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Preface

In recent years, green polymers have received particular attention, since 

people have become more environmentally conscious. During the last fifty 

years, green polymers have sometimes been neglected compared to more 

high profile research subjects in academic and industrial fields. The authors 

of this book have continuously made efforts to investigate the properties, 

especially thermal properties, of green polymers and to extend their practical 

applications. Hence, the first half of this book is devoted to our results on 

fundamental research and the second half describes our recent research, 

mainly based on the authors' patents.  

The authors are grateful to our long term friends; Professor Clive 

Langham, Nihon University, to whom we are especially grateful for his 

editorial advice, Professor Kunio Nakamura, Otsuma Women's University, 

Dr. Shigeo Hirose, National Institute of Advanced Science and Technology, 

Professor Shoichiro Yano, Nihon University, Professor Hirohisa Yoshida, 

Tokyo Metropolitan University, Dr. Francis Quinn, Loreal Co., Professor 

Masato Takahashi, Shinshu University, Dr. Per Zetterlund, Kobe University, 

and Dr. Mika Iijima, Yokkaichi University. We also wish to thank Ms. 

Chika Yamada for her helpful assistance.  

As Lao Tse, the ancient Chinese philosopher said, "materials that look 

fragile and flexible, like water, are the original matters of the universe". The 

authors hope that green polymers on the earth continue to coexist with us in 

the long term incarnation of the universe. 

Hyoe Hatakeyama  

Tatsuko Hatakeyama  
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Chapter 1 

INTRODUCTION

1. OVERVIEW OF GREEN POLYMERS 

Synthetic polymers are essential for modern human life, since they are 

used in industrial and agricultural fields. However, most synthetic polymers 

that have been developed by using petroleum and coal as raw materials are 

not compatible with the environment, since they cannot be included in the 

natural recycling system. There are serious contradictions between the 

convenience that people require today and compatibility with the natural 

environment. It is easy to say that we should use only natural materials in 

order to solve the problems coming from man-made materials. However, this 

means that we lose all the convenient features and materials which science 

has developed through human history. Therefore, development of 

environmentally compatible polymers (green polymers) is the key to 

sustainable developments that can maintain our rich and convenient life. 

Table 1-1 offers an overview of green polymers that have recently been 

developed.

In order to develop green polymers, it is essential to understand that 

nature constructs a variety of materials that can be used. Saccharides have 

already been used extensively in the food, medical and cosmetic industries. 

Plant materials such as cellulose, hemicellulose and lignin are the largest 

organic resources. However, it can be said that the above natural polymers, 

except for cellulose, are not very well used. Hemicellulose has not yet been 

utilized. Lignin, which is obtained as a by-product of the pulping industry is 

mostly burnt as fuel and only increases the amount of carbon dioxide in the 

environment, although lignin is one of the most useful natural resources. 
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Table 1-1. Examples of green polymers 

Polymer types Examples

From microorganisms Polysaccharides such as xanthan gum, alginic acid, hyaluronan, 

and gellan gum 

Polyesters such as poly(hydroxyalkanoate)s 

From plants Polysaccharides such as cellulose, lignin, starch, carrageenan, and 

locust bean gum 

Cellulose esters such as cellulose acetates 

Saccharide-based polyurethanes and polycaprolactone derivatives 

Lignin-based polyurethanes and poly-caprolactone derivatives 

Starch-based blends 

From animals Collagen, Chitin

Chitin and chitosan-based polymeric derivatives and composites 

Biomaterials span the range from elastic solids to viscous liquids.  

However, they have been difficult to use as natural resources for polymers 

that are useful for human life because of the complexity based on the 

intricacies of their molecular architecture. However, scientific advances 

enable us to understand molecular features of biomaterials through modern 

analytical methods. Now it is the time to consider that the compounds 

produced through biosynthesis can be used as half-made up raw materials 

for the synthesis of useful plastics and materials. Major plant components, 

such as saccharides and lignin, contain highly reactive hydroxyl groups that 

can be used as reactive chemical reaction sites. As shown in Figure1-1, it is 

possible to convert saccharides and lignin to various green polymers that are 

environmentally compatible [1-26].

Figure 1-1. Circulation of lignin- and saccharide-based synthetic polymers in nature. 
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This book is concerned with the thermal properties of green polymers 

such as natural polymers and polymers derived from saccharides and lignins. 

The above green polymers include polymers such as poly(ε-caprolactone)

(PCL) and polyurethane (PU) derivatives. PCL derivatives were synthesized 

from lignin, saccharides, cellulose and cellulose acetates. PU derivatives 

were prepared from saccharides and lignins. Thermal properties of the above 

polymers were characterized by various thermal analyses including 

thermogravimetry (TG), differential thermal analysis (DTA), differential 

scanning calorimetry (DSC), thermomechanometry (TMA) and dynamic 

mechanical analysis (DMA). Simultaneous measurements combining 

various techniques such as TG-Fourier transform-infrared spectrometry 

(FTIR) and TG-DTA are also mentioned. 

2. MOLECULAR LEVEL MORPHOLOGY OF 

IMPORTANT GREEN POLYMERS: CELLULOSE 

AND LIGNIN 

The molecular architecture of cellulose and lignin has received particular 

attention for over 100 years, since both biopolymers are the major 

components of plant materials.  Due to recent studies performed by x-ray 

diffractometry and solid state nuclear magnetic resonance spectrometry 

(NMR), the crystalline structure of cellulose has been investigated.  In 

contrast, the higher-order structure of lignin in the amorphous state has 

scarcely been studied, since analytical methods were limited. The results 

were averaged over the number of molecules based on indirect analysis.  

Recently, the supermolecular structure of biopolymers has been investigaited 

in nano-level, since it is possible to observe individual molecules and 

molecular assemblies by atomic force microscopy (AFM) [27].  AFM 

directly visualizes the heterogeneity of biopolymers either in crystalline or 

amorphous state.  Furthermore, morphological observation can be correlated 

with the results obtained by other physical measurements. 

AFM has been used in order to observe the supermolecular structure of 

cellulose and lignin by using their water soluble derivatives such as sodium 

carboxymethylcellulose (NaCMC), sodium cellulose sulfate (NaCS) and 

sodium lignosulfonate (LS). Water soluble derivatives were used as samples, 

since aqueous solutions of samples were easy to spread on a freshly cleaved 

mica surface. The samples spread on mica were imaged by AFM.  

An AFM image of NaCMC is shown in Figure 1-2.  Rigid strands are 

clearly observed.  The thickness of strands is ca. 0.7 nm, which strongly 

indicates that NaCMC molecules extended on mica surface are in mono- or 
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double layers.  It is considered that the hydrophobic side of molecules 

attaches to the mica surface and the carboxymethyl groups extend to the 

outer surface.  The width of the strands ranges from 15.2 to 18.2 nm.  When 

the results obtained by x-ray diffractometry are taken into consideration, 4 to 

5 molecules are bundled and observed as a strand. In the above calculation, 

the size of the geometrical shape of the needle and the samples are 

calibrated.  Figure 1-3 shows a three dimensional AFM image of NaCMC. 

Figure 1-2. AFM image of sodium carboxymethylcellulose (NaCMC, concentration 10 µg

ml-1) showing extended molecular chain. 

Figure 1-3. Three dimensional AFM image of NACMC (concentration 10 µg ml-1).
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Figures 1-4 and 1-5 show two and three dimensional AFM images of 

NaCS. Both figures indicate that sodium cellulose sulfate (NaCS) molecules 

show worm-like structures. The difference of the molecular shape between 

NaCMC and NaCS may be caused by the difference of substituted groups 

and also the degree of substitution (DS). 

Figure 1-4. AFM image of sodium cellulose sulfate (NaCS) showing worm-like molecular 

chain structure (concentration 10 µg ml-1).

Figure 1-5. Three dimensional AFM image of NaCS showing worm-like molecular chain 

structure (concentration 10 µg ml-1).
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Figures 1-6 and 1-7 show two and three dimensional AFM images of 

sodium lignosulfonate (NaLS). Both figures show that lignin has a 

complicated network structure that is highly crosslinked. 

Figure 1-6. AFM image of sodium lignosulfonate (NaLS) showing molecular chain forming 

network structure (concentration 10 µg ml-1).

Figure 1-7. Three dimensional AFM image of sodium lignosulfonate (NaLS) showing 

molecular chain forming network structure (concentration 10 µg ml-1).
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3. RAW MATERIALS FOR SYNTHETIC GREEN 

POLYMERS: MOLASSES AND LIGNIN 

3.1  Molasses 

Molasses is a brown viscous liquid and is produced from sugar cane and 

beet. The chemical components of molasses consist of sucrose and 

saccharides such as glucose and fructose. An example of the chemical 

components of molasses is shown in Table 1-2. Molasses is usually used as 

an ingredient in the fermentation industry and also for livestock feed. 

However, it has been found that it is useful as a raw material for the 

synthesis of saccharide-based polyurethanes and polycaprolactones [1-11]. 

Molasses from sugar cane is produced in tropical and subtropical regions 

such as Brazil, Cuba, Thailand, Indonesia, Philippines and Okinawa. 

Table 1-2. Chemical components of molasses [26] 

Chemical components Content / % 

Sucrose 32.5 

Glucose 8.5 

Fructose 9.2 

Other Saccharides 2.3

Water 20.5 

Ash 9.5 

On the other hand, beet molasses is produced in cold regions such as 

northern Europe, Russia and Hokkaido, Japan. Recent sugar production in 

the world is ca. 130 million tons / year. Production of molasses corresponds 

to ca. 30 % of sugar production. Accordingly, it is considered that 40 million 

tons / year of molasses is produced in the world. This amount seems to be 

more than enough for the production of environmentally compatible bio-

based polymers in the future. 

3.2 Lignins 

Lignins are derived from renewable resources such as trees, plants, and 

agricultural crops. About 30 % of wood constituents are lignin. Lignins are 

nontoxic and extremely versatile in performance. Most industrial lignins are 

obtained from kraft and sulfite pulping processes. Kraft lignin is usually 

burnt as fuel at pulping mills. Annual lignin production in Japan is estimated 

to be about 8 million tons. Lignin production in the world is approximately 

30 million tons / year. However, it should be noted that this value is only an 

estimate, since there are no reliable statistics on lignin production because it 

is mostly burnt as a fuel immediately after production.  About one million 
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tons of water soluble lignosulfonate derivatives which are by-products of 

sulfite pulping are consumed in Japan as chemicals such as dispersants [28]. 

Commercial lignin is a by-product of the pulping industry, as mentioned 

above, and is separated mostly from wood by a chemical pulping process. As 

described above, major delignification technolgies used in the pulping 

process are kraft and sulfite methods. Other delignification technologies are 

solvolysis processes using organic solvents or high pressure steam 

treatments to remove lignins from plants. 

Since lignins are natural polymers with random crosslinkings, their 

physical and chemical properties differ depending on extraction processes. A 

part of the schematic chemical structure of lignin is shown in Figure 1-9.  
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Figure 1-8. A part of schematic chemical structure of lignin [29]. 

As described in Chapter 5 of this book, the higher-order structure of 

lignin, which consists of phenyl propane units, is fundamentally amorphous. 

Three phenylpropaniod monomers such as coniferyl alcohol, synapyl alcohol 

and p-coumaryl alcohol are conjugated to produce a three dimensional lignin 

polymer in the process of radical-based lignin biosynthesis. For the above 

reason, lignin does not have a regular structure like cellulose, but is a 

physically and chemically heterogeneous material, although the exact 

chemical structure is unknown.

Since each lignin molecule has more than two hydroxyl groups, lignin-

based polyurethane derivatives, polycaprolactone derivatives and epoxy 
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resins are obtainable by using the hydroxyl group as the reaction site [1,2, 

12-26]. 

4. SCOPE OF THIS BOOK 

This book is concerned with characterization of polymers such as 

cellulose, lignin and green polymers by thermal and mechanical analyses, 

spectroscopy, and x-ray diffractometry. Synthesis of green polymers derived 

from saccharides and lignins, such as polyurethane and polycaprolactone 

derivatives having saccharide and lignin structures in the molecular chain is 

also described. 

This book consists of 8 chapters. In Chapter 1, “ Introduction”, the 

background and objectives of this book are introduced. Chapter 2 is 

concerned with various analytical methods that are useful for the 

characterization of green polymers. The analytical methods are thermal 

analyses, such as differential scanning calorimetry (DSC), thermogravimetry 

(TG) and TG-Fourier transform-infrared spectrometry (TG-FTIR), 

spectroscopy such as infrared spectroscopy and nuclear magnetic resonance 

spectroscopy (NMR), microscopy such as polarizing microscopy, scanning 

electron microscopy and atomic force microscopy, and x-ray diffractometry. 

Chapter 3 is devoted to the discussion of thermal properties of cellulose, 

cellulose-water interaction, liquid crystals from water-soluble cellulose 

derivatives and hydrogels. Chapter 4 is on hydrogels and liquid crystals of 

various polysaccharides. Chapter 5 concerns various properties of lignins. 

Chapter 6 is concerned with polycaprolactone derivatives having cellulose 

and lignin structures in the molecular chain. Chapter 7 deals with 

polyurethane derivatives from saccharides and lignin. Chapter 8 describes 

biocomposites containing plant and inorganic materials. 
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Chapter 2 

CHARACTERIZATION OF GREEN POLYMERS 

In this chapter, experimental techniques which are ordinarily used in 

investigation of green polymers and related compounds will briefly be 

introduced. Conformation of apparatuses, results and practical experimental 

conditions will be included.  Apparatuses introduced here are commercially 

available and widely found in laboratories.  Experimental conditions of 

thermal analysis are in a moderate temperature range in which green 

polymers are measurable.  

1. THERMAL ANALYSIS 

Thermal analysis is defined as an analytical experimental technique 

which investigates the physical properties of a sample as a function of 

temperature or time under controlled conditions.  This definition is broad 

and the following techniques are referred to conventionally as thermal 

analysis, i.e. thermogravimetry (TG), differential thermal analysis (DTA), 

differential scanning calorimetry (DSC), thermomechanometry (TMA) and 

dynamic mechanical analysis (DMA). Recently, simultaneous measurements 

combining various techniques are widely used   In this section, TG-DTA, 

TG-Fourier transform infrared spectroscopy (TG-FTIR), DSC, TMA and 

DMA will briefly be introduced.  Detailed information is shown elsewhere 

[1-36]. 
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Figure 2-1. Conformation of thermal analysis apparatuses. 

1.1 Thermogravimetry (TG) 

1.1.1 TG-differential thermal analysis (DTA)

Thermogravimetry is the branch of thermal analysis which examines the 

mass change of a sample as a function of temperature in the scanning mode 

or as a function of time in the isothermal mode. A schematic conformation 

of a thermogravimeter is shown in Figure 2-2. At the present, almost all 

apparatuses used in the measurements of green polymers are those which 

enable simultaneous measurement of TG and differential thermal analysis 

(DTA) to be carried out.  Balance systems, kinds of crucible, flow gas 

systems and other special attachments are described elsewhere in detail [6, 

18, 32]. 

Figure 2-2. Schematic conformation of thermogravimeter. 
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In the investigation of green polymers, TG has been used in moderate 

conditions in order to obtain the following information. 

1. Decomposition temperatures (Tdi, Td, Tde. etc) 

2. Peak temperature of TG derivative curves (∆Tdp)

3. Mass residue at a temperature, range from 720 to 870 K (mT)

4. Mass loss by vaporization of small molecular weight substances 

5. Activation energy of decomposition and rate of decomposition 

Standard TA computers are equipped with a software which determines 

the above basic results from (1) to (4). Additionally, a rate control program 

is commercially available [37, 38]. In order to measure green polymers, 

experimental conditions of TG which are ordinarily used in this book, are as 

follows; sample mass; 5 - 12 mg, material of crucible; platinium (carbon), 

shape of crucible: open and flat, temperature range; 290 - 870 K, heating rate 

(for standard measurements),10 - 20 K min-1, heating rate (for calculation of 

kinetic parameters); 1 - 50 K min-1, kinds of flow gas ; N2, Air, or Ar (for 

special purpose), gas flow rate; 50 - 100 ml min-1, respectively. Accuracy of 

data obtained by TG is found elsewhere [39]. Schematic TG curve and 

derivative curve are shown in Figure 2-3.  Td, ∆Td, mT are indicated using 

arrows.  When two step decomposition is observed, the Td is numbered from 

the low to high temperature side.

100

0

T

Td1

m
 / 

%

Td1i

Tdp1

Tdp2

Td2 mT

Figure 2-3. Schematic TG and TG derivative curves. 

By using TG-FTIR, gases evolved from the sample decomposed in a TG 

sample cell are directly introduced to a FTIR sample cell and IR spectra are 

simultaneously measured as a function of temperature. In order to operate 
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this apparatus properly, it is important to control the temperature of the 

transfer tube connecting TG with FTIR.  Evolved gases condense in the tube 

if the temperature is low, at the same time, secondary decomposition takes 

place if the temperature is too high.  Temperature and flow rate of purging 

gas of the connecting tube must be controlled appropriately. Various kinds 

of natural polymers have been measured by TG-FTIR, such as lignin [33, 

40], polyurethane derived from saccharides [41] and polycaprolactone 

grafted cellulose acetate [42]. Based on the TG-FTIR data, the 

decomposition mechanism of green polymers has been investigated. 

Representative FTIR curves obtained by TG-FTIR are shown in Figure 2-4. 

Experimental conditions for standard measurements of green polymers by 

TG-FTIR are as follows; sample mass; 5 -10 mg, heating rate; 10 or 20 K 

min-1, gas flow rate; 100 ml min-1, temperature range; 290 - 870 K. 

temperature of connecting tube; 520 K, resolution of FTIR; 1 cm-1 and 

acquisition time 10 scan sec-1, respectively. 

Figure 2-4. Three dimensional IR spectra as functions of wave numbers and temperature. 

1.2 Differential scanning calorimetry (DSC) 

Two types of DSC, power compensation type and heat flux type are used. 

In the power compensation type DSC, if a temperature difference is detected 

between the sample and reference, due to a phase change in the sample, 

energy is supplied until the temperature difference is less than a threshold 

value.  In heat flux type DSC, the temperature difference between the sample 

and reference is measured as a function of temperature or time, under 

controlled temperature conditions. The temperature difference is 

proportional to the change in the heat flux.
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When commercially available apparatuses of both types of DSC are 

compared, no large differences can be found concerning sensitivity, 

necessary amount of sample, temperature range of measurement, 

atmospheric gas supply, etc. Major differences between the two types of 

DSC are as follows; (1) due to the size of heater, isothermal measurements 

are easily carried out, when a power compensate type DSC is used. (2) due 

to the conformation of the sample cell, the low temperature measurements 

are carried out at a slow scanning rate, and a more stable baseline can be 

obtained by heat-flux type DSC. 

Figure 2-5 shows a schematic conformation heat-flux type DSC and 

Figure 2-6 shows that of power compensation type DSC. Experimental 

conditions for standard measurements of green polymers by DSC are as 

follows; sample mass; 1 - 15 mg (ordinal condition, 5 - 7 mg), material of 

sample pan; Al (for solid and solution samples) and Ag (for dilute solution 

or hydrogels), shape of sample; open and flat type (for dry samples) and two 

different sealed types (for wet samples, solutions and hyrogels), temperature 

range; 120 K to a predetermined temperature lower than thermal 

decompositions (in standard conditions lower than 500 K), heating rate; 1 - 

50 K min-1 (in standard conditions 10 K min-1), atmospheric gas; N2, gas 

flow rate; 30 ml min-1.  Repeatability and accuracy of DSC data of polymers 

are found elsewhere [43-45].

Figure 2-5. Schematic conformation of heat-flux type DSC. 

By DSC, the following information on green polymers and related 

compounds is obtained. 

1. The first order phase transition temperatures 

2. Melting temperature (Tm)

3. Liquid crystal to liquid transition temperature (Tlc-l)

4. Crystal to crystal transition 
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5. Crystallization temperature (Tc)

6. Cold crystallization temperature (Tcc)

7. Pre-melt crystallization temperature (Tpmc)

8. Liquid to liquid crystallization temperature (T l -lc)

9. Glass transition temperature (Tg)

10.Heat capacity difference at Tg (∆Cp)

Figure 2-6. Schematic conformation of power compensation type DSC. 

Figure 2-7 shows schematic DSC curves for the determination of 

transition temperatures and enthalpies.  Ordinarily, peak temperature of 

melting (Tpm) and crystallization (Tpc) are used as an index of melting or 

crystallization temperature. It is noted that both temperatures are not 

obtained by equilibrium conditions. On this account, in this book the 

scanning rate is always shown in the figure captions.  Scanning rate 

dependency of melting or crystallization of polymers is found elsewhere [29, 

32]. 

Figure 2-8 shows a typical DSC heating curve of amorphous polymer.  

Glass transition is observed as a baseline deviation toward endothermic 

direction (direction of heat capacity increase).  Due to the thermo-

dynamically non-equilibrium nature of the glassy state, glass transition 

temperature (Tg) depends on the thermal history of a sample and 

measurement conditions such as the heating rate.  On this account, the Tg

value should always be stated along with precise experimental conditions 

and thermal history of the samples.  In Figure 2-8, starting temperature 

(Tig’), extrapolated temperature (Tig), mid temperature (Tmg) and final 

temperature (Teg) can be read.  Generally Tig or Tmg is reported as Tg.  The 

above facts suggest that reported Tg values are not concrete values but 
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depend on experimental conditions and definition of Tg.
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Figure 2-7. Schematic DSC curves for the determination of transition temperatures and 

enthalpies. 
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Figure 2-8. Schematic DSC heating curve showing glass transition. starting temperature 

(Tgi’), extrapolated temperature (Tgi), mid temperature (Tgm), final temperature (Tgf), heat 

capacity difference at Tgi (∆Cp).

1.3 Thermomechanometry (TMA) 

In thermomechanometry (thermomechanical analysis, TMA) the 

deformation of materials under constant stress, or constant strain, is 

measured as a function of temperature or time.  Stress or strain can be 

applied to the sample in either a static or dynamic mode.  Sample probes 

capable of measuring samples not only in air or inert gas but also in humid 

conditions or in water have been developed. A schematic conformation of a 

thermomechanometer is shown in Figure 2-9. 
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The following information can be obtained by static measurements of 

green polymers. 

1. Glass transition temperature 

2. Linear expansion or compression coefficient  

3. Stress relaxation as a function of time at a predetermined temperature 

4. Creep as a function of time at a predetermined temperature 

5. Swelling rate and equilibrium swelling ratio under various stresses 

6. Dynamic modulus, dynamic loss modulus and tan δ as a function of 

temperature. 

Figure 2-9. Schematic conformation of a thermomechanometer. 

Softening temperature measured by TMA is practically used in 

commercial and industrial fields. Softening temperature is neither glass 

transition nor melting, but at a temperature higher than “softening 

temperature” thermoplastics start to flow.  On this account, the softening 

temperature is an important index for polymer processing.  Repeatability and 

reliability of TMA data is confirmed by a round robin test [46].  Almost all 

green polymers in the solid dry state lack flowability.  On this account, in 

this book, softening temperature will not be described.  Experimental 

conditions for standard measurements of green polymers by TMA are as 

follows; probe material; quartz, temperature range; 290 - 520 K (for dry 

sample), 273 - 263 K (for hydrogels). Applied stress, strain and frequencies 

have a wide range according to the kind of sample and shape of probe.  

Although there are various shapes of probe, two kinds of probe were used as 

shown in Figure 2-10. 
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Typical TMA curves in compression mode are shown in Figure 2-11.  

Transition temperature is determined as a cross point of two extrapolated 

lines as shown in the figure. 

Figure 2-10. TMA probes used in the experiments shown in this book. 
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Figure 2-11. Schematic TMA curve in compression mode. 

The sample holder for the measurement of swelling of samples is shown 

in Figure 2-12 [47]. The sample sheet was placed on a quartz plate and 

predetermined stress applied.  Water is supplied from the bottom via a 

flexible tube.  Deformation is detected as a function of time.  When 

temperature dependency of swelling is measured, a water bath whose 

temperature is controllable was connected to the sample probe. Temperature 

was changed stepwise.

Dynamic modulus (E’) and dynamic loss modulus (E”) of hydrogels are 

measured using a TMA.  A sample holder of TMA and schematic TMA 

curves of hydrogel applied sinusoidal oscillation in water are shown in 

Figure 2-13. Gel sample is dipped in water using a sample holder shown in 

A in Figure 2-13. Frequency ranges from 0.01 to 20 Hz.  Applied stress 

depends on rigidity of gel.  Ordinarily, ca. 1 x 103 Pa is applied. 

Measurements are carried out for several minutes at each temperature. From 
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Lissajous diagram, E’, E” and tan δ are calculated using the following 

equations.

Figure 2-12. Schematic conformation of sample cell for the measurement of swelling of 

sample in water. 

Figure 2-13. TMA sample holder measuring hydrogels in water (A) and schematic TMA 

curves of hydrogel applied sinusoidal oscillation in water (B). Upper left column shows 

Lissajous diagram. 
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sinδ =
F1

F2

 (2.3) 

E '= E * cosδ  (2.4) 

tanδ =
E"

E'
 (2.5) 

Where E* is complex modulus and A is cross sectional area. 

1.4 Dynamic mechanical analysis (DMA) 

Viscoelastic properties of green polymers in solid state have been 

investigated by various techniques for about 50 years.  Dynamic modulus 

(E’), dynamic loss modulus (E’’) and tan δ are measured as functions of 

temperature and frequency by forced oscillation method.  Torsion braid 

analysis is also used for samples which are difficult to make into films or 

fibres.  Although various types of apparatuses are used, conformation of a 

representative apparatus for the measurement of viscoelasticity in green 

polymers in the solid state is shown in Figure 2-14. It is necessary to 

investigate green polymers having hydrophilic groups in humid conditions. 

In order to measure the viscoelastic properties in humid conditions, self-

made and commercial apparatuses are used. By using the humidity 

controlling apparatuses, relaxations can be measured as functions of both 

relative humidity and temperature by computer control [48, 49].  A self 

made apparatus capable of measuring the sample in water is also reported 

[50].  Mathematical basis of viscoelasticity can be found elsewhere [51, 52].  

The following information can be obtained by viscoelastic measurements 

of green polymers. 

1. Dynamic modulus, dynamic loss modulus and tan δ as function of 

temperature and frequency 

2. Temperature of the main chain relaxation (glass transition) 

3. Temperature of local mode relaxations  
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4. Activation energy of each relaxation 

An example of experimental conditions for standard measurements of 

green polymers by viscoelastic measurements is as follows; temperature 

range; 120 - 470 K, heating and cooling rate; 0.5 - 2 K min-1, frequency; 0.1 

- 200 Hz. 

Figure 2-14. Example of conformation of apparatus for the measurement of viscoelasticity of 

green polymers in the solid state. 

Figure 2-15. Conformation of apparatus for the measurement in humide conditions.

In order to measure the viscoelasticity of solid green polymers in humid 

conditions, various extra items of equipment have been made in the 

laboratory. Recently, apparatuses capable of changing relative humidity at a 

temperature from ca. 273 to 360 K are commercially available.  

Conformation of a humidity controllable apparatus is shown in Figure 2-15 

[53]. 
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2. OTHER CHARACTERIZATION METHODS 

In this section, other characterization methods which have been used to 

investigate the physicochemical properties of green polymers are briefly 

described.

2.1 Mechanical tests 

2.1.1 Standard measurements 

Stress-strain tests according to the industrial standards at room 

temperature in atmospheric conditions were carried out using an Instron type 

mechanical testing machine in order to measure the mechanical properties of 

green polymers.  Force was applied by either elongation or compression 

methods.  The tensile method was applied to films, sheets and plates and the 

compression method to foams and composites. When the sample amounts 

prepared in the laboratory were not sufficient to fit the conditions indicated 

by industrial standards, the conditions were modified according to the 

situation. Experimental conditions used in this book are as follows; size of 

test specimen are 20 to 100 mm for elongation tests and 20 x 20 x 20 mm for 

compression test.  Cross head speed was 0.5 mm min-1.

Figures 2-16 shows schematic stress-strain curve of compression test. In 

this book, strength of compression (σc MPa) was defined as the highest load

fm in the linear part of stress-strain curve for the compression test. Stress 

of yielding point (σy) is the maximum stress in stress-strain curve. 

σc =
fm

σ 0

 (2.6) 

σv =
fv

σ 0

 (2.7) 

where σ0 is cross section area of the specimen. Compression modulus is 

defined as the gradient of the linear part of stress-strain curve 

ε
σ

∆
∆=cE  (2.8) 

where ∆σ and ∆ε are shown in Figure 2-16. 



26 Chapter 2

Strain Strain

A
fy

fm

fm

∆ε

∆σ

∆ε
∆σ

B

S
tr

es
s

Figure 2-16. Schematic stress-strain curves. 

2.1.2 Humidity controlled measurements 

Due to hydrophilic characteristics of green polymers, the stress-strain 

measurements in an atmosphere whose humidity is controlled are important 

in obtaining reliable results. In order to carry out the above experiment 

without an attached sample probe, a simple method has been developed. (1) 

Samples in film, fibre or fabric, are put in a large size polyethylene envelop 

and maintained in a dessicator whose humidity is controlled using a 

saturated aqueous solution of inorganic salt (ref 2.2.2, Table 2-1). At this 

stage, the envelope containing samples is fully open.  (2) After maintaining 

the sample for one day or more, samples and envelope are quickly taken out 

from the dessicator and the envelope is sealed with adhesive tape, (3) The 

sample is set in a tester together with the envelope. At this stage, the 

envelope is loosened in order to have sufficient room after stretching or 

compressing the sample.  Using the above method, if room temperature is 

constant, the exact amount of water restrained by the sample can be 

calculated by referring to the data of sorption isotherm.   

2.2 Measurements of basic physical properties 

2.2.1 Density 

Apparent density 

Volume of the samples is measured using a caliper or other measuring 

equipments.  Sample mass is obtained using a weighing balance. In order to 

obtain reliable data, the number of the specimens should be more than three 

and significant figures of size and those of mass should be coordinated. 

Density
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Density of the sample is measured using an Ostwald type picnometer or 

density column method depending on characteristics of the samples.  In the 

above methods, organic solvents or aqueous solution of inorganic salts are 

necessarily used. Green polymers, either in original or extracted form, easily 

retain a certain amount of water.  Air trapped in the micro-order structure of 

natural polymers is also difficult to exclude.  Reorganization of the higher 

order structure when the sample is immersed in solvents must be taken into 

consideration.  On this account, it is necessary to handle the sample carefully 

taking into consideration various factors in order to obtain reliable density 

data.

2.2.2 Water sorption 

Although sorption experiments are a conventional method using only 

glass ware and a weighing balance, the obtained results still give us useful 

information, when the experiment is carefully carried out.  For instance, (1) 

ca. 500 mg - 1 g of dry sample in a weighing bottle is placed in a dessicator 

maintained by an aqueous saturated solution of inorganic salt.  Sample mass 

increases with increasing time and reaches a constant value. (2) The same 

experiment is carried out using different kinds of salts obtainable at various 

humidity levels. Typical inorganic salts which are ordinarily used in 

laboratories are listed in Table 2-1. 

Table 2-1. Representative inorganic salts for preparing different relative humidites in a 

temperature range from 293 to 303 K 

Materials Relative humidity / % 

ZnCl2 9-11 

CH3COOK 20-23 

CaCl2 29-33

K2CO3 42-44 

Ca(NO3)2 47-56 

NH4NO3 59-67 

NaCl 75-78 

KCl 84-86 

KNO3 91-94

Data are quoted from Cellulose Handbook (Asakura Pub., Tokyo 2000) 

Original data of the handbook were colleted from International Critical Table and reported 

papers published in the middle of the 20th century.   

Sulfuric acid with various concentrations is also used for controlling the 

relative humidity. Predetermined relative humidity can freely be prepared by 

changing the concentration, when sulfuric acid is used. In ordinary 

experiments, inorganic salts are used, since green polymers easily degrade in 

sulfuric acid atmosphere. (3) The sample mass is weighed as a function of 
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time at various humidity levels and saturated values are obtained.  (4) From 

the relationship between relative humidity and mass of water at the 

equilibrium point, the number of molecules attaching to the first layer of the 

sample is calculated using the Brunauer-Emmett-Teller (BET) equation [2]. 

x

v(1− x)
=

1

vmc
+ c −1( ) x

vmc
 (2.9) 

where x is relative humidity, v total volume of gas, vm volume of gas 

covering the monolayer area of matrix in monolayer and c is constant.  The 

values x and v are experimentally obtained.  Accordingly, when x/[v(1-x)] is 

plotted against x, vm and c can be calculated. 

Ordinarily, the above experiments are carried out at room temperature, 

however temperature dependency is also measured.   The most difficult point 

of sorption isotherm measurements is to prepare completely dry green 

polymers. In order to confirm whether a trace amount of water remains or 

not, it is useful to examine DTA or DSC heating curves.  A large 

endothermic peak is observed when the sample contains a small amount of 

water, since the heat of vaporization is large.

VIV

I II III

ppp

pp

Figure 2-17. Water absorption pattern. 

Water absorption pattern is ordinarily classified into several typical 

shapes as schematically shown in Figure 2-17. Five typical patterns (cases I, 

II, III, IV and V) are as follows, i.e. case I (Langmuir type absorption) is 

observed when water is sorbed in monolayer, case II (Sigmoid type 

absorption) is most frequently observed among organic materials and 

multilayer sorption is found at high RH, case III (Freundlich type 

absorption) is observed when water is sorbed on hydrophilic polymers and 

cases IV and V correspond to cases II and III showing capillary 
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condensation at high RH range.  The cases of IV and V are observed for 

porous materials, such as charcoal and silica gels.  Due to the limitation of 

capillary volume, a large hysteresis is ordinarily observed.  The above 

classification is not intrinsic for the materials, the absorption curve of 

hydrophilic polymers changes, when the crystallinity or higher order 

structure varies. Experimental technique of water absorption measurement is 

simple, but useful information can be obtained, although careful sample 

handling is necessary in order to obtain reliable data. A typical sorption 

isotherm of cellulose is shown in Figure 2-18.  Molecular interpretations of 

sorption in green polymers are found elsewhere [55-57].  
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Figure 2-18. Typical sorption isotherm of cellulose at 298 K and BET plot.  A: sorption 

isotherms. Open and filled circles show 1st and 2nd experiments, B: Brunauer-Emmett-Teller 

(BET) plot (Brunauer, S., Emmett, P. H. and Teller, E., 1938, J. Am Chem. Soc. 60, 309). 

2.2.3 Swelling ratio 

Samples with known mass and dimension are immersed in water or 

organic solvents under pre-determined conditions. After the equilibrium 

swelling is attained, swelling ratio and water content are calculated.

Swelling ratio = 
dry

wet

V

V
 x100, % (2.10)

Where Vwet is volume in the wet state and Vdry that in the dry state. 

Sample mass is frequently used for calculation of the swelling ratio, since 

the volume of the sample is difficult to measure.  When the solvent in the gel 
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is large, volume was calculated using known density of the solvent. Since 

evaporation of solvents occurs during mass measurements, the dimension of 

samples strongly depends on experimental conditions.  On this account, the 

significant figures of swelling ratio are not large.

When the shape of gel sample is irregular, the tea bag method is used in 

order to calculate the swelling ratio at various temperatures. Polyester 

nonwoven fabric (thickness 0.2 mm) with size of 40 x 80 mm was sealed at 

420 K.  Weighed gel sample was inserted in the bag and immersed in water 

controlled at various temperatures. The swollen gel was weighed and the 

swelling ratio was calculated after the mass of tea bag was calibrated.   

Swelling ratio in one direction of the sample can be measured using a 

microscope equipped with a micro scale.  It should be noted that the linear 

swelling ratio depends on sample direction.  As described in 1.3, TMA is 

used for the measurements of linear swelling ratio in solvents. The 

equilibrium swelling ratios obtained by visual observation accorded well 

with those obtained by TMA data, when applied stress is extrapolated to 0 at 

the equilibrium condition [48].  

2.2.4 Viscometry 

Viscometry has been extensively utilized in order to confirm the gel-sol 

transition of green polymer hydrogels. A cone plate type viscometer 

equipped with temperature control apparatus is ordinarily used. 

Experimental conditions which are usually used for the investigation of 

aqueous solution of polysaccharides are as follows, concentration = 1 - 2 %, 

parallel plate = 25 or 40 mm, frequency sweep = 0.1 - 200 rad sec-1, and 

torque = 0.2 - 200 µ Nm, temperature = 278 - 333 K. 

2.2.5 Falling ball method 

In order to determine the gel-sol transition temperature, the following 

procedure has been used (1) the gel is prepared in a test tube, (2) a small 

steel ball with a diameter of several mm is inserted in the upper part of the 

gel, (3) the test tube is placed in a water bath whose temperature is 

isothermally controlled, (4) read the height of the steel ball using an 

appropriate device, such as a cathetometer, (5) temperature of the bath 

increases at 1 K min-1 or at a slower rate, (6) read the height of steel ball as a 

function of temperature, (7) the steel ball falls abruptly when the sol-gel 

transition occurs, (8) relationship between the height and temperature is 

obtained. (9) the gel-sol transition is determined at the  cross point of the 

extrapolated line  from the height of flat gel state and gradient of the height 

decrease after transition.  Reliable data can be obtained, although this is not 
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a modern method, when the gel-sol transition temperature is compared with 

that obtained by other methods, such as DSC. 

2.3 Microscopy 

2.3.1 Polarizing light microscopy 

A polarizing light microscope equipped with a temperature controlling 

system is useful for the observation of green polymers which tend to form 

liquid crystals in dry or wet conditions. An objective lens with long distance 

focus is necessary in order to prevent the temperature increase of the lens 

from the heating cell. 

2.3.2  Scanning electron microscopy 

A scanning electron microscope equipped with dry or cryo-cell is used 

for the observation of green polymers and polymers derived from green 

biomass. The surface was spattered with gold.  The standard technique was 

used [58]. 

2.3.3 Atomic force microscopy 

The atomic force microscopic image shown in this book was obtained by 

tapping mode in the air at room temperature.  Water soluble samples in a 

concentration ranged from 1 x 10-3 to 1 x 10-5 wt % were spread on a freshly 

cleaved mica surface. 

2.4 Spectroscopy 

2.4.1 Infrared spectroscopy 

Both Fourier transform infrared (FTIR) and grating infrared (IR) 

spectrometers were used.  A heating cell designed for obtaining the data of 

temperature dependency of absorption bands in this book is shown in Figure 

2-19.  A thin film sample was sandwiched between rock NaCl crystals and 

the temperature was increased slowly so as not to break the window of the 

NaCl crystals. Temperature was varied from ca. 300 to 480 K.  

Absorption band is schematically shown in Figure 2-20.  Baseline optical 

density (BOD) was calculated using equation 2-11.  In order to compare the 

intensity among different samples, relative optical density was calculated 

using a characteristic absorption band as an internal standard. 
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Baseline optical density =log
AB

CB
 (2.11) 

IR sample holder for H to D exchange of green polymer films is shown 

in Figure 2-21. Using a vacuum glass line, D2O vapour was exchanged in the 

sample holder.  The change of IR absorption, after D2O vapour was 

introduced into the cell, was monitored as a function of time.    

Cell Holder

Cell Plate made
of Rock Salt

Sample

Thermocouple

Heater

Washer

Temperature
Controller

Figure 2-19. Sample holder for heating. 

Figure 2-20. Schematic IR absorption band to calculate the baseline optical density. 
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Figure 2-21. Sample holder for H to D exchange of polymer films. 

2.4.2 Nuclear magnetic relaxation 

Nuclear magnetic relaxation was measured using a Fourier transform 

nuclear magnetic resonance spectrometer. The basic concept and 

mathematical basis are found elsewhere [59, 60]. Longitudinal relaxation 

time (T1) was measured by 180-τ-90 pulse method and transverse relaxation 

time (T2) was measured by Meiboom-Gill variant Curr-Purcell method and 

free induction decay method depending on the relaxation time.  Temperature 

was controlled from 120 K to 470 K.  Temperature was changed stepwise. 

2.4.3 Electron spin resonance spectrometry 

In order to calculate quantitatively the number of spin, a double mode 

cavity was used when temperature dependency was measured. 1,1-Dipheyl-

2-picrylhydrazyl (DPPH) was used as a standard and concentration was 

calibrated at each temperature.  

2.5 X-ray diffractometry 

2.5.1 Wide angle x-ray diffractometry (WAX) 

A standard wide angel x-ray diffractometer equipped with a temperature 

controlling apparatus was used.  In order to measure the green polymers in 

wet conditions, hand made sample holders were used, (1) a hole with 

diameter several mm was made in a metal plate with thickness ca. 1 mm, (2) 

both sides of the hole were windowed with thin mica films using an 

adhesive. When mica is not appropriate due to the short time interval 

between sample preparation and measurement, polyimide films were used as 
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the material of the windows, and silicone grease was used as an adhesive. 

Either mica or polyimide film was measured under the same conditions of 

sample measurements, and the background scattering was extracted from the 

sample curve.  Temperature changed stepwise or was heated at a constant 

rate.

The x-ray diffraction of green polymers during water sorption was 

measured using a sample holder equipped with moisture generator.  

Temperature of the sample holder was maintained at a constant and relative 

humidity was varied from 5 to 100 % RH. Schematic conformation of self 

made apparatus is shown in Figure 2-22. 

Figure 2-22. Sample holder for H to D exchange of polymer films. 

2.5.2 Small angle X-ray diffractometry (SAX) 

Small angle x-ray diffractometry of polysaccharide hydrogels was carried 

out using scattering orbital radiation, SOR (Tsukuba High Energy Physics 

Centre).  Samples were placed in a hand made sample cell whose 

conformation is similar to that described in 2.5.1. Measurement conditions 

are described in the captions of figures when SAX was used. 

REFERENCES

1. Slade, Jr P. E. and Jenkins L. T., Ed. Techniques and Methods of Polymer Evaluation, 

Marcel Deckker, New York, 1966, vol. 1 Thermal Analysis, 1970, vol 2 Thermal 

Characterization Techniques.



Characterization of Green Polymers 35

2. Porter, R. S. and Johnson J. F., Ed. 1974, Analytical Calorimetry. Prenumm, 1968, (vol. 

1), (vol 2). 

3. Mackenzie, M. C. Ed., 1972, Differential Thermal Analysis, London, Academic Press, 

1970, vol 1, vol 2. 

4. Wendlandt, W. W., 1975, Thermal Method of Analysis. 2nd Ed. New York, John, 1974. 

5. Kambe, H. ed. Thermal Analysis. Kodansya, Tokyo (Japanese). 

6. Keattch, C. J, Dollimore D., 1975, An Introduction of Thermogravimetry. 2nd Ed. 

London, Hyden. 

7. Chen, J., 1981, Thermal Analysis and its Application to Ceramics. Beijing, Chinese 

Building Industry Press (Chinese). 

8. Kambe, H. ed. Liu, Z. transl. 1982, Thermal Analysis. Beijing, Chemical Industry Press, 

(Chinese).

9. Mrevlishvili, G. M. 1984, Low Temperature Calorimetry of Biopolymers. Tobilishi, 

Metznieva,  (Russian). 

10. Zhang, Z. et al. 1984, Thermal Apparatus in Analysis, Beijing, Machanical Industry 

Press, (Chinese). 

11. Soc. Thermal Analysis and Calorimetry Japan, ed. 1985, Fundamental and Application 

of Thermal Analysis. Tokyo, Kagaku Gijutsu Pub, (Japanese). 

12. Chen, J., Li C., 1985, Thermal Analysis and its Applications. Beijing, Science Pub, (in 

Chinese). 

13. Dodd, J. W. and Tonge K. H., 1987, Thermal Methods. Chichester, John Wiely. 

14. Li, Y. 1987, Thermal Analysis. Beijing, Quing-Hua University Press, (Chinese). 

15. Brown, M. 1988, Introduction to Thermal Analysis. New York, Chapman and Hall. 

16. Soc. Thermal Analysis and Calorimetry Japan ed. 1989, Fundamental and Application of 

Thermal Analysis (2nd Ed.). Tokyo, Kagaku Gijutu Pub,  (Japanese). 

17. Wunderlich, B., 1990, Thermal Analysis. Boston, Academic Press. 

18. Saito, A. 1990, Fundamental of Thermal Analysis. Tokyo, Kyoritsu, (Japanese). 

19. Gao, J. et al. 1990, Thermal Analysis Curves of Polymeric Materials. Beijing, Science 

Press, (Chinese). 

20. Xu, G. and Yuan J. et al. 1990, Common Apparatus of Thermal Analysis. Shanghai:  

Shanghai Science and Technology Press,  (Chinese). 

21. Charsley, E. L. and Warrington S. B. eds., 1991, Thermal Analysis - Techniques and 

Applications. Royal Soc Chem., Cambridge.  

22. Liu, Z. ed., General Thermal Analysis. Chemical Industry Press, Beijing, 1991 (Chinese). 

23. Cai, Z., Thermal Analysis. Higher Eduction Press, Beijing, 1991 (Chinese). 

24. Kambe, H. and Ozawa, T. eds., 1992, Thermal Analysis. Tokyo Kodansya Scientific, 

(Japanese). 

25. Mrevlishvili, G. M. Uedaira, H. and Ueadiar, Ha. transl. 1992, Low Temperature 

Calorimetry of Biopolymers. Hokkaido Univ Press, Sapporo, (Japanese). 

26. Bershtein, V. A., Egorov, V. M. and Kemp T. J., transl. Differential Scanning 

Calorimetry of Polymers, Ellis Horwood, New York, 1994. 

27. Soc Thermal Analysis and Calorimetry Japan ed. 1994, Fundamental and Application of 

Thermal Analysis (3rd Ed.), Realize Pub, Tokyo (Japanese). 

28. Liu, Z. and Hatakeyama, T. eds. 1994, Handbook of Thermal Analysis, Beijing, 

Chemical Industry Press (Chinese). 

29. Hatakeyama, T. and Quinn, F. X., 1994, Thermal Analysis Fundamentals and 

Applications to Polymer Science, John Wiley, Chichester. 

30. Shen X., Differential Thermal Analysis, Thermogravimetric Analysis and Kinetics of 

Isothermal Reaction in Solid State. Metallurgical Industry Press, Beijing 1995 (Chinese). 



36 Chapter 2

31. Thermal Analysis Application Group ed., 1996, Applied Thermal Analysis. Tokyo, Daily 

Industry News Paper Pub. Tokyo (Japanese). 

32. Turi, E. A. Ed. 1997, Thermal Characterization of Polymeric Materials. 2nd ed 

Academic Press, Orlando. 

33. Hatakeyama, T. and Liu, Z., 1998, Handbook of Thermal Analysis. John Weily, 

Chichester.

34.  Liu, Z. and Hatakeyama, T. and Zhang, X., 2001, Thermal Measurements of Polymeric 

Materials.  Industrial Chemistry Press, Beijing, (Chinese). 

35. Japan Society of Calorimetry and Thermal Analysis ed., 1998, Calorimetry and Thermal 

Analysis, Maruzen (Japanese). 

36. Albac Rikoh. Ed. 2003, Recent Advance in Thermal Measurements, Agne Eng. Centre, 

Tokyo, (Japanese). 

37. Arii, T., Senda, T., Kishi, A. and Fujii, N., 1995, Thermochimica Acta, 267, 209. 

38. Arii, T., Teramoto, K. and, Fujii, N., 1996, J. Thermal Analysis, 47, 1649. 

39. Momota, M., Ozawa, T. and Kanetsuna, H., 1990, 1998, Thermal analysis of polymer 

samples by a round robin method. Part V. Thermogravimetry, Thermochimica Acta, 159,

125-137.

40. Hirose, S., Kobshigawa, K., Izuta, Y. and Hatakeyama, H., Thermal degradation of 

polyurethanes containing lignin studied by TG-FTIR. Polym. Int., 47, 347-356, (). 

41. Nakamura, K., Nishimura, Y., Zetterlund, P., Hatakeyama, T. and Hatakeyema, H., 1996,  

TG-FTIR studies on biodegradable polyurethanes containing mono- and disaccharide 

components. Thermochim. Acta, 282/283, 433-441. 

42. Hatakeyama, H., Thermal analysis of environmentally compatible polymers containing 

plant components in the main chain. J. Therm. Anal. Cal., 70, 755-955 (2002). 

43. Nakamura, S., Todoki, M., Nakamura, K. and Kanetsuna, H., 1988, Thermal analysis of 

polymer samples by a round robin method. I. Reproducibility of melting, crystallization 

and glass transition temperatures.  Thermochimica Acta, 136 163-178. 

44. Hatakeyama, T. and Kanetsuna, H., 1989, Thermal analysis of polymer samples by 

round robin method Part II, Factors affecting heats of transition, Thermochimica Acta,

138, 327-335. 

45. Hatakeyama, T., Kanetsuna, H. and Ichihara, S., Thermal analysis of polymer samples 

by round robin method Part III, heat capacity measurement by DSC, Thermochimica 

Acta, 146, 311-316 (1989). 

46. Takahashi, T., Serizawa, M., Okino, T. and Kaneko, T., 1989, A round-robin test of the 

softening temperature of plastics by thermomechnical analysis, Thermochimica Acta,

147, 387-399. 

47. Nakamura, K., Kinoshita, E., Hatakeyama T. and Hatakeyama H., 2000, TMA 

measurement of swelling behavior of polysaccharide hydrogels, Thermochimica Acta,

352-353, 171-176. 

48. Yano S. and Hatakeyama H., 1988, Dynamic viscoelasticity and structural changes of 

regenerated cellulose during water sorption. Polymer, 29, 566. 

49. Yano S., 1993, Dynamic viscoelastic properties of carboxymethylcellulose during 

isothermal water sorption, Polymer, 34, 2528-2532 

50. Manabe, S., Iwata M., Kamide, K., 1986, Dynamic mechanical absorptions observed for 

regenerated cellulose solids in the temperature range from 280 to 600K.  Polym. J. 18, 1-

14.

51. Gross, B., 1953, Mathematical Structure of the Ttheories of Viscoelasticity. Hermann & 

Cie, diteurs, Paris. 



