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VAPOUR SORPTION EQUILIBRIA AND OTHER WATER-STARCH INTERACTIONS;
A PHYSICO-CHEMICAL APPROACH

"The source of all knowledge is the knowledge of God”

Baha'u'llah (1817-1892)
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7a. Dichtheidsmetingen aan zetmeel :;EX. ™wie en apolaire fluida leveren
verschillende waarden op. Wegens de po..-iy . awdeving waarin zetmeel zich ge-
woonlijk bevindt is de huidige gewoonte om waarden voor de zetmeeldichtheid
te gebruiken, verkregen door meting onder .polaire vloeistoffen of lucht,
vaak onjuist.

Dit proefschrift, Sectie 3.3.
T.J. Schoch, H.W. Leach, 1964, page 101 in R.L. Whistler (ed) Methods in carbohydrate
chemistry. Vol. 1. Ac. Press, New York/London.

7b. Voor het opstellen van tabellen voor dichtheden van waterige zetmeel-
guspensies voor praktisch gebruik, is het voldoende om per zetmeelscort van
één water-zetmeel wverhouding nauwkeurig dichtheid en watergehalte te bepa-
len. Voor berekening van de andere waarden kan een simpel additief verband
worden gebruikt, doch niet de functie welke werd voorgesteld door Nara en
-medewerkers.

Dit proefschrift, Sectie 3.3 en Appendix 1.
8. Nara, K. Yamaguchi, K. Okada, 1968. J. Jap. Soc. Starch Sci. 16(5): 5

8. De hoeveelheid niet-oplossend water in een polymeer-water systeem, waar-

van de dampdrukisotherm bekend is, verschaft aanzienlijk meer informatie o-

ver de mate van ideaal gedrag van de gebruikte oplosbare stof binnen het ont-
stane mengsel, dan over de waterbinding aan het polymeer. Het is dan ock niet
juist dat Duckworth op grond van dergelijke metingen concludeert dat het zgn.
monomoleculaire water geen effectief oplossend vermogen bezit.

R.B. Duckworth, 1581. page 314 in L.B. Rockland, G.F. Stewart (eds) Water activity: in-
fluences on food quality. Ac. Press, New York/London.

9. Vooral door de ontwikkeling van technologieén voor de winning van plant-
aardige eiwitten is de mens, voor het eerst sinds zijn ontstaan, in staat om
zelf eiwitrijke voedingsmiddelen samen te stellen. De unieke voordelen van
dierlijke produkten zijn hierdoor achterhaald.

10. Vanwege het vermogen mengwarmten nauwkeurig en snel te Kunnen meten,
verdient immersiecalorimetrie als karakteriseringstechniek voor oppervlakken
van levensmiddelen-polymeren aanbeveling.

11. In het algemeen wordt vrouwenemancipatie gezien als een westerse bewe-
ging welke omstreeks de jongste eeuwwisseling is ontstaan. Minder bekend is
dat belangrijke sporen ervan reeds te vinden zijn in Iran omstreeks 1844.

Aanleiding hiertoe gaven de leringen van Siyyid Ali Muhammad (de Bab) over
de fundamentele geliikwaardigheid van man en vrouw.

Shogi Effendi, 1932. The dawn-breakers. Bahé'i publishing trust, Wilmette I11.

12. Op religieus gebied zal geen werkelijke olkoupévn tot stand komen, ten-
zij de wereldreligies elkanders stichters gaan erkennen als boodschappers
van dezelfde God, echter gezonden op wverschillende tijden in verschillende
culturen.

13. Een verstandig vader bakert zelf.

Proefschrift van C. van den Berg

Vapour sorption eguilibria and other water-starch interactions; a physico-
chemical approach
Wageningen, 14 oktober 1981
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1. Voor de beschrijving en analyse van experimentele isothermen van geloca-
liseerde sorptiesystemen verdient de isothermvergelijking welke resulteert
uit de theorieén van Guggenheim, Anderson en de Boer de voorkeur boven die
van Brunauer, Emmett & Teller. i

STELLINGEN

Dit proefschrift, Sectie 4.3.

E.A. Guggenheim, 1966. Application of statistical mechanics. Clarendon Press, Oxford.
R.B. Anderson, 1946. J. Am. Chem. Soc. 68: 686.

J. H. de Boer, 1953. The dynamical character of adsorption. (larendon Press, Oxford,
§. Brinauer, P.H. Emmett, E. Teller, 1938. J. Am. Chem. Soc. 60: 309.

2a., Hydroplastisch zijn polymeren waarvan de glasovergangstemperatuur daalt
tot beneden kamertemperatuur bij toename wvan het watergehalte. Om deze reden
zijn de amorfe polymeren in biclogische materialen naast thermoplastisch ook
hydroplastisch.

2b. Het belang van het eventueel overschrijden van de glas-rubber overgang
van levensmiddelenpolymeren tijdens bijv. fabricageprocessen waarbij het wa-
tergehalte verandert, wordt onvoldoende onderkend.

3. Capillair-condensatie speelt als mechanisme van dampdrukverlaging in le-
vensmiddelen geen rol van betekenis.

4, Gasadsorptie in homogene gelocaliseerde multilagen volgens Brunauer,

Emmett & Teller en dampspanningsverlaging van ideale oplossingen volgens

Raoult worden door mathematisch identieke vergelijkingen beschreven. Dit il-

lustreert op treffende wijze de ontoelaatbaarheid van uitspraken over achter-
liggende sorptiemechsnismen louter op basis van de toepasbaarheid van een
bepaalde isothermvergelijking.

Dit proefschrift, Hoofdstuk 4.

5a. Kristallen van zetmeel bevatten steeds water als essentieel deel van
hun kristalrcoster.

Dit proefschrift, Secties 2.4 en 3.2.

5b. Om deze reden gaat de algemeen veronderstelde overeenkomst tussen kris-
tallen van cellulose en zetmeel niet op voor wat betreft hun relatie tot wa-
ter.

S. Nara, A. Mori, T. Komiya, 1978. Starch/Stirke 30: 111,
H.T.K. Riick, 1977. page 114 in 4th Intern. dissolving pulps conference. Tappi, Atlanta.

Sc. Tijdens de opname van dit "kristalwater" zwellen B-type zetmeelkristal-
len enigermate, en blijven de kristalafmetingen niet constant zoals Wu &
Sarko stellen.

Dit proefschrift, Sectie 3.2.
H.C.H. Wu, A. Sarko, 1978. Carbohydrate Research 61: 7.

6. De dubbele helix welke Sarko en medewerkers recentelijk voorstelden als
conformatie voor kristallijn B-amylose is aanzienlijk minder waarschijnliik
dan hun oudere voorstel dat de helix enkel is.

H.C.H. Wu, A. Sarko, 1978. Carbohydrate Research 61: 7.
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ABSTRACT

van den Berg, C. (Section Process Engineering, Department of Food Science,
Agricultural University, Wageningen, the Netheriands), 1981. Vapour sbrption
equilibria and other water-starch interactions; a physico-chemical approach.
Doctoral thesis, Agricultural University, Wageningen. 186 + 12 pp., 40 figs,
17 tables, 361 refs, 2 app., English and Dutch summaries.

