mechanical, 38, 50, 52
mechanical pulp, 26, 36, 39, 48, 51, 83
natural, 251–5, 257, 258, 261, 265–70, 291
plant, 251, 252, 254, 255
polyethylene, 125
polyethylene terephthalate (PET), 131, 132,

303
polypropylene, 131
polymer, 123, 125
pressure groundwood (PGW), 39, 40, 51
pulp, 17, 18, 20, 22, 23, 25, 30, 31, 37, 41, 66,

68, 69, 83, 88, 101, 102, 104, 116, 222,
236, 268

reactive group, 82
recycled, 106, 108, 268
regenerated cellulose, 129–33, 215, 265
reinforced composite(s), 125, 251, 255, 258,

260
reinforced elastomer composites, 267, 269
reinforced high-density polyethylene (HDPE)

composite, 264
reinforced natural rubber, 269
reinforced plastics, 259
reinforced polymers, 266
reinforced polypropylene (PP) composites,

260, 268
reinforced silicone composites, 262
reinforced thermoplastic composites
reinforced thermoplastics, 257, 260, 264
rupture, 37
strength, 253, 260, 261
surface, 36, 37, 39–42, 45, 46, 48, 51, 52, 67,

82, 88, 89, 97, 98, 101, 102, 105, 108,
114–16, 237, 238, 251, 255–8, 261, 264,
266, 267, 290, 295, 296

swelling of, 38, 67
synthetic, 251
thermomechanical pulp (TMP), 39, 40, 51
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fiber(s) (Cont’d.)
viscose, 132
volume, 50
wall(s), 38, 46, 50, 115, 237
width, 60, 66
wood, 17, 22, 23, 26, 29, 254, 264, 289–92,

294–6
fiber quality analyzer (FQA), 65
field emission scanning electron microscopy

(FESEM), 262, 342, 343 Filler(s), 36,
82–4, 87, 92, 108, 254, 255, 257, 262,
275–7, 279–85, 290

inorganic, 275, 277, 280, 281, 284
lignocellulosic, 254
paper, 106
surface, 82
surface area, 81
wettability, 254

fines, 36, 39, 42, 45, 46, 52, 66, 82, 107, 109, 237,
238, 291

pulp, 66
surface, 41, 42, 46

flavonoid(s), 9–11, 14, 15, 19
flavonoid linkage, 8
flax, 251–4, 267

fiber(s), 260, 261
fluorescence, 17, 18, 22, 23, 25, 27, 28, 30, 124
freeze-etching, 347–9
fructose, 4, 6
fuel, 3, 60, 275

galactose, 7, 164, 177
gas chromatography (GC), 5, 89, 173, 180
gas chromatography mass spectrometry

(GCMS), 5, 29, 180
glass transition temperature(s) (Tg (s)), 138,

266, 301, 303, 306–309, 312–14, 316,
320–22, 326, 333, 334, 348

composition curve(s), 307, 308
ethylcellulose (EC) films and powder, 320
plots, 326

glucan, 15
glucose, 4, 6, 7, 13–15, 61, 62, 130, 133, 164, 176,

177, 190, 224, 229, 316
d-glucose, 128, 132
β-glucosidase, 4, 7, 62, 69, 74
glucoside(s), 3, 4, 6–8, 10, 11, 14, 175, 176
guaiacyl (G), 11, 19, 20, 73, 148, 152–7, 160,

162, 163, 171, 177, 181–4, 215, 231,
233–5, 240

halo(es), 302, 303, 309
amorphous, 301, 303, 306, 309–12, 314

diffuse, 301
of dioxane lignin, 302

hardwood(s), 18, 29, 73, 84, 101, 148, 152, 162,
163, 190, 192, 231–5, 237, 239

bleached kraft pulp, 212–15
cells, 101
crystallinities, 234
fibers, 89
kraft pulps, 153
lignin(s), 153, 156, 159, 162, 163, 233
lignosulfonates, 190–92, 194
milled wood lignin(s) (MWL(s)), 155,

156, 159
native lignin(s), 152, 153
pulp(s), 29, 229
residual lignin(s), 153
unbleached chemical pulps, 218
unbleached kraft pulp(s), 218, 219

hemicellulases, 62
hemicellulose(s), 19, 28, 30, 39, 60, 61, 64, 65,

68, 73, 75, 76, 101, 115, 149, 171, 173,
175–7, 186, 206, 207, 209, 213, 218, 227,
229–33, 235, 236, 238–40, 251, 263

hemp, 251–3
hemp fibers, 253, 254, 261, 266
heteronuclear multiple bond correlation

