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ABSTRACT 

 This chapter deals with the major representatives of hemicelluloses, their properties and application. 
Hemicelluloses are plant cell wall polysaccharides that are not soluble in water, but they can be separated by 
aqueous alkali, or hydrolyzed by diluted acids. The main hemicelluloses include the following polysaccha r-
ides: xylan, glucuronoxylan, arabinoxylan, mannan, glucomannan and galactoglucomannan, and their rep-
resentatives are different as a function of the plant species. The general structure of hemicelluloses is based 
on a sugar backbone substituted with side chains. The nature of the monosaccharide, as well as the linkages 
between structural units, determines some properties, such as solubility and the three-dimensional conform-
ation of hemicelluloses. At present, there is an increasing interest to develop new applications of hemicellu-
loses as raw materials for chemical industry and also in the fi elds of food and pharmaceutical industries. 
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  13.1     STRUCTURE, SOURCES AND PROPERTIES 

 Hemicelluloses are the second most abundant polysaccharides in nature after cellulose. They occur in close associ-
ation with cellulose and lignin and contribute to the rigidity of plant cell walls in lignifi ed tissues. Hemicelluloses 
constitute about 20–30 per cent of the total mass of annual and perennial plants and have a heterogeneous com-
position of various sugar units, depending on the type of plant and extraction process, being classifi ed as xylans 
(� -1,4-linked  d -xylose units), mannans ( � -1,4-linked  d -mannose units), arabinans ( � -1,5-linked  l -arabinose units) 
and galactans ( � -1,3-linked  d -galactose units). 

 In  Table 13.1    gives the main hemicelluloses of hardwood and softwood. 
 Xylan  [1]  is one of the major constituents (25–35 per cent) of lignocellulosic materials. Its structure has a linear 

backbone consisting of � -1,4-linked  d -xylopyranose residues. These may be substituted with branches containing 
acetyl, arabinosyl and glucuronosyl residues, depending on the botanic source and method of extraction. 

 Xylans are the main hemicelluloses in hardwood and they also predominate in annual plants and cereals making 
up to 30 per cent of the cell wall material. Hardwood xylan ( O -acetyl-4 methyl-glucuronoxylan) is substituted at 
irregular intervals ( Fig. 13.1   ) with 4- O -methyl- � - d -glucuronic acid groups joined to xylose by  � -1,2-glycosidic link-
ages. On an average, every tenth xylose unit has an uronic acid group attached at C2 or C3 of the xylopyranose. 

 Barley arabinoxylans are composed of  d -xylopyranosyl (Xyl) units linked by  � -(1,4) bonds with single  l -arab-
inofuranosyl residues connected to the backbone of one or both of the � -(1,2) or  � -(1,3) bonds  [2, 3]  Another unique 
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feature of barley, wheat, and rye arabinoxylan, is the presence of ferulic acid that is covalently linked to the arabinose 
residue via  an ester bond  [4] . 

 The physicochemical characteristics and functional properties of carbohydrate macromolecules depend on their 
molecular mass, degree of polymerization, branching and macroscopic structure. 

 Arabinoxylan or  � -(1,4)-xylan polymers in an unsubstituted form tend to aggregate into insoluble complexes that 
are stabilized by intermolecular hydrogen bonds  [5] . The polymer forms a three-fold, left-handed helix, which in the 
solid state appears as an extended twisted ribbon  [6] . Unsubstituted polymer regions exhibit a tendency for interchain 
aggregation through H-bonding, which is the most likely reason why these polymers are less soluble in water. The 
solubility of arabinoxylan macromolecules is improved by the presence of arabinose substituents that prevent inter-
molecular aggregation of unsubstituted xylose residues  [7] . The removal of the arabinofuranosyl residues is induced 
by the action of � -l  -arabinofuranoside arabinofuranohydrolases (EC 3.2.1.55), enzymes which have broad specifi ci-
ties for the various (1 →  2)-, (1  →  3)- and (1  →  5)- � - l -arabinofuranosyl linkages of arabinan and arabinoxylans  [8] . 

 The molecular structure of sycamore xyloglucan was characterized by methylation analysis of the oligosacchar-
ides obtained by endoglucanase treatment of the polymer. It was found that polymer structures were based on a 
repeating heptasaccharide unit, which consists of four residues of beta-1–4-linked glucose and three residues of ter-
minal xylose, a single xylose residue being glycosidically linked to carbon 6 of three of the glucosyl residues  [9] . 

 Appreciable amounts of xylan, the main component of plant hemicelluloses, are currently not exploited to their 
full extent. Xylan and xylooligosaccharides can be converted to xylose by chemical or enzymatic hydrolysis. 
Subsequently, xylose can be converted biologically to single cell proteins and to a whole range of fuels and chem-
icals, and can also be used as a carbon source for the production of glucose isomerase. Thus, the most promising 
approach of economically feasible processes of xylan bioconversion is the use of microorganisms able to trans-
form xylan directly to single cell proteins, fuels and chemicals. Microorganisms such as  Fusarium oxysporum, 
Aureobasidium pullulans  and  Candida shehatae  are able to transform xylose to ethanol. For the direct xylan bio-
conversion only anaerobic thermophilic bacteria and a few representative fungi and yeasts combine the two meta-
bolic pathways necessary for direct xylan bioconversion  [10, 11] . 

 In the softwood, galactoglucomannan ( Fig. 13.2   ) is the most abundant hemicellulose. Its backbone is constituted by 
� -1,4-linked  d -glucopyranose  d-mannopyranose units randomly distributed in the main chain. Partial substitutions are 

 Table 13.1 

   The main hemicelluloses in wood  

 Hardwood  Softwood 

 Methylglucuronoxylan  80–90  5–15 
 Arabinomethylglucuronoxylan  0.1–1  15–30 
 Glucomannan  1–5  1–5 
 Galactoglucomannan  0.1–1  60–70 
 Arabinogalactan  0.1–1  1–15 
 Other galactans  0.1–1  0.1–1 
 Pectins  1–5  1–5 
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 Figure 13.1        Structure of  O -acetyl-(4-OMe-glucurono)xylan from hardwood.    
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possible with � - d -galactose side groups, which can be attached to both mannose and glucose units by an  � -1,6-linkage 
 [12, 13] . Depending on the source of the polysaccharide, mannose/galactose ratio can vary from 1.0 to 5.3  [14, 15] .

 Larch arabinogalactan has a backbone of (1–3)-linked  � - d -galactopyranosyl units each of which contains a side 
chain at position C-6. Most of these side chains are galactobiosyl units containing a (1–6)- � -d  -linkage. Another 
side chain type that occurs is a single l -arabinofuranose unit or 3-O-( � - l -arabinopyranosyl)- � - l -arabinofuranosyl 
units. The preliminary X-ray fi bre diffraction data  [16]  proved that western larch arabinogalactan can adopt a triple
helix conformation. 

 In annual plants, the main hemicelluloses are represented by xylans ( Fig. 13.3   ), which are more heterogeneous 
than the xylans from wood tissues  [17] . They contain both glucuronic acid and/or its 4- O -methyl-ether and arab-
inose attached to C2 or C3 of the xylose units. Both xylan and glucomannans can be partly acetylated [18] . 

 Arabinoxylans consist of  � - l -arabinofuranose residues attached as branch-points to  � -(1 →  4)-linked  d -xylopyran-
ose polymeric backbone chains. These may be 2- or 3-substituted or 2- and 3-disubstituted. In wheat fl our, the distri-
bution of the type of substitution is not random, but that of the substituted residues along the chain occurs randomly 
 [19] . The arabinose residues may also be linked to other groups, such as glucuronic acid residues and ferulic acid 
crosslinks [20] . It was found that the molecules take up a twisted ribbon conformation with a three-fold symmetry. 
The free molecules in solution may, however, take up a wide variety of conformations, with only moderately extended 
structures. Although the backbone xylan structure is similar to that occurring in cellulose, there is little driving force 
to produce crystalline type structures as the intra- and inter-molecular hydrogen bonds associated with the 6-hydroxyl 
groups are necessarily absent. The side chains of arabinose reduce the interactions between chains, because of their 
inherently more fl exible water-hungry furanose conformations. Arabinose and xylose can usually be removed by 
enzymatic hydrolysis with cellulases and hemicellulases [21] . 

 The addition of the  � -xylosidase and  � -l  -arabinofuranosidase enzymes to purifi ed xylanases, more than doubled 
the degradation of xylan from 28 to 58 per cent of the total substrate, with xylose and arabinose being the major 
sugars produced [22] . The presence of all three purifi ed enzymes resulted in the production of xylose, arabinose 
and substituted xylotetrose. � -xylosidase and  � - l -arabinofuranosidase display a synergysm with endoxylanase with 
respect to xylan degradation. Endoxylanases generate free chain ends upon which the  � -xylosidase can act, while 
the debranching activity of  � -l  -arabinofuranosidase removes the substitute arabinose that might otherwise block the 
enzyme ’ s progress  [22] . 
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 Figure 13.3        Structure of xylan from annual plants.    
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 The arabinoxylan from  Plantago ovata  is resistant against enzymatic attack. The unusual physicochemical 
and physiological properties of arabinoxylan may be explained directly from the polysaccharide structure which 
involves a  � -(1 →  3)-linked xylose disaccharide attached at the 2-position to the xylan backbone and has been 
found to interact strongly with neighbouring arabinose residues and to introduce a conformational lock (or ‘ kink ’ ) 
into the structure, which may be released with a rise temperature [23] . 

 Other hemicelluloses such as arabinans, galactans, arabinogalactans, rhamnogalactans, etc are regarded as pec-
tic substances of plant cell walls. They are a complex mixture of colloidal polysaccharides, more abundant in the 
soft tissues of some fruit, as well as in sugar beet pulp, but less frequent in wood tissues. 

 Pectins ( Fig. 13.4   ) form a hydrated crosslinked three-dimensional network in the matrix of the primary cell 
walls and play diverse functions in the cell physiology, growth, adhesion and separation  [24] . The gel-like prop-
erty of the cell wall is derived in part from pectins. 

 The biogenesis of pectins proceeds during deposition on the P-wall. At the same time, labelled representatives 
of this series, namely, glucose, glucuronic acid and xylose, appear indicating that the epimerase in the Golgi ves-
icles no longer quantitatively transforms the resorbed glucose into galactose. Later on, the deposition of the S-wall 
takes place and the activity of the epimerase is stopped, so that the pectic substances, indispensable for the exten-
sion growth of the P-wall, are replaced by hemicellulosic substances such as polyglucuronic acids and xylans. 

 The conversion of hexose into uronic acid and pentose units of cell wall polysaccharides in higher plants may 
occur, not only by the sugar nucleotide oxidation pathway, which leads to UDP-uronate, but also by the myoinosi-
tol oxidation pathway. In this case, the homocyclic inositol ring is split, oxidized at C(6) and concurrently replaced 
by a heterocycle with an �O�bridge between C(1) and C(5), as shown by label experiments. Glucuronic acid 
can be generated in this way. 

 Pectic substances are complex colloidal acid polysaccharides with a backbone of galacturonic acid residues linked 
by � -1,4-glycosidic linkages. The side chains of the pectin molecule consist of  l -rhamnose, arabinose, galactose and 
xylose [25] .  d -Galacturonic acid is the principal monosaccharide unit of pectin. The  d -galacturonic acid residues 
are linked together by  � -1,4-glycosidic linkages. The molecular mass of pectin ranges from 50 000 to 150 000. The 
carboxyl groups of galacturonic acid are partially esterifi ed by methyl groups and are partially or completely neutral-
ized by sodium, potassium or ammonium ions. Based on the type of modifi cation, different pectic substances exist 
in nature. Thus, a pectin in which more than 50 per cent of the galacturonic acid residues are esterifi ed is called high 
methoxyl or HM pectin, whereas a pectin in which this extent of esterifi cation is less than 50 per cent, is called low 
methoxyl or LM pectin. Homogalacturonans with a linear structure make up the  ‘ smooth region ’  of pectin, while 
the branched polysaccharides – rhamnogalacturonans and other pectin structures such as xylogalacturonan  [26]  and 
� -(1,4)-linked  d -galacturonic acid substituted with  � -d  -xylose at the C3 position  [27]  – make up its  ‘ hairy region ’ . 

 Because the predominant cation in the cell wall is the calcium ion, its middle lamella consists largely of cal-
cium pectate. Calcium ions are involved in the stabilization of the cell wall structure by crosslinking pectin chains, 
the ion exchange processes and the control of the activities of the wall enzymes. An  ‘ egg-box ’  model was pro-
posed for the calcium coordination in the middle lamella, in which two helical  ‘ polygala ’  fragments are mutually 
attracted via ionic interactions and coordination of calcium ions between chains. In these dimers, the calcium ions 
are sandwiched between the inner faces of both monomeric components on the specifi c sites  [28] . Calcium egg 
boxes, crosslinking smooth regions in pectin chains, probably play an important structural role in keeping middle 
lamellas together in many non-lignifi ed tissues. 

 Agar is obtained from the family of red seaweeds ( Rhodophycae ) as the carrageenans. Carrageenan com-
pounds differ from agar in that they have sulphate groups (�OSO3

� ) in the place of some hydroxyl groups. 
Commercially, agar is produced from species of  Gelidium  and  Gracilariae  [29, 30] . Agar ( Fig. 13.5   ) is insoluble 
in cold water but dissolves in boiling water to give random coils. Gelation is reported to follow a phase separation 
process including association on cooling (about 35°C), forming gels with up to 99.5 per cent water and  remaining
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solid up to about 85°C, although these fi ndings have been disputed. Agar consists of a mixture of agarose and aga-
ropectin  [31, 32] . 

Agarose  is a linear polymer with a molecular mass of about 120 000. The agarose gel contains double helices, sta-
bilized by the presence of water molecules bound inside the double-helical cavity. It seems that this network model is 
excessive and that only a small proportion of double-helical junction zones would be suffi cient to realize the gelation 
process. This is why some authors consider that network structure of agarose gel consists of single chain  [33, 34] .

Agaropectin  is a heterogeneous mixture of smaller molecules that occur in lesser amounts. Their structures are 
similar, but slightly branched and sulphated, and may have methyl and pyruvic acid ketal substituents. They gel 
poorly and may be easily removed from the agarose molecules using their charge. The quality of agar is improved 
by an alkaline treatment that converts  l -galactose-6-sulphate into 3,6-anhydro- l -galactose. 

 Another polysaccharide extracted from seaweeds is carrageenan. Carrageenans are linear, water-soluble poly-
mers that form solutions, whose viscosity depends mainly on the concentration of the polymer, the temperature 
of the solution and the type of carrageenan. Chemically, they are highly sulphated galactans and, because of their 
half-ester sulphate moieties they are strongly anionic polyelectrolytes. In this respect, they differ from agars and 
alginates, the other two classes of commercially exploited seaweed hydrocolloids. Carrageenans are susceptible 
to depolymerization through acid-catalyzed hydrolysis. High temperatures and low pHs lead to a complete loss of 
functionality. Their rate of hydrolysis at a given pH and temperature is markedly lower if they are in the gel, rather 
than the sol state. This can be achieved by ensuring that gel-promoting cations are present in a suffi cient concen-
tration to raise the gel melting temperature above the temperature at which they will be treated. Carrageenans can 
be used in acidic media, provided, however, that they are not subjected to prolonged heating. 

 Carrageenan is frequently preferred over other thickening, suspending and binding ingredients, because it is 
natural, economical, readily available and functional in an extremely broad application base. Carrageenans can be 
produced via  a variety of process techniques such as alcohol extraction, potassium chloride gel press or extraction 
with various alkalis. The process technique is important, because it infl uences the gel characteristics. Likewise, 
different seaweeds also infl uence the gel characteristics. 

 The three preferred carrageenan types are  kappa ,  iota  and  lambda . The  kappa  and  iota  types only dissolve in a 
heated water medium, whereas the  lambda  type is soluble in cold water. Gels created from different carrageenan 
types may be fl uid, elastic or rigid and are heat-reversible. Gelling temperatures and gel strength are also infl u-
enced by added ingredients such as salts and proteins. 

 Alginate is a gelling polysaccharide extracted from seaweeds. Most of the large brown seaweeds are potential 
sources of alginate, their properties being different from one species to another. The main commercial sources are 
species of Ascophyllum, Durvillaea, Ecklonia, Laminaria, Lessonia, Macrocystis, Sargassum  and  Turbinaria . The mono -
meric units of alginates, �   l -guluronic acid residues ( Fig. 13.6   ) and  �   d -mannuronic acid ( Fig. 13.7   ) are C5 epimers 
of each other. 

 Alginates are not random copolymers, consisting instead of blocks of similar and strictly alternating residues, each 
of which has different conformational preferences and behaviour. Thus, poly  � -(1 →  4)-linked  d -mannuronate prefers 
forming a three-fold left-handed helix with (weak) intramolecular hydrogen bonding between the hydroxyl group in the
3-position and the subsequent ring oxygen, while poly � -(1 →   4)-linked  l -guluronate forms stiffer (and more acid-stable)
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two-fold screw helical chains, preferring intramolecular hydrogen bonding between the carboxyl group and the 2-OH 
group of the prior residues and the 3-OH group of the subsequent residues, the latter interaction being weaker. 

 It has been shown that the polymer chain is made up of three kinds of regions or blocks. The G blocks contain 
only units derived from  l -guluronic acid, the M blocks are based entirely on  d -mannuronic acid, while the MG 
blocks consist of alternating units of the two acids. In practice, an alginate molecule can be regarded as a block 
copolymer containing M, G and MG blocks, whose proportion varies as a function of the seaweed source and infl u-
ences the physical properties of the corresponding alginates  [35, 36] . Thus, the gel formation by addition of calcium 
ions, involves the G blocks so that the higher their proportion, the greater the gel strength, whereas the solubility of 
alginates in an acid medium, depends on the proportion of MG blocks. The monovalent cation salts [Na + , K + , NH 4

+ , 
(CH2 OH) 3 NH + ] of alginic acid, and its propylene glycol ester, dissolve in water, but alginic acid and its calcium 
salt do not. Neutral alginate solutions of low-to-medium viscosity can be kept at 25°C for several years, without 
any appreciable viscosity loss, as long as a suitable microbial preservative is added. Solutions of highly polymer-
ized alginates will lose viscosity at room temperature within a year and in order to achieve high, stable viscosities, 
it is better to add calcium ions to a solution of an alginate with a moderate molecular weight. All alginate solutions 
depolymerize more rapidly as the temperature is raised. Alginates are most stable in the PH range of 5–9. 

� -glucans were identifi ed as major component in the bran of  Gramineae  (such as barley, oats, rye and wheat, 
consisting of linear unbranched polysaccharides of linked  � -(1  →  3)- and  � -(1 →  4)- d -glucopyranose units  [37] . 
� -Glucans form  ‘ worm ’ -like cylindrical molecules containing up to about 250 000 glucose residues that may pro-
duce crosslinks between regular areas containing consecutive cellotriose units. They form thermoreversible infi nite 
network gels. Ninety per cent of the  � -(1 →  4)-links are in cellotriosyl and cellotetraosyl units joined by single 
� -(1  →  3)-links, with no single  � -(1 →  4)- or double  � -(1 →  3)-links. The ratio of cellotriosyl/cellotetraosyl is 
between 2.0 and 2.4 in oats, about 3.0 in barley and about 3.5 in wheat. The high molecular mass  � -glucans from 
barley and oats are viscous due to labile cooperative associations, whereas lower molecular mass  � -glucans can 
form soft gels as the chains are easier to rearrange to maximize linkages. Barley  � -glucan is highly viscous and 
pseudoplastic, both properties decreasing with increasing temperature. 

 The related hydrocolloid curdlan has only  � -(1 →  3)- d -glucopyranose units which form thermoreversible 
triple-helical structures on heating and become irreversibly linked as the concentration or temperature is increased. 
Curdlan is a microbial fermentation extracellular polymer produced by a mutant strain of  Alcaligenes faecalis  var. 
myxogenes   [38] . Curdlan was also produced by pure culture fermentation using  Agrobacterium radiobacter  NCIM 
2443 using glucose, sucrose, maltose as carbon sources, sucrose being the most effi cient  [39, 40] . It is insoluble in 
water, which limits its biological applications. Water insolubility is generally attributed to the existence of exten-
sive intra/intermolecular hydrogen bonds. 

 Curdlan has a moderate molecular mass (DP  �  450) being constituted from unbranched linear 1 →  3  � - d -glucan
with no side chains ( Fig. 13.8   ). It has junction zones consisting of parallel in-phase triple right-handed six-fold 
helices (fi bre repeat 18.78       Å) forming an uncharged rigid rod-like conformation  [41] . The chains are held by intra-
helix hydrogen bondings between the 2-OH groups, each formed by donation to one chain and acceptance from 
the other on the inside of the helix axis. As single stranded curdlan forms a six-fold helix stabilized by a chain 
of intramolecular hydrogen bonds between neighbouring 2-OH groups, the change from single to triple helices 
involves these 2-OH groups changing their hydrogen bonding allegiance from intramolecular to intermolecular. 

 Okuyama  et al.   [42]  proposed the single right-handled six-fold helical conformation in the highly hydrated 
crystal, in which the water content was more than 70 wt per cent in the unit cell. This single helix is stabilized by 
weak intramolecular hydrogen bonds between O(5) and O(4) of the next glucose residue (distance 0.314       nm). 

 Curdlan gum is tasteless and produces retortable freezable food elastic gels. It is insoluble in cold water, but 
aqueous suspensions plasticize and briefl y dissolve before producing irreversible gels ( i.e.  curdling, hence its 
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name) on heating to around 55°C, which then remain on cooling. Heating at higher temperatures produces more 
resilient gels by the aggregation of the triple-helical structures and synaeresis. The  ‘ curds ’  consist of mixtures of 
single and triple helices [43–45] . 

 Scleroglucan (from  Sclerotinia sclerotiorum ) is a 1 →  3  � - d -glucan with additional 1 →  6  � -links ( Fig. 13.9   ) that 
confer water solubility to it under ambient conditions, but do not signifi cantly interfere with a triple helix gelling proc-
ess, similar to that of curdlan [46] . Similar polysaccharides can also be extracted from other sources such as waste 
yeast. 