A model was developed on the basis of the literature for binding of water on
solid starch by means of a combined sorption mechanism. Eguations based on
the theory of localized sorption on homogenecus surfaces (Langmuir and Bru-
nauer, Emmett & Teller) were derived. An equation with three parameters from
the theories of Guggenheim, Anderson and de Boer described experimental iso-
therms adequately up to a water activity of 0.9 and one based on polymer-
solvent interaction (Flory and Huggins) above that value. The experimental
isotherms of water wvapour on native starch were affected by temperature,
gelatinization, partial hydrolysis and separation in components (amylose and
amylopectin).

Free descriptors: water activity, starch structure, binding of water by
starch, vapour sorpticn, isctherms, crystallinity of starch, glass-rubber
transition, thermo-dynamic functions, physical properties, thecry of local=-
ized sorption on hcmogeneous surfaces, polymer-solvent interactions, iso-
therm equations, literature review.
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VOORWOORD

De wording van dit proefschrift is in enkele opzichten te vergelijken met de
nauwkeurige meting van een sorptie-evenwicht tussen 2zetmeel en waterdamp.
Niet alleen is de gemeten waarde het resultaat van de inzet van meerdere
mensen, ook de instellingsduur van het eigenlijke evenwicht was voor fysi=-
sche adsorptieprocessen relatief lang en de uitkomst niet zelden verrassend.
Dit werkstuk reflecteert onvermijdelijk een deel van mijn vorming, ervarin-
gen en specifieke interessen. Mijn erkentelijkheid gaat uit naar allen die
hiertoe hebben bijgedragen. Veel dank ben ik verschuldigd aan mijn ouders
voor hun vele goede zorgen en de mogelijkheden die zij mij boden een studie
te wvolgen.

Mijn belangstelling wvoor het hier behandelde onderwerp werd gestimuleerd
door een viertal ontwikkelingen. Tijdens mijn studie aan de Landbouwhoge-
school wekte prof.dr.ir. H.A. Leniger mijn interesse voor de fysische tech-
nelogie van de verwerking van landbouwprodukten, en wat later meer specifiek
voor het bhelang van de wateractiviteit van levensmiddelen. Onder Leniger's
leiding startte binnen de afdeling reeds vroeg onderzocek hiernaar door ing.
J.A.G. Weldring. Prof.dr. W. Pilnik bracht als brede achtergrond de leer wvan
levensmiddelen in, waarbinnen polymeren zo'n belangrijke rol spelen. De sys-
tematisch kwantificerende aanpak van fysische en kclloidchemische verschijn-
selen door prof.dr. J. Lyklema, mijn promotor, sprak me steeds sterk aan.
Later werd deze kwantificerende tendens verder versterkt door de fundamen-
tele proceskunde die werd ingevoerd door prof.dr.ir. S. Bruin, als krachtig
hulpmiddel voor een geintegreerde aanpak van velerlei problemen. Jou, Solke,
ben ik tevens bijzonder erkentelijk veor je belangrijke stimulans en ruimte
om deze studie binnen de sectie Proceskunde te verrichten.

Hooggeleerde promotor, beste Hans, jouw creatieve en bemoedigende hegelei-
ding zijn steeds een onmisbare drijvende Kracht geweest achter de voorberei-
ding van dit proefschrift. Op onze gesprekken zie ik met grote voldoening en
dankbaarheid terug. Een deel van de in dit proefschrift vermelde resultaten
werd verkregen tijdens een uitgebreid onderzoeksproject naar meting en in-
terpretatie van dampdrukisothermen wvan voeq;pgsgrddeien -en” hun componenten.

Niet bevroedde ik dat de aanvankelljke keuze van zetmeel als ogenschijnlijk
"'stabiele" component uiteindelijk zo verstrekkéhﬁ zau 21Jn Grote bijdragen
aan dit voornoemde project leverden vooral ing. Johan Weldring en ing. Ido
Wolters. Zij houwden de McBaln—balansopsteIThng'3ﬁﬁ§érzamélden daarmee veel
nauwkeurige isothermgegevens. Ook immersiewarmten en dichtheden werden geme-
ten door ing. Weldring. In het kader van hun afstudeerwerk startte ir. Fred
Kaper de eerste isotherm-gegevensverwerking per computer, en verschafte ir.
Daan Theunissen meer inzicht in de kinetiek van waterdampsorptie aan zetme-



len. Ir. Rob Cleven leverde een eminente bijdrage tot de kennis van B-zet-
meelkristallen door Rontgen-onderzoek met medewerking van prof.dr.
L. van der Plas (vakgroep Bodemkunde en Geologie).

De prettige collegiale sfeer binnen onze sectie, nu onder leiding van ir.
W.A. Beverloo, wil ik gaarne vermelden. Collega ir. Henk Akse maakte het
FITABS computerprogramma en ir. Karel Luyben het KOMPLOT programma; beiden
gaven waardevolle rekenkundige adviezen. Mw. Ineke wvan Kreuningen typte een
deel van dit document in voorlopige vorm en droeg als administratieve spil
van de sectie algemeen belangrijk bij.

Drs. A. Otten (vakgroep Wiskunde) hielp de sorptiemodellen statistisch mees-
ter te worden. Dr.ir. W. Bol (Technische Hogeschocl, Eindhoven)} corrigeerde
Sectie 2.1.

Bijdragen aan de gedachtevorming over de boeiende stof zetmeel werden gele-
verd door dr. J. Muetgeert (Kunststoffen en Rubberinstituut TNO, Delft),
drs. P.A.M. Steeneken (Proefstation voor de Aardéppelverwerking, Groningen),
dr. A.H.A. de Willigen (v.h. verbonden aan genoemd FProefstation) dr.
C.G. Vonk (D.S.M., Geleen) en dr. D.R. Kreger (Rijksuniversiteit,
Groningen). Drs. Steeneken las en gaf waardevol commentaar op de hoofdstuk-
ken 2 en 3 in status nascendi. Dr. P.J. Hoftyzer (AKZ20O, Arnhem) hielp bij
het afschatten van de zo belangrijke fase-overgangstemperatuur van zetmeel.
Dr. B. Belderok (Instituut wvoor Graan, Meel en Brood, Wageningen) bepaalde
de gehalten beschadigd zetmeel.

Zetmeelmonsters werden beschikbaar gesteld door AVEBE (Veendam), Prcefsta-
tion voor de Aardappelverwerking (Groningen)} en Compagnie du Benin (Chalons
sur Sadne, Frankrijk).

De heren C. Rijpma en M. Schimmel (tekenkamer Biotechnion) tekenden met zorg
de meeste figuren, waarna de heer A. van Baaren ze fotografeerde.