(HMBC), 158, 164
heteronuclear multiple quantum coherence

(HMQC), 157, 159
spectrum, 165

heteronuclear single quantum correlation
(HSQC), 3, 5, 8–12, 14, 154, 157–9, 164,
165, 193, 195, 196

heteronuclear single quantum correlation–total
correlation spectroscopy
(HSQC–TOCSY), 5, 8–10, 12, 158

hexamethylene diisocyanate (HDI)
(1,6-hexamethylene diisocyanate), 290
317, 318, 330, 338

high performance liquid chromatography
(HPLC), 4, 7, 8

holocellulose, 4, 172, 173, 175, 176, 210, 218
hydrodynamic radius (Rh), 207, 211, 224
hydrodynamic radius of polymers, 216
hydrophobic interaction(s), 288, 291, 292,

294, 297
hydrophobic interaction chromatography

(HIC), 189, 197–9
analysis of lignosulfonates, 197
chromatogram, 197–9
chromatogram of lignosulfonates, 197
column, 197

p-hydroxyphenyl (H), 148, 152, 155, 160, 171,
177, 181–3

hydroxypropyl cellulose, 219, 220, 329
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infrared (IR), 22, 30, 41, 121, 124, 125, 291,
294, 297

Fourier-transform (FT), 141, 151, 157, 171,
174, 178, 179, 254, 263, 264, 266,
subitem 295, 296

near-, 17, 19, 20, 26–30, 124, 157, 158
spectrum (spectra), 134, 178, 179, 294, 296

interface(s), 115, 251, 255–62, 264, 265, 267,
269, 270

adhesion, 251
air-solid, 88
celluloses and other materials, 133
flax-fiber-reinforced polypropylene (PP)

composites, 260
fiber-air, 115
fiber-matrix, 256, 260
fiber-vacuum, 115
lignocellulosic fiber reinforced composites,

251, 255, 258
mechanical bonding, 261
polymers and polymer fiber-reinforced

composites, 125
strength, 256
stress transfer, 251
stress transfer efficiency, 260
wood fiber-reinforced polypropylene (PP)

composites, 264
wood–polypropylene (PP), 289

interfacial adhesion, 254–6, 261, 267, 268, 288,
290, 292, 294

fiber-matrix, 256
fiber-reinforced elastomer composites, 269
fibers and polypropylene (PP) or

polyethylene (PE) matrix, 297
flax-fiber-reinforced polypropylene (PP), 260
flax fibers and unsaturated polyester (UP)

resin, 261
jute fiber and polycarbonate, 264
waste flour-matrix, 262
wood and a thermoplastic, 288, 289
wood and polyethylene (PE) (or

polypropylene, PP), 291
intrinsic viscosities, 192
intrinsic viscosity detector, 209
inverse gas chromatography (IGC), 50,

266, 268
isorhapontin, 3, 7, 8
isocyanate(s), 257, 281, 290

jute, 251–3, 261
fiber(s), 264
polycarbonate composites, 264
surface, 264

kenaf, 251–3, 266, 267
fibers, 267

kraft lignin(s) (KL), 160, 163, 275, 276, 279,
304–10, 312–14

acetylated, 305
alkylated, 306–308, 312
dissolved, 164
ethylated, 306
methylated, 301, 305–310, 312, 313
methylated paucidisperse, 305, 311, 312
molecular weight of, 301
paucidisperse, 304, 306
paucidisperse methylated, 309, 311
polydisperse, 312
softwood, 306

kraft lignin (KL)-based polyurethane (PU)
composites, 276, 277

kraft lignin (KL)-based polyurethane (PU)
matrix, 276, 279

kraft lignin (KL)-polyol polyurethane (PU)
matrix, 284, 285

kraft lignin-based (polymeric) materials, 301,
304, 306, 308

kraft lignin-based thermoplastic (polymer)
blends, 301, 306

kraft lignin-diethylene glycol polyurethane
(KLDPU), 276–85

kraft lignin-polyethylene glycol polyurethane
(KLPPU), 276–85

kraft lignin-triethylene glycol polyurethane
(KLTPU), 276–85

laser(s), 19, 22, 23, 28, 30, 66, 123, 124, 128, 207,
222, 351

excitation, 17, 22, 23
frequency, 123
light scattering, 189, 207, 214
proton, 17
radiation, 124
Raman, 263

leaf sheath, 171–3, 175, 176, 177, 181, 186
of banana plant, 171
dioxane lignin(s) (DL(s)), 173, 177–82, 185
lignin, 171, 178, 182
milled wood lignin (MWL), 177

leveling-off degree of polymerization (DP) of
regenerated celluloses, 221

lignin(s), 3–5, 11–15, 18–20, 22, 23, 25–8, 30,
36, 39, 41–7, 51, 52, 60, 61, 64–6, 70, 73,
75, 76, 101, 102, 104, 106, 108, 115,
148–54, 156–60, 162, 163, 164, 166,
171–86, 192, 193, 227–35, 239, 240, 242,
243, 246, 251, 252, 267, 275, 281,
301–306, 308–10, 312–14

cellulolytic enzyme, 150
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lignin(s) (Cont’d.)
dioxane, 150, 153, 171, 173, 178, 180, 182,