 Scleroglucan presents a triple-helical backbone conformation  [47, 48]  and in solution the chains assume a rod-
like triple-helical structure  [49]  in which the  d -glucosidic side groups are on the outside and prevent the helices 
from coming close to each other and aggregating. 

 Pullulan ( Fig. 13.10   ) is one of the few neutral water-soluble microbial polysaccharides that can be obtained in 
large quantities by fermentation  [50, 51] . Pullulan biosynthesis is accomplished through mediation of sugar nucle-
otide–lipid carrier intermediates associated with the cell membrane fraction  [52] . It is an extracellular, unbranched 
homopolysaccharide consisting of maltotriose and maltotetraose units with both � -(1 →  6) and  � -(1  →  4) linkages,
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whose molecular mass depends on the culture conditions and strain [53–55] . It adopts a random coil-type structure 
in aqueous solution, generates a Raman optical spectrum that closely resembles that of d -maltotriose  [56] . The 
alternation of � -1 →  4 and  �  1  →  4 is regular, resulting in structural fl exibility and enhanced solubility  [57] . 

 Pullulan produces high-viscosity solutions at relatively low concentration and can be utilized to form oxygen-imper-
meable fi lms, thickening or extending agents and adhesives. Pullulan has many uses as an industrial plastic. It can be 
processed into compression mouldings that resemble polystyrene or polyvinyl chloride in transparency, gloss, hard-
ness, strength and toughness, but is far more elastic. It decomposes above 200°C without the formation of toxic gases. 

 Dextran is a microbial biopolymer  [58]  whose molecular structure is composed exclusively of monomeric 
2-d -glucopyranosil units, linked mainly by ( � -1,6) glucosidic bonds ( Fig. 13.11   ). Its applications depend on its 
molecular mass [59] . Two dextran products are available in most countries for clinical purposes: dextran 70, with 
a molecular mass of about 70 000 and dextran 40 with a molecular mass 40 000. Dextran fractions are readily 
soluble in water and electrolyte media to form clear, stable solutions signifi cantly insensitive to pH. They are also 
soluble in some solvents such as methyl sulphide, formamide and ethylene glycol  [60] . 

 Xanthan, a microbial polysaccharide produced by the  Xanthomonas  bacterium, represents a great scientifi c and 
industrial interest due to its properties. It is a heteropolysaccharide with a high molecular mass, between 0.9 and 
1.6 �  10 6 , as a function of the microbial source and fermentation conditions  [61–63] . The pentasaccharide repeat-
ing unit ( Fig. 13.12   ) is assembled on an isoprenoid lipid carrier by sequential addition of individual sugar residues 
that are donated by sugar nucleotide diphosphate precursors. Each sugar addition is catalyzed by a specifi c glyco-
syltransferase enzyme. The mannose residues of the repeating units are specifi cally acetylated and pyruvylated. 
The repeating unit is polymerized, and the polymer is subsequently secreted  [64, 65] . 

 In its native state, xanthan is a right extended chain possessing a helical conformation  [66] , in the solid state this 
polysaccharide has a S1 helix conformation  [67] , while the xanthan crystal chain takes an antiparallel right-handed 
fi ve-fold (5/1) double helix that is stabilized by four intramolecular and one intermolecular hydrogen bonds. 

 In solutions of low ionic strength or at high temperature, the xanthan gum chains adopt a random coil confi gu-
ration, since the anionic side chains repel each other. The addition of electrolytes reduces the electrostatic repul-
sion among the side chains, allowing them to wrap around and hydrogen bond to the backbone. The polymer chain 
straightens into a relatively rigid helical rod. This shape tends to revert to the random coil if the gum solution is 
highly diluted or heated. With increasing electrolyte concentration, however, the rod shape is maintained at higher 
temperatures and greater dilutions [68] . 

Gellan  is an extracellular heteropolysaccharide produced by  Sphingomonas paucimobilis , previously known 
as Pseudomonas elodea.  It is composed of linear tetrasaccharide repeating units of  � - d -glucose,  � - d -glucuronic 
acid, � ,- d -glucose and  � - l -rhamnose ( Fig. 13.13   ). Occasionally, it carries acetyl and glyceryl groups on the glucose
units  [69, 70] . 
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 The degree of ester substitution directly infl uences the gellan properties in solution and gel  [71] . Aqueous solu-
tions of gellan are highly viscous and show high thermal stability. The gellan gum exhibits good stability over a 
wide pH range of 3.5–8.0. Fibre diffraction analysis  [72]  showed that the two left-handed, three-fold helical chains 
are organized in parallel fashion in an intertwined double helix and that the duplex is stabilized by interchain 
hydrogen bonds at each carboxylate group. 

 The properties of gellan can be easily modifi ed. A hot caustic treatment yields a polymer that has the desirable 
characteristic of low viscosity at high temperature. Cooling gellan in the presence of various cations ( e.g.  calcium) 
results in the formation of strong gels. In a heated gellan solution, the polymer chains exist as disordered coils. 
Cooling without the presence of metal cations leads to the formation of weak, thermoreversible interactions, such 
as hydrogen bonding and van der Waals attractions between adjacent polymer chains. However, with the intro-
duction of metal cations, the interactions formed with the carboxyl groups are much stronger and more stable. 
Monovalent cations form stiff gels, perhaps allowing for more hydrogen bonding to occur between the polymer 
helices, also leading to aggregation and gel formation. Divalent cations may bridge two adjoining carboxylic acid 
sites, thus causing local aggregation of the helices to make a more rigid gel. 
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  13.2     APPLICATIONS 

 Arabinogalactans are used as emulsifi ers, stabilizers and binders in the food, pharmaceutical and cosmetic industries. 
Arabinogalactan has properties that make it suitable as a carrier for delivering diagnostic or therapeutic agents to hepa-
tocytes via the asialoglycoprotein receptor  [73] . Experimental studies indicated that larch arabinogalactan can stimu-
late natural killer cell cytotoxicity, enhance other functional aspects of the immune system, and inhibit the metastasis 
of tumour cells to the liver. These immune-enhancing properties also suggest an array of clinical uses, both in prevent-
ive medicine, due to its ability to build a more responsive immune system, and in clinical medicine, as a therapeutic 
agent in conditions associated with a lowered immune function, decreased NK activity or chronic viral infection  [74] . 

 The xylans have numerous medical applications  [75, 76] . The fi lms based on glucuronoxylan (isolated from 
aspen wood) and xylitol or sorbitol show low oxygen permeability and thus have a potential application in food 
packaging [77] . 

 Pectin is widely used in the food industry as a gelling agent to impart a gelled texture to foods, mainly fruit-
based foods such as jams and jellies. Thus, LM pectins ( � 50 per cent esterifi ed), form thermoreversible gels in the 
presence of calcium ions and at low pH (3–4.5) whereas HM pectins rapidly form thermally irreversible gels in the 
presence of suffi cient ( e.g.  65 per cent by mass) sugars, such as sucrose and at low pH ( � 3.5); the lower the meth-
oxyl content, the slower the set. Pectin is also used for the stabilization of low-pH drinks, including fermented 
drinks and mixtures of fruit juice and milk. In the medical fi eld, pectin is used in combination with the clay kaolin 
(hydrated aluminium silicate) against diarrhoea  [78] . It is also used as a component in the adhesive part of ostomy 
rings. Pectin is moreover marketed as a nutritional supplement for the management of elevated cholesterol  [79,
80] . Finally, pectin has been found to alter the characteristics of the fi brin-network architecture, suggesting that it 
may have some antithrombotic effects  [81] . 

 Agar is used in the food industry in icings, glazes, processed cheese, jelly sweets and marshmallows and some-
times as a substitute for gelatin. Another interesting application of agar comes from the fact that it constitutes a 
very good microbiological medium  [82] . 

 Carrageenans and semi-synthetic sulphated polysaccharides, like laminarin sulphate, were shown to be potent 
angiogenesis inhibitors [83] . 

 Alginates generally show high water absorption and may be used as low viscosity emulsifi ers and shear-thinning 
thickeners. They can be used to stabilize phase separation in low-fat fat-substitutes, for example as alginate/casein-
ate blends in starch three-phase systems. Alginate is used in a wide variety of foodstuff such as pet food chunks, 
onion rings, stuffed olives, low-fat spreads, sauces and pie fi llings  [84] . Propylene glycol alginates have widespread 
use as acid-stable stabilizers for, for example, preserving the head on beers  [85, 86] . Alginates are suitable for vari-
ous potential clinical applications, such as cell encapsulation, drug delivery and tissue engineering  [87, 88] . Thus, 
numerous studies [89–91]  analyzed the biocompatibility of alginates/sodium alginate and drugs, which are the most 
important factors affecting the drug release from matrix tablets, or their effects on cell proliferation, cell migration 
etc.  [92] . Because the properties of alginate hydrogels are readily controlled with the chemical structure of the sugar 
residues and different crosslinked molecules, and these materials interact with cells  [93] , they are used to engineer 
bones [94] , cartilage  [95] , muscles, blood vessels  [96] , liver and nerve tissues  [97, 98] . Finally, alginate was used as 
a scaffold to transplant subcultured human dental pulp cells subcutaneously into the backs of nude mice, and it was 
proved that subcultured dental pulp cells actively differentiated into odontoblast-like cells and induced calcifi cation 
in an alginate scaffold  [99] . 

� -glucans have important health benefi ts, especially in coronary heart disease, cholesterol lowering and redu cing
the glycemic response. These positive effects are linked to their high viscosity, although it may be that some of 
them arise from appetite suppression. Almost all carboxymethyl glucans possess properties useful in cosmetic and 
dermatological applications [100] .  � -glucans were identifi ed in different species of mushrooms and when isolated 
from the mature fruiting bodies of Agaricus  species they displayed their potential therapeutical benefi ts  [101–103] . 

 Another  � -glucan from yeast ( Saccharomyces cereviseae ) is recognized for its ability to activate nonspecifi c 
immune response [104–106] . 

 Curdlan, at concentration between 0.05 per cent and 3 per cent, improves the texture, palatability, stability, 
water binding and holding of food. It can be used in fat replacement because consumers want healthier products 
with fewer calories, but they are unwilling to give up the mouth feel and fl avour characteristics of full-fat products. 
When hydrated and heated, curdlan ’ s particles mimic the mouth feel of fat containing products. Curdlan also binds 
the additional water in the system, so that it becomes unavailable for ice crystallization and moisture migration 
upon storage, freeze-thawing, or deep-fat frying. In addition, aqueous suspensions of curdlan exhibit thixotropic 
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properties that are very important in mimicking the rheological behaviour of fats in processed liquid foods such as 
low-fat dressings, sauces and gravies  [107, 108] . Curdlan of  Alcaligenes faecalis  was reported to display an anti-
tumour activity  [109, 110] , while the sulphated curdlan derivative showed  in vitro  a benefi cial effect for HIV-1 
treatment  [111, 112] . Curdlan is also effective in the prevention and treatment of ischaemic cerebrovascular dis-
ease  [113] . It has been proved that laminarin from  Eisenia bicyclis  stimulates monocytes to inhibit the proliferation
of U 937 cells  [114, 115] . Its elicitors may be good candidates as fungicide disease control, because they are nat-
ural products and recyclable in the ecosystem  [116, 117] . 

 In the cosmetic industry, scleroglucan may be used in various skin care preparations, creams and protective lotions, 
while in pharmaceutical products, it may be used as a laxative, in tablet coatings and in general to stabilize suspen-
sions  [118] . Scleroglucan also proved to have an immunomodulating effect, with numerous medical applications 
 [119–121] . 

 Pullulan can be modifi ed hydrophobically by the reaction with dodecanoic acid, by modulating the polymer-to-
acid ratio. It was found that the addition of sodium dodecyl sulphate, alone or in mixtures with other surfactants, 
resulted in the formation of micelles. The long foam lifetime of these hydrophobically derivatized pullulans is 
suitable for applications in mineral fl otations and in biomedicine (vesicle coating)  [122] . Films formed from pul-
lulan are suitable for coating foods and pharmaceuticals [123–125]  and prevent oxidation, especially when the 
exclusion of oxygen is desirable. Pullulan also fi nds medical applications in vaccine production and as a plasma 
extender  [126, 127] . Ester and ether derivatives of pullulan have adhesive qualities similar to those of gum arabic, 
their viscosity and adhesive properties being dependent on the degree of polymerization of the polysaccharide. 
Finally, modifi ed pullulan can be used as a stationary paste that gelatinizes upon moistening. 

 Dextran–hemoglobin compounds may be used as blood substitutes that have oxygen delivery potential and can 
also function as plasma expanders. Dextran hydrogels  [128]  can be used to engineer tissues or to control drug 
delivery. Blends, based on dextran  [129, 130]  as well as dextran derivatives  [131] , have medical applications. 
Thus, diethylaminoethyldextran, a polycationic derivative of dextran, is recommended for numerous applications 
in molecular biology and the health-care sector. Applications of dextran derivatives in gene therapy have also been 
reported  [132, 133] . Dextran sulphate is an inhibitor of the human immunodefi ciency virus (HIV), binding to 
T-lymphocytes, but because of its low oral bioavailability, it has not been used therapeutically  [134–136] . Other 
modifi ed dextrans such as Sephadex@ are used extensively in the separation of biological compounds. Finally, 
iron dextran solutions are used for the treatment of human and veterinary anaemic iron defi ciency. 

 Xanthan can form gels either by crosslinking with certain metal ions or by the interaction with other polysac-
charides. These gels are used in the oil industry to modify the permeability profi les of heterogeneous oil reser-
voirs. The high solution viscosity, compatibility with salts and stability to shear and heat makes xanthan solutions 
well suited to meet the requirements of polymer fl ooding systems. In the food industry, xanthan is used in prod-
ucts such as beverages, desserts and dressings, but also as a gelling agent for cheese spreads, ice creams and pud-
dings. Moreover, it can stabilize emulsifi ed creams with pharmaceutical and cosmetic applications  [137, 138] .
More recently, xanthan has been used in the new clear-gel toothpastes. 

 Gellan has applications in the food industry as a gelling agent in frostings, glazes, icings, jam and jellies. 
Sphingomonas  gellan (S-gellan), modifi ed with diethylaminoethyl chloride-HCl (DEAE-HCl) is a polyelectrolyte 
that contains both positive and negative charges. The solubility of native S-gellan was improved, increased by 
nearly a factor of two, from 40 per cent to 75 per cent , after DEAE derivatization, while its water-holding and oil-
binding capacities were drastically decreased. These improved properties and stronger bile acid binding capacity 
suggest that the DEAE-derivatized gellan has more advantages than gellan itself for functional food applications 
 [139] . Films of gellan were implanted for insulin delivery in diabetic rats. It was found that their blood glucose 
levels were about half of those of rats implanted with blank fi lms and that the therapeutic effect of insulin could 
last for 1 week. Both in vitro  and  in vivo  studies indicated that the gellan fi lm could be an ideal candidate for the 
development of protein delivery systems  [140] .

  13.3     CONCLUDING REMARKS 

 The purpose of this chapter was to emphasize the interest of hemicelluloses as renewable resources capable of 
fulfi lling a remarkable array of roles in today ’ s science and technology. A better understanding of the physio logical 
functions, chemistry and functionality of hemicelluloses constitutes a formidable task for the near future which 
should provide wider and more profound applications in areas such as materials science, medicine and biology.  
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ABSTRACT 

 The main purpose of this chapter is to discuss the potential of suberin (an aromatic–aliphatic crosslinked 
polyester widespread in the plant kingdom) as a renewable source of chemicals and, in particular, of 
macromonomers. Despite being widespread in plants, only two species produce suberin-rich bio-
mass residues in amounts that justify their exploitation as renewable sources of chemicals and mono-
mers, namely Quercus suber  with cork and  Betula pendula  (birch) with its outer bark.  Quercus suber
cork is a material with unique properties and applications, whereas to the best of our knowledge, the 
outer bark of birch fi nds no direct applications. Hence, this chapter fi rst provides a general overview of 
the properties and applications of cork, as well as of its utilization as a starting material for the synthe-
sis of liquid polyols, before dealing with the macromolecular structure of suberin (the major cork com-
ponent), its depolymerization methods, and the composition and applications of the ensuing fragment 
mixtures.
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  14.1     INTRODUCTION 

 The present chapter aims essentially at presenting the potentials of suberin as a renewable source of chemicals and 
more specifi cally of macromonomers. Suberin is a naturally occurring aromatic–aliphatic crosslinked polyester 
widespread in the plant kingdom, where it plays a key role as a protective barrier between the plant and the sur-
rounding environment. It is found mainly in the cell walls of normal and wounded external tissues of aerial and/or 
subterranean parts of many plants, mainly in the outer bark of higher plants and in tuber periderms  [1] . 

 Despite being widespread in plants  [1] , only two species produce suberin-rich biomass residues in amounts that 
justify their exploitation as renewable sources of chemicals for polymer synthesis, namely  Quercus suber  with 
cork and Betula pendula  (birch) with its outer bark.  Quercus suber  cork is a material with unique properties and 
applications, whereas to the best of our knowledge, the outer bark of birch fi nds no direct applications. 

 The present chapter will, therefore, fi rst give a general overview of the properties and applications of cork, as 
well as of its utilization as a starting material for the synthesis of liquid polyols, before dealing with the macro-
molecular structure of suberin, its depolymerization methods, and the composition and applications of the ensuing 
fragment mixtures.  
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  14.2     CORK 

 Cork is the common designation of the suberized bark of cork oak ( Quercus suber  L.), an evergreen tree that 
grows in the western Mediterranean region  [2, 3] . Although other species contain suberized tissues, no other tree 
in the world gives rise to the thick layers of suberized bark (cork) generated by  Quercus suber . Cork is therefore a 
unique suberized tissue and an important non-wood forest product which fi nds a wide domain of utilizations, such 
as wine and champaign stoppers, insulating materials, marine fl oats and household and offi ce indoor panels, some 
of which date back to Egyptian, Greek and Roman times [3] . 

 Among the countries involved in the cultivation of  Quercus suber  and the production of cork, Portugal is largely 
the leader with an annual production of 185       000 ton, which constitutes about 50 per cent of the world output  [4] . 
Although Quercus suber  is a protected species and a key element in the southern Portugal ecosystem and land-
scape, cork exploitation is a fully sustainable activity, if adequately carried out by professionals. Indeed, cork strip-
ping which is carried out once every 9–12 years seems to have a positive effect on the tree ’ s health and growth. 

 Cork is composed of suberin, the main component, lignin, polysaccharides and extractives, including mostly 
aliphatic, phenolic and triterpenenic compounds  [2, 5–13] . The relative abundance of these elements is extremely 
variable, being infl uenced by the geographical origin and quality of the tree, and/or even the different parts of the 
tree from which the cork is harvested  [5, 11, 12] . Suberin represents 38–62 per cent of the cork weight  [14]  and is 
by far the most original macromolecule present. The suberized cells, assembled in cork ’ s peculiar hollow structure 
( Fig. 14.1   ), are responsible for the unique properties of this natural material  [2, 3, 15–24] , such as its remarkable 
elasticity, low density, impermeability to liquids and gases, low heat and sound conductivity, thermal and combus-
tion resistance and resistance to rotting. 

 Apart from the major traditional cork applications mentioned above, these unique properties justify the fact that 
a wide variety of  high-tech  materials have been developed and are being sought in such diverse areas as industrial, 
household and sport [25]  insulation, sealing and anti-vibration and even in the NASA Space Shuttle  [26, 27] .
Further applications are being developed for commercial jet liners  [28] . Another interesting recent development 
related to a new family of composite materials, in which cork plays a key role, relates to its inclusion in cementi-
tious materials in order to reduce their density [29] . 

 In addition to both traditional and new applications of cork as a whole, whether used in its pristine form or after 
specifi c physical or chemical modifi cations, it is particularly relevant to emphasize that the interest of cork must 
also lie in the exploitation of some of its components, notably suberin extracted from cork processing by-products. 
Indeed, industrial cork processing generates substantial amounts of residues, such as the so-called cork powder , 
black condensates  and  cooking waste waters . Cork powder is generated during the production of granulated cork 
for agglomerated materials. Cork residues rejected during cork stopper production, are one of the main sources of 
granulated cork materials. The cork powder  particles have an inadequate size distribution for their use in the manu-
facture of agglomerates and, at present, are mainly burned to produce energy  [30, 31] . This by-product amounts, 
in Portugal, to about 40       000 ton per year ( i.e . some 22 per cent of the national cork production).  Black condensates
are a residue of the production of black agglomerates, which involves the treatment of cork particles without any 
adhesive, at temperatures in the range of 250–500°C. During such thermal treatment, vapours are generated and 

 Figure 14.1        Electron microscopy of cork cell. (Reprinted with permission, Copyright 2002 by APCOR.)    
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later condensed in autoclave pipes. Periodically, this by-product is removed (2       500 ton per year in Portugal) and 
again burned to produce energy  [30, 31] . Finally,  cooking waste waters  are the liquid effl uents released during the 
treatment of cork planks with boiling water, a key stage in wine stopper production. The composition of this effl u-
ent is still poorly understood, however, it is known to be rich in phenolic compounds and not to contain suberin 
components; therefore its exploitation is out of the scope of this chapter. 

 Huge amounts of cork-based by-products are therefore potentially available for more noble uses than burning 
and hence they must be considered as particularly attractive renewable sources of chemical commodities, which 
fall neatly within the scope of the biorefi nery concept in forest-based industries, which calls upon the upgrading of 
all the by-products [32] . 

 Suberin is the privileged by-product in the context of this chapter, although its exploitation could well be inte-
grated with the separation and use of high added-value low molecular weight components, such as friedeline, 
cerine, betulin and betulinic acid [33] . 

 Given the specifi c purpose of this book, the present chapter will only deal with the macromolecular mater-
ials that can be obtained from cork and suberin and disregard all aspects related to the exploitation of other cork 
components.