De correctie van de Engelse tekst in delen werd hulpvaardig verzorgd door
mw. Clara van Dijk (vakgreep Fysische en Kolloidchemie), mr. I. Cressie en
mr. C. Rigg (Pudoc, Wageningen).

De lengte van deze dissertatie met nogal wat formules en correcties in het
aangebeden manuscript maakte het typen ervan niet alleen tot een kunde doch
evenzeer tot een kunst. De dames van de afdeling Tekstverwerking van de
Landbouwhogeschocl, met name mw. 1. Diraoui, ben ik dan cok zeer erkentelijk
voor hun vlijt en accuratesse.

Tenslotte, wat zou deze studie zijn geweest zonder de niet aflatende trouw
en steun van jou, Wieke. Meer dan enig ander heb jij de ups en downs ervan
mee beleefd, je hebt de kinderen opgevangen op momenten dat 2ze hun wvader
hadden moeten zien en bleef optimistisch over de afloop.
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SYMBOLS

List of symbols most frequently used

N Onnp v
H oD Qw5

223 RRAFARRS-DOQR QA

£ <4 < H X Ow Y

N =

surface occupied by one isorbed molecule

relative activity

relative water activity

B.E.T. adsorption constant

G.A.B. sorption constant

Langmuir adsorption constant

sorption constant related to the second molecule sorbed on a site
constant related to sorption entropy

fugacity

Gibbs free energy of sorption

adsorption constant in the G.A.B. theory (eqns 4.22, 4.26)
enthalpy of sorption

accommodation factor or reduced partition function of sorbed molecule
G.A.B. sorption constant related to multilayer properties
G.A.B. sorption constant K corrected for sorption entropy
Boltzmann constant

(and other symbols where indicated) empirical constants
molecular weight

moles of gas striking the adsorption sites per second
number of sorbed molecules

number of gorption sites

number of water molecules

number of solute molecules

number of sorbed molecules per site

pressure

partition function of canonical ensemble

partition function of one molecule

ideal gas constant

entropy of sorption

swelling parameter

absolute temperature

volume

partial molal volume

mass fraction of water on dry substance

value of W at completed monolayer

average chain length between junctions in polymer network

volume ratio of polymer segment and sorbate molecule
difference
activity coefficient




y! composed parameter in Hill & Rowen extension of the Flory-Huggins
theory

8 degree of sorption site occupancy (N/Ns)

L sorption site creation function

A absolute activity

H chemical or thermodynamic potential

= grand partition function of grand canonical ensemble

£ grand partition function per sorption site

[ relative adsorption time

1 adsorption time

¢ volume fraction of polymer

X polymer-solvent interaction parameter (Flory-Huggins theory)

1] number of realization possibilities

w weight fraction

Subscripts

1,2,....4 number in series

exc excess part of function

g glass-rubber transition

h half occupied

is isosteric

2 bulk liquid

n multilayer or melting (egqn 3.2)

p polymer

g solute, or surface (egn 4.55)

u polymer unit (monomer)

v variable number

W water

Superscripts

id ideal

o

standard



The best of humanity is Iike water and starch; both substances serve all.
adapted from Lao-Tse (Sixth Century B.C.)




1 INTRODUCTION

1.1 GENERAL BACKGROUND OF THIS WORK

Knowledge of the interactions between water and biological products is of

great importance. Not only does water play a paramount role during the bio-

logical growth of these products, but it also profoundly influences almost

all properties of biological materials after their harvest or death. So water
influences directly or indirectly all kinds cf technological processes that

are carried out with biolegical products.

Probably the most fundamental relation which describes the interaction be-

tween water and a solid is that between the water activity and the water con-
tent of the obtained mixture of water and solid (sorpticn complex) at a cer-

tain temperature. This relation, the water sorption isotherm, gives an im-

pression of how strongly water is bound by the solid. Applying this to sol-

ids of biological origin we see that for the practice of preservation tech-

nologies these isotherms supply essential infermation . All forms of deteri-

oration are related to the available water. For example, microbes which are

usually the cause of most rapid decay processes of biological products, very

seldomly grow below a water activity of 0.7. Therefore in a food preservation
technology, besides determination of the amount of water, the water activity

(or equilibrium relative humidity) has become a major control variable. Until
recently, the water activity could be determined only by direct measurement.

The last two decades, however, some progress was made in the theoretical es-

timation of water activity in foods and other systems, since it was realised

that the water sorption isotherm of a system directly relates the thermody-

namic potential to the mass fraction of water in the system.

Nowadays, for relatively simple mixture of water and some sugars, Or some

other substances over limited water concentration ranges, the water activity

can be theoretically predicted with reasonable accuracy. But as soon as the

solids become complex, as is the case with bicpolymers, these methods fail.

Here further experimental information on the specific interactions between

water and the solids is required to develop more realistic meodels.

This thesis deals with the interactions between s0lid starch and water. Both
substances are very common. Starch is the main component in the food of man
and his domesticated animals, and water is ubiguitous. However, both sub-
stances are by no means simple, and this applies even more to their interac-
tions. Water molecules like to sorb on a clean starch surface, especially at
ambient and lower temperatures. This is demonstrated dramatically by the fact
that for example at room temperature about 1%k weight % of water in the atmo-
sphere is in eguilibrium with as much as 20 weight % of water in potato



starch. Dry starch is a good desiccant.

The present study does not pay much attention to the typical gelling behav-
iour nor to solutions of starch which occur near a water activity of unity.
These aspects dealing with starch in its dissolved state have received ample
attention (e.g. Banks & Greenwood, 1975). However, since the classic work of
Katz ended in 1938, relatively little work was carried out on the physics of
the solid (or in this case rather: semi-solid) state of starches. In the de-
velopment of starch science chemical aspects have always been emphasized.

The background of the treated subject is bread and nowadays of great impor-
tance. Besides their role in foods, native starches in iscolated form have
become very important raw materials for a great number of products. Thomas
J. Schoch (1969), after devoting a lifetime to starch problems, pointed out
that there are generally two different kinds of starch science. The first is
practical technology involved in (usually minor) improvement in applications
of starch in industrial processes and products. Most of this research still
proceeds empirically by trial-and-error in order to find the optimum product
for a specific use, with relatively little effort to understand the basic
mechanisms involved. The second approach is theoretical. Mostly concepts are
developed about ideal starch molecules under idealized conditions. This basic
research has significantly contributed to our knowledge of the nature and
structure of starch and its components, but it has not been of great help in
solving problems arising in the application of starch and its products. (A
notable exception here is the commercial separation of amylose and amylopec-
tin mentioned in Subsection 2.5.3). In order tc bridge the gap between both
areas, Schoch proposed mid-area studies in "mechano-chemistry" of starch.
Peihaps "applied physical chemistry" would be a more common and appropriate
name. Anyway, Schoch'’s analysis is still correct in the view of the present
author. In the author's opinion basic and applied research into water rela-
tione and solid state physics of starch should deminate this mid-area ap-
proach.