185, 301, 302, 309–311
enzymatic mild acidolysis, 150
eucalyptus, 156
hardwood, 153, 156, 159, 162, 163, 233
isolation, 149, 150, 153
Klason, 5, 7, 173, 177
milled wood, 42, 150–56, 159, 160, 173, 174,

177, 230, 242, 243, 301
model(s), 20–22, 156, 162, 310, 311
molecular weight(s), 179
native, 152, 153, 162, 163, 242
residual, 27, 153, 163, 206, 218, 227, 229, 236,

238, 240, 242, 243
softwood, 108, 156, 234
sulfonated, 190, 194
sulfonation, 38
surface content of (φlignin), 42
technical, 148, 157, 162, 163, 192, 193, 236,

242, 243
lignin–carbohydrate (LC) bonds, 149, 152, 153,

160, 163–5
lignin–carbohydrate complex(es) (LCC(s)),

148–54, 156, 163–6
carbohydrate-rich, 151
lignin-rich, 151
model, 164
structure, 149, 151

lignin–carbohydrate (LC) linkages, 149, 152,
163, 165

lignocellulosics, 18, 20, 65, 66, 68, 73, 75, 148,
149, 157, 166, 228, 235

sources, 253subitem
swelling of, 67

lignosulfonate(s), 189–201, 203
calcium, 200–202
hardwood, 191–3
molecular weight(s), 190, 192
softwood, 191–3

linseed, 254
linseed fibers, 254
liquid crystal transition temperature (Tlc), 333,

334
lithium chloride/N , N -dimethylacetamide

(LiCl/DMAc), 206, 207, 209–216
lithium chloride/1,3-dimethyl-2-

imidazolidinone (LiCl/DMI), 206, 207,
209–214, 216–18, 224

Lorentzian, 103
component peaks, 301, 309–312, 314
functions, 303, 311, 313
peaks, 303, 314

lysine-based diisocyanate (LDI), 255

maleated polypropylene (MAPP), 258
maleic anhydride, 254, 261, 291, 292, 295, 297
maleic anhydride-grafted

styrene-ethylene-butylene-styrene
(MA-SEBS), 295

mannose, 7, 177, 240
maple, 74
mass residue (MR), 139, 141, 275, 277, 278,

281, 282
plots, 281

mass spectrometry (MS), 5, 101
mechanical tester, 139
mercury porosimetry, 65, 67, 68, 71
methoxyl group (content) analysis, 174, 177, 178
methylated kraft lignin-based plastics, 308
methylated kraft lignin-based (polymeric)

materials, 308, 314
methylcellulose (MC), 316–18, 325–7, 329

powder, 318
methylene blue adsorption, 46
4,4′-methylenediphenyl diisocyanate, 296
microcomposite, 341
microcrystalline cellulose (MCC), 213–15, 341,

348, 349, 352
microfibrillar angle, 252
microstrain(s), 121
microstress(es), 121, 131, 133
middle lamella (ML), 23, 37–9, 46, 152
milled wood enzymatic lignin (MWEL), 150–52
modulus, 132, 253, 255, 318, 322

complex, 318
dynamic, 268, 269, 318, 322
fiber, 131
rupture, 291
steel, 253

modulus of elasticity (E), 277, 279, 280, 284,
285, 291

molecular weight(s) (mass) (MM), 3, 4, 6, 15,
68, 72, 101, 151, 153, 189–95, 197–9,
206, 207, 209–211, 213, 215, 217, 218,
220, 223, 224, 295, 304, 306–310, 312,
313, 316–18, 320, 323, 324, 330

absolute, 207
cellulose, 217
cellulose and cellulose derivatives, 206
cellulose, hemicelluloses and residual

lignin, 207
determination of lignosulfonates, 189
distribution curve, 179
distribution of cellulose and cellulose

derivatives, 206
distribution of cellulose, hemicelluloses and

residual lignin, 207
distribution of dioxane lignins, 180
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distribution of softwood kraft pulps, 216
distributions of acetylated and methylated

kraft lignin derivatives, 305
ethylene glycol-type polyol, 275, 278, 284
kraft lignin, 301, 313, 314
lignin, 179
lignosulfonate, 190, 192
maleated polyolefins, 295
methylated paucidisperse kraft lignin

fractions, 312
number-average (Mn), 191, 192, 194, 199,

213, 215, 220, 307
polystyrene, 305
softwood kraft pulps, 216
standards, 189
values of celluloses and pulps, 212
values of cellulose triphenylcarbamate