Characterization of Green Polymers 37

52. Yano, S. and Kitano, T., 1996, Dynamic Viscoelastic Porperties of Polymeric 

Matearials, in Handbook of Aapplied Polymer Processing Technology, Chapter 4, pp 

125-188, N. P. Cheremisinoff and P. N. Gheremisinoff, eds. Marcel Dekker, Inc., New 

York. 

53. Katoh, H. Nakamura, T. and Okubo, N., 1999, Dynamic mechanical measurements of 

polymer under the controlled moisture atmosphere, Netsu Sokutie 26, 56-57 (Japanese). 

54. Errede, L. A. 1991, Molecular Interpretations of Sorption in Polymers, Part I, Springer-

Verlag, Berlin. 

55. Hydration Processes in biological and macromolecular systems, Faraday Discussions, 

No. 103, 1996, The Royal Society of Chemistry, London. 

56. Morra, M. Ed. 2001, Water in Biomaterialas Surface Science, Wiley, Chichester. 

57. Goldstein J. I., Lyma E., Newbury D. E., Lifshin E., Echlin P., Sawyer L., Joy D. C. and 

Michael, J. R., 2003, Scanning Electron Microscopy and X-ray Micronalaysis, Kleuwer 

Academis/Plenum Pub. New York. 

58. Farrar, T. C. and Becker, E. D., 1971, Pulse and Fourier Transform NMR, Introduction 

to Theory and Methods, Academic Press, New York. 

59. Abragahm, A., 1961, The Principels of Nuclear Magnetsm, Clarendon Press, Oxford. 



Chapter 3 

THERMAL PROPERTIES OF CELLULOSE AND 

ITS DERIVATIVES 

1. INTRODUCTION 

Cellulose is the most abundant organic compound and a representative 

renewable resource. According to the statistical calculation of the Food and 

Agriculture Association, US, 3,270 x 109 m3 of cellulose exists on the earth 

and 1 % of it is currently utilized. Cellulose can be obtained from various 

plants, such as trees, cereals, cotton, jute, ramie, hemp, kenaf, agave, etc. It 

is also known that some bacteria produce cellulose. Cellulose separated from 

the above plants has been used as paper, textile, foods and fine chemicals.  

The chemical structure of cellulose is poly (β-1,4 D glucose) as shown in 

Figure 3-1 [1-3]. 
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Figure 3-1. Chemical structure of cellulose. 

Molecular size and its structural hierarchy is shown in Table 3-1.  The 

molecular sizes shown in the table are not exact values, since molecular 

mass depends on the extraction method from living organs. Cellulose 
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obtained directly from plants is categorized as natural cellulose, and once 

solved in various kinds of solvent is known as regenerated cellulose. 

Polymorphic structures are found in cellulose and cellulose derivatives. The 

crystalline structure of natural cellulose is roughly categorized as cellulose I, 

and that of regenerated cellulose as cellulose II.  Recent studies on 

crystallography of cellulose suggest that cellulose I consists of two kinds of 

crystal, Iα and Iβ. The complex crystalline structure of natural cellulose is 

shown in Figure 3-2. 

Table 3-1. Size of cellulose in each hierarchy

Hierarchy Size 

Molecule 0.33 x 0.39 nm2

Micelle 5.0 x 6.0 nm2

Micro-fibrill 25.0 x 25.0 nm2

Fibrill 0.4 x 0.4 mm2

Lamellae ~12.6 mm2

Cell (Cotton) ~ 314 mm2

Figure 3-2. Crystalline structure of cellulose Iα and Iβ [3]. 

Polymorphism of cellulose crystals and its mutual transformation are 

briefly summarized in Figure 3-3.  In this figure, the left column shows the 

cellulose-I family and the right cellulose-II family. The crystalline structure 

of cellulose has been investigated for the past 80 years, however, discussion 

still continues among scientists. Concerning the details of the historical 

background, representative papers are cited in the references [4-18]. 

Crystallinity of natural cellulose depends on the original plants.  The values 
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of crystallinity also vary according to measurement methods, such as x-ray 

diffraction analysis, infrared spectroscopy and thermal analysis.  Completely 

amorphous cellulose can be prepared by saponification of cellulose triacetate 

or mechanical grinding.  Amorphous cellulose is used as a reference 

material. 

Figure 3-3. Polymorphism of cellulose crystal, Cell: cellulose, CTA: cellulose triacetate. 

Cellulose derivatives have been synthesized for the past 100 years based 

on industrial demands [19]. Cellulose esters and ethers are the major 

derivatives.  Representative derivatives, whose thermal analysis has been 

carried out, are shown in Tables 3-2 and 3-3 together with their chemical 

structures. In this chapter, thermal properties of natural and regenerated 

cellulose and derivatives are described. 

Table 3-2. Representative cellulose derivatives (cellulose esters) 

Cellulose Ester Chemical Structure 

Cellulose nitrate Cell-ONO2

Cellulose phosphate Cell-OPO2Na2

Cellulose xanthate Cell-OCS2Na

Cellulose sulfate Cell-OSO3Na

Cellulose acetate Cell-OCOCH3
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Table 3-3. Representative cellulose derivatives (Cellulose ether) 

Cellulose ether Chemical sturcture 

Carboxymethylcellulose Cell-OCH2COONa

Methylcellulose Cell-OCH3

Ethylcellulose Cell-OCH2CH3

Hydroxypropylcellulose Cell-OCH2CH(OH)CH3

2. THERMAL PROPERTIES OF CELLULOSE IN 

DRY STATE 

2.1 Heat capacities of cellulose 

When dry cellulose is heated from 120 to 470 K by DSC, no first-order 

phase transition is observed [20]. On this account, in DSC curves, only flat 

sample baselines can be obtained.  The free molecular motion of the main 

chain of cellulose is restricted due to inter-molecular hydrogen bonding. 

Cellulose is insoluble in water, however, it sorbs a characteristic amount of 

water.  Since the hydroxyl groups form hydrogen bonding with water 

molecules, it is difficult to obtain completely dry samples. If cellulose 

sorbing a slight amount of water is measured by DSC, a large endothermic 

peak attributable to vaporization of water is observed in a temperature range 

from 273 to 400 K.  Peak temperature of vaporization depends on the 

amount of water.  Since heat of vaporization is large (1339 J g-1 at 293 K), 

the endothermic peak of vaporization is used as an appropriate index for 

detecting the residual water in cellulose after drying. Not only cellulose, but 

also natural polysaccharides show no first order phase transition, if they are 

in the dry state.   

Although no phase transition is measured, heat capacity (Cp) can be 

calculated by DSC using a reference material whose Cp values have been 

determined by adiabatic calorimetry.  Figure 3-4 shows Cp values of various 

kinds of cellulose having different crystallinity. Amorphous cellulose shown 

in this figure was prepared by saponification of cellulose triacetate.  
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Cellulose triacetate film was immersed in NaOH dehydrated ethyl alcohol. 

By substitution of the acetyl group to the hydroxyl group in dehydrated 

condition, the structure of cellulose molecules is solidified in random 

arrangement maintaining the intermolecular space occupied by bulky acetyl 

side chains.  Saponified samples show a typical halo pattern having an 

amorphous structure when measured by x-ray diffractometry.  Other 

cellulose samples shown in Figure 3-4 were in powder form. Crystallinity 

was calculated using an x-ray diffractogram in a 2θ range from 5 to 40 

degrees  (Table 3-4). 

Table 3-4. Crystallinity of various kinds of cellulose 

Natural cellulose Crystallinity (%) Regenerated cellulose Crystallinity (%) 

Hemp yarn  69 Polynosic rayon 46 

Cotton yarn  54 Cupra rayon 43

Cotton lint 52 Viscose rayon 42

Wood cellulose 44 

Jute 36   

Kapok 33   

*Crystallinity was calculated using amorphous cellulose as a reference material.  

A

B
C

D

E

340                       380                       420

1.2

1.6

2.0

T / K

Figure 3-4. Heat capacities of various kinds of cellulose. A: amorphous cellulose, B: wood 

cellulose, C: jute, D: cotton, E: calculated data of cellulose with 100 % crystallinity. Power 

compensation type DSC (Perkin Elmer).  Reference material; sapphire, Sample pan, open 

type aluminium.  Sample mass = ca. 7 mg, heating rate = 10 K min-1, N2 flowing rate = 30 ml 

min-1, Sample shape; powder was compressed in a pellet shape in order to come into contact 

tightly with the surface of the sample pan.  Amorphous cellulose film was prepared by 

saponification of cellulose triacetate. The film was annealed at 460 K for 5 min [21]. 

As shown in Figure 3-4, Cp values increase linearly with increasing 

temperature. At the same time, Cp values decrease with increasing 
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crystallinity of cellulose. If crystallinity is known, Cp values at an 

appropriate temperature can be calculated using simple additivity law.   

Cp = XcCpc + 1− Xc( )Cpa  (3.1) 

where Xc is crystallinity, Cpc is Cp value of completely crystalline cellulose 

and Cpa is that of amorphous cellulose.  Cpx can be obtained by extrapolation 

as shown in Figure 3-5. 

  

1.2

1.6

2.0

100500
Crystallinity / %

B

A

C

Figure 3-5. Relationship between crystallinity and heat capacities of cellulose at various 

temperatures. A: 430 K, B: 390 K, C: 350 K [21]. 

2.2 Glass transition of cellulose acetates with various 

degrees of substitution and molecular mass

Among various types of cellulose derivatives shown in Tables 3-2 and 3-

3, cellulose acetate is widely used for practical purposes, such as 

photographic film, packaging materials, separating membranes etc. Cellulose 

acetate (CA) is ordinarily prepared from wood pulp by acetylation in acetic 

acid and sulfric acid.  Chemical structure of CA is shown in Figure 3-6.  In 

this figure, R is the acetyl group. Degree of substitution (DS) is defined as 

the number of the acetyl groups substituted from the hydroxyl group.  As an 

industrial index, CA samples with DS ranged from 2.4 to 2.56 are designated 

as cellulose diacetate (DCA) and those from 2.8 to 2.92 as cellulose 

triacetate (CTA).  It is known that the C6 position is preferentially 

substituted, and the substitution of 2C and 3C occurs statistically. The 
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position of the acetyl group can be determined by nuclear magnetic 

resonance spectroscopy (NMR). 

Figure 3-6. Chemical structure of cellulose acetate. R: COCH3 or H. 

Since cellulose acetates are soluble in organic solvents, such as 

chloroform, it is possible to prepare fractionated samples with different 

molecular mass by successive precipitation.  Figure 3-7 shows representative 

DSC heating curves of cellulose acetate fractions with different molecular 

mass. When molecular mass increases, thermal decomposition starts 

immediately after completion of melting or glass transition [22].  

Figure 3-7. Representative DSC heating curves of fractions of cellulose acetate with degree 

of substitution 2.92.  Mv 1: 4.7 x 104, 2: 1.97 x 105, 3: 2.22 x 105, 4: 3.59 x 105, 5: 4.56 x 105,

6: 5.83 x 105, 7: weight-average molecular weight 2.35 x 105, Experimental conditions; the 

viscosity-average molecular weight was estimated using the Mark-Houwick-Sakurada 

equation at 298 K. N,N-dimethylacetamide was used as a solvent. Power compensate DSC 

(Perkin Elmer), N2 flow rate = 30 ml min-1, heating rate  = 10 K min-1.

Relationship between Tg and Mv is shown in Figure 3-8.  Tg increases 

with increasing molecular weight. When the degree of substitution 

decreases, Tg maintains a constant value regardless of molecular weight [23].  
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Figure 3-8. Relationship between Tg and Mv of cellulose acetate with degree of substitution 

2.92. Mv: viscosity average molecular mass. Experimental conditions; see Figure 3-7 caption. 

Figure 3-9 shows the relationships between Tg estimated by DSC heating 

curves of CA with various DS’s and molecular weight. As shown in this 

figure, when the degree of substitution decreases, glass transition 

temperature (Tg) maintains a constant value regardless of molecular weight 

and only depends on degree of substitution. With increasing degree of 

substitution, Tg decreases due to expansion of intermolecular distance. 

Figure 3-9. Relationship between Tg and Mv of cellulose acetate with different degree of 

substitution.  Numerals in the figure show degree of substitution. 
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2.3 Heat capacity of sodium carboxymethylcellulose 

with different molecular mass and degrees of 

substitution

Sodium carboxymethylcellulose (NaCMC) is a representative water 

soluble polyelectrolyte derived from cellulose (see Table 3-3). Figure 3-10 

shows the chemical structure of NaCMC. When the carboxymethyl groups 

are introduced into cellulose, the higher order structure of cellulose 

gradually changes [23]. As shown in Figure 3-11, the crystallinity of 

carboxymethy-lcellulose (CMC) in acid form decreases with increasing 

number of carboxymethyl group, since inter-molecular distance increases 

due to bulky side chains.  CMC’s substituted by a monovalent cation salt are 

water soluble, however when divalent cations are substituted, water 

insoluble gels are formed. Among various kinds of CMC derivatives, 

sodium CMC is most widely utilized in various fields, as a glue for dying 

and weaving in the textile industry, a viscosity controlling compound in the 

food industry and an anti-deposition agent for detergent in the cleaning and 

cosmetic industries. 

Figure 3-10. Chemical structure of carboxymethylcellulose (CMC). R= H or CH2COOH. 

Figure 3-11. Relationship between crystallinity and degree of substitution of carboxymethyl-

cellulose (CMC) in acid form.  DS: total degree of substitution, A: natural cellulose (cotton), 

B: cellulose II (cupra rayon). 
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Figure 3-12 shows Cp curves of NaCMC with various molecular weights.  

Degree of substitution is 1.4.  As shown in Figure 3-13, Tg values maintain a 

constant, while in contrast ∆Cp values decrease with increasing Mv,

suggesting that molecular enhancement of NaCMC is depressed when 

molecular weight increases.  
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Figure 3-12. Heat capacity curves of sodium carboxymethylcellulose (degree of substitution 

= 1.4) with various molecular weights (Mw).  1: 1.7 x 104, 2: 3.4 x 104, 3: 5.9 x 104, 4: 1.03 x 

105, 5: 3.8x 105  (See Table 3-5) Experimental conditions; Heat-flux type DSC (Seiko 

Instruments DSC220), heating rate 10 K min-1, Reference material; sapphire samples were 

heated up to 373 K and maintained for 10 min in order to eliminate residual water in the 

sample, cooled to 170 K and heated [24]. 

Figure 3-13. Relationship between glass transition temperature (Tg), heat capacity gap at Tg

(∆Cp) and molecular mass of NaCMC (DS = 1.4) [24]. Definition of ∆Cp (see Figure 2.10). 
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Figure 3-14 shows heat capacity curves of sodium carboxymethyl-

cellulose with various degrees of substitution.  When inter-molecular 

distance increases by the introduction of carboxymethyl groups, Cp values 

increase.  It is also seen that ∆Cp values increase with increasing DS.  When 

DS ranges from 0.6 to 0.8, ∆Cp values were ca. 0.75 J g-1 K-1 and when DS 

ranges from 1.4 to 1.7, ∆Cp values range from ca.1.25 to 1.30 J g-1 K-1,

respectively. 
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Figure 3-14. Heat capacity curves of sodium carboxymethylcellulose with various degrees of 

substitution. Numerals shown in the figure are DS (Mw=3.4 x 104).

Table 3-5. Molecular mass and degree of substitution of sodium carboxymethylcellulose 

Degree of substitution (DS) Mw

0.6 3.9 x 104

0.8 4.9 x 104

1.4 1.7 x 104, 3.4 x 104, 5.9 x 104, 1.03x 105,  3.8x 105

1.7 5.7 x 104

2.4 Hydrogen bonding formation of amorphous cellulose 

in dry state 

As described in 3.1, natural cellulose is a crystalline polymer whose 

crystallinity ranges from ca. 20 to 90 %.  The crystallinity of natural 

cellulose depends on plant species, for example the crystallinity of jute is ca. 

70 %, whereas that of kapok is ca. 30 %.  Crystallinity is ordinarily 

determined by x-ray diffractometry, infrared spectrometry and solid state 

NMR.  In the initial stage of the investigation of x-ray diffractometry of 
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cellulose, it was necessary to prepare amorphous cellulose as a reference in 

order to calculate crystallinity.  Amorphous cellulose has mainly been 

prepared by two methods, i.e. one is milling using a ball mill by which fine 

powder can be obtained.  The other is saponification of cellulose triacetate in 

dehydrated conditions.  By saponification, the bulky side chains are 

converted into hydroxyl groups and the space of side chains is fixed, if no 

water molecules exist is the reaction system. In the experimental procedure, 

metal sodium was solved in ethyl alcohol and sodium alcholate solution was 

used for the purpose.  CTA films were immersed in the above solution for 

several hours, washed by dehydrated alcohol several times and kept in 

dehydrated conditions.  Figure 3-15 shows wide line x-ray diffractograms of 

amorphous cellulose prepared by saponification of CTA.  A broad peak is 

observed at 2θ=20 degrees [25-29]. 

Figure 3-15. Wide line x-ray diffractogram of amorphous cellulose.  A: original sample, B: 

pre-annealed sample. 

When an amorphous sample obtained by the above procedure is heated 

by DSC in water eliminated conditions, a broad exotherm due to 

recombination of hydrogen bonding can be observed in a temperature range 

from 370 to 450 K [25-30].  The shape and enthalpy of exothermic peak 

vary when the structure of cellulose triacetate has been modified. When 

cellulose molecular chains are arranged in one direction, enthalpy of 

transition decreased since the inter-molecular bondings are easily formed. 

Figure 3-16 shows DSC heating curves of amorphous cellulose samples 

having various histories.  As shown in the heating curves, once the sample is 

heated to 460 K and molecular rearrangement is completed, no transition can 

be observed although the x-ray diffractogram scarcely changed. At the same 

time, enthalpy of transition decreased when cellulose triacetate had been 

drawn before saponification. 
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Figure 3-16. DSC curves of un-drawn (original) and drawn amorphous cellulose showing the 

effects of pre-drawing of cellulose triacetate before saponification, and annealed amorphous 

cellulose, 1: original (undrawn amorphous cellulose, 2: uni-axially drawn amorphous 

cellulose (draw ratio = 2 x 1), 3: bi- axially drawn amorphous cellulose (draw ratio = 2 x 5), 

4: undrawn amorphous cellulose was annealed at 463 K. Samples; Cellulose triacetate was 

immersed in 1 % potassium hydroxide solution of dehydrated ethanol at room temperature for 

24 hrs.  Dehydrated ethanol was prepared by the use of calcium oxide and anhydrous calcium 

sulfate. The obtained samples were washed with dehydrated ethanol until the washing 

solution became neutral.  Drawn amorphous cellulose was made using pre-drawn triacetate 

films. Two direction drawing was carried out, i.e. the second drawing was carried out 

perpendicular to the first one. Draw ratio was shown as a x b, where a is draw ratio of the first 

drawing and b is the second one. Measurement; Power compensation type DSC (Perkin 

Elmer), heating rate = 16 K min-1, N2 atmosphere, sample mass = ca. 8 mg. 

When the original sample was annealed at a temperature where the 

exotherm was observed, the exothermic peak decreased depending on 

annealing temperature and time. Amorphous cellulose samples were 

maintained isothermally at a temperature range from 390 to 430 K for 60 

min.  At temperatures higher than ca. 430 K, the transition is completed too 

rapidly to monitor isothermal state. In contrast, at temperatures lower than 

390 K, exothermic deviation on DSC curve is small enough to detect over a 

certain time. Figure 3-17 shows the enthalpy of transition at various 

temperatures.  The leveling-off point indicated the apparent end of the 

exothermic process which was detectable by this method. The time for 

attaining the maximum enthalpy was found to decrease with increasing 

temperature.  Isothermal change of IR spectra was also carried out and 

specific absorption band was correlated with DSC data, although the results 

are not shown here. 
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Figure 3-17. Isothermal changes of transition enthalpy of amorphous cellulose. Sample 

preparation; see Figure 3-16 caption. Measurement; Power compensation type DSC (Perkin 

Elmer). Temperature increased abruptly from room temperature to each pre-determined 

temperature and exothermic trace was detected as a function of time. The point where the 

baseline stabilized is defined as time = 0.  After a certain period (ca. 60 min), total enthalpy 

was calculated and used for normalization. 

Figure 3-18 shows the change of ratio of reacted (x) and non-reacted 

amount (a) with time at various temperatures.  Apparently, observable 

molecular rearrangements appear to occur by a first-order mechanism. There 

is sufficient thermal motion of the cellulose chains to cause some concurrent 

alignment of a small segment of cellulose at primary nuclear site, which 

formed by hydrogen bonding in the initial stage. The differential equation 

defining this initiation process is as follows 

−
dx

dt
= k a − x( )  (3.2) 

where k is rate constant independent of α, x is the amount of nuclei formed, 

and a is the amount of non-bonded part available for nucleation.  The 

calculated rate constants are shown in Table 3-6. The apparent activation 

energy (Ea) for the primary nucleation process was calculated by using the 

Arrehenius relationship.  In this case, Ea is assumed to be independent of 

temperature over the range cited.  Activation energy was approximately 190 

kJ mol-1.
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Figure 3-18. Relationships between log [(a-x)/a] and time (sec) of amorphous cellulose. x is 

the amount of nuclei formed, and a is the amount of non-bonded part available for nucleation. 

Table 3-6. Calculated rate constant as a function of temperature 

Temperature / K Rate constant / sec-1

393 6.4 x 10-4

403 4.6 x 10-3

413 1.3 x 10-3

423 4.3 x 10-2

The exothermic transition observed in amorphous cellulose is considered 

to consist of two processes, (1) the formation of hydrogen bond by free 

hydroxyl groups formed during saponification and (2) the formation of the 

crystallites composing nuclei for crystal growth, which could not be detected 

clearly by x-ray diffraction.
When amorphous cellulose is maintained in humid conditions, 

crystallization gradually starts and cellulose II type crystal is obtained.  

Crystallization of amorphous cellulose in humid conditions is described in 

section 2.7 of this chapter.

2.5 Glass transition of mono- and oligosaccharides 

related to cellulose 

Phase transition behaviour of several representative mono- and 

oligosaccharides was investigated by DSC [30-32]. Figure 3-19 shows DSC 

heating curves of α-D-glucose monohydrate, α-D-glucose anhydride, β-D-

glucose and cellobiose. When the samples were quenched in completely dry  
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Figure 3-19. DSC curves of α-D-glucose monohydrate, α-D-glucose anhydride, β-D-glucose

and cellobiose. A: α-D-glucose monohydrate, : α-D-glucose anhydride, : β-D-glucose,

D: cellobiose.  Measurements; Power compensation type DSC (Perkin Elmer), sample mass = 

2 - 3 mg, heating rate = 1 K min-1.

Figure 3-20. DSC heating curves of amorphous mono- and oligosaccharides relating to 

cellulose. A: D-glucose, B: cellobiose, C: cellotriose, D: cellotetriose.  Sample preparation; 

The acetates of cellulose oligosaccharides were fractionated by ethanol-water gradient elution 

method.  Charcoal-celite pretreated with 2.5 % stearic acid was used as a filler of the column.  

Each fraction of oligosaccharides was hydrolyzed after purification by rechromatography [33]. 

Measurements; Power compensation type DSC (Perkin Elmer), sample mass = 2 - 3 mg, 

heating rate = 10 K min-1.

conditions, amorphous glucose and cellobiose were obtained. As shown in 

curve D in Figure 3-19, a baseline gap is observed before and after melting 

of cellobiose.  This fact indicates that melting is masked by partial 

decomposition. Recrystallization is capable of taking place only when a 

trace amount of water is present. 
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DSC heating curves showing glass transition are also shown in Figure 3-

20.  When cellobiose was heated at a temperature higher than the melting 

peak, decomposition starts and the sample colour changes to light brown.  

On this account, cellobiose was quenched immediately after completion of 

melting in the DSC sample holder. 

Figure 3-20 shows DSC heating curves of quenched glucose and 

oligosaccharides relating to cellulose. A baseline shift due to glass transition 

is observed. With increasing molecular weight, glass transition becomes 

difficult to measure.  
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Figure 3-21. Relationship between frequency of OH stretching band at around 3400 cm-1 and 

temperature.  A: D-glucose, B: cellotriose, C: cellopentaose, Measurements; see details, 2.4.1 

in Chapter 2. 

Figure 3-21 shows temperature dependency of OH stretching bands 

measured by infrared spectrometry.  At around Tg measured by DSC, the 

shift of absorption bands can be observed [34].  

Figure 3-22 shows heat capacities of amorphous D-glucose quenched 

from the molten state to glassy state, D-glucose anhydride and cellobiose. 

From this figure, it is clear that heat capacities of amorphous D-glucose are 

markedly high, suggesting the random molecular arrangement. Once 

amorphous glucose is formed in completely dry conditions, crystallization 

does not occur by annealing.  If a trace amount of water is added to the 

amorphous cellulose, crystallization takes place. 
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Figure 3-22. Heat capacities of amorphous D-glucose, D-glucose anhydride and cellobiose. 

A: amorphous D-glucose, B: D-glucose anhydride. C: cellobiose. 

3. CELLULOSE-WATER INTERACTION 

Phase transition behaviour of hydrated polymers has been widely 

investigated by various analytical techniques owing to the effect of water on 

the performance of commercial polymers and the crucial role played by 

water-polymer interactions in biological processes.  Mechanical and 

chemical properties of polymer change in the presence of a characteristic 

amount of water. At the same time, the behaviour of water is transformed in 

the presence of a polymer depending on the chemical and higher-order 

structure [35-39].   

Water whose melting/crystallization temperature and enthalpy of 

melting/crystallization is not significantly different from that of normal 

(bulk) water is called freezing water.  Those water species exhibiting large 

differences in transition enthalpies and temperatures, or those for which no 

phase transition can be observed calorimetrically, are referred to as bound 

water.  Water fraction closely associated with the polymer matrix ordinarily 

shows no phase transition. Such fraction is called non-freezing water.   Less 

closely associated water fraction exhibit the melting / crystallization peaks 

and is referred to as freezing-bound water.  The sum of the freezing-bound 

and non-freezing water fractions is the bound water content [38]. 

Although various methods, such as nuclear magnetic resonance 

spectroscopy (NMR), viscoelastic measurements and dielectric 

measurements are used in order to quantify the amount of bound water in 

hydrophilic polymers, TA is a technique characterized by various 
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advantageous points, such as a small amount of sample mass, and a wide 

range of information on phase transition behaviour of water [38, 40-50]. 

In this section, cellulose- and cellulose derivative-water interaction 

investigated by TA are introduced. Phase transition behaviour of water 

attaching to the hydroxyl groups of cellulose is focused on. Water content 

and water concentration of the sample have been defined in various 

equations.  In this book, water content (Wc) is defined as follows. 

=
sample

water
c

m

m
WContentWater )(  (3.3) 

where mwater is mass of water and is msample mass of dry sample 

3.1 Phase transition behaviour of water restrained by 

cellulose

Since cellulose is the most important hydrophilic polymer, many authors 

have reported cellulose-water interaction using various experimental 

techniques and found that water restrained by cellulose has markedly 

different properties from free water [38]. It is known that melting and 

crystallization temperatures of the bound water in cellulose and other 

biopolymers are lower than those of free water.  It has been considered that 

the molecular mobility of water is restricted on the polymer surface through 

the interaction with hydrophilic groups, and diffusion and penetration of 

water are retarded by the polymer matrix. 

Figure 3-23 shows the DSC curves of bulk water (curve A) and water 

restrained by cellulose (curve B). When bulk water was cooled from 320 K 

to 150 K, the crystallization peak starts at around 260 K and in the heating 

curve, melting peak starts at 273 K. Temperature difference between (Tpm –

Tpc) owing to super-cooling depends on scanning rate. Due to the above fact, 

melting enthalpy calculated from the heating curve is always larger than 

crystallization enthalpy.  On this account, enthalpy obtained by cooling 

curve was calibrated taking into account the above difference. As shown in 

the cooling curve of curve II, a new small exotherm is observed at around 

220 to 230 K  (Peak II) together with the crystallization peak of water (Peak 

I). This peak is attributed to freezing bound water, which will be discussed 

in the latter section in detail.  Melting peak starts at a temperature lower than 

273K and shoulder peak can be seen in the low temperature side.  
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Figure 3-23. Schematic DSC heating and cooling curves of water restrained by celluloser. I: 

pure water, II: water restrained by cellulose Wc= 0.8 g g-1, a: heating curve, b: cooling curve, 

Heat flux type DSC (Seiko Instruments), Scanning rate = 10 K min-1.

Figures 3-24 (A) and 3-24 (B) show the stacked DSC cooling curves of 

water restrained by natural cellulose (cellulose I) and regenerated cellulose 

(cellulose II), respectively [24]. The broken line in Figure 3-24 (B) 

corresponds to the crystallization curve of bulk water. As shown in Figures 

3-24 (A) and 3-24 (B, no crystallization peak was observed when Wc of 

cellulose I is below 0.15 g g-1 and that of cellulose II below 0.25 g g-1. These 

facts suggest that below the above mentioned Wc’s only non-freezing water 

exists in the cellulose I- and cellulose II-water systems. When Wc exceeded 

critical amounts for celluloses I and II, peak II was firstly observed.
The crystallization behaviour of water in cellulose II is complicated. 

When Wc is between 0.3 and 0.6 g g-1, an intermediate peak (peak II’) 

appears at a temperature higher than Peak II but lower than peak I as shown 

in Figure 3-24 (B).  Peak II’ shifts to the higher temperature side with 

increasing Wc, becoming a shoulder of peak I when Wc is over 0.5. 

Accordingly, it is considered that Peak II’ also corresponds to the bound 

water [47]. When Wc exceeds a certain amount (0.19 g g-1 for cellulose I and 

0.42 g g-1 for cellulose II), Peak I appears. However, when Wc is low, peak I 

appears at a temperature lower than that of the normal crystallization 

temperature of free water which is higher than that of bulk water. This 

suggests that Peak I is also under the influence of cellulose matrix. 

Figures 3-25 (A) and 3-25(B) show the relationship between the peak 

temperature of crystallization peak of celluloses I and II.  In the case of 

cellulose I, the temperature of Peak II is observed at 228 to 230 K at the low 

Wc region regardless of Wc. Peak I increases at the low Wc region.  As shown
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Figure 3-24. DSC heating curves of water restrained by natural and regenerated cellulose. 

Samples (a) natural cellulose (cotton linter, crystallinity estimated by x-ray diffractometry (xc)

= 52 %), (b) regenerated cellulose (rayon fibre, Asahi Chemical Co., xc = 38 %), Numerals in 

figures show water content in g g-1. Experimental conditions; Power compensation DSC 

(Perkin Elmer), sample mass = 3 - 5 mg, scanning rate = 10 K min-1, sample pan; aluminium 

sealed type, temperature was calibrated using pure water.  Starting temperature of melting of 

pure water was defined as 273 K.  Preparation of water containing sample; The dry cellulose 

sample was weighed quickly and water was added using a microsyringe.  After evaporation of 

excess water, the sample pan was sealed and weighed.  Wc was calculated using Eq. 3.2.  

After sealing, the sample pan was placed in a heat oven for 1 h at 333 K, then maintained at 

295 K for 24 hrs and weighed again [47]. 

in Figure 3-24 (B), peaks II and II’ of cellulose II vary in a complex manner.  

Peak II shows a maximum at Wc = ca. 0.45 g g-1 and the intermediate peak 

separated from peak II at Wc = ca. 0.3 g g-1 and merged into Peak I at around 

Wc = 0.6 g g-1. The above results suggest that the structure of amorphous 

region of celluloses I and II is quite different and molecular conformation 

successively changes with increasing water content.   

Melting endotherms of water restrained by various Wc’s are ordinarily a 

broad peak with shoulder peak in the low temperature side or with no clearly 

detectable side peak.  The starting temperature shifts to the high temperature 

side with increasing Wc. Figure 3-26 shows the peak temperature of the main 

melting peak as a function of Wc. The peak temperature increases linearly 

with increasing Wc up to Wc = 0.50 g g-1 and then levels off at 275 K, which 

agrees well with the peak temperature of bulk water as indicated by the 

chain line.  As shown in Figure 3-26, DSC curves were not shown, and the 

melting peak becomes sharper with increasing Wc, i.e. the temperature 

difference between melting peak (Tpm) and starting temperature of melting 
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(Tmi’, ref Figure 2-7 in Chapter 2) gradually decreases with increasing Wc.

The temperature difference is far larger than the case of bulk water.   

Figure 3-25. Relationship between peak temperature of crystallization and water content,  

(A): cellulose I, (B): cellulose II [47]. 

Figure 3-26. Peak temperature and starting temperature of melting of water restrained by 

regenerated cellulose. Tmi: starting temperature of melting, Tmp: peak temperature of melting, 

broken line indicates 273 K, Experimental conditions; see the caption of Figure 3-24 [47]. 
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3.2 Heat capacity of cellulose in the presence of water 

3.2.1 X-ray diffractogram of cellulose in the presence of water 

As described in 3.1, crystallinity (xc) of natural and regenerated cellulose 

in the dry state ranges from 0.3 to 0.8.  Table 3-7 shows amorphous content 

(1 - xc) of various kinds of cellulose in dry state estimated by x-ray 

diffractometry. 

Table 3-7. Amorphous content of various kinds of cellulose estimated by x-ray diffractometry 

Cellulose  Amorphous content

A*

Amorphous content 

B**

Natural bleached cotton linter 0.30 0.31

 purified jute 0.33 0.34 

 purified ramie 0.38 0.30 

soft wood pulp 0.46 0.30

Regenerated polynosic rayon 0.55 0.56

 high tenacity rayon 0.66 0.64

 viscose rayon 0.62 0.62 

A* Herman’s method modified by Watanabe (Watanabe, S. and Akabori, T., J. Ind. Chem. Japan, 72, 1565 (1969) 

B* crystallinity index

Figure 3-27. X-ray diffractogram of natural cellulose in dry and wet state. 1: dry sample, 2: 

wet sample (RH = 35 %), 3: wet sample (RH = 65 %), a: sample cell, b: sample cell with air 

with 100 % RH, c: sample cell + water, Sample preparation; see 2.5.1. 

It is thought that water molecules diffuse into the amorphous region but 

not into the completely crystalline region of cellulose.  At the same time, it is 

also known that molecular arrangement of amorphous chains changes when 

water content gradually increases.  The transient process can clearly be 

observed when a wide line x-ray diffractogram of natural cellulose (cellulose 

I) is taken in the presence of various amounts of water, especially in the low 
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water content range. Figure 3-27 shows wide-line x-ray diffractograms of 

natural cellulose (cotton lint).  When the half width of (002) plane is plotted 

against Wc, the half width markedly decreases as shown in Figure 3-28.  The 

above change is reversible, i.e. the half width expands when the natural 

cellulose is gradually dried.  

Figure 3-28. Half width (A) of (002) plane of natural cellulose (cotton lint) as a function of 

water content (B) [49]. 

Figure 3-29. X-ray diffractograms of regenerated cellulose with various water contents. A: 

original sample, B: Wc = 0.25, C: Wc = 0.73, D: Wc = 1.95 g g-1. Experimental conditions; 

Sample preparation; The cellulose samples were ground to a fine powder to eliminate any 

effect of fibre orientation. The powder was packed in a hole made in an acrylic plate with 2 

mm thickness which was covered with 7 µm aluminium foil on one side using epoxy resin 

adhesive.  The other side of the hole was sealed by the foil using silicone grease.  After a 

determined amount of water was added to the cellulose sample, the plate was sealed with the 

foil and weighed.  After x-ray measurements, the foil was taken off to allow water to 

evaporate in a heated air oven. X-ray diffractometry; A Rigaku Denki Co. x-ray 

diffractometer, 35 kV 20 mA Cu Kα radiation, 2θ = 3 to 35 degrees [39]. 
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Figure 3-29 shows x-ray diffractograms of regenerated cellulose with 

various Wc’s.  No differences in the diffractograms were observed for 

samples having a Wc lower than 0.25 g g-1.  In the diffractogram of Wc = 

0.73, (002), (101), and (101) peaks decreased suggesting the decrease of 

crystallinity of cellulose II. The shoulders observed from 26 to 28 degrees in 

the samples with Wc 0.74 and 1.95 g g-1 coincide with those of bulk water.  

The above facts indicate that samples C and D contain free water. The 

shoulder peak was not observed for samples having only bound water.  

3.2.2 Mechanical properties of cellulose in the presence of water 

It is known that natural cellulose shows high breaking strength in wet 

state. Figure 3-30 shows the relationships between relative breaking strength 

[= (σb / σ0), where σ0 is breaking strength of completely dry cellulose and σ
is that of cellulose with Wc = 0.1 g g-1] and relative elongation at break [=(l0.1

/ l0), where l0 is elongation at break of completely dry cellulose and l 0.1 is 

that of cellulose with Wc = 0.1 g g-1].  As clearly seen, breaking strength of 

natural cellulose increases [49] and in contrast that of regenerated cellulose 

decreases.
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Figure 3-30. Relative stress-strain curves of natural (A) and regenerated cellulose (B). σ0:

breaking strength of completely dry cellulose, σ : cellulose with Wc= 0.1 g g-1, l0: elongation 

at break of completely dry cellulose, l: elongation at break of cellulose sample with Wc = 0.1 

g g-1 [39, 49]. 

Figure 3-31 shows the relationship between relative breaking strength [= 

(σb / σ0), where σ0 is breaking strength of completely dry cellulose and σb is 

that of cellulose with various Wc’s] and water content.  The results shown in 

Figures 3-30 and 3-31 strongly suggest that mechanical strength of natural 
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cellulose increases in a characteristic amount of water.  When Wc exceeds ca. 

0.2 g g-1, mechanical strength maintains a constant value.  Moreover, the 

above phenomena are reversible.  It is known that molecular packing of 

biopolymers, such as chitosan, collagen and natural cellulose takes a more 

ordered structure in the presence of water.  Mechanical strength of 

regenerated cellulose markedly decreases and elongation increases in the 

presence of water.  The x-ray results shown in Figures 3-27, 3-28 and 3-29 

also support the results obtained by mechanical tests. 
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Figure 3-31. Relationship between relative breaking strength and water content of cellulose. 

A: natural cellulose, B: regenerated cellulose. 

3.2.3 Heat capacities of cellulose  

Heat capacities of cellulose of natural and regenerated cellulose are 

shown as a function of water content in Figure 3-32.  Cp values of natural 

cellulose decrease at around Wc = 0.05 g g-1 and show a minimum at around 

Wc = 0.9 g g-1, indicating that the higher order structure of natural cellulose 

is stabilized in the presence of a small amount of water. If it is assumed that 

Cp values of cellulose water system obey a simple additivity law, the values 

should be on the dotted line in Figure 3-32. 

)1( cpcellulosepwaterp WCWCC c −+=  (3.4) 

where Cp water is Cp of water and Cp cellulose is Cp of cellulose. In the case of 

regenerated cellulose, exprerimentally obtained Cp values coincide well with 

calculated values, as shown in line B in the figure [52].  Since the higher 

order structure of natural cellulose and the structure of water vary as a 
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function of Wc, Cp water and Cp cellulose changes as a function of Wc.

Accordingly, the equation is not applicable for natural cellulose - water 

systems. The structure stabilization of natural polymers in the presence of 

water is known not only for cellulose but also collagen, lysozyme, etc.  

Discussion on Cp of polymers in the presence of water is found elsewhere 

[53, 54].  

Figure 3-32. Relationship between Cp and Wc. A: natural cellulose, B: regenerated cellulose, 

C: calculated value. 

3.3 Bound water restrained by cellulose 

As already shown in Figure 3-24, the first-order phase transition is not 

detected until a critical amount of water is added to a polymer.  In the 

schematic DSC cooling curves of water shown in Figure 3-33, no transition 

is observed as shown in curve A. The amount of water showing no phase 

transition is defined as non-freezing water content (Wnf). The maximum Wnf

depends on hydrophylicity of polymers. In the case of cellulose, the numbers 

of hydroxyl group in the amorphous region, defects of crystallite and the 

surface of crystallite affect the Wnf. When W
c
 in the polymers exceeds a 

critical amount (the maximum amount of Wnf), a small peak (peak II) is 

observed at a temperature lower than the crystallization peak of bulk water 

(curve B).  This amount of water is categorized as freezing bound water 

content (Wfb).  Free water (Wf) is shown as peak I in curves C and D. Wf is 

unbound water content in polymers whose transition temperature and 

enthalpy are equal to those of bulk water (curve D).  

ffbnfc WWWW ++= (g g-1) (3.5) 
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From the cooling cycle data, the proportion of the amount of free water 

(Wf) is calculated by dividing the total area of the freezing water peak (Peak 

I) by the heat of crystallization of bulk water.  The heat of crystallization is 

not constant for all water fractions, therefore, Wfb cannot be determined in 

the same way. It is considered that Peak II represents the irregular structure 

of ice formed under the influence of the hydroxyl group of cellulose 

molecules. Ordinarily, the amount of Wfb is small compared with Wnf (g g-1)

and Wf (g g-1).  On this account, the total area of the Wf + Wfb (g g-1) (peak I 

+ II) per gram of dry sample is plotted as a function of Wc g g-1).  The 

intercept of the linear plot is adopted as the amount of Wnf (g g-1).

  

220                     240                  260

T / K
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D
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A

Figure 3-33. Schematic DSC cooling curves of water restrained by natural cellulose, Heating 

rate = 10 K min-1, A: non-freezing water (Wnf), B: Wnf: freezing bound water (Wfb), C: Wnf + 

Wfb + free water (Wf), D: bulk water. 

The relationships between Wf, Wfb and Wc of natural and regenerated 

cellulose are shown in Figure 3-34 (A).  Free water can be observed above 

0.20 g g-1 for natural cellulose and 0.40 g g-1 for regenerated cellulose, and 

the amount increases linearly with increasing Wc.  The amount of Wfb of 

regenerated cellulose calculated from the enthalpy of summation of Peak II 

and II’ shown in Figure 3-34 (B) increases at Wc = 0.25 g g-1 and attains a 

maximum at Wc = 0.40 g g-1, then decreases and levels off when Wc exceeds 

0.50, where Peak II’ (see Figure 3-24) merges into Peak I.  The maximum 

point agrees well with the Wc where free water appears.  When compared 

with Wfb of cellulose I, the above mentioned maximum point can only be 

observed in regenerated cellulose.  This suggests that the amorphous region 

of cellulose changes gradually to a more random arrangement with 

increasing amount of water.  This is supported by the fact that a large 

amount of amorphous region (see Table 3-1) and change of mechanical 

properties were observed.
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Figure 3-34. (A) Relationship between free water content (Wf), freezing bound water content 

(Wfb) and water content (Wc) of natural and regenerated cellulose.  (B) Relationship between 

non-freezing water content (Wnf) and Wc of natural and regenerated cellulose I: cellulose I, II: 

cellulose II, Experimental conditions, see Figure 3-24. 

Figure 3-34 (B) shows the relationship between Wnf and Wc of celluloses 

I and II. The Wnf value for cellulose I is almost constant when Wc is over ca. 

0.2 (g g-1), while that for cellulose II gradually increases, with increasing Wc.

The above facts suggest that the amorphous region of cellulose I takes a 

more ordered structure with a small amount of water and this structure is 

stable, even with the sorption of more water. However, the amorphous 

region of cellulose II is not stabilized by forming an ordered structure, but 

increases gradually with the further sorption of more water as shown in 

Figure 3-34. The above results were also supported by the x-ray diffraction 

data. The x-ray diffractograms of cellulose I showed that the peak reflecting 

(002) plane became more pronounced with increasing Wc, showing the 

increase of the ordered structure with the sorption of water. On the other 

hand, the peak reflecting (002) plane of cellulose II decreased and became 

flatter with increasing Wc, showing the crystallinity of cellulose II. It was 

observed that the breaking strength of cellulose I increased with sorption of a 

small amount of water. 

Crystallinity of natural cellulose varies according to the plant species.  

When purification methods are similar, it is possible to obtain cellulose I 

samples having various crystallinities.  Bound water content of various kinds 

of natural polymers was quantified by DSC. Assuming the bound water 

attaches to the hydroxyl groups in the amorphous region, the number of 

water molecules restrained by each glucose unit of cellulose was calculated.  

Amorphous content was determined using x-ray data. Figure 3-35 shows the 
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Figure 3-35. Relationship between number of bound water molecules attached to one glucose 

unit of cellulose and crystallinity, A: original data of bound water, B: calculated values 

assuming that bound water molecules attached to the hydroxyl groups of amorphous region of 

cellulose.

number of bound water molecules attaching to one glucose unit (curve A) 

and calculated values assuming that bound water molecules are restrained by 

hydroxyl groups in the amorphous region of cellulose (line B).  The 

calculated values were maintained at ca. 3-4 regardless of crystallinity. One 

glucose unit of cellulose has three hydroxyl groups. The number of bound 

water molecules for each hydroxyl group is ca. 1.1. 

3.4 Vaporization of non-freezing water from cellulose 

Dryness of hydrophilic polymers is difficult to measure due to the fact 

that strong hydrogen bondings are established between the hydrophilic 

groups of cellulose and water molecules. In order to confirm whether water 

remains in the sample or not, water vaporization is measured by TG and 

DTA, since a trace amount of water can easily be detected due to large 

amounts of vaporization heat. TG and DTA vaporization curves are 

markedly affected by various measurement factors, such as sample mass, 

shape (surface area), shape of crucible, heating rate, flow rate of atmospheric 

gas, etc.  Accordingly, it is necessary to maintain identical experimental 

conditions in order to obtain reliable results [55, 56]. 

Figure 3-36 shows water vaporization curves from cellulose diacetate 

measured by heat-flux type DSC. When water is cooled from room 

temperature to 170 K at a cooling rate of 10 K min-1, crystallization was 

observed  at  255 K  due  to super cooling.  In the heating curve, vaporization
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Figure 3-36. Schematic DSC curves of water vaporization curves of cellulose. A: bulk water, 

B: non-freezing water, C: non-freezing water + freezing bound water, D: non-freezing water 

+ freezing bound water + free water. Measurements; heat-flux type DSC (Seiko Instruments), 

open type aluminium pan without lid was used. Scanning rate = 10 K min-1. Without gas flow. 

starts immediately after completion of melting. As shown in curve A in the 

figure, vaporization is completed at a temperature lower than 373 K and 

peak temperature is observed at around 350 K. Curve B shows a schematic 

vaporization curve of non-freezing water. Vaporization is completed at 

around 450 K, suggesting that water molecules are strongly restrained by 

hydrophilic groups of cellulose diacetate. Curve C shows a vaporization 

curve of non-freezing water and freezing bound water, and curve D shows 

three kinds of water, non-freezing, freezing bound and free water. The 

results shown in Figure 3-36 indicate that bound water content can be 

quantitatively estimated using vaporization curves when the experimental 

conditions are defined.

Compared with other methods, data obtained by vaporization 

measurements is markedly affected by experimental conditions. 

Reproducibility of the experiment is not high when it is compared with the 

method using melting or crystallization curves using DSC.  However, it is 

possible to obtain further information when vaporization curves are 

measured systematically.  For example, Figure 3-37 shows vaporization 

curves of various amounts of non-freezing water restrained by natural (A) 

and regenerated cellulose (B).  Water content in the figure shows no first 

order phase transition by DSC. Water molecules shown in this figure are 

restrained hydroxyl groups in the amorphous region and no-free water exists 

in the system. Vaporization curves show two or three peaks, especially when 

the water content is low. Vaporization curves of water from natural cellulose 

vary in a more complex manner than those of regenerated cellulose, 

suggesting the amorphous structure of natural cellulose is inhomogeneous.   
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Figure 3-37. DSC curves of vaporization of non-freezing water restrained by cellulose. 

Numerals in the figures show water content, A: cellulose I (cotton), B: cellulose II (viscose 

rayon, Experimental conditions; heat-flux type DSC (Seiko Instruments) heating rate = 10 K 

min-1, sample mass 1.6 - 1.9 mg (cotton), 1.2 -1.5 mg (viscose rayon) [56]. 

Hydrophilic samples such as cellulose adsorb water vapour in air during 

sample handling. 

Isothermal vaporization of non-freezing water restrained by natural 

cellulose was also carried out.  Figure 3-38 shows an isothermal vaporization 

curve at 323 K where major vaporization occurs within 20 seconds and 

terminates at around 100 seconds.  As described above, vaporization is 

markedly affected by experimental conditions, especially size and mass of 

sample and flow rate of atmospheric gas. The details are found elsewhere 

[56].  

0               60            120          180
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 Time / sec

Figure 3-38. Isothermal vaporization curve of non-freezing water restrained by cellulose I 

(cotton). Wc = 0.0044 g g-1, N2 flow rate = 30 ml min-1, temperature = 323 K. 
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By TG, the amount of water restrained by green polymers is also 

quantitatively obtained, although the initial condition of sample handling 

affects the data. The amounts of bound water (Wnf + Wfb) obtained by 

vaporization method measured by TG and DTA were compared with those 

obtained by DSC, although samples used were not cellulosic materials but 

lignin model compounds.  Results accorded with each other in a certain 

range, i.e, 5 to 15 % difference was observed when Wc was larger than 0.1 g 

g-1, however when the bound water content is smaller than 0.05 g g-1, the 

amounts of bound water measured by vaporization method were smaller than 

those measured by DSC. 

3.5 Visoelasticity of cellulose in water 

3.5.1 Viscoelastic measurements of cellulose in humid conditions 

In order to study the effect of water on viscoelastic properties of green 

polymers, in the initial stage of investigation, samples sorbing a certain 

amount of water were measured using a standard apparatus from 120 to ca. 

400 K without any special equipment.  Sorbed water evaporated 

immediately after melting of water. On this account, relaxation phenomena 

at a temperature lower than 273 K were reliable. In the last 20 years, various 

types of handmade [57] and commercially available apparatuses by which 

temperature and relative humidity can be controlled, have been developed 

(ref. Chapter 2, 1.4).  Two methods are ordinarily used, (1) atmosphere of 

the sample cell is purged with moisture with known relative humidity, and 

relative humidity changes stepwise at a constant temperature, (2) the sample 

is immersed in water and temperature of water controlled gradually [58-62]. 