In the last few years carbohydrate {including starch) science has bheen for-
mally designated as inncovation area number one at the target lists of several
major westers countries. This is mainly because starch and cellulose {and
their many derivatives), contrary to mineral oil, are derived from renewable
resources and by their very nature are less harmful to the environment. How-
ever, major developments are hampered by the lack of fundamental knowledge.
Important progress in the development of native starch-based products may be
anticipated when the problems concerning the structure of the native starch
granule and the role of water have been elucidated. In particular physical
modifications of native starches and new derivatives prepared in the solid
state would become possible, and existing processes would be better under-
stood.




This study aims at contributing to this area in particular by review and
analysis of (i) the physical structure of native starch, (ii) the role of
water in its different parts, (iii) the glass-rubber and melting transitions
and other physical properties like density and heat of mixing as a function
of water content, and (iv) the prevailing sorption mechanisms. Since several
of these aspects have a general character, the study also contributes to the
knowledge of water binding by biopolymers in general. The author hopes that
his results and views may be an incentive for further thinking on this fas-
cinating subject by applied starch technologists, fundamental starch reseach
workers, food scientists and engineers who are interested in water relations
of biological products.

1.2 OUTLINE OF THIS STUDY

Native potaﬁo starch which is representative of the family of starches and
industrially important was chosen as the main object of this study. Of this
substance much is already known. At many instances our results obtained with
this substance are compared with those of native wheat starch which exhibits
a somewhat different granule structure and another crystalline pattern. With
regard to’ their water vapour sorption behaviour the influence of several
treatments will also be investigated.

By way of intreduction this report starts in Chapter 2 with the introduction
of the substances water and starch. S$pecial attention is paid to the physical
structure of the starch granule and its crystallinity because water plays a
specific role in it.

This outline may serve as a general background for Chapter 3 where the main
water relations of starch are discussed. The properties of the solid state
of starch are profoundly influenced by the action of water. Based on an ana-
lysis of these, a general model of water vapour sorption on dry starch is
given. This chapter is a synthesis of data from literature and results from
own investigations with mainly thermodynamic techniques. In this chapter al-
so the proposed crystal structure prevailing in native potato starch is
shortly described.

In order to guantitatively interpret the obtained sorption isotherms on the
basis of the proposed sorption model, it is necessary to first review, ana-
lyse and extend available sorption. theories (Chapter 4). It will be shown
that broadly speaking two sorption mechanisms together govern the interac-
‘tion between water and dry starch. Chapter %5 describes the experimental me-
thods used. In Chapter 6 the isotherm equations belonging to the various
sorption theories are compared with experimental sorption isotherms of water
vapour on several starches. Differences between the natures of these star-



ches, resulting from different origins and treatments are reflected in the
isotherm properties. In conclusion a combined sorption isotherm model is

proposed.




2 WATER AND STARCH

2.1 WATER AND ITS ACTIVITY
2.1.1 General

Water is the mobile low molecular component of the water-starch system and
therefore deserves special attention with regard to its nature and proper-
ties determining sorbability. As outlined in the introduction, the knowledge
of water has grown considerably during the last few decades, and so has the
literature (e.g. Eisenberg & Kauzmann, 1969; Franks, 1972-1979; Erdey-Gruz,
1974; Berendsen, 1967). For introductory reading, the reviews of Liick {1976)
and Berendsen (1979) are interesting. Some aspects and properties of water
relevant to our purpose will be discussed in the remainder of this section.

2.1.2 Water molecules

It is generally agreed that in many respects water is a unigue substance,
with rather unusual properties. When for instance compared with other ten=-
electron systems {ammonia or hydrogen fluoride) or with the dihydrides of
other elements from the sixth group of the periodic system (HZS, HZSe and
H,Te), the freezing point and the boiling point of water are surprisingly
high, see Table 1.

Table 1. Comparison of freézing and boiling points (K) at 101.3 kPa of hy-
drides of elements neighbouring oxygen in the periodic system of

elements.
freezing point boiling point
NH3 195 240
HF 181 292
HZTe 222 269
HZSe 209 231
HZS 120 211
H20 273 373

Pure water consists of molecules made up of two hydrogen atoms and cne oxy-
gen atom. Figure 2.la shows a schematic model of a water molecule with its
basic dimensions in vapour and in ice. The O-H bond energy is 459.3 kJ/mol
at 0 K. Because of the high electro-negativity of the oxygen atom, compared




d

e

Fig. 2.la. Schematic model of a single water molecule with van der Waals
radii. In the wvapour state: a = 0.096 mm; b = 0.141 nm; o = 104.5°., In the
ice state: a = 0.099 nm; b = 0.162 nm; a = 109°.

lone electron
pairs

Fig. 2.1b. Schematic tetrahedron indicating the charge distribution in a
water molecule. Each point charge is about one fourth of an electron charge.
Distances with respect to the oxygen nucleus are 0.1 nm for the positive
charges and 0.08 nm for the negative charges.




to the hydrogen, the electronic charge density is enriched around the oxy-
gen. The resulting charge centers are located tetrahedrally around the oxy-
gen (Figure 2.1b), Due te the asymmetry of the c¢harge, the water molecule
has a high dipole moment, viz. 6.17 - 10739 ¢ .m. (1.85 Debye units}. From
the directed nature of the orbitals, a 3-dimensional structure follows for a
collection of water molecules that are packed as in water or ice. Water mol-
ecules are linked by hydrogen bonds with average distances of about 0.177 nm
between hydrogen and oxygen (or approx. 0.277 nm between the oxygen nuclei),
allowing some deviation {about 20°) from linearity. The hydrogen bond, with
average binding energy of about 20.5 kJ/mol, is strong enough to survive
several vibration periods (at room temperature one period lasts approx.
10_12 s), thus creating some structure in ligquid water.
2.1.3 Ice

In pure ice the maximum number of hydrogen bonds are realized. Each molecule
has at most 4 bonds, giving a total number of 2 N bonds for a population of
N molecules. some dislocations exist, their number is a function of tempera-
ture and the crystallization process. From the heat of sublimation of ice at
273 K (51.1 kJ/mol) it follows that Van der Waal's attraction forces account
for enly about 20% of total interaction.

At 101 kPa there are two modifications of ice, orxrdinary hexagonal ice (Ih)
that appears upon freezing of water at 273 K and cubic ice (Ic¢), which is a
stable low temperature modification. In these ice forms the hydrogen bonds
are directed in tetrahedral symmetry. In Ic ice the oxygen atoms take a po-
sition identical to the arrangement of carbon atoms in diamond, whereas Ih
ice differs from this only with respect to the position of the next-nearest
neighbour molecules (Figure 2.2).