(CTC), 212
weight-average (Mw ), 46–8, 174, 180, 190–92,

194, 199, 207, 208, 212, 213, subitem
215, 218, 220, 307

molecular weight(s) (mass) (MM) plots, 216,
217, 220, 223, 224

cellouronic acid sodium salt (CUA-Na), 220
cellulose triphenylcarbamate (CTC), 224
water-soluble cellulose derivatives and alginic

acid, 220

nanocomposite(s), 340–44, 349, 350, 352–4
cellulose acetate-butyrate (CAB)-cellulose

nanowhiskers (CNW), 350
cellulose-based, 346
cellulose nanowhiskers (CNW), 342, 345,

348, 349, 353, 354
cellulose nanowhiskers (CNW)-based, 342
field emission scanning electron microscopy

(FESEM) pictures, 344
layered silicate-based, 342
polylactic acid (PLA)-cellulose nanowhiskers

(CNW), 349, 350, 353
polymer, 342
preparation, 342, 347
processing, 341
structure(s), 341, 346, 348, 352, 354
thermoplastic starch-cellulose nanowhiskers

(CNW), 349, 350
nitrobenzene oxidation (NBO), 156, 158, 177
nitrogen (N2) adsorption, 65, 67–71
nitrogen contents, 173
nuclear magnetic resonance (NMR), 3–6, 8–10,

12, 13, 148, 150, 151, 153, 154, 156–60,
162–5, 171, 174, 192–4, 197, 218, 227,
228, 233, 238, 243, 246, 263, 264, 266

carbon-13 (13C), 5, 8, 9, 11–13, 128, 154–9,
162, 163, 165, 174, 177, 182–5, 192, 209,
224, 228, 266

cross-polarization magic angle spinning
(CP-MAS), 174, 178–80, 227–30, 233,
subitem 235, 238, 241, 244–6, 266

proton (1H), 8, 12, 157, 158, 174, 184,
185, 192

proton–carbon-13 (1H–13C) heteronuclear
single quantum correlation (HSQC), 3,
5, 8–12, 14, 154, 157–9, 164, 165, 193,
195, 196

phosphorus-31 (31P), 154, 156–9
solid-state, 126, 128, 150, 174, 177, 227–9,

231–3, 235, 236, 243, 244, 246
three-dimensional (3D), 158, 165
total correlation spectroscopy (TOCSY), 5,

8–10, 12, 158
two-dimensional (2D), 5, 8–12, 15, 155, 157,

162, 164, 165, 189

oak, 73, 233, 236, 237
Ozawa–Flynn–Wall method, 139–41, 143
Ozawa plot of cellulose fabric, 142
ozone (Z), 36–8, 40, 43, 47–9, 51, 52

paper(s), 3, 26, 36, 37, 39, 64, 66, 67, 70, 81–90,
92–4, 96–8, 101–103, 106, 108, 113, 116,
175, 176, 206, 222, 262, 263, 268,
276, 306

additive, 295
filter, 63, 106, 209
newsprint, 101, 102, 107, 108, 114
pilot, 81, 83, 84, 86, 87, 89–92, 94–7
precipitated calcium carbonate (PCC)-filled,

81, 84, 87, 89, 92, 93, 98
sized, 81–3, 91, 92, 94, 98
strength, 102, 295
surface, 81–3, 87, 88–91, 94–8, 101, 105, 106,

108, 113–16
surface roughness, 85
thermomechanical pulp (TMP), 108
wettability, 82, 93
Whatman cellulose, 30

papermaking, 36, 69, 82, 87, 91, 101, 102, 108,
114, 116, 172, 176, 222

chemicals, 108
pectin(s), 36, 45, 47, 52, 251, 252, 263
pentosanes, 175, 176
permanganate oxidation (PO), 155, 156, 158,

171, 174, 180–82, 184
peroxide bleaching (P), 26, 36–8, 40, 41, 43,

46–8, 51, 52, 243
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phenol-formaldehyde (PF), 290, 297
phenol-formaldehyde (PF) resin, 290, 291
phenyl isocyanate, 260
photoacoustic spectroscopy, 264
photodiode array (PDA), 207, 210, 211, 218

detector, 206, 207, 218
piceid, 7, 8
pine, 19, 73, 107, 164, 236, 237, 239, 243

cellulolytic enzyme lignin (CEL), 150, 151
dissolved lignin, 163
kraft pulps, 27, 239
milled wood lignin (MWL), 151, 242
pulp, 236, 239, 241
residual lignin, 163
Scots, 232–4
spent liquor lignins (SLL), 242
thermomechanical pulp (TMP) fibers, 39
wood, 19, 232–4

plasticization, 301, 307–309, 314
polarizing microscopy, 289
poly(2,5(6)-benzoxazole) (ABPBO), 125, 131
polybrene, 46–8
poly(butylene adipate), 308–10
poly(butylene succinate) (PBS), 255
poly(diallyldimethylammonium