Figure 3-39 shows the dynamic viscoelasticity of regenerated cellulose as 

a function of relative humidity (RH) at 303, 323 and 354 K.  Cellophane 

films were used. When the sorption isotherm of cellophane was measured as 

a function of RH at various temperatures, typical exothermic behaviour was 

observed.  The water regain at RH 100 % was ca. 30 % at 303 K, 27 % at 

323 K and 25 % at 353 K.  The amount of water regain decreased with 

increasing temperature in the whole RH range.  As shown in Figure 3-39, the 

dynamic modulus E’ decreased with increasing RH.  The above facts are 

explained as a scission of hydrogen bonding and plasticization of amorphous 

region by absorbed water.  At 303 K, E’ decreases slightly even at a high RH 

region.  It is thought that the cellophane sample is in a glassy state in the 

whole RH range at 303 K.  In contrast, E’ decreased markedly at 60 - 70 % 

at 323 and 353 K.  Tan δ peak was observed at 95 % RH at 323 K and 90 % 

RH at 353K.  From sorption isotherms, it was confirmed that tan δ peak 

corresponds  to  0.30 g g-1at 323 K  and   0.23 g g–1  at 353 K.   By DSC, free   
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Figure 3-39. Relationship between dynamic modulus (E’), tan δ and relative humidity of 

regenerated cellulose.  A: 303 K, B: 323 K, C: 353 K, Sample; Cellophane film without 

additives, thickness = 18 µm, uniaxial oriented, birefringence index Sn = 8.6 x 10-4,

crystallinity = ca. 48 % (by x-ray diffractometry) Measurements; dynamic viscoelastic 

measurements, Rheovibron DDV-IIC (Toyo Baldwin) equipped with a moisture generator, 

frequency = 110 Hz. 

water is observed at Wc = 0.23 g g-1.  The above facts suggest that the drastic 

decrement of E’ and tan δ peak is related to the formation of free water.  It is 

considered that molecular enhancement of amorphous chains is observed in 

the presence of water. The longitudinal and transverse relaxation times (T1

and T2) were measured as a function of water content at 298 K by nuclear 

magnetic relaxation measurements in a Wc from 0.2 to 0.35 g g-1. T1

decreased from 1.0 to ca. 0.4 sec and T2 increased from 0.1 to 3.5 msec, 

indicating water molecules restrained by cellophane films are in the state of 

a non-rigid solid.  X-ray diffractometry was carried out during water 

sorption (see Figure 2-20) and it was found that the half width of the peak 

and intensity were varied at RH where E’ decrement was observed. 

Figure 3-40 shows E’ and tan δ curves of untreated cellophane film in water 

from 274 to 268 K. Both heating and cooling curves are shown. A large 

hysteresis is observed, i. e., on heating, E’ values decreased from 0.7 GPa to 

0.4 GPa, and on cooling, E’ increased from 0.4 GPa to 1.15 GPa. Tan δ peak 

is observed at 283 K on heating and 293 K on cooling. When cellophane 

film is treated in boiling water for 48 hrs, tan δ peak was observed at the 

same temperature, although the hysteresis found in E’ curve decreased.  E’

values was measured isothermally at 343 K as a function of time and 
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activation energy was calculated as 28 kJ mol-1, assuming the Arrhenius type 

relaxation. It is thought that the relaxation at around room temperature is the 

local mode relaxation attributable to the cooperative motion of the pyranose 

ring and water.
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Figure 3-40. Dynamic modulus (E’) and tan δ of untreated cellophane in water. Sample; see 

caption of Figure 3-39, Measurements; Rheovibron DDV-IIC (Toyo Baldwin) equipped with 

a moisture generator, frequency = 110 Hz, heating and cooling rate = 1 K min–1, Temperature 

range 274 -268 K. 

3.6 Structural change of water in cellulosic hollow fibres 

When cellulosic materials are used as membranes, in biomedical 

materials, etc., it is important to investigate the water-cellulose interaction 

[63-65]. When the transport properties of water or small molecules in 

cellulosic materials are investigated, not only the role of non-freezing water,

but also the role of freezing water having disordered structure is thought to 

be important. In this section, phase transition behaviour of water trapped in 

cellulosic hollow fibres is described. Among polymeric membranes, 

hydrophobic synthetic polymers are also used for filtering contaminants 

from water. In the above polymers, the size of pores in the membranes is 

calculated by using super-cooling of crystallization of water.  However, the 

property of water in the hollow fibres obtained from hydrophilic polymers 

seems to behave in a more complex manner. 
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3.6.1 Preparation of cellulosic hollow fibres 

Cellulose triacetate powder (CTA) (acetyl contents, 39.8, falling ball 

viscosity; 10 sec) was dissolved in 1-methyl-2-pyrrolidinone and kept for 12 

hours at room temperature. The concentration was 9, 12, 15, 18 and 20 %. A 

fibre spinning system is shown in Figure 3-41. Dope (CTA solution) was 

directly introduced into the water bath through a spinlet. Water was 

continuously supplied to the winding machine so as not to dry up the fibre.  

Immediately after winding, the fibre was washed by flowing water in order 

to eliminate the solvent.  Part of the fibre was immersed in NaOH-water-

ethanol solution and hydrolyzed for 12 hours at room temperature. The 

hydrolyzed fibre was repeatedly washed in water until it became neutralized.  

At the same time, cellulose films were prepared from cellulose triacetate 

films using a method similar to that described above. By infrared 

spectroscopy, it was confirmed that the absorption band of the acetoxyl 

group disappeared after hydrolyzation. Never-dried cellulose acetate and 

cellulose fibres were used for the measurements. A cross section of hollow 

fibres is shown in Figure 3-42.

Size of fibre (denier and radius) and water content depend on the 

concentration of dope. When the dope concentration (wt %) increased from 

9 to 20 %, water content [(mass of hollow fibre as spun) / (mass of dried 

fibre), g g-1] decreases from 15 to 5 g g-1, and the radius of fibre increased 

from 0.15 to 0.31 mm. Cross section of CTA hollow fibres measured by 

scanning electron microscopy is shown in Figure 3-42. 

Figure 3-41. Preparation of cellulosic hollow fibre using a spinning apparatus. 1: syringe type 

pump, 2: filter, 3: speed controller, 4: spinlet (size of dope nozzle = 1.5 mm, diameter of 

nozzle = 0.8 mm, core solvent nozzle = 0.5 mm), 5: hollow fibre sample, 6: coagulating bath, 

7: fibre winder, 8: water shower, 9: winding counter, 10: winding speed controller, distance 

from nozzle to the surface of coagulating bath = 8 cm [66]. 
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Figure 3-42. Scanning electron micrograph of cross section view of cellulosic hollow fibre. 

3.6.2 Melting of water in hollow fibres 

Figure 3-43 shows DSC melting curves of cellulose triacetate (CTA) and 

cellulose hollow fibres with various water contents. The low temperature 

side peak is characteristically seen for both samples. When chemical 

structure is taken into consideration, in the case of CTA hollow fibres, water 

molecules interact  with  acetate groups  via weak  hydrogen  bonding.  This  
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Figure 3-43. DSC heating curves of water restrained by cellulose triacetate and cellulose 

hollow fibres with various water contents.  A: cellulose triacetate hollow fibre, B: cellulose 

hollow fibre. Experimental conditions; Sample preparation, CTA; Kodak CA-398-10, degree 

of acetylation 39.8 %, viscosity index 10, dope concentration 15 wt %. Solvent; 1-methyl-2-

pyrrolidinone Water content of the never-dried sample was changed by gradual evaporation. 

Power compensation type DSC (Perkin Elmer), heating rate = 10 K min-1, sample mass = 2 - 

3 mg.  Calibration material; pure water. 

suggests that the bound water content of CTA hollow fibre is small and most 

water in the fibres is freezing water (= free water + freezing bound water). 
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The melting of water in CTA hollow fibres starts at 265 K and shifts slightly 

with increasing Wc.  In contrast, the low temperature side melting of 

cellulose hollow fibre starts to deviate from the baseline at around 255 K. 

The main peak temperature of cellulosic hollow fibre is 5 K higher than that 

of CTA fibre.  Water-hydroxyl group interaction is thought to be established 

in cellulose hollow fibres. 

3.6.3 Pore size distribution of cellulose triacetate hollow fibre 

Pore size of hollow fibre can be controlled by changing spinning 

conditions, such as dope concentration, conformation of spinlet, winding 

speed and coagulation solvent.  Pore size is also controlled by adding a 

controlling agent in the dope. For example, poly(vinylpyrolidone) (PVP) 

(Mw = 1.0 x 104) was used as a controlling agent and was mixed with CTA 

using 1-methyl-2-pyrrolidinone as a solvent at 313 K. In order to eliminate 

PVP, 15 % methanol was added to water as a core solvent.  Figure 3-44 

shows a flow diagram of sample preparation and measurements. For 

reference, flat membrane was prepared using a similar method on a glass 

plate. Water content of CA hollow fibres spun without PVP ranged from 4.8 

to 5.4 g g-1 (standard deviation +/- 0.5 g g-1) and fibres spun with PVP were 

from 6.1 to 6.5 g g-1. It is thought that residual PVP in hollow fibres is 

negligible.

CA

HOLLOW FIBREFLAT MEMBRANE

CORE SOLSOLPVP

Mixing

Measurements

Casting Spinning

Coagulation

DOPE

Figure 3-44. Flow diagram of sample preparation and measurements. 

Pore size distribution of CA hollow fibres and surface morphology 

observed by scanning electron microscope is shown in Figure 3-45.  By 

adding pore controlling agent (PVP), pore size distribution broadens.  It is 

also clearly seen that the distribution is affected by spinning conditions.  
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Figure 3-45. Pore size distribution curves of CA hollow fibres and representative SEM 

micrographs of cross section. A: spun without pore size controlling agent (PVP), B: with 

PVP, I: core solvent water, II: 15 % methanol aqueous solution, Pore size was analyzed using 

scanning electron micrographs by image analysis software.  

Figure 3-46 shows DSC heating curves of the water restrained by never-

dried CA follow fibres prepared by different conditions.  Broad melting 

peaks with low temperature side peak are observed. The low temperature 

side peak is attributed to the freezing bound water which is restrained by the 

network matrix. Compared with DSC curves of hydrophobic hollow fibres, 

such as poly(methyl methacrylate), clear separation of both peaks was not 

observed for CA hollow fibres.  This is due to hydrophylicitiy of CA 

molecular chains.

Figure 3-46. DSC heating curves of water restrained by CA hollow fibres. A: spun without 

pore size controlling agent (PVP), B: with PVP, 1: core solvent water, 2: 15 % methanol 

aqueous solution, Experimental conditions; power compensation type DSC (Perkin Elmer), 

heating rate = 10 K min-1; sample mass = ca. 4 mg, alminium sealed type pan was used, N2

flow rate = 30 ml min-1.
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3.7 Crystallization of amorphous cellulose in the 

presence of water 

As described in 1.4 in this chapter, amorphous cellulose prepared by 

saponification of cellulose acetate crystallizes in the presence of water. 

Figure 3-47 shows DSC heating curves of amorphous cellulose treated at 

various relative humidities at room temperature.  Broad exotherms show the 

formation of inter-molecular hydrogen bonds.  Enthalpy of exotherm 

decreases with increasing RH %. The amount of residual free OH groups can 

be estimated from the area of exotherm [29, 67, 68]. 

Figure 3-48 shows wide angle x-ray diffractograms of various kinds of 

amorphous cellulose, treated amorphous cellulose and regenerated cellulose.  

It is clearly seen that amorphous cellulose crystallized to cellulose II type 

crystal when it is kept under humid conditions.   

Figure 3-49 shows relative values of non-reacted residual free OH groups 

of amorphous cellulose maintained at 80 and 100 % RH as a function of 

time.  After a certain induction time, the enthalpy decreases gradually.  

Relative value of non-reacted OH groups to total amount is calculated as, 

α =
∆H t

∆H0

 (3.6) 

where ∆Ht is enthalpy of exothermic peak of the sample treated for t

min and ∆H0 is that of original sample without any treatment. 
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Figure 3-47. DSC heating curves of amorphous cellulose treated at 80 % for various times, 

Numerals in the figure show treating time (min). Sample preparation, see secton 2.4. of this 

chapter.  Measurements; power compensation type DSC (Perkin Elmer), heating rate = 10 K 

min-1 N2 flow atmosphere, sample mass = ca. 8 mg. 
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Figure 3-48. X-ray diffractrogrms of amorphous cellulose (A: amorphous cellulose annealing 

at 383K for 4 hrs in completely dry state (B), recrystallized cellulose by immersing 

amorphous cellulose in water for 24 hrs (C) and regenerated cellulose (cellophane) (D). 

The decrease of α values suggests that the hydrogen bonding and/or 

crystallization occurs during treatment under humid conditions.  In order to 

confirm the above fact, the rate of H  D exchange was measured by IR 

spectrometry, since absorption bands, OH and OD stretching, have a relation 

to amorphous fraction of cellulose. The fraction of OH groups which are 

located in the amorphous regions was measured by deuteration of the 

samples in the vapour phase (Sample cell designed for H to D exchange was 

shown in Figure 2.19).

100             101 102 103
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Figure 3-49. Relationships between the relative fraction of non-reacted portion and time of 

conditioning of amorphous cellulose, A: RH = 80, B: 100 %. 
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Figure 3-50 shows representative IR spectra of amorphous cellulose that 

contacted with D2O vapour for various time intervals. The baseline optical 

density (ref. Chapter 2 Figure 2-20) of the OH band at 3360 cm-1 and OD 

band at 2530 cm-1 were calculated using the band of 2900 cm-1 (CH and CH2

stretching) as an internal standard. Using an internal standard, differences 

among samples such as film thickness can be cancelled out.  The ratio of the 

baseline optical density of the two bands is given by 

Optical density (OD) =log
I0

I

 
 
  

 
 OD/log

I0

I

 
 
  

 
 CH (3.7) 

I0 corresponds to line AB and I to line CB shown in Chapter 2 (Figure 

2.20) Relative optical density (ROD) is defined as follows, 

∞

=
OD

OD
ROD t  (3.8) 

where ODt is the relative optical density of the OD band of the sample 

treated for a certain time t and OD  is the relative optical density of OD 

band at the time where no further reaction can be observed.  Figure 3-51 

shows the representative relationship between ROD and deutration time.  

Each sample was treated by H2O vapour for a predetermined time.  After the 

sample was completely dried, D2O vapour was introduced to the sample and 

maintained until IR spectra maintained a constant pattern. From the curves 

shown in Figure 3-51, it takes time for H D exchange when the sample is 

treated in H2O vapour shorter than 102 min.  However, treating time in H2O

vapour increased, H m D exchange is carried out more rapidly.  
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Figure 3-50. Representative infrared spectra of amorphous cellulose films deuterated by D2O. 

A: original sample, B: 100, C: 200 min, D: 300 min. Measurements; IR spectrometer (Perkin 

Elmer).  The sample holder shown in Chapter 2 (Figure 2-19) was used. Deuteration was 

carried in the vapour phase. The reaction was stopped at different stages.
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Using relative optical density, diffusion coefficient of D2O to amorphous 

cellulose film was calculated using the following equation.  For the 

calculation, it is assumed that the shape of sorption isotherms are not 

different from each other and concentration dependency of diffusion 

constant, D, is negligible.

dC

dt
= D

d
2
C

dx2

 
 
 

 
 
 (3.9)

Where C is the concentration at time t and co-ordinate x which 

corresponds to thickness of cellulose film.  If the film is semi-infinite, 

equation (1) gives on solution 
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Where Mt is the amount sorbed at time t, M the amount sorbed after 

infinite time, and L is the thickness of the film.  Mt corresponds to ODt and 

M  corresponds to OD .  Thus, equation (3) is obtained
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Where D* is diffusion constant calculated from baseline optical density. 

Values of ODt / OD  were plotted against t1/2, and D* values were calculated 

from the gradient of curves of samples conditioned at different relative 

humidity for various time intervals, Figure 3-51 shows the relationships 

between D* and treatment time.  D* decreases up to ca. 102 min and then 

increases gradually. 

Heat capacity of amorphous cellulose with water content 0.14 g g-1 was 

measured as a function of time. It is thought that structural change occurs 

while holding the sample at 325 K.  As shown in Figure 3-53, the minimum 

point was observed at around 500 - 600 min. Non-freezing water content of 

amorphous cellulose depends on time of conditioning due to the change of 
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the higher order structure.  The amount of water in the sample shown in 

Figure 3-53 is categorized into non-freezing water (ref. 3.2.3).  It is clearly 

seen that molecular chains are rearranged, crystalline structure is formed at 

around 400 min in the presence of non-freezing water and the higher order 

structure of amorphous regions successively varied following the increase in 

molecular regularity of the crystalline region. 

100          101                   102                103
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Figure 3-51. Relative optical density of amorphous cellulose maintained at RH 100 % for 

various times as a function of deutration time in the vapour phase. 

Figure 3-52. Diffusion constant calculated from change of relative baseline optical density 

with deueration time of amorphous cellulose conditioned at 80 and 100 % relative humidity 

of H2O vapour. 
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Figure 3-53. Change of heat capacities of amorphous cellulose with water content 0.14 g g-1

at 325 K as a function of time. Sample: amorphous cellulose was conditioned in 100 % 

relative humidity and sealed hermetically in an aluminium pan after 14 min conditioning. 

Water content at 14 min was 0.14 g g-1.  Heat capacity was measured by power compensate 

type DSC (Perkin Elmer) in a temperature range from 320 to 330 K repeatedly.  The amount 

of water was not varied. Holding time was varied from 14 to 665 min. 

Longitudinal (T1) and transverse (T2) relaxation times of 1H relaxation 

were obtained for amorphous cellulose at 100 % RH at 293 K as a function 

of conditioning time.  As shown in Figure 3-54, it is clearly seen that 

structure of water changes at around 103 minutes where Cp values also 

markedly changed. In the presence of small amounts of water, cellulose 

molecules can rearrange easily by the effect of water which causes the initial 

hydrogen bonding formation of cellulose.  Judging from the results showing 

that the relative value of amorphous fraction stays constant, while 

conversion from H to D increases gradually in the initial stage of 

conditioning, the rearrangement of molecules does not occur as a whole but 

only partly in the vicinity of OH groups which can affect the process of H to 

D exchange.  Then, if larger amounts of water are supplied in a wet 

atmosphere, the excess water breaks the initially formed hydrogen bond 

between OH groups, and cellulose molecules rearrange more freely and 

crystalline structure is formed. 

Once molecular chains move in a long range order and crystalline region 

is formed, the molecular chains which are not included into the crystalline 

region are randomly arranged as an amorphous region accompanying with 

free volume, in which D2O vapour diffuses freely. Increase of D* in the long 

time conditioning can be explained by formation of the amorphous region 

with free space. Heat capacity data also support the above interpretation.  

Once molecular chains move in a long range order and crystalline region is 

formed, the molecular chains which are not included into the crystalline 
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region are randomly arranged as an amorphous region accompanying with 

free volume, in which D2O vapour diffuses freely. Increase of D* in the long 

time conditioning can be explained by formation of the amorphous region 

with free space. Heat capacity data also support the above interpretation.    

Figure 3-54. Longitudinal (T1) and transverse (T2) relaxation times as a function of 

conditioning time of amorphous cellulose at 100 % RH at 293 K. NMR spectrometry 

(Nicolet) T2 values were measured by the 180-τ-90 degree pulse technique and T2 values were 

obtained by the free induction decay following the 90 degree pulse. 

4. LIQUID CRYSTALS AND COMPLEXES 

4.1 Phase transition of carboxymethylcellulose-water 

systems

In this section, phase transition behaviour of sodium carboxymethyl-

cellulose (NaCMC)-water system in a Wc ranging from 0 to ca. 5 g g-1 (for 

definition of Wc, see equation 3.3) is investigated by DSC.  Figure 3-55 

shows stacked DSC heating curves of NaCMC with water content (Wc)

ranging from 0 to 2.0 g g-1 in a temperature range from 150 to 350 K.  All 

samples were cooled from 350 to 150 K at a cooling rate of 10 K min-1.

From the low to high temperature side, glass transition temperature (Tg),

cold crystallization temperature (Tcc), melting of water accompanied with 

shoulder peak in the low temperature side (Td) and liquid crystal to liquid 

transition (T*) are observed.  When NaCMC-water system with Wc ca. 1.0 g
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Figure 3-55. DSC heating curves of NaCMC-water systems with various water contents. Tg:

glass transition temperature, Tcc: cold crystallization temperature, Tm: melting temperature, T*

liquid crystal to liquid transition temperature. Experimental conditions; NaCMC, degree of 

substitution = 0.95 Power compensation type DSC (Perkin Elmer), heating rate = 10 K min-1,

sample mass = ca. 3 mg, aluminium sealed type pan [69]. 

Figure 3-56. Effect of thermal history on DSC curves of NaCMC-water system with water 

content ca. 1.0 g g-1. Scanning rate = 10 K min-1,  -----: quenching, Experimental conditions: 

see Figure 3-55 caption. 

g-1 was observed using a polarizing microscope at 298 K, a clear liquid 

crystalline pattern characterized by nematic crystals was found.  When Wc is 

less than ca. 0.4 g g-1, Tg and Tc* can be seen, Tcc is observed in a narrow Wc

region from ca. 0.5 to 1.5 g g-1, where Tm increases gradually.  T* decreases 

with increasing Wc. T* could not be detected at around Wc = ca. 4.0 g g-1.



86 Chapter 3

Thermal history affecting the transition behaviour of NaCMC-water 

system with Wc = 1.0 g g-1 is shown in Figure 3-56.  When the system was 

cooled from 350 K to 150 K at cooling rate of 10 K min-1, liquid to liquid 

crystal transition (Tc*) and crystallization (Tc) are reversibly observed (curve 

A). Glass transition, shallow exotherm due to cold crystallization, broad 

melting peak and liquid crystal to liquid transition can be seen in the heating 

curve scanned at 10 k min-1 (curve B).  When the system is quenched, the 

baseline gap due to glass transition increases and cold crystallization peak 

increases.

Phase diagram of NaCMC water systems was established using phase 

transition temperatures shown in Figure 3-57.  As shown in Figure 3-57, Tg

decreases in the initial stage, reaches the minimum point and then gradually 

increases.  Tcc starts to be detected at a Wc where Tm is also detectable, 

although Tm is far lower than that of bulk water.  Tm gradually increases and 

levels off at around Wc where Tg can not be observed.  T* can be found at the 

Wc where Tg can be detected.  This diagram indicates that molecular motion 

of NaCMC is enhanced when a small amount of water is introduced. Inter-

molecular bonding is broken when Tg is detected. At the same time, NaCMC 

molecules align in the same direction.  When the amount of water increases, 

a part of frozen water crystallizes at Tcc into irregular ice which melts at a 

temperature far lower than that of bulk water. When free water is formed in 

the system, free molecular motion of NaCMC is restricted and Tg increases 

gradually.  Tg becomes impossible to observe, when there is an excess 

amount of free water.  

Figure 3-57. Phase diagram of NaCMC-water systems. Tg: glass transition temperature, Tcc:

cold crystallization temperature, Tm: melting temperature, T*: liquid crystal to liquid 

transition temperature. 
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4.2 Liquid crystal of carboxymethylcellulose substituted 

by various cations 

CMC samples substituted by various cations as shown in Table 3-8 were 

measured using a similar method to that described in 3. 4. 1 in the presence 

of Wc = ca. 1.0 g g-1.  Although water solubility of substituted CMC 

decreased with increasing valency, molecular alignment was clearly 

observed for all CMC samples by polarizing light microscopy. 

Table 3-8. Degree of substitution of carboxymethylcellulose with various cations 

Valency Cation Degree of substitution

Monovalent Li 0.61

Na (0.48), 0.60, (0.8, 1.4, 1.7)

K 0.59

Cs 0.63

Divalent Mg 0.59 

Ca 0.57 

Ba 0.56 

Trivalent Al 0.57 

Na
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Cs

Mg

Ca

Ba

300             320            340
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Figure 3-58. DSC heating curves of CMC substituted by various cations in the presence of 

water (Wc = ca. 1.0 g g-1). Power compensation DSC (Perkin Elmer),  heating rate = 10 K 

min-1, sample mass = ca.6 mg [70]. 

By DSC measurement, a small broad peak due to phase transition from 

liquid crystal to liquid could be observed. In Figure 3-58, representative 

DSC heating curves in a temperature range of liquid crystal transition are 

shown. The temperature from the liquid crystal to isotropic liquid phase is 

observed at around 300 to 320 K and no large difference is found if counter 

ions are changed.



88 Chapter 3

4.3 Effect of substituted mono- and divalent cations on 

non-freezing water content of 

carboxymethylcellulose-water systems 

Water-cellulose derivatives interaction in the presence of cations has been 

investigated by many researchers [71-78].  Bound water content of NaCMC-

water systems was estimated from melting enthalpy using equation 3.4.

Figure 3-59 shows the relationship between non-freezing water content 

(Wnf), free water content (Wf) and Wc.  The amount of Wnf is far larger than 

that of cellulose due to sodium ion.  At the same time, a small peak is 

observed at around Wc 1.0 g g-1 from where freezing water can be detected.  

It is clear that freezing bound water of NaCMC exists in a Wc ranging from 

0. 5 to 0.10 g g-1, melting peak temperature was observed from Wc 0.5 g g-1 

at a temperature far lower than that of bulk water in the phase diagram, as 

shown in Figure 3-59.  In spite of the above facts, enthalpy of freezing 

bound water is almost negligible, and on this account,  Wfb values are 

ignored in Figure 3-59.

Figure 3-59. Relationship between non-freezing water content (Wnf), free water 
content (Wf) and Wc of NaCMC. DS=1.4, Mv =7.8 x 104.

The relationship between degree of substitution (DS) and Wnf is shown in 

Figure 3-60.  Wnf values increase with increasing DS. This suggests that 

number of Na ions markedly affects the amounts of non-freezing water.    
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Figure 3-60. Relationship between degree of substitution (DS) and non-freezing water 

content of NaCMC. (Mw. See Table 3-5) [71]. 

When Na ions in NaCMC are converted into divalent ions, such as Ca or 

Fe ions in aqueous media, water insoluble CMC is obtained. The 

experimental procedure for sample preparation from NaCMC to CaCMC is 

shown in Figure 3-61 as an example. NaCMC aqueous solution was 

extended on a glass plate, immersed in CaCl2 aqueous solution and then 

transferred into a water bath after coaggregation was completed. Water 

insoluble films or sheets were obtained after drying.  The colour of films  

varied according to the kind of counter ions, i.e. divalent Fe was brown,  Mn 

transparent, Sn white, Cu blue, Ca turbid white, etc. CoCMC was pink, 

however it was partially soluble in water.  By the substitution of trivalent Al 

and Fe, water insoluble films were also obtained. Mechanical properties of 

the above obtained films were tested using an Instron type tester. 

Representative results of breaking strength, elongation at break and elastic 

modulus (E ) are shown in Table 3-9. By intermolecular bonding, breaking 

strength increases, and in contrast elongation at break markedly decreases. 

Figure 3-61. Example of sample preparation of di- and trivalent cation substituted CMC films. 
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Table 3-9. Mechanical properties of Na-, Cu- and FeCMC films in dry state 

Ion σb/ MPa εb/ %  E/GPa

Na 45 19.7 1.8 

Cu 59 9.0 2.6 

Fe 61 3.2 2.4 

Figure 3-62. Relationship between non-freezing water content and water content (Wc) of 

NaCMC, MgCMC and AlCMC. 

Figure 3-63. Non-freezing water content (Wnf) and number of water molecules attaching to 

each repeating unit of CMC (N) of mono- and divalent cation substituted CMC as a function 

of ionic radius. A: Wnf, B: N, I: Monovalent cations (Li, Na, K, Cs), II: Divalent cations (Mg, 

Ca, Ba). 
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Figure 3-62 shows the relationships between Wnf and Wc of three 

representative mono-, di-valent cation substituted CMC.  Wnf value of 

NaCMC is the largest and Wnf value decreases in the order of valency. 

Figure 3-63 (A) shows relationships between the maximum Wnf  (g g-1)

values of mono- and divalent cations substituted CMC and ionic radius 

(nm).  Wnf decreases linearly with increasing Wc.  The number of water 

molecules restrained by repeating unit of each CMC was calculated and the 

mol number is plotted against ionic radius in Figure 3-63(B). Concerning 

potassium ion, N value shown in Figure 3-63 (B) deviates from the linear 

line. This suggests that irregular behavior of potassium ion in aqueous 

solutions may be concerned with this phenomenon [72].   

4.4 Heat capacity of carboxymethylcellulose in the 

presence of water 

Figures 3-64 and 3-65 show representative Cp curves of NaCMC with 

various amounts of water.  Water content shown in the figures is categorized 

into non-freezing water from the results of Figure 3-59.  Tg of dry NaCMC 

was observed at around 410 K.  Glass transition temperature (Tg) of NaCMC 

having non-freezing water shifts to the low temperature side.  

  

120             170              220              270              320

T / K

0.38 0.20

0.47

0

3.0

2.0

1.0

0

Figure 3-64. Heat capacity curves of NaCMC (DS = 1.4) in the presence of various amounts 

of non-freezing water. Numerals shown in the figure are non-freezing water contents (g g-1).

Samples; Mw see Table 3-5, NaCMC powder was solved in water (4 wt %) and extended on a 

glass plate. Films with 0.2 mm thickness were obtained, dried at room temperature and heated 

at 390 K for 10 min in order to eliminate residual water.  Measurements; heat-flux type DSC 

(Seiko Instruments DSC 220C), open type aluminium pan, heating rate = 10 K min-1, sample 

mass = ca. 5 mg, Cp calculation; Sapphire was used as a standard material (Seiko heat 

capacity software was used) [79]. 
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120             170              220              270              320

T / K

0.30

0.43

0.51

0

3.0

2.0

1.0

0

Figure 3-65. Heat capacity of NaCMC (DS = 1.7) in the presence of various amounts of non-

freezing water.  Numerals in the figure show non-freezing water content. 

Figure 3-66 (A) shows the relationship between Tg and water content.  Tg

values are magnified in a Wc range from 0.2 to 0.5 g g-1 in Figure 3-66 (B). 

As shown in Figure 3-66 (A), Tg decreases abruptly in a Wc range from 0 to 

0.2 g g-1.  As shown in the magnified figure (B), Tg decreases with increasing 

DS.

Figure 3-66. Glass transition temperature of NaCMC with various degrees of substitution and 

non-freezing water content (A), and magnified curves (B).  Numerals in the figure show 

degree of substitution (DS), Experimental conditions; see Figure 3-64 caption. 
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0                0.2               0.4              0.6

0.6

0.8

1.4

1.7

0.5

1.0

1.5

0

Wc / g g-1

Figure 3-67. Relationships between heat capacity of NaCMC with various degrees of 

substitution at 173 K and water content. Numerals in the figure show degree of substitution. 

Figure 3-67 shows Cp of NaCMC with various amounts of non-freezing 

water at 173 K.  It is clearly seen that Cp values of NaCMC at the glassy 

state markedly decrease in the presence of non freezing water.  The 

minimum Cp value is found at around Wc = 0.3 g g-1 regardless of Mw and 

DS.  Hydrogen bondings and ionic bonds are dissociated by the absorption 

of non-freezing water and distorted molecular chains which are formed 

during drying reorganize gradually and more ordered structures are formed.  

This fact  is observed as a decrease of heat capacity which suggests that 

CMC molecules take a more stable state in the presence of non-freezing 

water.

4.5 Phase transition behavior of sodium cellulose sulfate  

Sodium cellulose sulfate (NaCS) is a representative cellulose ester (See 

Table 3-2). NaCS is a water soluble cellulose derivative [80].  NaCS-water 

systems form lyotropic thermotropic liquid crystal in a characteristic 

concentration and temperature region [81].  

Figure 3-68 shows DSC curves of cellulose sulfate-water system with 

water content of 1.26 g g-1. When the system is cooled from 350 K to 150 K 

at 10 K min-1, a small exotherm due to transition from liquid to liquid 

crystalline phase and a large exotherm due to crystallization of freezing 

water peak are observed (curve A).  In heating curve glass transition, a 

shallow exotherm due to cold-crystallization, an asymmetrical melting peak 

of water having a long tail in the slow temperature side and a broad 

endothermic peak due to transition from liquid crystal to liquid state are 

observed (curve B).  A   large   temperature  difference between (T*- Tm) and
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Figure 3-68. DSC curves of sodium cellulose sulfate (NaCS)-water system with water content 

= 1.26 g g-1.  A: cooling curve, B, C and D: heating curves, ------: quenching, Tg: glass 

transition temperature, Tcc: cold crystallization temperature, Tm: melting temperature, T*:

transition temperature from liquid crystalline to liquid phase, Tc*: transition temperature from 

liquid to liquid crystalline phase, Tc: crystallization. Experimental conditions, Samples; 

degree of substitution = 2.26, Measurement; power compensation type DSC (Perkin Elmer), 

scanning rate = 10 K min-1, sample mass = ca. 5 mg. 

  

T / K
230 310290270250

0.52
0.62

0.70

0.88

1.08

1.23
1.36

1.80

2.03

Figure 3-69. Stacked DSC heating curves of NaCS-water systems in a temperature from 230 

to 320 K [81]. 
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(Tc* - Tc) suggests that crystallization occurs immediately, once molecular 

alignment is completed.  By quenching, baseline gap at Tg increases, cold-

crystallization peak becomes larger and the sub-melting peak is observed 

clearly in the low temperature side of the main melting peak [82, 83].   

Figure 3-69 shows stacked DSC heating curves of NaCS-water systems 

with various water contents in a temperature range from 230 to 350 K. All 

samples were heated once to 350 K and cooled to 150 K at 10 K min-1. T*

shifts to the low temperature side and the size of the peak decreases with 

increasing Wc .  Cold crystallization is not clearly seen at a water content 

lower than 0.6 g g-1. Tm gradually approaches the Tm of bulk water with 

increasing Wc. Glass transition was found in DSC curves of the samples with 

Wc range from ca. 0.3 to 1.3 g g-1, although the temperature range where 

glass transition is observed is not shown in Figure 3-69. 

Using peak temperature of glass transition, cold crystallization, melting 

and liquid crystalline state to liquid state transition, a phase diagram was 

established as shown in Figure 3-70. 

Figure 3-70. Phase diagram of sodium cellulose sulfate (NaCS)-water systems. Tg: glass 

transition temperature, Tcc: cold crystallization temperature, Tm: melting temperature, T*:

transition temperature from liquid crystal to liquid state. 
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4.6 Heat capacity of non-freezing water restrained by 

sodium cellulose sulfate-water systems 

The amount of non-freezing water was calculated by enthalpy of melting 

of NaCS-water systems.  The relationship between non-freezing water 

content, freezing water content and water content of NaCS-water systems is 

shown in Figure 3-71.  The maximum amount of non-freezing water is ca. 

0.4 g g-1.

Figure 3-71. Relationship between non-freezing water content, freezing water content and 

water content of sodium cellulose sulfate (NaCS)-water systems. Wf: free water content, Wnf:

non-freezing water content. Experimental conditions; see Figure 3-68 caption. 

Heat capacities of NaCS-non-freezing water system (Wc  = 0.15 g g-1)

were measured by DSC in a temperature range from 240 to 320 K.  Sapphire 

was used as a reference material.  As shown in the phase diagram in Figure 

3-71, no phase transition is observed for the system with Wc = 0.15 g g-1 in 

the above temperature range. Cp values of NaCS-nonfreezing water system 

(Figure 3-72, curve C) in the above temperature range are larger than those 

calculated from simple additivity law (curve D). 

If it is assumed that structural change of NaCS-non-freezing water system 

is attributable only to non-freezing and not to NaCS, Cp values of non-

freezing water can be calculated. Calculated values are shown in Figure 3-

73. Cp values are far larger than those of normal ice (hexagonal crystal).  In 

fact, it is thought that Cp values of NaCS also decrease since molecular 

rearrangement commences in order to form liquid crystal.  Hence, real Cp

values of non-freezing water should be higher than those calculated.  It can 
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be said that non-freezing water molecules form a random and irregular 

structure.

  

240                    280                   320

1.8

1.6

1.2

A

B

C

D

T / K

Figure 3-72. Heat capacities of dry NaCS, water and NaCS-water system with Wc 0.15 g g-1.

Line A: Cp of water, B: dry NaCS, C: NaCS-water system with Wc = 0.15 g g-1, D: calculated 

values assuming simple additivity law. Measurement conditions. Power compensation type 

(Perkin Elmer), heating rate = 10 K min-1, sample mass = ca. 5 mg. 

240                 280                320

2.0 A

T / K

B
C

4.0

6.0

Figure 3-73. Heat capacities of water, ice and non-freezing water of NaCS-water system. A: 

Cp of ice, B: calculated Cp of non-freezing water, C: calculated Cp based on references [35]. 
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4.7 Liquid crystallization of sodium cellulose sulfate-

water system 

Figure 3-74. Polarized light micrograph of NaCS-water system with Wc = ca. 
10 g g-1. The samples were extended on a slide glass and covered with a 
cover glass.

Cellulose sulfate is a representative cellulose derivative in ester form (see 

Table 3-2). Sodium salt of cellulose (NaCS) is a water soluble 

polysaccharide electrolyte and is widely used in industrial fields. When 

highly concentrated aqueous solutions of NaCS-water systems are observed 

using  polarized  light  microscopy,  thermotropic  lyotropic  liquid  crystal is  

0            1             2             3           4

Time / min

A

B

C

Figure 3-75. Isothermal liquid crystallization of NaCS-water systems with Wc = 0.6 g g-1. 254 

K (curve A), 255 K (curve B), 256 K (curve C).  Experimental conditions; The samples were 

maintained at 320 K for 5 min, quenched to each temperature and maintained for 10 min. 

Power compensation type DSC (Perkin Elmer), sample mass = ca. 5 mg. 
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observed.  Figure 3-73 shows polarized light micrographs of NaCS-water 

systems with Wc = ca. 10 g g-1.  The amount of Wc is not accurately weighed 

due to vaporization that occurs during measurements.  When the sample was 

dried sandwiched between two glass plates, an oriented structure was 

maintained. 

Isothermal liquid crystallization of NaCS-water systems was carried out 

by DSC at various temperatures, as shown in Figure 3-75.  During 

isothermal liquid crystallization, two peaks were observed, especially when 

the temperature was high.  This suggests that the liquid crystalline state is 

inhomogeneously formed depending on temperature. Immediately after the 

completion of isothermal liquid crystallization, the sample was heated at 10 

K min-1 to 350 K. A broad endotherm with two peaks was observed.  

During isothermal crystallization, the samples were annealed and the 

high temperature side peak was newly formed.  When heating rate 

decreased, the high temperature peak was also observed.  Enthalpy of 

transition increased by annealing. This indicates that liquid crystallization is 

accelerated by annealing. Figure 3-76 shows relationships between transition 

enthalpy from liquid crystalline state to liquid state (∆H*) and water content 

(Wc) of NaCS-water systems. Samples were annealed at around the transition 

temperature from liquid to liquid crystalline state. Enthalpies of annealed 

samples (line B in Figure 3-76) are higher than those of non-treated ones in a 

whole range of water contents. 

0.2         0.6         1.0         1.4

16

12

8

4

0

A

B

Wc / g g-1

Figure 3-76. Relationships between enthalpy of liquid crystalline to liquid state transition  

(∆H*) and water content (Wc) of NaCS-water systems. A: non-treated, B: annealed.  

Annealing was carried out at a temperature range of Tc* [84]. 
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Figure 3-77. Relationships between d and temperature of NaCS-water systems at different 

Wc, A: 0.70, B: 0.89, C: 1.25, D: 1.40 g g-1.  Experimental conditions; Wide angle x-ray 

diffractometer, CuKα. 40 kV, 300 mA.  Temperature was increased stepwise.  Accuracy of 

temperature +/- 05 K [84].   

In order to obtain direct evidence of the liquid crystal formation of 

NaCS-water system, x-ray diffractometry was carried out as a function of 

temperature. X-ray diffractograms of NaCS-water systems where the liquid 

crystal is observed by DSC, showed that 2θ = ca. 6 degrees was observed.  

Although x-ray measurements were carried out isothermally, the results 

agreed well with those obtained by DSC.  In both heating and cooling 

processes, a broad peak at around 6 degrees was observed.  Figure 3-77 

shows the relationships between the intermolecular distance calculated from 

x-ray diffractogram (d) and temperature of NaCS-water systems with Wc =

0.7 (curve A), 0.89, (curve B) 1.25 (curve C) and 1.40 (curve D) g g-1.  As 

shown in Figure 3-76, NaCS-water system with Wc = 0.7 g g-1 contains no 

free water, and on this account, the temperature range showing the liquid 

crystalline state is wide.  At the same time, d values in the liquid crystalline 

state increase with increasing water content.

Figure 3-78 shows the relationship between the mean d values of the 

liquid crystalline state and water content.  It is clear that d expands with 

increasing water content. When about two water molecules are restrained by 

one repeating unit of NaCS (DS = 2.2), the main chain motion is enhanced.  

The NaCS molecules associating with water molecules align when 4 - 5 

water molecules are bound to one hydroxyl group and two Na+ ions per 

repeating unit. The intermolecular distance calculated by x-ray 

diffractometry was 1.4 to 1.6 nm. The values correspond to the structure 

where Na+ ions are sandwiched between two cellulosic chains.  With 

increasing Wc, the intermolecular distance increases and temperature range 
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showing the liquid crystalline state becomes narrower.  The liquid crystalline 

phase disappears when Wc is larger than the critical value of 1.5 g g-1.

    

0.5                   1.0                  1.5

Wc / g g-1
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Figure 3-78. Change of intermolecular spacing (d) of liquid crystalline state of NaCS-water 

systems as a function of water content (Wc).

4.8 Nuclear magnetic relaxation of 
1
H and 

23
Na of 

NaCS-water as a function of temperature 

The 1H longitudinal relaxation time (T1) and transverse relaxation time 

(T2) of water in the NaCS-water systems with various water contents were 

measured as a function of temperature [69, 85-88]  The T1 and T2 values are 

shown in Figure 3-79 as a function of inverse absolute temperature. A 

minimum value was observed in T1 curves in a temperature range from 230 

to 250 K depending on water content.  The values of T1 at the minimum 

point also depend on water content, and the appearance of the T1 minimum is 

explained in connection with correlation time (τc).  A marked decrease found 

in T2 curves is observed in a temperature lower than 260 K, i.e. the smaller 

the water content, the steeper the T2 decrease. Since the T2 value reflects 

averaged molecular motion of water in the system, it is clear that molecular 

motion changes considerably at that temperature.  
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Figure 3-79. 1H longitudinal, and transverse relaxation times (T1 and T2) as a function of 

reciprocal temperature of NaCS-water systems at various temperatures. Water content of 

samples; A: 0.83, B: 1.24, C: 1.58 g g-1. Experimental conditions; T1 was measured by the 

180-t-90 degree pulse method, T2 was measured by either the Meiboom-Gill variant of the 

Carr-Purcell method or the solid echo method. 

Figure 3-80 shows relationships between 1H longitudinal, transverse 

relation times (T1 and T2) and water content  (Wc) of NaCS-water systems at 

various temperatures. It is only possible to distinguish a limited number of 

perturbed sites by NMR.  On this account, in NaCS-water system, as 

described in the previous sections, the results of DSC indicate that  two 

groups of water exist.  If two sites represent free water fraction (Pf) and 

bound water fraction (Pb) then the following equations are derived.

Pf + Pb =1 (3.13)

if it is assumed Ri =
1

Ti

 (i=1,2) 

where T is relaxation time, then 

Ri = Pf Rif + Pb Rib (3.14)
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Figure 3-80. Relationships between 1H longitudinal and transverse relation times (T1 and T2)

and water content  (Wc) of NaCS-water systems at various temperatures.  A: 293 K, B: 268 K, 

C: 248 K. 

In the free water, the extreme narrowing condition is fulfilled and in this 

case,

R1f = R2 f = Rf (3.15)

The equation 3.14 is rewritten as, 

R1 − Pf Rf( )
R2 − Pf Rf( )=

R1b

R2b

(3.16)

The relaxation rates of bound water are expressed as [89] 

1

T1b

= G ki
i

τ ci

1 +ω0

2τ ci
2 +

4τ ci

1 + 4ω0

2τ ci
2

 
 
 

 
 
  (3.17) 

1

T2b

=
1

2
G ki

i

3τ ci +
5τ ci

1 +ω0

2τ ci
2 +

2τci

1 + 4ω0

2τ ci
2

 
 
 

 
 
  (3.18) 

where ki = 1
i

, G is the interaction constant determined by the 

magnitude of the relaxation, ω0 is the angular resonance frequency and τci is 
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the correlation time.  Although the above equations 3.17 and 3.18 assume 

multiple correlation times in the systems, if it is assumed that only one 

average correlation time τc represents the relaxation of bound water, the 

equations from 3.13 to 3.18 can be combined and equation 5.8 is obtained. 

T2b

T1b

=
2

1

1 +ω0

2τci

2 +
4

1 + 4ω0

2τci

2

 

 
 

 

 
 

3 +
5

1+ ω0

2τci

2 +
2

1+ 4ω0

2τci

2

 

 
 

 

 
 

(3.19)

Equation 3.19 is a function of ω0τc.  When τc values calculated from the 

equation 3.8 are plotted against the inverse absolute temperature, the τc

values depend on temperature not on water content.  The values increased 

from 10-8 sec at 260 K to ca. 3 x 10-6 sec at 200K. The above fact indicates 

that the bound water in the NaCS-water system is in the state between 

viscous liquid and non-rigid solid in this temperature range.  When the ln τc

is plotted to the inverse absolute temperature, a linear relationship can be 

obtained as shown in Figure 3-81.  The temperature dependency of τc is 

expressed by the Arrhenius equation as shown in the equation 3.9. 

4.0                 4.5                 5.0

10-6

(103 /T ) / K-1

10-7

10-8

1.58

1.40

1.03

Figure 3-81. Relationships between the average correlation time (τc) of 1H longitudinal of 

NaCS-water systems at various water contents. Wc, A: 1.03, B: 1.24, C: 1.40, D: 1.58 g g-1.
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τc = τ0 exp
Ea

RT

 
 
  

 
  (3.20)

The calculated Ea values were from ca. 18 to 29 kJ mol-1 depending on 

Wc.

Figure 3-82 shows the relationships between T1 values of 23Na and 

inverse absolute temperature (A) of representative NaCS-water systems, i.e. 

the sample with Wc = 0.59 g g-1 contains non-freezing water and forms liquid 

crystal, and the sample with Wc = 0.96 g g-1 contains non-freezing water and 

a small amount of free water. Since the temperature range where the liquid 

crystal forms is narrow, the sample with Wc =1.94 g g-1 contains both non-

freezing water and free water does not form liquid crystal. 

Figure 3-83 shows 23Na longitudinal and transverse relation times (T1 and 

T2) as a function of water content (Wc) of NaCS-water systems at various 

temperatures. Two types of transverse relaxations are observed. One is slow 

and the other is fast relaxation, suggesting that the transverse relaxation 

decays in a non-exponential manner.  In this case, the transverse relaxations 

produced by a quadrapole interaction are the sum of two or more decaying 

exponentials.  As shown in Figure 3-82, the longer transverse relaxation time 

(T2s) decreases with decreasing temperature, although the shorter relaxation 

time (T2f) does not change much with temperature.  A sudden decrease of T2s

values at around 260 K observed for the system with Wc higher than 1.2 g g-1

corresponds to the crystallization of water.  
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Figure 3-82. Relationships between 23Na longitudinal (T1) (left A) and transverse relaxation 

times and (T2) (right B) and inverse absolute temperature of NaCS-water systems with various 

water contents. Numerals in the figure show water content (g g-1).
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Figure 3-83. 23Na longitudinal and transverse relation times (T1 and T2) as a function of water 

content (Wc) of NaCS-water systems at various temperatures. A: 293 K, B: 283 K, C: 268 K. 

Figure 3-84. Relationships between lnT1
-1 and inverse absolute temperature of 23Na in the 

NaCS-water systems. Numerals in the figure show water content (g g-1).
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Figure 3-85. Relationship between apparent activation energy (Ea’) of NaCS-water systems 

and water content. 

From the slopes of the straight lines shown in Figure 3-84, the apparent 

activation energy (Ea’) of the relaxation process was calculated. As shown in 

Figure 3-84, Ea values decrease with increasing Ea’.  The result suggests that 

the molecular motion of 23Na is strongly restricted in the low Wc region.  

This can be explained if it is assumed that the sodium ion is surrounded by 

non-freezing water and that this non-freezing water is surrounded by free 

water.  With decreasing Wc, water molecules around the non-freezing water 

decrease and form hydrogen bonds between each other.  This restricts the 

motion of the non-freezing water and indirectly that of the sodium ion.  This 

result explains the prominent increase of Ea’ of 23Na in the NaCS-water 

system. 
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Figure 3-86. Relationship between transition temperature from liquid crystal to liquid state 

(T*), transition enthalpy from liquid crystal to liquid state (∆H*) and water content (A) 

relationship between Ts slow of 23Na, ∆H* and water content (B) and of NaCS-water systems. 
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Figure 3-86 shows comparison between results obtained by NMR 

relaxation and DSC.  As shown in Figure 3-86 (A) and (B), three 

dimensional representation among Wc, T2slow at T* and enthalpy of transition 

∆H* represents a similar pattern to the relationship among ∆H*, T*and Wc.

5. HYDROGELS 

A large number of polysaccharides, either polyelectrolytes or neutral 

ones, are known to form network structures in aqueous media.  Cross-linking 

formation of polysaccharide hydrogels has recently received particular 

attention and a large number of papers have been published. Papers 

concerning non-cellulosic polysaccharides will be found in the references in 

chapter 4. 

Cellulose is a water insoluble polysaccharide, accordingly, cellulose does 

not form hydrogels in the original form.  Cellulose derivatives, such as 

hydroxypropylcellulose (chemical structure, see Table 3.2) and methyl-

cellulose, are known to form unique hydrogels. Hydroxypropylcellulose 

forms lyotropic liquid crystalline phases. Various colours are visually 

observed when concentrated aqueous solution of hydroxypropylcellulose 

remains at room temperature for a certain time [90, 91].  Cholesteric liquid 

crystalline phase is also found in (actoxyprpoyl)cellulose [92]. Aqueous 

solution of methylcellulose is transparent at around room temperature, 

however, when the solution is heated to 343 to 353 K, it forms hydrogels.  