  14.2.1     The oxypropylation of cork 

 The oxypropylation of natural polymers has been applied successfully to a host of OH-bearing macromolecules, 
like cellulose, starch, chitin, chitosan, lignin and more complex agricultural by-products, such as sugar-beet 
pulp and olive stone powder, as discussed in detail in Chapter 12. In all instances, a nucleophilic catalyst (strong 
Brønsted bases like KOH work best) is used to deprotonate some of the substrate ’ s OH groups and thus generate 
oxianions, which initiate the anionic polymerization of propylene oxide (PO), thereby inserting polyPO grafts onto 
the starting macromolecules. This reaction typically transforms the solid powder of the natural polymeric material 
into a viscous liquid polyol bearing as many OH groups as the initial substrate, since the oxypropylation is simply 
a  ‘ chain extension ’  process. This branching mechanism is always accompanied by some PO homopolymerization, 
which produces oligomeric diols.  Figure 14.2    provides a schematic view of the process, which requires typically 
temperatures above 130°C and PO pressures above 10 bar. 

 Cork powder was oxypropylated under these conditions  [34,35]  and the ensuing polyols fully characterized in 
terms of structure, homopolymer content, solubility, OH index and viscosity. The latter two parameters proved to 
be entirely comparable with those of commercial counterparts used in the manufacture of polyurethane materials. 
A study was therefore conducted  [36]  on the reactivity of the polyol mixtures, as obtained from the oxypropyla-
tion process, towards various diisocyanates and on the structure and properties of the ensuing polyurethanes. 
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 Figure 14.2        Schematic view of the oxypropylation of OH-bearing macromolecular materials.    
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 This ongoing investigation is a good example of the interest in exploiting renewable resources, as emphasized in 
the broader context of Chapter 1, and the same strategy could equally be applied to other suberin-rich tree barks, 
such as that of birch. 

  14.3     SUBERIN 

 As mentioned above, and despite the fact that suberin is widespread in plants  [1] , only two species produce suberin-
rich biomass residues in amounts that justify the exploitation of this natural polyester as a renewable source of chem-
icals for polymer synthesis, namely,  Quercus suber  and  Betula pendula. Betula pendula  is one of the most important 
industrial hardwood species in Northern Europe, where it is mainly used as raw material in the pulp and paper indus-
try, which generates considerable amounts of bark. Typically, a mill with a pulp production of 400       000 ton per year, 
leaves about 28       000 ton per year of outer bark  [37] . Considering a suberin content ranging from 32 to 59 per cent, 
 [14] , birch ’ s outer bark has, like cork, an enormous potential as a source of suberin and suberin components. 

 Suberin contents ranging from 12 to 60 per cent have been reported for several other higher plant species namely 
Acer griseum, Acer pseudoplatanus, Castanea sativa, Cupressus leylandii, Euonymus alatus, Fagus sylvatica, 
Fraxinus excelsior, Laburnum anagyroides, Populus tremula, Quercus ilex, Quercus robur, Ribes nigrum, Sambucus 
nigra   [38] ,  Pseudotuga menziesii   [39] ) and for potato ( Solanum tuberosum ) periderm  [40] . However, to the best of 
our knowledge, there is no industrial exploitation of these species in terms of suberin valorization. The only foresee-
able exception could be, in the future, the exploitation of potato periderm as a by-product of the agro-food industry. 

 The interest in suberin lies in the fact that it constitutes an abundant source of  � -hydroxyfatty acids,
� , � -dicarboxylic acids and homologous mid-chain dihydroxy or epoxy derivatives  [14] . Apart from this source, 
these compounds are not very abundant in nature. Thus, hydroxyfatty acids can only be additionally found in 
exploitable amounts in the seed oils of  Ricinus communis  (castor oil) and  Lesquerella spp. , as well as in the extra-
cellular aliphatic polyester covering most of the aerial surfaces of plants, known as cutin  [41] . 

  14.3.1     Suberin native structure 

 The suberin polymeric structure cannot be defi ned in terms of a monomer repeating unit, since the spatial arrange-
ment of these moieties cannot be accurately defi ned, even when their relative abundance is known. Additionally, 
the latter aspect depends on the depolymerization methods used to isolate the aliphatic fraction and, moreover, 
as far as the aromatic domain is concerned, its identifi cation/quantifi cation is also quite complex because of its 
macromolecular nature and structural similarity with lignin  [1, 42–45] . Notwithstanding these diffi culties, several 
models have been proposed to illustrate the suberin macromolecular structure in suberized cell walls  [46, 47] . In 
2002, Bernards proposed a model for suberin from potato periderm, which summarized the state of the art on the 
structural data related to this macromolecular component [1] . 

 The aliphatic domain of suberin ( Fig. 14.3   ) is composed of branched polyester moieties mainly made up of 
long-chain � -hydroxyfatty acids and  � , � -dicarboxylic acids, brought together through glycerol units  [1, 48] .
Glycerol has long been detected in suberin depolymerization extracts  [43–45] , but its role as a key structural build-
ing block was only demonstrated in more recent investigations  [1, 39, 40, 49–52] . 

 Solid-state NMR studies of cork  [7, 53]  and potato cell wall components  [54–56] , together with chemical 
analysis results, suggest the presence of two distinct aromatic domains in suberized cell walls ( Fig. 14.3 ). The 
fi rst, embedded in the aliphatic domains, is mainly composed of hydroxycinnamic acid units esterifi ed with glyc-
erol or � -hydroxyfatty acids ( Fig. 14.3 ). whereas the second is a lignin-like polymer, spatially separated from the 
aliphatic domains, sitting in the primary cell wall ( Fig. 14.3 ) and composed of crosslinked hydroxycinnamic acid-
based units, including amides [7, 57, 58] . The presence of polysaccharide moieties bound to the lignin-type or 
aliphatic domains, has also been suggested  [7, 57, 58] .

  14.3.2     Suberin depolymerization and monomer composition 

  14.3.2.1       Suberin depolymerization methods 

 The depolymerization of suberin through ester cleavage is in general a key step both for composition analysis 
(usually carried out by GC–MS), and to isolate monomers for further chemical transformation. Depending either 
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on the analytical methods, or on the types of functionalities envisaged for further chemical modifi cation, different 
depolymerization approaches have been implemented, involving either alkaline hydrolysis or alcoholysis (mainly 
methanolysis).

 Alkaline methanolysis with anhydrous sodium methoxide is probably the most common depolymerization 
method [5, 7, 12, 14, 39, 40, 49–51, 59–66] , which yields the aliphatic acid components in the form of methyl 
esters. Complete suberin methanolysis is normally achieved by treating it with refl uxing methanol containing 3 per 
cent of NaOMe for about 3       h  [7, 60] . However, under such conditions, epoxy moieties are, at least in part, cleaved, 
leading to the corresponding methoxyhydrins. 

 Under alkaline hydrolysis conditions, the ensuing free  � -hydroxyfatty acids and  � , � -dicarboxylic acids are 
obtained, with extensive cleavage of epoxy functionalities to the corresponding  vic -diols. It has been claimed, 
however, that when the reaction is carried out for 15       min using KOH in ethanol:water 9:1 v:v, total depolymeriza-
tion occurs with preservation of the epoxy functionalities  [63] , a feature that can be interesting for some polymer 
applications.

 Methanolysis under mild conditions has been studied mainly for structural elucidation purposes  [7, 51, 60] .
However, such conditions can also be considered for the preferential isolation of specifi c groups of components, 
such as the alkanoic and � , � -dicarboxylic acids generally involved in more labile structures  [7,51,60] . Finally, 
methanolysis in the presence of calcium oxide was shown to yield oligomers  [39, 40, 48–50, 59, 67] , which, apart 
from their interest for structural elucidation, might also be considered as macromonomers for other applications. 
However, these mild methanolysis conditions are marred by an important drawback in terms of their use as sources 
of monomers/macromonomers for polymer synthesis, because they generally result in quite low yields.  

  14.3.2.2       Suberin monomer composition 

 The detailed monomer distribution of suberin from several species has been recently reviewed  [14] .  Table 14.1    sum-
marizes the composition of the two most relevant suberin sources in the present context ( i.e. Quercus suber  cork and 
Betula pendula  outer bark) and the structures of representative elements of each group are shown in  Fig. 14.4   . 

 Figure 14.3        Structure proposed for suberin from potato ( Solanum tuberosum ) periderm. C: carbohydrate; P: phenolic; 
S: suberin. (Reprinted from Reference [1], with permission from NRC Research Press.)    
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 As in the case of total suberin contents in its natural precursors, the monomer composition and abundance are 
also highly variable, but in general the most abundant families of compounds are  � -hydroxyfatty acids, followed 
by � , � -dicarboxylic acids and by smaller amounts of fatty acids, aliphatic alcohols and aromatic compounds. 

� -Hydroxyalkanoic acids are generally the most important group of components, representing between 
36.0–61.7 per cent and 76.7–79.7 per cent of suberin monomers from cork and birch bark, respectively. Even C-
numbered chains between C16 and C26 are frequently found, and among them, the C22 and C18 are clearly 
dominant. In the birch outer bark suberin, the 9,10-epoxy C18 derivative is particularly abundant, together with 
smaller amounts of the 9,10-dihydroxy derivative. C(18:1) and C(22:0)  � -hydroxy fatty acids are also abundant in 
this suberin. In cork suberin, C(18:1) and C(22:0) are in general the most abundant  � -hydroxyacids, whereas the

 Table 14.1 

   Relative abundance of aliphatic suberin monomers from the extractive-free  Quercus suber  cork and 
Betula pendula  outer bark (adapted from  [14] )  

Quercus suber Betula pendula

References    [7, 8, 12, 51, 60, 61, 68]    [37, 63]  
Aliphatic alcohols  0.4–4.7  – 
Fatty acids  2.5–14.9 7.4–12.3
     C(16:0)  0–0.5   –
     di(OH)-C(16:0)  0–0.9   –
     C(18:1)  0–1.8   –
     9,10-di(OH)-C(18:0)  0–6.6   –
     9,10-epoxi-C(18:0)  0–2.2   –
     C(20:0)  0–0.3   –
     di-OH-C(20:0)  0–10.1   –
     C(22:0)  0–2.5   –
     C(24:0)     –
     C(26:0)  0–2   –

� -Hydroxyfatty acids  36.0–61.7  76.7–79.7 
     C(16:0)  0–1.2   
     9,16-di-OH(C16:0)  0  3.2–3.7 
     C(18:0)  0–0.6   
     C(18:1)  0–18.2  11.1–12.2 
     9,10-epoxy-C(18:0)  0–5.5  37.0–39.2 
     9,10-di(OH)-C(18:0)  0–12.7  8.4–8.6 
     9,10-(OH,OMe)-C(18:0)  0–7.5   
     C(20:0)  0–2.2  2.8 
     C(20:1)  0–1.2   
     C(22:0)  0–28.6  13.6–13.9 
     C(24:0)  0–4.6   
     C(26:0)  0–4.4   

� , � -Dicarboxylic acids 6.1–53.3 10.4–12.9
     C(16:0)  0–3.1   
     C(18:0)  0–0.5  0–0.9 
     C(18:1)  0–9.1  3.4–4.7 
     9,10-epoxy-(C18:0)  0–37.8   
     9,10-di(OH)-C(18:0)  0–7.7   
     9,10-(OH,OMe)-C(18:0)  0–20   
     C(20:0)  0–4.9   
     C(20:1)  0–0.3   
     C(22:0)  0–7.1  6.1–8.2 
     C(24:0)  0–1.1   

Aromatic compounds 0.1–7.9 –
     Ferulic acid  0.1–7.9  – 
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9,10-oxygenated derivatives are signifi cantly less important than in the birch counterpart. The predominance of
9,10-dihydroxy derivative, sometimes together with the mid-chain 9,10-hydroxymethoxy derivative of the epoxide 
form, is certainly due to the degradation of the later under the reaction conditions used for suberin depolymerization. 

� ,� -Dicarboxylic acids are generally the second most abundant group of components, representing between 
6.1–53.3 per cent and 10.4–12.9 per cent of suberin monomers from cork and birch bark, respectively. Once more, 
the C18 and C22 structures are the prevalent components. 

 In the case of birch outer bark suberin, only the C(18:1) and C(22:0) homologues were found in consider-
able amounts, whereas in the case of cork suberin, the 9,10-epoxy and the corresponding 9,10-dihydroxy C18
� , � -dicarboxylic acids are dominant. 
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depolymerization.
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 Alkanoic acids represent a smaller fraction of suberin monomers,  viz.  2.5–14.9 per cent and 7.4–12.3 per cent 
in cork and birch bark suberin, respectively. In cork, this fraction is mainly composed of saturated even-numbered 
homologues, ranging from C16 to C26, with the C18 (including the 9,10-oxygenated derivatives) and C22 as the 
dominant components. 

 Aliphatic alcohols represent less than 5 per cent of cork suberin and were not reported in the birch bark counter-
part. C22 and C24 homologues are the most abundant components of this fraction. 

 Finally, a small fraction of aromatic compounds was also detected in cork suberin, with ferulic acid as the 
dominant component. 

 As a general overview, crucial for tailoring applications of suberin monomers in polymer synthesis, it can be 
concluded that C18, followed by C22 monomers, are the dominant aliphatic compounds and that most of them are 
carboxylic acids, bearing at least one aliphatic-OH functionality. Additionally, the 9,10-epoxide functionality is 
also very common. 

 Another important issue that should be addressed considering future applications of suberin momomers, is their 
absolute abundance in the hydrolysis/methanolysis mixtures. In fact, most studies have only looked at their relative 
abundance, and the total amount of monomers detected, relative to the mass of depolymerized suberin, is seldom 
provided. However, values between 27 and 74 per cent have been reported for  Quercus suber  cork  [7, 8, 51] , clearly
showing that a non-negligible percentage of suberin is frequently  not detected  by GC–MS analysis. The exact 
nature of such an undetected fraction is still unknown, but it should obviously be composed by non-volatile high 
molecular weight components resistant to alkaline hydrolysis/methanolysis  [7, 8] . It might, however, be speculated 
that this fraction could be composed of suberan-type oligomers. Suberan is a non-hydrolyzable highly aliphatic 
macromolecule found in the periderm tissue of some angiosperm species [69] , whose inertness explains its detec-
tion in forest soils and fossilized samples  [70, 71] . 

 To the best of our knowledge, no such approach has been carried out for birch outer bark suberin. 
 In conclusion, well-established methodologies  [72–74]  for the selective isolation/purifi cation of the most abun-

dant suberin components are obviously extremely valuable for the commercial exploitation of suberin as a source 
of new macromolecular materials. 

  14.4     APPLICATIONS OF SUBERIN AND SUBERIN COMPONENTS 

 Although the composition of the aliphatic suberin has been thoroughly studied for many plant species  [14] , the 
physical properties of the ensuing mixtures of monomeric components, as well as their use as raw materials for 
polymer synthesis, are still poorly studied topics. The following sections provide a general overview of the pub-
lished data on the physical properties of depolymerized suberin mixtures and on their applications in the synthesis 
of polymeric materials. 

 The only suberin depolymerization mixtures which were reported to have been used for functional characteriza-
tion and for the synthesis of polymeric materials were obtained from Quercus suber  cork, with the exception of a 
recent study where the reactive monomer was isolated from birch outer bark suberin  [75] . 

  14.4.1     Physical properties of depolymerized suberin 

 The only thorough characterization of mixtures of depolymerized suberin components ( dep-suberin ) was carried 
out by us in a comprehensive investigation of this material. The opaque pasty samples were obtained by the alka-
line methanolysis of Quercus suber  L. cork  [8,76] . Under the conditions used for the depolymerization, most of 
the carboxylic acid functions were therefore converted into the corresponding methyl esters. 

 Given the predominance of long aliphatic chains in most of its components, which indeed impart to cork its 
well-known and largely exploited hydrophobic character, it seemed interesting to assess the surface properties of 
dep-suberin . A detailed study was therefore carried out using various techniques  [76] . The surface energy of the 
solid (pasty) dep-suberin  at 25°C, determined from contact angle measurements with liquids of different polarity, 
applying the Owens–Wendt approach, was 42       mJ       m � 2 , with a polar component of about 4       mJ       m � 2 . Measurements 
of the surface tension of the liquid samples at 50–110°C, gave a linear variation of  �  with temperature, with an 
extrapolated value of 37       mJ       m � 2  at 25°C. This difference was attributed to the microcrystalline character of the 
solid sample (see below), associated with a higher cohesive energy and, hence, a higher surface energy. Since a 
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mixture of alkanes with the same range of chain lengths as the dep-suberin  components would display a surface 
energy close to 28       mJ       m � 2 , it follows that (i) some of the polar groups in those components were present on the 
dep-suberin  surface, as confi rmed by the modest, but non-negligible, polar contribution to the surface energy, and 
(ii) some intermolecular interactions, mostly through hydrogen bonding, induced an increase in cohesive energy, 
compared with the purely dispersive alkane structures, as suggested by the correspondingly higher  �d  values 
obtained by both contact angle and inverse chromatography measurements  [76] . Notwithstanding these fi ne-tuned 
considerations, dep-suberin  must be considered as a rather non-polar material with surface properties resembling 
those of its cork precursor, whose reported values of surface energy range between 30 and 40       mJ       m � 2  [77] . 

 The differential scanning calorimetry (DSC) tracings of  dep-suberin  (see  Fig. 14.5   ) showed that annealing a mol-
ten sample in liquid nitrogen, produced an amorphous material with a glass transition temperature of about � 50°C,
which crystallized when brought to about 30°C [78] . The melting temperature of the microcrystalline phase was 
centred at about 40°C (broad endothermic peak). These observations were confi rmed by optical microscopy 
carried out with reproducible temperature cycles between  � 20°C and 80°C  [79] . A quantitative assessment of the 
birefringence ( Fig. 14.6   ) showed a constant maximum value (heating cycle) up to about 0ºC, followed by a gradual
decrease to zero birefringence at about 50°C. The cooling cycle reproduced the same features in reverse. The 
images captured in this context showed dense microcrystalline domains within an amorphous matrix  [79] . 

 Given the broad temperature range associated with the melting or forming of these crystalline phases, and the 
very small size of the crystals, it seems likely that the  dep-suberin  components more apt to crystallize because 
of their suitable structures, do so on an individual basis at their respective freezing temperature, when the liquid 
mixture is slowly cooled down. The result is therefore a set of microcrystals, each member belonging to a given 
dep-suberin  component. Interestingly, the fact of having a rather complex mixture of compounds does not hinder 
the individual crystallization of some of them, most probably because the major driving force is associated with 
the ease of self-assembly among their long and linear  aliphatic sequences. 

 The characteristic whitish and pasty appearance of these  dep-suberin  samples at room temperature refl ects 
therefore the combination of a viscous liquid containing a substantial proportion of microcrystals. 

 The densities of these  dep-suberin  samples were surprisingly high,  viz. ca.  1.08 at room temperature and above 
unity even up to 55°C  [78] , compared with those of alkanes of similar chain length, which are about 0.8 at room 
temperature. This clearly confi rmed the existence of additional intermolecular interactions through hydrogen 
bonding from the OH groups borne by the different monomeric structures. Indeed, fatty acid esters, as well as fatty 
alcohols and diols, have densities close to those measured for  dep-suberin  in that work  [78] . 

 The thermogravimetry (TGA) of  dep-suberin  in a nitrogen atmosphere  [78]  showed a good thermal stability 
up to about 280°C, followed by a progressive weight loss, reaching a plateau at about 80 per cent volatilization at 
470°C and leaving a carbonaceous residue. 
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 Figure 14.5        DSC thermograms of suberin. A: heating; B: cooling. (Reprinted from Reference [78], with permission 
from Elsevier.)    
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 The rheological properties of  dep-suberin  at room temperature were typical of a plastic response, with an 
important yield-stress value and a thixotropic behaviour, as shown in  Fig. 14.7     [78, 80] . These features are usually 
associated with either intermolecular or interphase shear-induced destructuration (or both), followed by a time-
dependent restructuration at rest. Since dep-suberin  was characterized by both intermolecular association through 
hydrogen bonding and the existence of a liquid/crystal interphase at room temperature, its rheological study was 
extended to higher temperatures. The extent of yield stress decreased drastically as the temperature was raised 
and indeed vanished at about 50°C ( i.e . when all the microcrystals had melted). Moreover, the rheogram at this 
temperature became linear,  viz . liquid  dep-suberin  displayed a Newtonian behaviour. These observations, shown in 
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 Figure 14.7        A Typical rheogram of suberin at 20ºC. A: increasing stress; B: constant stress; C: decreasing stress. 
(Reprinted from Reference [78], with permission from Elsevier.)    
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 Figure 14.6        Melting (x) and recrystallization [ � ] of suberin, as observed by the change in birefringence intensity, as 
a function of temperature (the 100 per cent birefringence refers to the maximum extent  of crystallization and  not  to the 
actual percentage of the crystalline phase). (Reprinted from Reference [79], with permission from Elsevier.)    
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 Fig. 14.8   , revealed that the major cause of its plastic behaviour at room temperature was its heterogeneous nature 
and the consequent strong interfacial interactions between the liquid and the microcrystals  [78] . 

 The actual values of the viscosity varied dramatically with temperature, going from 14       000 to 0.18       Pa       s between 
20°C and 65°C  [80] . The corresponding Eyring plot  [80]  showed three distinct regimes ( Fig. 14.9   ): (i) below 37°C, 
the presence of the microcrystalline phase induced a high value of the fl ow activation energy (E a � 88       kJ       mol � 1 ); 
(ii) above 55°C, where the sample was a homogeneous liquid, Ea  dropped to 34       kJ       mol � 1 ; (iii) a transition zone 
between these two temperatures, refl ected the progressive melting of the microcrystals, which gave rise to a con-
tinuous change in the substrate solid–liquid contents and physical consistency. 