The protons have no fixed place in the crystal, they can take very many con-
figurations, in which they shift approximately each 2 - 10'5 s {(at 273 K}.
The arrangements of molecules in the ices lead to a rather open structure.
Densities are 917 kg/m?® (0°C, 101 kPa) for Ih and 930 kg/m2 (143 K, 101 kPa)
for Ic. The openness of structure is well illustrated by the fact that there
exists an ice VII modification, the molecules of which take the position of
two diamond structures, one occupying the holes left by the other (Eisen-
° Pa the ice VII modifica-
tion is stable at temperatures up to 353 K (80°C) with a density of approx.
1650 kg/m® (298 K, 2.5 - 10° Pa).

berg & Kauzmann, 1969). For pressures above 2-10

As the arrangement of water melecules as in cublc ice 1s believed tc play a
role in B-type starch crystals (Subsection 3.2.4) some additional informa-
tion follows. Ice Ic can be formed by sublimation of water vapour on sur-
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faces at temperatures between 133 K and 153 K, by warming of vitreous ice
(formed at a surface maintained below 113 K), or by treating gquenched high
pressure ice modifications. Upon further warming, Ic transforms irreversibly
into Ih with a small enthalpy change, at temperatures between 143 K and
210 K depending on the history of the sample. The glass transition tempera-
ture of pure water is estimated to be 139 K (-134°C) (Kell, 1972; Hobbs,
1974).

Besides the different ice modifications, water molecules are able to form a
great number of crystalline structures around small molecules of a less po-
lar nature, e.qg. the pentagonal dodecaéder structure around methane {Berend-
sen, 19&8). These clathrate host-structures are not seldom stable at tem-
peratures up to 283 K (10°C) and a few bar pressure. Somewhat comparable
water shells with intact H-bonds stabilize apolar groups of biopolymers in
water, thus playing an important role in the stabilizaticn of, for example,
proteins. NMR spectroscopy showed that water molecules in such a configura-
tion are 2-3 times slower than in the bulk liguid (Zeidler, 1973).

2.1.4 Ligquid water

When ice melts, the fraction of open space decreases. The coordination of
molecules becomes discordered. The average number of nearest neighbour mole-
cules shifts from 4 to nearly 5. The heat of fusion (6 kJ/mol} indicates
that only about 20% of the hydrogen bonds in ice break up, leaving a still
relatively open structured assembly of moving mclecules forming the liquid.
With increasing temperature from 273 K onwards, the open structure is gradu-
ally broken down and the density increases until at 277 K this effect is ba-
lanced by thermal expansion.

Many aspects of the 'structure' of water are not understood yet. The liguid
structure remains continuous until (at high temperatures and pressures) the
number of hydrogen beonds has decreased to below ca. 50% of its maximum. Some
theories predicting macroscopic properties of water, postulated short living
(approx. 10_1l s) aggregates of molecules or ‘clusters'. Especially the
'flickering cluster' theory (Frank & Wen, 1957) presented a useful work hy-
pothesis for some time. Statistical analysis of hydrogen-bonded assemblies
of molecules, however, showed that for water at ordinary temperatures the
opposite is rather the case. Breaking of some hydrogen bonds in the struc-
ture induces further breaking and creates shert living groups of loose mol-
ecules in a further continuous structure (Perram & Levine, 1971)}. Berendsen
(1979) found that altogether meore than 30 theories on the 'structure' of li-
quid water have been developed, varying from unordered aggregates via sev-
eral mixtures of two types of structures to structures with extended c¢lus-
ters of H-bonded networks. Most of the older theories have been outdated by
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developments of computer simulation technigues using Monte Carle methods
{Bol, 1979) or molecular dynamics principles. It is expected that improved
insight inte the structure of the liquid water will be beneficial for the
knowledge of water sorbed onto surfaces and all liguid systems .containing
water.

2.1.5 Water activity

A water vapour sorption isotherm of a substance is the constant temperature
relation between the amount of water in the substance and its thermodynamic
relative water activity (usually abbreviated to water activity)}. This water
activity is usually derived from the properties of the atmosphere surround-
ing and in equilibrium with the substance under study. In the gaé phase, wa-
ter molecules are separated by relatively great distances, at 373 K and
101.3 kPa roughly 10 times their distance in water, which is sufficient to
ignore almost completely any non-perfect behaviour ameong them.

The (relativg) activity of any pure substance or component, thus also for

water, was originally (1907) defined by Lewis as a ratio of fugacities (see
Lewis et al., 1961):

(2.1)

£
éQJQ*

where £, is the fugacity of water in the mixture at equilibrium, and fg is
the fugacity of pure water at standard temperature and pressure. The thermoc-
dynamic function of fugacity, or 'escaping tendency', became expedient in
order to apply the thermodynamic Gibbs free energy to real substances. For a
pure substance fugacity is defined as (Sandler, 1977):

id
f = p-exp( p(T,p) ETP (TrP)) = p-exp (%E oIp (v-vld)dp) (2.2)

where p is the total pressure; R is the ideal gas constant; T is the abso-
lute temperature; p 1s the molar Gibbs free energy or thermecdynamic poten-
tial of the substance under consideration; the super-script id denotes the
ideal gas state and v is the molar veolume of the substance. The fugacity be-
comes equal to pressure at pressures low encugh that the system approaches
ideal gas behaviour, i.e. £+ p as p ~ 0.

Gal (1972; pers. commun.) investigated the difference between water activity
(aw) and the practically generally used equilibrium relative humidity or re-
lative vapour pressure of the same system and showed that at ambient condi-
tions the difference between the two quantities can be neglected: e.g. at
323 K (50°C) and total pressure of 100 kPa the difference has a maximum of
0.2% ({relative}, and at 373 K (100°C) and 500 kPa it 1s 1% (relative) at
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maximum. For nearly all water vapour sorption studies this justifies with
sufficient accuracy the common equalization of water activity and relative
water vapour pressure of the system under consideration:

E)
'U|'C|
£ 0l%

(2.3)

where Py, is the partial vapour pressure of water in the system and 93 is the
vapour pressure of pure water at the same temperature and 101.3 kPa total
pressure. Equation (2.3) will be used for relating experimental results in
this study.

Further in this study use will be made of the quantity absolute activity of
a component (in our case mostly water)}, which is defined as:

A= exp(%f) or exp(%f) (2.4)

depending on whether p is expressed per mole (mostly in this study) or per
molecule; k denotes Boltzmann's constant. This function can be seen as a
conveniently expressed thermodynamic potential. Further aspects of this im-
pertant quantity are treated by Guggenheim {1967).

A discussion of the main aspects of the concept of water activity in rela-
tion to its application to food systems has been given by van den Berg &
Bruin {(1978}.

2.2 STARCH, GENERAL ASPECTS AND IMPORTANCE

starch, or amylum, is the form of carbohydrate reserve in nearly all green
plants; it is the major carbohydrate component in food for man and, more-
over, in isclated form it has numerous practical applications. About 8% per
cent by weight of the world's agricultural crops are cereals - mainly com-
posed of starch - and starchy rcots, tubers and stems.