Sol-gel transition occurs reversibly depending on molecular weight and 

concentration.

In this section, thermal properties of natural cellulose suspension in 

pseudo gels, sol-gel transition of methylcelluose and chemically crosslinked 

carboxymethylcellulose hydrogels are described.  

5.1 Cellulose pseudo gels 

It is thought that water molecules play an important role in the junction 

zone of polysaccharide hydrogels which show unique functionality [93]. The 

amount of freezing bound water restrained by hydrogels which is calculated 

based on the melting and crystallization enthalpies of ice, is higher than that 

of hydrophilic linear polymers.  

Cellulose is water insoluble, however, it retains a large amount of water 

in never dried conditions if each micro-fibre is suspended in aqueous 

solution.  Never-dried cellulose fibres suspended in water remain in the same 

condition and scarcely aggregate with each other in the presence of an 

excess  amount  of  water.  The  above  cellulose  suspension  appears to be a 
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Figure 3-87. Stacked DSC cooling curves of water restrained by cellulose pseudo gels. 

Numerals in the figure show water content (Wc, g g-1). Experimental conditions; Sample: 

Micro-fibril cellulose was prepared by explosion of wood pulp.  The sample was supplied as a 

dope.  The sample was dispersed in water using an ultrasonic oscillator at 298 K. The water 

content of the above sample was more than 100 g g-1.  Water in the above sample was slowly 

evaporated stepwise and the sample was sealed into a DSC aluminium pan. Never dried 

sample was used.  Power compensation DSC (Perkin Elmer) was used, sample mass = 2.5 

mg, cooling rate = 10 K min-1.  The sample was cooled from 320 K to 150 K and heated from 

150 K to 320 K [94]. 

pseudo gel. However, when the amount of water is gradually decreased, 

fibres coaggregate, i.e. intermolecular hydrogen bonds are formed and water 

molecules surrounding each cellulose fibre are excluded.  Structural change 

of water in the suspension during the above process can be observed by 

DSC.

Figure 3-87 shows stacked DSC cooling curves of water restrained by 

cellulose pseudo gels. Exothermic peaks are attributed to the crystallization 

of water in the system.  Crystallization peaks vary as a function of water 

content in an unusual manner. In a Wc higher than ca 9 g g-1, the low 

temperature side peak (TpI) is observed.  In a Wc ranging from ca. 9 to 5 g g-

1, two crystallization peaks, TpII and TpI are observed. In a Wc smaller than 

5.0 g g-1, thermal behaviour of water is similar to that of ordinary cellulose.     

Figure 3-88 shows DSC heating curves of cellulose pseudo gels.  Peaks 

overlap in the melting curves and a large sub peak is observed in the low 

temperature side of the main melting peak of water.  The samples shown in 

this figure were heated at 10 K min-1 after cooling from 300 K to 200 K at 

the cooling rate of 10 K min-1. When heating rate was decreased, the size of 

the low temperature side peak decreased.  This fact suggests that the low 

temperature peak is attributable to the melting of unstable ice whose 

amounts are markedly influenced by thermal history.   
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Figure 3-88. Stacked DSC heating curves of water restrained by cellulose pseudo gels. 

Experimental conditions (see Fig. 3-87 caption), heating rate = 10 K min-1.

In order to clarify the presence of two types of freezing water in the gels, 

isothermal crystallization of water was carried out.  Figure 3-89 shows 

isothermal crystallization curves of water in micro-fibre cellulose suspension 

with Wc = 8.9 g g-1. As shown in DSC cooling curves in Figure 3-89, two 

crystallization peaks were observed at 258 K at 8 and 24 sec.  At 261 and 

262 K, one exothermic peak attributable to the short time peak is observed.  

The time where the peak is observed shifted to the long time side with 

increasing crystallization temperature.  A large exothermic peak observed at 

longer time in isothermal crystallization curve at 258 K could not be 

observed at a temperature higher than 260 K.  When the isothermal 

crystallization temperature decreases lower than 257 K, crystallization 

started during cooling. Hence, the temperature range capable of observing 

the two crystallization peaks was limited.  From this figure, it is seen that the 

amount of water crystallized at the long time side is large. 

Immediately after the completion of isothermal crystallization, each 

sample was heated at 10 K min-1. Figure 3-89 shows DSC heating curves of 

the sample with Wc = 8.9 g g-1. The high temperature side melting peak 

increases gradually with increasing crystallization temperature.  At the same 

time, the amount of water restrained by micro fibres is far larger than bulk 

water which is detected as the high temperature melting peak for the sample 

with Wc = 0.9 g g-1.
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Figure 3-89. Isothermal crystallization curve of cellulose with Wc = 8.9 g g-1. Numerals show 

temperature of isothermal crystallization. The samples were heated to 320 K, quenched to the 

temperature shown in the figure and maintained for several minutes. 

Figure 3-90. DSC melting curves of water restrained by cellulose pseudo gels immediately 

after completion of isothermal crystallization at various temperatures. Numerals in the figure 

show the temperature of isothermal crystallization. Heating rate = 10 K min-1.

However, when Wc decreased to 5.6 g g-1, the amount of water observed 

at the high temperature side increased markedly. As shown in Figure 3-91, 

free water crystallizes immediately after the temperature attained the 

isothermal state and then a small peak attributed to freezing bound water 

crystallizes.  When crystallization curves shown in Figure 3-91 are 

compared with those shown in Figure 3-90, it is apparent that the amount of 

free water increases when water content decreases.  The above facts indicate 

the state of water changes considerably according to the amount of water in 

the pseudo gels. 
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Figure 3-91. Isothermal crystallization curves of cellulose with Wc = 5.6 g g-1. Numerals 

show temperature of isothermal crystallization. The samples were heated to 320 K, quenched 

to the temperature shown in the figure and maintained for several minutes. 

The amount of non-freezing water calculated from the melting enthalpies 

increased with increasing Wc, as shown in Figure 3-91.  It is noted that the 

amounts of non-freezing water is far larger than those of natural cellulose 

whose Wnf values are 0.1 to 0.2 g g-1 depending on the crystallinity of the 

sample. From the above results, the micro fibre cellulose in the pseudo gels 

retains a large amount of bound water. Especially when the Wc is large, the 

amount of freezing bound water is larger than that of free water.  In the 

dehydration process, cellulose molecules attach to adjacent molecules and 

form inter-molecular hydrogen bondings.  By the formation of linkage, an  

Figure 3-92. Non-freezing water content restrained by cellulose pseudo gels as a function of 

water content. 
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excess amount of water located around each cellulose molecule is excluded 

from the inter-molecular space and then behaves as free water.  When 

cellulose molecules coaggregate, pseudo gels change into cellulose sheets 

and the number of bound water molecules approaches ordinary values. 

5.2 Sol-gel transition of methylcellulose hydrogels 

Among a large variety of physical hydrogel forming polysaccharides, 

methylcellulose (MC) shows unique characteristics [95-104], i.e. aqueous 

solution of methylcellulose is a transparent viscous solution at room 

temperature, however it forms hydrogels at a temperature higher than ca. 

330 K. The gellation mechanism of MC is thought to be similar to that of the 

cloud point of nonionic surfactants.  The cloud point increases with 

increasing hydrophylicity of sample. Gel-sol transition of MC increases with 

increasing concentration and decreasing molecular mass. Gelation of MC is 

thought to proceed in two stages, the first stage is hydrophobic interaction 

and the second stage is phase separation. By heating MC solution, water 

molecules attached to the hydroxyl groups of MC freely separate from the 

molecular chains by thermal enhancement. MC chains associate via 

hydrophobic interaction and three dimensional networks are gradually 

established [6-12]. By successive heating, phase separation occurs by 

gellation accompanied with water separation. The above thermally reversible 

gel-sol transition can be observed by visual observation using a test tube and 

water bath (Figure 3-93). Gel-sol transition of MC is also observed by 

various techniques, especially rheological and thermal measurements.  

  

Gel Gel

Tsol -gel T**

Figure 3-93. Schematic illustration of methylcellulose aqueous solution in sol, gel and phase 

separated state.  Tsol-gel: transition temperature from sol to gel state, T**: temperature of phase 

separation.

The transition temperatures can be determined by visual observation. 

When molecular weight is small, transition temperature is difficult to detect. 

Figure 3-94 shows DSC heating curves showing gel-sol transition (the first 
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stage) of MC aqueous solution with various molecular weights and 

concentrations.

Figure 3-94. DSC heating curves of MC samples having various concentrations.  Viscoity of 

MC samples (Wako Pure Chemicals) were 4000 cp. (Iijima, M, private communication). 

5.3 Carboxymethylcelluose hydrogels crosslinked via 

urethane linkage 

Thermal properties of carboxymethylcellulose (CMC) in dry and wet 

state have been described in the previous sections (2.3 and 4.3) of this 

chapter. Here, phase transition behaviour of chemically cross-linked CMC 

hydrogels is explained.  Crosslinking of CMC was carried out via the 

procedure as shown in Figure 3-95.  CMC-based polyurethane hydrogels 

were prepared in water using hexamethylenediisocyanate (HDI). Urethane 

linkage was formed in aqueous media using HDI.  NCOH/OH ratio was used 

as an index of cross-linking density. Schematic structure of CMC based 

polyurethane (CMCPU) hydrogels is shown in Figure 3-95. Water content 

(=Wc= (mass of water)/(mass of dry gel), g g-1) of hydrogels was varied from 

0 to 10 g g-1.

Phase transition behaviour of CMC hydrogels with various water 

contents was measured by DSC. Glass transition, melting peaks with a 

shoulder in the low temperature side of melting peak were observed, similar 

to CMC-water systems (see 3.1 of this chapter),.  Glass transition 

temperature of CMC hydrogels was higher than that of CMC-water systems 

in a water content ranging from 0 to 4.0 g g-1 as shown in Figure 3-96.  This 

suggests that free molecular motion is restricted by crosslinking. Transition 

from liquid crystalline state to liquid state which was observed in CMC-

water  systems  could  not  be found in CMCPU hydrogels.  It is thought that 



Thermal Properties of Cellulose and Its Derivatives 115

CMC HDI

CMC

Solution

Isocyanate

Solution

Water

CMC based

Polyurethane Hydrogels

Water +

Catalyst

Figure 3-95. Preparation scheme of CMC based polyurethane hydrogels. 

Figure 3-96. Relationship between glass transition temperature (Tg) and water content of 

CMC and CMC-based polyurethane hydrogels. CMC: Na carboxymethylcellulose, CMCPU: 

CMC-based polyurethane hydrogels, NCO/OH ratio = 1.2. Measurements; heat-flux type 

DSC (Seiko Instruments), heating rate = 10 K min-1, sample mass = ca. 3 mg, N2 flow rate = 

30 ml min-1.

molecular rearrangement at a temperature higher than melting of ice in the 

systems is suppressed by chemical crosslinking.  

The effect of crosslinking is clearly seen when phase transition behaviour 

of CMC and that of CMC based PU is compared, as shown in Figure 3-96 

The following differences are clearly observed, (1) glass transition of 

hydrogels is higher than that of original CMC due to crosslinking, (2) cold 

crystallization is not observed for hydrogels, (3) low temperature side 
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melting peak is prominent for hydrogels, which indicates that irregular ice 

tends to form in the cross-linking networks (4) in contrast liquid crystal is 

not formed for  hydrogels.  
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Figure 3-97. Phase diagrams of CMC and CMC-based polyurethane hydrogels. Open circles; 

CMC-water systems, Filled circles; CMCPU-water systems. 

Dynamic modulus (E’), dynamic loss modulus (E”) and tan δ of 

hydrogels were measured by TMA at 298 K in water.  E’ of CMC hydrogels 

(Wc = 6.0 g g-1) decreased with increasing NCO/OH ratio, suggesting that the 

amount of water restrained by CMCPU having bulky molecular chains 

affects the chain stiffness of the network structure. AFM images of CMC 

and hydrogels also support the above interpretation.

6. THERMAL DECOMPOSITION OF CELLULOSE 

AND RELATED COMPOUNDS 

6.1 Thermal decomposition behaviour of mono- and 

oligosaccharides and cellulose 

Thermal degradation behaviour of mono- and oligosaccharides has been 

investigated by pyorysis, thermogravimetry, and simultaneous TA such as 

TG-mass spectrometry, TG-FTIR etc. [105-107]. Chemical structures of 

representative mono- and oligosaccharides, such as glucose, methyl-α-D-
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glucopyranoside, cellobiose and sucrose are shown in Figures.3-98. TG 

curves of glucose, methyl-α-D-glucopyranoside, cellobiose, sucrose and 

cellulose are shown in Figure 3-99. Two step decomposition was observed 

for mono- and oligosaccharides in N2 atmosphere when TG derivative 

curves were examined. Thermal decomposition temperature (Td) was defined 

in chapter 2 (Figure 2-3 of Chapter 2).  Decomposition temperatures (Td) of 

the first stage decomposition of the above samples and cellulose measured in 

N2 at various heating rates are shown in Figure 3-100.

Figure 3-98. Chemical structures of glucose, cellobiose, methyl-α-D-glucopyranoside and 

sucrose.

Figure 3-99. TG curves of mono- and oligosaccharides.  A: α-D-glucose, B: α-D-

glucopyranoside, C: sucrose, D: cellobiose, E: cellulose. Measurements; TG (Seiko 

Instruments), sample mass = ca. 5 mg, heating rate = 20 K min-1, N2 flow rate = 100 ml min-1.
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Figure 3-100. Thermal decomposition temperature (Td) of D-glucose (E), sucrose (D), 

cellobiose (C) methyl-α-D-glucopyranoside (B), and cellulose (A) in N2 atmosphere. 

Samples; glucose, cellobiose and sucrose were purchased from Sigma Co. Methyl- α -D-

glucopyranoside was from Aldrich Chem. Co.  Measurements; Thermogravimeter (Seiko 

Instruments TG-DTA 5200.), sample mass  = ca. 5 mg, heating rate = 20 K min-1, gas flow 

rate = 100 ml min-1.

Evolved gas during thermal decomposition of various kinds of 

saccharides was measured by TG-DTA-FTIR.  Figure 3-101 shows 

representative FTIR curves of D-glucose at various temperatures. The 

absorption bands of 670, 2350 and 3740 cm-1, assigned to CO2 and H2O are 

observed. The absorption band of 670 cm-1 is prominent at aroud 670 K, 

suggesting that the second step decomposition shown in the TG curve in 

Figure 3-99 is attributed to evolution of CO2.

Figure 3-101. TG-FTIR curves of D-glucose measured in N2. Samples; powder was pressed 

using a press machine at 100 kg cm-3 for 5 minutes at 298 K. A tablet having flat surfaces was 

placed on an open type Pt sample pan. Measurements; Thermogravimeter (Seiko Instruments 

TG-DTA 5200, FTIR, Japan Spectroscopic Co. Ltd., sample mass  = ca. 5 mg, heating rate = 

20 K min-1, gas flow rate = 100 ml min-1.
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Microcrystalline cellulose powder is utilized in various fields, such as 

absorption chromatography, biocomposite fillers, non-digestible food 

components, matrix of pharmaceutical agents and cosmetic powder.  

Commercial grade cellulose powder has a wide range of size and size 

distribution. Microcrystalline cellulose powder samples were measured in N2

atmosphere and air.  The sample mass starts to decrease at around ca. 530 K 

in both in N2 and air, however, decomposition temperature (Td) as shown in 

Chapter 2, is observed at 584 K in N2 and 569 K in air.  At the same time, 

two step decomposition was observed for the curve measured in air. Thermal 

decomposition behaviour of various saccharides is found elsewhere [108]. 

It is known that TG curves of samples with different shapes are varied 

due to thermal conductivity changes in the sample pan. However, no large 

difference was observed among degradation temperature of cellulose powder 

with different sizes when powder was compressed as described in the 

caption of Figure 3-101.  Decomposition temperature (Td) maintains a 

constant value in a diameter of cellulose powder ranging from 2 to .30 µm. 

TG-FTIR curves of cellulose powder are shown in Figure 2-4 in Chapter 2. 

6.2 Kinetics of thermal decomposition 

The Ozawa-Wall-Flynn method [109, 110] for analyzing reaction 

kinetics using thermogravimetric (TG) data has been applied for thermal 

decomposition of various kinds of polymers [111].  The method is based on 

a simple assumption that the reaction rate [d(x)/d(t), where x is reacted mass 

and t is time], is correlated with a function of reacted x [f(x)] via Arrhenius 

relationship.  The following equation can be established between the rate of 

reacted mass and activation energy ( E).

dx dt = A exp ∆E RT( ) f (x)
 (3.21) 

where x is mass of reaction, t time, A frequency factor, T absolute 

temperature and R gas constant.  According to the definition of thermal 

analysis dT/dt = constant (=β) and β corresponds to heating rate, the 

following equation can be obtained, 

dx
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T 1
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when F(x) is defined as
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F(x) =
dx

f (x)
 (3.23) 

and partial integration is carried out one time.  The equation (3.22) is 

transformed as  

F(x 1) − F (x 0) =
A∆E

βR
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where

y =
∆E

RT ,

p(y) =
ey

y
−

ey

y
dyy

∞

 (3.25) 

As T1> T0, the 2nd term of equation (3.24) can be neglected and the 

following equation can be obtained.
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 = F(x 1) − F (x 0)  (3.26) 

x1 is determined by assuming x0=0

A∆E

βR
P

∆E

RT 1

 
 

 
 = const  (3.27) 

When β is changed, only T1 at x1 varies.  Therefore, the left hand side of 

equation (3.26) is constant.  Using the approximation equation, equation 

(3.28) can be obtained. 

logβ = −0.4567
∆E

R
⋅

1

T 1
+ const  (3.28) 

If inverse Ti is plotted against log β, E can be obtained from the gradient. 
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Figure 3-102. TG curves of cellulose (cotton) fabrics measured at various heating rates in N2

atmosphere. Numerals in the figure show heating rate (K min-1. Samples; JIS L 0803, cotton 

plane fabric No. 3,.  Warp was 20 tex and weft was 16 tex. Measurement; Apparatus; (Seiko 

Instruments TG/DTA220, SSC 5200), Sample mass ca. 10 mg, heating rate was varied from 2 

to 50 K min-1, temperature range was from 303 to 790 K, Air and N2 gas flow rate 100 ml 

min-1.

Figure 3-102 shows TG curves of cotton fabric samples measured in N2

at various heating rates (β).  It is clearly seen that thermal decomposition 

occurs in one stage.  The above was confirmed by the fact that a monotonous 

peak was observed in TG derivatograms.  Td defined in the experimental 

section, increases with increasing heating rate.  The first 20 % mass decrease 

occurs similar to those in a temperature lower than 593 K.  Figure 3-103 

shows curves of the same samples measured in air.  Thermal decomposition 

takes place in two stages at around 573 K and 673 K. 

By TG-Fourier transform infrared spectrometry (TG-FTIR), the gas 

evolved during thermal decomposition was reported [112].  In a temperature 

lower than 573 K, two small IR absorption bands were detected at around 

2300 cm-1.  This indicates that CO2 is gradually evolved.  On this account, in 

this study, the Ozawa-Wall-Flynn method was applied for the temperature 

range lower than 573 K.  The activation energy calculated using equation (7) 

is shown in Table 3-10. 

Table 3-8. Activation energy of initial stage of decomposition 

Sample Gas E J mol-1

Cotton fabric N2 136

Cotton fabric Air 125

Cellulose powder N2 190

Cellulose powder Air 179
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Figure 3-103. TG curves of cellulose (cotton) fabrics measured at various heating rates in air. 

Experimental conditions; see Figure 3-101 caption. 

6.3 Life time prediction of cellulose 

Aging is an important property when green polymers are practically used 

[113]. Using the above kinetic data, the life-time of polymeric materials can 

be estimated [114]. When the temperature is assumed to be held at a 

constant, Tc, the equation (3-21) can be rewritten as follows. 

dx

dt
= A exp −

∆E

RTc

 
 

 
 f (x)  (3.29) 

As Tc is independent of time (t) and life-time τ is assumed to be defined as 

the time interval in which x changes from x0 to x1, the equation (9) can be 

obtained.

dx

f (x)x 0

x1 = A exp −
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RTc

 
 

 
 t 0

t 0+τ
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 τ  (3.30) 

By comparing the above equation to equation (3-22), the life-time τ is 

obtained as follows. 
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τ =
exp −

∆E

RT
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Figure 3-104. Three dimensional relationship between life-time, τ. (minutes), holding time, 

Tc, (absolute temperature) and mass decrease, m, (%) of cotton fabric in N2 [114]. 

Figure 3-105. Three dimensional relationship between life-time τ (minutes), holding time Tc,

(absolute temperature) and mass decrease m, (%) of cotton fabric in air [114]. 

Figures 3-104 and 3-105 show the three dimensional relationship 

between τ, Tc and mass decrease of cotton fabric in N2 and air.  It is clearly 

seen that τ varies from 1 sec to 100 years depending on Tc.  At the same 

time, decomposition is delayed by maintaining the fabric in an inert 

atmosphere, such as N2.  Cellulose powder shows almost similar 
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relationships as shown in Figures 5- 104 and 5-105. The difference between 

N2 and air increases with decreasing Tc.  As shown in Figure 6, 10 % mass 

decrease of cotton fabrics at 373 K takes 72 years in air and 150 years in N2.
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Chapter 4 

POLYSACCHARIDES FROM PLANTS 

Recently, functional properties of polysaccharides have received 

particular attention, due to the possibility of application in a wide range of 

fields [1-9].  Among a large number of terraqueous plants, cellulose and 

lignin are dominant in nature.  In this book, Chapters 3 and 5 are devoted to 

the two major components of terraqueous plants.  In this chapter, thermal 

properties of a selected number of carbohydrate polymers, obtained from 

plants, either terraqeuous or aquatic, and bacteria, will be described. 

Formation of hydrogels and liquid crystals of polysaccharides will be 

focused on from the view point of structural change of water via 

polysaccharide-water interaction. In order to consider practical applications, 

hydrogels obtained by chemical modification will also be described.  

1. GELATION 

Various kinds of polysaccharides, such as agarose [10,11], carrageennan 

[12 - 15] gellan gum [16 - 20], konjac glucomannan [21 22], etc are known 

to form physical gels in aqueous media, and a there are large number of 

papers devoted to the gelation mechanism of polysaccharides [23 - 25]. In 

this section, thermal properties of representative polysaccharide hydrogels 

are described. 
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1.1 Gelation of alginic acid 

1.1.1 Gel formation of alginic acid via divalent cations 

Alginic acid is a copolysaccharide consisting of manuronic and guluronic 

acid which is extracted from seaweed, brown masse algae [26, 27, 28]. 

Chemical structures of both components are shown in Figure 4-1.  Sodium 

alginate (NaAlg) is water soluble and has been used in a wide range of 

industrial fields.  It is known that NaAlg forms water insoluble gels when Na 

ion of aqueous solution of NaAlg is replaced by Ca ions in an aqueous 

media, such as CaCl2 aqueous solution [29].  It is thought that guluronic 

components enclosing Ca ions coaggregate and act as junction zones.  On 

this account, the size of junction zones depend on manuronic/guluronic 

(M/G) ratio of the sample.  When NaAlg aqueous solution is introduced in 

CaCl2 solution as a fibre form, CaAlg gel fibres are formed [30].  In this 

case, the molecular axis aligns along the b axis and CaAlg containing a large 

amount of water shows liquid crystalline structure [31].  When aqueous 

NaAlg solution is introduced dropwise in water, spherical CaAlg gels are 

formed.  This property is utilized to produce man-made fish eggs which are 

widely used in food industries 
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Figure 4-1. Chemical structure of mannuronic and guluronic acid. 

 It is thought that physical properties of CaAlg hydrogels depend not only 

on M/G ratio and molecular weight, but also on gel preparation conditions, 

such as, concentration of NaAlg solution, Ca concentration, substitution 
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time, and other factors.  When sphere type gel is formed, Na ions are 

instantaneously substituted with Ca ions. After the junction zone is 

completed on the surface, Ca ions diffuse from the skin into the core, and 

this process depends on time.  At the same time, it is thought that the 

structure of NaAlg solution affects the mobility of Ca ions. 

In our recent studies on hydrogel formation of polysaccharides, it was 

found that equilibration of aqueous solution is an important factor.  In this 

section, gelation of alginan and also structural change of water in alginan are 

described.

1.1.2 Phase transition of NaAlg-water systems 

Similar to other polysaccharide electrolytes, NaAlg-water systems show 

unique phase transition behaviour [32, 33].  Figures 4-2.A and 4-2.B show 

DSC cooling and heating curves of NaAlg-water systems with various water 

contents.  As no transition was observed for completely dry NaAlg in a 

temperature range from 120 K to 370 K, transitions shown in Figures 4-2.A   
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Figure 4-2. DSC curves of water-NaAlg systems. A; cooling curves, B; heating curves. 

Measurements; Heat flux type DSC (Seiko Instruments), scanning rate = 10 K min-1, sealed 

type aluminium pan, sample mass = ca. 3 mg. 

and 4-2.B are caused by the molecular motion attributed to water or NaAlg 

molecules enhanced by water.  As shown in Figure 4-2.A, the system with 

water content 0.59 g g-1 shows no transition, however, in Figure 4-2.B, an 

endothermic peak can clearly be seen.  By the comparison of cooling and 

heating curves, it was found that the difference was significant when water 

content is lower than 1.0 g g-1. The difference indicates that systems solidify 
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in glassy state and crystallization takes place during the heating process. In 

heating curves, a baseline gap due to glass transition and a shallow 

exothermic peak attributable to cold crystallization are observed. 

Using transition temperatures obtained by DSC heating curves, 

relationship between phase transition temperature of water-NaAlg systems 

and Wc was established as shown in Figure 4-3. The Tg decreased in a Wc

smaller than 0.5 g g-1, reached a minimum at Wc = ca. 7.0 g g-1 and then 

slightly increased with increasing Wc. Tcc is found in a narrow Wc range.  

When Tm levels off, Tg also maintains a constant value. 

Non-freezing water content of NaAlg was calculated using the enthalpy 

of melting and crystallization.  As described in 3.4, the amount of free water 

was calculated from the following equation, 

fccnfc WWW −=  (4.1) 

Wnfm = Wc − Wfm  (4.2) 

Figure 4-3. Phase diagram of water-NaAlg systems. 

where Wfc is the amount of free water estimated by crystallization enthalpy, 

Wfm is that of melting enthalpy and two different amounts of non-freezing 

water, Wnfc and Wnfm were calculated. From Wnfc and Wnfm, the number of 

bound water molecules attached to repeating units of NaAlg was calculated 

as shown in Figure 4-4.  It is seen that the number of water molecules 
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estimated from the crystallization enthalpy is larger than those calculated 

from the melting enthalpy. This suggests that a part of non-freezing water 

crystallizes into irregular ice during heating.  The cold crystallization 

observed at a temperature between Tg and Tm shown in Figures 4-2.B is 

attributable to the difference (Wnfc-Wnfm) found in Figure 4-4.  Besides the 

difference of the two curves, another characteristic feature of Figure 4-4 is 

that the maximum point is observed at around 0.8 to 1.0 g g-1. As shown in 

Figure 4-3, the melting peak temperature of water levels off at around Wc =

1.0 g g-1.  This suggests that the number of free water molecules is 

insufficient to form regular ice at a Wc smaller than 1.0 g g-1. The fact that 

the number of nonfreezing water molecules reaches the maximum indicates 

that the amount of amorphous ice involved in molecular motion of NaAlg is 

the maximum.  The value of heat-capacity difference at Tg  (∆Cp) is a criteria 

to estimate molecular motion of a sample at Tg.  Figure 4-5 shows the 

relationship between ∆Cp and Wc.  As clearly seen, the maximum is found at 

around Wc = 1.0 g g-1.  After exceeding the maximum point, ∆Cp decreases 

rapidly.  This can be explained by the fact that the molecular motion is  

Figure 4-4. Number of water molecules restrained as non-freezing water calculated from 

crystallization and melting enthalpy.  Open circles; calculated from enthalpy of 

crystallization, closed circles; enthalpy of melting. 

restricted by the presence of ice in the system at a Tg range. The ratio of non-

freezing water among total water molecules decreases and molecular 

enhancement of NaAlg hardly occurs. 
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Figure 4-5. Heat capacity gap at Tg of NaAlg-water systems as a function of water content. 

1.1.3 Bound water of Alginan with various counter ions 

When Na ions of NaAlg are converted into divalent or trivalent cations, 

crosslinked water insoluble materials are obtained.  Degree of substitution 

(DS) can be controlled by experimental conditions, such as concentration of 

the NaALg aqueous solution (dope), conversion time, etc. When dope 

having 2 - 3 % concentration was extended on a glass plate, dried at room 

temperature and immersed in metal chloride aqueous solutions 

(concentration 1-4 %), films having various DS were prepared by controlling 

the time for immersion. Conversion rate depends on ion species, for example 

in the case of FeCl2, DS was maintained at around 0.1 until 10 min, then 

quickly increased with increasing time, and films with DS =1.0 were 

obtained at around 120 min.  The films thus prepared show various colours 

depending on ion species.  Thermal and mechanical properties of dry and 

wet films were measured.  

The amount of non-freezing water of alginate with various kinds of ions 

was obtained by using the enthalpy of melting of water in each system [34]. 

The method for calculating the bound water content is found in 2.1.1 in 

Chapter 3.

The contribution of freezing bound water explained in 3.4 was ignored 

here, since the amount of freezing bound water is not significantly observed 

in these systems.  Figure 4-6 shows non-freezing water content of NaAlg, 

and other alginates substituted by Ca, Ni, Ba, Cu, Al and Fe2+. The linear 

relationship between non-freezing water content and ionic radius was not 

established in the above systems, although non-freezing water content of 

carboxymethylcellulose - mono- and di-valent cation systems decreased 
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linearly with increasing ionic radius. Table 4-1 shows several examples of 

ion species and non-freezing water content.

Figure 4-6. Relationship between non-freezing water content (Wnf) and Wc of various types of 

alginate. Sample preparation; Sodium alginate (Mw = 9.5 x 104, degree of substitution 1.1, 

mannuronic acid and guluronic acid ratio 1.0 - 1.2. Sodium ion was converted into various 

types of ions in aqueous media. Measurements; Heat flux type DSC (Seiko Instruments), 

temperature range 120 to 320 K, heating rate =10 K min-1, sample mass = 3 - 5 mg. 

Table 4-1. Non-freezing water content (Wnf), degree of substitution (DS) and ionic radius of 

alginate with various counter ions 

Ion Ionic radius/nm DS Wnf / g g-1

Na 11.6 1.0 0.82
Cu2+ 8.7 0.30 0.99
Fe2+

 7.5 0.31 0.98
Fe3+ 6.9 1.00 0.50 

1.1.4 Ca alginate hydrogels  

Figure 4-7 shows representative DSC cooling and heating curves of 

water in CaAlg gel fibres.  Sample preparation of CaAlg gel fibres is found 

in the caption of Figure 4-7.  When the peaks are magnified, it is seen that 

the shape of melting and crystallization peak of water becomes broader with 

decreasing water content.  At the same time, the low temperature side sub-

peaks become larger. It is noted that the melting patterns are quite similar to 

those observed in cellulosic hollow fibres [30]. 

  By polarizing microscopy, molecular orientation can clearly be seen. 

Using a photo sensitive plate, colour change was confirmed when the fibre is 
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moved 90 degrees.  This indicates that the b-axis of molecular chains aligns 

to the fibre axis (Figure 4-8). 

Figure 4-7. DSC curves of water in CaAlg fibres. A: concentration = 4 wt % (Wc =24 g g-1), 

B; concentration = 5 % (W c= 18 g g-1), I: cooling, II: heating Samples; Gelation of NaAlg 
was carried out as follows; (1) 0.5, 1.0 and 2.0 wt % of NaAlg aqueous solution was 
prepared at 298 K. (2) 10 ml solution was put in a glass vessel with inner and outer 
lids. (3) a tightly sealed vessel was annealed at 378 K for 30 min in an oven, (4) 
aqueous solution of NaAlg was extracted in a microsyringe (5) the solution was 
injected into an excess amount of CaCl2 aqueous solution of 3 wt % (6) transparent 
hydrogels were maintained in CaCl2 aqueous solution for a predetermined time, (7) 
gel fibre was taken out and washed in water repeatedly (8) gel fibres were 
maintained in deionized water at 278 K. Measurements; power compensation type DSC 

(Perkin Elmer). scanning rate = 10 K min-1, sample mass = ca. 3 mg.

Figure 4-8. Polarizing light micrographs of CaAlg fibres in water. 

As described in the initial part of this section, when NaAlg aqueous 

solution was dropped in CaCl2 solution, spherical hydrogels were obtained.  

Preparation of hydrogels is explained in the caption of Figure 4-9. The 
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rigidity of hydrogels was measured using a thermomechanical analyzer in 

water and it was confirmed that rigidity increases with increasing 

concentration of NaAlg aqueous solution and time of conversion in CaCl2

solution. The practical application of this type of hydrogel is found 

elsewhere [35] 

Figure 4-9. Schematic illustration of CaAlg hydrogels in sphere shape. Gelation of NaAlg 

was carried out as follows; (1) 0.5, 1.0 and 2.0 wt percent of NaAlg aqueous solution was 

prepared at 298 K. (2) 10 ml solution in a glass vessel with inner and outer lids. (3) a tightly 

sealed vessel was annealed at 378 K for 30 min in an oven. (4) then, the sample was 

maintained at 323, 333 and 343 K for 5, 30, 500 and 1000 min. (5) annealed samples were 

maintained at 298 K. (6) using a 1 ml syringe, the solution was dropped in an excess amount 

of CaCl2 aqueous solution of 3 wt %. (7) spherical gel was immediately obtained (8) gels 

were removed from CaCl2 solution, washed in water and kept in water for several days. 

1.1.5 TMA of CaAlg gel films 

When CaAlg hydrogels film are dried thin, transparent films are 

obtained.  This gel film has a large water swelling capability.  Swelling 

behaviour of hydrogels has been investigated by the measurement of mass 

and size change of the sample at static conditions as described in 2.2.3 

(Chapter 2). In order to measure the swelling behaviour of gel films, 

thermomechanical measurement in water is a useful technique [36]. Using 

the sample holder shown in Figure 2-13 (Chapter 2), the dynamic swelling 

process of gel films can be investigated. 

Figure 4-9 shows a representative swelling curve of NaAlg gel film. The 

degree of swelling shown in the figure is defined as 

ε =
lt − l0( )

l0

×100 , % (4.3)

where l0  is thickness of dry gel film and l0  is that of swollen film.  As 

shown in Figure 4-10, the degree of swelling is ca. 4500 %. When CaAlg gel 
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films were prepared by the sample preparation shown in the caption, CaAlg 

sheets pile up in the perpendicular direction. Water is retained between the 

layers and expansion is extremely large, in contrast when the degree of 

swelling is measured in the transverse direction, ε value was 30 %.

NaAlg (mannuronic and guluronic component ratio = 1.0) was solved in deionized water at 

293 K and maintained for 24 hr.  The dope was extended on a glass plate and water in the 

solution was evaporated. A partly dried sample on glass plate was immersed in an excess 

amount of 3 wt % of CaCl2 aqueous solution and maintained for several hours. After that, 

the sample was washed and water insoluble CaAlg gel film was removed from the plate.  

The thickness of completely dried films was 20 to 100 µm. Measurement; TMA (Seiko 

Instruments) column shaped quartz probe (Chapter 2, Figure 2 -10, A) with cross section 33 

mm2, applied load 1 - 10 g, temperature 293 K sample size; diameter ca. 8 mm. Deionized 

water was used.. 

Figure 4-11. Swelling curves of CaAlg gel films under various loads. The numerals in the 

figure show loads (g). The broken line shows the degree of swelling obtained by static 

method. The films were immersed in deionized water for 120 min at 294 K.  Measurements; 

TMA (Seiko Instruments), sample cell (see Chapter 2, Figure 212). 

Figure 4-10. Representative swelling curve of NaAlg gel film. Sample preparation 5 wt % 
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Figure 4-12. Relationships between degree of swelling (ε) and applied load of CaAlg gel film 

at various times of swelling. Numerals show swelling time (min). 
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Figure 4-13. Swelling curve without load obtained from extrapolated values in Figure 4-11.  

The broken line shows the value obtained by static method. 

When swelling behaviour is measured by TMA, a certain amount of load 

must be applied, since the quartz probe should have good contact with the 

surface of the samples. If the samples are soft and easily deformed by 

applied load like hydrogels, the results are necessarily affected by the 

amount of load.  Figure 4-11 shows variation of swelling ratio under various 

loads as a function of time. When a load is small, swelling ratio reaches the 

value obtained by static measurement.  Figure 4-12 shows relationships 

between degree of swelling (ε) and applied load of CaAlg gel film at various 

times of swelling.  From linear relations, it is possible to extrapolate to zero 

loading.  When the extrapolated values are related with time, swelling curve 



142 Chapter 4

of CaAlg film without loading is obtained as shown in Figure 4-13.  By 

TMA, not only the swelling behaviour but also creep and relaxation of 

hydogels in water can be measured 

1.2 Gelation of xanthan gum by annealing and 

subsequent cooling 

Xanthan gum is a polysaccharide produced by Xanthomonas campestris,

which is a trisaccharide side-chain that attaches to alternate D-glucosyl 

residue (Figure 4-14).  Due to the helical structure of xanthan gum [37, 38], 

it is assumed that rigid rod 51 double helix is formed in a dilute aqueous 

solution.  It is also reported that rigid rod molecular structure forms the 

cholesteric liquid crystalline state in aqueous media [39].  
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Figure 4-14. Chemical structure of xanthan gum. 

Xanthan gum has been known as a non-gelling polysaccharide in 

aqueous solution.  In order to prepare hydrogels, other polysaccharides have 

been mixed with xanthan gum [40].  However, it was found that xanthan 

gum forms hydrogels if aqueous solution is annealed at a temperature higher 

than the characteristic temperature and subsequently cooled [41, 42, 43]. By 

the falling ball method (see Chapter 2, 2.2.5) and viscometry, it was 

confirmed that the above characteristic temperature corresponds to the gel-

sol transition temperature (Tg-s) [42]. Figure 4-15 shows the height of a steel 

ball suspended in xanthan hydrogels, prepared by annealing the solution in 

sol state and subsequent cooling, as a function of temperature.  As shown in 

the figure, the steel ball fixed in the gel matrix starts to fall at around 310 K, 

indicating that the gel sol transition takes place. 

Figure 4-16 shows gel sol transition temperatures of xanthan gum 

hydrogels prepared by annealing at 313 K for various time intervals.   The 

gel sol transition temperatures of 2 wt % gels are higher than those of 1 wt%  
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Figure 4-15. Relationship between the height of the steel ball and the temperature of 2 wt % 

xanthan hydrogel prepared by annealing and subsequent cooling. Temperature of annealing 

313 K, time; 12 hr. Measurements; see for details 2.2.5 in Chapter 2, heating rate = 0.5 K min-

1, diameter of steel ball = 0.8 mm, mass of steel ball = ca. 0.5 mg. 

gel in a whole range of annealing times.  The temperatures level off at 

around 10 hours. The results indicate that gel-sol transition temperature 

depends not only on concentration but also on time of pre-annealing at the 

sol state. Temperature-time conversion is also applicable to the xanthan gum 

hydrogels. 

Figure 4-16. The gel sol transition temperature of xanthan gum hydrogels annealed  at 313 K 

for various annealing times. Mesurement; Falling ball method (2.2.5). 
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Dynamic modulus of hydrogels prepared by pre-annealing was measured 

by TMA using an oscillation method (ref. 1.3, Chapter 2).  Figure 4-17 

shows dynamic modulus (E’) of xanthan gum hydrogels prepared by 

annealing at various temperatures and subsequent cooling as a function of 

annealing time. E’ increases in the initial stage of pre-annealing. Values of 

E’ increase with increasing annealing temperature in the whole range of 

annealing time. 
.
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Figure 4-17. Dynamic modulus of xanthan gum hydrogels prepared by pre-annealing was 

measured by TMA using an oscillation method (ref. 1.3, Chapter 2).   

Figure 4-16. shows dynamic modulus (E’) of xanthan gum hydrogels 

prepared by annealing at various temperatures and subsequent cooling as a 

function of annealing time. E’ increases in the initial stage of pre-annealing. 

Values of E’ increase with increasing annealing temperature in the whole 

range of annealing time. 

It is considered that gel-sol transition temperature and dynamic modulus 

vary when the number or size of the junction zone (cross-linked area) varies.  

In order to clarify the structural change of junction zone, xanthan gum 

hydrogels were measured by small angle x-ray diffractometry (SAXS) [41].  

SAXS patterns of xanthan gum hydrogels were measured using 

synchrotron orbital radiation (SOR). Experimental conditions are shown in 

the caption of Figure 4-18.  The position of the peak varies according to the 

annealing time.  The long period d obtained from SAXS scattering peaks is 

shown in Figure 4-19. The position of the maximum of the synchrotron 

orbital radiation (SOR) scattering peak decreases in the initial stage, reaches 

a minimum and then increases with increasing annealing time.  Similar 
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behaviour of the distance of the long period was observed not only for 

xanthan gum hydrogels but also for gellan hydrogels obtained by pre-

annealing and subsequent cooling.

Figure 4-18. Changes of small angle x-ray profile of xanthan gum solution with concentration 

2.0 wt % as a function of annealing time at 365 K. A diffraction peak is observed for 0.1 < 2θ
< 0.4 degrees. Numerals in the figure show annealing time (min). Measurement; Synchrotron 

orbital radiation (Tsukuba, BL-10C beam line) was used. x-ray wavelength = 0.1488 nm, 

camera length = 2.0 M. sensitive proportional photon counter (PSPC), cross-referenced with 

standard collagen, was used. Temperature of measurement = 293 K. 

Figure 4-19. The long period d obtained from SAXS scattering peaks as a function of 

annealing time at 365 K for the 2 wt % xanthan gum solution. 
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The above experimental results strongly suggest that conformation of 

molecular chains of xanthan gum changes during annealing in sol state. 

When the amount of non-freezing water is measured during annealing as a 

function of time, the amount fluctuates in an oscillatory manner as shown in 

Figure 4-19.  It is thought that the number of non-freezing water molecules 

restrained by xanthan gum necessarily reflects the conformational structure.   
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Figure 4-20. Comparison between experimental data and calculated values using equation 

4.13.

In order to explain the behaviour of non-freezing water in xanthan gum-

water systems, the following model was suggested [44 - 47] Assuming the 

total number of repeating units of polysaccharide molecules (N) is defined as 

equation 4.4 

N = N0 + Nu + Ns (4.4) 

where No is the number of repeating units which adsorbed water molecules, 

Nu those not adsorbing water molecules and Ns those being incapable of 

adsorbing water molecules.  If s-monomers are needed to adsorb one water 

molecule, equation 4-5 is obtained 

N0 = sn,

Nu = snu

 (4.5) 

where n is the number of water molecules adsorbed on the polysaccharide 

molecular assemblies and nu is the number of adsorption sites unoccupied by 



Polysaccharides from Plants 147

water molecules.  It is thought that n increases when nu is sufficiently large. 

The time evolution of n is expected to obey  

dn

dt
= k1nu + k2n  (4.6) 

where k1 and k2 are rate constants for adsorption and desorption of water 

molecules. According to equation 4.4, n changes with time t, if n deviates 

from the equilibrium value neq.  The system is in the non-equilibrium state 

and equations from 4.4 to 4.6 give 

dn

dt
+ k1 + k2( )n =

k1

s
N − Ns( ) (4.8) 

With annealing time t, 
dn

dt
k1 + k2( )n , is thought to change.  If the 

simple relation to describe the time evolution of N-Ns is assumed,  

d(N − Ns )

dt
= −α n − neq T( )[ ] (4.8) 

Here, α is the phenomenological constant and neq (T) is the equilibrium 

value of n at the annealing temperature T.  From equations 4.8 and 4.9, the 

differential equation is obtained. 

d
2
n

dt2 + k1 + k2( )dn

dt
+

k1αn

s
=

k1αneq

s
 (4.10) 

New parameters γ and ω and the new variable n are redefined as follows, 

γ =
k1 + k2( )

2

k1α
s

= ω0

2

n = n − neq

 (4.11) 

Here, γ represents the averaged rate constant for adsorption and 

desorption of water molecules and ω0 the constant representing the effect of 
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the change of the number of adsorption sites on the time evolution of n.  

Equation 4-10 is transformed by the replacement of equation 4-11 and the 

equation 4-12 is obtained. 

d
2
n

dt2 +
2γdn

dt
+ω0

2
n = 0 (4.12) 

In the case of γ < ω0, equation 4.12 has the oscillational solution 

n = C exp −γt( )cos ωt +δ( )  (4.13) 

where ω = ω0

2 − γ 2( )
1

2 . The solid line shown in Figure 4-19 is the 

theoretical curve calculated by equation 4.13 [44]. 

1.3 Sol-gel transition of curdlan 

Curdlan (Figure 4-21) is a unique water insoluble polysaccharide.  

Curdlan forms hydrogel when aqueous suspension is annealed at a 

temperature higher than characteristic temperature [48, 49].  It is reported 

that curdlan hydrogels become thermo-irreversible when curdlan suspension 

is annealed at a temperature higher than ca. 60 °C.  This type of gel is 

designated as high set gels [50].  When the annealing temperature is lower 

than 60 °C, gels are thermoreversible and are designated as low set gels.   

Methylcellulose (MC) is also known as a gel forming polysaccharide by 

heating.  MC is water soluble and forms hydrogels by elevating temperature. 

MC hydrogels are thermoreversible and transform to the sol state by cooling 

(see section 5.2 of chapter 3).  Sol-gel and gel-sol transition of MC are 

clearly seen even by visual observation.  In contrast, gelling conditions of 

curdlan aqueous suspension are more complex. By x-ray diffractometry,  

n

OHO
O

OH

CH2OH

Figure 4-21. Chemical structure of curdlan. 
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Figure 4-22. DSC heating curves of curdlan suspensions. Numerals in the figure show 

concentration (wt %.). Measurements; high sensitivity DSC (Seiko Instruments) with a 

cooling attachment, sealed type silver pan (70 µl), sample mass = 50 µl, heating rate = 1 K 

min-1, N2 flow rate = 10 ml min-1.

Figure 4-23. Relationship between enthalpy of transition and concentration of curdlan. 

curdlan molecules form triple helices in aqueous media [50].  The higher–

order structure of curdlan in various conditions such as the presence of 

cations has been reported by many authors [51, 52, 53]. By thermoanalytical 

measurements [51, 53], an endothermic peak was observed which is thought 

to be a sol-gel transition.
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Figure 4-22 shows DSC heating curves of curdlan suspensions with 

various concentrations.  An endothermic peak due to gel-sol transition is 

observed. Transition temperature maintains a constant value.  Enthalpy of 

transition increases linearly with increasing concentration as shown in 

Figure 4-23. 

1.4 Freezing and thawing gelation of locust bean gum 

Among various types of polymers having gel forming capabilities, 

poly(vinyl alcohol) (PVA) has been reported  to form hydrogels by freezing 

and thawing [54, 55, 56]. It is also known that locust bean gum (LBG) forms 

hydrogels by freezing and thawing [57, 58]. If the formation and dissociation 

of polysaccharide gels are controllable, the water holding and releasing 

function can be programmed. On this account, gels prepared by freezing and 

thawing are considered to be material whose dissociation of crosslinking can 

be manipulated. LBG is a polysaccharide whose chemical structure is shown 

in Figure 4-24. 1,6 α-D- galactose side chain is attached to each 4 repeating 

units of 1, 4-β-D-mannose main chain.  When the side chain is attached to 

either three (tara gum) or two repeating units (guar gum) [59, 60], gelation is 

not observed. It is thought that an appropriate chemical structure to form 

hydrogen bonding between the hydroxyl groups is crucial in order to form 

gels.  At the same time, it is found that gelation by freezing and thawing is 

affected by cooling rate which affects the size of ice formed in the LBG 

solution [58].  It is thought that the size of ice necessarily corresponds to the 

size of the junction zone which is known as the crosslinking point of gels.  

When the number of freezing and thawing cycles (n) of aqueous solution 

of LBG increased, the rigidity of the gels increased.  When the concentration 

is higher than 1 %, the amount of sol transformed to gels was 100 % 

regardless of n.  On the other hand, when concentration is less than 1 wt %, 

gel ratio (= (mass of gel) / (total mass of solution), g g-1) decreases with 

increasing n, suggesting that  the separated sol portion increases.
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Figure 4-24. Chemical structure of locust bean gum. 
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Figure 4-25. Relationships between LBG content in the gel portion, number of freezing and 

thawing cycles (n) and annealing temperature of the sample in the sol state (1 wt %)Sample 

preparation; (1) LBG aqueous solutions (1wt %) were prepared in a glass vessel with a 

polyethylene inner lid and a plastic outer lid (2) each vessel was maintained at 378 K for 2 

hours. No mass loss was observed during heating at 378 K. (3) After annealing at 378 K, the 

first series of samples were directly transferred to a freezer whose temperature was 258 K and 

maintained for 24 hours.  The second series of samples were cooled to 378 K maintained for 2 

hours and then frozen at 258 K.  The third series of samples were annealed at 333, 343 and 

353 K for 2 hours then frozen at 258 K. (4) Frozen samples were thawed at 378 K.  This 

process took more than 6 hours.  (5) The above freezing and thawing was repeated from 1 to 

10 times. In this study, the number of freezing and thawing cycles is stated as "n".  After 

freezing and thawing, the samples were stored at 378 K. 

LBG hydrogels formed by freezing and thawing are thermo-irreversible.  

Once the junction zone is established, the resolution of molecular chains 

does not occur even if the gel is maintained at a  temperature  higher than 

330 K.  This fact is quite different from that of PVA hydrogels prepared by 

freezing and thawing which are completely thermo-reversible.  As described 

in 1.2 of this chapter, the structure of xanthan gum in the sol state changes 

by equilibration at a temperature higher than sol-gel transition. In the case of 

LBG, a similar experiment was carried out. Figure 4-25 shows relationships 

between LBG content in the gel portion, number of freezing and thawing 

cycles and annealing temperature of the sample in the sol state.  The effect 

of annealing LBG sol is clearly seen.  