chloride)(PDADMAC), 46–8
polydispersity (polydispersities) (Mw/Mn), 191,

192, 194, 199, 213, 215, 220
polyelectrolyte(s), 36, 48, 329
polyelectrolyte adsorption, 36, 37, 46, 52
polyelectrolyte titration, 49
polyethylene (PE), 266, 288–97

fibers, 125
high-density (HD), 264, 289
linear low-density (LLD), 290
maleated, 264
maleic anhydride-grafted, 293–6

poly(ethylene glycol) (PEG), 72, 276, 306–308
poly(ethylene terephthalate) (PET), 131, 132,

303, 310
amorphous, 303
crystalline, 303
fibers, 132, 303
film(s), 131, 304
powder, 304

polyflavonoid(s), 4, 10, 11
polyflavanol, 3, 13
poly(hydroxybutyrate-covalerate) (PHBV), 260
poly(lactic acid) (PLA), 255, 342, 345, 349, 350,

353
polymeric diphenylmethane diisocyanate

(PMDI), 290, 291, 296, 297
polypeptide, 62
poly(phenylene-methylene) polyisocyanate

(MDI), 276, 277

polypropylene (PP), 125, 260, 261, 263, 264,
266, 268, 288–97

fibers, 131
high-density (HD), 260
low-density (LD), 260
maleic anhydride-grafted (MAA)(MAPP),

257, 260, 261, 292, 293–6
polysaccharide(s), 6, 7, 63, 149, 176, 177, 182,

183, 186, 189, 220, 275, 316, 317, 320,
335

polystilbene, 3
poly(trimethylene glutarate), 306–308
polyurethane (PU), 275–7, 281, 283, 284,

330–38
composites, 277, 279–83, 285
matrix (matrices), 276, 279, 284, 285

potentiometric titration, 46
precipitated calcium carbonate (PCC), 81, 83,

84, 87, 89–91, 97
filled paper(s), 81, 84, 87, 89, 92, 93, 98
filled pilot paper(s), 87–91, 97

primary cell walls (layer) (P), 38, 39
primary walls, 38
profilometer, 85
protein(s), 61, 63, 153, 175, 176, 189, 197, 292
protein contents, 173
proton spin relaxation edition (PSRE), 229, 232,

233, 236, 239, 240, 245, 246
pulp(s), 3, 6, 17, 25–30, 36–40, 42, 43, 46–8,

66–72, 84, 90, 101, 104–109, 115, 148,
149, 153, 175, 176, 186, 206, 207, 212–18,
222, 228, 229, 236, 238–41, 246, 276

biomechanical, 26
bleached, 25, 27, 43, 83, 88, 106
brightness, 25
cellulose, 27
charge of, 47, 48
chemical, 17, 27, 102, 106–108, 110, 149, 153,

218, 230, 238, 239, 264
chemithermomechanical (CTMP), 36–8, 41,

42, 46–9, 51, 52, 107
deinked, 111, 112
elemental chlorine free (ECF), 81, 107
extracted, 42, 43, 104
fiber(s), 17, 18, 20, 22, 23, 30, 31, 36, 37, 39,

41, 48, 49, 51, 52, 66, 68, 69, 83, 88,
subitem 101, 102, 104, 116, 131, 222,
236, 268

freeness, 40
hydrolysis of, 71, 153
kraft, 19, 27, 28, 41, 44, 52, 66, 69, 72, 83, 92,

103, 105, 107, 110, 131, 133, 134,
subitem 153, 164, 207, 210, 212–16, 218,
219, 237, 239, 240, 242, 243

lignin from, 153
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mechanical, 17, 25, 26, 36, 37, 39, 41–3, 46,
48, 51, 52, 66, 72, 83, 106–8,
113, 114

organosolv, 71
pressure groundwood (PGW), 37–40, 42, 43,

46–9, 51, 52, 107
recycled, 27, 67, 102, 106–108
sulfite, 68, 70, 213, 215
sulfonated, 75
swollen, 67
thermomechanical (TMP), 25, 26, 30, 36–40,

42, 44–9, 51, 52, 107–109, 111
unbleached, 25, 106
wood, 27, 36, 69, 209, 213, 218, 245, 268
yield, 175

pulping, 71, 101, 108, 162, 175, 186, 192, 218,
222, 236, 237, 239

alkaline, 162
biomechanical, 69
chemical, 102, 236, 246, 275
chemithermomechanical (CTMP), 38
kraft, 162, 163, 175, 238, 275, 304
mechanical, 37, 39
soda, 162
sulfite, 189, 275

pyrolysis gas chromatography mass
spectrometry (Pyr-GC-MS), 157, 158,
174, 177subitem

quinone(s), 26, 27
p-quinone(s), 25, 26

rachis, 171–3, 175, 176, 177, 181, 186
of banana plant, 171
dioxane lignin(s) (DL(s)), 173, 177–82, 185
lignin, 171, 178
milled wood lignin (MWL), 177