 Tack measurements  [80]  showed that the dynamic resistance of  dep-suberin  to fi lm splitting decreased, as 
expected, with both increasing temperature and increasing shear rate. The temperature effect refl ected mostly the 
melting of the crystalline phase, since the drop in tack was quite drastic between 30°C and 50°C (the melting 
range). The tack value registered in each test was constant with respect to time during up to 20       min.  
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 Figure 14.9        Eyring plot related to the viscous fl ow of suberin. (Reprinted from Reference [80], with permission from 
Elsevier.)    
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  14.4.2     Depolymerized suberin mixtures as a functional additive 

 The microcrystalline character of  dep-suberin  mixtures described above, prompted us to examine the possible role 
of this material as an additive to offset printing inks, in replacement of other waxy materials like polytetrafl uoroeth-
ylene (PTFE) oligomers  [80] . Two reference inks were employed for this study, namely a typical vegetable-oil-based
commercial ink and a  ‘ waterless ’  ink containing petroleum-based diluents, to both of which  dep-suberin  was added 
in proportions of 2 to 10 per cent w/w. The characterization of these formulations included the determination of 
tack and viscosity, as well as printing tests. The presence of  dep-suberin  in the waterless ink only affected its bulk 
properties, by stabilizing the tack value with time and inducing a modest decrease in viscosity (with 10 per cent 
dep-suberin ), without any detectable modifi cation of the surface properties. This suggests that the hydrocarbon 
diluent of that ink acted as a good solvent for the  dep-suberin , which therefore did not migrate to the surface of 
the printed fi lm. With the more conventional vegetable-oil ink,  dep-suberin  induced a signifi cant decrease in tack, 
small changes in viscosity and a two-fold decrease in the gloss of a printed fi lm containing 10 per cent of it. The 
latter result clearly showed that at least part of the crystalline components of  dep-suberin  were not dissolved in the 
ink medium and could therefore migrate to the surface to produce the desired change in its optical properties. 

  14.4.3     Polymers from suberin monomers 

 Little has been published on the use of the suberin depolymerization products as monomers for the synthesis of 
novel macromolecular materials, which has so far concentrated on polyurethanes and polyesters using the mixture 
of aliphatic monomers. 

  14.4.3.1       Synthesis of polyurethanes 

 In a preliminary study also involving model compounds  [81] , the kinetics of urethane formation was followed by 
FTIR spectroscopy using an aliphatic and an aromatic monoisocyanate and their homologous diisocyanates. Both 
the model reactions and the polymer synthesis gave clear cut second-order behaviour, indicating that the hydroxyl 
groups borne by the suberin monomers displayed conventional aliphatic-OH reactivity. 

 The subsequent investigation  [79]  concentrated on the polymerization conditions and the thorough characteriza-
tion of the ensuing polyurethanes, prepared using both aliphatic and aromatic diisocyanates. When the initial [NCO]/
[OH] molar ratio was unity, all the polymers gave about 30 per cent of soluble material, the rest being a crosslinked 
product. This systematic result suggested that, on the one hand, some of the suberin monomers had a functionality 
higher than two, thus promoting a non-linear polycondensation leading to about 70 per cent of gel, and, on the other 
hand, monofunctional components must have been present in the monomer mixture, which played the role of chain-
growth terminators, giving rise to the sol fraction. This conclusion was corroborated by the fact that the FTIR spectra 
of both fractions were practically identical, as shown in  Fig. 14.10   , suggesting that the solubility/insolubility factor 
was not based on differences in the polymer chemical structure, but instead on its macromolecular architecture. 

 The T g  of these polyurethanes  [81]  followed classical trends in that, for the networks, the use of aromatic diisocy-
anates resulted in high values (about 100ºC) associated with the stiffness of their moieties, whereas with the aliphatic 
counterparts, values around room temperature indicated much higher chain fl exibility. The T g s of the soluble fractions 
were much lower than those of their corresponding crosslinked materials, which is in tune with the presence of very 
mobile open-ended branches, generated by the insertion of monofunctional monomers into the polymer structure. 

  14.4.3.2       Synthesis of polyesters 

 Benitez  et al .  [82] , recently reported the synthesis of a polyester resembling cutin, a natural polymer whose struc-
ture is close to that of aliphatic suberin [83] , by a circular approach, which consisted in depolymerizing cutin 
through ester cleavage and then submitting the ensuing monomer mixture to a chemical polyesterifi cation process. 

 The crosslinked material they obtained displayed, as one would indeed expect, very similar spectroscopic fea-
tures compared with those of the starting cutin. In a subsequent study in the same vein  [84] , glycerol derivatives 
of mono- and dicarboxylic acids, whose structure simulated those present in both suberin and cutin, were prepared 
and characterized in an effort to simulate the biological synthesis of those natural polymers and exploit their pecu-
liar properties, particularly their tendency to form supramolecular assemblies. 

 In another recent study  [75] , 9,10-epoxy-18-hydroxyoctadecanoic acid, isolated from birch outer bark suberin 
was used as starting material for the lipase-catalyzed synthesis of an epoxy-functionalized polyester. Immobilized 
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Candida antarctica  lipase B was shown to catalyse effi ciently the polycondensation of  cis -9,10-epoxy-18-hydrox-
yoctadecanoic acid, yielding epoxy-functionalized polyesters with Mw values ranging from 15       000 to 20       000. 

 Another promising approach, in the sense that it avoids expensive fractionation procedures, is to promote the 
direct polymerization of dep-suberin  mixtures under polycondensation or polytransesterifi cation conditions, using 
dep-suberin  mixtures issued from alkaline hydrolysis or methanolysis, respectively. Ongoing experiments prove 
that both types of systems are viable  [85, 86] , as shown by the FTIR spectrum of the product obtained from a 
polycondensation of a dep-suberin  ( Fig. 14.11   ), which clearly shows the feature of a polyester. This evidence was 
further corroborated by NMR spectroscopy and molecular weight measurements  [85] .
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 Figure 14.11        FTIR spectra of A:  dep-suberin  and B: the polyester formed by its polycondensation.    
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  14.5     CONCLUDING REMARKS 

 The main purpose of this chapter was to emphasize the interest in considering cork and suberin, both cheap renew-
able resources, potentially available in very large amounts, as valuable precursors to novel macromolecular mater-
ials, particularly when exploited as by-products. Undoubtedly, the predominance of long aliphatic moieties in both 
these precursors, points to applications of the corresponding polymers associated with a relative softness and a 
highly hydrophobic character, but these obvious features should not be considered as exclusive since much more 
needs to be explored in this still young domain.  
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Thermoplastic Materials 
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ABSTRACT 

 This chapter reviews the general context of starch as a material. After a survey of the major sources of 
starch and their characteristic compositions in terms of amylase and amylopectin, the morphology of 
the granules and the techniques applied to disrupt them are critically examined. The use of starch for the 
production of polymeric materials covers the bulk of the chapter, including the major aspect of starch 
plasticization, the preparation and assessment of blends, the processing of thermoplastic starch (TPS), 
the problems associated with its degradation and the preparation of TPS composites and nanocompos-
ites. The present and perspective applications of these biodegradable materials and the problems associ-
ated with their moisture sensitivity conclude this manuscript. 

 Keywords 

 Starch, Main sources, Macromolecular composition, Polymer structure and crystallinity, Granule disrup-
tion, Thermoplastic starch, Plasticization, Moisture uptake, Degradation, Blends, Composites 

  15.1     INTRODUCTION 

 Starch is the major carbohydrate reserve in higher plants. In contrast with cellulose that is present in dietary fi bres, 
starch is digested by humans and represents one of the main sources of energy to sustain life. Bread, potato, rice 
and pasta are examples of the importance of starch in our society. Starch has also been extremely important for 
centuries in numerous non-food applications, for example, as glue for paper and wood  [1]  and as gum for the 
textile industry  [2, 3] . Together with wood, natural fi bres and leather, starch has been one of the choice materials 
since the inception of human technology. 

 Polysaccharides represent by far the most abundant biopolymers on earth, with cellulose, chitin and starch dom-
inating. The fi rst two are reviewed as sources of novel materials in Chapters 16–19 and 25, respectively, of this 
book. Starch is certainly one of the most versatile materials for potential use in polymer technology. It can be con-
verted, on the one hand, into chemicals like ethanol, acetone and organic acids, used in the production of synthetic 
polymers and, on the other hand, it can produce biopolymer through fermentative processes or be hydrolyzed and 
employed as a monomer or oligomer. Finally, it can be grafted with a variety of reagents to produce new poly-
meric materials, used as such or as fi llers for other polymers. 

 The conversion into small molecules is chemically easier for starch than for cellulose, making it an economic 
option to produce hydroxyl-containing compounds which can be exploited as monomers or as raw material in the 
production of other biopolymers like polylactic acid (PLA). This approach is in competition with other renew-
able resources viz . saccharose from sugar cane, used for the production of ethanol and biopolymers such as 
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poly-� -hydroxybutyrate (PHB)  [4, 5] , and lactic acid  [6]  as a source of its polymer  [7] . These two polymers are 
reviewed herein in Chapters 21 and 22, respectively. Despite the importance of starch as a raw material for the 
production of chemicals and other polymers, its direct use as a renewable resource commodity is undoubtedly 
more economical and has been a major area of research in material science over the last few decades. 

 The chemical modifi cation of starch can provide tailor-made materials and has been reviewed recently  [8] . 
 The literature concerning starch is extremely vast and its chemistry and technology have been comprehensively 

reviewed recently  [2, 3, 8, 9] . More specifi cally, a renewed interest has arisen in the last decade, to convert starch 
into a plastic material capable of replacing petroleum-based counterparts. The main aim of this chapter is to review 
the applications of starch in the development of new polymeric materials in which its main macromolecular struc-
ture is preserved. The preparation of monomers and oligomers will also be briefl y discussed.  

  15.2     MAIN SOURCES OF STARCH 

 Several plants are commercially used for the production of starch. The choice plant depends mainly on geographic 
and climatic factors and on the desired functional properties of the corresponding starch  [10] . It is always possible 
to fi nd a highly productive plant to produce starch whatever the climate and agricultural conditions: maize in tem-
pered and subtropical zones, cassava (manioc or tapioca) and banana in tropical environments, rice in inundated 
areas and potatoes in cold climates. The main plant sources are listed in  Table 15.1   , together with their production 
for 2005 [11] . 

 Apart from the traditional crops, cassava shows a great potential because it adapts to tropical zones and consti-
tutes therefore an important crop in developing areas of the world. New sources of starch are also arising, such as 
banana  [12] , which yields a starch of excellent quality. 

 The development of new uses for starch, and for materials based on starch, within the broader context of the 
increasing demand for materials based on renewable resources, will certainly increase the demand for starch pro-
duction and hence the development of new commercial sources of starch.  

  15.3     STRUCTURE OF STARCH GRANULES 

 Starch can be found in various parts of a plant, such as the endosperm, the root, the leaf and the fruit pulp. It 
is deposited in the form of semi-crystalline granules which are insoluble in cold water and resemble spherulites 
 [13]  alternating amorphous and crystalline (or semi-crystalline) lamellae. Native starch is composed of two main 
 macromolecular components, namely amylose and amylopectin  [14–21] . The monomer units of these natural 
 polymers are  � - d -glucopyranosyl moieties linked by (1  →  4) and (1  →  6) bonds  [22] . Amylose is a predominantly 
� -(1  →  4)- d -glucopyranosyl linear macromolecule. Amylopectin is a highly branched and high molecular weight 
macromolecule composed mostly of � -(1  →  4)- d -glucopyranose units, with  � -(1  →  6)-linkages at intervals of 
approximately 20 units ( Fig. 15.1   )  [15, 23] .

 Table 15.1 

   World production of the main starch crops in 2005
(1 �  1       000 metric tons), (Source FAO, 2005 [11])  

 Crops  World production in 2005
(1 �  1       000 metric tons) 

 Maize  711       762.87 
 Rice (Paddy)  621       588.53 
 Wheat  630       556.61 
 Potatoes  324       491.14 
 Cassava  213       024.81 
 Bananas  74       236.88 
 Yams  48       891.21 
 Sorghum  59       722.09 
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  15.3.1     Granule structure 

 The starch granule morphology, as well as the structure of its main macromolecular constituents, have been the 
focus of intense research which is still ongoing because of the complexity of the problems involved. The granules 
have been examined using several techniques, like light and electron microscopy, X-ray and neutron scattering and 
more recently, atomic force microscopy  [24–28] . Starch granules from different plant species are signifi cantly dif-
ferent and can be, in the majority of cases, identifi ed by light microscopy inspection. The most obvious differences 
in starch granules are in their shape and size which can vary considerably  [1, 29, 30] , as reported in  Table 15.2    for 
some common granules. 

 The morphology of the starch granule varies not only according to the source plant, but also to the different 
parts of the same plant [16] . Other important factors infl uencing these aspects are the degree of polymerization 
(DP) of amylose and amylopectin and the possible presence of other components in the granule such as lipids, 
proteins and inorganic compounds  [18] . 

 The semi-crystalline nature of starch is well known and its most important feature is the alternation of long-
range molecular order and amorphous regions, defi ning the corresponding alternation of crystalline and amor-
phous lamellae  [14, 16, 20, 31] . 

 An idealized structure for the starch granule was proposed recently by Gallant  et al.   [21] . This model describes 
the crystalline and amorphous amylopectin lamellae into effectively spherical blocklets whose diameter ranges from 
20 to 500       nm. These authors also propose the existence of short radial channels of amorphous material. The granule 
grows alternating radial amorphous and semi-crystalline rings from the  hilum , forming a lamellar structure. The 
amylopectin, which comprises around 75 per cent of the granule, is mainly responsible for the granule crystallinity. 
The crystalline and semi-crystalline lamellae are composed of amylopectin blocklets, forming a crystalline hard shell 
composed of large blocklets and a semi-crystalline soft shell composed of small blocklets. The crystalline lamellae
are around 9–10       nm thick on an average and consist of ordered double-helical amylopectin side chain clusters, 
interfacing with the more amorphous lamellae of amylopectin branching regions. The size of the semi-crystalline
soft-shell blocklets ranges from 20 to 50       nm.  Figure 15.2    depicts this structure as proposed by Gallant  et al . 
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 Figure 15.1        Amylose (a) and amylopectin (b) structures.    

 Table 15.2 

   Size, shape and amylose content of some starch granules [2, 12, 17, 29, 30]  

 Source  Diameter ( � m)  Amylose content (wt%)  Shape 

 Maize  5–25  28  Polyhedric 
 Waxy maize  5–25 � 0  Polyhedric 
 High-amylose  5–35  55–85  Varied smooth spherical to elongated 
 Cassava  5–35  16  Semi-spherical 
 Potato  15–100  20  Ellipsoidal 
 Wheat  20–22  30  Lenticular, polyhedric 
 Rice normal  5/3–8  20–30  Polyhedric 
 Banana  26–35  9–13  Elongated oval with ridges 
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  15.3.2     Molecular structure and crystallinity 

 The main technique used to study starch crystallinity is X-ray diffraction, from which starch can be classifi ed to 
A, B and C crystallites or polymorph forms [17, 32–34] . Starches with these polymorphisms are called A-, B- and 
C-type, each type presenting its characteristic diffraction patterns. The most commonly observed structures in native 
starch are A and B, the former being associated mainly with cereal starches, while the latter dominates generally
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 Figure 15.2        Starch granule structure. Reproduced with permission from Reference [21].    
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in tuber starches but also occurs in maize starches with more than 30–40 per cent amylase  [17] . The C pattern 
is a form intermediate between A and B and is usually associated with pea and various bean starches together 
with other root starches  [34, 35] . A-type crystallites are denser and less hydrated  [33]  than B 32 -type counterparts, 
whereas the C-types arise from the joint presence of the other two homologues  [17, 19, 34–40] .  Figure 15.3    shows 
the X-ray diffraction patterns of maize (A-type), potato (B-type) and cassava (C-type) starches. 

 Although amylose is predominantly made up of linear macromolecules, it has been suggested that amyloses 
from some starch varieties may contain very long branches  [15] . Amylose molecular weights  [41]  range from 
1.5 �  10 5  to 2.6  �  10 6 , with some variability as a function of the plant variety in the case of cassava  [42] . Linear 
amylose molecules form double helices and can crystallize in a similar way as in starch granule, rendering the A 
and B structures [15] . Single crystals of low DP amylose in the polymorphisms A and B were also prepared and 
characterized [43] . 

 Amylose also form complexes with other materials called V-structures (Verkleisterung)  [2]  which can be isol-
ated in single crystals  [43] . The amylose V-complexes are commonly formed by a left-handed amylose helix with 
six residues per turn enclosing the aliphatic tail of a lipid in its centre  [18, 44, 45] , each revolution around the lipid 
taking 8       Å  [46, 47] . Depending on the condition of the V-complex formation, they can be crystalline or amorphous 
 [48] . V-complexes are insoluble in water, even in drastic pressure and temperature conditions, a fact that makes 
them very important in polymer blending when water resistance is a desired property  [49, 50] . 

 Amylopectin is a highly branched molecule which is responsible for the main crystalline character of the starch 
granule. Its structure was modelled as a hyperbranched molecule  [17, 51, 52] , as proposed initially by Nikuni  [53]
and French  [16]  and later improved by Robin  [37]  ( Fig. 15.4   ). In this model, short chains with 15  d -glucopyranosyl
units branch out at almost regular intervals of 25 units to form either external A-chains or internal chains of 
amylopectin [37] . Starch crystallites are thus formed in compact areas made up of A-chains with DP 15. Less 
compact areas mainly occupied by B-chains, where the (1,6)- � - d -branching points are located, are placed between 
these compact areas. 

 A parallel with synthetic polymers can be made in which amylopectin is a clear cut example of a natural den-
drimer  [51]  with a high degree of branching and a spherical shape, each generation being fully generated from 
branching sites with a minimum functionality of three. 

  15.4     DISRUPTION OF STARCH GRANULES 

 When starch granules are heated in an excess of water ( � 90 per cent w/w) or of another solvent able to form 
hydrogen bonding ( e.g . liquid ammonia, formamide, formic acid, chloroacetic acids and dimethyl sulphox-
ide) starch undergoes an irreversible order–disorder transition known as gelatinization or destructuration. This 
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 Figure 15.3        X-ray diffraction patterns of maize (A-type), potato (B-type) and cassava (C-type) starches.    
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 phenomenon occurs above a characteristic temperature known as the gelatinization temperature. During gelatini-
zation, the amylose is dissolved and progressively leached from the granules. The process can be decomposed into 
two steps: hydration or diffusion of the solvent through the granule takes place during the fi rst, followed by the 
melting of the starch crystallites in the second. This process can be studied by a calorimetric technique such as dif-
ferential scanning calorimetry (DSC) or differential thermal analysis (DTA)  [13, 54, 55] . The melting temperature 
depends on the starch/water ratio. According to Donovan  [13] , with a large excess of water, only one endotherm 
appears in the DSC curve, corresponding to the gelatinization temperature, whereas with a modest water content, 
only one endotherm again appears but at a higher temperature. With intermediate water concentration, two endo-
thermic transitions are observed. This complex behaviour has been treated quantitatively using Flory ’ s relationship 
between the melting point of the crystalline phases and the quantity of added water  [13, 56, 57] . 

 There are several explanations for the multiple peaks in the DSC or DTA curves. One of them is that water is 
not homogenously distributed in the granule and diffusion can play an important role in that process  [13] . This 
lack of homogeneity leads to partial melting, followed by recrystallization and re-melting, implying that this is 
a non-reversible process  [56]  and that the Flory-Huggins theory is not fully applicable to starch gelatinization 
 [13, 56] .

 Besides DSC and DTA, many other techniques can also be employed to study the order–disorder transition 
occurring during gelatinization, including X-ray scattering, light scattering, optical microscopy (birefringence 
using crossed polarizers), thermomechanical analysis and NMR spectroscopy and, more recently, small-angle
X-ray scattering (SAXS), wide-angle X-ray scattering (WAXS) and small-angle neutron scattering (SANS)  [55] . 
On the bases of evidence gathered using the latter techniques, Jenkins and Donald  [55]  concluded that the fi nal 
loss of crystallinity only occurred when the gelatinization was almost complete. 
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 In an extrusion process, where shear forces and high pressures are applied, the entire process is obviously much 
more complicated. However, both with limited amounts and excess quantities of water, the main step, associated 
with the melting of crystallites, is the same and the fi nal mass is an amorphous entanglement of amylose and amy-
lopectin macromolecules.  

  15.5     APPLICATIONS OF STARCH AS A RAW MATERIAL FOR PLASTIC PRODUCTION 

  15.5.1     Strategies for the use of starch as a source of polymers 

 The exploitation of starch as a precursor to macromolecular materials can follow two strategies,  viz . as a raw mater-
ial for the production of chemicals used in the synthesis of other polymers or used directly as a high molecular 
weight polymer by keeping its molecular structure as unchanged as possible. 

 The fi rst strategy, based on the use of starch for the production of other chemicals was recently reviewed 
by Robertson et al.   [58] , Koutinas  et al.   [59] , Kennedy  et al.   [60]  and Otey and Doane  [61] . Three different 
approaches are applied in this context: (i) starch as a raw material for the production of monomers used in the 
synthesis of polymers which can be non-biodegradable, such as polyethylene, or biodegradable, such as PLA (the 
main biodegradable commercial polymer whose monomer, lactic acid, can be obtained from the fermentation of 
starch [62] ); (ii) as a raw material for the production of biopolymers like polyhydroxyalkanoates (of which PHB 
is the main member); (iii) as a raw material for the production of glucose, dextrin and other hydroxyl-containing 
monomers used in the production of mixed compositions based on starch and other monomers. 

 In all the above processes, the macromolecular structure of starch is destroyed and the polymers derived from 
the ensuing monomers are totally different from it. It is important to emphasize that the same monomers ( e.g . 
ethylene, sugars and dextrin) can be produced from other sources, both renewable, such as cellulose and sugar 
cane, and non-renewable such as oil. 

 The second strategy calls upon the use of starch as such or in combination with other materials and is therefore 
more interesting than the fi rst one, if anything, in terms of cost and yield. Considering, for example, the conversion 
of starch into polyethylene through its fermentation to ethyl alcohol and dehydration of the latter, the maximum 
yield of ethylene produced from starch is close to 35 per cent [61] . 

 In order to adjust the properties of these starch-based materials to the desired application, it is necessary to com-
bine starch with other polymers, as frequently done in the plastic industry. The need for tuneable properties may 
also require starch modifi cations, such as esterifi cation or etherifi cation, grafting and reactive or melting extrusion 
of thermoplastic starch (TPS). The main forms of starch utilization as a polymer are (i) starch grafted with vinyl 
monomers, (ii) starch as a fi ller of other polymers and (iii) plasticized starch (PLS), commonly known as TPS. 