The amount of water tightly restrained by the junction zone of LBG 

hydrogels was calculated using enthalpy of melting obtained by DSC.  It is 

known that water molecules which are strongly restrained by matrix 

polysaccharides show no first order phase transition.  This kind of water is 

defined as non-freezing water (Wnf). Wnf values evaluated from DSC melting 

peak of LBG hydrogels as functions of freezing and thawing cycles(n) are 

shown in  Figure 4-25.  As shown in this figure, the Wnf value decreases with 

increasing n.  This fact suggests that LBG molecules in the junction zone 
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become regularly aligned, and water molecules directly bonded to hydroxyl 

groups of LBG are excluded when inter-molecular hydrogen bonding is 

established.

Figure 4-26. Relationships between non-freezing water content of LBG hydrogels and 

number of freezing and thawing cycles (n). Numerals in the figure show annealing 

temperature of LBG sol (1 wt %). 

From the above results, it is concluded that the junction zone of LBG 

hydrogels is tightly formed by freezing and thawing. During this process, 

LBG molecules not connected with the junction zone are excluded from the 

gel portion and remaining molecules gradually form densely packed 

hydrogels.  Molecular conformation in the sol state affects the rate of the 

above junction formation.  This fact suggests that LBG solution is not in 

thermally equilibrium state.  Obtained LBG hydrogels are thermally stable 

and no gel-sol transition was observed in a temperature ranging from 310 to 

373 K.  Non-freezing water content calculated from DSC melting peak of 

water in the gel indicates that the junction zone becomes dense with 

increasing the number of freezing and thawing cycles since water restrained 

in the junction zone is excluded by the freezing process. 

1.5 Effect of annealing on gelation of pectin 

Pectin is a polysaccharide found in many plant tissues, such as fruits and 

vegetables [61].  For example, pectin content of apple is 0.5 - 1.6, grape 0.2 - 

1.0, orange peel 3.5 to 5.5 lemon 3.0 -4.0 and carrot 1.0 wt %, respectively. 

The principal constituent of pectin is D-galacturonic acid, joined in chains 
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by α(1-4) glycosidic linkages.  Pectin molecular chains contain a part of the 

carboxyl groups esterified by methyl group [62, 63].  The degree of methyl 

esterification (DE) ranges widely according to the kinds of plant.  Pectin is 

sometimes designated as pectinic acid.  Pectin without methyl esterification 

is called pectic acid. The conformational structure of pectins and pectic acid 

is found elsewhere [63]. 

Pectinic acid is water insoluble. Water solubility of pectins depends on 

DE and degree of polymerization [64]. Low methoxyl pectins form gels in 

the presence of divalent cations, in contrast high methoxy pectins form gels 

in the presence of sugars in acidic conditions.  Figure 4-27 summarizes the 

solubility and gelation of pectins and pectic acid. 
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Figure 4-27. Solubility and gellation of pectins and pectic acid (Iijima M., Thermal properties 

of pectin hydrogels, Doctoral Thesis, Otsuma Women’s Univerity, 2001). DE; degree of 

esterification.

Similar to other polysaccharide sols, when pectin hydrogels are prepared 

in the presence of Ca ions after aqueous solution is sufficiently equilibrated, 

it was found that physical properties of hydrogels remarkably depend on 

annealing conditions in the sol state [65]. When pectin sol was annealed at 

high temperature, Ca pectin formed softer gels than those annealed at low 

temperature.  On the other hand, in swelling measurements by tea bag 

method, the swelling ratio decreased with increasing annealing temperature 

at sol state.  The non-equilibrium state of pectin sol can be fixed by Ca ions. 

Mechanical properties of hydrogels have mainly been investigated by 

viscoelastic measurement using a rheometer.  Even when the gel is rigid, 

mechanical testing of hydrogels using a custom made machine is limited, 

since the gel frame is frequently destroyed by clamping.  Furthermore, 

vaporization of water during measurements is ignored.  In this section, the 

application of a thermomechanical analyser (TMA) to measure dynamic 
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modulus of hydrogels in water is described [66].  TMA enables us to 

measure the static and dynamic mechanical properties of hydrogels in water 

[66].   

Table 4-2. Characteristics of pectin samples 

Number DE/% Mw

A 25.6 8.5x104

B 29.6 8.5x104

C 60.7 1.0x105

D 71.9 1.5x105

Pectin samples were in powder form, whose DE and molecular mass are 

shown in Table 4-2.  Pectin powder was solved in deionized water at 298 K 

and 2 wt % solution was obtained. The solutions were stirred and annealed at 

298, 323, 353 an 371 K for 30, 80 and 180 min, respectively.  After the 

solution was equilibrated at 298 K, an aqueous solution of CaCl2 (0.43- 3.42 

%) was poured into a pectin solution.  Transparent flexible gels were 

immediately formed.  The pectin concentration of samples at this state was 

1.0 to 1.18 %.  The amount of Ca ions was measured by atomic absorption 

spectrometry and degree of substitution (DS) was calculated.  DS is defined 

as indicated in equation 4.14. 

DS =
Cameas

Cacal

 
 
 

 
 
 1− DE( ) (4.14) 

where Cameas is measured concentration of Ca ion in the gel, Cacal calculated 

concentration assuming all COOH is substituted by Ca ions and DE is 

degree of esterification. DE increased with increasing CaCl2 concentration 

and leveled off at a characteristic value which depends on the annealing 

condition of pectin sol.  DS decreased with increasing annealing temperature 

and time at sol state.  Swelling ratio calculated using the results obtained by 

tea bag method (see 2.3.3 Chapter 2) increased with decreasing DS. 

 Dynamic modulus and dynamic loss modulus of Ca pectin hydrogels 

were measured by TMA using the experimental procedure shown in 1.3 in 

Chapter 2.  Figure 4-28 shows relationships between E’, tan δ and degree of 

substitution of Ca ions (DS). E’ increases linearly with increasing DS.  The 

effect of annealing is not significantly observed by TMA. 
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Figure 4-28. Relationships between dynamic modulus (E’), tan δ and degree of substitution 

(DS). J, F; DE = 29.6 % , E, p ; DE = 25.6 %. 

2. GLASS TRANSITION AND LIQUID CRYSTAL 

TRANSITION

Numerous polysacchrides form hydrogels in aqueous media whether they 

are electrolytes or non-electrolytes [67, 68] In this section lyotropic and 

thermotropic liquid crystallization of several polysaccharides is described. 

2.1 Glass transition and liquid crystal transition of 

xanthan gum-water systems 

As described in section 1.2 of this chapter, the persistence length of 

xanthan gum is long, and hence, molecular chains readily align in the 

presence of a certain amount of water. Similar to sodium cellulose sulfate 

described in chapter 3, liquid crystal formation of Na xanthan gum-water 

systems depends markedly on water content and temperature. At the same 

time, structural change of water in the systems was clearly observed in 

relation to liquid crystal formation [69].  In this section, liquid crystal 

formation and glass transition of xanthan gum-water systems are described 

Figure 4-29 shows representative DSC heating curves of xanthan gum-

water systems.  In the system with Wc 0.24 g g-1, a distinct glass transition, 
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cold crystallization, small melting peak of water and large transition peak 

from liquid crystal to liquid state are observed. When Wc increases to 0.84 g 

g-1, cold crystallization is hardly observed, melting peak increases and 

transition peak from the liquid crystal to liquid state becomes smaller.  In the 

system with Wc 1.40 g g-1, cold crystallization and transition peak from 

liquid crystal to liquid state disappear.  

A phase diagram is established as shown in Figure 4-30, using glass 

transition temperature (Tg), peak temperatures of cold crystallization (Tcc), 

melting peak of water (Tm) and transition peak from liquid crystal to liquid 

state (T*). As clearly seen in Figure 4.28, ice in the system is formed at a 

characteristic Wc where Tg value is at a minimum value.  When Tm levels off, 

Tcc disappears. T* decreases with increasing Wc and disappears when Tg and 

Tm level off.

Figure 4-29. Representative DSC heating curves of xanthan gum-water systems. Numerals 

show water content (Wc).Samples; degree of substitution 2.6, Experimental conditions; power 

compensation type DSC (Perkin Elmer), heating  rate =10 K min-1.

The amount of non-freezing water (Wnf) was calculated using transition 

enthalpies obtained shown in Figure 4-31, Figure 4-31 shows the 

relationship between non-freezing water content (Wnf), freezing water 

content (Wf) and water content (Wc) of xanthan gum - water systems. The 

maximum amount of Wnf is ca. 5.1 g g-1.  The amount coincides with the Wc
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Figure 4-30. Phase diagram of xanthan gum - water systems. Tg; glass transition, temperature, 

Tcc; cold crystallization, Tm; melting of water, T*; transition peak from liquid crystal to liquid 

state.  Experimental conditions, see Figure 4.2 caption. 

Figure 4-31. Relationships between non-freezing water content (Wnf), freezing water content 

(Wf) and water content (Wc) of xanthan gum-water systems.  

where Tg showed the minimum value.  When Wc exceeds 0.51 g g-1, ice is 

formed in the system and cooperative molecular motion of xanthan gum and 

non-freezing water is restricted.  At the same time, molecular chains align 

more easily due to the existence of movable water, hence the liquid 

crystalline phase is formed.  Figure 4-32 shows polarizing light micrographs 

of xanthan gum - water system with Wc = ca. 1.0 g g-1.  As shown in Figures 

4-28 and 4-31, both transition temperature (T*) and transition enthalpy 
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decrease with increasing Wc.  This suggests that molecular mobility is 

enhanced and the ordered structure is difficult to maintain when an excess 

amount of free water exists in the system. 

Figure 4-32. Polarizing light micrographs show liquid crystalline phase of xanthan gum-water 

systems. Temperature =298 K.  Wc = ca. 1.0 g g-1. A Leitz polarizing microscope, Orthoplan 

POL, photo sensitive plate was used.

Figure 4-33. Relationship between transition enthalpy from liquid crystal to liquid phase and 

water content (Wc) of xanthan gum-water systems.  

Both Tg value and heat capacity gap at Tg (∆Cp) can be used as a criteria 

of molecular mobility of xanthan gum-water systems.  ∆Cp reflects the 

randomness of molecular chains.  Since glass transition of the system is a 

molecular enhancement due to cooperative motion of xanthan gum chains 

associating with non-freezing water, the molecular order of xanthan gum 

chains plays a crucial role in ∆Cp values [70]. Figure 4.32 shows DSC 

curves of xanthan gum-water system with Wc = 0.7 g g-1.  As shown in 

Figure 4.32, ∆Cp value observed in DSC heating curve (A) of the system 
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cooled from the liquid state is larger than that (B) of the system cooled from 

the liquid crystalline state. In these two heating curves, Tg, Tcc, Tm and T* are 

observed at a similar temperature. This strongly suggests that the structure 

formed at the liquid crystalline state is frozen at a temperature lower than Tg.

Figure 4-34. DSC curves of xanthan gum-water system with different thermal histories. Wc=

0.7 g g-1, heating rate = 10 K min-1.

2.2 Phase diagram of three galactomannans, locust bean 

gum, tara gum and guar gum 

Locust bean gum (LBG), tara gum (Tara-G) and guar gum (GG) are 

categorized as galactomannan polysaccharides which consist of a 1,4-β-D-

mannose backbone and 1,6-α-D-galactose side chains.  A structural 

difference among the three gums is the galactose / mannose ratio, which is 

1:4, 1:3 and 1:2 for LBG, Tara-G and GG, respectively. These chemical 

structures are shown in Figure 1.  Gelation of the above three galactomannan 

polysaccharides in aqueous systems has been carried out by chemical 

modifications, in the presence of cross linking agents, and mixing with other 

polysaccharides, such as xanthan gum and conjac mannan. Gellation of LBG 

by freezing and thawing has already been described in section 1.4 in this 

chapter.  It is thought that regularly spaced side chains have a crucial role in 

gel forming ability.  In this section, the phase transition behaviour of a series 

of galactomannan polysaccharide-water systems was investigated using 

differential scanning calorimetry  (DSC).   

Phase transition behaviour of LBG-, tara- and GG-water systems with 
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water content from 0 to ca. 5.0 g g-1 was investigated by DSC [71]. Using 

phase transition temperatures obtained from DSC heating curves, phase 

diagrams were established.  As shown in Figures 4-34, 4-35 and 4-36, Tg, Tcc

and Tm are observed in all of the three samples. Tg and Tcc are found in a Wc

range from 0.5 g g-1 to 1.0 g g-1 for LBG and Tara gum-water systems 

(Figures 4-34 and 4-35).  On the other hand, in GG-water systems, Tg and Tcc

are observed in a wide Wc range from 0.5 g g-1 to 2.7 g g-1 (Figure 4-36).  As 

shown in Figures 4-34, 4-35 and 4-36, Tm is observed when Wc exceeds 0.4 g 

g-1 for all samples. Tm increased with increasing Wc, and leveled off at 

around Wc = 1.0 to 1.2 g g-1.  Leveling off temperatures of the three samples 

are observed at 273 K.  In the case of pure water, peak temperature of 

melting was observed at 278.4 K at the heating rate 10K min-1 due to super-

heating. The above facts suggest that freezing water coexists with a 

considerable amount of freezing bound water in these galactomannan-water 

systems.   
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Figure 4-35. Chemical structure of locust bean gum (LBG) (a), tara gum (tara-G) (b) and guar 

gum (GG)(c). 
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Figure 4-36. Phase diagram of locust bean gum – water systems. Tm; melting peak 

temperature, Tcc: cold crystallization peak temperature, Tg; glass transition  temperature 

Measurement; heat flux type DSC (Seiko Instruments), heating rate = 10 K min-1, N2 flow 

rate = 30 ml min-1, aluminium sealed type pan, sample mass = ca. 3 mg. 

Figure 4-37. Phase diagram of tara gum – water systems. Tm; melting peak temperature, Tcc:

cold crystallization peak temperature, Tg glass transition temperature. 
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Figure 4-38. Phase diagram of guar gum – water systems. T*; transition temperature from the 

liquid crystalline state to liquid state, Tm; melting peak temperature, Tcc: cold crystallization 

peak temperature, Tg; glass transition temperature. 

Figure 4-39. Relationships between non-freezing water content (Wnf) and water content (Wc)

of LBG, tara gum and guar gum (GG). 

In order to understand the structural change of water, the amount of 

bound water content was calculated based on the enthalpy of melting of 

water in the systems. Water molecules coexisting with polysaccharides are 

categorized into three types, such as free water (Wf), freezing bound water 

(Wfb), and non-freezing water (Wnf).  The characteristic of each type of water 

is that melting of Wf starts at 273 K, Wfb lower than 273 K, and Wnf shows no 
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first-order transition.  Figure 4-37 shows Wnf of three different galacto-

annans. As described in section 1.4 of this chapter, LBG-water systems form 

gels by freezing and thawing process [59], and GG-water systems form 

liquid crystals as shown in the phase diagram (Figure 4-38).  It is considered 

that the amount of Wnf is related to the gelation and liquid crystallization. 

2.3 Amorphous ice and liquid crystal of guar gum-water  

Guar gum (GG) is a member of the galactomannan family [1,2] 

consisting of 1,4-β-D-mannose backbone and 1,6-α-D-galactose side chains, 

and the galactose / mannose ratio is 1:2.  GG has received particular 

attention as an industrial polysaccharide due to its rheological properties 

[78].  GG has been mixed with various kinds of polysaccharide in order to 

control the viscoelastic properties. At the same time, it is known that GG-

polysaccharide mixtures form hydrogels when they are crosslinked by borate 

[79]. 

When GG-water systems with a Wc range from 0 to 3.0 g g-1 were 

measured by DSC in a temperature range from 120 to 320 K, heating and 

cooling curves of the system varied in a complex manner as a function of 

Wc.  From the low to high temperature side, glass transition, cold 

crystallization, melting and transition from liquid crystallization to liquid 

state were observed in GG-water systems. Representative heating curves of 

GG-water systems with various water contents scanned at 10 K min-1 are 

shown in Figure 4-38.  All samples shown in this figure were cooled from 

333K to 120 K at a cooling rate of 10 K min-1. When Wc is smaller than 0.7 g 

g-1, the melting peak is smaller than that of the transition from liquid 

crystallization to liquid state.  Three GG-water systems showing 

characteristic DSC heating curves were chosen, i.e. systems with Wc = 0.59, 

0.81and 1.71 g g-1.  The system with Wc = 0.59 g g-1 has a larger transition 

peak from liquid crystal to liquid state than that of melting; the system with 

Wc = 0.81 g g-1 peak has similar size; the system with Wc = 0.71 g g-1 has a 

large melting peak. The systems were cooled at cooling rates 1 or 10 k min-1

from the liquid state to glassy state and then heated at 10 K min-1. Figures 4-

41, 4-42 and 4-43 show representative DSC heating curves of samples with 

Wc of 0.59, 0.81and 1.71 g g-1 having different cooling histories. 

The comparison was made among Hc*, Hcc and Hm* for the sample 

with Wc =0.59 g g-1.  Figure 4-42 shows relationships between ( Hc* + Hcc)

and Hm* as a function of cooling rate. It is clearly seen that  ( Hc* + Hcc)

vary in a similar manner to Hm*.  This fact strongly indicates that liquid 

crystallization occurs at cold crystallization. 
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Figure 4-40. DSC heating curves of water-guar gum systems. Numerals shown in the figure 

show water content ( g g-1), Sample preparation. A small amount of water was added to dry 

powder and residual water was evaporated until a predetermined amount of water in the 

system was attained.  Measurement conditions.  heat-flux type DSC ( Seiko Instruments) 

Heating rate 10 K min-1. N2 gas flow rate = 30 ml min-1, Sample mass = ca. 5 mg, aluminium 

sealed type sample pan was used. 

Figure 4-41. DSC heating curves of GG-water systems with Wc=0.59 g g-1 cooled at 1 and 10 

K min-1. Measurements. See Figure 4-40 caption. 

Figure 4-42. DSC heating curves of GG-water systems with Wc=0.76 g g-1 cooled at 1and 10 

K min-1. Measurements. See Figure 4-40 caption. 
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Figure 4-43. DSC heating curves of GG-water systems with Wc =1.71 g g-1 cooled at 1, 10 

and 40 K min-1. Measurements. See Figure 4-40 caption. 

From the above results, it is concluded that the structural change of water 

in the GG-water system governs the liquid crystallization of the system.  It is 

considered that lyotropic and thermotropic liquid crystals generally observed 

in water-polysaccharide systems are organized in the same manner as that of 

the GG-water system. 

Figure 4-44. Relationship between enthalpy of transitions and cooling rate of GG-water 

systems with Wc=0.59 g g-1. ∆Hc*; transition enthalpy from liquid to liquid crystalline state, 

∆Hcc; transition enthalpy of cold crystallization, ∆Hm*; transition enthalpy from liquid crystal 

to liquid state [71]. 
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Chapter 5 

LIGNIN

1. INTRODUCTION 

According to the well-known book Lignins, edited by K. V. Sarkanen 

and C. H. Ludwig [1], the word lignin is derived from the Latin word lignum

meaning wood. The amount of lignin in plants varies widely according to the 

kind of plant. However, in the case of wood, the amount of lignin ranges 

from ca. 19 - 30 %, and in the case of nonwood fibre, ranges from ca. 8 - 22 

%, when the amount is determined according to Klason lignin analysis 

which is dependent on the hydrolysis and solubilization of the carbohydrate 

component of the lignified material, leaving lignin as a residue [1-5]. 

Lignin is usually considered as a polyphenolic material having an 

amorphous structure, which arises from an enzyme-initiated 

dehydrogenative polymerization of p-coumaryl (I), coniferyl (II) and sinapyl 

(III) alcohols (see Figure 5-1). 

OH

OCH3

CHCHCH2OH

OH

OCH3

CHCHCH2OH

OH

CHCHCH2OH

H3CO

II IIII

Figure 5-1. Chemical structures of three alcoholic precursors of lignin 
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The basic lignin structure is classified into only two components; one is 

the  aromatic part and the other is the C3 chain.  The only usable reaction 

site in lignin is the OH group, which is the case for both phenolic and 

alcoholic hydroxyl groups. 

Lignin consists of p-hydroxyphenyl (I), guaiacyl (II), and syringyl (III) 

structures connected with carbon atoms in phenylpropanoid units, as 

illustrated in Figure 5-2. 

OH

OCH3

C-C-C

OH

OCH3

C-C-C

OH

C-C-C

H3CO

II IIII

Figure 5-2. Three important structures of lignin. p-hydroxyphenyl (I), guaiacyl (II), and 

syringyl (III) structures  

Lignin is a major component of plants.  Scanning electron and ultraviolet 

micrographs of the cross section of cedar show that lignin is mainly present 

at inter-cell membranes. An atomic force micrograph of the molecular level 

structure of lignin is shown in Figures 1-5, 1-6 (Chapter 1).

The structure and amount of lignin in living plants depend not only on 

plant species but also on location of tissue,  age of the plant,  and other 

natural conditions.  It is thought that lignin is synthesized enzymatically by 

the modification of saccharides. Due to the biosynthetic process in living 

tissues, it is reasonable to consider that lignin has an extremely complex 

chemical structure as shown in Figure 1-9.  At the same time, it is known 

that lignin exists as a matrix in the architecture of plants, compiled according 

to the hierarchy of plant organization [5,6].   

The above complex constitution evolved in nature, with numerous 

biocomponents organized and engaged in specific functions, in which lignin 

works as a matrix component with viscoelastic properties. Lignin having 

slight hydrophobilicity cooperatively affiliates with hydrophilic 

polysaccharides [4,5]. 

In this chapter, glass transition behaviour is explained in sections 2 and 3, 

since the main chain motion is the most important transition behaviour of 

solid lignin.  Local mode relaxation at a low temperature region will be 

introduced based on viscoelastic and nuclear magnetic resonance 

spectroscopy (NMR) in section 4. Water-lignin interaction is described in 

section 5.  Thermal decomposition based on thermogravimetry (TG) and 
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TG-Fourier transformed infrared spectroscopy (FTIR) is considered in 

section 6. Applications of lignin to various environmentally compatible 

polymers will be described in Chapters 6, 7 and 8. 

2. GLASS TRANSITION OF LIGNIN IN SOLID 

STATE 

Figure 5-3 shows wide angle x-ray (WAX) diffractograms of lignin 

extracted by various methods.  A diffused halo pattern having several peaks 

indicating a broad structure distribution can be seen.  The intra- and 

intermolecular distance at peak is 0.43 nm and 0.98 nm for  dioxane lignin 

(DL),  0.42 nm and 0.63 nm for milled wood lignin (MWL) [6].  The WAX 

pattern of atactic-polystyrene (a-PSt) with molecular mass 1.0 x 105 and 

molecular weight distribution 1.01, a representative synthetic amorphous 

polymer, is also shown as a reference. Polystyrene shows two distinct peaks 

at 4.57 nm and 8.8 nm.  The former corresponds to average values of intra-

molecular distance and the latter corresponds to inter-molecular distance [7]. 

In contrast, each lignin peak is not as distinct as that of PSt, suggesting that 

the molecular arrangement of lignin samples has a broad distribution.  The 

WAX patterns shown in Figure 5-3 indicate that lignin is an amorphous 

polymer having wide distribution of intermolecular distance and lacking any 

type of higher-order molecular regularity.  

PSt

MWL

DL

MDL

Sample X-ray pattern d D
[nm]

0.46

0.63

0.42

0.43

0.40

0.52

0.98

0.85

2θ

D

d
0.88

Figure 5-3. Wide angle x-ray (WAX) diffractograms of lignin and polystyrene. PSt: 

polystyrene (molecular weight 1x105, Mw/Mn = 1.01), MWL: milled wood lignin. DL: 

dioxane lignin, MDL, methylated DL. Measurements; WAX was measured using a Rigaku, 

20001 type x-ray diffraction analyzer at 35 kV, 20 A, with a Ni filter using a goniometer. 

Powder shape lignin was compressed into a pellet and the thickness of the pellet was ca. 1 

mm. 
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Lignin shows no first order thermodynamic phase transitions.  Neither 

thermal nor liquid induced crystallization is known for lignin in the solid 

state. This indicates that solid lignin takes either the glassy state or rubbery 

state, depending on temperature, at a temperature lower than thermal 

decomposition [8].  On this account, local mode relaxation, glass transition 

and decomposition are expected to be found when lignin is heated from low 

to high temperature.   

2.1 Glass transition of isolated lignin 

When a polymer melt is cooled at the isobaric condition, the melt 

crystallizes at a characteristic temperature (the melting temperature, Tm), if 

nuclei are formed and the nucleating rate exceeds the cooling rate.  

However, if the above conditions are not attained, the melt is maintained in a 

metastable state (super-cooled melt) at a temperature lower than Tm. . On 

further cooling, the viscosity of super-cooled melt increases and the melt 

solidifies at a  temperature where the configurational entropy of the melt 

reaches a characteristic value.  This glassy solidification temperature is 

defined as glass transition temperature (Tg).  Molecular motion of polymers 

which is observed such as, specific heat capacity, modules of elasticity, 

expansion coefficient, dielectric constant, NMR spin-lattice relaxation time, 

etc. change in a characteristic manner at Tg [3-20].  The glassy state is a 

thermodynamically non-equilibrium state, and on this account, glass 

transition behaviour is time dependent and influenced by measurement 

conditions.  In spite of the above facts, the Tg value of each polymer can be 

observed in a certain definite temperature range, since the change occurs in a 

drastic manner. Although various experimental techniques, such as 

viscoelastic measurement, nuclear magnetic resonance spectroscopy, 

differential scanning calorimetry (DSC) and dielectric measurement are 

known, DSC is the most widely used in order to measure the glass transition 

temperature of amorphous polymers [9-18].  Typical DSC heating curves 

showing glass transition are found in the schematic presentation in Figure 2-

5 (Chapter 2).  In this book, Tgi is used as an index of glass transition 

temperature. 

2.1.1 Glass transition of various kinds of lignin 

WAX patterns shown in Figure 5-3 indicate that lignin is an amorphous 

polymer having wide distribution of inter-molecular distance. Higher order 

molecular regularity is not observed. Figure 5-4 shows DSC heating curves 

of different types of lignin, milled wood lignin (MWL), dioxane lignin (DL) 

and Kraft lignin (KL).  As shown in Figure 5-4, baseline deviation due to 
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glass transition is clearly observed.  In order to make the thermal history 

identical, all samples were heated at a temperature 30 K higher than glass 

transition temperature (Tg) and quickly cooled to room temperature. 

  

320              370              420             470

T / K

DL

KL

MWL

Figure 5-4. DSC heating curves of lignin extracted by various methods. KL (kraft lignin), DL 

(dioxane lignin), MWL (milled wood lignin). Measurements; Power compensation type DSC 

(Perkin Elmer), heating rate = 10 K min-1, sample weight  = 5 mg, N2 flow rate = 15 ml min-1.
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Figure 5-5. Representative IR spectra of milled wood lignin (MWL) at various temperatures. 

Samples (see footnote of Table 5-1), Powder lignin sample (dried at 10-4 mmHg for 48 hrs) 

was mixed with KBr powder and pressed into a pellet. Measurements; Infrared spectrometer 

(Perkin Elmer), conformation of the temperature controllable sample holder is shown in 

Chapter 2, Figure 2.19. Temperature was controlled stepwise. 
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At around glass transition temperature, intermolecular hydrogen bonding 

breaks and molecular motion is enhanced [19, 20].  Variation of OH 

stretching absorption, C=O stretching, aromatic skeletal vibration, C-O 

stretching and C-O deformation of infrared (IR) spectra of various types of 

lignin were measured as a function of temperature [21]. Figure 5-5 shows 

representative IR spectra in a wave number from 2500 to 4000 cm-1 of  

milled  wood lignin (Björkman lignin) (MWL) at various temperatures.   

Figure 5-6. Relationship between relative optical baseline density of representative OH 

stretching band (hydrogen bonded) and temperature of various kinds of lignin.  I: KL (3400 

cm-1, 3500 cm-1), LS (3380 cm-1, 3500 cm-1), DL (3380 cm-1, 3500 cm-1) and  MWL (3370 

cm-1, 3500 cm-1). Sample preparation (see Table 5-1 footnote). 

The relative baseline optical density was calculated as stated in 2.2.4. 

Figure 5-6 shows representative curves of relative baseline optical density of 

OH stretching band of various types of lignin as a function of temperature.  

The relative optical density of OH stretching band starts to decrease at a 

temperature lower than glass transition temperature measured by DSC.  In 

contrast, the absorption bands of the aromatic skeletal vibration decreased at 

a temperature higher than that of OH stretching. Table 5-1 shows the 

inflection point of relative optical density curves of various types of lignin, 

together with assignment of each absorption band. 

When temperature dependency of WAXS patterns of various types of 

lignin was measured, a broadening of the halo pattern was observed. Figure 
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5-7 shows relationship between intermolecular distance (d) of DL and 

temperature. The value of d increases at around Tg where endothermic 

deviation was observed in the DSC curves shown in Figure 5-4. 

Table 5-1.  Temperature of inflection point of relative optical density curves of various kinds 

of lignin 

Wavenumber

/ cm-1 Assignment MWL*1 DL*2 LS*3 KL*4

3500 350  330 350 

3370-3400 OH stretching 370 390 410 410 

1590-1595 Aromatic skeletal vibration 390 410  450 

1420-1440 Aromatic skeletal vibration 390 380 459 450 

1255-1265
C-O stretching, aromatic 

(methoxyl) 
350 350 350 359 

1205-1215
C-O stretching, aromatic 

(phenol)
370 370 370 370 

1025-1035
C-O deformation (primary 

hydroxyl and methoxyl) 
390 350 380 390 

*1 MWL; MWL was prepared according to Bjorkman’s procedure from spruce (Picea Jezoensis).  Purification was carried 

out by repeated precipitation of dichloroethane-ethanol solution of MWL into ethyl ether. 

*2 DL; Dioxane lignin was prepared according to Junker’s procedure from Japanese cypress (Cupressauceae obutusa). 

Purification was carried out by repeated precipitation of dioxane solution of MWL into ethyl ether 

*3 LS;  Commercially obtained  calcium lignosulfonate was purified by gel chromatography. 

*4 KL: Commercially obtained  Kraft lignin from softwood was purified by repeated precipitation of dioxane solution of 

MWL into ethyl ether 

*5 The absorption may be affected by sulfonate groups.

Figure 5-7. Relationship between intermolecular distance (d ) and temperature of DL. 

Measurements; x-ray diffractometer (Rigaku Denki), DL powder was filled in a hole with 

diameter  5 mm in a metal plate with thickness  0.7 mm. Both sides of the hole were 
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windowed using mica sealed with epoxy resin. This metal plate was set in a sample holder 

whose temperature was controlled using a temperature controller. 

Although Tg values determined by DSC, IR spectrometry and WAXS do 

not accord well with each other due to the difference in sample preparation 

and temperature control mode, it is clear that inter-molecular hydrogen 

bonding breaks in the initial stage (Figure 5-6) and intermolecular distance 

(Figure 5-7) and heat capacity increase at glass transition.    

2.1.2 Effect of molecular mass 

Molecular mass and molecular mass distribution (Mw,/ Mn, where Mw is 

mass average molecular mass and Mn is number average molecular mass ) 

are  major factors affecting the molecular mobility of polymers in solid state.  

Among many kinds of amorphous polymers, glass transition behaviour of 

polystyrene has been investigated from the view point of molecular weight 

in the last fifty years.  Since polystyrene is soluble in various organic 

solvents, a variety of experimental techniques can be applied to measure the 

molecular weight, such as viscosity measurement, light scattering, 

sedimentation, gel permeation chromatography, etc.  Furthermore, 

polystyrene samples having very narrow molecular weight distribution (Mw/

Mn = 1.01 to 1.10) can be synthesized by ionic polymerization.  On this 

account, it is easy to obtain samples having a wide range of Mw/ Mn.

Glass transition temperature (Tg) of polystyrenes with various molecular 

weights are reported in a molecular weight ranging from monomer to Mn = 

1x106. Tg. of polystyrene increases with increasing molecular weight to 5 x 

104 and is then maintained at a constant value (ca. 360 K).  Tg decreases and 

glass transition temperature range expands with increasing molecular weight 

distribution.  In an oligomeric molecular mass range, the chemical structure 

of the end group affects Tg [22].  The effect of the end group of poystyrene 

can be observed in a Mn ranging from monomer to ca. 6-mer [22].  

In contrast to polystyrene samples, only a small number of Tg data of 

lignin having various molecular weights is known [23-25].  Molecular 

weight and its distribution of lignin markedly depend on isolation 

conditions.  When the lignin samples are examined by analytical methods, 

such as gel permeation chromatography, it is necessary to solve the samples 

in organic solvents. In the case of lignin, it is thought that the high molecular 

weight portion of lignin and/or three-dimensional network portion  is not 

easly soluble and  the insoluble portion in  organic solvents is  excluded by 

filtration.  It is believed that the molecular weight of purified lignin is 

considerably lower than the original molecular weight.  
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Table 5-2 shows Mn and Mw / Mn of KL fractionated by successive 

precipitation. Molecular weight and molecular weight distribution are 

measured by gel permeation chromatography (GPC) using tetrahydrofuran 

(THF) as an eluent.  Gel permeation chromatograms of unfractionated and 

fractionated KL are shown in Figure 5-8.  For the Mn and Mw / Mn

calculation, polystyrene samples having Mn = 600 to 105 Mw / Mn = 1.1 to 

1.01 were used as reference materials. The molecular distribution values of 

soft wood KL are small in the low molecular weight fractions and are large 

in the high molecular weight fractions.  This indicates that the molecular 

weight distribution of the original sample is non-Gaussian type distribution.  

GPC chromatograms also indicate that the low molecular weight portion is 

distorted in the original sample. 

Table 5-2. Molecular mass and molecular mass distribution of unfractionated and fractionated 

KL

Sample Symbol Mw Mw/Mn

Unfractionated Hard wood* I 2600 1.33 

Unfractionated II 4200 1.71

II-1***   

II-2 7500  

II-3 7000 1.54 

II-4 6000 1.48 

II-5 4900 1.53 

II-6 4400 1.45 

II-7 4000  1.41 

II-8 4000 1.39 

II-9 3800 1.42 

Fractionated
Softwood**

KL

II-10 2000 1.30 

*white fir,**beech

Fractionation was carried out as follows; KL (10g) was dissolved in dioxane and kept in a 

water bath at 308 K.  Water was added dropwise into the above solution with stirring.  After 

keeping the solution at room temperature for 24 hours, the precipitate was separated by 

centrifugation (5000 rpm).  The fraction which had been separated was redissolved in fresh 

dioxane and reprecipitated with the same ratio of precipitant to solvent as the solution from 

which it was separated and stored at 308 K for 24 hours then it was centrifuged again. 

Glass transition temperature of unfractionated and fractionated lignin was 

determined by DSC.  As shown in Figure 5-9, a baseline gap due to glass 

transition is observed.  It is seen that Tg shifts to the high temperature side 

with increasing molecular weight.  Figure 5-10 shows the relationship 

between Tg and molecular weight. Tg increases linearly with increasing 

molecular weight.  Ordinarily, Tg levels off when the molecular weight 
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attains a characteristic value. Tg of the fraction having the largest molecular 

weight does not reach the leveling off point.

28 30 32 34 36
Count Number

10
3104
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5

Mw

II-2

II-5

II-4

II-7

II-10

I

II

Figure 5-8. Gel permeation chromatograms of  unfractionated and fractionated KL. Symbols 

are the same as Table 5-2. 
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Figure 5-9. DSC heating curves of unfractionated and fractionated lignin samples. Symbols in 

the figure correspond to those shown in Table 5-2. Measurements; power compensation type 

DS S (Perkin Elmer), heating rate = 20 K min-1, sample mass = ca 7 mg, N2 flow rate = 10 ml 

min-1.
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Figure 5-10. Relationship between Tg and molecular mass of fractionated dioxane lignin 

(DL).

2.1.3 Effect of thermal history 
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Figure 5-11. DSC heating curves of lignin annealed at various temperatures. Mesurements; 

power compensation type DSC (Perkin Elmer).  heating rate =  20 K min-1, Samples were 

annealed at a temperature indicated in the figure for 30 min [26]. 

The glassy state is thermodynamically non-equilibrium. Enthalpy 

relaxation of amorphous materials will be described in the section 3.2.  Since 

glass transition is a molecular relaxation phenomena, the glass transition 

behaviour of amorphous polymers, such as lignin, is markedly affected by 

the thermal history [24].  On this account, when two samples are compared 
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with each other,  it is necessary to define the history of the sample in a 

similar manner.   

DSC curves of lignin annealed at various temperatures are shown.  As 

shown in Figure 5-11, sub- Tg is observed by annealing at a temperature 

lower than Tg.  The temperature of sub- Tg shifts to the high temperature side 

and when the annealing temperature exceeds Tg, sub- Tg disappears.  The 

sub-Tg was found not only in lignin but also in other amorphous polymers 

such as polystyrene and poly(vinyl chloride).  The above facts indicate that 

the conformation of molecular chains of amorphous polymer has a broad 

distribution and molecular rearrangement takes place by annealing.  

2.1.4 Glass transition of lignin derivatives 

Various types of lignin derivatives were prepared such as, acetoxyl 

lignin, hydroxypropyl lignin and others. The hydroxyl group of lignin is 

used as a reaction site.  Although a large number of attempts have been 

made in order to prepare new lignin derivatives, Tg values of the samples 

have not been reported.   Ordinarily, molecular motion of lignin is enhanced 

by the introduction of a large side chain molecule. The glass transition of 

lignin derivatives shifts to the low temperature side due to the decrease of 

the amount of hydrogen bonding and expansion of inter-molecular distance. 

Glass transition of methylated dioxane lignin (MDL) was measured by DSC.  

Figure 5-12 shows the variation of Tg as a function of methoxyl content. Tg

of MDL markedly decreases with methoxyl content. 

Figure 5-12. . Glass transition temperature of methylated DL with various methoxyl contents. 

Tg data was obtained by DSC. heating rate = 10 K min-1, sample weight = ca. 8 mg, N2

flowing atmosphere.
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Tg decreases  by the introduction of acetoxyl group. By the acetylation, it 

was difficult to convert all hydroxyl groups into acetoxyl groups.  On this 

account, the relative optical density of absorption bands at 1740 cm-1 and

1760 cm-1 (C=O stretching vibration due to the acetoxyl group) was chosen 

as a criteria of acethyl conversion rate. In the above calculation, the 

absorption band at 1600 cm-1 due to the aromatic ring vibration was used as 

an internal standard.  Relative values of acetylation were calculated using an 

index where the IR absorption band reaching the saturated point was 

assumed.  

Figure 5-13. Relationship between Tg and relative degree of acetylation  of DL 

Figure 5-13 shows the relationship between Tg  and acetylation rate of 

acetyl lignin (ADL) [27]. Tg linearly decreases with increasing number of 

acetyl group.  This shows that the molecular mobility increases with the  

Figure 5-14. Relationships between intermolecular distance (d) of MDL, DL and temperature. 

Dotted line: DL.  Measurements; see Figure 5-7 caption. 
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introduction of bulky side chains and inter-molecular hydrogen bonding of 

lignin is disrupted.

Figure 5-14 shows temperature dependence of inter-molecular distance 

(d) of MDL measured by wide angle x-ray diffractometry (WAX). The 

variation of  d of DL is also shown as a dotted line.  d increases with  the 

introduction of acetyl group and, at the same time, molecular expansion 

starts at a temperature lower than that of DL.  Both x-ray and DSC results 

indicated that the introduction of bulky side chains expand the molecular 

distance and enhance the molecular motion. 

3. HEAT CAPACITY AND ENTHALPY 

RELAXATION OF LIGNIN 

3.1 Heat capacity of lignin at around glass transition  

Specific heat capacities (Cp) at an isobaric condition are generally 

measured by adiabatic calorimetry or differential scanning calorimetry 

(DSC).  In order to obtain reliable Cp data by adiabatic calorimetry, a 

complex home-made apparatus, trained experimental personnel and a large 

amount of pure samples are necessary.  In contrast, Cp is more easily 

obtained by DSC and Cp data well accord with those obtained by adiabatic 

calorimetry, although the precision of the data is low [28]. Cp values of 

dioxane lignin measured by DSC are shown in Figure 5-15 [29]. Cp variation 

due to glass transition is clearly seen at around 400 K.  Cp values are almost 

the same as other amorphous polymers such as polystyrene.  

2.1

1.7

1.3
340                    380                    420

T / K

Figure 5-15. Specific heat capacity of dioxane lignin  (DL). Measurements; Powder 

compensation type DSC (Perkin Elmer), heating rate = 10 K min-1, sample mass = ca. 5 mg, 

reference materials, sapphire, N2 gas flow rate = 30 ml min-1.
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3.2 Enthalpy relaxation of lignin 

Polymers in the glassy state below the glass transition temperature are 

not in thermodynamic equilibrium and relax towards equilibrium with time. 

Relaxation time distribution necessarily exists in the glassy state, since 

molecular chains are unable to solidify homogeneously and simultaneously 

at certain time intervals.  As described in section 1, the chemical structure of 

lignin is complex.  On this account, it is considered that molecular chains of 

lignin cease their molecular motion in unequlibriated conditions. The rate of 

solidification affects the enthalpy level of glassy lignin.  When a lignin 

sample is slowly cooled from the melt, enthalpy of the glassy state 

decreases.  In contrast, the enthalpy increases when the sample is quenched, 

since molecular chains are more randomly frozen than those of slowly 

glassified samples.   

50
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 340                    380                    420

T / K
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Figure 5-16. Heat capacity of dioxane lignin annealed at 380, 385 and 400 K for various 

times. Annealing time is shown in the figure  (min). Measurements; Power compensation type 

DSC (Perkin Elmer), heating rate = 10 k min-1,  sample mass = ca. 7 mg. The samples were 

once heated to 460 K, quenched to 320 K and then Cp was measured. 

For this reason, the experimentally measured enthalpy of glassy polymers 

decreases as a function of time if the sample is maintained below Tg.  This 

phenomenon is called enthalpy relaxation and is monitored through heat 

capacity change at glass transition. In the presence of enthalpy relaxation, 
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the mechanical, transport and other physical properties of the polymer vary 

as a function of temperature and time [30, 31]. Gas diffusion through 

polymer membranes can decrease by as much as two orders of magnitude 

due to enthalpy relaxation at ambient temperature. The stress-strain curves 

of glassy polymers reveal more brittle behaviour as enthalpy relaxation 

proceeds.

Instead of slow cooling, similar relaxation behaviour is observed by 

annealing the sample at a temperature lower than Tg.  The quenched sample 

whose DSC curve was presented in Figure 5-15, was annealed at at 380, 385 

and 400 K for various times.  DSC curves of annealed samples are shown in 

Figure 5-16 [29].  

Precise analysis of enthalpy relaxation is not possible due to the non-

equilibrium nature of glassy polymers above and below the glass transition. 

Enthalpy relaxation can be characterized under certain limiting assumptions. 

The procedure is found elsewhere [11, 15]. 

3.3 Glass transition of poly(hydroxystyrenes) related to 

lignin

Polystyrene derivatives having three major structures of lignin (see 

Figure 5.3) as a pendent were synthesized as model polymers of lignin [32-

39].  They are poly(4-hydroxystyrene) (PHS), poly(4-hydroxy, 3-

methoxystyrene) (PHMS) and poly(4-hydroxy, 3,5-methoxystyrene) 

(PHDMS) Chemical structures of the above polymers are shown in Figure 5-

17. Molecular mass ranged from 1.0 x 104 to 1.0 x 105 and molecular mass 

distribution (= Mw/Mn) calculated by gel permeation chromatography ranged 

from ca. 3.0 to 4.0.  

Figure 5-17. Chemical structure of polystyrene and its derivatives related to lignin. PSt: 

polystyrene, PHS: poly(4-hydroxystyrene), PHMS: poly(4-hydroxy, 3-methoxystyrene). 

PDMS:poly(4-hydroxy, 3,5-methoxystyrene). Sample preparation; synthesis. 
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Figure 5-18 shows DSC heating curves of polystyrene (PSt) and three 

kinds of polystyrene derivatives, PHS, PHMS and PHDMS..  Each sample 

was heated to a temperature 40 K higher than glass transition temperature 

(Tg) and quenched to ca. 298 K and then heated at 10 K min-1. Tg varied in

Figure 5-18. DSC heating curves of polystyrene and its derivatives related to lignin. .A: 

polystyrene, B poly(4-hydroxystyrene), PHMS: poly(4-hydroxy, 3-methoxystyrene). PDMS: 

poly(4-hydroxy, 3,5-methoxystyrene);  Measurements; heat-flux type DSC (Du Pont), sample 

mass = ca. 5 mg, heating rate = 10 K min-1.

Figure 5-19. Relationships between Tg and degree of hydrolysis of polyhydroxystyrene 

derivatives, A: poly(4-hydroxystyrene), B: poly(4-hydroxy, 3-methoxystyrene). PDMS: 

poly(4-hydroxy, 3,5-methoxystyrene). 
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the order of PHS (455 K) > PHMS (415 K) > PHDMS (381 K) >PSt (366 

K). By introduction of the hydroxyl group to 4-position of the aromatic 

group, Tg markedly increases.  

By introduction of the methoxyl group to 3-position of the aromatic 

group, Tg decreases, since the bulky side group expands intermolecular 

distance. It was confirmed that biodegradability is enhanced by the 

introduction of the methoxy group to the 40-poistion [40]. When two 

methoxy groups are attached to 3- and 5-position, the effect of the hydroxyl 

group diminishes, since hydrogen bond formation is disturbed geometrically.  

It was also found that the position of hydroxyl group [39] and number of 

hydroxyl group [35, 36] affect the Tg value of PHS 

Figure 5-20. Relationship between Tg and heat capacity difference at Tg  (∆Cp) of poly(4-

hydroxystyrene) at 373 K. 

4. MOLECULAR RELAXATION  

4.1 Viscoelastic measurements 

Isolated lignin lacks flowability at a temperature higher than Tg.  It is 

difficult to make strong film either by solvent casting or hot press methods. 

When the mechanical and viscoelastic properties of polymers are measured,  

it is crucial to measure the size of the sample precisely in order to obtain 

quantitative data. Torsional braid analysis (TBA) is an experimental 

technique using an inert support to measure the viscoelastic behaviour.  By 

TBA, the relative value of rigidity and retardation can be measured as a 

function of time, although dynamic modulus cannot be obtained 

quantitatively.  This is not only due to the fact that the size of the sample is 

not defined, but also because the frequency depends on temperature.   
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Figure 5-21. Logarithmic decrement (αT) and relative rigidity (p-2) of dioxane lignin (DL). 

Preparation of DL (see Table 5-1 footnote), Methoxyl content = 15.4 %. After fixing the braid 

with lignin to the sample holder, the braid was dried at 293 K for 48 hours under the vacuum 

10-2 mmHg.  Immediately before the measurement, the sample was annealed at 373 K for 2 

hrs.  Measurement conditions; temperature range 150 to 460 K, heating rate = 1 K min-1,

torsion angle 5 degrees [41]. 

Ordinarily, glass fibre braid is used as a support for TBA.  Lignin powder 

is solved in an organic solvent and the glass support is dipped in the solvent. 

Then the support with lignin is dried in vacuo in order to eliminate the 

organic solvent, since a trace amount of solvent works as a plasticiser and 

molecular motion is easily enhanced at a temperature lower than Tg of dry  

Figure 5-22. Logarithmic decrement (αT) and relative rigidity  (p-2) of Kraft lignin (KL). 

Preparation of KL (see the footnote of Table 5-1) Methoxyl content = 14.4 %. Measurement 

conditions; see Figure 5-21 caption. 
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sample. Figures 5-21, 5-22 and 5-23 show rigidity and increment of 

dioxane lignin (DL), kraft lignin (KL) and lignosulfonate (LS).  The rigidity 

of DL and KL decreases at around 390 K in the decrement curve. LS shows 

no significant changes due to strong ionic bondings.  Local mode relaxation 

is not clear except for DL.  As shown in the increment curve of Figure 5.19, 

a shoulder peak is observed at around 330K.  The local mode relaxation of 

lignin will be described in section 3.2 of this chapter,

Figure 5-23. Logarithmic decrement (αT) and relative rigidity (p-2) of calcium lignosulfonate 

(CaLS). Preparation of LS; see Table 5-1 footnote.  Methoxyl content = 12.1 %.  

Measurement conditions; see Figure 5-21 caption. 

In order to measure the dynamic viscoelastic property of lignin, other 

mechanically inert samples, such as cellulose were used.   Filter paper was 

used as a suitable support for lignin, since significant change in the 

mechanical properties is not observed at a temperature higher than room 

temperature to 470 K.  At the same time, lignin shows good affinity with 

cellulose. When the dynamic modulus of DL supported by filter paper is 

measured, tan δ of DL showed a broad peak at 433K with a shoulder peak at 

393 K.  In the case of KL, tan δ peak was observed at 408 K.

The mechanical properties of lignin supported by filter paper were 

measured as a function of temperature as shown in Figure 5-24 The strength 

of KL decreased as the temperature increased and decreased markedly near 

the glass transition temperature at around 400 K.  The decrease in the 

strength of DL was observed at 343 and 400 K.  In elongation versus 

temperature curves, two peaks are observed for DL and one peak for KL.  It 

is clear that temperature dependence of tensile properties accords well with 

viscoleastic properties.
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Figure 5-24. The temperature dependence of the tensile properties of lignin supported by 

filter (cellulose) paper. Solid line: DL, Dotted line: KL. Samples; Dioxane lignin (DL) and 

Kraft lignin (KL) (preparation, see Table 5-1 footnote). Filter paper was immersed in 30 % 

tetrahydrofuran solution of lignin, and dried at room temperature for 3 days in vacuo 10-4

mmHg at 323 K for 3 days.  The lignin content was ca. 40 % in mass. Measurements; Testing 

conditions, Instron type mechanical tester (Shimadzu), sample length= 50 mm, crosshead 

speed =10 mm min-1, temperature increased stepwise [42]. 

4.2 Broad-line nuclear magnetic resonance spectroscopy

Molecular motion of lignin in solid state is measured by broad line 

nuclear magnetic resonance spectroscopy (b-NMR) as a function of 

temperature in a wide temperature range.  Using b-NMR, not only the main 

chain motion which has already been described in the former sections, but 

also local mode relaxation of lignin can be measured [20, 43].  