Raman, 19, 22, 25–30, 121–3, 125, 128–30, 132,
133, 263

band(s), 17, 20, 22, 23, 25, 28–30, 130–33,
264, 266

deformation, 123, 125
effect, 17–19, 121–3, 131
Fourier-transform (FT), 17, 19, 20,

25–30, 124
frequency, 20, 124
image(s) (imaging), 22, 23, 25
light scattering, 18
mapping, 25
microprobe (microscope), 22, 23, 31, 121,

123, 124, 133
microscopy, 22, 23, 121, 123–5
resonance, 18, 19, 26, 27

scattering, 18, 122, 124
shift, 122, 130
spectrometer, 123
spectroscopy, 17, 22, 26, 27, 30, 41, 121,

123–5, 128, 133, 264, 265
ultraviolet resonance, 19, 26

Raman spectrum (spectra), 19, 20, 25, 124, 125,
128, 130

of cellulose, 20, 128
of lignin(s), 20
of regenerated cellulose fibers, 129
of wood and pulp fibers, 20, 128subitem

ramie, 126, 252–4, 341
Rayleigh factor (Rθ ), 190
refractive index (RI), 190, 207, 210, 212–14, 218,

219, 221, 222
detector, 174, 190, 211, 213
increment (dn/dc), 190, 192, 207, 210, 212,

213, 215
of solvent, 190, 207

resin(s), 19, 29, 42, 101, 254, 256, 257, 260, 261,
264, 297, 347

diphenylmethane diisocyanate (PMDI),
290, 291

epoxy, 264, 276
heartwood, 19
ion-exchange, 194
melamine, 29
melamine-formaldehyde, 29
phenol-formaldehyde (PF), 290, 291
phenolic, 29
polyaminoamide-epichlorohydrin (PAE),

295, 296
polyester, 255
poly(hydroxybutyrate-covalerate)

(PHBV), 260
resorcinol, 29
thermosetting, 255
urea, 29
vinyl acetate, 29
wood, 101

resin acid(s), 4, 6, 101, 108, 109, 111, 113
rhamnose, 7, 177
rice straw, 75, 171
root mean square (RMS), 201, 202, 262
root mean square (RMS) radius (radii),

206–209, 211–13, 215–18, 223, 224
plots, 212, 213, 215

scanning electron microscopy (SEM), 261, 262,
266, 289–91, 297, 340, 342–4, 349, 350

micrographs of fracture surfaces of
composites, 262, 263

secondary electrons (SE), 343–5
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secondary ion mass spectrometry (SIMS), 37, 41
see also time-of-flight secondary ion mass

spectrometry (ToF-SIMS)
Simons’ stain (SS), 60, 65, 68, 69, 75
sitosterol, 110, 111
β-, 4
oxo-, 108

size exclusion chromatography (SEC), 171, 174,
189, 190, 192, 206, 207, 209–213, 216,
218, 224

chromatograms, 179
column(s), 174, 190, 220
eluent, 213
molecular weight distribution of dioxane

lignins, 180
size exclusion chromatography (SEC) elution

pattern(s), 207, 208, 213, 214, 216, 217,
220, 224

carboxymethyl cellulose(s) (CMC), 221, 222
cellulose triphenylcarbamate (CTC), 223, 224
hardwood bleached kraft pulp (HBKP),

212–14
hardwood unbleached kraft pulp (HUKP),

218, 219
softwood unbleached kraft pulp (SUKP), 218,

219
water-soluble cellulose derivatives, 220

size exclusion chromatography multi-angle
(laser) light scattering (SEC-MA(L)LS),
189, 206, 207, 215, 216, 218, 220

photodiode array (PDA), 207
photodiode array (PDA) analysis of cellulose,

207
quasi-elastic light scattering (QELS), 207, 216

size exclusion chromatography multi-angle light
scattering (SEC-MALS) analysis, 207,
208, 210, 212, 213, 216, 218, 222–4

carboxymethyl cellulose (CMC), 222
cellulose, 210, 216
cellulose triphenylcarbamates (CTCs), 209
cellouronic acid, 218
residual lignin, 218

silane(s), 257–9, 261, 264, 266–9, 295
coupling agent(s), 256, 261, 262, 292
treatment, 264

sisal, 251–5, 269
sisal fiber(s), 266–8
sodium cellulose sulfate (NaCS), 329, 330, 332–8

atomic force micrograph, 337
cross-linked (NaCS-PU), 329–38
powder, 330

softwood(s), 18, 29, 73, 101, 148, 151, 152, 162,
190, 192, 208, 218, 231–4, 237, 239, 316

bleached kraft pulp, 105, 216
bleached sulfite pulp, 213, 215

cells, 101
chemical pulps, 239
chips, 61, 304
crystallinities, 234
holocelluloses, 218
knots, 101
kraft pulp(s), 44, 52, 128, 130, 131, 133, 153,