 Of the two major strategies outlined above, the second constitutes the main subject of this chapter.  

  15.5.2     Use of starch in plastic production 

 In the 1960s and 1970s, oxidized starch was used successfully in rubber and other polymer formulations  [63, 64]  and 
several technologies were developed to optimize its combination with plasticized polyvinyl chloride (PVC)  [61, 65, 66] .

 In 1972, Griffi n  [66]  described the use of starch as particulate fi ller for low density polyethylene (LDPE) with 
the aim of giving a paper-like texture and appearance to extrusion-blown LDPE fi lms. The necessity for highly 
dried starch to avoid defects caused by water volatilization was a fi nancial limitation to the process since it 
required appropriate storage of the dried starch prior to its use. Another problem was the poor adhesion of the 
hydrophilic starch granules to the highly hydrophobic polyethylene, which was improved by treating starch with 
reactive silanes, but this added an extra cost to the process. 

 In the 1970s and 1980s, the pollution caused by plastic packages considered  ‘ indestructible ’  become a serious 
issue and discussions about possible solutions started based on the search for materials which can degrade in land-
fi lls, hence research on biodegradable polymers became an important topic. 

 LDPE–starch blends seemed an interesting approach, but starch granules were encapsulated into the LDPE 
matrix and thus became, in principle, inaccessible to biodegradation. Later studies carried out by Griffi n demon-
strated that even when encapsulated, starch could be degraded in an appropriate environment  [66] . A further devel-
opment called upon the use of a pro-oxidant (Fe3 + , Mn3 + ) in the LDPE matrix  [67] . 
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 Otey  et al .  [61, 68–71]  also described blends of starch with synthetic polymers, in which gelatinized starch was 
used instead of starch granules. The initial fi lms, composed of 90 per cent of starch blended with poly(ethylene-
co -acrylic acid) (EAA), were obtained by casting from aqueous dispersions or by dry milling in a rubber mill, fol-
lowed by a hot roll treatment, but only the cast fi lms attained acceptable characteristics  [71] . These materials were 
intended for application as mulch fi lms for agriculture. 

 The next generation consisted in compositions of starch and poly(EAA) fi lms, produced by extrusion-blowing 
 [70] . The starch concentration varied between 10 and 40 per cent, that of EAA between 10 and 90 per cent, with 
some composition also containing between 0 and 50 per cent of PE. Sorbitol and glycerol were also added as plas-
ticizers to some of these mixtures. In a further investigation, Otey  et al . described a similar composition to which 
urea, starch-based polyols or glycerol, or mixtures of these materials, were added  [72] . Urea was used to improve 
the gelatinization of starch at lower levels of moisture and the polyols were added to increase the levels of bio-
degradable materials in the fi nal mixture. A typical composition comprised 40 per cent of starch, 20 per cent of 
EAA, 15 per cent of urea and 25 per cent of LDPE. These materials were extrusion-blown into fi lms for mulch 
applications. The critical point for this application is the balance between biodegradability and resistance to it, since 
the fi lm can neither disintegrate before its estimated lifetime, nor can it offer excessive resistance to biodegradation. 

 In the 1990s, compositions of starch processed directly in melting equipment such as extruders, were 
described as a new material named destructurized starch or TPS  [57, 73–75] . This material was patented by the 
Warner-Lambert Company  [76]  and was described as being prepared with starch that had been heated to a high 
enough temperature and for enough time for the melting to occur prior to starch degradation. In this process, the 
starch processed in extruders contained between 5 and 40 per cent of water. It was also claimed that when starch 
was heated in a closed volume in appropriate moisture and temperature conditions, it became substantially com-
patible with hydrophobic thermoplastic synthetic polymers. 

 Lay  et al.   [76]  also described destructurized starch compositions with one or two other polymers which included 
a whole variety of both natural and synthetic macromolecules. 

 In another patented process, starch was destructurized in the presence of low molecular weight polymers such as 
polyethylene–vinyl alcohol (EVOH), EAA, poly- ε -caprolactone and small amounts of moisture and of a high boil-
ing point plasticizer, using a high shear equipment like a twin-screw extruder  [77] . From these materials emerged 
one of the most successful commercial thermoplastic materials based on starch, which took the name of Mater-Bi ® . 

 It is also important to mention materials with high starch content, or based exclusively on starch. The main exam-
ples of this family of products are expanded TPS compositions such as those patented by the National Starch  &
Chemical Investment Corp  [78]  used in replacement of expanded polystyrene. This was one of the fi rst commer-
cial TPSs placed on the market and is still sold today in growing quantities. Its success is due, not only to the 
replacement of a synthetic polymer by a biodegradable one, but also to its good performance and because its pro-
duction cost is lower than that of expanded polystyrene. 

 The grafting of starch with more than 60 per cent of vinyl or acrylic monomers gave materials which showed 
excellent mechanical and processing properties, being virtually insoluble in water  [61] . However, this process was 
deemed too expensive and thus limited the use of the ensuing grafted starch. 

  15.6     THERMOPLASTIC STARCH 

  15.6.1     Defi nition and properties 

 The term TPS describes an amorphous or semi-crystalline material composed of gelatinized or destructurized 
starch containing one or a mixture of plasticizers. TPS can be repeatedly softened and hardened so that it can be 
moulded/shaped by the action of heat and shear forces, allowing its processing to be conducted with the tech-
niques commonly used in the plastic industry. The following sections are devoted to a brief description of the 
basics of starch extrusion and processing and to the more relevant applications of TPS  [50, 57, 73–75, 79–81] .
TPS or destructurized starch are also known as PLS  [82] , because of the inevitable presence of non-volatile plasti-
cizers in their composition. TPS is however the predominant term used for these materials. 

 TPS is generally produced by processing a starch/ plasticizer(s) mixture in an extruder at temperatures between 
140°C and 160°C at high pressure and high shear. Batch mixers operating in conditions similar to those of extru-
sion can also be used. 
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 If the fi nal composition contains only water as the plasticizer, in levels greater than 15–20 per cent, it keeps 
its thermoplastic properties. However if the processing temperature is higher than 100°C, water volatilizes and 
the melted material expands. If controlled, this is a desired effect, exploited in the production of expanded starch 
used in packaging as a shock absorber. A common feature of these processing techniques is the limited amount of 
plasticizer and the consequent high viscosity of the melt, but TPS can also be processed in the presence of large 
amounts of water, as in the technology developed by Otey  et al.   [71, 72] .

 The destructuration temperature profi le as demonstrated by Donovan  [13]  in his classical paper depends on the 
water content of the sample. Hence, the process in the presence of limited amounts of plasticizer appears to be dif-
ferent from that associated with an excess of it. In general, TPS is produced in the former conditions and the shear 
forces play a fundamental role in its processing [57] .

  15.6.2     Plasticizers for TPS 

 The type and quantity of plasticizer employed determine the preparation/processing conditions and the mechanical 
and thermal properties of the fi nal material, as discussed in several studies  [83–93] . Various authors  [83–85]  extended 
existing theories related to the glass transition and the effect of plasticizers on it to the glass transition temperature of 
TPSs. Thus, Kalichevsy and Blanshard  [85]  applied Couchman and Karasz ’ s approach despite the diffi culties associ-
ated with a reliable determination of the glass transition temperature of TPSs. Orford et al.   [83] , on the other hand, 
estimated the T g  of pure amylose and amylopectin at 500  �  10       K, by measuring the T g  of a series of monodisperse 
oligomers of increasing DP. This value is above the thermal degradation temperature of these polymers. 

 Numerous laboratories have tackled the effect of a series of non-volatile plasticizers, such as glycerol  [84, 87, 
88, 89, 90, 93, 94] , urea  [84, 87] , fructose  [85] , xylitol, sorbitol, maltitol  [87, 90, 94] , glycols (EG, TEG, PG, 
PEG)  [84, 87, 89, 94] , ethanolamine  [92]  and formamide  [91] . Several criteria concerning the most appropriate 
structures for this key role have been put forward  [94] , although a rough fi rst principle simply predicts that any 
substance capable of forming hydrogen bonds would be able to plasticize starch  [95] . 

 The partial or total replacement of water by non-volatile organic solvents (plasticizer) such as glycerol and 
sugars leads to an increase in the gelatinization temperature, as showed by Perry and Donald  [96]  a feature which 
needs to be considered when processing TPS. The reason for this effect is not completely understood, but Perry and 
Donald attributed it to two main causes, namely, the higher molecular weight plasticizers are less able to penetrate
the starch granule and less able to increase the free volume of the amorphous regions, thus being less effective 
than water as plasticizers. This effect has alternatively been attributed to a reduction in the activity and the volume 
fraction of water  [97] . However, Perry and Donald  [96]  showed that even glycerol alone can completely gelatinize 
starch and induce an increase in the gelatinization temperature of approximately 60°C, compared with the water 
plasticized counterpart. Tan  et al.   [95]  recently studied this effect and concluded that the parameters determining 
solvent transport through the granule, such as viscosity, diffusion and ingress rate, play an important role in deter-
mining the gelatinization temperature. Other solvent properties were also considered relevant, such as molecular 
size and number of possible hydrogen bonds. 

  15.6.3     Crystallinity in TPS 

 The crystalline order observed in the native starch granules is completely destroyed in TPS but, because of the 
mobility of the starch chains, recrystallization occurs, leading generally to the formation of B-, V- and E-type 
crystalline structures. B-type crystallinity appears after TPS is stored above its glass transition temperature or at 
high plasticizer contents [81] . V- and E-types are observed just after extrusion and are generated during processing 
 [34, 98, 99] . V-type structures can be observed in two forms,  viz . V a -type (anhydrous) for materials containing low 
moisture contents and V h -type (hydrated) for materials containing higher moisture contents. E-type occurs only in 
low moisture compositions, is unstable and rearranges to V-type when the sample is conditioned at ambient tem-
perature with more than 30 per cent relative humidity  [34] . 

 As a consequence of their semi-crystalline character, the mechanical properties of TPSs are characteristic of 
partially crystalline polymers [81]  with B-type crystallinity being the major factor infl uencing the mechanical 
behaviour of glycerol-PLS  [100] . This recrystallization can also be a problem because after long-term storage 
TPSs can become rigid and brittle. 
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 Despite the fact that TPS is considered a new material in technological terms, its basic features and  processes
are in fact the same as those relative to extrusion-cooking starch used in the food industry since the 1960s.
This kind of processing is therefore briefl y described briefl y in the heading, given its importance in the 
 development of TPS.  

  15.6.4     Extrusion-cooking as the basis for  TPS 

 Extrusion has been applied to pasta processing in the food industry since the mid-1930s, but the low temperatures 
used ( � 40°C) were insuffi cient to cook the extruded material. In the 1960s, extrusions at higher temperatures, 
suffi cient to cook the materials, started, and extrusion-cooking became a process of great importance  [34] . This 
process is conducted in the presence of a limited quantity of water (10–25 per cent) at temperatures that can reach 
200°C but with very short residence times, so that starch decomposition is minimized. This treatment is known 
as high temperature short-time (HTST)  [34, 101, 102] . The molten starch shows higher viscosities than common 
plastics during extrusion, and under isothermal conditions it can be described as a pseudoplastic material  [34] . 
The main structural modifi cation associated with extrusion-cooking is the destruction of the starch granule morph-
ology (destructurized starch). However, the process is much more complex and chemical reactions that lead to 
depolymerization and/or other degradation also take place. The expansion of the melted starch occurs at the extru-
sion head because of the fast evaporation of the moisture present in the melted starch. This expansion is also an 
important factor in determining the properties of the extruded material. The overall process was extensively stud-
ied by Mercier and Feillet [101]  who investigated such variables as the temperature of extrusion (170–200°C), the 
moisture content of the product before extrusion, and its amylose content. 

 Extrusion-cooking can be considered the precursor of the modern technology of TPS, the main principles and 
the changes occurring in starch being the same  [63, 75] . Wiedmann and Strobel  [80]  proposed that the compound-
ing of TPS is a combination of extrusion-cooking and plastic compounding.  

  15.6.5     Macromolecular scission and starch degradation during destructuring/plasticization 

 The changes in molecular weight and its distribution play an important role on the rheological and mechanical 
properties of starch and have therefore received considerable attention  [103–106] . The main factors affecting the 
molecular weight degradation during TPS preparation and processing are the specifi c mechanical energy applied 
 [103] , the temperature and plasticizer content  [101, 104] . 

 Gomez and Aguilera  [73]  studied the effects of water concentration during the extrusion of maize starch on the 
properties of the ensuing materials and proposed a model for starch degradation during extrusion. In this model, 
starch granules are converted into gelatinized starch, then into free polymer chains that, depending on the extru-
sion conditions, can degrade into dextrinized starch and/or oligosaccharides and sugars. One important conclusion 
of this work was that, when extruding starch with a moisture level below 20 per cent, a product distinct from gelat-
inized starch is obtained, since it has been partially dextrinized. Dextrins are dextrorotatory products of partially 
hydrolyzed starch that can be precipitated with alcohol from their aqueous solution [15] . 

 Willett  et al.   [103]  studied the melt rheology and molecular weight degradation of waxy maize (amylopectin) 
in a co-rotating twin-screw extruder by processing the native starch and re-extruding the destructurized material. 
The moisture content of the fi rst extrusion was 35 per cent and the product was re-extruded with 18 or 23 per cent 
of moisture. Starch degradation was evaluated by multi-angle light scattering in dimethyl sulphoxide/water. The 
weight-average molecular weight decreased moderately with increasing specifi c mechanical energy, which was 
considered an important parameter for the prediction of the molecular weight degradation during extrusion. 

 Myllymäki  et al.  studied the depolymerization of barley starch during its extrusion in the presence of a mixture 
of water and glycerol  [107] . They observed a correlation between the depolymerization of the starch chains and 
both the water/glycerol concentration and, to a minor extent, the screw speed. 

 Carvalho  et al.   [108]  studied chain degradation in TPS composites of maize starch plasticized with glycerol 
and reinforced with wood pulp. The product was characterized by high performance size-exclusion chromatog-
raphy (HPSEC). The matrix (starch/glycerol) and the composites were prepared in an intensive batch mixer at 
150–160°C, with glycerol and fi bre contents in the range of 30–50 per cent and 5–15 per cent, respectively. The 
HPSEC curves obtained for different levels of plasticization without fi bre are shown in  Fig. 15.5   . 
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 The results showed that an increase in the glycerol content reduced the starch degradation, whereas an increase 
in fi bre content lead to its increase. The changes in the chromatographic profi les were more pronounced in the 
high molecular weight fraction, corresponding to amylopectin. The polydispersity index of the matrix was lower 
than that of native starch due to the selective breakage by shear-induced fragmentation of large amylopectin mol-
ecules. The effects of both glycerol and fi bres on the molecular weight was of a similar magnitude, in the stud-
ied range, for both weight-average molecular weight, M w , and  z -weight-average molecular weight, M z , and these 
results were expressed in terms of two equations: 

M G FW � � �222 833 13 500 13 000 (15.1)

M G FZ � � �267 500 19 250 16 250 (15.2)

 where G and F are normalized glycerol and fi bre contents, respectively (30 per cent of glycerol is equal to  � 1 and 
50 per cent of glycerol is equal to �1 and likewise for fi bres). Glycerol and fi bres showed opposite effects, as can 
be observed in Eq. ( 15.1 and 15.2 ). This behaviour is related to the shear-induced fragmentation,  viz . a process in 
which the largest molecules are the most susceptible. As this process is highly dependent on the melt viscosity, 
higher viscosities induce correspondingly higher extents of degradation. 

 Carvalho  et al.   [109]  used ascorbic and citric acid as catalysts for the controlled hydrolytic cleavage of starch 
macro molecules carried out by melt processing in the presence of glycerol and residual moisture. The process proved 
effective in providing a means for the controlled tuning of the molecular weight of starch in TPS compositions. 

  15.6.6     TPS blends 

 Blending is an important operation for the modifi cation of polymer properties at low cost and without the need of 
special equipment and techniques. The possibility of blending different polymers increases considerably their range 
of applications and can also be used to decrease their costs. From a technological point of view, a compatible blend is 
achieved when the desired properties are improved as a consequence of mixing two or more polymers. In the majority 
of cases, this mixture is not thermodynamically compatible and constitutes hence a multiphase system  [82, 110, 111] .

 TPS is blended mainly for two purposes. The fi rst, and probably the most important, is to improve such proper-
ties as its water resistance and mechanical performances, whereas the second is to use it as a modifi er for other 
polymers with the purpose of increasing the biodegradability and/or decreasing the cost of the ensuing blends. 
In fact, starch is cheaper than any other polymer, is readily available and renewable, so that major efforts are 
employed to maximize the starch content in a blend. 
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 Figure 15.5        High performance size-exclusion chromatography (HPSEC) of native corn starch, and TPS with 20 per 
cent (Gli-20), 30 per cent (Gli-30) and 40 per cent glycerol (Gli-40). Reproduced with permission from Reference [108].    
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 Blends of starch with polar polymers containing hydroxyl groups, such as poly(vinyl alcohol), copolymers of 
ethylene and partially hydrolyzed vinyl acetate have been prepared since the 1970s, as described by Otey  et al.
[61, 68–72] . Since starch and other natural polymers are hydrophilic, water has been commonly used as a plasticizer 
for these materials. The possibility of using water as plasticizer makes it possible to add the polymer to be blended 
as an aqueous emulsion, as for example, in the case of natural rubber latex  [112] , poly(vinyl acetate) and other 
synthetic polymer lateces  [71, 113, 114] . Blends of starch and biodegradable polymers and polymers from renewable
resources have been reviewed recently due to their growing importance  [82, 110, 111, 115, 116] .  Table 15.3 
gives some polymers commonly used in blends with starch. 

 Starch blends can be divided into two main categories according to (1) the source and biodegradation properties of 
the polymer to be blended with starch and (2) the process used for its preparation. As for the fi rst category, the sources 
can be obtained directly from renewable resources (biodegradable biopolymers), can be synthetic polymers from 
either oil or renewable resources, and in this latter case they can be biodegradable or not depending on their structure. 

 As for the second category, two main processing techniques are used for blending starch, namely melting and 
solution/dispersion. In melting processing , starch blends are obtained during the plasticization of starch granules 
in an extruder or in a batch mixer. Alternatively, two extruders are used, starch being gelatinized in a fi rst single-
screw extruder and then fed into a twin-screw extruder which processes the other component  [128, 130] . In solu-
tion or dispersion processing , the product is often obtained by casting. The fi rst commercial materials produced by 
solution or dispersion were cast fi lms of starch/EAA blends  [61, 71] . A large number of starch blends have been 
obtained using this procedure, especially when other natural polymers are involved. As in the case of starch, many 
natural polymers and also biodegradable synthetic polymers are soluble or dispersible in water. Therefore solu-
tion/dispersion blending is an interesting option for the production of these mixed materials. In some cases, as for 
example, when using chitosan, melting is not possible because this polymer decomposes before melting and solu-
tion blending is the only viable alternative. 

 Blending is one of the most promising alternatives to make starch useful as a polymer in replacement of other 
plastics, and the fast progress occurring in this fi eld is attested by several reviews published recently  [82, 110, 
111, 115] . Indeed, the commercial plastics based on starch presently available are in the form of blends with other 
polymers  [50, 116] . 

 In TPS blends, starch can be the continuous or the dispersed phase, depending on the starch/second-polymer 
ratio and on the processing conditions. As a consequence, the interfacial interactions between starch and the other 

 Table 15.3 

   Most common polymers used in blending with thermoplastic starch  

 Polymer  Reference 

 Poly(vinyl acetate) PVAc  [71, 113] 
 Poly(methacrylic acid- co -methyl methacrylate) MAA/MMA  [114] 
 Poly(vinyl alcohol) PVA  [119, 120] 
 Poly(acrylic acid) PAA  [121, 122] 
 Poly(ethylene- co -acrylic acid) EAA  [61, 71] 
 Poly(ethylene- co -vinyl alcohol) EVOH  [49, 50, 123] 
 Poly( ε -caprolactone) PCL  [50, 124, 125, 123, 109] 
 Poly(ethylene–vinyl acetate)  [126] 
 Polyethylene  [127, 128, 129, 126, 130] 
 Poly(ester–urethanes)  [131] 
 Poly( D , L -lactic acid) PLA  [117, 132, 133] 
 Poly(3-hydroxybutyrate) PHB  [115] 
 Poly(3-hydroxybutyrate- co -3-hydroxyvalerate-) PHBV  [125, 134] 
 Poly(butylene succinate adipate) PBSA  [135] 
 Polyesteramide PEA  [124, 136] 
 Zein  [137, 138] 
 Lignin  [139, 140] 
 Cellulose and its derivatives  [123] 
 Natural rubber  [118, 112, 121] 
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components will determine the properties of the blend. Several approaches have been investigated in order to 
enhance the compatibility among the components of these blends: 

  (1)     The use of polymers bearing polar groups, particularly those able to form hydrogen bonds ( e.g . PVA, EAA, 
EVOH and natural polymers like cellulose and its derivatives, gelatin and zein  [49, 50, 110, 115] ).

  (2)     The use of mixtures of polymers where one of them acts as a compatibilizer between starch and less 
hydrophilic components ( e.g . PVA in TPS/polyethylene blends or a low molecular weight polymer like 
poly(ethylene glycol) in TPS/PLA blends [50, 110, 115, 119] ).

  (3)     The use of reactive compatibilizers which can promote a better interface by polymer–polymer chemical 
interlinking ( e.g . methylenediphenyl diisocyanate (MDI), pyromellitic anhydride or glycidyl methacrylate 
 [110, 115, 117, 123, 125, 126, 129] ).

  (4)     The formation of complexes between starch and other polymers ( e.g . V-type complexes  [50, 122] ).