4.2.1 Line shapes and line-width changes  

Figure 5-25 shows half of the first derivatives of the proton absorption of 

dioxane lignin (DL) as a function of the applied magnetic field.  As shown in 

this figure, a broad peak is observed at 120 K, suggesting that the molecular 

motion appears as one component.  At 290 K, a narrow component together 

with a broad one is observed indicating that a part of the lignin molecules 

starts to be mobile at this temperature.  At 460 K, both components become 

sharper and narrower.  Similar first derivative curves are obtained for Kraft 

lignin (KL) and lignosulfonate (LS).
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Figure 5-25. First derivative curves of the proton resonance as a function of the applied 

magnetic field of dioxane lignin.. Apparatus; broad-line NMR (JEOL); .  sweeping magnetic 

field method. Temperature range; 100 to 470 K, temperature increased stepwise, accuracy +/- 

0.1 K. 
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Figure 5-26. Variation of line width of narrow and broad components with temperature of 

dioxane lignin. 

The line width (gauss) of each component was determined from the 

distance in gauss between the corresponding maximum and minimum of the 

first derivative curves at each temperature.  Figures 5-26, 5-27. and 5-28 

show the relationship between line width and temperature of three kinds of 
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lignin.  It is clearly seen that the narrow component appears at around 240 K 

for three kinds of lignin.
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Figure 5-27. Variation of line width of narrow and broad components with temperature of 

Kraft lignin. 
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Figure 5-28. Variation of line width of narrow and broad components  with  temperature of 

lignosulfonate.

In general, magnetic dipolar broadened resonance starts to become 

narrow, when the atomic configuration concerning the observed nuclei 

significantly changes with a frequency which is coincident with the order of 

the frequency width of the broadened line. At low temperature, quantitative 

assignment of  the line-width change is possible using several approximate 
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relationships, if rigid structure line width, frequency width of resonance line, 

line-shape parameters etc. are known. In the case of lignin, the low 

temperature line-width change was assigned as the rotation of methyl groups 

referring to the results obtained for simple low molecular mass compounds 

[1,2].  Calculated activation energy estimated for the motion of methyl 

groups in lignin is shown in Table 5-3. 

Table 5-3. Activation energy estimated from the motion of methyl groups in lignins 

Lignin sample Activation Energy / kJ 

Dioxane lignin 1.1

Kraft lignin 1.1

Lingosufonate 1.3 

4.2.2 Main chain motion and local mode relaxation  

The second moment was calculated using differential curves at each 

temperature and the results are shown in Figures 5-29, 5-30 and 5-31.  The 

second moment decreases discontinuously at a temperature summarized in 

Tables 5.4 and 5.5 for three kinds of lignin.
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Figure 5-29. Relationship between second moment of dioxane lignin and temperature. 
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Figure 5-30. Relationship between second moment of Kraft lignin and temperature. 

T / K

0

2

4

6

8

10

12

80 160 240 320 400 480

Figure 5-31. Relationship between second moment of lignosulfonate and temperature. 

The molecular relaxation observed is designated α, β, γ and δ from the 

high to low temperature.  As shown in Table 5.4, three local mode 

relaxations are recognized.  In order to identify the type of molecular motion 

of each relaxation by semi-quantitative calculation, information on the 

chemical structure of lignin is necessary.  When empirical formulas of the 

isolated lignin were assumed to be a single phenylpropane monomer, the 

second moment can be calculated, i.e. in the softwood milled wood lignin, 
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each monomer unit contains about 1.0 methylene group, about 1.8 methine 

groups, about 1.2 total amount of hydroxyl groups and about 2.7 aromatic 

proton.  Calculated and observed results are summarized in Table 5-6 

Table 5-4. Temperature region of local mode relaxation of various kinds of lignin* 

Temperature / K 

βLignin Sample δ γ β1 β2
Dioxane lignin 110-150 220-250 290-310 330-380 

Kraft lignin 110-130 200-220 290-300 330-360 

Lingnosufonate 110-150 210-230 280-310 360-400 

Details of the samples are shown in Table 5-1 footnote 

Table 5-5. Main chain motion (glass transition) of various kinds of lignin measured by b-

NMR, DSC and viscoelastic measurement (TBA) 

Tg / K 
Lignin sample 

b-NMR  DSC*1 TBA*2

Dioxane lignin 430 415 438

Kraft lignin 450 455 433

Lingnosufonate 450 465 NF 

Milled wood lignin NM 41 NM

*1 Tgi; see Figure 2-8.

*2 Peak temperature of decrement (∆)

NF: not found, NM: not measured 

Table 5-6. Observed and calculated second moment (gauss2) of various kinds of lignin 

DL KL LS 

Observed* Calculated

**

Observed Calculated Observed Calculated 

Rigid state 11.3 11.7 11.8 12.6 13.2 12.2 

Hindered

motion of 

methyl 

group

10.6 10.5 10.7 11.4 11.5 10.9 

Hindered

motion of

side chain 

9.7 10.0 9.8 10.5 10.1 10.1 

* observed values 

** calculated values 

The local mode relaxations of lignins are evaluated based on the results 

obtained by b-NMR together with those by viscoelastic measurements and 

DSC, using not only lignins but also low molecular weight model 

compounds and polymers having lignin related structure in the main or side 

chains. The variation in nuclear magnetic resonance with temperature for the 

lignins shows δ, γ and β relaxations, i.e. (1) δ relaxation is attributed to the 
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hindered rotation of methyl groups which are mainly present as methoxyl 

group, (2)  γ relaxation is attributed to the hindered motion of the side chains 

of the lignins and  (3) β relaxation concerns the hydroxyl groups, the low 

temperature side is due to hindered motion of the hydroxyl groups in loosely 

packed molecular chains and the high temperature side is due to the 

hydroxyl groups which form  stable intermolecular hydrogen bondings.  

4.3 Molecular motion of lignin measured by spin probe 

method

It is known that stable radical species exist in lignin in the solid state 

[44].  Ordinarily, radicals are formed in synthetic polymers by irradiation, 

such as UV or γ-ray irradiation. When the polymers with stable radicals are 

heated, the number of spins or radical species varies due to change in 

environment.  On this account, by electron spin resonance spectroscopy, 

molecular motion of polymers can be measured as a function of temperature.  

In the case of lignin, irradiation by ionizing sources is not needed, since 

isolated lignin has radicals without any treatment.  Lignin radical scarcely 

decays regardless of lignin species when it is maintained at room 

temperature for a long time. By increasing temperature, ESR spectra varied 

as shown in Figure 5-32.
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Figure 5-32. ESR spectra of radicals trapped in milled wood lignin (MWL) at various 

temperatures. (ESR spectra are compared at the same gain). Numerals in the figure show 

temperature. Measurement conditions; ESR (JEOL).  Temperature range 290 to 470 K, 

temperature increased stepwise. 
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Number of radicals was measured using reference material 

(diphenylpicrylhydrazyl, DPPH) whose number of radicals is known. As 

shown in Figure 5-33, the number of radicals decreases at around 390 K 

which corresponds to the temperature range of β relaxation measured by b-

NMR.  By breaking the inter-molecular hydrogen bonding, lignin main 

chains are gradually enhanced and radicals trapped in the stable molecular 

chains disappear.

Figure 5-33. Relationship between number of radicals (spins / g) and temperature of 

lignosulfonate (LS) and milled wood lignin (MWL). ESR spectrometer with double cavity 

was used for quantitative measurement of spins. DPPH was used as standard material. 

5. LIGNIN-WATER INTERACTION 

Biopolymers, such as lignin and polysaccharides, are synthesized in a 

living organ in the presence of an excess amount of water.  The structure and 

function of lignin are necessarily related with the structure and function of 

water molecules.  When water molecules are strongly restrained by the  

hydrophilic group of lignin, water molecules are separated from the water 

cluster and behave as a part of lignin molecules.  In this section, glass 

transition behaviour of lignin with various amounts of water is described.  At 

the same time, structural change of water restrained by lignin is also 

described
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5.1 Water sorption of lignin 

Isothermal water absorption measurement is an established experimental 

technique to characterize the water sorption properties of hydrophilic 

materials including polymers.  A well dried sample is placed in an 

atmosphere controlled at a constant relative humidity (RH) at a constant 

temperature. Samples are maintained long enough to attain the constant 

mass.  An atmosphere controlled at a constant RH can be prepared using 

saturated aqueous solution of various inorganic materials. The experimental 

technique is shown in section 2.2 in chapter 2 

When lignosulfonate is stored at various RH's, with increasing stored 

time, the amount of adsorbed water increases and reaches a constant value.  

A typical case II type sorption isotherm is obtained as shown in Figure 5.32. 

From the comparison between the obtained absorption pattern shown in Fig. 

5.32 and Fig. 2-x, the absorption curve of DL is classified into Langmuir 

type. 

Figure 5-34. Sorption isotherm of LS with different counter ions at 298 K. 

Table 5-7. The BET constants obtained and the hydrophilic group content (sulfonate and 

phenolic hydroxyls) of the lingosulfonate (LS) 

Sample c m0 /g g-1 m0 /meq g-1

m0 / meq g-1

Hydrophylic 

groups / 

meq g-1

Li-LS 14,11 7.90 x 10-2 4.30 3.17 

Na-LS 15.60 6.40 x 10-2 3.56 3.17 

K-LS 18.00 5.90 x 10-2 3.28 3.17 
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Brunauer-Emmett-Teller (BET) showed that adsorption energy can be 

calculated from the absorption curves at a low relative humidity range (see 

section 2.2.2 of Chapter 2) Table 5-7 shows c and m0 together with 

hydrophilic group content of lignosulfonates. 

5.2 Effect of water on glass transition 

Glass transition of lignins in the presence of water was measured by DSC 

in a similar manner to the cases of polysaccharides.  Figure 5.33 shows 

relationship between Tg and Wc of DL Tg decreases more than 100 K in the 

presence of a trace amount of water.  When Wc exceeds 0.05, Tg maintains 

an almost constant value. When large substituent groups, such as methoxyl 

group or acetyl group, are introduced to lignin, Tg in the dry state decreases, 

since bulky side chain enhances the main chain motion.  However, Tg

decrease by adding a small amount of water is smaller than that of the 

original lignin.  This is due to the fact that the hydrophilic groups are used as 

a reaction site and hydrophobicity of molecules increases. 

Figure 5-35. Relationship between glass transition temperature (Tg) and water content (Wc) 

of dioxane lignin (DL). Tg was determined by DSC heating curve. Measurements; power 

compensation type DSC (Perkin Elmer), heating rate = 10 K min-1, sample mass = ca. 5 mg, 

aluminium sealed type pan. 

By introduction of substituent groups, the effect of water on glass 

transition behaviour varies.  As shown in Figure 5-35, Tg value levels off at 

a characteristic Wc.  The Wc depends on hydrophylicity of lignin.  Figure 5-

36 shows the relationship between the characteristic Wc* where Tg values 

reache a constant value and relative degree of acetylation. With increasing 
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relative degree of acetylation, Wc* decreases, suggesting that hydrophobility 

of lignin increases. 

Figure 5-36. Relationship between the characteristic Wc * and relative degree of acetylation. 

Wc *: Wc where Tg value levels off. 
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Figure 5-37. Relative rigidity, p-2 (p is the period of the oscillation) and decrement (αT) of 

NaLS as a function of relative humidity. Measurements; Torsion braid analyzer (self made 

apparatus), glass fibre was used as a support, temperature = 298 K, torsion angle = 5 degrees. 

Molecular enhancement of lignin was also confirmed by viscoelastic 

measurements in humid conditions.  Using a humidity controller, torsion 
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braid analysis (TBA) was carried out at various temperatures as a function of 

humidity [45 ,46]. Figure 5.35 shows relative rigidity p-2 (p is the period of 

the oscillation) and decrement (αT) of sodium lignosulfonate (NaLS) as a 

function of relative humidity.  Glass braid was dipped in lignin solution and 

dried.  The braid was twisted and decay of oscillation was measured as a 

function of time.  By TBA,  frequency depends on temperature ( or in this 

case humidity)  and size of sample cannot be determined.  The value p-2 

corresponds to dynamic Young’s modulus (E’) and αT relates with tan δ
measured by stress oscillation method, however, the values are not absolute.   

As shown in Figure 5-37, p-2 decrease at around RH = 80 %.  When 

temperature increased, the temperature where p-2 starts to decrease shifted to 

the low RH side.

5.3 Bound water restrained by lignin 

Phase transition of water restrained by lignin was measured by DSC in a 

temperature range from 150 to 320 K.  As described in section 3.1 in 

Chapter 3, the amount of bound water is defined as the summation of non-

freezing water and freezing bound water as defined in equation 3.-5 of 

Chapter 3.  In the case of lignin, the freezing bound water was detected at 

around Wc= 0.1 g g-1 and the maximum amount of freezing bound water was 

0.05 g g-1 as shown in Figure 5-38. 

Figure 5-38. Relationship between freezing bound water content (Wfb) free water (Wf) and 

water content (Wc) of dioxane lignin. Open circles: Wfb, Filled circles: Wf.
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The amount of non-freezing water (Wnf) increases with increasing Wc

even after the amount of freezing bound bound is saturated. It seems that a 

characteristic amount of water is required for the homogeneous diffusion of 

water in lignin molecules.  The maximum amount of non-freezing water was 

ca 0. 12 g g-1, as shown in Figure 5-39.

Figure 5-39. Relationship between non-freezing water content (Wnf) and water content (Wc)

of dioxane lignin. 

5.4
1
H and 

23
Na nuclear magnetic relaxation

Sodium lignosulfonate (NaLS) is a polyelectrolyte and is a water soluble 

polymer.  Due to the presence of sodium ions, it is possible to measure 

relaxation times of both 1H and 23Na.  1H and 23Na nuclear magnetic 

relaxation (NMR) times of sodium lignosulfonate (NaLS)-water systems are 

measured in a water content ranged from 0 to ca. 3.0 g g-1 and in a 

temperature range from 200 to 300 K. NMR relaxation times were measured 

by decreasing temperature stepwise from 300 to 200 K.  In order to 

coordinate the results obtained by NMR and those of DSC, the phase 

transition of sorbed water on lignin was measured by cooling. Figure 5-40 

shows DSC cooling curves of NaLS-water systems with various water 

contents.  When Wc is 0.46 g g-1, a broad exothermic peak is observed. Two 

exothermic peaks are observed when Wc exceeds 0.71 g g-1.  The high 

temperature peak shifts to the low temperature and enthalpy of transition 

decreases with increasing Wc.  In contrast, a large crystallization peak shifts 

to the high temperature side and enthalpy of the peak increases with 

increasing Wc.
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Figure 5-40. DSC cooling curves of water restrained by lignosulfonate. Measurements; power 

compensation type DSC, cooling rate = 10 K min-1, sample mass = ca. 3 mg, sealed type 

aluminum pan. 

Figure 5-41. Phase diagram of water-NaLS systems established using DSC cooling curves. 

Using peak temperatures obtained by DSC cooling curves, a phase 

transition diagram was established as shown in Figure 5-41.  In the figure, 

the peak temperatures are defined as T* and Tc. Tc attributed to the 

crystallization temperature of water in the system and T* is to transition 

temperature from liquid to mesophase.  When NaLS-water system with a Wc

less than l g g-1 is observed by polarizing microscopy, colour change was 

detected, although the pattern was not clear like the liquid crystals observed 

for polysaccharide-water systems.  On this account, it is thought that a part 
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of the molecular chains of NaLS is aligned, although all of the molecular 

chains are not arranged in a fully extended structure.   

The longitudinal relaxation times (T1, sec) of 1H NMR of water in the 

NaLS-water systems are shown in Figure 5-42 as a function of inverse 

absolute temperature (K-1). The T1 value decreases in a temperature higher 

than 250 K where a minimum value is observed. When temperature exceeds 

the minimum value, T1 increased with decreasing temperature.  Water 

molecules in the system become rigid regardless of water content. Figure 5-

43 shows the relationship between T2 value for 1H of water and the inverse 

absolute temperature.  The T2 values represent the average motion of water 

molecules in the system. Therefore, it is clear that the molecular motion is 

more restricted at a lower temperature and more mobile in the higher 

temperatures [47].  

Figure 5-42. Relationship between 1H longitudinal relaxation time of water in the water NaLS 

systems. Numerals in the figure show water content g g-1. T1 was measured by 180-τ-90

degree pulse method. 

It is only possible to distinguish a limited number of perturbed sites by 

NMR.  On this account, in NaLS-water system, if two sites represent free 

water fraction and bound water fraction then the equations from 3.13 to 3.20 

derived in Chapter 3 can be applied.

The equation 3.19 is a function of ω0τc.  When corelation time (τc) values 

calculated from the equation 3.19 of Chapter 3 are plotted against the inverse 

absolute temperature, the τc values depend on temperature not on water 

content.  The values increased from 3 x 10-8 sec at 260 K to ca. 3 x 10-7 sec 

at 200K. The above fact indicates that the bound water in the NaLS-water 

system is in the state between viscous liquid and non-rigid solid in this 
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temperature range.  When the ln τc is plotted to the inverse absolute 

temperature, a linear relationship can be obtained.  The temperature 

dependency of τc is expressed by the Arrehnius equation as shown in the 

equation 3.20. Ea, the activation energy for the relaxation process of the 

bound water was ca. 24 KJ mol-1.

Figure 5-43. Relationship between 1H transverse relaxation time  (T2) of the water NaLS 

systems. T2 was measured by the Meiboom-Gill variant of the Carr-Purcell method.  In the 

case of very rapid relaxation, the free induction decay method was used. 

Figure 5-44 shows T1 values of 23Na in the NaLS-water systems as a 

function of inverse absolute temperature.  At a temperature lower than 253 

K, T1 could not be measured by 180-τ-90 degree pulse method due to the 

extreme broadening of the line width of the peak.  The relaxation rate   (ln

T1
-1) was plotted against the inverse absolute temperature and the apparent 

activation energy (Ea) was obtained.  The calculated value was 12 kJ mol-1

which accorded well with Ea of 23Na in persulfonate ionomers with water. 

Figure 5-45 shows the relationships between T2 values of 23Na and 

inverse absolute temperature.  Two types of transverse relaxation, slow and 

fast relaxation, can be seen.  This indicates that the transverse relaxation 

decays in a non-exponential manner due to quadrapole relaxation.  The 

transverse relaxation brought about quadrapole interaction and is thought to 

be the summation of two or more decaying exponentials.  As shown in 

Figure 5.43, the long transverse relaxation time (T2s) decreases suddenly at 

around 258 K, in contrast, the short T2 (T2f) decreases gradually without any 

discontinuous change.  The sudden decrease of T2s is attributable to the 
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crystallization of water by which mobility of 23Na is restricted.  It is thought 

that the motion of freezing water affects the Na ion attaching to LS in an 

indirect manner. 

Figure 5-44. Relationship between 23Na longitudinal relaxation time (T1) of in the NaLS 

systems as a function of inverse temperature. Water content 1: 0.62, 2: 0.76, 3: 1.02, 4: 1.15, 

5: 1.38 g g-1.
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Figure 5-45. Relationship between 23Na transverse relaxation time (T2) of in the NaLS 

systems. T2s: T2slow, T2f: T2fast. Wc ranges from 0.6 to 1.38 g g-1.
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6. THERMAL DECOMPOSITION 

6.1 TG and TG-FTIR 

Considerable number of studies on thermal decomposition of lignin has 

been  reported [2, 48-52], since it is important to obtain gases evolved from 

lignin in order to use lignin as a raw material for chemical reaction. 

Thermogravimetry (TG) has extensively been used in order to investigate 

thermal decomposition behaviour. Figure 5-46 shows TG curves of 

solvolysis lignin which is obtained as a by-product in organosolve pulping of 

wood with aqueous cresol without an acid catalyst [53].  As shown in Figure 

5.44, mass decrease occurs in two steps at around 570 K and 670K.   TG 

derivatogram also shows a shoulder peak in the low temperature side of the 

main peak. Starting temperature of decomposition is observed at around 

470K and peak temperature is ca. 640 K. TG curves of other types of lignin 

are found elsewhere [1, 7- 9]  It is thought that the first step decomposition is 

attributable to dehydration from the hydroxyl group located to the  benzyl 

group and this first step decomposition was not observed by acetylation.  

The second step decomposition is due to heterolysis and homolysis of β-

aryl-ether linkage.  It is thought that C(aryl)-C(alkyl) bondage breaks at a 

temperature higher than 570K. 

Figure 5-46. TG curve and TG derivatogram of solvolysis lignin. Sample; by-product in 

organosolve pulping of Japanese beech (Fagus crenata) resolved in cresol at 458 K without 

an acid catalyst. Sample preparation and purification is found elsewhere [53]. Meaurements; 

Heat-flux type DSC (Seiko Instruments), heating rate = 10 K min-1, N2 flow rate = 30 ml min-

1.



Lignin 209

As described in section.1.1of Chapter 2, by simultaneous measurements 

using TG-FTIR, not only decomposition temperature and mass residue but 

also gas evolved during decomposition can be identified. Figure 5-47 shows 

a three dimensional diagram of FTIR spectra among absorbance, wave 

number and temperature of Kraft lignin [54].  Variation of characteristic 

absorption bands is shown in Figure 5-48

Figure 5-47. TGFTIR of Kraft lignin.  Measurements; TG (Seiko Instruments) –FTIR (Jasco 

FTIR 7000 spectrometer), heating rate = 20 K min-1, N2 flow rate = 100 ml min-1, ten scans 

with a scan interval of 1 sec were accumulated.  Each spectrum was recorded every 30 sec.  

The resolution of the spectra was 1 cm-1.

Figure 5-48. Absorbance of characteristic peaks of gas evolved by thermal decomposition of 

KL. 
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6.2 Kinetics of thermal decomposition of lignin

TG has extensively been used to analyze kinetic parameters of thermal 

decomposition of polymeric materials. In order to obtain activation energy, 

and reaction number, a differential method represented by the Freeman-

Carroll method [5] has been utilized. However, the above method can be 

applicable in the cases, when the amount of reacted fraction x and rate of 

reaction dx/dt are directly measured.  When we analyze the random scission 

of polymeric materials, the above conditions are not attained.  In order to 

solve the above problem, the Ozawa-Flynn method has been introduced 

[6,7]. 

)(xfc =  (5.1) 

When the decomposition is assumed to be explained in Arrehnius form, 

the following equation is obtained 

dx

dt
= Aexp −

∆E

RT

 
 
  

 
 g x( ) (5.2) 

where T is absolute temperature, R gas constant and E activation energy 
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log p(y) ≡ −2.315 − 0.4567y
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logφ1 + 0.4567
∆E

RT1

= logφ2 + 0.4567
∆E

RT2

= .........
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Figure 5-49. TG curves of dioxane lignin measured at various heating rates.  Numerals in the 

figure show heating rate K min-1, Samples; DL was prepared from Incense ceder (Libocedrus 

decurrens).  Measurements; TG-DTA (Seiko Instruments), sample mass = ca. 5 mg, Pt pan, 

N2 flow rate = 100 ml min-1, temperature range; 300 –730 K. 
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Figure 5-50. TG curves of acetylated dioxane lignin measured at various heating rates. 

Numerals in the figure show heating rate K min-1 Samples; DL was acetylated by using 

unhydrous acetic acid in pirizine. Relative acethylation rate was 100 %.  Measurement 

conditions, Figure 5-49 caption. 
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Figure 5.49 shows TG curves of dioxane lignin (DL) measured at various 

heating rates. As shown in Figure 5-49, two step decomposition is observed. 

In contrast, when the hydroxyl groups are converted into acetyl groups, the 

first step decomposition disappears as shown in Figure 5-50.  
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Figure 5-51. Relationship between log β and reciprocal temperature at various mass residue 

of DL. Numerals in the figure show amount of decomposition (%). 

Assuming the decomposition reaction is governed by a single reaction 

process, the integral method was applied.  Figure 5-51 shows the 

relationship between log β (β = dT/dt) and reciprocal temperature at the 

same mass residue of DL.  Similar relationships were established for 

acetylated samples.  When the mass residue is smaller than 20 %, lines 

shown in Figure 5-51 are parallel and this suggests that the integral method 

is applicable for the first step decomposition. From the gradient, activation 

energy was calculated as 136 kJ mol-1 for DL and acetylated DL (200 %) 

was 161 kJ mol-1, respectively.   
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Chapter 6 

PCL DERIVATIVES FROM SACCHARIDES, 

CELLULOSE AND LIGNIN 

1. POLYCAPROLACTONE DERIVATIVES FROM 

SACCHARIDES AND CELLULOSE 

Saccharide- and cellulose-based polycaprolactone (PCL) derivatives are 

obtainable by grafting PCL chains to the OH group of saccharides, cellulose 

and cellulose acetates having a degree of substitution (DS) below 3. 

Saccharide-based PCL’s [1] have been synthesized by the polymerization of 

ε-caprolactone (CL) which was initiated by each OH group of glucose, 

fructose and sucrose. The amount of CL was varied from 1 to 5 moles per 

OH group of each saccharide. The polymerization was carried out for 12 hr 

at 423 K with the presence of a small amount of catalyst, dibutyltin dilaurate 

(DBTDL).

O

OH

RO

CH2

O O CH2OR
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Figure 6-1. Schematic chemical structure of sucrose-based PCL’s. 
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Figure 6.1 shows the schematic chemical structure of sucrose-based 

PCL’s. The results of the characterization of glucose- (Glu-), fructose- (Fru-) 

and sucrose- (Suc-) based PCL’s have been reported elsewhere [2]. 

1.1 Polycaprolactone derivatives from cellulose acetate 

(CA)

Cellulose acetate (CA) - based polycaprolactone derivatives (CAPCL’s) 

were synthesized from CA which was commercially obtained from Kodak 

Co. Ltd. The specifications of CA were as follows: acetyl content, 39.87 %; 

Mw = 6.32 x 104; Mw/Mn=2.27. Distilled CL, which was dehydrated in 

benzene by reflux method, was added to dried CA and polymerization was 

carried out for 22 hrs at 423 K with the presence of a small amount of 

DBTDL. CL/OH (mol mol-1) ratios were varied from 2 to 20 (mol mol-1):

(CL/OH ratio = 2, 5, 8, 10, 15, 20).  When the samples with CL/OH ratio of 

2 and 5 were synthesized, N-methyl-2-pyrorydone was used as a solvent in 

order to make the reaction go smoothly. When CL/OH ratio was over 8, it 

was unnecessary to use pyrorydone, since CL itself worked as a solvent of 

CA. The obtained CA-PCL’s were dissolved in hot acetone and then put in 

methanol dropwise in order to precipitate purified CA-PCL’s. Precipitates in 

flake shape were obtained.  Samples were dried in an oven in vacuum at 378 

K for 12 hrs. Figure 6-2 shows a schematic chemical reaction for the 

synthesis of CAPCL. 
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Figure 6-2. Schematic chemical reaction for the synthesis of CAPCL [2]. 
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1.2 Polycaprolactone derivatives from cellulose 

Cellulose-based polycaprolactone derivatives (CellPCL’s) have been 

synthesized by 2 step reactions [3]. In the first step, cellulose powder was 

suspended in N, N-dimethylacetoamide (DMAc) and cellulose soaked with 

DMAc was obtained by filtration. The above cellulose soaked with DMAc 

was dissolved in DMAc solution of lithium chloride (LiCL), dehydrated by 

refluxing with benzene and then reacted with CL with the presence of a 

small amount of catalyst, triethylamine. CL/OH (mol mol-1) ratio was 0.33 at 

this first stage. The above obtained CellPCL was dissolved in 2-methyl-N-

pyrolydone. Distilled CL was added to the above solution and 

polymerization was carried out for 22 hrs with the presence of a small 

amount of DBTDL. CL/OH (mol mol-1) ratios were varied from 0.66 to 5 

(mol mol-1). Precipitates in flake shape were obtained by putting the above 

obtained DMAc solution of CellPCL’s into methanol. Figure 6-3 shows the 

schematic chemical structure of cellulose-based PCL. 

O

OR

OR

CH2OR

O

Cellulose PCL

CCH2CH2CH2CH2CH2 O H

n

O

R=

Figure 6-3. Schematic chemical structure of cellulose-based PCL [2]. 

1.3 Thermal properties 

1.3.1  Cellulose acetate-based PCL derivatives 

Figure 6-4 shows stacked DSC heating curves of CA and CAPCL’s 

measured at 10 K min-1. As shown in Figure 6-4, a baseline deviation 

showing glass transition is clearly observed for the CA sample (shown as 

CL/OH ratio = 0) and CAPCL samples.  DSC curves were also measured at 

various heating rates from 2 to 40 K min-1 and the heating rate dependency 

of Tg was clearly observed. It is known that glass transition temperature (Tg)

of CA depends mainly on acetyl contents and not on molecular weight or 

molecular weight distribution [4]. Tg of CA observed in this study was 420 K 

and this value accords well with reported values [5]. Both glass transition 

and melting can be observed in the DSC curve of PCL. A melting peak of 
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CAPCL was observed at around 323 K.  A melting peak of PCL was 

observed at 340 K. This value accords well with the reported values [6].  

Accordingly it may be reasonable to consider that the melting peaks 

observed in Figure 6-4 correspond to the melting of the PCL side chain 

grafted to the OH group of CA [2]. 

Figure 6-4. Stacked DSC heating curves of CA and CAPCL’s. Numerals shown in the figure 

indicate CL/OH ratios.  Tg: glass transition temperature, Tcc: cold crystallization temperature, 

Tm: melting temperature, Measurements; heat-flux type DSC (Seiko Instruments), sample 

mass = ca. 5mg, heating rate = 10 K min-1, N2 flow rate = 30 ml min-1.

Figure 6-5 shows change of Tg with CL/OH ratio in CAPCL [2]. It is known 

that dry cellulose shows no glass transition in a temperature range from 293 

K to thermal decomposition temperature [6].  The results of heat capacity 

(Cp) measurement of dry cellulose showed that the gradient of Cp increase 

depends on the crystallinity of cellulose [6]. The Tg of CA is observed as 

shown in Figure 6-5. The above facts suggest that Tg of cellulose can be 

changed and observed by the introduction of large side chain molecules, 

such as acetyl group and caprolactone chain. Figure 6-5 shows that Tg of CA 

(Tg2) is observed in the initial stage and becomes difficult to detect when 

CL/OH ratio exceeds 15 mol mol-1.  It is considered that Tg of cellulose 

chain is observable when intermolecular distance expands by the 

introduction of large side chain molecules, and the geometrical free space 

enhances the main chain motion.  Tg of PCL (Tg1) part of CAPCL decreases 

in the initial stage and increases slightly after reaching a minimum point at 

around CL/OH = 10 mol mol-1. This Tg increase observed in the sample with 

CL/OH ratio over 10 suggests that the molecular motion of PCL random 

chains is restricted by the presence of crystalline region. 
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Figure 6-5. Change of Tg with CL/OH ratio in CAPCL. 

As shown in Figure 6-4, the melting peak of PCL chains is observed for 

the PCL samples with CL/OH ratio 10, 15 and 20 mol mol-1. A broad 

exothermic peak due to cold crystallization (Tcc) at around 240 K is observed 

for the sample with CL/OH ratio of 15 mol mol-1.

In order to obtain samples having the same thermal history in DSC 

measurements, the samples were heated to 393 K and quenched to 123 K. 

The heating run was carried out at 2 K min-1. With heating slowly, Tm shifted 

to the high temperature side and ∆ Hm (J g-1) increased. Tm of the sample 

with CL/OH ratio 8 mol mol-1 became observable. However, Tcc was hardly 

observed in the samples heated at 2 K min-1.
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Figure 6-6. Change of Tm, ∆Hm with CL/OH ratio in CAPCL. 

Figure 6-6 shows the change of Tm, ∆ Hm with CL/OH ratio. Temperature 

of melting (Tm) and enthalpy of melting (∆ Hm) increase with increasing 

CL/OH ratio. Both Tm and ∆ Hm of the samples heated at 2 K min-1 are 
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higher than those heated at 10 K min-1. The obtained results indicate that the 

higher order structure formation is strongly affected by thermal history, i.e. 

the crystallinity of PCL chains increases during heating. 

The heat capacity difference at Tg  (∆Cp) varies inversely with Tg and the 

highest value of ∆ Cp is observed at around CL/OH ratio 10 mol mol –1, as 

shown in Figure 6-7.  The variation of Tg suggests that the main chain 

motion of PCL is enhanced with increasing chain length. At the same time, it 

is suggested that the molecular motion of PCL chain of CAPCL is restricted 

when long PCL chain molecules form a regular crystalline structure.  
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Figure 6-7. Change of Tg, ∆Cp with CL/OH ratio in CAPCL. 

A reciprocal relationship is established between Tg and ∆Cp values among 

a large number of amorphous polymers when the samples are completely 

random and have no intermolecular bonding [7]. When the relationship 

between Tg and ∆Cp is considered for complex polymers, such as CAPCL, it 

must be taken into consideration that the thermodynamically equilibrium 

state is not attained in either glassy or rubbery state when ∆Cp values are 

measured by dynamic measurement. 

The crystalline region is formed in the samples with CL/OH ratio over 8, 

as shown in Figures 6-6 and 6-7. A part of the amorphous region is 

transformed to the crystalline region that can be observed as Tcc. This 

suggests that molecular motion at a temperature higher than Tg of the 

samples with high CL/OH ratio is restricted and accordingly ∆Cp becomes 

small. It is also known that ∆Cp values cannot be estimated for the samples 

heated at 2 K min-1. This indicates that the number of chain molecules 

contributing to the enhanced molecular motion is reduced by slow heating.  

It should also be noted that a part of the main chain still forms a random 
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structure, since a small baseline inflection can be observed when the sample 

is measured at the heating rate of 10 K min-1.

Figure 6-8. Representative E’ curves of CAPCL with various CL/OH ratios (mol mol-1).

Numerals in the figure indicate CL/OH ratio [8]. Measurements; DMA (Seiko Instruments), 

heating rate = 2 K min-1, sample = sheet, N2 gas frequency =10 Hz [8]. 

Figure 6-8 shows representative E’ curves of CAPCL with various 

CL/OH ratios measured at frequencies from 5 Hz. E’ (Pa) gradually 

decreases from 120 to 220 K and a steep decrease is observed at 

temperatures over 320 K, depending on PCL chain length (CL/OH ratio).  

Figure 6-9. Representative tan δ curves of CAPCL with various CL/OH ratios (mol mol-1).

Numerals in the figure indicate CL/OH ratio [8]. 

Tan δ  curves of CAPCL’s with CL/OH ratios to low temperature side, 

tan δ peaks were designated as α-dispersion, β-dispersion and γ-dispersion, 
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respectively. The variation of E” and tan δ corresponds to the number of 

CL/OH ratio. The α-dispersion becomes marked when CL/OH ratio is over 

5. The β-dispersion corresponds to the molecular motion of amorphous 

chains of CAPCL. When the crystalline region is formed, it restricts the 

incoherent movement of random chains and the number of molecular chains 

involving enhanced molecular motion decreases. Tan δ values at the peak 

temperature with CL/OH ratio show a maximum at around CL/OH = 5 to 10 

mol mol-1 [8]. The variation of the intensities of tan δ at the β- dispersion is 

similar to that of ∆Cp shown in Figure 6-7. Both results indicate that the 

molecular mobility of the main chains is high at around CL/OH ratio = 5 

to10 mol mol-1.  When the side PCL chain length is short or the crystallinity 

increases, free molecular motion is restricted. 

Activation energy (Ea) of each dispersion was calculated from frequency 

dependency of maximum temperature of tan δ assuming the applicability of 

Arrehenius equation [8]. Ea of α-dispersion is shown in Figure 6-10. Ea
reaches a minimum at around CL/OH ratio = 8 to 10 mol mol-1. As already 

reported, Ea of the main chain motion ranges from 100 J mol-1 to 250 J mol-1

[7]. Accordingly, it is appropriate to consider that α-dispersion is attributed 

to the main chain motion of the PCL chain.   

Figure 6-10. Change of Ea (activation energy of α-dispersion) of CAPCL with CL/OH ratio 

[8]. 

As described above, it can be said that the main chain motion of both CA 

and PCL chains is observed in a CL/OH ratio 2 ~10 mol mol-1.  Melting of 

the crystalline region of PCL chains can be observed at around 320 K. The 

main chain motion of CA is observable when CL/OH ratio is low (0 ~ 5 mol 

mol-1).  However, it becomes difficult to detect the main chain motion of CA 

when CL/OH ratio exceeds 8. Variation of Tg, temperature of β-dispersion of 

PCL and ∆Cp indicates that the molecular chain of CAPCL becomes mobile 

with increasing CL/OH ratio until CL/OH reaches 10 mol mol-1.  When 
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CL/OH ratio is over 15, the main chain motion of PCL is restricted by 

crystal growth. The sample with CL/OH ratio 5 ~ 10 mol mol-1 shows

intermediate characteristics. Amorphous structure is formed by quenching 

CAPCL from the molten state. Cold crystallization is observed during 

heating CAPCL with CL/OH ratio = 5 ~ 10 mol mol-1. It is also suggested 

that the crystalline region is formed, when the sample is slowly heated. This 

indicates that the degree of freedom of molecular chains decreases with 

crystal growth.  By the comparison of DSC and DMA results, it can be said 

that molecular motion measured by DSC corresponds to that measured at 

low frequency range by DMA. 

TG and DTG curves of CAPCL’s with various CL/OH ratios are shown in 

Figure 6-11. The samples with a low CL/OH ratio from 0 to 5 mol mol-1

decompose in one stage and peak temperature of DTG is observed at around 

650 K.  When the CL/OH ratio exceeds 8 mol mol-1, two peaks are observed 

at around 620 and 700 K.  Mass residue (MR), [(mT /m293) x 100] at around 

720 K, where mt is mass at T K and m20 mass at 293 K, decreased markedly 

with increasing CL/OH ratio, although it is not shown in the figure. 

As seen from DTG curves shown in Figure 6-11, the DTd1 peak 

temperature maintains an almost constant value with increasing CL/OH 

ratio.

Figure 6-11. TG and DTG curves of CAPCL’s with various CL/OH ratios [2]. m20: mass at 

293K, mT: mass at T. Measurements; TG-DTA (Seiko Instruments TG/DTA 220), heating 

rate = 20 K min-1, sample mass = ca. 5 mg, N2 flow rate = 10 K min-1.

The DTd2 peak temperature is also almost constant as shown in Figure 6-

11. At the same time, the height of DTd1 peak temperature markedly 

decreases at CL/OH ratio below 8.
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Figure 6-12 shows the relationship between Td and CL/OH ratio in 

CAPCL’s. This figure clearly shows that the thermal degradation of 

CAPCL’s proceeds in 2 steps. Thermal degradation at lower temperature is 

observed at around 620 K and that observed at higher temperature is 

observed at around 660 K. This result suggests that the 2 step thermal 

degradation of CAPCL’s is probably caused by two chemically different 

structures: CA and PCL structures in CAPCL. Change of DTd with CL/OH 

ratio in CAPCL shown in Figure 6-13 supports the above results since two 

markedly different DTd’s are observed at around 640 and 700K. 
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Figure 6-12. Change of Td with CL/OH ratio in CAPCL [2]. 
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Figure 6-13. Change of DTd with CL/OH ratio in CAPCL. 

Figure 6-14 shows the relationship between MR and CL/OH ratio at 730 

K. As seen from the figure, MR decreases markedly with increasing CL/OH 

ratio. This suggests that PCL chains degrade easily compared with CA 
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chains, although Td of PCL chains considered to be higher than that of CA 

chains.
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Figure 6-14. Change of MR with CL/OH ratio in CAPCL at 730 K. 

Figure 6-15 shows a representative stacked three-dimensional diagram 

showing the change of IR intensity, wavenumber and temperature in TG-

FTIR of CAPCL with CL/OH ratio = 8 mol mol-1.  Wavenumber ranges 

from 600 to 4000 cm-1 and temperature ranges from 310 to 980 K.  As seen 

from the diagram, IR absorption bands can mainly be observed in the 

temperature range from 523 to 723 K, where 1160 cm-1 corresponds to νC-

O-, 1260 cm-1 to -C (=O)-O-C-, 1517 and 1617 cm-1 to νC=C, 1770 cm-1 to 

νC=O, 2345 cm-1 to νCO2, 2945 cm-1 to νC-H and 3700 cm-1 to νOH.

Figure 6-15. Stacked three-dimensional TG-FTIR diagram for CAPCL (CL/OH ratio = 8 mol 

mol. Measurements; TG-DTA-FTIR (Seiko Instruments TG /DTA220, SSC5200, FTIR, 

Japan Spectroscopic Co. Ltd., FT/IR 700), heating rate = 20 K min-1, sample mass = ca. 7 mg, 

gas flow rate = 100 ml min-1, temperature of gas transfer system = 540 K, resolving of FTIR = 

8 cm-1, number of integration = 10, data incorporation time = 30 s.
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Figure 6-16. Change of IR peak intensity corresponding to C-O-C, C=O, CO2, CH, OH bands 

with CL/OH ratio in PCL derivatives of cellulose acetate at 653 K [2]. C-O-C C=O

CO CH OH.
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Figure 6-17. Change of IR peak intensity corresponding to C-O-C, C=O, CO2, CH, OH bands 

with CL/OH ratio in CAPCL at 703 K [2].

Figures 6-16 and 6-17 show the changes of C-O-C, C=O, CO2, CH, and 

OH peak intensities with CH/OH ratios in CAPCL’s at 653 and 703 K.  The 

above temperatures correspond to the temperatures where DTd1 and DTd2 are 

observed. As seen from Figure 6-16, the changes of the peak intensities 

corresponding to C-O-C, C=O and OH absorption peak at 653 K decrease 

with increasing CL/OH ratios. This suggests that the evolved gases are 

mainly formed by the degradation of the cellulose acetate part of CAPCL’s. 
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On the other hand, as seen from Figure 6-17, the peak intensities of the C-O-

C, C=O, CH and OH bands increase with increasing CL/OH ratios at 703 K. 

This indicates that the evolved gases are formed at 703 K by the thermal 

degradation of PCL chains, because the C-O-C, C=O and CH absorption 

peaks correspond to the structure of PCL chain, as can be inferred from the 

marked increase of the peak intensities with increasing CL/OH ratios. 
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Figure 6-18. Change of IR peak intensity corresponding to C-O-C band with CL/OH ratio in 

CAPCL at 653 and 703 K. 
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Figure 6-19. Change of IR peak intensity corresponding to C=O band with CL/OH ratio in 

CAPCL at 653 and 703 K. 



230 Chapter 6

0

0.05

0.1

0.15

0.2

0.25

0.3

0 5 10 15 20 25

CL/OH Ratio / mol mol
-1

C
H

 /
 A

b
s
o

rb
a
n

c
e

653K

707K

Figure 6-20. Change of IR peak intensity corresponding to CH band with CL/OH ratio in 

CAPCL at 653 and 707 K. 

The relationships shown in Figures 6-16 and 6-17 are more easily 

understandable with reference to the relationship shown in Figures 6-18, 6-

19 and 6-20. As seen from Figures 6-18 and 6-19, IR peak intensities 

corresponding to C-O-C and C=O bands decrease with increasing CL/OH 

ratio at 653 K, while both peak intensities markedly increase with CL/OH 

ratio at 703 K. Accordingly, it is considered that both bands strongly 

associate with PCL chains and that PCL chains do not degrade at 653 K, but 

degrade at 703 K. Peak intensity of CH band does not change with CL/OH 

ratio at 653 K, while it increases at 707 K although peak intensity is not 

strong. This result indicates that the degradation of the molecular structure 

corresponding to CH band probably does not occur at 653 K. 

1.3.2 Cellulose-based PCL’s 

As shown in Figure 6-3, the chemical structure of CellPCL is different 

from that of CAPCL, since each OH group at the glucose unit of cellulose is 

almost converted to PCL chains. On the other hand, CAPCL shown in 

Figure 6-20 has about one PCL chain per cellobiose unit of the cellulose 

chain.Figure 6-21shows stacked DSC heating curves of CellPCL’s measured 

at the heating rate of 10 K min-1. As seen from Figure 6-21, a baseline 

deviation showing glass transition is not observed for the cellulose sample 

(shown as CL/OH ratio = 0), while Tg’s for CellPCL’s are clearly observed.  

CellPCL’s with CL/OH ratios = 0.33 and 0.66 show Tg2 at around 420 K. Tg2

is considered to be related with the main chain motion of the cellulose 

backbone of CellPCL, since this motion was also observed in the case of 

CAPCL, as described at section 1.3.1 in this chapter. Tg1’s are observable 
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when CL/OH ratios are between 0.3 and 5. However, Tg is difficult to 

observe when CL/OH ratio exceeds 6, since endothermic peaks caused by 

melting of PCL (Tm) make it difficult to detect the baseline deviation caused 

by glass transition. 

Figure 6-21. DSC heating curves of CellPCL [2]. Measurements; heat-flux type DSC (Seiko 

Instruments), heating rate = 0 K min-1,  N2 gas flow rate = 100 ml min-1, sample mass = ca. 7 

mg. 

Figure 6-22 shows the change of Tg and ∆Cp with CL/OH ratio. As seen 

from Figures 6-2 and 6-3, the numbers of PCL side chains attached to each 

cellobiose unit of the cellulose backbone are almost 6 times that of CAPCL. 

Accordingly, Tg’s of CellPCL shown in Figure 6-22 are almost similar to 

those of CAPCL shown in Figure 6-5, although CL/OH ratio of CellPCL is 

far lower than that of CAPCL. The above results shown in Figure 6-22 are 

reasonable, since it is considered that T
g
 becomes observable as the baseline 

deviation of DSC heating curves, when intermolecular distance expands by 

the introduction of large side chain molecules such as PCL and when the 

geometrical free space enhances the main chain motion.  Tg1 of CellPCL 

decreases in the initial stage when CL/OH ratio is low and increases slightly 

after reaching a minimum point at around CL/OH = 3 mol mol-1. This Tg

increase observed in the case of CellPCL’s with CL/OH ratio over 3 

suggests that the molecular motion of PCL chains is restricted by the 

presence of the crystalline region. Change of ∆Cp in Figure 6-22 supports the 

above explanation, since ∆Cp increases with increasing CL/OH ratio when it 

is below 3 and after reaching a maximum ∆Cp decreases again with 

increasing CL/OH ratio. It is considered that the effect of the ordered 
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arrangement of PCL chains on the molecular motion becomes marked and 

restricts the molecular motion of PCL chains in CellPCL, when the numbers 

of PCL chains are sufficiently large.  
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Figure 6-22. Change of Tg and ∆Cp with CL/OH ratio in CellPCL. 

As shown in Figure 6-23, the melting of PCL chains is observed for the 

PCL samples with CL/OH ratio 3, 4 and 5 mol mol-1. An endothermic peak 

observed at around 310 K is attributable to the melting of PCL chains. 
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Figure 6-23. Change of Tg and Tm with CL/OH ratio in CellPCL. 

Figure 6-24 also shows the change of T
m
and ∆H

m
 with CL/OH ratio. T

m

and ∆H
m
 increase with increasing CL/OH ratio.  It is noteworthy that T

m
 and 

∆H
m
 values almost level off when CL/OH ratio becomes 5. This result 

indicates that large numbers of PCL chains attached to the cellulose 

backbone have a strong influence on the molecular arrangement of CellPCL 
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compared with that of CAPCL. It should be noted that the number of PCL 

side chains attached to each cellobiose unit in CellPCL is far larger than that 

attached to the acetylated cellobiose unit of CAPCL. 
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Figure 6-24. Relationship among Tm, ∆Hm and CL/OH ratio in CellPCL. 

Figure 6-25. TG and DTG curves of CellPCL with various CL/OH ratios. 

Figure 6-25 shows TG and DTG curves of CellPCL’s with various 

CL/OH ratios from 0 to 5. The samples with a low CL/OH ratio below 1 mol 

mol-1 decompose in one stage and the peak temperature of DTG (DTd1)

increases from ca. 610 to 630 K. When the CL/OH ratio exceeds 2 mol mol-

1, the DTG peak (DTd2) becomes observable in the temperature range 
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between ca. 650 and 690 K.  However, as seen from Figure 6-26, Td does not 

show a clear 2 step thermal degradation as was observed in CAPCL. 

Figure 6-27 shows the change of MR with CL/OH ratio in CellPCL at 

730 K. As seen from the figure, MR shows a maximum when CL/OH ratio is 

0.33 and then decreases with increasing CL/OH ratio. This may indicate that 

CellPCL is most stable against thermal degradation when cellulose structure 

is grafted by short PCL chains. 
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Figure 6-26. Change of Td with CL/OH ratio in CellPCL. 
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Figure 6-27. Change of MR with CL/OH ratio in CellPCL at 730 K. 
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Figure 6-28. Stacked three-dimensional TG-FTIR curves of CellPCL (CL/OH ratio =2 

mol/mol-1).

Figure 6-28 shows a stacked three-dimensional diagram showing the 

change of IR intensity and wavenumber with temperature in TG-FTIR of 

CellPCL with CL/OH ratio 2 mol mol-1.  Wavenumber ranges from 600 to 

4000 cm-1 and temperature ranges from 310 to 870 K. As shown in the 

diagram, IR absorption bands are observed in the temperature range from 

570 to 720 K. Most IR peaks observed for the samples are similar to those 

shown in Figure 6-15. 

Figure 6-29. TG-FTIR of CellPCL (CL/OH ratio = 2 mol/mol) solid line: 643 K, broken line: 

703 K.
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FTIR spectra at 643 and 703 K for CellPCL with CL/OH ratio 2 mol  

mol-1 is shown in Figure 6-29. The assignments for the IR peaks are 

indicated in Figure 6-29. It is seen that the intensities of absorption peaks 

change according to the degradation temperature of the samples. At 643 K, 

absorption intensity of each IR peak is lower than that at 703 K. This 

suggests that the degradation of CellPCL at 643 K is less than that at 703 K.
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Figure 6-30. Change of IR peak intensity corresponding to C-O-C, C=O, CO2, CH, OH bands 

with CL/OH ratio in CellPCL at 643 K. : C-O-C, : C=O, : CO , : CH, : OH. 
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Figure 6-31. Change of IR peak intensity corresponding to C-O-C, C=O, CO2, CH, OH bands 

with CL/OH ratio in Cell PCL at 703 K. : C-O-C, : C=O, :CO , :CH, :OH.