207, 210, 216
lignin(s), 108, 156, 234
lignosulfonates, 191–3
milled wood lignin (MWL), 155, 159
pulp(s), 84, 148, 229, 238, 240
unbleached chemical pulps, 218, 219
unbleached kraft pulp, 218

solute exclusion, 65, 67, 68, 71–3, 75
solvent extraction, 3–5, 11, 41, 102, 104, 106, 159
specific surface area (SSA), 39, 60, 64, 65, 89, 340

of fiber, 89
of filler, 81

spruce (Picea abies), 5, 9–12, 14, 15, 23, 25, 38,
46, 107, 237, 243, 262

bark, 3, 4, 6, 7, 11, 14
cellulose crystallinity indices, 236
kraft pulp, 243
lignin, 106, 242
lignosulfonates, 191
milled wood lignin (MWL), 154, 155, 159
Norway, 3, 232, 233
fiber, 25
mechanical pulp, 106
tannin, 10, 11
thermomechanical pulp (TMP), 25, 30, 108,

109
wood(s), 23, 29

starch, 60, 61, 173, 175–7, 342, 349
cationic, 82
cellulose nanowhiskers (CNW)

nanocomposites, 349, 350
granules, 263
potato, 84, 263
thermoplastic, 349

stilbene(s), 3, 4, 6–8, 10, 11, 13–15
strain(s), 25, 121, 123, 125, 129–33, 264, 266,

277, 308
external, 121, 128, 129, 133
internal, 131, 133
sensitivity, 121, 125, 130–33

stress(es), 25, 121, 123, 125, 129, 133, 266
external, 121, 123, 125, 129, 130, 133
sensitivity, 121

stress–strain
curve(s), 25, 277
relationship, 131
response, 134

suberin, 171, 177, 180, 184–6
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sucrose, 4, 6
sulfonation, 38, 42, 51, 75

degree(s), 192, 194, 200
of lignin, 38

surface charge(s), 46–9, 348
determined by adsorption of PDADMAC, 48
determined by polyelectrolyte titration, 49
mechanical pulps, 46
pressure groundwood pulp (PGW), 47

surface content
of extractives, 43
of lignin, 42

surface energy, 37, 48, 50, 95, 115, 261, 267
of bamboo fibers (BF), 267
of highly crystalline cellulose, 268
of fiber(s), 101, 261
of mechanical pulp fibers, 48
of papers, 95, 114
of silane-treated jute and hemp fibers, 261

surface morphology of pressure groundwood
pulp (PGW) fibers, 40

surface morphology of thermomechanical pulp
(TMP) fibers, 40

surface roughness, 39, 83, 85, 93, 256, 257, 261
surface tension(s), 50, 70, 81, 93, 95, 97, 257
swelling, 38, 52, 62, 66–8, 71, 75, 83, 267, 269

agents, 67, 71
of cellulosics, 67
in cotton fibers, 63
fibers, 38, 67
of mechanical fibers, 52
of pulps, 67

syringyl (S), 148, 153, 155–7, 160, 162, 163, 171,
177–9, 181–4, 186, 231, 233–5

tannin(s), 3–15, 152, 177
tencel, 129, 131–4

deformation of, 131
fiber, 132

tensile, 253, 255, 257, 306
deformation, 17, 22, 23
elongation, 139
modulus, 132
strength, 63, 139, 143–6, 253, 255, 260,

261, 306
stress, 253

tensile modulus, 132
terpenoids, 4, 6
thermogravimeter-differential thermal analyzer

(TG/DTA), 139
thermogravimetry (TG), 138–40, 275, 277, 281

Fourier transform infrared spectrometry
(FTIR), 141

thermogravimetry (TG) curves

of cellulose fabric, 141
of kraft lignin-polyethylene glycol

polyurethane (KLPPU) composites, 277,
280

of wood meal kraft lignin-polyethylene
glycol polyurethane (KLPPU)
composites, 278

thioacidolysis, 156–8
time-of-flight secondary ion mass spectrometry

(ToF-SIMS), 37, 39, 45, 87, 91, 101, 102,
104–106, 108, 109, 111, 115, 116

spectrum (spectra), 105, 109–113
time-of-flight secondary ion mass spectrometry

(ToF-SIMS) imaging, 105, 109,
111, 113

of a newsprint paper, 114
of a pulp handsheet, 109
of bleached kraft pulp (BKP), 111
of deinked pulp (DIP), 113