 Arvanitoyannis  et al.   [118]  studied blends of starch with 1,4-transpolyisoprene ( gutta percha ) compatibilized 
with EAA by melt processing and observed that they were biodegradable because of the presence of starch. Their 
mechanical properties were improved by the addition of glycerol as plasticizer. Rouilly  et al.   [121]  also prepared
blends of starch and natural rubber by casting mixtures of aqueous starch with glycerol and latex. Carvalho
et al.   [112]  blended native starch granules and a natural rubber latex by melt processing calling upon water as a 
plasticizer for starch. The stable dispersion and the good adhesion between the two natural polymers were attrib-
uted in part to the natural non-rubber constituents present in the latex. As little as 2.5 per cent w/w of rubber was 
suffi cient to decrease drastically the brittle character of TPS.  Figure 15.6    shows SEM pictures of starch/rubber 
blends fractured in liquid nitrogen depicting the good dispersion of rubber in the starch matrix. 

 Figure 15.6        Scanning electron micrographs of fragile fractures of starch/natural rubber blends. (a) 20 per cent glycerol 
and 5 per cent rubber, (b) 30 per cent glycerol and 20 per cent rubber, (c) 40 per cent glycerol and 5 per cent rubber and 
(d) 40 per cent glycerol and 20 per cent rubber. All quantities are in w/w based on dry matter. Reproduced with permis-
sion from Reference [112].          

(a) 9 �m 2 000X (b) 9 �m 1 000X

(c) 9 �m 1 000X (d) 9 �m 1 000X
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 Zein is a protein obtained from maize as a by-product of maize starch production. It is completely amorphous 
and, despite the fact of being more hydrophobic than starch, it can also be plasticized by glycerol. It is, therefore, 
an interesting material for use in blends with starch because it shows some compatibility with starch while con-
ferring to the blends a more hydrophobic character  [137, 138] . Corradini  et al.   [138]  described starch/zein blends 
prepared by melt processing. The plasticization of zein by glycerol was studied and  Figs 15.7(a) and 15.7(b)    show 
the DMA plots of the storage modulus and tan        �  as a function of temperature. Above 22 per cent w/w of glycerol, 
its infl uence on the glass–rubber transition temperature seized. Consequently, the exceeding plasticizer phase sep-
arated and, in the presence of starch, migrated into the TPS-phase. Starch/zein blends are immiscible and, depend-
ing on the ratio of these two natural polymers, one or the other generated the continuous phase.  Figures 15.7(c) 
and 15.7(d)  show the dynamic mechanical properties of these blends with the two characteristic tan        �  peaks 
 corresponding to the starch/glycerol and zein/glycerol phases.  

  15.6.7     Composites and nanocomposites of  TPS 

 As discussed earlier, TPS has two main drawbacks, namely it is mostly water-soluble and has poor mechanical 
properties; its reinforcement is one of the available options to overcome these weaknesses. Composite materials in 
which TPS plays the role of the matrix represent a relatively new topic and hence the literature available is rather 
modest.  Table 15.4    lists some of these reported materials. 
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 Table 15.4 

   Composites and nanocomposites based on thermoplastic starch  

 Matrix    Filler/Reinforcement    Reference 

 Commercial or 
common name 

 Description  Source 

 Bioplast GS902  Potato starch blends with
  cellulose derivatives
  and synthetic polymers 

 Biotec Emmerich,
  Germany 

 Flax, jute, ramie, oil 
  palm fi bre 

 [141] 

 TPS/PCL-Tone P-787  Wheat starch/40% poly-
   ε -caprolactone – PCL 

 Union carbide 
  Antwerp, Belgium 

 Flax and ramie  [141] 

 Mater-Bi ZI01U  Blends of corn starch and
  (poly- ε - caprolactone) 

 Montedison, 
  Deutchland 

 Flax and ramie  [141] 

 TPS/TPU  Blends of TPS/
  Thermoplastic 
  polyurethane 

 Research a  Flax  [142] 

 TPS/PCL  Blends TPS/Poly- ε - 
  caprolactone – PCL 

 Research a  Flax  [142] 

 Mater Bi  TPS blends with PCL, 
  EVOH, etc. with at 
  least 85% of starch 

 Novamont/Montedison  Non-woven of fl ax, 
  hemp, ramie fi bres 

 [143] 

 SCONACELL A  Modifi ed starch blends  BSL 
 Mater-Bi  TPS blends with PCL, 

  etc. 
 Novamont  Flax cellulose pulp

  (10–40%) 
 [144] 

 TPS/PVA  TPS–polyvinyl alcohol 
  blends 

 Research  Softowood fi ber  [120] 

 TPS  Starch/Glycerol/Sorbitol–
  TPS 

 Research a  Regenerated cellulose 
  fi bres: Cellunier F and
  Temming 500 

 [145] 

 TPS  Wheat–starch/Glycerol/
  Sorbitol–TPS 

 Research a  Flax and ramie  [141] 

 TPS  Maize starch–TPS  Research a  10–20% of fl ax fi bre  [142] 
 TPS  Starch/Glycerol/

  Formamide/Urea 
 Research a  Micro winceyette fi ber  [146] 

 TPS  Starch/Glycerol (30–50%
  glycerol) 

 Research a  Kraft bleached and 
  thermomechanical
  wood pulps from

Eucalyptus

 [147, 148] 

 TPS  Potato starch/Glycerol 
  cast fi lm-TPS 

 Research a  Potatoes microfi brils b  [149] 

 TPS  Waxy maize/Glycerol
  cast fi lm 

 Research a  Cellulose whiskers (from 
  tunicate) b

 [150] 

 TPS  Waxy-maize/Glycerol/
  Water cast fi lm 

 Reseach a  starch nanocrystals b  [151] 

 TPS  Wheat starch/Glycerol-
  TPS 

 Research a  Leafwood fi bres  [152] 

 Mater-Bi  Starch/EVOH  Novamont  Hydroxylapatite-
  reinforced 

 [153] 

 TPS  Maize starch/30%
  Glycerol 

 Research a  kaolin  [154] 

 TPS  Potato and wheat 
  starch/ � 36.5%
  Glycerol 

 Research a  Up to 10       wt% of 
  montmorillonite
  (Closite Na�, Closite
  30B-amonium) b

 [155, 156] 

a   Described in research papers.  
b   Filler or reinforcement with nanometric dimensions.  
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 Reinforcement has proved to be very effective in improving water resistance, and particularly the mechanical prop-
erties of TPS. Increases higher than 100 per cent in tensile strength and higher than 50 per cent in modulus were 
measured when TPS was reinforced with wood fi bres  [147–149, 152] .  Figure 15.8    shows the notable increase in ten-
sile strength and water uptake from TPS to its composites containing 10–50       wt% of glycerol and 0–15       wt% of Kraft 
and thermomechanical Eucalyptus  wood pulp  [147, 148] . With the addition of wood fi bres, the water uptake at equi-
librium decreased considerably, becoming almost independent of both fi bre and glycerol contents. This behaviour was 
attributed mainly to the constraining effect of the reinforcement to the material expansion as water is being absorbed. 
The effect of lignin, present in thermomechanical fi bres, and virtually absent in Kraft counterparts, was negligible. 

 Kaolin also played a very good role as a reinforcement for TPS matrices as shown by Carvalho  et al .  [154] . The 
compositions studied in this work were based on TPS containing 30 per cent of glycerol and kaolin in proportions 
of 10, 20, 30, 40, 50 and 60       phr.  Figure 15.9    shows the variation of modulus and tensile strength of these com-
posites as a function of kaolin content with a maximum for both at 50       phr and an increase of 135 and 50 per cent, 
respectively, relative to the sample prepared without kaolin. The water uptake was reduced considerably for all 
these kaolin-reinforced TPS composites [154] . 

 A different approach was recently applied to cellulose fi bres and starch granules to prepare single-component 
composites by the partial oxypropylation of these substrates. These novel materials are described in Chapter 12. 

  15.7     CONCLUSIONS 

 The necessity to replace materials based on dwindling fossil resources by homologues prepared from renewable 
counterparts has become an urgent matter for environmental and economical reasons. Within this context, starch 
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Figure 15.8 Tensile strength and equilibrium water uptake of TPS reinforced with Eucalyptus wood pulps (a–c) Kraft 
pulp; (b–d) thermomechanical pulp. Reproduced with permission from Reference [147].
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will certainly play a very important role as a source of viable alternatives. Its exploitation in non-food applications 
is not new, but had declined considerably after the Second World War because of the boom of petrochemistry and 
the development of polymer materials associated with it. The revival of interest in starch-based plastics began 
at the end of the last millennium with the emergence of new successful commercial products, and is witnessing 
a vigorous pursuit. The reasons for this success are to be found in the fact that starch is a cheap raw material, 
readily available ubiquitously (albeit from different species) and very versatile in terms of chemical and physical 
modifi cations.  
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                                 Cellulose Chemistry: Novel Products 

and Synthesis Paths 

   Thomas   Heinze   and     Katrin   Petzold       

ABSTRACT 

 Novel paths for homogeneous and regioselective functionalization of cellulose are discussed. The acyla-
tion of cellulose can be effi ciently carried out by homogeneous phase chemistry applying solvents based 
on polar aprotic media or in ionic liquids and in situ  activation of the carboxylic acid. Some unconven-
tional cellulose derivatives are described. The regioselective derivatization of protected cellulosics lead-
ing to 3- O -, 2,3- O -, and 6- O -functionalized products is of recent interest showing remarkable differences 
in properties compared with common cellulose derivatives. The nucleophilic displacement reactions with 
cellulose tosylates provide a further tool for the design of biopolymer-based structures and properties. 

 Keywords 

 Cellulose, Polysaccharide, Activation, Cellulose solvents, Esterifi cation, Etherifi cation, Ionic liquids, 
NMR spectroscopy, Nucleophile displacement, Protecting groups, Regioselective functionalization   

  16.1     INTRODUCTION 

 The chemical modifi cation of polysaccharides is still underestimated regarding the structure and hence property 
design of biopolymer-based materials. At present, the cellulose derivatives commercially produced on a large scale 
are limited to some esters with C 2  to C 4  carboxylic acids, including mixed esters and phthalic acid half esters 
and some ethers with methyl-, hydroxyalkyl-, and carboxymethyl functions. In general, the organic chemistry of 
cellulose opens the way to a broad variety of products by esterifi cation and etherifi cation. In addition, novel prod-
ucts may be obtained by nucleophilic displacement reactions, unconventional chemistry like  ‘ click reactions ’  and 
controlled oxidation. The aim of this chapter is to highlight selected recent advances in the chemical modifi cation 
of cellulose for the synthesis of new products and alternative synthetic paths, in particular under homogeneous 
conditions, that is, starting with the dissolved polymer, with emphasis on the research from the authors ’  laboratory. 
Some issues related to cellulose solvents are also discussed.  

  16.2     CARBOXYLIC ACID ESTERS 

 The esterifi cation of cellulose with carboxylic acids is among the most versatile transformations leading to a wide 
variety of valuable products. The commercial production of cellulose esters is carried out exclusively under het-
erogeneous reaction conditions, at least at the beginning of the conversion, due to the high cost of solvents and 
the ease of work-up procedures in the case of multiphase conversions. Completely functionalized derivatives are 
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generally sought, because partial functionalization mainly leads to insoluble or partly soluble products. For a bet-
ter control of the reaction temperature and a reduction in the amount of catalyst, acetylation is carried out prefer-
ably in methylene chloride, which is associated with the dissolution of the products formed in the fi nal phase of 
the reaction. It should be pointed out that the dissolution of the cellulose acetate formed in the reaction medium 
must not be assimilated with the homogeneous reactions where the cellulose is initially dissolved in a solvent like 
N , N -dimethyl acetamide (DMA)/LiCl. 

 A variety of solvent systems have been established for the homogeneous acylation of cellulose at the laboratory 
scale. These homogeneous reactions permit the synthesis of highly soluble polymers, partially derivatized poly-
mers and are the prerequisite for the application of the  ‘ state of the art ’  organic reagents yielding a broad structural 
diversity  [1] . The scope of this section is to focus on homogeneous reactions starting with the dissolved cellulose 
by applying novel activation procedures for the carboxylic acids. 

  16.2.1     Cellulose solvents 

 The basic requirement for cellulose dissolution is that the solvent is capable of interacting with the hydroxyl 
groups of the AGU, so as to eliminate, at least partially, the strong intermolecular hydrogen bonding between the 
polymer chains. There are two basic schemes for cellulose dissolution: 

  (1)     where it results from physical interactions between cellulose and the solvent; 
  (2)     where it is achieved via chemical reaction leading to covalent bond formation, these solvents usually being 

called ‘ derivatizing solvents ’ .    

 Route (1) is addressed in detail below because the  ‘ real ’  solvents are mostly used as the reaction medium for the 
introduction of unconventional functional groups onto cellulose. 

  16.2.1.1       Derivatizing solvents 

 Certain solvents react with cellulose leading to a disruption of the hydrogen bonding by a combination of steric 
interactions and decrease of the number of hydroxyl groups available for hydrogen bonding. The covalent bond 
formed should be easily cleavable, for example, by hydrolysis or a change in the pH value of the system. Examples 
of derivatizing solvents, including the intermediate formed, are summarized in  Fig. 16.1     [2] . One problem of this 
approach of cellulose dissolution is its poor reproducibility due to side reactions and the formation of undefi ned 
structures. Nevertheless, various esterifi cation reactions were successfully carried out in these media  [2] . 

 The importance of this scheme is that it may lead to an  inverse pattern of functionalization , provided that special 
reaction conditions are employed, namely, the involvement of the secondary hydroxyl groups, due to the fact that the 
primary counterparts that is the more reactive sites, are blocked by the moiety (nitrite, methylol, or reactive acyl func-
tion) introduced during dissolution. In some instances, the intermediate formed prior to the onset of conversion (under 
non-aqueous conditions) into the fi nal product was isolated and dissolved in a common organic solvent, for example 
dimethyl sulfoxide (DMSO) and N , N -dimethyl formamide (DMF), to achieve the actual functionalization. At present, 
this synthesis path is not considered as a viable tool for esterifi cation, although it gives access to novel products. 
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 Figure 16.1        Typical derivating solvents for cellulose.    
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  16.2.1.2       Non-derivatizing solvents 

 The treatment of cellulose with polar solvents capable of interacting with the hydroxyl groups of the polymer may 
achieve activation/dissolution in a single step. Ideally, the solvent, either mono- or poly-component, should be able 
to dissolve the cellulose of varying degree of polymerization (DP) and crystallinity without extensive degrad ation. 
In addition to the solution stability, the solvent should be dipolar in order to stabilize the highly polar complex of the
acyl-transfer, but should not compete with cellulose for the derivatizing agent. To guarantee a complete homogeneous
reaction, cellulose and all intermediate states, as well as the fi nal product, should be soluble. 

 Alkali hydroxide solutions possess some of these requirements and dissolve the biopolymer of rather low DP 
after swelling in aqueous 8–9 per cent NaOH, subsequently freezing, thawing, and then diluting to a 5 per cent 
alkali concentration. Urea enhances the solubility due to the fact that it is able to weaken intermolecular hydrogen 
bonds [3] . However, the base will consume most of the esterifying agent before it reacts with the cellulose and 
therefore these systems cannot be employed in this context. 

 The aqueous systems Ni(tren) and Cd(tren) [tren � tris(2-aminoethyl)amine] dissolve cellulose by coordinating 
with the secondary hydroxyl groups at C2 and C3  [4] . Several molten salt hydrates, for example LiClO 4   �  3H 2 O, 
LiX �   n H 2 O (X � I � , NO 3

� , CH 3 CO 2
� , ClO 4

� ), dissolve even high DP cellulose. Because these solvents contain 
water, which will compete with the cellulose for the derivatizing agent, they have also found limited interest in 
esterifi cation reactions. 

 From the synthetic point of view, more fl exibility is achieved by employing non-aqueous non-derivatizing solv-
ents. Extensive work has been carried out on binary or ternary mixtures like inorganic or organic electrolytes in 
strongly dipolar aprotic solvents. The best known example is LiCl in DMA, in  N -methyl-2-pyrrolidone (NMP), or 
in 1,3-dimethyl-2-imidazolidinone (DMI)  [5] . The structure of these cellulose/solvent system complexes has been 
described by several authors, differing essentially in the role played by the Li �  and Cl �  ions, as comprehensively 
discussed in a specifi c review  [6] . 

 Quite recent work by one of the authors showed that the combination of tetra- n -butylammonium fl uoride tri-
hydrate (TBAF  �  3H 2 O) and DMSO was an effi cient system capable of dissolving cellulose with a DP as high 
as 650 within some minutes, without any pretreatment  [7] . Cellulose of higher DP was also solubilized, although, 
in this case, a pretreatment was necessary. A mixture of benzyltrimethylammonium fl uoride monohydrate 
(BTMAF �  H 2 O) and DMSO displayed a lower dissolving power  [8] . Using these new solvents based on DMSO/
F� for the homogeneous acylation of cellulose, the values of the degree of substitution (DS) of the products are 
infl uenced by the medium water content  [9] . Consequently, the use of water-free TBAF is of interest to understand 
the solubility and reactivity of cellulose dissolved in DMSO/TBAF. The dehydration of TBAF  �  3H 2 O, resulting in 
the water-free salt, is impossible because anhydrous TBAF is unstable, undergoing a rapid E2 elimination giving the 
formation of bifl uoride ions [10] . It was recently reported that anhydrous TBAF can be prepared  in situ  by reacting 
tetrabutylammonium cyanide and hexafl uorobenzene in dry DMSO  [11] . This freshly prepared DMSO/TBAF solu-
tion readily dissolved cellulose, even in the presence of the hexacyanobenzene by-product, for example, the dissolu-
tion of bleached cotton fi bres (DP � 3 743) occurred within 1       min, as visualized by optical microscopy  [8] . 

 There are few single-component solvents for cellulose. Among them,  N -ethylpyridinium chloride has a melting 
point of 118–120°C, which can be decreased by the addition of DMSO, DMF, pyridine, and NMP, leading to a 
value of 75°C  [12] .  N -methylmorpholine- N -oxide  �  H 2 O (NMNO) is an effi cient solvent employed in the pro-
duction of Lyocell fi bres  [13, 14] . Its use, however, has various shortcomings with regard to cellulose chemistry 
namely (1) it is rather thermally unstable, becoming dangerous with a water content below the monohydrate, (2) 
it tolerates only some reagents yielding mostly a highly viscose gel-like state, and (3) its water content will partly 
consume the acylating reagent  [15, 16] . 

 More recently, some ionic liquids (IL) were shown to be good cellulose solvents over a wide range of DP val-
ues without covalent interaction, especially those based on substituted imidazolium ions ( Table 16.1   )  [17] . Even 
bacterial cellulose with a DP of 6 500 was found to dissolve in one of these solvents  [18] .

  16.2.2     Homogeneous acylation 

 One of the fi rst examples of a completely homogeneous acetylation was the reaction of cellulose with acetic anhyd-
ride in N -ethylpyridinium chloride in the presence of pyridine, leading to a product with a DS 2.65 within the short 
reaction time of 44       min  [19] . Although the preparation of cellulose triacetate, which is completed within 1       h, needs 
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to be carried out at 85°C, it proceeds for cellulose samples with DP values below 1 000 without degradation, that 
is strictly polymeranalogous. Cellulose acetate samples with a predefi ned solubility, for example in water, acetone, 
or chloroform, respectively, are accessible in one step, in contrast to the heterogeneous conversion. A correlation 
between solubility and distribution of substituents has been attempted by means of  1 H NMR spectroscopy  [20] . 

 Ionic liquids are promising new solvents in the fi eld of cellulose shaping and functionalization. The acylation 
of cellulose dissolved in an ionic liquid can be carried out with acetic anhydride. The reaction succeeds without an 
additional catalyst. Starting from DS 1.86, the cellulose acetates obtained are acetone soluble  [21] . The control of 
the DS by the prolongation of the reaction time is possible. When acetyl chloride is used, complete acetylation is 
achieved in 20       min ( Table 16.1 )  [18, 22, 23] . This method may lead to a widely applicable acylation procedure for 
polysaccharides, if the regeneration of the solvent becomes possible. 

 DMA/LiCl, widely used in peptide and polyamide chemistry, is among the best studied solvents, because it dis-
solves cellulose of various DP quite readily  [24]  and shows almost no interaction with acylating reagents, even being 
able to act as an acylation catalyst. The dissolution can be achieved by two routes, viz. (1) by solvent exchange, mean-
ing the cellulose is fi rst suspended in water and subsequently transferred into organic liquids with decreasing polarity 
and fi nally DMA/LiCl  [25] , and (2) after heating a suspension of cellulose in DMA, vacuum evaporating about 1/5 of 
the liquid (containing most of the water) and addition of the LiCl after which, during cooling to room temperature, a 
clear solution is obtained. The amount of LiCl is in the range of 5–15 per cent (w/w). The thermal cellulose activation 
under reduced pressure is far superior to the costly and time-consuming activation by solvent exchange. 

