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(ii) 
Abstract 

Two galactomannans, from the seeds of Guar ( Cyanopsis tetragonoloba) 

and Carob (Ceretonia siliqua) also !mown as Locwt Bean, have found 

widespread use as industrial hydrocolloids . Many other galactomannans 

hav e  been isolated from legume seeds, but so far none have been widely 

employed in industry. 

Measurerrents of the viscosity of the solutions of some of the se 

latter galactomannans (from Red Clover, Lucerne, Lotus pedunculatus , 

Sophora japonica, and Soybean ) were made along with solutions of Guar 

and Carob galactomannans. A w ide range of' viscosities was found for the 

various samples, with the viscosity of Guar and Carob galactomannan 

solutions being t he highest. 

The effects of shear rate, terrperature, and galactomannan 

concentration on the solution viscosities were examined. The measured 

viscosity changes correlated we ll vdth Schutz's (1970) empirical 

equations explaining the viscws solutio11 behaviour of pseudopluatic 

carbohydrates (including Guar galactomannan) . The effects on viscos ity 

of two connnon industrial additives, sucrose and sodium chloride, were 

also examined, and interpreted in terms of a dehydration mechanism. 

In order to explain the viscosity results, the galactomannan 

molecular weights were deter mined by measuring their sed.:irll3n tation and 

diffusion coefficients in an Analytical Ultracentrifuge. Their 

molecular weight distributions were obtained both from their Schlieren 

sedimentation diagrams using the methcxl of Gr alen and Langermalm (1952), 

and from the ratio af their upparent diffusion- coe:t:'ficicnts to their 

weight-average diffUsion coefficients (Henley, 1962). 

The dependence of galactomannan intrinsic viscosities, 

sedimentation coefficients, and diffusion coefficients on molecular 

weight (weight-weight average and sedimentation-diffusion average ) was 



(iii) 

examined, ani n. good linonr correlation obtained in en.ch case� with two 
exceptions. Lucerne gaJactomannan had a very ·wide distribution of 

molecular weights. The galactomannan from Lotus peduncu latus II was 

thought to differ slightly in stru cture from tte other ga lactomannans 

due to its high substitution ratio of one galactose sidechain for every 

mannose in the molecular backbone which changed tre conf ormation of the 

mannose backbone. 

The dependence of the gaJactomannan intrinsic viscosities, 

sedimentation coef ficients and weight-average diffusion co efficien ts on 

the weight-weight average degree of polymerisation and/or the weight­

weight average molecular weight was examined in tre light of recent 

hydrodynamic t heori es. By use of tre t he orie s of Debye, Beuche and 

Brinlanan; Kirkwood and. Riseman; Kuhn and Kuhn; Peter lin; and Flory, 

·
Fox and Mandelkern it was deduced that the galactomannan molecule 

approximates to a random coil in solution. The molecule is highly 

extenied, and the presence of the galactose si.dechains alters it s 

draining c haracteristics, making it s solution behaviour deviate from 

that expected from t he theories. 

Comparison of galactomannan solution behaviour_"'With that of two 

soluble ce llulose ethers, ethylhydroxyethyl celJulcse (Manley, 1956) and 

hydraxyethyl cellulose (Brovm, 1962) shows many similaritie s. 

It w as concluded tl'l:l.t galactomannans in solution can be treated as a 

linear polymer series provided that the galactose : mannose ratio is not 

less than 1 : 5 or mare tha n  1 1.1, and also that their molecular weight 

distributions are very similar. This implies that otter gala ctomannans 

could be used industrially instead of those of Guar and Carob, provided 

some problems of yields and solubility could be surmounted. 

It was a lso concluded that galactomannans in aqueous solution have 
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conformations very similar to water-soluble cellulose derivatives. 

Similarities between mannans and cellulose have already been proved in 

the solid state. 



(v ) 
Preface 

This work was originally intended to be a comparison of' the viscosity 

of' various gaJactomannan solutions with that of some of their derivatives 

(e.g. sulphates ) . 

The purpose of this was to determine whether the derivatives bad 

more desirable properties from an industrial viewpoint than the original 

galactomannans, esp;lcially with regard to visccs ity. The idea for thi.s 

came fran the large number of water-soluble cellulose deri vates that are 

used industrially. 

Far the above work, as simple a picture as possibJe of viscosity was 

required, and this led to tre neglecting of shear rate in tre 

measurerrent of the variation of galactoma.nnan viscosity with terrperatur e 

and concentration. 