It is produced through photosynthesis via glucose in living plant cells by
organelles, called plastids, and deposited in the shape of granules that are
inscluble in cold water. For the plant it is a suitable energy reserve; it
is macromolecular and almost uncharged so that it does not create signifi-
cant osmotic pressure. The plastids mentioned before can be either chloro-
plasts or amyloplasts (Badenhﬁizen, 1969). Inside the chloroplasts, starch
granules remain very small: they are formed in the stroma, the proteinaceous
lamellae in between the chlorophyll-containing layers. Here starch granules
act only as a short-term storage of energy accumulated through photosynthe-
sis by the chlorophyll. This type of starch is of no practical interest to
man. His prime interest is in starch produced by amyloplasts in plant parts
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where it is stored at high concentrations as a carbohydrate reserve to sur-
vive periods of unfavourable conditions. These starch granules have diame-

ters ranging from about 2 pm to 100 pm or more. Starch can be isolated

readily in relatively pure form from the seeds, tubers, rocts and stems by
wet milling and separatien techniques. Starch owes its unique properties to
the presence of mainly two high-polymeric fractions loaded with hydroxyl
groups, and the organization of these substances into a semi-crystalline
granule which behaves peculiarly when heated in water beyond its gelatiniza-
tion temperature.

On an industrial scale, starch is isclated from maize {(corn), potato, sweet
potato, wheat, manioc, rice and, in smaller quantities, from sago and arrow-
root (maranta). Estimated world production and sources are shown in Table 2.

Table 2. Sources for world native isolated starch production.
Estimated 1979 world production = 13 million tonnes.

Sources Proportion of total production (%)
Maize (corn) {Zea mays L.) 76
Potato (Sclanum tuberosum L.) and

sweelt potato (Ipomoea batatas (L.) Lam) 15.5

Manioc* (Manihot esculenta Crantz)
Wheat (Triticum aestivum L.)

Rice (Oryza sativa L.)

5ago (Metroxylon sagus Rottb.)

+ 4+ O W W
-~

Arrowroct (Maranta arundinacea I.)

Adapted from data by AVEBE, Veendam.

* other names commen in various countries are: cassava or cassada, tapioca,
yuoca, ketella, mandioca, aipim.

+ minor quantities of mainly local interest.

Starch is the second largest carbohydrate after cellulecse, both with respect
to production by nature and utilization by man. The application of starch is
very old indeed. Strips of Egyptian papyrus, cemented together with a star-
chy adhesive, have been dated tc the predynastic pericd of 3500 - 4000 B.C.
Other interesting historical notes on starch utilization were compiled by
Whistler (1965}.

starting with Nadgeli's early work (1858}, a vast amount of research on
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starch, both purely scientific and technolegically oriented, has been going
on for more than a century. Although many findings of practical importance
were made, it was not before it was realized that the starch granule is not
homogeneous, and that reliable methods for separation into the simpler com-
ponents amylose and amylopectine were found, that more rapid advances in
knowledge of the practical uses of this substance were made. Before 1940
starch was regarded by many scientists as a single polysaccharide with a
complex molecular architecture. Meyer and co-workers (1940) established the
structural nen-uniformity of the native starch granule after lengthy discus-
sion in the literature. At the same time, Schoch (see Schoch, 1945) devel-
oped reliable methods for fractionating starch into amylose and amylopectin.
Since then practical knowledge of starch has grown considerably and so have
the applications. Notwithstanding this development, today - still - many as-
pects of the starch granule and its components are not well understood. The
complicated nature of native starch does not yet allow a full understanding
of its composition and architecture. For native starch, an illustration of
this complication is the observed individuality in properties of each starch
grain. Variation is the rule. No two granules are identical. In this respect
Banks & Greenwood (1975) suggested that it is probably no exaggeration to
say that each granule in a population is unique, differing from its neigh-
bours in fine structure and properties. French (1972) stated that on a mcle-
cular scale 'possibly ne two branched starch molecules within a single gran-
ule are identical'. This heterogeneity has an influence on most starch prop-
erties, which makes it somewhat difficult to assign average properties to
this material.

Since the Second World War, isclated starches and their derivatives have be-
come very important both as a bulk raw material and a processing aid. The
economical importance of starch is illustrated by the fact that starch uti-
lization of a society is directly related to its income. Generally, native
and medified starches are applied to improve physical and physico-chemical
properties of foocd products, such as viscosity, gelation, surface, freeze-
thaw stability and streng;h. Further applications are as glue, carriers,
binder, filler, emulsifier, moisture buffer and shaping powder etc. Table 3
lists important applications of starch in preoducts and processes, including
products derived from starch. This list is not complete. For many applica-
tions as a polymer, native starches are not yet sufficiently suitable. Modi-
fication of relevant starch properties is obtained by physical (mechanical,
pressure or moderate thermal treatment) and chemical (acid treatment, oxida-
tion, esterification, etherification and cross-linking) treatment. In order
to retain its easy flow and handling properties, often it is tried to modify
starch with retention of its granular structure. Many other carbohydrates
can be produced directly from starch, e.g. (malto-)dextrins, oligosaccha-
rides, maltose, glucose, fructose and related sugars. Since starch is a rel-
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Table 3. Industrial and household applications of isolated starches.

Foods

Baking products, pie fillings

Custards, puddings, jellies, soups, thickeners and as a general stabilizer
Minced-meat preducts

Instant and ready-to-eat foods

Sweeteners, glucose and isomerose syrups, maltose

Dietetic food, maltodextrin

Modified starches with numerous specific food applications

Cast powder for shaping liguorice sweets

Indicator for margarine

Paper and wood

Coatings and sizing to improve papers, strength, appearance and resistance
Paper board, board roll sizing, corrugated board sizing, surface sizing and

coating, wet-end starches, paper stack sizing, laminates in general
Plywood sizing

Textiles

Warp-yarn sizing tc reduce warp-breaks and shredding on looms
Textile finishing, laundry starch to improve stiffness, weight and appear-
ance

Printing starch to thicken dyes and act as a carrier for colour

Chemicals and building materials

Adhesives

Cosmetics

Sugars derived from glucose and maltose

Immobilized enzyme carrier

Pharmaceutical products, e.g. capsules

Polymer additive, e.g. for degradation of packaging materials

Ingredient in insulation foams, abrasives, mortar, gypsum board and fibre-
glass

Ion exchange material

Flocculating agent for ores

In sandforms for iron-casting, foundry moulds and cores

In oil-well drilling

Binder for ceramics

Starch derivatives for industrial applications
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atively cheap, non-toxic, bulk carbohydrate chemical from a renewable re-
source, it is believed that starch has a great future potential as a raw
material both for applications already mentioned and others. As no toxic ef-
fect may be expected from physical modifications, new interest has been
awakened recently in this starch treatment, but developments in this area
are hampered by lack of detailed knowledge of the physical starch structure.
New applications of hydrolysed starch products are to be expected, especial-
ly when immobilized enzyme reactor technology is further developed and spe-
cific chemical reactions become industrially feasible. The generally inter-
ested reader is directed to the handbooks of whistler & Paschall (1965), the
series edited by Radley (1953, 1968, 1976a, 1976b) and the series edited by
Ulmann (1970-1974). Unfortunately the last series were not completed. They
intended to be the most broad and thorough treatise on starch science that
appeared until today. The clder starch literature before 1926 has been com-
piled efficiently by Walten (1928), abstracting by that time already 3 485
references. Ulmann (1967) published a bibliography on starch with approxi-
mately 21 500 references that appeared until 1966. A Dutch monograph on
starch was published by Badenhuizen (1949).