 In recent years, the cellulose/DMA/LiCl system has been studied intensively to develop effi cient methods 
appropriate even for industrial application  [26, 27] . The dissolution procedure and acetylation conditions allow 

 Table 16.1 

   Results of the homogeneous acetylation of cellulose in ionic liquids  

 Cellulose a  Ionic liquid b  Reagent  DS d   Reference 

 Type  DP  Type  Mol/mol 

 MC  290  [C 4 mim] + Cl �  Acetic anhydride  3  1.87   [22]  
 MC  290  [C 4 mim] + Cl �  Acetic anhydride  5  2.72   [22]  
 MC  290  [C 4 mim] + Cl �  Acetic anhydride  10 c  3.0   [22]  
 MC  290  [C 4 mim] + Cl �   Acetyl chloride  3  2.81   [22]  
 MC  290  [C 4 mim] + Cl �   Acetyl chloride  5  3.0   [22]  
 MC  290  [C 2 mim] + Cl �   Acetic anhydride  3  3.0   [23]  
 MC  290  [C 4 dmim] + Cl �  Acetic anhydride  3  2.92   [23]  
 MC  290  [Admim] + Br �   Acetic anhydride  3  2.67   [23]  
 SSP  590  [C 4 mim] + Cl �   Acetyl chloride  3  3.0   [22]  
 SSP  590  [C 4 mim] + Cl �   Acetyl chloride  5  3.0   [22]  
 CL  1 200  [C 4 mim] + Cl �   Acetyl chloride  3  2.85   [22]  
 CL  1 200  [C 4 mim] + Cl �   Acetyl chloride  5  3.0   [22]  
 BC  6 500  [C 4 mim] + Cl �   Acetic anhydride  3  2.25   [18]  
 BC  6 500  [C 4 mim] + Cl �   Acetic anhydride  5  2.50   [3]  
 BC  6 500  [C 4 mim] + Cl �  Acetic anhydride  10  3.0   [18]  
 DSP  650  [Amim] + Cl �   Acetic anhydride  3  1.99   [21]  
 DSP  650  [Amim] + Cl �   Acetic anhydride  5  2.30   [21]  

a   MC, microcrystalline cellulose; SSP, spruce sulphite pulp; CL, cotton linters; BC, bacterial cellulose; DSP, dissolving pulp.

b   [C 4 mim] + Cl� N N
H3C CH2(CH2)2CH3

�
Cl�

   , [C 2 mim] + Cl � N N
H3C CH2CH3

�
Cl�

   , [Admim] + Br �
N N

H3C
�

Br�

—

CH3

— —    , [Amim] + Cl �

N N
H3C

�
CI�

— — .

c   Additionally 2.5       mol pyridine per mol anhydroglucose unit (AGU).  
d   Degree of substitution determined by  1 H-NMR spectroscopy after perpropionylation  [39] .  
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 Table 16.2 

   Acetylation of different cellulose types in  N , N -dimethyl acetamide (DMA)/LiCl with acetic anhydride
(18       h at 60°C, adapted from  [26, 27] )  

 Starting materials  Molar ratio  DS 

 Cellulose from Mw  (g mol � 1 ) � -Cellulose 
 content (%) 

Ic  (%)  AGU  Acetic anhydride   

 Bagasse  116 000  89  67  1  1.5  1.0 
 Bagasse  116 000  89  67  1  3.0  2.1 
 Bagasse  116 000  89  67  1  4.5  2.9 
 Cotton  66 000  92  75  1  1.5  0.9 
 Sisal  105 000  86  77  1  1.5  1.0 

 Table 16.3 

   Preparation of aliphatic esters of cellulose in  N , N -dimethyl acetamide (DMA)/LiCl  

 Reaction conditions  Reaction product  Reference 

 Acid chloride  Molar ratio  Base  Time (h)  Temperature
(°C)

 DS  Solubility a    

 AGU  Agent         

 Hexanoyl  1  1.0  Py  0.5  60  0.89  DMSO, NMP, Py   [119]  
 Hexanoyl  1  2.0  Py  0.5  60  1.70  Acetone, MEK, 

CHCl3 , AcOH, 
THF, DMSO, 
NMP, Py 

 Lauroyl  1  2.0  Py  0.5  60  1.83  Py 
 Stearoyl  1  1.0  Py  1  105  0.79  Acetone, MEK, 

CHCl3 , AcOH, 
THF, DMSO, 
NMP, Py 

 Hexanoyl  1  8.0  TEA  8  25  2.8  DMF   [26]
 Heptanoyl  1  8.0  TEA  8  25  2.4  Toluene 
 Octanoyl  1  8.0  TEA  8  25  2.2  Toluene 
 Phenylacetyl  1  15.0  Py  3/1.5  80/120  1.90  CH 2 Cl 2   [120]
 4-Methoxy-
  phenyl-acetyl 

 1  15.0  Py  3/1.5  80/120  1.8  CH 2 Cl 2

 4-Tolyl-acetyl  1  15.0  Py  3/1.5  80/120  1.8  CH 2 Cl 2
a   DMSO, dimethyl sulfoxide; NMP,  N -methyl-2-pyrrolidone; Py, pyridine; MEK, methyl ethyl ketone; AcOH, acetic acid; THF, 
tetrahydrofurane; DMF,  N , N -dimethyl formamide.  

excellent control of the DS in the range 1–3. The reaction at 110°C for 4       h without additional base or catalyst 
gives products with almost no degradation of the starting polymer. The distribution of substituents in the order 
C-6 �  C-2  �  C-3 is determined by  13 C NMR spectroscopy. In addition to microcrystalline cellulose, cotton, sisal, 
and bagasse-based cellulose may serve as starting materials ( Table 16.2   ). The crystallinity of the starting polymer 
has little effect on the homogeneous acetylation. 

 The acylation of cellulose with acid chlorides in DMA/LiCl is most suitable for the homogeneous synthesis of 
readily soluble partially functionalized long-chain aliphatic esters and substituted acetic acid esters ( Table 16.3   ). 
In contrast to the anhydrides, the fatty acid chlorides are soluble in the reaction mixture and soluble polysacchar-
ide esters may be formed with a very high effi ciency. Even in the case of stearoyl chloride, 79 per cent of the 
reagent is consumed for the esterifi cation of cellulose. 
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 DMSO/TBAF is highly effi cient as a reaction medium for the homogeneous esterifi cation of cellulose by 
transesterifi cation and after the  in situ  activation (see below) of complex carboxylic acids. The acylation using 
acid chlorides and anhydrides is limited because the solution contains a certain amount of water caused by the 
use of the commercially available TBAF trihydrate and the residual moisture in the air-dried polysaccharides. 
Nevertheless, this system has shown a remarkable capacity for the esterifi cation of lignocellulosic materials, for 
example, sisal fi bres, which contain about 14 per cent hemicellulose  [28] . The DS values of cellulose acetate pre-
pared from these fi bres with acetic anhydride in mixtures of DMSO/TBAF were found to decrease with increasing 
TBAF concentration from 6 to 11 per cent ( Table 16.4   ), due to the increased rate of hydrolysis both of the anhyd-
ride and the ester moieties. 

 Partial dehydration of DMSO/TBAF is possible by vacuum distillation and reactions in the ensuing solvent 
lead to products comparable to those obtained in reactions of cellulose dissolved in anhydrous DMA/LiCl. In 
add ition to these basic studies, the conversion of cellulose in DMSO/TBAF with more complex carboxylic acids 
(e.g.  furan-2-carboxylic acid) via  in situ  activation with  N , N� -carbonyldiimidazole (CDI) was studied (see Section 
16.2.2.1.3).

  16.2.2.1       Homogeneous acylation with  in situ  activated carboxylic acids 

 The synthetic approach of  in situ  activation of carboxylic acids is based on the preliminary reaction of the carbox-
ylic acid with a specifi c reagent to give an intermediate reactive derivative which can be prepared prior to the reac-
tion with cellulose or converted directly in a one-pot process. This approach opens the way to a broad variety of 
new esters, because for numerous acids, for example unsaturated or hydrolytically unstable ones, reactive deriva-
tives such as anhydrides or chlorides simply cannot be synthesized. The mild reaction conditions applied for the  in
situ  activation prevent common side reactions like pericyclic reactions, hydrolysis, and oxidation. Moreover, due 
to their hydrophobic character, numerous anhydrides are not soluble in organic media used for cellulose modifi ca-
tion, resulting in unsatisfactory yields and insoluble products. In addition, the conversion of an anhydride is com-
bined with the loss of half of the acid during the reaction. Consequently,  in situ  activation is much more effi cient. 

  16.2.2.1.1       Activation with sulphonic acid chlorides 

 One of the early attempts of  in situ  activation was the reaction of carboxylic acids with sulphonic acid chlorides 
that was adopted for the homogeneous modifi cation of cellulose. The exclusion of the base simplifi ed the reaction 
medium and the isolation procedure [29] . There is an ongoing discussion about the mechanism which initiates 
esterifi cation of cellulose with the carboxylic acids in the presence of  p -toluenesulphonic acid chloride (TosCl). 
The mixed anhydride of  p -toluenesulphonic acid (TosOH) and the carboxylic acid is favoured  [30] . However, from 
1 H NMR experiments with acetic acid/TosCl, it was concluded that a mixture of acetic anhydride (2.21       ppm) and 
acetyl chloride (2.73       ppm) was responsible for the high reactivity of this system ( Figs 16.2 and 16.3     ). 

 Cellulose esters having alkyl substituents in the range of C 12  (laurylic acid) to C 20  (eicosanoic acid), can be 
obtained with almost complete functionalization (DS 2.8–2.9) within 24       h at 50°C in the presence of sulphonic 
acid chlorides in DMA/LiCl, using pyridine as a base  [31] . This is also a general method for the  in situ  activation 

 Table 16.4 

   Infl uence of the amount tetra- n -butylammonium fl uoride (TBAF) trihydrate on the effi ciency of the acetylation of 
sisal cellulose with acetic anhydride in dimethyl sulfoxide (DMSO)/TBAF (adapted from  [28] )  

 Per cent TBAF in DMSO  Cellulose acetate 

 DS  Solubility a

 11  0.30  Insoluble 
 8  0.96  DMSO, Py 
 7  1.07  DMSO, Py 
 6  1.29  DMSO, DMF, Py 

a   Py, pyridine; DMF,  N,N -dimethyl formamide.  
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of waxy carboxylic acids. The reaction proceeds in 4       h to give partially functionalized fatty acid esters of a max-
imum DS (see entries 1, 7, and 9 in  Table 16.5   ). The addition of an extra base further increases the DS by 0.1–0.2 
units (see entries 1–3 and 4–6 in  Table 16.5   [32] ). 

 The  in situ  activation with TosCl is also useful for the introduction of fl uorine-containing substituents, for 
example, 2,2-difl uoroethoxy-, 2,2,2-trifl uoroethoxy-, and 2,2,3,3,4,4,5,5-octafl uoropentoxy functions with DS 
values mainly in the range of 1.0–1.5, leading to a stepwise increase in the lipophilicity of the products and an 
increase in their thermal stability. Structure analysis is possible by  19 F NMR spectroscopy  [30, 33, 34] . Moreover, 
the in situ  activation with TosCl enables the synthesis of water soluble cellulose esters by derivatization of cellu-
lose with oxacarboxylic acids in DMA/LiCl  [29] . The conversion of the polysaccharide with 3,6,9-trioxadecanoic 
acid or 3,6-dioxaheptanoic acid, in the presence of TosCl, yields non-ionic cellulose esters with DS values in the 
range of 0.4–3.0. In this case, the esterifi cation is carried out without an additional base. The cellulose derivatives 
start to dissolve in water at a DS value as low as 0.4 and they are also soluble in common organic solvents such as 
acetone or ethanol.  

  16.2.2.1.2       Activation with dialkylcarbodiimide 

 Coupling reagents of the dialkylcarbodiimide type, in particular dicyclohexylcarbodiimide (DCC), are most fre-
quently utilized for the esterifi cation of polysaccharides with complex carboxylic acids. These reagents have a 
number of drawbacks: (1) they are toxic (the LD 50  dermal, rat, of DCC is 71       mg/kg); (2) the  N,N� -dialkylurea formed 
during the reaction is hard to remove from the polymer, except if it is formed in DMF and DMSO where it can be 
fi ltered off; (3) in the case of esterifi cation in DMSO in the presence of these reagents, the oxidation of the hydroxyl 
functions, via the Moffatt type, may occur. 

 Another strategy for  in situ  activation, used for the synthesis of aliphatic cellulose esters, is the exploitation 
of DCC in combination with 4-pyrrolidinopyridine (PP)  [35] . Among the advantages of this method are the high 
reactivity of the intermediately formed mixed anhydride with PP and a completely homogeneous reaction in 
DMA/LiCl up to hexanoic acid. If the reaction is carried out with the anhydrides of carboxylic acids, the carbox-
ylic acid liberated is recycled by forming the mixed anhydride with PP, which is applied only in a catalytic 
amount. The toxic DCC can be recycled from the reaction mixture ( Fig. 16.4   ). In addition, the method is uti-
lized to obtain unsaturated esters ( e.g.  methacrylic-, cinnamic-, and vinyl acetic acid esters) and esters of aromatic 

 Table 16.5 

   Esterifi cation of cellulose dissolved in  N,N -dimethyl acetamide (DMA)/LiCl mediated with TosCl with different 
carboxylic acids (adapted from  [32] )  

 Entry  Reaction conditions  Product 

   Carboxylic acid  Molar ratio  DS  Solubility
in CHCl 3

     AGU a   Acid  TosCl b   Py c   Time (h) 

 1  Lauric  1  2  2  0  24  1.55  + 
 2  Palmitic  1  2  2  0  24  1.60  + 
 3  Stearic  1  2  2  0  24  1.76  + 
 4  Lauric  1  2  2  4  24  1.79  + 
 5  Palmitic  1  2  2  4  24  1.71  + 
 6  Stearic  1  2  2  4  24  1.92  + 
 7  Lauric  1  2  2  0  4  1.55  + 
 8  Palmitic  1  2  2  0  4  1.50  + 
 9  Lauric  1  2  2  0  1  1.36   �
 10  Palmitic  1  2  2  0  1  1.36  + 

a   Anhydroglucose unit.  
b    p -Toluenesulphonic acid chloride.  
c   Pyridine.  
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carboxylic acids including cellulose ( p - N , N -dimethylamino)benzoate. Here, the amino group containing ester can 
be converted to a quaternary ammonium derivative, which imparts water solubility to the material  [36, 37] .

  16.2.2.1.3       Activation with  N , N� -carbonyldiimidazole 

 A method with an enormous potential for polysaccharide modifi cation is the homogeneous one-pot synthesis after 
in situ  activation of the carboxylic acids with CDI, well known from organic chemistry  [38] . It is especially suit-
able for the functionalization of the biopolymers because during the conversion the reactive imidazolide of the 
acid is generated and non-toxic by-products formed are CO 2  and imidazole only ( Fig. 16.5   ). The imidazole is 
freely soluble in a broad variety of solvents including water, alcohol, ether, chloroform, and pyridine and can be 
easily removed. In addition, the pH is not drastically changed during the reaction resulting in negligible chain 
degradation. 

 The synthesis is generally carried out as a one-pot reaction in two steps. The acid is transformed with the CDI 
to give the imidazolide. The conversion of the alcohol in the fi rst step is also possible for the esterifi cation but 
yields undesired crosslinking by carbonate formation in case of a polyol like cellulose (see  Fig. 16.5 ). Model reac-
tions and NMR spectroscopy with acetic acid confi rm that during a treatment at room temperature CDI is com-
pletely consumed within 6       h (see  Fig. 16.5 ). Thereby, the tendency of crosslinking of remaining CDI leading to 
insoluble products is avoided. For instance, the reaction with (-)-menthyloxyacetic acid  in situ  activated with CDI 
can be carried out simply by mixing the solution of the imidazolide prepared in DMA and the cellulose in DMA/
LiCl and increasing the temperature to 60°C. Pure (-)-menthyloxyacetic acid esters of cellulose with DS as high 
as 2.53 are obtained by precipitation in methanol and fi ltration ( Table 16.6   ). The cellulose esters are characterized 
regarding structure and DS by means of FTIR spectroscopy, elemental analysis,  1 H- and  13 C NMR spectroscopy, 
and add itionally by  1 H NMR spectroscopy after peracetylation  [39] . A wide variety of carboxylic acids with, for 
example, unsaturated, 3-(2-furyl)-acrylcarboxylic acid, heterocyclic, furan-2-carboxylic acid, and crown ether, 4 � -
carboxybenzo-18-crown-6, are available by the conversion of cellulose via this path ( Table 16.6 ). 
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 In contrast, the conversion of cellulose with camphor-10-sulphonic acid via  in situ  activation with CDI is not 
effi cient to obtain a chiral sulphonic acid ester of cellulose. Only very small amount of sulphonic acid ester func-
tions can be introduced in agreement with results of the chemistry of low molecular weight alcohols regarding a 
much lower effi ciency of CDI for the preparation of sulphonic acid esters  [38] . 

 In addition to DMA/LiCl, DMSO/TBAF is an appropriate reaction medium for homogeneous acylation of 
cellulose applying in situ  activation with CDI. Results of reactions of cellulose with acetic-, stearic-, adamantane-
1-carboxylic-, and furan-2-carboxylic acid imidazolides are summarized in  Table 16.7   .

  16.2.2.1.4       Activation with iminium chlorides 

 A mild and effi cient method is the  in situ  activation of carboxylic acids via iminium chlorides that are simply 
formed by reaction of DMF with a variety of chlorinating agents including phosphoryl chloride, phosphorus 
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 Table 16.6 

   Esterifi cation of cellulose with (-)-menthyloxyacetic acid, furan-2-carboxylic acid, 3-(2-furyl)-
acrylcarboxylic acid, and 4 � -carboxybenzo-18-crown-6 via  in situ  activation with  N , N� -

carbonyldiimidazole (CDI) (adapted from  [39] )  

 Conditions  Product 

 Entry  Carboxylic acid  Molar ratio  DS  Solubility b

     AGU a  Acid  CDI    DMSO  DMF 

 1  (-)-Menthyloxyacetic  1  2.5  2.5  0.20  +  + 
 2    1  5.0  5.0  1.66   �   + 
 3    1  7.5  7.5  2.53   �   + 
 4  3-(2-Furyl)-acryl-  1  2.5  2.5  0.52  +   �
 5    1  5.0  5.0  1.14  +  + 
 6    1  7.5  7.5  1.52  +   �
 7  Furan-2-  1  2.5  2.5  0.80  +  + 
 8    1  5.0  5.0  1.49  +  + 
 9    1  7.5  7.5  1.97  +  + 
 10  (Benzo-18-crown-6)-4 � -  1  2.3  2.3  0.40  +   �

a   Anhydroglucose unit.  
b   DMSO, dimethyl sulfoxide; DMF,  N , N -dimethyl formamide.  

 Table 16.7 

   Homogeneous acylation of cellulose dissolved in dimethyl sulfoxide (DMSO)/tetra- n -butylammonium fl uoride 
(TBAF) with different carboxylic acids, mediated by  N , N� -carbonyldiimidazole (CDI)  

 Entry  Conditions  Product 

 Carboxylic acid  Molar ratio  DS  Solubility b

 AGU a  Acid  CDI     

 1  Acetic  1  3  3  0.51  DMSO, DMA 
 2  Stearic  1  2  2  0.47  DMSO 
 3  Stearic  1  3  3  1.35  DMSO 
 4  Adamantane-1-carboxylic  1  2  2  0.50  DMA/LiCl 
 5  Adamantane-1-carboxylic  1  3  3  0.68  DMSO, DMA 
 6  Furan-2-carboxylic  1  3  3  1.91  DMSO, DMA, Py 

a   Anhydroglucose unit.  
b   DMA,  N , N -dimethylacetamide; Py, pyridine.  

trichloride and, most frequently, oxalyl chloride and subsequent reaction with the acid. During the reaction of acid 
iminium chlorides with alcohols mostly gaseous side products are formed and the solvent is regenerated ( Fig. 16.6   , 
 Table 16.8     [40] ). In a  ‘ one-pot reaction ’ , acylation of cellulose with the long-chain aliphatic acids (stearic acid and 
palmitic acid), the aromatic acid 4-nitrobenzoic acid and adamantane-1-carboxylic acid are easily achieved. NMR 
spectroscopy reveals that the conversion succeeds with quantitative yield in case of acetic acid. 

  16.2.3     Regioselectively functionalized cellulose esters 

 Conversion of 6- O -trityl cellulose (see Chapter 4) with acetic acid anhydride or propionic acid anhydride and 
subsequent detritylation by treating the completely functionalized polymers with HBr in acetic acid yields the 
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corresponding 2,3- O -functionalized esters  [41] . Subsequent acylation of the hydroxyl groups at position 6 leads 
to the peracylated cellulose esters with inverse functionalization pattern useful for the peak assignment of NMR 
spectra. The cellulose esters form single crystals visualized by means of AFM [42] . Investigations of the structure 
in solution revealed large differences to cellulose esters with random distribution of substituents, for example, the 
chain conformation, solubility, and clustering mechanism is different  [43, 44] .

  16.3     NUCLEOPHILIC DISPLACEMENT REACTIONS WITH CELLULOSE 

 It is well known that hydroxyl functions are converted to a good leaving group by the formation of the corre-
sponding sulphonic acid esters and hence nucleophilic displacement reactions are possible. Advantageously, the 
formation of sulphonic acid esters is carried out homogeneously by conversion with sulphonic acid chlorides in 
the presence of a tertiary organic base in DMA/LiCl. In particular, homogeneous tosylation applying TosCl in the 
presence of triethylamine is very effi cient  [25, 45, 46] . 
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 Figure 16.6        Preparation of cellulose esters via  in situ  activation by iminium chlorides (with permission from 
Springer,  [1] ).    

 Table 16.8 

   Esterifi cation of cellulose dissolved in  N , N -dimethyl acetamide (DMA)/LiCl via the iminium chlorides of 
different carboxylic acids (adapted from  [40] )  

 Entry  Carboxylic acid  Molar ratio  Product 

     AGU a  Acid  Oxalyl chloride  DS  Solubility b

 1  Stearic  1  3  3  0.63  DMSO/LiCl 
 2  Stearic  1  5  5  1.84  THF, CHCl 3
 3  Palmitic  1  6  6  1.89  DMSO, DMA, THF 
 4  Adamantane-1-

carboxylic
 1  1  1  0.47  DMSO/LiCl 

 5  Adamantane-1-
carboxylic

 1  3  3  1.20  DMA, DMSO, DMF 

 6  4-Nitrobenzoic  1  1  1  0.30  DMSO/LiCl 
 7  4-Nitrobenzoic  1  2  2  0.52  DMSO 
 8  4-Nitrobenzoic  1  3  3  0.94  DMSO 

a   Anhydroglucose unit.  

b   DMSO, dimethyl sulfoxide; THF, tetrahydrofurane; DMF,  N,N -dimethyl formamide.  
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 Applying S N  reactions, deoxycellulose products are available where the hydroxyl groups of the AGU are partially 
or completely replaced by other functional groups, that is, the reaction takes place at the carbon atoms. Considerable 
interest has found halodeoxycelluloses as starting material for S N  reactions yielding cellulose derivatives with interest-
ing properties ( Table 16.9   )  [47–52] . Recent studies comprise the introduction of amine/ammonium functions either by 
introduction of azide moieties and subsequent reduction or by using various di- and tri-amines for the S N  reaction. 