Changes of C-O-C, C=O, CO2, CH, and OH peak intensities with CH/OH 

ratios in CellPCL’s at 643 and 703 K are shown in Figures 6-30 and 6-31. 

Figure 6-30 shows the change of peak intensities corresponding to C-O-C, 

C=O, and CH absorption peaks at 643 K. with increasing CL/OH ratios. As 
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seen from Figure 6-31, the intensities of the C-O-C, C=O, CH, CO2 and OH 

absorption peaks increase with increasing CL/OH ratios at 703 K. As clearly 

seen, the peak intensity corresponding to the C-O-C, C=O, and CH 

absorption increases markedly with increasing CL/OH ratios. 

In comparison with the results obtained for CAPCL, it is appropriate to 

conclude that the degradation occurring at around 643 K corresponds to that 

of the cellulose structure in CellPCL, and that the degradation of CellPCL 

occurring at around 703 K corresponds to that of the PCL chain. 

0

0.02

0.04

0.06

0.08

640 660 680 700 720

/ K

A
b

s
o

rb
a

n
c

e

0

0.33

2

5

Figure 6-32. Change of IR peak intensity corresponding to C-O-C band (1160cm-1) of 

CellPCL with temperature. Numerals show CL/OH ratio.

The results shown in Figure 6-32 accord well with those shown in Figure 

6-27. Peak intensity of C-O-C band in CellPCL with Cl/OH ratio of 0.33 

decreases in the temperature range over 700 K, while the IR peak intensity in 

CellPCL’s with CL/OH of 2 and 5 increases with increasing temperature. 

The above results show that MR of CellPCL with CL/OH ratio of 0.33 

reached a maximum at 730 K. 

As seen from Figure 6-33, IR peak intensities corresponding to C-O-C 

band decrease with increasing CL/OH ratio at 643 K, while the peak 

intensity markedly increases with CL/OH ratio at 703 K. Accordingly, it is 

considered this C-O-C band associates with PCL chains and that PCL chains 

in CellPCL do not degrade at 643 K, although CellPCL degrades at 703 K. 

The above results strongly indicate the occurrence of the thermal 

degradation of PCL chains at around 700K. 
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Figure 6-33. Change of IR peak intensity corresponding to C-O-C band with CL/OH ratio in 

CellPCL at 643 and 703 K. 

2. POLYCAPROLACTONE DERIVATIVES FROM 

LIGNINS

2.1 Lignin-based PCL’s 

Alcoholysis lignin-based PCL (ALPCL) [3] and kraft lignin-based PCL 

(KLPCL) [3] were synthesized by polymerization of CL which was initiated 

by the  hydroxyl (OH) group  of the above lignins.  The amount of CL was  
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OCH3
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Figure 6-34. Schematic chemical structure of LigPCL 
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varied from 1 to 25 moles per OH group of each lignin (CL/OH ratio = 1, 2, 

3, 4, 5, 10, 15, 20 and 25 mol mol-1). The polymerization was carried out for 

12 hr at 423 K with the presence of a small amount of DBTDL. ALPCL and 

KLPCL sheets were prepared by heat-pressing the synthesized polymers at 

430 – 450 K under ca. 10 MPa.  A schematic chemical structure of LigPCL 

is shown in Figure 6-34. 

2.2 Thermal properties 

Figures 6-35 and 6-36 show part of the stacked magnified DSC heating 

curves of ALPCL and KLPCL with various CL/OH ratios from 2 to 25 mol 

mol-1 measured in the temperature range from 173 to 423 K.  A marked 

change in the baseline of DSC curves due to glass transition was observed. 

Tg’s were determined by the method reported previously [9]. 

As shown in Figure 6-35, in the case of the DSC curve representing 

ALPCL with CL/OH ratio of 4 mol mol-1, a prominent exothermic peak due 

to cold-crystallization of ALPCL and also a recognizable endothermic peak 

due to melting of crystals are observed. As seen from Figure 6-36, similar 

phenomena are observed for KLPCL with CL/OH ratio of 5 mol mol-1.

When CL/OH ratio is over 10 mol mol-1, marked endothermic peaks due to 

melting are observed in ALPCL and KLPCL. The above results suggest that 

AL- and KLPCL’s with CL/OH ratios over 10 mol mol-1 have a clear 

crystalline region in the molecular structure. 

Figure 6-35. Stacked DSC heating curves of ALPCL with various CL/OH. Measurements; 

heat-flux type DSC (Seiko Instruments), heating rate = 10 K min-1, sample mass = ca. 7 mg, 

N2 gas flow rate = 100 ml min-1.
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Figure 6-36. Stacked magnified DSC heating curves of KLPCL with various CL/OH [2]. 

Figure 6-37 shows the change of Tg’s of AL- and KLPCL’s. The Tg

decreases markedly with increasing CL/OH ratio in the region where CL/OH 

ratio is below 10 mol mol-1 and then the Tg increases with increasing CL/OH 

ratio in the region where CL/OH ratio exceeds 10 mol mol-1.  The increase of 

Tg over CL/OH ratio = 10 mol mol-1 indicates that the crystalline region 

increases by the introduction of long PCL chains, and that this crystalline 

region restricts the motion of PCL chains in AL- and KLPCL’s. 
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Figure 6-37. Change of Tg's with CL/OH ratio.

As strongly suggested by the above facts, the effect of the structural 

difference between AL and KL does not affect markedly the phase transition 
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of AL- and KLPCL’s, suggesting that both lignins are available as good raw 

materials for the preparation of PCL derivatives. 
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Figure 6-38 shows a phase diagram of KLPCL according to the above 

results. In general, no large difference is observed between Tg and Tm of 

KLPCL and those of ALPCL.
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Figure 6-39. Change of ∆H's of Tcc and Tm with CL/OH ratio in AL- and KLPCL. KLPCL, 
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Figure 6-39 shows change of H's of cold crystallization and melting 

with CL/OH ratio in AL- and KLPCL. Enthalpy of cold crystallization did 

not change with CL/OH ratio. Enthalpy of Tm, on the contrary, increases 

clearly with increasing CL/OH ratio and almost levels off when CL/OH ratio 

exceeds 10. 

Figure 6-40. TG and DTG curves of KLPCL’s with CL/OH ratios of 2, 5 and 25 [2]. 
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Figure 6-41. Change of Td and MR with CL/OH ratio.  KLPCL,  : Td, : MR ; A-PCL,  :

Td, : MR.

TG and DTG curves of KLPCL’s with CL/OH ratios of 2, 5 and 25 mol 

mol-1 are shown in Figure 6-40. Similar TG and DTG curves were also 

obtained for ALPCL’s.  DTG curves show that samples start to decompose 

at around 570 K.  DTG curves of KLPCL’s also show that samples with 
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CL/OH ratios of 2 and 5 mol mol-1 may decompose in multiple steps in the 

temperature range from 570 to 720 K, since DTG peaks are broad and show 

tailing to the low temperature side. The DTG curve for KLPCL with CL/OH 

ratio 25 mol mol-1 shows an obviously narrow curve without tailing. The 

above facts seem to suggest that the thermal degradation of PCL with lower 

values of CL/OH ratios may be affected by thermal degradation of the lignin 

core structure in KLPCL derivatives. 

Figure 6-41 shows the change of Td and MR with CL/OH ratio for AL- 

and KLPCL’s. As seen from the figure, Td initially increases and then levels 

off with increasing CL/OH ratio over 10 mol mol-1.  It has been reported that 

lignin becomes thermally stable when OH groups of lignin are methylated 

and acetylated [10], since reactive OH groups are blocked.  Accordingly, the 

increase in Td values of AL- and KLPCL’s can be attributed to the 

introduction of PCL chains to the OH group of lignins. The change of MR 

accords well with the results obtained above. 

Figure 6-42. Stacked three-dimensional TG-FTIR diagram for KLPCL (CL/OH ratio = 10mol 

mol-1) [2]. 

Figure 6-42 shows a representative TG-FTIR stacked three-dimensional 

diagram showing the change of IR intensity and wavenumber with 

temperature in TG-FTIR of KLPCL with CL/OH ratio 10 mol mol-1. The 

assignment of the main peaks observed for the sample are almost the same 

as described for CAPCL and CellPCL: 1160 cm-1 (νC-O-), 1260 cm-1 (-

C(=O)-O-C-), 1517 and 1617 cm-1 (νC=C), 1770 cm-1 (νC=O), 2345 cm-1

(νCO2), 2945 cm-1 (νC-H) and 3700 cm-1 (νOH).

The changes of C-O-C, C=O, CO2, CH, and OH peak intensities with 

CH/OH ratios in KLPCL’s at 653 and 693 K are shown in Figures 6-43 and 

6-44. Figure 6-43 shows that the change of the peak intensities 
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corresponding to the above IR absorption peaks at 653 K decrease slightly 

with increasing CL/OH ratios, suggesting that the evolved gases are not 

prominently formed at this temperature range. The intensities of the C-O-C, 

C=O, CH and OH absorption peaks increase recognizably with increasing 

CL/OH ratios, as shown in Figure 6-44, at 693 K. This result suggests that 

KLPCL degrades considerably and that the evolved gases with the above 

groups are formed by the thermal degradation of PCL chains, since the 

intensities of the C-O-C, C=O and CH absorption peaks, which correspond 

to the structure of PCL chains, increase markedly with increasing CL/OH 

ratios.

Figure 6-43. Change of C-O-C, C=O, CO2, CH, and OH peak intensities with CH/OH ratios 

in KLPCL’s at 653 K [2].  : C-O-C, : C=O, : CO2 , : CH, :OH. 

Figure 6-44. Change of C-O-C, C=O, CO2, CH, and OH peak intensities with CH/OH ratios 

in KLPCL’s at 693 K [2].     
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The changes of C-O-C and C=O peak intensities with various CH/OH 

ratios in KLPCL at 653, 673, 693, 703 and 713 K are shown in Figures 6.45 

and 6-46.  The peak intensities of C-O-C and C=O peaks at 653 and 673 K 

decrease with increasing CL/OH ratios. This suggests that the evolved gases 

are not formed by the degradation of PCL chains, but mainly by the 

degradation of lignin in KLPCL. The C-O-C and C=O peak intensities 

increase recognizably in the temperature range over 693 K.  This peak 

intensity also increases prominently with increasing CL/OH ratio.  The 

above results indicate that the evolved gas with C-O-C and C=O groups is 

formed by the thermal degradation of PCL chains.  The intensity of the C-O-

C and C=O peaks at 703 K is larger than that at 713 K. This may indicate 

that the evolution of gases caused by PCL chains occurs most prominently in 

the temperature range around 707 K. 

Figure 6-45. Change of C=O peak intensity with CH/OH ratio in KLPCL at various 

temperatures [2]. : 653 K, : 673 K, : 693 K, :703 K, :713 K.

As described above, environmentally compatible polymers such as 

polycaproplactone (PCL) derivatives were synthesized from saccharides 

such as glucose, fructose and sucrose, polysaccharides such as cellulose and 

cellulose acetate, and lignins such as alcoholysis lignin, kraft lignin and 

sodium lignosulfonate.  Polymerization was initiated by the OH group of 

saccharides, polysaccharides and lignins.  



246 Chapter 6

Figure 6-46. Change of CH peak intensity with CH/OH ratio in KLPCL at various 

temperatures.  : 653 K,  :673 K, : 693 K, :703 K, :713 K. 

Saccharide- and lignin- based PCL derivatives with various PCL chain 

lengths were prepared. Glass transition temperatures (Tg’s), cold-

crystallization temperatures (Tcc’s) and melting temperatures (Tm’s) of 

saccharide- and lignin-based PCL’s were determined by DSC, and phase 

diagrams were obtained. Tg’s decreased with increasing CL/OH ratio, 

suggesting that PCL chains act as a soft segment in the amorphous region of 

PCL derivatives. TG-FTIR analysis of PCL’s suggested that compounds 

having C-O-C, C=O and C-H groups are mainly produced by thermal 

degradation of PCL chains in saccharide-, cellulose- and lignin-based PCL’s. 

Saccharides, cellulose and lignins efficiently act as hard segments in the 

above polymers. 
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Chapter 7

ENVIRONMENTALLLY COMPATIBLE 

POLYURETHANES DERIVED FROM 

SACCHARIDES, POLYSACCHARIDES AND 

LIGNIN

1. POLYURETHANE DERIVATIVES FROM 

SACCHARIDES

It is generally recognized that polyurethane (PU) is one of the most 

useful three-dimensional polymers, since PU has unique features: for 

example, various forms of materials such as sheets, foams, adhesives and 

paints can be obtained from PU, and their physical properties can easily be 

controlled. Over the past 50 years, a number of polyurethanes derived from 

various polyhydroxyl ingredients and polyisocyanates have been developed 

in the field of plastics [1]. Plant components having more than two hydroxyl 

groups per molecule can in principle be used as polyols for PU preparation. 

In this chapter, new types of polyurethanes derived from mono- and 

disaccharides (glucose, fructose and sucrose), and molasses are described [2-

12]. 

1.1 Saccharide-based PU sheets 

It has been recognized that the plant components act as hard segments in 

the above PU’s and that the thermal and mechanical properties can be 

controlled in a wide range by changing the amounts of hard and soft 

segments. 
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Figure 7-1. Schematic chemical structure of sucrose-based PU.  R=core structure of MDI. 

The objective of this section is to describe the thermal properties of PU’s 

derived from mono- and disaccharides (glucose, fructose and sucrose). PU

sheets were prepared from the saccharide-polyethylene glycol (PEG) – 

poly(phenylene methylene) polyisocyanate (MDI) system using bulk 

polymerization [67]. 

For the preparation of PU’s, saccharides such as glucose, fructose and 

sucrose were first dissolved in PEG 200 (molecular mass 200) or PEG 400 

(molecular mass 400) at 323 or 333 K. Prior to reaction with MDI, the 

polyol solutions of saccharides were dried under vacuum with vigorous 

stirring at 348 K for 1 hr. Depending on the saccharide content, a 1 % 

solution of 1, 4-diazabicyclo (2,2,2)-octane (DABCO) in diethylene glycol 

(DEG) was added to the polyol solution as a catalyst. MDI was added and 

the reaction was allowed to proceed at room temperature with moderate 

stirring. The NCO/OH (moles of isocyanate group/ moles of OH groups) 

ratio was changed from 1.0 to 1.2, depending on the required physical 

properties of prepared PU sheets. The pre-polymerized mixture was poured 

into a Teflon coated mold and placed in a hot press at 393 K under a 

pressure of 10 MPa and subsequently cured in an air-oven between two glass 

plates. Figure 7-1 shows a schematic chemical structure of sucrose-based PU. 

The chemical structure of PU is dependent on saccharide component. 

1.1.1 Thermal properties of saccharide-based PU sheets 

Figure 7-2 shows the change of Tg with the saccharide content.  Tg

increases steadily with the saccharide content for PU’s. The incorporation of 

saccharides into the PU structure leads to an increase in crosslinking density 

due to the large number of hydroxyl groups per molecule of the saccharides. 

The number of hydroxyl groups per molecule of glucose and fructose is 5 

mol mol-1 and sucrose has a number of hydroxyl groups per molecule of 8 

mol mol-1. With the increase of crosslinking density, the main chain motion 
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is more restricted and Tg becomes higher. As well as having a large effect on 

the crosslinking density, the saccharides act as hard segments that cause an 

increase in Tg. The MDI content increased with the saccharide content, since 

the NCO/OH ratio was kept constant. MDI having benzene rings acts as hard 

segments and thus an increase in the MDI content results in an increment in 

Tg.

Figure 7-2. Change of glass transition temperatures (Tg’s) for PU’s containing glucose, 

fructose and sucrose in the molecular chain measured in N2. : glucose, : fructose,  :

sucrose.  

Figure 7-3. Changes of thermal degradation temperatures (Td’s) for PU’s containing glucose, 

fructose and sucrose in the molecular chain measured in N2.  : glucose, : fructose,   : 

sucrose.   

As shown in Figure 7-2, the PU’s containing sucrose have lower Tg’s

than the other samples. Since sucrose contains fewer OH groups per unit of 

mass than glucose and fructose, the sucrose PU’s have lower crosslinking 
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density. At the same time, since the NCO/OH ratio is kept constant, the 

sucrose PU’s have higher PEG content and lower MDI content than the 

corresponding glucose- and fructose-based PU’s. Accordingly, sucrose-

based PU’s show lower Tg’s than glucose- and fructose-based PU’s. Figures

7-3 and 7-4 show changes of Td’s of PU’s containing glucose, fructose or 

sucrose in the molecular chain measured in N2 (Figure 7-3) and in air 

(Figure7-4). PU samples containing glucose, fructose and sucrose show 

similar Td curves.  It can be seen that Td decreases with increasing saccharide 

content.

Figure 7-4. Changes of thermal degradation temperatures (Td’s) of PU’s containing glucose, 

fructose and sucrose in the molecular chain measured in air.     : glucose,  : fructose,   : 

sucrose.  

Concerning the above PU’s, the relationship between the residue at 773 

K and the saccharide content suggested that saccharides constitute a 

significant part of the residual products.  This indicates that the thermal 

decomposition of the PU’s is caused to a fairly large extent by the 

degradation of PEG and isocyanate portions. The thermal degradation of 

saccharide portions occurred separately from the degradation of PEG and 

isocyanates. 

1.2 Molasses-based flexible PU foams 

Since saccharides are basically biodegradable, PU’s with saccharide 

components are degradable by microorganisms in soil or water [10]. At the 

same time, it becomes possible to utilize molasses, which is a kind of 

biowaste as a useful resource for environmentally compatible plastics. 

Flexible PU foams were prepared from molasses-based polyol (MLP) [6]. 
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The hydroxyl group content of MLP was determined according to JIS K 

1557.

Various kinds of polyols for flexible PU foams were prepared by mixing 

MLP with flexible polyols such as propylene glycol (PPG), graft polyol 

(GP) and polyester polyol (PEP). As shown at Table 1-2 in Chapter 1, 

molasses contains sucrose, glucose and fructose as major saccharide 

components. Several kinds of isocyanates such as toluene diisocyanate 

(TDI)), lysine diisocyanate (LDI) and lysine triisocyanate (LTI) were used.  

1.2.1 Preparation 

One type of flexible PU foam was prepared from MLP mixed with 

polypropylene glycol (PPG 3000, molecular mass 3000) by polymerization 

with TDI and MDI.  Molasses was obtained from Okinawa.  Silicon type 

surfactant, tin (Sn) type catalyst (tin octanoate) and amine catalyst 

(pentamethyl-diethylenetriamine) were also used for the preparation. The 

hydroxyl group content of MLP was determined according to JIS K 1557.  In 

order to prepare PU foams, a predetermined amount of PPG 3000 was added 

to MP. Then calculated amounts of TDI or MDI, surfactant, catalysts and a 

trace amount of water as a foaming agent were added to MLP and PPG 

mixture under vigorous stirring. Foaming was carried out immediately after 

removing the stirrer. The obtained foam was cured overnight at room 
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Figure 7-5. Schematic chemical structure of molasses-based flexible PU foams. 

temperature [6].  Figure 7-5 shows a schematic chemical structure of the 

flexible PU foams prepared by the above method. 
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Another type of flexible PU was prepared according to the preparation 

scheme shown in Figure 7-6. MLP was first mixed with GP (styrene- and 

acrylonitrile-grafted polyether) or PEP (molecular weight 2200). Silicon 

surfactants, catalysts (dibutyltindilaurate, DBTDL, and trimethyl aminoethyl 

piperazine, TMAEP) and water were added to the solution before mixing. 

The mixture was reacted with LDI or LTI under vigorous stirring in the 

presence of dichloromethane. After foams were obtained, the samples were 

allowed to stand overnight at room temperature. The obtained PU foams 

were cured at 393 K for 2 hours. The schematic chemical structure of

saccharide-based flexible polyurethane foams and chemical structures 

of raw materials are shown in Figure 7-7. 

Molasses polyol (MLP)
Graft polyol (GP) 

Polyester polyol (PEP) under heating 

Flexible polyurethane foams 

Premixture 

Water 

Surfactant 

Catalyst 

LDI and LTIVigorous stirring 

Figure 7-6. Preparation of saccharide-based flexible PU foams [12]. NCO/OH ratio= 1.05. 
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1.2.2 Thermal Properties 

Figure 7-8 shows DSC curves of PU’s prepared from the PE-GP-MLP-

(LDI/LTI) system. Figure 7-9 shows change of Tg with LDI and LTI 

contents  of PU’s prepared  from the  PE-GP-MLP- (LDI/LTI)  system.   As 

shown in Figure 7-7, LTI has more reactive sites than LDI. The molecular 

motion of PU molecules, which were prepared using isocyanates containing 

poly-reactive sites such as triisocyanate, is more restricted than that of PU 

molecules prepared by using diisocyanate, because of increased crosslinking 

density. Accordingly, Tg of PU’s prepared by using mixtures of LDI and LTI 

increased with increasing LTI content. 

Figure 7-8. DSC heating curves of PU’s prepared from the PEP-GP-MLP-(LDI/LTI) systems. 

Symbols in the figure and LDI / LTI ratios (%) are shown in Table 7-1. Measurements; heat-

flux type DSC (Seiko Instruments, DSC 220C), heating rate = 10 K min-1, N2 gas flow rate = 

30 ml min-1, samples mass =ca. 5 mg, aluminum open pans were used. Glass transition 

temperature (Tg) was recognized as an endothermic shift of the baseline in the DSC curve [13, 

see Figure 2-8 of Chapter 2].    

Table 7-1. LDI and LTI ratio (%) in PU’s prepared from the PEP-GP-MLP-(LDI / LTI) 

system 

Symbols in Figure LDI / % LTI / % 

A 100 0 

B 80 20 

C 60 40 

D 40 60 

E 20 80 

F 0 100 



256 Chapter 7

210

230

250

270

0 20 40 60 80 100

020406080100

LTI Content / %

T
g
 /

 K

LDI Content / %

Figure 7-9. Change of glass transition temperatures (Tg’s) with LDI and LTI contents in PU’s 

prepared from the PEP-GP-MLP-(LDI/LTI) systems [12]. 

Figure 7-10. TG and DTG curves of PU’s prepared from the PEP-GP-MLP-(LDI / LTI) 

system [12].  Symbols and LDI (%) / LTI (%) ratios are shown in Table 7-1.  Measurements; 

TG-DTA (Seiko Instruments TG/DTA 220) heating rate = 20 K min-1, samples mass = ca. 7 

mg, platinum pans were used.  N2 flow rate =200 ml min-1. Thermal degradation temperature 

(Td) was determined in TG curves according to the method shown in the literature [13, see 

Figure 2-3 of Chapter 2].  

Figure 7-10 shows TG curves and DTG curves of PU’s prepared from the 

PE-GP-MLP-(LDI/LTI) system. Figure 7-11 shows the change of Td with 

LDI and LTI contents of PU’s prepared from the PE-GP-MLP-(LDI/LTI) 

system. Two Td’s and DTd’s are observed. The peak of derivative thermal 

degradation temperature (DTd1) increases with increasing LTI content. This 
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is probably caused by the increase of crosslinking density with increasing 

LTI components in PU’s. 
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Figure 7-11. Change of thermal degradation temperatures (Td’s) with LDI and LTI contents in 

PU’s prepared from the PEP-GP-MLP-(LDI/LTI) systems [12]. 

0

0.02

0.04

0.06

0 20 40 60 80 100

020406080100

LTI Content / %

A
b

s
o

rb
a

n
c

e

LDI Content / %

Figure 7-12. IR peak intensities of evolved gases at various wavenumbers plotted against LDI 

and LTI contents in PU’s prepared from the PEP-GP-MLP- (LDI/LTI) system at DTd1 (ca. 

550 K) [12]. Symbols and absorption bands are shown in Table 7-2. Measurements; TG-

Fourier transform infrared spectrometer (TG-FTIR) (Seiko Instruments, TG/DTA220 

equipped with Jasco FT/IR-420).  heating rate = 20 K min-1, gas flow rate = 100 ml min-1,

temperature of the gas transfer system = 540 K, resolution of FTIR = 1 cm-1, one spectrum = 

10 scans sec-1.
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Table 7-2. IR absorption bands observed by thermal degradation of PE-GP-MLP- (LDI/LTI) 

systems   

Symbols in Figure Absorption band Wavenumber / cm-1

 C-O-C 1134 

 (C=O)-O-C 1206 

 C=O 1820 

 C=O 1757 

 NCO 2277 

 CO2 and NO2 2363 

 C-H 2910 

 H2O 3700 
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Figure 7-13. IR peak intensities of evolved gases at various wavenumbers plotted against LDI 

and LTI contents in PU’s prepared from the PE-GP-MLP- (LDI/LTI) system at DTd2 (ca. 670 

K) [12].  Symbols and absorption bands are shown in Table 7-2.  Measurements; see Figure 

7-12 caption. 

The results of TG-FTIR are shown in Figures 7-12 and 7-13. DTd1 seems 

to correspond to the thermal degradation of LTI, since C=O (1820 cm-1) was 

observed in the evolved gases. The intensity of C=O peak in LTI (1820 cm-

1) increases with increasing LTI content. In the thermal degradation, IR 

peaks corresponding to C-O-C (1134 cm-1), -C(=O)-O-C-(1206 cm-1), CO2

(2362 cm-1) and C-H (2910 cm-1) were observed. DTd2 seems to correspond 

to the thermal degradation of urethane bonding and polyol, since C-O-C 

(1136 cm-1), -C(=O)-O-C- (1260 cm-1), C=O (1757 cm-1), NCO (2277 cm-1), 

CO2 (2363 cm-1) and C-H (2948 cm-1) peaks were observed.
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Figure 7-14. Change of mass residueP at 723 K (MR723) with LDI and LTI contents of PU's 

prepared from the PEP-GP-MLP- (LDI/LTI) system. Mass residue (MR723) was read from TG 

curve at 723 K [12]. 

Figure 7-14 shows the change of mass residue at 723 K (MR723) with LDI 

and LTI contents of PU’s prepared from the PEP-GP-MLP-(LDI/LTI) 

system. MR723 does not show obvious change with increasing LTI content. It 

is considered that LDI and LTI show a similar mass residue, since both LDI 

and LTI have an aliphatic structure, and accordingly are not  heat resistant in 

the same way as isocyanates having the aromatic structure such as MDI. 

1.2.3 Mechanical Properties 

Mechanical properties were measured in order to establish the prepared 

PU foams. Figure 7-15 shows the change of compression strength at 25 % 

strain (σ25) and compression elasticity (E) of PU’s prepared from the PE-GP-

MLP-(LDI/LTI) system with LDI and LTI contents. Figure 7-16 shows the 

change of σ25 / ρ and E / ρ of PU’s prepared from the PE-GP-MLP-

(LDI/LTI) system with LDI and LTI contents. The values of σ 25, E, σ 25 / ρ
and E / ρ increase with increasing LTI content, since LTI has more reaction 

sites than LDI and crosslinking density increases in PU’s. The results agree 

well with the DSC results shown in Figures 7-8 and 7-9.

As described in Section 1.2.1 in this chapter, polyols with long flexible 

molecular chains such as PPG 3000, PE and GP were introduced into the 

molecular structure of PU’s through the reaction with flexible isocyanates 

such as TDI, LDI and LTI. Accordingly, PU’s having the chemical 

structures shown in Figures 7-5 and 7-7 could be prepared. These flexible 

molecular chains gave flexibility to PU foams despite the rigid furanose and 

pyranose structures of saccharides consisting of molasses.
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Figure 7-15. Change of compression strength at 25% strain (σ 25) and compression elasticity 

(E) with LDI/LTI ratio in PU’s prepared from the PEP-GP-MLP-(LDI/LTI) system [12]. 

Measurements; compression test (JIS K6401 and K7220), mechanical tester, Shimadzu AG-

2000D, size of specimen = 40 mm (length) x ca. 40 mm (width) x ca. 30 mm (thickness), 

temperature = 298 K, Compression speed was 3.0 mm min-1, compression strength (σ 25) was 

detected at 25% strain. The compression elasticity (E) was calculated from the gradient of the 

first straight line of stress-strain curves (JIS K7220). 
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Figure 7-16. Change of compression strength at 25% strain (σ 25) / apparent density (ρ) and 

compression elasticity (E) / ρ with LDI/LTI ratio in PU’s prepared from the PEP-GP-MLP-

(LDI/LTI) system [12].    
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1.3 Molasses-based semi-rigid PU foams 

1.3.1 Preparation 

As shown in Figure 7-17, molasses was used as saccharide components 

of PU’s in the preparation of semi-rigid PU foams. Saccharide components 

give environmental compatibility to PU’s through the possibility of 

biodegradation in soil and water. In order to prepare polyurethane (PU) 

foams, molasses is first dissolved in PEG, as described in 1.2.  MLP was 

mixed with polypropylene glycol (PPG, diol type, molecular weight 3000), 

polyester polyol (PEP, diol type, molecular weight 2500) or polyester polyol 

(PEP, molecular weight 2200) and small amounts of water, silicone 

surfactant with the presence of catalysts (di-n-butyltin dilaurate, DBTDL, 

and trimethylaminoethylpiperazine, TMAEP). Polyester polyol was heated 

from 340 to 348 K when it was used, since polyester polyol has a high 

viscosity at room temperature. 
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Figure 7-17. Preparation of saccharide-based semi-rigid polyurethane foams [12].



262 Chapter 7

O

O

O
O

NHCOR

ONHCO

NHCOR

CH2O

OCNH

CONHRHNCOOO

CONHRNHCOOO R'RHNCO

CH2CH2

n y

m x

RR

R’ = PPG and PEP

CH2 CH2

m

R = 

Figure 7-18. Schematic chemical structure of saccharide-based semi-rigid polyurethane 

foams [12].  

The above mixtures were reacted with isocyanates such as 

poly(phenylene methylene) polyisocyanate (MDI) and/or toluene 

diisocyanate (TDI) under vigorous stirring. The obtained samples were 

allowed to stand overnight at room temperature. Schematic chemical 

structures for PEP, PPG and MDI are shown in Figure 7-17. A schematic 

chemical structure of saccharide-based PU prepared according to the above 

methods is shown in Figure 7-18.

1.3.2 Thermal Properties 

Figure 7-19 shows the change of Tg with MLP contents in PU’s prepared 

from the PPG-MLP-MDI system. Two Tg’s (Tg1 and Tg2) are observed. Tg1

corresponds to glass transition of PU’s with PPG-MLP-MDI domain and Tg2

corresponds to glass transition of PU’s with MLP-MDI domain. It is 

considered that when MLP content becomes more than 50% phase 

separation between MLP and PPG occurs. Therefore, two Tg’s are observed. 

It is thought that saccharide acts as a hard segment in the PU, since 

saccharides in the PU have rigid furanose and pyranose rings having more 

than 5 reaction sites. The number of sites is much higher than diol and triol 

type polyols. Accordingly, by using saccharides as components of polyol, 

crosslinking density of PU’s becomes higher than that of standard PU’s.  
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Figure 7-19. Change of glass transition temperatures (Tg’s) with MLP contents of PU’s 

prepared from the PPG-MLP-MDI system. 

Figure 7-20 shows the change of Tg with PEP contents and PPG contents 

of PU’s prepared from the PEP-PPG-MLP-MDI system. Tg does not show 

obvious change with the mixing ratio of PEP and PPG. This indicates that 

because of sufficiently long molecular chains of both polyols (PPG, diol 

type, molecular weight 3000 and PEP, diol type, molecular weight 2500), 

the influence on the molecular motion of the prepared PU’s is similar. 
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Figure 7-20. Change of glass transition temperatures (Tg’s) with PEP and PPG contents of 

PU’s prepared from the PEP-PPG-MLP-MDI system [12]. 

Figure 7-21 shows DSC curves of PU’s prepared from the PEP-PPG-

MLP-(MDI/TDI) system. As seen from the figure, Tg is clearly seen as the 
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deviation of the baseline of each DSC heating curve and the shift of Tg with 

the change of MDI/TDI ratio is also observable. 

Figure 7-21. DSC heating curves of PU’s prepared from the PEP-PPG-MLP-(MDI / TDI) 

system.  MDI (%) / TDI (%) is changed as shown in Table 7-3. Symbols are also shown in 

Table 7-3 Measurements; heat-flux type DSC (Seiko Instruments DSC 220), sample mass = 

ca. 5 mg, heating rate = 10 K min-1, N2 gas flow rate = 30 ml min-1. Tg determination; see 

Figure 2-8 (Chapter 2). 

Table 7-3  Symbols and MDI / TDI ratio (%) in PEP-PPG-MLP-(MDI / TDI) systems 

Symbols in Figure MDI / % TDI / % 

A 100 0 

B 80 20 

C 60 40 

D 40 60 

E 20 80 

F 0 100 

Figure 7-22 shows the change of Tg with various MDI and TDI contents, 

which are shown in Figure 7-21 as the change of MDI/TDI ratio in PU’s 

prepared from the PEP-PPG-MLP-(MDI/TDI) system. Tg increases with 

increasing MDI content. It is known that MDI is used to prepare rigid 

polyurethane foams, since MDI has rigid phenyl methane units. The 

polymeric-MDI has more than two aromatic rings and also has more than 

two reaction sites (NCO groups). Accordingly, MDI reduces the mobility of 

the main chain of PU molecules. It is also considered that the increase of 

MDI content contributes to the increase of the crosslinking density of PU’s 

and that MDI acts as a hard segment in PU molecules.  
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Figure 7-22. Change of glass transition temperatures (Tg’s) with MDI and TDI contents of 

PU’s prepared from the PEP-PPG-MLP- (MDI/TDI) system [12].  

Figure 7-23. TG and DTG curves of PU’s prepared from the PPG-MLP-MDI system. 

MLP (%) / PPG  (%) ratio is changed as shown in Table 7-4.  Symbols in the figure are 

also shown in Table 7-4. Measurements; TG-DTA (Seiko Instruments TG/DTA220), 

samples = ca. 7 mg, platinum pans, heating rate = 20 K min-1, nitrogen gas flow rate = 100 

ml min-1. Determination of thermal degradation temperature (Td); see Figure 2-3 (Chapter 

2).
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Table 7-4.Symbols and MLP / PPG ratio in PPG-MLP-MDI systems 

Symbols in Figure MLP / % PPG / % 

A 10 90 

B 20 80 

C 30 70 

D 50 50 

E 60 40 

F 70 30 

G 80 20 

H 90 10 

Figure 7-23 shows TG curves and DTG curves of PU’s with various MLP 

contents in the PPG-MLP-MDI system. Two Td’s (Td1 and Td2) are observed 

as shown in Figure 7-22. As shown in Figure 7-22, the peak of DTd1

increased with increasing MLP content and the peak of DTd2 increased with 

increasing PPG content. Accordingly, it is considered that DTd1 corresponds 

to the thermal degradation of MLP and DTd2 corresponds to the thermal 

degradation of PPG. Figure 7-24 shows the change of Td1 and Td2 with

increasing MLP content. The presence of two kinds of thermal degradation 

is clearly seen. 
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Figure 7-24. Change of derivative thermal degradation temperatures (DTd’s) with MLP 

contents of PU’s prepared from the PPG-MLP-MDI system [12]. 
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Figure 7-25. TG and DTG curves of PU’s prepared from the PEP-PPG-MLP-MDI system.  

Symbols and PPG / PE  / MLP ratio (%) are shown in Table 7-5. Measurements; see Figure 2-

24 caption (Chapter 2).

Table 7-5. Symbols and PPG/ PEP / MLP ratio (%) in PEP-PPG-MLP-MDI systems 

Symbols in Figure PPG / % PEP / % MLP / % 

A 70 10 20 

B 60 20 20 

C 50 30 20 

D 40 40 20 

E 30 50 20 

F 20 60 20 

Figure 7-25 shows TG and DTG curves of PU’s with various PEP and 

PPG contents in the PEP-PPG-MLP-MDI system. Three Td’s (Td1, Td2 and 

Td3) are observed in TG curves in Figure 7-25. The peak of DTd1 does not 

change with mixing ratios of PEP and PPG. The peak of DTd2 increases with 

increasing PEP content and the peak of DTd3 decreases with increasing PEP 

content. Accordingly, it is considered that DTd1 corresponds to the thermal 

degradation of MLP, DTd2 corresponds to the thermal degradation of PEP 

and DTd3 corresponds to the thermal degradation of PPG. As shown in 

Figure 7-26, the presence of three kinds of DTd is clearly seen and this 

indicates that three kinds of thermal degradation occur separately with the 

change of temperature. 
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Figure 7-26. Change of derivative thermal degradation temperatures (DTd’s) with PEP, PPG 

and MLP contents of PU’s prepared from the PEP-PPG-MLP-MDI system [12]. 

Figure 7-27 shows TG and DTG curves of PU’s with various MDI and 

TDI contents in PU’s prepared according to the PEP-PPG-MLP-(MDI/TDI) 

system. Two-step degradation is observed. Derivative thermal degradation at 

ca. 570 K (DTd1) is smaller than DTd2, which is observed at ca. 650 K, when 

TDI content is small, but becomes prominent with the increase of TDI 

content. On the other hand, DTd2 peak is prominent when MDI content is 

high. Accordingly, it is considered that DTd1 corresponds to the degradation 

of TDI component and DTd2 corresponds to that of MDI.  Figure 7-28 shows 

the change of DTd1 and DTd2 with the change of MDI/TDI ratio. The above 

results indicate that thermal degradation of PU components occurs 

separately in PU’s and this degradation is dependent on the characteristics of 

each component 
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Figure 7-27. TG and DTG curves of PU’s prepared from the PEP-PPG-MLP-(MDI/TDI) 

system. MDI (%) / TDI (%) ratio is changed as shown in Table 7-3. Measurements; see 

Figure 2-24 caption (Chapter 2).

470

570

670

770

0 20 40 60 80 100

020406080100

MDI Content / %

D
T

d
 /
 K

TDI Content / %

DT d1

DT d2

Figure 7-28. Change of derivative thermal degradation temperatures (DTd’s) with TDI 

contents and MDI contents of PU’s prepared from the PEP-PPG-MLP-(TDI/MDI) system. 

Figure 7-29 shows the change of MR723 with MLP contents of PU’s 

prepared from the PPG-MLP-MDI system. MR723 increases with increasing 

MLP content. MDI contents in PU’s increased with the increase of MLP 

content in polyol, since MLP has hydroxyl value (OHV, OHVMLP=9.87 m 

mol g-1) which is much higher than that of PPG (OHVPPG = 0.66 m mol g-1).

It is known that the fragments from aromatic rings in polymer chains remain 

until high temperature regions in the residues [9]. Therefore, it is considered 
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that the increase of MR723 is most probably caused by the increase of 

aromatic rings coming from the MDI component in PU’s. 
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Figure 7-29. Change of mass residue at 723 K (MR723) with MLP contents of PU’s prepared 

from the PPG-MLP-MDI system [12]. 

Figure 7-30 shows the change of MR723 with PPG and PEP contents in 

PU’s prepared from the PEP-PPG-MP-MDI system. MR723 values do not 

change with the change of PPG and PEP contents. This indicates that PPG 

and PPG degrade at the same rate even if the degradation temperature is 

different, as shown in Figure 7-26, since both polymers are those with 

aliphatic structures. 
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Figure 7-30. Change of mass residue at 723 K (MR723) with PEP and PPG contents in PU’s 

prepared from the PEP-PPG-MLP-MDI system [12].  
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Figure 7-31 shows the change of MR723with MDI and TDI contents in 

PU’s prepared from the PEP-PPG-MLP-(MDI/TDI) system. MR723 increases 

with increasing MDI content. This is caused by the fact that the increase of 

MDI contents in PU’s increases the amount of aromatic rings in the PU 

structure. Since MDI has more aromatic structures than TDI, the increase of 

MR723 is mainly caused by the increase of aromatic ring structures in PU’s 

with increasing MDI content. 
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Figure 7-31. Change of mass residue at 723 K (MR723) with MDI and TDI contents of PU’s 

prepared from the PEP-PPG-MLP-(MDI/TDI)  system [12]. 

1.3.3 Mechanical Properties 

Figures 7-32 and 7-33 show the change of σ10, E, σ10/ρ and E/ρ values of 

PU’s prepared from the PEP-PPG-MLP-MDI system. The above values 

increase with increasing PEP content until the content reaches 60 % and then 

decrease with PEP content over 60 %. This indicates that mechanical 

strength of PEP 2500 component in PU’s is higher than that of PPG. The 

sudden decrease of the σ10 and E values in the PEP content over 60 % seems 

to be caused by the phase separation of PPG and PEP because of the 

difficulty of making homogeneous PEP-PPG solution over this PEP content.

Figures 7-34 and 7-35 show the change of σ10, E, σ10 /ρ and E/ρ values of 

PU’s prepared from the PEP-PPG-MLP-(TDI/MDI) system. The above

values increase with increasing MDI content, indicating that the MDI 

component in PU’s is mechanically stronger than that of TDI. 
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Figure 7-32. Change of compression strength at 10% strain (σ10) and compression elasticity 

(E) with PEP and PPG contents of PU’s prepared from the PEP-PPG-MLP-MDI system [12].
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Figure 7-33. Change of compression strength at 10 % strain (σ10)/ apparent density (ρ) and 

compression elasticity (E) / ρ with PEP and PPG contents in PU’s prepared from the PEP-

PPG-MLP-MDI system [12].
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Figure 7-34. Change of compression strength at 10% strain (σ 10) and compression elasticity 

(E) with TDI and MDI contents in PU’s prepared from the PEP-PPG-MLP-(TDI/MDI) 

system [12]. 
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Figure 7-35. Change of compression strength at 10 % strain (σ 10) / apparent density (ρ) and 

compression elasticity (E) / ρ with TDI and MDI contents in PU’s prepared from the PEP-

PPG-MLP-(TDI/MDI) system [12].  

2. POLYURETHANES DERIVED FROM LIGNINS 

As raw materials for the preparation of lignin-based PU’s, various kinds 

of industrial lignins can be used. The following methods are examples of 

preparation of lignin-based PU’s [7]. Prior to obtaining PU’s, kraft lignin 

(KL), alcoholysis lignin (AL), solvolysis lignin (SL), which was obtained as 
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a by-product in organosolve pulping of Japanese beech (Fagus crenata) with 

aqueous cresol at 185 °C without an acid catalyst, and sodium lignosulfonate 

(LS) were dissolved in polyols such as PEG and PPG in order to prepare 

polyol solutions containing lignin. The obtained polyol solutions were mixed 

with MDI at room temperature, and precured polyurethanes were prepared. 

Each of the precured polyurethanes was heat-pressed and a PU sheet was 

prepared. In order to prepare PU foams, one of the above lignin-based polyol 

solutions was mixed with a plasticizer, surfactant (silicon oil), and a catalyst 

(DBTDL), and then MDI was added. This mixture was stirred with a trace 

amount of water which was added as a foaming agent. In the above 

processes, the NCO/OH ratio, the weight of starting materials and the 

contents of lignin (shown as Lig in the following equations), the amount of 

polyols such as PEG and PPG (shown as PEG in the following equations), 

and MDI were calculated according to the following equations: 

( )PEGPEGLigLigMDIMDI WMxWMWMOHNCO +++=/  (7.1) 

PEGLigt WWW +=  (7.2) 

Lignin content (%) = 100x
W

W

t

Lig
 (7.3) 

PEG content (%) = 100x
W

W

t

PEG  (7.4) 

where MMDI is the number of moles of isocyanate groups per gram of MDI, 

WMDI the weight of MDI, MLig the number of moles of hydroxyl groups per 

gram of lignin, WLig the weight of  lignin,  MPEG the number of moles of 

hydroxyl groups per gram of PEG, WPEG  the weight of PEG, and where Wt

is the total weight of lignin and PEG in the PU system. In some cases, DEG 

was used instead of PEG.



Polyurethanes from Saccharides and Lignin 275

2.1 Rigid polyurethane foams derived from kraft lignin  

2.1.1 Preparation 

Kraft lignin (KL) + Diethylene glycol (DEG)
KL + Triethylene glycol (TEG)

KL + Polyethylene glycol (PEG)

Rigid polyurethane foams

Premixture

Water
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Figure 7-36. Preparation of kraft lignin-based rigid polyurethane foams and chemical 

structures of DEG, TEG, PEG200 and MDI [12]. 

In order to prepare PU foams derived from KL (KLPU foams), KL was 

dissolved in diethylene glycol (DEG), triethylene glycol (TEG) or PEG200 

under heating from 338 to 348 K. As shown in Figure 7-36, the above 

solutions with various KL contents from 0 to 33 % were mixed with small 

amounts of silicon surfactant, di-n-butyltin dilaurate (DBTDL) and water. 

This premixture was reacted with MDI under stirring at room temperature. 

NCO/OH ratio was 1.2.  PU foams obtained from the above three kinds of 

lignin-based oligo- and poly-ethyene glycols (DEG, TEG and PEG) are 

designated as KLDPU, KLTPU and KLPPU, respectively. Figure 7-36 

shows chemical structures of DEG, TEG, PEG 200 and MDI. Figure 7-37 

shows the schematic chemical structure of KL-based PU.  
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Figure 7-37. Schematic chemical structure of KL-based PU [12]. 

2.1.2 Thermal properties 

Figures 7-38 show DSC curves of KLDPU, KLTPU and KLPPU with 

various KL contents. Figure 7-39 shows change of Tg with KL contents in 

KLDPU, KLTPU and KLPPU. Tg’s of KLDPU and KLTPU do not change 

markedly with increasing KL content. This indicates that the molecular 

chains of DEG and TEG components in the above PU foams, which are 

short and rigid, restrict efficiently the motion of the above PU foams, and for 

the above reason, the influence of rigid lignin structure on the molecular 

motion of KLDPU and KLTPU is relatively small. However, Tg of KLPPU 

increases with increasing KL content. In the case of KLPPU, KL structure 

acts as a hard segment in PU network, since PEG component in the PU is 

relatively long and flexible and the molecular motion is easily restricted by 

the influence of hard lignin structure. 
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Figure 7-38. DSC curves of KLDPU, KLTPU and KLPPU. KL contents and symbols in the 

figure are shown in Table 7-6.  Measurements; heat-flux type DSC (Seiko Instruments DSC 

220), sample mass = ca. 5 mg, heating rate =10 K min-1, N2 gas flow rate= 30 ml min-1, using 

aluminium open type pans. 

Table 7-6. KL content in KLDPU, KLTPU and KLPPU 

Symbols 

in Figure

Abbreviation Number of repeating 

units of ethylene 

glycol 

KL content in 

polyol / % 

I -A KLDPU 2 0

-B  2 6.6 

-C  2 13.2 

-D  2 19.8, 

-E  2 26.4 

-F  2 33.0 

II -A KLTPU 3 0

-B  3 6.6 

-C  3 13.2 

-D  3 19.8 

III-A KLPPU 4 0

-B  4 6.6 

-C  4 13.2 

-D  4 19.8 
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Figure 7-39. Change of glass transition temperatures (Tg’s) with KL contents in KLDPU, 

KLTPU and KLPPU [12]. : KLDPU, : KLTPU, : KLPPU   

Figure 7-40 shows TG and DTG curves of KLDPU with various KL 

contents. Two step thermal degradations are observed from DTG curves in 

the above PU’s. Figure 7-41 shows change of Td with KL contents in 

KLDPU, KLTPU and KLPPU. In KLDPU and KLTPU, Td does not change 

obviously with increasing KL content. However, Td of KLPPU decreases 

slightly with increasing KL content. Since the increase of KL content in 

KLPPU reduces the amount of PEG 200, the dissociation between the 

phenolic hydroxyl group in KL and the isocyanate group becomes prominent, 

and accordingly Td decreases. In general, thermal degradation of urethane 

bonding formed by reaction of phenolic hydroxyl and isocyanate groups 

occurs at lower temperature than that of urethane bonding between alcoholic 

hydroxyl groups and isocyanate groups [14, 15]. 

Change of MR723 with KL contents in KLDPU, KLTPU and KLPPU is 

shown in Figure 7-42. MR723 increases in the following order: 

KLDPU>KLTPU>KLPPU. The hydroxyl values (OHV’s) of DEG, TEG 

and PEG 200 are as follows: 18.9 m mol g-1, 13.2 m mol g-1and 10 m mol g-1,

respectively.  According to the above data, DEG has the highest OHV 

contents in the above three glycol’s. Therefore, the amount of MDI 

components in KLDPU is higher than that in KLTPU and KLPPU. It is 

known that the aromatic ring of MDI in PU polymer chains remains without 

degradation at high temperature [15]. Therefore, it is considered that the 

above increase of MR723 in KLDPU is mainly caused by the increase in the 

content of aromatic rings in PU’s, since the amount of MDI increases with 

increasing OHV. 
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Figure 7-40. TG and DTG curves of KLDPU. KL content in polyol (%): A = 33, B = 26.4, C 

= 19.8, D = 13.2, E = 6.6, F = 0   Measurements; TG-DTA (Seiko Instruments, TG/DTA 220), 

sample mass = ca. 7 mg, heating rate = 20 Kmin-1, N2 gas flow rate = 100 ml min-1
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Figure 7-41. Change of thermal degradation temperature (Td1) with KL contents in KLDPU, 

KLTPU and KLPPU.  : KLDPU, : KLTPU, : KLPPU 
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Figure 7-42. Change of mass residue at 723 K (MR723) with KL contents in KLDPU, KLTPU 

and KLPPU [12]. : KLDPU, : KLTPU, H: KLPP. 

2.1.3 Mechanical Properties 

Figure 7-43 shows stress-strain curves of KLPPU with various KL 

contents. KLDPU and KLTPU showed similar S-S curves, although σ values 

are higher than those of KLPPU. As shown in Figure 7-44 (A), ρ values

decrease with increasing KL content. This is probably caused by the increase 

of the cell size with increasing KL content. It is known that the increase of
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Figure 7-43. Stress-strain curves of KLPPU’s with various KL contents [12]. Measurements; 

compression tests, Shimadzu Autograph AG-2000D (JIS K7220) temperature = 298 K, 

number of test pieces = 3, size of test piece = ca. 40 mm x ca. 40 mm x ca. 30 mm, 

compression speed = 3.0 mm min-1. The compression strength (σ10) was detected at 10% 

strain. The yielding strength (σy) was evaluated as the maximum strength from stress-strain 

curve. The compression elasticity was calculated from the gradient of the first straight line of 

stress-strain curves according to the JIS K7220. 
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Figure 7-44. Change of apparent density (ρ) (A), compression strength at 10% strain (σ 10)

and yielding strength. (σ y) (B), and compression elasticity (E) (C) of KLDPU, KLTPU and 

KLPPU. Symbols are shown in Table 7-7.