2.3 COMPOSITION, CHEMICAL STRUCTURE AND CONFORMATION OF STARCH
2.3.1 Composition

Pure starch is a mixture of glucans with oD-glucose as the monomer unit. Two
distinct types of starch polymers are distinguished, namely amylose, a mix-
ture of essentially linear poelymers, and amylopectin, a mixture of branched
polymers. In most starches amylose and amylopectin occur together with some
material of intermediate nature.

For common starches the content of amylose, normally defined by its typical
iodine binding power (measured via titration), ranges between 17 and 30% of
the starch material. Typical values are potato 21%, maize 27%, wheat 23% and
cassava 20%. Selective bhreeding has led to other starch types, salient ex-
amples of which are amylomaize starch, containing 50-80% amylose, and waxy
maize starch, which is almost 100% amylopectin. Pure amylose binds icdine,
approximately 20% of its weight, forming the characteristic blue amylose-
iodine complex. This complex has been extensively studied in order to deter-
mine its exact structure. Teitelbauan et al. (1978) showed recently that the

5
non-amylose part is usually considered to be amylopectin. Hence one finds

complex is built up of predominantly I, icns within the amylose helix. The
directly the amylese : amylopectin ratio. This ratio is determined by the
plant genotype. Amylopectin does not bind iodine in appreciable quantities.
The amylopectin-iodine complex formed has a colour varying from reddish (wa-
Xy-maize) to viclet (potato}. It is fundamentally correct to define both
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amylose and amylopectin in their pure form in terms of their branching char-

acteristics. In practice, this is not possible for amylopectin because a‘:

small guantity of amvlose will not be noticed.

In the usual categorization by iodine titration the intermediate starch ma-

terial fraction, amounting in common starches to about 5-10% of total
weight, behaves partly as amylose and partly as amylopectin. Relatively

little is known of this fraction. Banks and Greenwood (1975) consider this
intermediate material as a separate entity, gquite distinct from both amylose
and amylopectin. They found this component in considerably greater amounts

in high-amylose cereal starches. This starch component will receive no fur-

ther attention here. In the starches studied, it forms only a minor fraction
and it is unlikely that it will show a water vapour sorption behaviour sig-
nificantly different from both major starch components, which themselves
have already comparable water vapour sorption isotherms (Chapter 6).

Besides water, natural starches contain still some minor constituents. Worth
mentioning for cereal starches are fats and fatty acids, which contribute up
to 1-2% of total weight. Furthermore, there are traces of minerals, the cat=-
ions of which are adsorbed or bound electrostatically to some charged groups

in the starch, causing it to have a weak poly-electrolyte nature. Phosphate

groups occur in some tuber starches; in petato starch they contribute 0.07

- 0.22% to total weight (Proefstation v.d. Aardappelverwerking, personal ;

communication) and are esterified with the amylopectin fraction as single
phosphate esters. Two hydrogen ions of the phosphate group can be exchanged
with cations. The cation content and distribution may considerably influence
swelling and rheological behaviour (Hofstee, 1562). Water vapour resorption
isotherms for two potato starches with different phosphate contents are re-
ported in Chapter 6.

2.3.2 Amylose

Native amylose is a linear polymer of al+4 linked (anhydro=-)D=-glucopyranose
units {(glucan), with a degree of polymerization (D.P.) of a few hundred up
to 10 000 or more, giving molecular weights ranging from 10 to 106, usually
> 10°. Figure 2.3 shows the structural formulae of amylose in Haworth pro=-
jection. Each mclecule has one reducing end group (due to which it shows mu-
tarotation equilibrium in water} and a non-reducing end group. This picture
is somewhat idealized because of the occurrence of some ol+é bonds in prac-

tical amylose preparations.

In recent literature there is consensus on the conformation of the building
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Figure 2.3. Diagrammatic representatation of the structure and structural
formulae of amylose. R = reducing end. Adapted from Pazur (1965}.

Figure 2.4. 4(_‘1 chair conformation of uD=-glucopyranose. e = eguatorially di-
rected; a = axially directed.
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unit oD-glucopyranose in 401 form*. This conformation, pictured in figure
2.4, has the lowest conformation energy of the existing alternatives because

all bonds are staggered and the axial groups do not repel (Rees, 1977).

Due to the ol+4 axial-equatorial linkage, the amylose backbone, immersed in
a good solvent, easily forms coils and helices. A variety of helical struc-
tures for the amylose conformations have been proposed with 2-8 monomers per
turn and one or more H-bonds and sometimes water molecules between the wind-

ings. The most persistent proposals in literature are siX-membered amylose
helices, mainly due to the fact that o-maltamylase decomposes amylose chains
into six-membered dextrins (Frey-Wyssling, 1969). Interaction energy calcu-
lations showed that only helices with 5, 6 and 7 monomers per turn are in-
trinsically stable. This argument together with the established hexagonality
of the common starch crystals (Subsection 2-4.3) make six-membered helices
timely indeed. The actual conformation of amylose in aquecus solutions is
still under discussion. Helices, random coils and combinations of both all
find support. H-bond breakers such as alkalis are known to unroll the hel-
ices into random coils. It is most probable that the nature of the solution
plays a predominant role in shifting the conformation in either direction.
Amylose helices are much favoured by the availibility of complexing sub-
stances (e.g. aliphatic alcohols, thymol and iodine) in the solution. In
sufficient concentration some of those substances form with amylose well-
crystallized precipitates, a method frequently used for starch fractionation®
(Subsection 2.5.3). Details on possible amylose conformation in solution are|
given by for example Jalink (1966), Szejtli & Augustat (1966), Banks &
Greenwood (1975} and Brant (1976). The structure of V-amylose, a common
starch pelymorph obtained from solutions, shows also six monomers per heli=-
cal turn (Zobel et al., 1967; French & Zaslow, 1972). The helix chirality is
most probably left-handed. The size of the unit cell depends on the degree
of hydration indicating that water is contained within the crystal. However,

next to six-membered amylose helices a variety of inclusion complexes with
more than six monomers per helical turn exist (French & Murphy, 1977). With
respect to helices and amylose, it is interesting to note that the first
helical structure with 6 glucose residues per turn was proposed by Hanes in
1937** for amylose.

More interesting for this study would be to know the configuration, the con-
formation and the built-up, fine structure of amylose in its solid state in

* The letter C indicates a chair form and the two numerals represent the ring atoms
vhich are above and below the plane respectively, when the ring is viewed from above
in such a way that the numbering appears clockwise. In old notation this conformation
was designated C 1.