After these first mec:.surenents had been carried out, it wr1s realised 

t hat galact anannan solution viscosities were much mare corrplex than had 

previous� been imagined. Accordingly, the original aim of this project 

was altered, and more carrplete measurerrents of' viscosity (in:::luding shear 

rate effects ) and galactom1nnan moleculDr porarreters in s olution were 

made, to provide a basis for any fUture work on galnctomannan derivatives . 
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SECTION I 

I N TR O D UCT I O N  
-

Guml have been isolated from many natural sources such as plants, 

animal hides and bones, fermentation slimes, and seaweeds. Other gums 

unknown in nature have been synthesised in the laboratory. ·Many of these 

gums are polysaccharides and have been grouped according to plant origin 

or solution properties. However a gum may show adhesive (i.e. gumlike ) 
or slimy (i.e. mucilaginous) prop erties under different conditions (e.g. 

pH changes ) , thus although a separate classification for mucilages has 

been attempted by some authors, such a classification is not necessary. 

More recently it has been suggested ( Glicksman 1 969) that there are 

three main categories of gums:- (a) Natural gums, ( b) Modified natural 

gums - produced by chemical modification of natural gums or gumlike 

materials, (c ) Synthetic gums, prepared by total chemical synthesis. 

The natural gums of plant origin, into which category galactomanno.ns 

fall, are extracted from three main sources:-

(i) Exudates from the fruit, branches or trunks of trees, aris:ing 

spontaneously or through a protective mechanism when the plant has been 

injured. 

(ii ) Seed endospe11m, where the polysaccharide is a food store for 

the embryonic plant, and may also have a structural function. 

(iii) Sea plants, from which a large proportion of t he dry weight caq 

be extracted as polysaccharide gums .  These polysaccharides fulfill the 

same pUrpOse as celluloses and hemic£lluloses do in land plants, in that 

theybind the cells together. (Glicksman, 1969). 

Galactana.nnans are found in the second class above, they normally 

occur in the endosperm of legume seeds, although other seed sources have 

been reported, and galactamannans have also been isolated from yeasts, 
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molds, and fungi (see Appendix II). Gums today have a very widespread 

useage (especially in the food and paper and pulp industries ), based on 

their viscosity at low concentration in solution, their gelling properties 

and their general hydrocolloid and solution properties. In order to 

understand these uses and properties, it is necessary to understand 

something of the structure of gums in general. Since the great 

majority of gums are polysaccharides of various types, the discussion 

will be based on these. �This discussion is based on Whistler (1959 

and 1960)_7 

For a polysaccharide to produce a solution of high viscosity at low 

concentration, or even a gel, it must be extremely hydrophilic. The 

forces causing this hydrophilicity are mainly those of hydrogen bonds, but 

intermolecular secondary forces such as those of dipoles, ion-dipoles, and 

induced dipoles also act. In water polysaccharides exhibit vastly different 

degrees of hydration. Some polysaccharides are partially hydrated, with 

the remaining secondary forces satisfied oy intermolecular hydrogen 

bonding, giving riee to a gel structure. At the other extreme the 

molecule may be campletly surrounded with associated water molecules, 

and thus ccmpletely dissolved. 

The degrees of hydration, and of intermolecular bonding, are not the 

only factors which determine the solution properties of polysaccharides. 

Molecular weight, shape, charge effects, salt effects, and interaction 

with any other solution components are also important. 

Polysaccharides containing carboxyl groups, and the polysacch�de 

half-esters of sulphuric acid have special properties. Both the carboxylate 

group an4 sulphuric acid group are highly hydrated, and therefore increase 

both the amount of water bound to the polysaccharide and its solution 

stability. Fl.lrthermore, the anionic groups keep the molecule in extended 

form by ooulombic·repulsion, and prevent molecules coming into close 



�ximity. If neutral polysaccharides are considered, then charge effects 

will become important only at high or very low pH. Under normal conditions 

(i.e. near neutrality) the shape and degree of hydration of these molecules 

will undergo little change with pH. 

�ear neutral polysaccharides will be more viscous than branched 

ones of the same molecular weight; since the linear molecules, although 

not fully extended, will sweep out a greater volume in solution. However 

linear polysaccharides tend to precipitate rapidly out of solution as their 

shape allows intermolecular association over large areas of the molecule. 

Consequently particles of associated molecules �11 form quickly, grow 

beyond colloidal size, and then precipitate. 

Although highly branched neutral polysaccharides produce much less 

viscosity, they are mare readily soluble and do not tend to precipitate 

out of solution. Intermolecular bonds are possible only over very short 

contact areas of the molecule, and molecular shape precludes a high degree 

of association between any two molecules. One highly branched molecule 

is able to form intermolecular bonds to many other molecules, resulting 

in a gel network. 

In both linear and branched molecules it can be easily seen that 

the molecular waight (or degree of polymerisation) will affect the 

polysaccharide solution viscosity. However natural polysaccharides are 

not normally isolated as a homogeneous species consisting of molecules of 

one molecular weight, but rather as a continuous series or spectrum of 

molecular weights. The molecular weight distribution will also affect 

the solution viscosity. 