Table 7-7. Symbols used in Figure 7-44

ρ*/ g cm-3 σ 10** / MPa σ y***/MPa E**** / MPa 

PU Sample Fig. 7-44, A Fig. 7-44, B Fig.7-44, C 

KLDPU

KLTPU

KLPPU

*Apparent density, ** Strength at 10% strain. *** Yielding strength, 

**** Compression Elasticity   
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Figure 7-45. Change of compression strength at 10% strain (σ10) / apparent density, (ρ),

yielding strength (σy) / ρ and compression elasticity (E) / apparent density (ρ) with KL 

contents in KLDPU, KLTPU and KLPPU. Symbols are shown in Table 7-8.
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Table 7-8. Symblols shown in Figure 7-45 

Sample σ10 / ρ:

MPa cm-3 g-1

σy / ρ 
MPa cm-3 g-1

σy / E

MPa cm-3 g-1

KLDPU

KLTPU 

KLPPU 

0

0.5

1

1.5

0 0.05 0.1 0.15

 / g cm
-3

 /
 M

P
a

Figure 7-46. Change of compression strength at 10% strain (σ10) and yielding strength (σy)

with apparent density (ρ) of KLDPU, KLTPU and KLPPU [12]. σ 10, : KLDPU, :

KLTPU, : KLPPU, σy, : KLDPU,  : KLTPU,  : KLPPU. Measurements; Apparent 

density (ρ = weight / apparent volume: g cm-3) was measured using a Mitsutoyo ABS digital 

solar caliper and an electric balance. Apparent volume was calculated using sample with ca. 

40 mm (length) ca. 40 mm (width) ca. 30 mm (thickness). Conditions of mechanical tests; 

see Figure 7-43 caption. 

viscosity of KL polyol, which increases with increasing KL content, makes 

the cell size larger. This decrease of ρ value usually causes the decrease of 

the compression strength of KLDPU, KLTPU and KLPPU.  

Figures 7-44 (B) and 7-44 (C) show the change of σ10, σy and E with KL 

contents of KLDPU, KLTPU and KLPPU. The values of σ10, σy and E of 

KLDPU, KLTPU and KLPPU decrease with increasing KL content. As 

shown in Figure 7-45, the values of σ10/ ρ, σy/ ρ and E/ ρ decrease with 

increasing KL content.  Figures.7-46 and 7-47 show the change of σ10, σy

and E values of KLDPU, KLTPU and KLPPU with ρ values. The values of 

σ10, σy and E increase linearly with increasing ρ. This indicates that the 

compression strength and compression elasticity of rigid polyurethane foams 

highly depend on the values of ρ.



Polyurethanes from Saccharides and Lignin 283

0

20

40

60

0 0.05 0.1 0.15

 / g cm
-3

E
 /

 M
P

a

Figure 7-47. Change of compression elasticity (E) with apparent density (ρ) of KLDPU, 

KLTPU and KLPPU [12]. : KLDPU, : KLTPU, : KLPPU. 

The above dependency of mechanical properties of KLPU foams on the ρ
values strongly indicates that the morphological properties of foams such as 

cell size and thickness of cell wall affect the strength and elasticity of foams. 

2.2 Rigid polyurethane foams derived from sodium 

lignosulfonate

Sodium lignosulfonate (LS) was obtained as a by-product of sulfite 

pulping process. LS has not been used as a chemical component of standard 

lignin-based polymers such as epoxy resins due to its ionic nature. LS is 

soluble in water and, at the same time, it is soluble in some kinds of solvent 

such as ethylene glycol, DEG, TEG and PEG, since LS has an amphiphilic 

character. It has recently been found that LS-based PU foams (LSPU) can be 

prepared using DEG, TEG and PEG [16]. In this section, the thermal and 

mechanical properties of rigid LSPU foams, which were investigated by 

differential scanning calorimetry (DSC), thermogravimetry (TG), TG-

Fourier transform infrared spectroscopy (TG-FTIR) and compression tests, 

are described. 

2.2.1 Preparation 

In order to prepare PU foams, LS was dissolved in DEG, TEG or PEG 

200 under heating from 338 to 348 K. As shown in Figure 7-48, the above 

solutions with various LS contents from 0 % to 33 % were mixed with small 

amounts of silicon surfactant, di-n-butyltin dilaurate (DBTDL) and water. 



284 Chapter 7

This premixture was reacted with MDI under stirring at room temperature. 

NCO/OH ratio was 1.2 [16].  PU foams obtained from the above three kinds 

of lignin-based oligo- and poly-ethylene glycols (DEG, TEG and PEG) are 

designated as LSDPU, LSTPU and LSPPU, respectively. Figure 7-49 shows 

a schematic chemical structure of LS-based PU’s. 

Sodium lignosulfonate (LS) + Diethylene glycol (DEG)
LS + Triethylene glycol (TEG)

LS + Polyethylene glycol (PEG)

Rigid polyurethane foams

Premixture

    Water
Surfactant

    Catalyst

NCO/OH ratio=1.2
MW (PEG) = 200

  MDI

Figure 7-48. Preparation of sodium lignosulfonate (LS)-based rigid polyurethane foams [16]. 
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Figure 7-49. Schematic chemical structure of LS-based PU [12]. 
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2.2.2 Thermal properties 

Figures 7-50 and 7-51 show DSC curves of LSDPU, LSTPU and LSPPU 

with various LS contents. In each DSC curve, a gap in the baseline due to 

glass transition is observed. Figure 7-52 shows the change of Tg with LS 

contents in LSDPU, LSTPU and LSPPU. Tg’s of LSDPU and LSTPU 

increase slightly with increasing LS content. However, Tg of LSPPU 

increases clearly from 350 to 364 K with increasing LS content, since the 

rigid phenyl propane structure in LS acts as a hard segment efficiently in PU 

networks containing long oxyethylene chains of PEG such as in the case of 

LSPPU. On the other hand, it is considered that LS molecules in LSDPU and  

Figure 7-50. DSC heating curves with various LS contents in LSDPU.  LS contents in polyol 

(%): A = 0, B = 6.6, C = 13.2, D = 19.8, E = 26.4, F =33.0   Measurements; see Figure 7-38 

caption.

Figure 7-51. DSC heating curves with various LS contents in LSTPU.  LS contents in polyol 

(%): A = 0, B = 6.6, C = 13.2, D = 19.8, E = 26.4, F =33.0.
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Figure 7-52. Change of glass transition temperatures (Tg’s) with LS contents in LSDPU, 

LSTPU and LSPPU. : LSDPU, : LSTPU, : LSPPU. 

LSTPU do not effectively influence the motion of the PU molecules, since 

DEG and TEG components in LSDPU and LSTPU have shorter oxyethylene 

molecular chains than PEG components in LSPPU, which restrict effectively 

the motion of the PU network in the same way as LS components. 

Figure 7-53 shows TG and DTG curves of LSDPU.  Two step thermal 

degradations are clearly observed in DTG curves of the above PU. TG and 

DTG curves of LSTPU and LSPPU showed a similar tendency.  Figures 7-

54 and 7-55 show the change of thermal degradation temperatures (Td’s) and 

derivative thermal degradation temperatures (DTd1 and DTd2) with LS 

contents in LSDPU, LSTPU and LSPPU. In the above PU’s, Td1 did not 

change markedly with increasing LS content. However, Td2 of LSDPU and 

LSTPU clearly decrease with increasing LS content. Td2 and DTd2 of 

LSDPU, LSTPU and LSPPU decrease noticeably with increasing LS 

content. It is known that the dissociation of urethane bonding between the 

phenolic hydroxyl group and the isocyanate group occurs at around 520 K, 

which is lower than that of urethane bonding between the alcoholic hydroxyl 

group and the isocyanate group [14, 15]. The increase of LS content in the 

above LSPU’s reduces the amount of polyols such as DEG, TEG and PEG, 

which are thermally stable compared with LS, when they form urethane 

bonding with the reaction of isocyanate. Accordingly, Td2 and DTd2 of 

LSPU’s decrease with increasing LS content in PU’s. 
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Figure 7-53. TG and DTG curves with various LS contents in LSDPU. LS contents in polyol 

(%): A = 33.0, B = 26.4, C = 19.8, D = 13.2, E = 6.6, F =0.
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Figure 7-54. Change of thermal degradation temperatures (Td’s) with LS contents in LSDPU, 

LSTPU and LSPPU [12]. LSDPU, : Td1, : Td2; LSTPU, : Td1, : Td2; LSPPU, : Td.

Figure 7-56 shows the change of MR723 in LSPU’s with LS content in 

DEG, TEG and PEG. The results suggest that the MR at 723 K increases 

with increasing LS contents, showing that LS contributes to the 

improvement of thermal durability of LSPU’s.  
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Figure 7-55. Change of derivative thermal degradation temperatures (DTd’s) with LS contents 

in LSDPU, LSTPU and LSPPU [12].  LSDPU, :DTd1, :DTd2, LSTPU, :DTd1, :DTd2;

LSPPU, :DTd1, :DTd2.
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Figure 7-56. Change of mass residue at 723 K (MR723) in LSDPU, LSTPU and LSPPU with 

LS contents in DEG, TEG and PEG. :LSDPU, : LSTPU, : LSPPU. 

2.2.3 Mechanical properties 

Figure 7-57 shows stress-strain curves of LSDPU, LSTPU and LSPPU 

with 19.8 % LS content in polyol. With increasing LS content, σ10 of LSPPU 

increases while σ10 of LSDPU and LSTPU slightly decreases.  Mechanical 

properties of PU foams are markedly affected by the apparent density (r) of 

PU’s. The apparent density can be controlled by foaming conditions, such as 

viscosity of the reaction mixture and the amount of foaming reagent. When 
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LS content increases, viscosity of the reaction mixture increases. Although 

the foaming process is complex, overall structure of PU foams, such as 

thickness of wall and size of pore in three dimensional structure of PU 

foams, can be evaluated by apparent density (ρ) of PU foams. Figure 7-58 

shows the relationship between ρ and σ10. It is clearly seen that σ10 linearly 

increases with increasing ρ. A similar relationship is observed in the case of 

compression modulus (E). The above results clearly indicate that mechanical 

properties of rigid PU foams are dependent on ρ.
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Figure 7-57. Stress-strain curves with 19.8 % LS contents in LSDPU, LSTPU and LSPPU 

[12], Measurements; see Figure 7-4 caption. 
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Figure 7-58. Change of compression strength at 10% strain (σ10) and yielding strength (σy)

with apparent density (ρ) of LSDPU, LSTPU and LSPPU [12]. σ10, : LSDPU, : LSTPU, 

: LSPPU; σy, : LSDPU, : LSTPU, : LSPPU. 



290 Chapter 7

2.3 Polyurethanes derived from lignin-based PCL’s 

2.3.1 Preparation  

Polyurethanes derived from lignin-based PCL’s are obtained according to 

the following processes. Lignin-based PCL’s are first dissolved in 

tetrahydrofuran (THF). The above solution is reacted with MDI at room 

temperature with stirring.  The obtained prepolymer is cast on a glass plate 

and the solvent is evacuated under dry conditions. The obtained lignin-based 

PU sheets are cured at 393 K for 2 hr. The schematic chemical structure of 

the obtained sample (Lig PCLPU) is shown in Figure 7-59.

C3O O

OCH3

O

OCH3

(CO(CH2)5O)m CONHRNHCOO

(CO(CH2)5O)m CONHRNHCOO

(CO(CH2)5O)m CONHRNHCOO

CH2 CH2

n

R:

Figure 7-59. Schematic chemical structure of lignin-based PCLPU. 

Figure 7-60 shows a part of the DSC curves of PU’s derived from 

alcoholysis lignin-based polycaprolactone (ALPCL) with various CL/OH 

ratios from 2 to 25 mol mol-1. A marked change in baseline due to glass 

transition is observed in each DSC curve. Tg decreases with increasing 

CL/OH ratio from 2 to 10 mol mol-1 in PU’s from lignin based-PCL’s. PCL 

chains with lignin act as soft segments in PU networks. However, as shown 

in Figure 7-60, when the CL/OH ratio is 10 to 25 mol mol-1, Tg increases. In 

the case of the DSC curves representing ALPCLPU with CL/OH ratio 15 

mol mol-1, an exothermic peak due to cold-crystallization of ALPCLPU and 

also a large peak due to melting of crystalline region are observed when 

CL/OH ratio is over 15. The above results suggest that the PU’s derived 

from ALPCL’s with CL/OH ratios over 15 have a clear crystalline region in 

the molecular structure. A similar phenomenon is observed in PU’s from 

KLPCL’s.
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Figure 7-60. DSC heating curves at around glass transition of ALPCLPU. 

Figure 7-61 shows the changes of Tg’s of PU’s from AL- and KL-PCL’s. 

The Tg markedly decreases with increasing CL/OH ratio in the region where 

CL/OH ratio is below 15 mol mol-1 and then the Tg levels off with increasing 

CL/OH ratio in the region where CL/OH ratio exceeds 15.  The leveling off 

of Tg over CL/OH ratio = 15 mol mol-1 suggests that by the introduction of 

long PCL chains the crystalline region increased and this restricts the motion 

of PCL chains. 
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Figure 7-61. Change of Tg with CL/OH ratio of ALPCLPU and KLPCLPU [7]. :

KLPCLPU : ALPCLPU.

Figure 7-62 shows a phase diagram representing changes of Tg’s, cold-

crystallization temperatures (Tcc’s) and melting temperatures (Tm’s), against 

CL/OH ratios of PU’s derived from AL- and KLPCL’s. The change of Tg’s 



292 Chapter 7

is almost the same for the AL- and KLPCLPU’s. Tcc’s and Tm’s slightly 

increase with increasing CL/OH ratio in the region of CL/OH ratios over 15, 

suggesting an increase in the crystalline region of PCL chains in the AL- and 

KLPCLPU’s.
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Figure 7-62. Phase diagram of ALPCLPU and KLPCLPU. ALPCLPU [7],  : Tg, : Tcc,

: Tm ;  KLPCL PU,  : Tg, : Tcc, :Tm.

500

550

600

650

700

0 10 20 30

CL / OH Ratio / mol mol
-1

T
d
 /
 K

Figure 7-63. Change of Td with CL/OH ratio of ALPCLPU and KLPCLPU. ALPCLPU, :

Td1, :Td2 , KLPCLPU, : Td1 , :Td2.

TG and DTG curves of PU’s derived from lignin-based PCL’s with 

various CL/OH ratios showed two kinds of thermal degradation 

temperatures, Td1 and Td2. Figure 7-63 shows the change of Td1 and Td2 with 

CL/OH ratios of AL- and KL-PCL PU’s.  It is known that some urethane 
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bonds in PU’s dissociate to form hydroxyl and isocyanate groups at about 

520 K [14, 15]. Accordingly, it is considered that Td1 may reflect the 

degradation of lignin parts in AL- and KLPCLPU’s. As already shown in 

Figure 6-12 in Chapter 6, Td of CAPCL increased suddenly and stepped up 

from 620 to 660 K with increasing CL/OH ratio from that lower than 8 to 

that higher than 10. The above change of Td accords similarly with the 

change of Td1 and Td2 of AL- and KLPCLPU’s as shown in Figure 7-63. 

Accordingly, it is considered that Td1 probably reflects the degradation of the 

lignin part and Td2 may reflect that of PCL parts in AL- and KLPCLPU’s 

[17].  

3. SACCHARIDE- AND LIGNIN-BASED HYBRID 

POLYURETHANE FOAMS 

Plant components such as lignin and saccharides are basically 

biodegradable. They have reactive hydroxyl groups in their molecules and 

have more than two hydroxyl groups per molecule. Accordingly, it is 

possible to prepare polyurethane’s (PU’s) from plant components by the 

reaction with isocyanates as mentioned in the former sections (See Chapters 

7.1 and 7.2). PU’s having plant components show excellent thermal and 

mechanical properties. They are also biodegradable [10]. In Chapters 7.1 and 

7.2, it has been stated that saccharides, such as glucose, fructose, sucrose and 

molasses (ML), and lignins such as kraft lignin (KL) and sodium 

lignosulfonate (LS), which are obtained as by-products of pulp production 

processes, can be used as a polyol component for PU’s. In this section 

(Chapter 7.3), we consider PU foams which are prepared from ML, KL and 

LS and their thermal and mechanical properties in order to establish how the 

changing ratio of lignin and ML affects the physical properties of PU’s. 

3.1 Preparation  

In order to prepare PU foams, KL and LS are dissolved in PEG 200 

under heating from 340 to 350 K. Each of the solutions in the above 

mixtures is mixed with molasses polyol (MLP) in the presence of small 

amounts of silicon surfactant, di-n-butyltin dilaurate (DBTDL) and water. 

This premixture is reacted with MDI at room temperature [17]. After foams 

are prepared, the samples are allowed to stand overnight at room 

temperature. In the above processes, KL, LS and ML in each solution can be 

calculated as follows: 
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KL content / % in polyol = 100
200

x
WWW

W

PEGMLKL

KL

++
 (7.5) 

LS content / % in polyol = 100
200

x
WWW

W

PEGMLLS

LS

++
 (7.6) 

ML content / % in polyol = 100
200

x
WWW

W

PEGKLorLSML

ML

++
 (7.7) 

where WKL is weight of KL, WLS is weight of LS and WML is weight of ML. 

Figure 7-64 shows preparation scheme of KL-, LS- and ML-based rigid 

polyurethane foams. Figure 7-65 shows a schematic chemical structure of 

prepared hybrid type PU. 

Sodium lignosulfonate (LS) or
Kraft lignin (KL) + PEG+Molasses polyol (MLP)

Rigid polyurethane foams

Premixture

Water
Surfactant

Catalyst

NCO/OH ratio=1.4 (KL-ML-PEG200-MDI system)
NCO/OH ratio=1.2 (LS-ML-PEG200-MDI system)
MW (PEG) = 200

MDI

Figure 7-64. Preparation of KL- or LS- and ML-based rigid polyurethane foams [17]. 
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Figure 7-65.  Schematic chemical structure of LS- and ML-based polyurethanes [12]. 

3.2 Thermal properties 

Figures 7-66 and 7-67 show stacked DSC curves of PU’s with various 

ML, KL and LS contents, which are prepared from the KL-ML-PEG200-

MDI system and the LS-ML-PEG200-MDI system. Figure 7-68 shows 

change of Tg of PU’s with various ML, KL and LS contents. Tg of PU’s 

prepared from the KL-ML-PEG200-MDI system decreases with increasing 

KL content. However, Tg of PU’s prepared from the LS-ML-PEG200-MDI 

system does not change obviously with increasing LS content. In the 

preparation of PU’s from the KL-ML-PEG200-MDI system and the LS-ML-

PEG200-MDI system, an increase of KL and LS contents reduces the 

amount of MDI, since the increase of KL and LS contents in the above 

systems causes a decrease in the amount of ML. ML has higher hydroxyl 

value (OHV) than KL and LS. Saccharides in ML, which have inflexible 

pyranose and furanose rings, have more reaction sites than lignin. 

Accordingly, saccharides form more crosslinking sites than lignin in the PU 

network. Lignin has extremely rigid aromatic rings in the molecular 

structure, which make the prepared PU rigid. Therefore, the effect of 

saccharide and lignin structures on Tg of the prepared PU foams creates a 
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balance because of the above factors in the saccharide and lignin structures. 

Tg of PU’s prepared from the KL-ML-PEG200-MDI system is higher than 

that of PU’s prepared from the LS-ML-PEG200-MDI system, since 

NCO/OH ratio of PU’s prepared from the KL-ML-PEG200-MDI system 

(NCO/OH =1.4) is higher than that of PU’s prepared from the LS-ML-

PEG200-MDI system (NCO/OH =1.2). Extra amounts of MDI (0.4 for KL-

ML-PEG200-MDI system and 0.2 for LS-ML-PEG200-MDI system) react 

with urethane again, and urea is also formed by the reaction between MDI 

and water which provides CO2 gas for blowing. Three-dimensional 

crosslinking, such as allophanate structure which is formed by the reaction 

between urethane and isocyanate, and also biuret structure which is formed 

by the reaction between urea and isocyanate may cause higher Tg of the 

PU’S from the KL-ML-PEG200-MDI system. Since the content of the above 

three-dimensional crosslinking structures is higher in PU’s prepared from 

the KL-ML-PEG200-MDI system than PU’s prepared from the LS-ML-

PEG200-MDI system, it is considered that the mobility of molecular chain 

of PU’s prepared from the KL-ML-PEG200-MDI system is less than that of 

PU’s prepared from the LS-ML-PEG200-MDI system. Therefore, Tg of PU’s 

prepared from the KL-ML-PEG200-MDI system is higher than that of PU’s 

prepared from the LS-ML-PEG200-MDI system.  

Figure 7-66. DSC heating curves of PU’s prepared from the KL-ML-PEG200-MDI system. 

Symbols in the figure and KL and ML contents in polyol: are shown in Table 7-9.  

Measurements; heat flux type DSC (Seiko Instruments, DSC 220C), samples mass = ca. 5 mg, 

aluminum open pans, heating rate =10 K min-1, N2 gas flow rate= 30 ml min-1. Tg

determination; see Figure 2-8 (Chapter 2). 
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Table 7-9. Composition of kraft lignin and molasses in KL- or LS-ML-PEG200-MDI systems. 

Symbols in Figs. 7-66 

and 7-67 

KL or LS content in 

polyol/ % 

ML content in polyol / % 

A 0 16.5 

B 3.3 13.2 

C 6.6 9.9 

D 9.9 6.6 

E 13.2 3.3 

F 16.5 0 

Figure 7-67. DSC curves of PU’s prepared from the LS-ML-PEG200-MDI system. Symbols 

in the figure and LS and ML contents in polyol are shown in Table 7-9. Measurements; see 

Figure 7-66.
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Figure 7-68. Change of glass transition temperature (Tg) with Lignin and ML contents of 

PU’s prepared from the KL-ML-PEG200-MDI system and the LS-ML- PEG200-MDI system 

[12]. : Tg of PU’s from the KL-ML-PEG200-MDI system, : Tg of PU’s from the LS-ML-

PEG200-MDI system.
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Figure 7-69. TG and DTG curves of PU’s prepared from the KL-ML-PEG200-MDI system. 

Symbols in the figure and KL and ML contents in polyol are shown in Table 7-10. 

Measurements; TG-DTA (Seiko Instruments, TG/DTA 220), sample mass = ca. 7 mg, heating 

rate = 20 Kmin-1, N2 gas flow rate = 100 ml min-1
.

Figures 7-69 and 7-70 show TG and DTG curves of PU’s, which are 

prepared from the KL-ML-PEG200-MDI system and the LS-ML-PEG200-

MDI system.  Figure7-71 shows the change of Td and MR723 with KL and LS 

contents in PU’s from the KL-ML-PEG200-MDI system and the LS-ML-

PEG200-MDI system.  Td of PU’s does not change obviously with 

increasing KL and LS contents.

MR723 does not show obvious change with increasing KL and LS 

contents. Since the number of the hydroxyl group in each saccharide unit in 

saccharides such as glucose, fructose and sucrose in ML is more than that of 

lignin, the amount of MDI which reacts with the hydroxyl group increases 

with ML contents. Therefore, this increase of MDI seems to be the reason 

for the increase of MR723 with increasing amounts of saccharides in polyol. 

On the other hand, lignin is known to be crosslinked by condensation 

reaction at high temperature. This also causes the increase of MR723.

Accordingly, MR723 creates a balance in PU’s prepared from the KL-ML-

PEG200-MDI system and the LS-ML-PEG200-MDI system.  
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Figure 7-70. TG and DTG curves of PU’s prepared from the LS-ML-PEG200-MDI.  Symbols 

in the figure and LS and ML contents in polyol are shown in Table 7-10. Measurements; TG-

DTA (Seiko Instruments, TG/DTA 220), sample mass = ca. 7 mg, heating rate = 20 Kmin-1,

N2 gas flow rate = 100 ml min-1.

Table 7-10. Composition of kraft lignin and molasses of PU’s prepared from the KL- or LS-

ML-PEG200-MDI system.   

Symbols in Figs. 

7-69 and 7-70 

KL or LS 

content in 

polyol/ % 

ML content in 

polyol / % 

A 16.5 0 

B 13.2 3.3 

C 9.9 6.6 

D 6.6 9.9 

E 3.3 13.2 

F 0 16.5 
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Figure 7-71. Change of thermal degradation temperatures (Td’s) and mass residue at 723 K 

(MR723) with lignin and ML contents in PU’s prepared from the LS-ML- PEG200-MDI 

system. KL-ML-PEG200-MDI system, : Td, : MR723; LS-ML-PEG200-MDI system, :

Td, : MR723.

3.3 Mechanical properties 

Figure 7-72 shows stress-strain curves of PU’s prepared from the KLP-

MLP-PEG200-MDI system and the LS-ML-PEG200-MDI system.  Figure 

7-73 shows the change of σ10, σy and E with various KL and LS contents in 

PU’s from the KLP-MLP-PEG200-MDI system. The values of σ10, σy and E

increased with KL content. Figure 7-74 shows change of σ10/ ρ, σy / ρ and E

with various KL and LS contents in PU’s from the KLP-MLP-PEG200-MDI 

system. The results are similar to those shown in Figure 7-74. 

As shown in Figure 7-75, the values of σ10, σy and E increase markedly 

with the increasing ρ. This result suggests that the mechanical properties 

depend on ρ. The values of σ10, σy and E of PU’s prepared from the KL-ML-

PEG200-MDI system are larger than those of PU’s prepared from the LS-

ML-PEG200-MDI system. As shown in Fig. 7-76, these results agree well 

with Tg values obtained by DSC. The NCO/OH ratio of PU’s from the KL-

ML-PEG200-MDI system is 1.4 and that of the LS-ML-PEG200-MDI 

system is 1.2. Therefore, the values of σ10, σy and E of PU’s prepared from 

the KL-ML-PEG200-MDI system are higher than those of PU’s prepared 

from the LS-ML-PEG200-MDI system. 



Polyurethanes from Saccharides and Lignin 301

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10

 /
 M

P
a

 / %

C

A

B

D

KL-ML-PEG200-MDI

LS-ML-PEG200-MDI

Figure 7-72. The change of σ10, σy and E with ρ of PU’s prepared from the KL-ML-PEG200-

MDI system and the LS-ML-PEG200-MDI system [12]. KL and LS contents in polyol: A = 

16.5% KL and 0% ML; B = 16.5% LS and 0 % ML; C = 3.3% KL and 13.2 %ML; D = 3.3% 

LS and 13.2 % ML.
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Figure 7-73. Change of compression strength at 10 % strain (σ10), yielding strength (σy) and 

compression elasticity (E) with lignin and ML contents in PU’s prepared from the KL-ML-

PEG200-MDI system and the LS-ML-PEG200-MDI system [12]. Symbols are shown in 

Table 7-11 

Table 7-11. Symbols used in Figure 7-73 

System Strength at 10 % 

strain (σ10) /MPa 

Yielding strength 

(σy)/ MPa / MPa 

Ccompression

elasticity (E) / MPa 

KL-ML-PEG200-MDI

LS-ML-PEG200-MDI
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Figure 7-74. Change of σ10/ ρ, σy/ ρ and E/ ρ with Lignin contents and ML contents in PU’s 

prepared from the KL-ML-PEG200-MDI system and the LS-ML- PEG200-MDI system [12]. 

KL-ML-PEG200-MDI system, :σ10 / ρ, :σy / ρ, : E/ ρ, LS-ML-PEG200-MDI system, 

:σ10 / ρ, :σy / ρ, : E / ρ . 
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Figure 7-75. Change of compression strength at 10% strain (σ10), yielding strength (σy), 

compression elasticity (E) with apparent density (ρ) of PU’s prepared from the KL-ML-

PEG200-MDI system and the LS-ML-PEG200-MDI system [12]. KL-ML-PEG200-MDI 

system , : σ10, : σy , : E ; LS-ML-PEG200-MDI system, : σ10, :σy, : E.
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Figure 7-76. Change of compression strength at 10% strain (σ10), yielding strength (σy), 

compression elasticity (E) plotted against Tg of PU’s prepared from the KL-ML-PEG200-

MDI system and the LS-ML-PEG200-MDI system [12]. KL-ML-PEG200-MDI system, :

σ10, : σy , : E;  LS-ML-PEG200-MDI system, : σ10 , : σy , : E.

From the above results, the following conclusions can be drawn. Rigid 

polyurethane foams having a variety of thermal and mechanical properties 

can be derived from polyols containing mixtures of molasses, kraft lignin 

(KL) or sodium lignosulfonate (LS). Tg’s of the PU’s prepared from the KL-

ML-PEG200-MDI system and the PUs prepared from the LS-ML-PEG200-

MDI system do not obviously change with increasing KL and LS contents. 

Td’s of PU’s prepared from the LS-ML-PEG200-MDI system and the KL-

ML-PEG200-MDI system do not show clear change with increasing KL and 

LS content. The value of mass residue at 723 K is different between PU’s 

prepared from the KL-ML-PEG200-MDI system and PU’s prepared from 

the LS-ML-PEG200-MDI system. The values of σ10, σy and E of PU’s 

prepared from the KL-ML-PEG200-MDI system and the LS-ML-PEG200-

MDI system increase with increasing apparent density.
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Chapter 8 

BIO- AND GEO-COMPOSITES CONTAINING 

PLANT MATERIALS 

1. BIOCOMPOSITES CONTAINING CELLULOSE 

POWDER AND WOOD MEAL 

The polyurethanes (PU’s) which were prepared from saccharides and 

lignin showed excellent mechanical and thermal properties [1-10]. They are 

biodegraded by microorganisms when placed in soil [11]. In this section, 

composites that are prepared from the above PU’s and ground plant particles 

or powder, such as cellulose powder (CP) and wood meal (WM) are 

described. Mechanical and thermal properties of the above composites are 

also cosidered. 

1.1 Preparation 

PU composites can be prepared according to the scheme shown in Figure 

8-1 [7].  As shown in Figure 8-1, cellulose powder or wood meal is mixed 

with polyols containing molasses. The suspensions with various mixing 

ratios from 10, 20, 30, 40, 50, 60, 70, 80 and 90 wt % of cellulose powder or 

wood meal in molasses polyol (MLP) are first prepared [7]. MDI is added to 

the suspension under stirring and PU composites are prepared. After drying 

at room temperature, the sample is cured at 393 K for 2 hrs.
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MDI

Suspension 

Molasses Polyol

Wood Meal
Cellulose Powder 

PU Composites 

NCO/OH = 1.2 

Filler Contents = 10 - 90 wt% 

Figure 8-1. Preparation scheme of polyurethane composites (PU composites) [7].

1.2 Thermal and mechanical properties 

Figure 8-2 shows change of the density (ρ) of PU composites prepared 

from cellulose powder and wood meal with the powder content. The density 

reaches a maximum when the content of plant particles in the composites is 

from ca.50 % to 70 %. 
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Plant Powder Content / %

 /
 g

 c
m

-3

Figure 8-2. Change of the apparent density (ρ / g cm-3) with cellulose powder and wood meal 

contents in MLP. : wood meal : cellulose powder. Apparent density (ρ) was measured 

using a digital solar caliper and an electronic balance. Size of the composite sample was 40-

60 mm (length), 20-30 mm (width) and 20-30mm (thickness).

Figure 8-3 shows change of σ with cellulose and wood meal contents in 

PU composites. As seen from the figure, σ increases with increasing plant 

powder contents in PU composites, reaches a maximum, and then decreases. 
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Figure 8-3. Change of compression strength (σc) with cellulose powder and wood meal 

contents in MLP. : wood meal, : cellulose powder Compression measurements were 

carried out using a Shimadzu Autograph AG 2000-D at room temperature. Test specimens 

were a rectangular solid, and the added stress was less than 10 MPa min-1.  Compression 

stress (σ) was defined at the final point of linear compression in the stress-strain curve.  Static 

Young’s modulus (E) was calculated using the initial stage of compression curves. Conditions 

in detail accorded with the Japanese Industrial Standard (JIS Z-2101). 
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Figure 8-4. Change of compression strength (σ) with density (ρ) of PU composites obtained 

from cellulose powder and wood meal. : wood meal, : cellulose powder. 

Figure 8-4 shows change of σ with ρ of PU composites obtained from 

cellulose powder and wood meal. As seen from the figure, σ increases with
increasing ρ of PU composites. The above results suggest that the 

mechanical properties of PU composites from plant powder have a strong 

relationship with the density of composites: that is to say, the highest 

mechanical properties are observed when the density of PU composite 

becomes the highest value. 
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Figure 8-5. DTG curves of wood meal-MLP type PU composites. Measurements; TG-DTA 

(Seiko Instruments TG/DTA 220), sample mass = ca. 5 mg, heating rate = 20 K min-1, N2 gas 

flow rate = 100 ml min-1. Mass residue (MR) was indicated as [(mT – m300)/m300] x 100, (%), 

where mT is mass at temperature T and m300 is mass at 300 K.  Mass residue was evaluated at 

723 K. 

Figure 8-5 shows derivative thermal degradation (DTG) curves of PU 

composites from wood meal. As seen from Figure 8-5, DTG curves show the 

presence of two kinds of thermal degradation temperatures (Td’s) 

corresponding to DTd1 and DTd2. DTd2 seem to be specific to the degradation 

of wood meal, since the DTd2 peak becomes prominent when wood meal 

contents in PU composites are over 60 % and it is clear when wood meal 

content is 100 %.  

Figure 8-7 shows change of MR at 723 K with increasing wood meal 

content in PU composites, suggesting that wood meal obviously decomposes 

at 723 K. 

As mentioned above, the compression strength (σ), as well as the 

compression modulus (E), are almost constant in the region of plant powder 

content lower than 50 %. When the plant powder content exceeds 60 %, σ
and E increase prominently with increasing plant powder content, reaching a 

maximum at plant particles/powder content = ca. 70 %, and then decrease 

with increasing plant powder content.

The DTG curves of the prepared PU composites show two kinds of 

thermal degradation temperatures: DTd1 and DTd2. The DTd1 decreases with 

increasing plant powder content. The DTd2 increased slightly with increasing 

plant powder content. 
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Figure 8-6. The change of DTd1 and DTd2 of wood meal-MP type PU composites with wood 

meal contents. : DTd1, : DTd2
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Figure 8-7. Change of mass residual amount (MR, %) at 723 K and wood meal content in PU 

composites.

2. BIOCOMPOSITES CONTAINING COFFEE 

GROUNDS

Polyurethane (PU) composites that are prepared from ground plant 

particles, such as coffee grounds, mixed with a molasses-polyol (MP) 

solution consisting of molasses and polyethylene glycol (PEG 200) are 

described in this section. Mechanical and thermal properties of the above 

composites are also considered.
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2.1 Preparation 

PU composites containing coffee grounds (CG) as fillers can be prepared 

according to the scheme shown in Figure 8-8 [7,8].  CG are first mixed with 

polyol containing molasses or lignin.  The suspensions with various mixing 

ratios from 10, 20, 30, 40, 50, 60, 70, 80 and 90 wt % of CG in molasses 

polyol (MLP) are prepared. Lignin-based polyol such as kraft lignin-based 

polyol (KLP) can also be used. Acetone may be added to each mixture in 

order to control the viscosity of the suspension. MDI is added to the 

suspension under stirring and PU composites are prepared. After drying at 

room temperature, the sample is cured at 393 K for 2 hrs. 

Coffee Grounds  

Molasses Polyol 

Suspension 

PU Composites 

reacted with MDI 

mixed 

added 

NCO/OH = 1.2 

Filler Contents = 10 - 90 wt % 

Figure 8-8. Preparation scheme of polyurethane composites (PU composites) containing 

coffee grounds (CG) in molasses polyol (MLP) [7]. 

2.2 Thermal and mechanical properties  

Figure 8-9 shows the change of density (ρ) of PU composites with CG 

contents. The density reaches a maximum when CG content in MLP is ca. 

70 %. 

Figures 8-10 and 8-11 show the change of compression strength (σ) and 

modulus of elasticity (E) of PU composites with CG contents in MLP and 

KLP. As seen from the figure, compression strength (σ) and modulus of 

elasticity (E) increase with increasing CG contents in PU composites and 

reach a maximum when CG content is ca. 70 % in KLP type PU composites 

and ca. 80 % in MLP type PU composites. 
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Figure 8-9. Change of density (ρ) with coffee grounds (CG) content in polyols such as MLP 

and KLP. : MLP type PU composites, :KLP type PU composites 
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Figure 8-10. Change of compression strength (σ) with coffee grounds (CG) content in polyols 

such as MLP and KLP. : MLP type PU composites, :KLP type PU composites.   



312 Chapter 8

0

200

400

600

800

0 20 40 60 80 100

Coffee Grounds Content / %

E
 /

 M
P

a

Figure 8-11. Change of modulus of elasticity (E) of PU composites with coffee grounds 

content.  MLP type PU composites  KLP type PU composites.  

0

10

20

30

0.4 0.6 0.8 1.0

 / g cm
-3

 /
 M

P
a

0

200

400

600

800
E

 /
 M

P
a

Figure 8-12. Change of compression strength (σ) and compression elasticity (E) of PU 

composites containing CG with apparent density (ρ). : σ, : E.

Figure 8-12 shows the change of compression strength (σ) and 

compression elasticity (E) of PU composites with apparent density (ρ). As 

clearly seen from the figure, σ and E increase almost linearly with increasing 

ρ, showing the strong dependency of mechanical properties of the PU 

composites on ρ. 
Figure 8-13 shows TG and DTG curves of PU composites prepared from 

CG. As seen from Figures 8-14 and 8-15, TG and DTG curves show the 

presence of three kinds of thermal degradations corresponding to Td1, Td2 and 
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Td3, DTd1, DTd2 and DTd3. Td2, Td3, DTd2 and DTd3 seem to be specific to the 

degradation of CG, since those peaks are prominent when CG content is 100 

%.

Figure 8-13. TG-DTG heating curves and derivative curves of MLP type PU composites 

containing various amounts of coffee grounds. 
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Figure 8-14. Change of Td with coffee grounds content in MLP type PU composites.  

Figure 8-16 shows the change of MR with CG contents in PU 

composites. The results show that CG parts in the composites degrade at 723 

K, which is  more easily than polyurethane parts of the composites, since 

thermal degradation proceeds more efficiently with increasing CG contents. 
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Figure 8-15. Change of DTd with coffee grounds content in MLP type PU composites.  
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Figure 8-16. Change of mass residue (MR) at 723 K with coffee grounds content in MLP type 

PU composites.

3. GEOCOMPOSITES 

In two major components of plant materials such as cellulose and lignin, 

lignin is a promising biomass, which is obtained as a by-product of pulp and 

paper industries and has not been effectively utilized until now.  Lignin is 

usually considered as a polyphenolic material having an amorphous 

structure, which arises from an enzyme-initiated dehydrogenative 

polymerization of coniferyl, sinapyl and p-coumaryl alcohols [12-14]. 

Therefore, the basic lignin structure is classified into two components; the 

aromatic part and the C3 chain part having propane-unit structure.  The only 

usable reaction site in lignin is the OH group, which is the case for both 

phenolic and alcoholic hydroxyl groups. Molasses is also obtained as a by-
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product of the sugar industry, having alcoholic hydroxyl groups as the 

reactive site. 

In the polyurethane (PU) preparation, the hydroxyl groups in plant 

components are effectively used as the reactive site.  The PU’s prepared 

from plant components are not only biodegradable but also show physical 

properties which can be satisfactorily used in practical fields in various 

industries such as construction and packaging. In this section, new types of 

PU geostabilizers derived from kraft lignin (KL), sodium lignosulfonate 

(LS) and molasses (ML) are described. Preparation of geocomposites which 

are prepared by the reaction of PU-based geostabilizers in sand and the 

mechanical and thermal properties of the above geocomposites are 

considered in this section.

3.1 Preparation 

Three kinds of polyol were prepared; one portion of KL, LS or ML is 

dissolved in 2 portions of polyethylene glycol with average molecular mass 

200 (PEG 200) or triethylene glycol (TEG). The above polyols are 

designated as KLP, LSP, MLP, KLTP, LSTP and MLTP. Polyols such as 

KLP, LSP and MLP are mixed with PEG 200 with various mixing ratios. 

Polyols such as KLT, LST and MLT are also mixed with TEG with various 

mixing ratios. The amount of KL, LS or ML is defined as follows. 

KL, LS or ML content in polyol = [(mass of KL, LS or ML) /(mass of 

PEG 200 or TEG)] x 100, % (8.1)

KL, LS and ML contents in polyol are 0, 3.3, 6.6, 9.9, 16.5, 19.8, 23.1, 

26.4 and 29.7 %, respectively. In order to prepare polyurethane 

geocomposites, MDI as an isocyanate, dibutyltindilaurate (DBTDL) as a 

catalyst, distilled water as a foaming agent and silicon surfactants as foam 

controlling agents are used [15, 16]. Six kinds of polyols are prepared as 

listed in Table 1 together with the abbreviations. 
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Test sample pieces of geocomposites of the KL series are prepared as 

follows [15,16]: (1) ca. 0.270 kg of silicate sand (Japanese Industrial 

Standard, JIS No 4) was dried in an oven controlled at 300K for 30 minutes, 

(2) dried silicate sand is filled in a polypropylene  (PP) cylinder with 

diameter 4.0 x 10-2 m and length 2.1 x 10-1 m equipped with a lid coated 

with fluorine type removing agent, (3) 100 ml of water is added and an 

excess amount of water was excluded from the sand using a corking hand 

gun.  In this stage, the mass of sand increases ca. 16 %, (4) the surface of the 

sand is flattened, (5) a pre-determined amount of PEG 200, a small amount 

of foaming agent, foaming controlling agent and DBTDL are added to pre-

determined amount of KLP under stirring, (6) the mixture is stirred for 1 min 

and then MDI is added. NCO/OH ratio is adjusted to 1.4.  The total amount 

of solution is 0.030 kg, (7) before drastic foaming starts, the solution is 

quickly poured into the sand, (8) an injection syringe equipped with an o-

ring is inserted in the PP cylinder and the content was compressed using a 

corking hand gun, (9) the sand containing prepolymers stands for 24 hours 

under compression at 300K, (10) solidified sand is taken from the cylinder 

and non-reacted sand was removed.  Geocomposites with LS or ML series 

are prepared in a similar manner as stated above.  

3.2 Permeation distance 

The samples containing MLPU are dark yellow, KLPU brown and LSPU 

dark brown. No sand comes off from the surface, although the top and side 

surfaces were smooth and the bottom face is uneven. Figure 8-17 shows a 

prepared sample. 

  

4cm 
8cm

Figure 8-17. Photograph of prepared geocomposites.  When the samples are taken out from 

the PP cylinder, the top and side surfaces of the samples are smooth but the bottom surface is 
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uneven. Using a digital caliper, the maximum length from the top to bottom (lmax) and the 

minimum length (lmim) are measured, as shown in Figure 8-17. Permeation length of 

prepolymer in the sand was defined as the average of lmax and lmim.

Figure 8-18 shows change of permeation distance of geocomposites as a 

function of KL, LS and ML contents in PEG and TEG solutions. Permeation 

distance is defined as shown in equation 8.2.  Measurement method is found 

in the caption of Figure 8-17. 

Permeation distance 
( )

2

minmax ll +
=  (8.2) 

Figure 8-18 shows change of permeation distance of LSTPU and LSPPU 

with LS contents in TEG and PEG solutions. Figure 8-18 shows change of 

permeation distance of geocomposites with KL, LS and ML contents in PEG 

and TEG solutions. Permeation distance of the above samples increases in 

initial stage by adding lignin. As shown in Figure 8-18, water insoluble KL 

shows quite different behaviour compared with water soluble LS and ML. 

Permeation distance of KLPPU increases in the initial state and reaches the 

maximum point at 10 %. After exceeding the maximum point, permeation 

distance of KLTPU and KLPPU markedly decreases. In contrast, permeation 

distance of LSPPU, LSTPU, MLPPU and MLTPU maintain an almost 

constant value after the initial increase. Permeation distance is affected by 

various factors, the major one is viscosity of injected solution. At the same 

time, chemical properties of lignin solved in the solution should be taken 
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into consideration.  Hydrophylicity of LS is far larger than that of KL, since 

LS contains ionic sulfonate groups in their side chains. On this account, 

hydrophylicity of LS plays an important role, when solution is diffused in 

wet sand matrix. 
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Figure 8-19. Stacked TG curves and derivatives TG curves of a series of KLTPU. 

Measurements: thermogravimeter (TG)-differential thermal analyzer (DTA) (Seiko 

Instruments TG/DTA220), heating rate = 10 K min-1, sample mass =ca. 7 mg, N2 flow rate= 

100 ml min-1. Decomposition temperature was defined as shown in Figure 2-3 (Chapter 2).  

Peak temperatures of derivative TG curves (DTd) are also measured. The mass residues are 

obtained at 723, 773 and 823 K. 

Figure 8-19 shows representative TG curves and their derivative TG 

curves (DTG) of KLTPU samples with various KL contents. The arrows 

indicate decomposition temperature (Td) and peak temperature of derivative 

TG curves (DTd).  Compared with PU foam, heating rate dependency of 

composites is large due to heat conductivity.  As reported previously [18], 

PU derived from KL is decomposed in two stages at around 560 and 620 K.  

The first decomposition is attributed to dissociation of isocyanate and 

phenolic hydroxyl groups of lignin and the second one is decomposition of 

PEG chain [18]. 

Similar TG curves and DTG curves were obtained for the other samples. 

Since the content of lignin in the composites is small, the 2nd step thermal 

decomposition is scarcely observed.  On this account, the first step 

decomposition is examined in this study. 

Figure 8-20 shows change of Td with KL, LS or ML contents for KLPPU, 

LSPPU and MLPPU samples. As shown in Figure 8-20, Td ranges from 530 

to 550 K.  Td values of the samples decrease gradually with increasing KL, 

LS or ML contents. As shown in Figure 8-21, DTd values of the above 

samples maintain an almost constant value. The above results suggest that 
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the amount of lignin or molasses does not accelerate the decomposition. This 

tendency is reasonable, since the content of PU is small. 

Figure 8-22 shows mass residue of KLTPU, KLPPU, LSTPU, LSPPU, 

MLTPU and MLPPU at 723 K as a function of lignin or molasses content in 

PEG. The amount of mass residue (MR) ranges from 50 to 60 % in KLTPU, 

LSTPU and MLTPU, and no large difference is observed for the three series 

of samples. The amount of MR ranges from 80 to 90 % in KLPPU, LSPPU 

and MLPPU. Even when mass residue at 773 K was calculated and 

compared with that of 723K, the difference was almost negligible. The 

major part of the residue is silicate sand, and the residual carbon which is 

obtained by thermal decomposition of polyurethane foams is less than 7 % in 
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the geocomposites. The mass residue of KLTPU, LSTPU and MLTPU 

samples was smaller than that of KLPPU, LSPPU and MLPPU samples. 
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Figure 8-23. Apparent density of geocomposites as a function of KL, LS and ML content in 

TEG and PEG solution.  : KLTPU, : KLPPU, G: LSTPU, : LSPPU, : MLTPU, :

MLPPU.  Measurements; Sample pieces for mechanical tests with a diameter 4.0 x 10-2 m and 

length 8.0 x 10-2 m were prepared using an automatic cutter. Average values of diameter and 

length are measured at three different points and volume (V) is calculated. The mass (m) of 

three samples is weighed using an electric balance EB-4300DVW.  Apparent density is 

calculated (ρ = m/V, g cm-3) using the averaged values. 

Figure 8-23 shows apparent density (ρ) of geocomposite samples as a 

function of contents of lignin or molasses in polyol. As clearly seen, no large 

variation is observed if the kind of polyol or amount of plant materials are 

varied.  The apparent densities of KLPPU increase slightly at around KL 
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content 16 to 25 %.  This slight increase accords with the marked decrease 

of permeation distance of KL at around a similar KL content as shown in 

Figure 8-18.  The apparent density of polyurethane foam without sand 

prepared under similar conditions is ca. 0.1 g cm-3. This suggests that PU 

foams are formed on the surface of the sand and the mass of PU is negligible 

for ρ of composites. 

When compression strength (σ) of KLPPU, LSPPU and MLPPU is 

plotted against content of lignin or molasses in PEG, σ increases slightly in 

the initial stage and then decreases linearly with increasing lignin and 

molasses contents as shown in Figure 8-24.  The curves decrease in a similar 

manner in two series of KL and LS with TEG and PEG. The σ values of 

MLPPU are slightly larger than those of lignin-based PU’s.  As shown in 

Figure 8-24, the maximum values of geocomposites with TPU are larger 

than those of the samples containing PPU and the decrease of σ is rapid 

compared with those of PPU series samples. The results shown in Figure 8-

28 indicate that an optimum amount of lignin or molasses exists where the 

compression strength of geocomposites shows the highest value.  It is 

generally accepted that the compression strength of geocomposites should be 

larger than 2 MPa.  Accordingly, values of the samples using PEG are 

acceptable for practical applications. The above facts suggest that the chain 

length of ethylene glycol, i.e. molecular mobility of soft segments, is an 

important factor. Compression modulus varies in a similar manner to 

compression strength as shown in Figure 8-25. 
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Figure 8-26. Change of σ with permeation distance of MLTPU and MLPPU. : MLTPU, 

: MLPPU. 

As discussed above, the total amount of PU in composites necessarily 

relates to the mechanical properties. On this account, the relationship 

between σ and permeation distance is established.  Figure 8-26 shows the 

relationship between compression strength and permeation distance of 

MLTPU and MLPPU. Compression strength values decrease with increasing 

permeation distance for both MLTPU and MLPPU. It is reasonable to 
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consider that σ values decrease when the amount of ML increases.  

Concerning the samples containing lignin, similar relationships are 

established. The above experiments suggest that compression strength is 

markedly improved in the presence of a small amount of PU in the sand.
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