toluene 2,4-diisocyanate, 290
transcrystallization, 290, 294–6

of polyethylene (PE), 290
on fiber surface, 296
in wood–plastic composites (WPCs), 295

of polypropylene (PP), 290, 295
on fiber surface, 296
in WPCs, 290, 295

transmission electron microscopy (TEM), 261,
263, 340, 342, 343, 346–50, 352–4

image of cellulose nanowhiskers (CNW)
nanocomposite with cellulose acetate
butyrate (CAB), 349, 350

picture of poly(lactic acid) (PLA)-cellulose
nanowhiskers (CNW) nanocomposite,
350

pictures of cellulose nanowhiskers (CNW),
348, 349

tricarbanilation of cellulose, 209

ultramicrotomy, 347–50, 352, 353
ultraviolet (UV), 19, 29, 30, 157, 159, 171, 174,

178, 179, 181, 190, 218, 219
spectra, 174, 178

ultraviolet resonance Raman (UVRR), 19, 20,
23, 27, 28

ultraviolet-visible (UV-vis), 26, 218
absorption spectra, 267
spectrophotometer, 174
spectroscopy, 266

viscoelastic measurements, 318, 323
viscose, 67, 129, 133, 220

fiber, 132
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viscosity, 72, 85, 93, 95, 97, 210, 213, 260, 320,
322, 323

ethylcellulose (EC) 317, 320–26
intrinsic, 209
methylcellulose (MC) powder, 318, 325

water content(s) (Wc ), 210, 329, 330, 332–6
nonfreezing (Wnf ), 330, 334–6

water retention value (WRV), 65, 67, 68, 72
weight-average contour length (Lw ), 215, 216

of cellulose and pulp samples, 215
of cellulose chains, 214

wettability, 82, 83, 93, 256, 261, 266, 291
fillers, 254
mercerized fibers, 257
paper, 82, 93
sized papers, 81
wood, 291, 294

wheat straw, 70, 171, 341
white birch, 67, 71
white pine, 73
white spruce, 28
wide angle x-ray scattering (WAXS), 233
wood–plastic composite(s) (WPC(s)), 288–97

compatibilization mechanisms, 289, 296
compatibilizers, 293
extruded, 289
maleic-anhydride-grafted polypropylene

(MAPP)-treated, 295
moisture contents, 290
phenyl-formaldehyde (PF)-treated, 290
stiffness, 288–92, 294
strength(s), 288–92, 294

x-ray crystallography, 229, 233
x-ray fluorescence (XRF), 200, 201

spectroscopic analysis of lignosulfonates, 201
spectroscopy, 189, 199, 200, 203
spectrum of a calcium lignosulfonate, 201

x-ray fluorescence spectrum, 202
x-ray photoelectron spectrometer, 84
x-ray photoelectron spectroscopy (XPS), 36, 37,

39, 41–3, 45, 46, 48, 49, 52, 81–3, 87,
96–8, 101–103, 105, 106, 113, 116, 263–5

depth, 45
escape depth, 44
peak, 44

spectra, 43, 87–90, 103, 106, 115
see also electron spectroscopy for chemical

analysis (ESCA)
x-ray (powder) diffraction, 227, 267, 301, 303,

304, 342
x-ray diffraction diagrams for highly crystalline

low-molecular-weight poly(ethylene
terephthalate) PET powder and typical
annealed polymeric PET film, 304

x-ray (powder) diffraction pattern(s), 301–303,
305, 308, 310, 312, 313

alkylated kraft lignin preparations, 312
amorphous lignin preparations, 302
amorphous polymeric material, 303
blends of methylated polydisperse

higher-molecular-weight kraft lignin
fraction with poly(1,4-butylene
adipate)(PBA), 309

blends of methylated polydisperse
higher-molecular-weight kraft lignin
fraction with poly(1,4-butylene adipate)
and poly(trimethylene succinate), 310

cedar dioxane lignin and its methylated
derivative, 302

di- and trilignols, 312
lignin-based polymeric materials, 313
methylated cedar dioxane lignin, 311
methylated kraft lignin-based materials, 314
methylated kraft lignin-based plastics, 308
methylated polydisperse

higher-molecular-weight kraft lignin
and its blends with poly(trimethylene
succinate), 313

paucidisperse kraft lignin fraction(s), 304, 311
simple lignin derivatives, 302
underivatized and methylated paucidisperse

kraft lignin fractions, 305
xylan, 41, 106, 176, 186, 234, 240, 241
xylan binding modules, 63
xyloglucan(s), 176, 186
xylose, 7, 164, 176, 177

young’s modulus, 131, 132, 139, 145, 253, 306
fiber, 130, 131

zeta (ζ ) potential, 266, 268, 269