**  This was about 15 years before the existence of helical structures was generally ac-
cepted after the discovery of the o-helix for proteins.




19

the starch granule, which is still an unsolved problem. Synthetic ({semi-)
crystalline amylose preparations show the same crystalline arrangement as
native starches where amylopectin is known to be responsible for the crys-
tallinity. An exception to the latter is native amylomaize where amylose is
believed to be partially crystalline (Greenwood, 1980). Stretched chains for
amylose are very unlikely. With Frey-Wyssling (1969) it is concluded that
folded chains {(coils) and/or helices must also exist in the solid state.
when aqueous starch solutions are left to stand for some time partial pre-
cipitation occurs. This is due to the separation of the amylose component.
The amylose molecules align themselves and when the size of aggregates ex-
ceeds colloidal dimensions they precipitate.

2.3.3 Amylopectin

Native amylopectin is an «i-+4 glucan with about one o¢l-6 bond per 20-26 mo=-
nomer units (in potato starch about 25) but otherwise linked al=+4, giving a
branched structure (Figure 2.5). With a wide variation, D.P. is larger than
50 000, yielding molecular weights of approx. 107 or more, making it one of
the largest natural poclymers. There are indications that D.P. increases dur-

CH,OH CH,OR % cno CH,OH

0 0 0
e Do Mo Dot L R
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Figure 2.5. Diagrammatic representation of the structure and structural
formulae of amylopectin. R = reducing end. Adapted from Pazur (1965).
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ing growth of the starch granule: for instance, for a certain sample of po-
tatoc starch the molecular weight increased from 9.10% to 130.106; at the
same time the average number of branching peints increased from 1 per 26 mo-
nomer units to 1 per 22 (Greenwood, 197C¢). The big amylopectin molecule con-
tains one reducing end group and many non-reducing end groups. Enzymatic
studies have shown that the branching point distribution is essentially ran-
dom. The greater part of the molecule is located in end chains. The fine
structure of amylopectin has not yet been established. Banks & Greenwood
{1975) speculate that it has a two-dimensional structure. Structural studies
are complicated by the very large molecular weight and imperfections in-

herent to the chemical and enzymatic methods.

Proposals for the amylopectin fine structure have been made generally in
connection with the native starch fine structure where amylose and amylopec-
tin are intimately mixed. Figure 2.6 shows the most important ones. Three
early proposals are: (a) the laminated structure (Haworth et al., 1937), (b)
the herringbone structure {(Staudinger & Husemann, 1937) and (c¢) the random-
ly-branched structure (Meyer & Bernfeld, 1940Q), usually referred to as the
'tree-like' structure. This model (¢) and its successors distinguish three
types of branches. The A chain is linked to the rest of the molecule only
through its reducing end group; the B chain is linked as an A chain and is
also substituted through the C(6)-hydroxyl in one or more of its constituent
glucose units to an A or other B chain; the C chain is single and carries
the reducing end group. This model was revised after a detailed study by
Gunja-Smith et al. (1970), who concluded tc an average of 2 branching points
per B chain, located close together (d). This revised randomly-branched
structure, also named Whelan model, was conluded toc be likely by Burchard et
al. (1975) from light=-scattering experiments.

The following diagrams in Figure 2.6 are fine structure models proposed in
more direct relation to the lecation of amylopectin molecules in the starch
grain. Anticipating Subsection 2.4.4 some more information is added than
strictly refers to the amylopectin component of starch. Fine structure model
(e) with dichotomcus branching was proposed by Frey-wyssling in 1948 (Frey-
Wyssling, 1969), taking into account known optical and chemical facts. This
model developed finally into a very detailed ultrastructural model for pota-
to starch (Frey-wyssling, 1974). This model (f) might resemble reality per-
haps best as it is in concordance with the main characteristics of potato
starch, namely: the microlamellaticn of the granules (100 nm), the predomi~
nance (78%) of amylopectin in the granules, the gquantity of terminal seg-~
ments of the ramified amylopectin which are split off by p-amylase (30%),
the proportion between 1+4 and 1-6 bridges in the amylopectin molecule
{24:1) and the optical birefringe as interpreted by Speich {1942} {Subsec-
ticn 2.4). Folded molecules {(g) have been proposed by Mihlethaler (1965)
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following the structural arrangement of some synthetic polymers. This propo-
sal conflicts with the general belief that amylopectin molecules extend
mainly radially instead of tangentially. An early model (h)} for the fine
structure of amylodextrin (partially hydrolysed native starch), with clearly
recognizable descendants for amylopectin configuration in the present, was
proposed by Arthur Mever (1895). From extensive microscopical observations
he concluded that fine fibers (trichites) are radially located in the starch
spherocrystal. The differences between the structures of the concentric
starch layers (Subsection 2.4.2) Meyer thought to originate from differences
in length and thickness of the indvidual trichites and from more or less
dense arrangement and more or less branching points as depicted in the model
(h). The fine structure shown in (i) was proposed by Nikuni in 1969 (Nikuni,
1978). Nikuni's model depicts a gigantic starch molecule embracing ultimate~
ly the whole starch grain. Although the concept embodied in the model is
difficult to argue, it is in direct conflict with the accepted idea that
starch is composed of two main components. French (1972), reviewing starch
structure, changed the dimensions of Meyer's trichites and proposed a modi-
fied trichitic structure (j;) and also a racemose structure (j;) in order to
cope with the finding that amylopectin is the main crystalline component of
the majority of native starches. The model depicted by (k) for waxy maize
amylopectin is a result of studies by Guilbot and co-workers (Mercier &
Guilbot, 1974), tracing further the results of Gunja-Smith et al. (1870}
and proposals of French (1972). The same fine structure (k) has been pro-
posed with slightly modified dimensions for potato amylopectin by the same
group of workers (Robin et al., 1974).

Most modern proposals agree that some racemose type structure (Figure 2.6-
jz ) characterizes the general arrangement of amylopectin as the major compo-
nent of common starches. In this connection it should be realized that a few
per cent of ol+6 links between the monomers impart an essential additicnal
flexibility ({when compared to amylose) to the molecules, making possible
several different packing arrangements. Furthermore, this linkage with its
greater flexibility may be envisaged as introcducing to the starch granule
less crystalline and more accessible regions for hydrolytic attack {(Tvaros-
ka et al., 1978). It was surprising te find that the amylopectin component
plays a major role in the crystalline arrangement of common native starches
(Subsection 2.4.3). Analysis of starch crystals has shown a helical chain
conformation in all cases.

The branched structure is in agreement with the inability of amylopectin to
form films or threads from solutions. Also the formation of inclusion com-
plexes as well as retrogradation from solutions is much more difficult than
it is with amylose. In the commercial starch fractionation process, as de-
scribed by Muetgeert (1961), precipitates of amylose form within a few mi-
nutes, while amylopectin precipitates take a few hours.



Figure 2.6. Survey of major existing
proposals for the fine structure of
amylopectin and native starch. See
text. o= is reducing end.
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