 The S N  reaction of tosyl cellulose with NaN 3  was comprehensively studied. It appears that not only the primary 
but also the secondary tosylates may be substituted. Consequently, the DS of azide moieties exceeds a value of 1,
which is not possible with most of the nucleophils studied [53] . The reduction of the azide moiety is possible 
either with LiAlH 4   [54]  or NaBH 4 /CoBr 2 /2,2 � -bipyridine  [55] . 

 Moreover, a number of aminodeoxycellulose were accessible. Water soluble 6-trialkylammonium-6-deoxycellulose
could be prepared  [56] . Conversion of cellulose tosylate with diamines like 1,4-phenylenediamine yields polymers 
that can be applied for the immobilization of enzymes by diazo coupling, for example  [57] .

  16.4     ETHERIFICATION OF CELLULOSE 

 Etherifi cation is a very important branch of commercial cellulose derivatization. Cellulose ethers are prepared in 
technical scale by conversion of alkali cellulose with alkylating reagents, for example epoxides, alkyl- and car-
boxymethyl halides [58, 59] . 

 In the case of heterogeneous reactions, the reactivity and the accessibility of the hydroxyl groups are determined 
by hydrogen bond-breaking activation steps and by interaction with the reaction media  [59, 60] . Additionally, the 
reaction of cellulose with reagents of low steric demand leads to a random distribution of substituents within the 
AGU and along the polymer chain. It is well known that not only the DS but also the substitution pattern may 
infl uence the properties of cellulose ethers  [61] . However, to gain detailed information about the infl uence of the 
structures on properties not only a comprehensive structure characterization but also cellulose ethers with a defi ned 
distribution of the functional groups are indispensable for the establishment of the structure–property relationships. 

 Table 16.9 

   Selected applications of deoxycellulose (adapted from  [52]  and references herein, see details there)  

 Application fi eld  Functionalization 

 Biological 
  Bacteriostatic  Different cellulosics including deoxycellulose treated with 

5-nitrofuroyl chloride 
  Immobilization of enzymes  Aminodeoxy cellulose 
  Anticoagulants  Sulfated aminodeox cellulose 
  Enzyme purifi cation  Aminodeoxy cellulose 
 Chemical 
  Removal of heavy metals, for example,   
   Hg  Chlorodeoxy cellulose + ethylenediamine, thiourea, 

thiosemicarbazide, thioacetamide 
   Cu, Mn, Co, Ni  6-Chlorodeoxy cellulose + diamines 
   Hg, Ag  S-substituted 6-deoxy-6-mercapto cellulose 
  Preconcentration of trace elements  Tosyl cellulose treated with piperazine and CS 2  (cellulose 

piperazinedithiocarboxylate)
  Sorption of uranium  Cellulose piperazinedithiocarboxylate 
  Chelating and complexing agents  Chlorodeoxy cellulose + iminodiacetic acid 
   Schiff base formation from aminodeoxy cellulose 
 Physical 
  Flame retardants  Chlorodeoxy cellulose 
  Propellants  Azidodeoxy cellulose 
  Electrostatic printing  Different cellulosics including aminodeoxy derivatives 
  Electron transfer catalysts  Viologens from ethyl cellulose derivatives 
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  16.4.1     Regioselectively functionalized cellulose ether 

  ‘ Regioselectivity ’  in cellulose chemistry means an exclusive or signifi cant preferential reaction at one or two of 
the three positions 2, 3, and 6 of the AGU as well as along the polymer chain ( Fig. 16.7   ). 

 In general, by chemical modifi cation reactions of cellulose no equal reactivity of positions 2, 3, and 6 appears. For 
instance, homogeneous acylation in DMA/LiCl results in products with a preferred functionalization at position 6, 
while the carboxymethylation in 2-propanol/aqueous NaOH proceeds faster at position 2 compared to 6 and 3. 

 An important area in cellulose chemistry is the defi nite control of the substitution within the repeating unit. Up 
to now, the most important approach in this regard is the application of protecting groups ( Fig. 16.8(a)   ). Other 
methods comprising, for example, selective cleavage of primary substituents by chemical or enzymatic treatment 
 [20, 62, 63]  play a minor role. An example is the deacetylation of cellulose acetate under aqueous acidic or alka-
line conditions or in the presence of amines ( Fig. 16.8(b) ). In addition, activating groups like the tosyl moiety may 
also be disposed for selective reactions (see Section 16.3). 

 The most widely used protecting group is the triphenylmethyl (trityl) moiety ( Fig. 16.9   ). Heterogeneous intro-
duction of the trityl groups starts with an activated polymer obtained either by the deacetylation of cellulose acetate
 [64, 65]  or by mercerization of cellulose  [66]  followed by a conversion in anhydrous pyridine. Furthermore, trityla-
tion of cellulose yielding polymers with DS values of 1.0 proceeds in DMA/LiCl and DMSO/SO 2 /diethylamine 
(DEA)  [67, 68] . Methoxysubstituted triphenylmethyl compounds are more effective protecting groups for the 
primary hydroxyl group of cellulose  [69] . The reaction of cellulose dissolved in DMA/LiCl with 4-monomethoxy-
triphenylmethyl chloride is 10 times faster than the conversion with unsubstituted trityl chloride. Complete func-
tionalization of the primary hydroxyl groups is possible within 4       h and 70°C. Even after long reaction times, excess 
of the reagent, and elevated temperatures, alkylation of the positions 2 and 3 was less than 11 per cent, which is the 
same range as for the unsubstituted trityl function. Moreover, the detritylation occurs 20 times faster  [61] . 
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 Trialkyl- (with at least one bulky alkyl moiety) and triaryl-silyl groups were investigated to protect the primary 
groups of cellulose. Pawlowski synthesized tert-butyldimethylsilyl cellulose with a DS of 0.68 in DMA/LiCl with 
mostly functionalization of position 6 [70] . Among this type of derivatives, 6- O -thexyldimethylsilyl (TDS) cel-
lulose is most suitable ( Fig. 16.9 ),  [71, 72] . A synthesis starting with a heterogeneous phase reaction in ammonia-
saturated polar aprotic liquids at � 15°C by conversion of the cellulose with TDS chloride leads to a specifi c state 
of dispersion after evaporation of the ammonia at about 40°C, which does not permit any further reaction of the 
secondary hydroxyl groups, even with a large reagent excess, increased temperature, or long reaction time  [71] . 
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The degree of TDS groups introduced by homogeneous silylation in DMA/LiCl to a total value of 0.99 was deter-
mined to be 85 per cent at position 6 only (GC/MS analysis). However, the homogeneous reaction in DMA/LiCl 
can be used to synthesize a 2,6-di- O -TDS cellulose  [61, 72] . 

 The structural uniformity and regioselectivity of the silylated cellulose products were demonstrated by means 
of one- and two-dimensional NMR techniques ( Fig. 16.10   ) after subsequent acetylation of the remaining hydroxyl 
groups  [68, 71]  or after permethylation of the residual OH groups and chain degradation by means of HPLC and 
GC-MS  [66, 69, 72, 73] . 
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 Figure 16.10     1 H NMR spectrum (a) and  1 H/ 1 H correlated NMR spectrum (b) of peracetylated TDS cellulose in CDCl 3 : 
assigned cross-peaks of the anhydroglucose unit [2,3- O -Ac-6- O -TDS] (Ac � acetyl, with permission from Springer,  [71] ). 



Monomers, Polymers and Composites from Renewable Resources, M.N. Belgacem & A. Gandini 359

  16.4.1.1       2,3-Di- O -ethers of cellulose 

 The 6-mono- O -trityl cellulose or the more effi cient 6- O -mono- O -(4-monomethyoxytrityl) derivative, and 6-mono-
O -TDS cellulose were used to synthesize regioselectively functionalized cellulose ethers at positions 2 and 3 after 
the exclusive cleavage of the protecting groups ( Table 16.10   ). In case of the trityl derivatives, the deprotection is 
carried out most effi ciently with HCl in a suitable solvent. For TDS protected derivatives, tetrabutylammonium 
fl uoride in THF is most successful for the cleavage of the silyl groups. 

 The alkylation of the 6- O -trityl cellulose was achieved in DMSO with solid NaOH as base and the correspond-
ing alkyl halides at 70°C within several hours. Interestingly, a small amount of water in the mixture (about 1       ml per 
60       ml DMSO) increases the conversion up to a nearly complete functionalization of the secondary hydroxyl groups 
 [65] . The synthesis of ionic 2,3- O -carboxymethyl cellulose (CMC) was carried out with sodium monochloroacetate 
as etherifying reagent in the presence of solid NaOH in DMSO and detritylation with gaseous HCl in dichlorometh-
ane for 45       min at 0°C or alternatively with aqueous hydrochloric acid in an ethanol slurry  [74] . The 2,3- O -CMC 
synthesized possess DS values up to 1.91, which shows water solubility at a DS of 0.3  [75] . 2,3-Di- O -hydrox-
yethyl- (HEC) and 2,3-di- O -hydroxypropyl celluloses (HPC) were synthesized by heteroge neous etherifi cation 
of 6- O -(4-monomethyoxytrityl) cellulose (MMTC) with alkylene oxide in a 2-propanol/10 per cent NaOH–
water mixture. Due to the very hydrophobic character of MMTC, the reaction was successful in the presence
of anionic and non-ionic detergent in the reaction mixtures  [76] . The polymers become water soluble starting
with a molecular degree of substitution (MS) 0.25 (HEC) and 0.50 (HPC), while a conventional HPC is water 
soluble with MS  �  4.  13 C NMR spectroscopy revealed the etherifi cation of the secondary hydroxyl groups of the 
AGU. Only one signal can be observed for the CH 2  group of position 6 ( Fig. 16.11   ). In addition, the peaks of the 
etherifi ed positions 2 and 3 appear in the range of 80–83       ppm. 

 Table 16.10 

   Examples for regioselectively functionalized 2,3-di- O -cellulose ethers  

O
O

OH

OR
RO

 R  DS  Via a   Reference 

 2,3-Di- O -methyl cellulose  —CH 3  Up to 1.77  Trt   [65]  
 2.0  Trt   [66, 83]  
 2.0  TDS   [72]  

 2,3-Di- O -ethyl cellulose  —CH 2 —CH 3  Up to 1.93  Trt   [65]  
 2,3-Di- O -CM cellulose 

CH2 ONa

O  0.054–1.07  Trt   [75]  

 Up to 1.91  MMTr   [74]  
 2,3-Di- O -hydroxyethyl cellulose CH2 CH2 OH

n
 Up to MS 2.0  MMTrt   [76b]  

 2,3-Di- O -hydroxypropyl cellulose 

CH2

CH
CH3

OH  Up to MS 2.0  MMTrt   [76b]  

 2,3-Di- O -allyl cellulose �CH2 CH��CH2   2.0  Trt   [78, 82]  
 2,3-Di- O -benzyl cellulose 

CH2

 2.0  Trt   [78, 82]  

 2,3-Di- O -octadecyl cellulose  —(CH 2 ) 17 CH 3   2.0  Trt   [84]  

a   Trt, trityl; TDS, thexyldimethylsilyl; MMTrt, 4-monomethoxytrityl.  
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 Cellulose ethers may exhibit the phenomenon of thermoreversible gelation that strongly depends on the func-
tionalization pattern as demonstrated for selectively methylated cellulose  [77] . A series of 2,3- O -methyl celluloses 
was prepared starting from 6- O -trityl- and 6- O -monomethoxytrityl cellulose  [66] . The total DS and the compos-
ition of the repeating units are slightly different according to varied reaction conditions. The thermal events are in 
strong correlation with the polymer composition concerning the different functionalization pattern of the repeating 
units. In case of a polymer containing tri- O -methylated glucose units in combination with monomethylated ones, 
a distinct thermal behaviour was found, that is, the methyl cellulose shows thermoreversible gelation. In contrast, 
a uniform 2,3- O -methyl cellulose shows no thermal gelation. It becomes obvious that the 2,3- O -methyl glucose 
units do not affect signifi cantly intermolecular interactions that are necessary for the gelation. 

 The methylation of the 6- O -TDS cellulose with methyl iodide and NaH in THF yields a water insoluble product 
that dissolves only in NMP and methanol/chloroform in contrast to a 2,3- O -methyl cellulose prepared via 6- O -
trityl cellulose  [72] . Thus, the structure is more uniform compared with samples prepared via tritylation.  

  16.4.1.2       6- O -ethers of cellulose 

 Up to now, the only path to 6- O -cellulose ethers is the time-consuming synthesis described by Kondo  [78] , which 
comprises two different protecting groups: 6- O -trityl cellulose is converted with allyl chloride in the presence of 
NaOH resulting in a complete functionalization of positions 2 and 3; subsequent detritylation and isomerization of 
the allyl groups to 2,3- O -(1-propenyl) substituents with potassium tert-butoxide, alkylation of position 6 followed 
by the cleavage of the 1-propenyl groups at positions 2 and 3 with HCl in methanol. The 6- O -alkyl cellulose 
samples were included in investigations about gelation  [79] , about blends with synthetic polymers  [80, 81] , about 
hydrogen bond system [82, 83] , about the behaviour of Langmuir–Blottgett monolayers  [84] , and about enzymatic 
degradation  [85] .

  16.4.1.3       3- O -ethers of cellulose 

 The conversion of 2,6-di- O -TDS cellulose with an excess of alkyl halides in THF in the presence of NaH afforded 
the fully etherifi ed polymers that can be desilylated with fl uoride ions yielding 3-mono- O -functionalized cellulose 
ethers ( Table 16.11   )  [86–89] . 

 3-Mono- O -methyl cellulose swells in polar media like DMSO indicating a strong network of hydrogen bonds. 
It becomes soluble by addition of LiCl that destroys intermolecular interactions. An increase of the length of the 
alkyl chains changes the solubility of the 3-mono- O -alkyl celluloses from water (C 2 ) via aprotic dipolar solvents 
(up to C 5  alkyl chains) to non-polar solvents like THF for C 5 –C 12  alkyl chains. Light scattering investigations 
of 3- O - n -pentyl-, 3- O - iso -pentyl-, and 3- O -dodecyl cellulose in THF disclosed a different aggregation behaviour. 
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 Figure 16.11     13 C DEPT 135 NMR spectrum of 2,3- O -hydroxypropyl cellulose (molar substitution 0.33) recorded in 
DMSO-d6  at 40°C (with permission from Wiley-VCH,  [76b] ).    
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Whereas the 3- O -dodecyl cellulose forms molecularly dispersed solutions (at concentration less than 2       mg/l), the 
C5  ethers show aggregation numbers of 6.5 ( iso -pentyl) and 83 ( n -pentyl)  [87] . 

 Ethyl cellulose of different functionalization pattern shows interesting thermoreversible gelation. While ethyl 
cellulose with DS 0.7–1.7 becomes water insoluble already at about 30°C  [90] , ethyl cellulose, which was pre-
pared via induced phase separation (conversion of cellulose dissolved in DMA/LiCl with solid NaOH and ethyl 
iodide), possesses a distinct higher cloud point temperature of 56°C. A block-like distribution of substituents along 
the polymer chain is assumed for this polymer as described for CMC and MC  [91, 92] . A similar value (63°C) was 
determined for the structural uniform 3-mono- O -ethyl cellulose independent of the DP  [89] . 

 One- and two-dimensional NMR spectroscopy demonstrates the uniform structure of the 3- O -alkyl ethers after 
peracetylation of the remaining OH groups as shown in  Fig. 16.12    for 3- O -methoxyethyl-2,6-di- O -acetyl cellulose 
as a typical example  [89] .   

  16.4.2     Cellulose ethers with non-statistical distribution of functional groups 

 Different routes for the synthesis of cellulose ethers with a non-statistical distribution of the ether groups along the 
polymer chain are described. The concept of induced phase separation proceeds with the activation of cellulose 
by dissolution ( e.g.  in DMA/LiCl) and subsequent addition of solid water-free NaOH particles  [92] . This pro cess
leads to reactive microstructures due to the regeneration of cellulose II on the interface solid particle/solution, 
which is shown by means of FTIR and polarizing light microscopy  [91] . In this state, the reaction of cellulose 
with sodium monochloroacetate yields CMC with DS values up to 2.2 in a one-step procedure. The analysis of the 
CMC products can be realized by an HPLC separation of the repeating units after a complete depolymerization
of the polymer backbone (preferably with HClO 4 )  [93]  and a comparison of the mol fractions measured with values
calculated by a simple statistics fi rst described by  [94] , which simulated the conversion along the polymer chain 
without preference of any OH groups and without the infl uence of the DS. While the statistic data meet the mol 
fractions of conventionally obtained CMC completely, the mol fractions of CMCs synthesized via phase separ-
ation show signifi cant differences from the statistical prediction. The concept of the induced phase separation can 
be extended to other solvent systems like DMSO/TBAF  [7, 95, 96]  and NMNO  [4] , various cellulose intermedi-
ates, for example, CA and TMSC as well as other cellulose ether syntheses  [2]  ( Fig. 16.13   ). 

 CMC with a non-statistic functionalization pattern may be obtained by the concept of reactive structure frac-
tions, which deals with the selective reaction in the activated non-crystalline areas of cellulose by treatment with 
low-concentrated aqueous NaOH  [97, 98] .

 Table 16.11 

   3- O -mono-alkyl celluloses and their solubility  

O
O

OH

OH
RO

R

 Solubility a  Reference 

 Ethanol  DMSO  DMA  THF  H 2 O 

�CH3 � �    �    �    �    [86]  
� CH 2�CH3 � � �   �   �   [88]  
�CH2 —CH��CH2 � � �   �    �    [86]  
� CH 2�CH2�O�CH3 � �   �   �   �   [89]  
� CH 2�CH2�CH3 � �   �   �    �    [89]  
� CH 2�CH2�CH2�CH3 � � �   �    �    [89]  
�CH2�CH2�CH2�CH2�CH3 � � � �   �    [87]  
�CH2�CH2�CH�(CH3 ) 2 � � � �   �    [87]  
�(CH2 ) 11�CH3 � �    �   �   �    [87]  

a    N , N -dimethyl acetamide (DMA), dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), soluble (�), insoluble ( � ).
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  16.4.3     Completely functionalized cellulose ethers 

 Attempts to synthesize completely functionalized cellulose ethers applying both heterogeneous and homogeneous 
paths are known. A homogeneous synthesis path is the conversion of cellulose with alkyl halides in the presence 
of NaOH in the solvent system SO 2 /DEA/DMSO  [99] . Cellulose could be dissolved in DMSO/LiCl and alkyla-
tion is carried out in the presence of sodium dimsyl, resulting from the reaction of NaH and DMSO, with alkyl 
halides [100] . A facile method for the preparation of tri- O -alkyl cellulose deals with the conversion of cellulose 
acetate in DMSO using the alkyl halide in the presence of NaOH  [101] . The complete methylation was described 
applying homogeneous etherifi cation of cellulose in DMI/LiCl  [102] . An interesting procedure for preparation of 
tri-O -allyl- and tri- O -crotyl cellulose uses solutions of cellulose in DMA/LiCl, the corresponding alkyl chlorides, 
and powdered NaOH  [103] . The products were investigated regarding their thermal and mechanical properties 
[99, 103]  and their structure in solution  [87] . The tri- O -alkyl celluloses were characterized by means of different 
NMR methods involving DQF COSY, HSQC, TOCSY, and HMBC  [103] . 

 Fully functionalized trimethylsilyl cellulose (TMSC) was obtained with hexamethyldisilazane (HMDS) in liquid 
ammonia in a stainless steel autoclave at elevated temperature  [104] . The completely silylated polymer exhibits 
unusual properties; it shows partial insolubility in THF, toluene, DMA, or cyclohexane compared to TMCS with a 
DS of 2.9 as a result of aggregation of the homopolymer structure. No glass transition was observed by DSC. 

 Highly functionalized TMSC was exploited for the continuous polymer fractionation  [105] . Because of their 
stiff backbone with fl exible side chains (so-called hair rod molecules) ultrathin fi lms by Langmuir–Blodgett (LB) 
technique could be formed  [106]  yielding cellulose fi lms after regeneration with HCl gas  [107, 108] .

  16.4.4     Complete homogeneous etherifi cation of cellulose 

 The fi rst example for a totally homogeneous carboxymethylation is the conversion of cellulose in Ni(tren)(OH) 2 , 
surprisingly leading to a CMC with a statistic functionalization pattern  [4, 109] . Molten salts hydrates like 
LiClO4   �  H 2 O were studied for homogeneous cellulose carboxymethylation  [110] . Both synthesis paths result in 
CMCs with the same distribution of functions and properties, for example solubility, as products obtained in the 
slurry reaction. No complete functionalization was possible. A totally homogeneous hydroxyethylation is carried 
out using the solvent 6       wt per cent NaOH/4       wt per cent urea aqueous solution  [111] , which yields products with 
the analogous functionalization pattern as HEC obtained by the heterogeneous slurry process. An alternative path 
for cellulose etherifi cation is the use of ionic liquids as reaction medium  [22] .

  16.5     CONCLUSIONS 

 It appears that the application of dissolved cellulose opens new avenues for the design of cellulose-based products. 
Limitations of the application of solvents may result from high toxicity, high reactivity of the solvents leading to 
undesired side reactions, and the loss of solubility during reactions yielding inhomogeneous mixtures by formation 
of gels and pastes, which can be hardly mixed, and even by formation of de-swollen particles of low reactivity. 

 The combination with new solvents and esterifi cation methodologies has driven the new synthetic paths for 
carboxylic ester formation of cellulose. The examples discussed illustrate the enormous structural diversity access-
ible by these new and effi cient methods. Very promising solvents for homogeneous path chemistry of cellulose 
are ionic liquids even in a commercial scale that is intensively studied world-wide at present. In any case, the 
recycling of the solvents has to be addressed. In the fi eld of cellulose ethers the regioselective introduction of the 
functional groups is still a synthetic challenge. These products will give new insights in the interaction of cellulose 
derivatives with each other, with other polymers and surfaces, and hence to improve common applications and 
to introduce cellulose-based materials in new application fi elds. Last but not least, it appears cellulose chemistry 
applying novel organic chemistry will lead to a variety of sophisticated products; impressive examples are S N  reac-
tions. Moreover, Click chemistry with cellulose was already successfully realized  [112] .
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