The structure of galactomannans isolated from seed endosper.ms (see 

Appendix I )  has been shown to consist of a main chain of:.::- ( 1 ,4) linked 

D �mannopyranose units with single l}..galactopyra.<"10se units linked'/- ( 1 , 6) 

to the main chain units at intervals (Smith and Montgomery, 1 959; Pig;nan 



and Horton, 1970; Aspinall, 1970). Evidence from the analysis of the 

products of enzymic hydrolysis (Courtois and Le Dizet; 1966, 1970) 

indicates that the galactose side-chain units tend to occur in blocks 

with few in isolated positions. A generalised galactamannan structure 

is shown in fig. (I-1). (GnJ.actomannans isolated fran yeasts, molds 

and fungi (see .Appendix II) have somewhat different structures.) 

The endospenn galactomannans, with their unique structure, have 

many of the advcmtages of both branched and linear neutral polysaccharides • 

.As long polysaccharides they are highly viscous, but the single unit 

galactose side chains prevent the associative lining up of molecules 

that would occur for a truely linear polysaccharide. This function of 

the galactose side units may be clearly demonstrated by a comparison 

between the solubilities of gunr and carob galactomannans. Guar 

galactomannan, which has approximately twice as many galactose side chains 

per molecule as carob, is soluble in cold water, while carob galactomannan 

with its greater potential for molecular alignment, (in the solid state 

as well as in solution) is soluble only in hot water. 

�It is of historical interest to note that both guar and carob 

galactamannans have been of importa.t1.ce since aneient times. 

The locust tree, or carob tree (Ceratonia siliqua L. ) is indigenous 

to the Near East and Mediterranean regions. In Biblical times the seed 

pods were used for animal feed, and the beans made into bread. The 

ancient Egyptians used carob bean p::1ste to bind their nrummies, while later 

the Arabs used the seeds to weigh precious metals and gems (the word 

"carat" is cognate with the botanical name, Ceretonia (Glicksman, 1969) ). 

The guar plant (Cyamopsis tetra.gonoloba. L) , which is a herbaceous 

annual, has been grown in Pakistan and India for thousands of years, where 

it is used as a food crop for humans and animals. 
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Today both plants are grown canmercially, and the endosperm of the 

gua:r and carob seeds is extracted and ground. This ground water­

soluble material finds wide use in the food, paper and pulp, pharma­

ceutical and mining industries, due to the high viscosity of its dilute 

solutions and its flocculating properties�7 

The main difference in galactomannans isolated fran plant seeds of 

dif:f'erent species lies. in. th:air melecular weights (and possibly molecular 

weight distributions) and in the ratio of galactose to marmose in the 

molecule. It can be seen in Appendix I that although the galactose to 

mannose ratio of galactomannans varies somewhat vdthin a species, this 

variation tends to reflect the different analytical methods rather than 

changes in the galactomannan composition. It may also be noted that the 

galactose:mannose ratio of galactamannans from the species ��thin a 

@€nus are very similar. This has been observed by a number of workers 

(Jones and Smith, 1 9�9;  Tookey et al 1 962;  Reid and Meier, 1 970) and it 

has been suggested (Bailey 1 971 a) that this may be of toxotiamic value. 

Further evidence far the unique structure of seed galactomannans 

has come from studies comparing the monosaccharide content with the 

molar optical rotation. Tookey et al (1 962) showed that a high degree 

of positive correlation existed between optical rotation and galactose 

to mannose ratio. Ieschnizer and Cerezo ( 19t9), and Kooiman ( 1 972) 

obtained a quantitative relationship between the optical rotation and the 

molar ratio of galactose to mannose by using an equation based on the 

principle of optical superposition, and derived originally by Timell ( 1 963) 

for native xylans. 

The gelling of galactomannan solutions on the addition of berates, 

and their ability to form insoluble complexes with Fehling's solution 

(Smith and Montgomery, 1 959) has been interpreted as being due to 

coordination or the adjacent cis hydroxyl groups at carbon atoms 2 and 3 
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on mannose. The change in optical rotation on the formation d: tmse 

complexes has also been cited as evidence for thejL( 1 ,;4.) linkage of the 

mannopyranose units (Smith and Montgomery 1959). 

Extensive measurements of galactamannan solution viscosities to date 

have been conf'ined to guar and carob galactomannans since they have 

appeared the most interesting from an industrial viewpoint. Indiv�dual 

measurements on some other galactomannans have been made, however 

(see Appendix III). 

Whistler (1959) collated (mainly from manufacturer's brochures ) work 

up to 1 959 on the solution viscosi ties of guar and carob galactomannans. 

This showed that both guar and carob galactomannans followed pseudo-

plastic behaviour in solution (i.e. the viscosity of their solutions 

decreased with increased rate of shear ) . The effects of temperature 

and time on solution viscosity were also studied. The viscosity was 

found to decrease with temperature, and also with time of standing after 

hydration of the galactom?�an. In the latter case, viscosity loss was 

shown to be caused by bacterial and enzymic degradation of the galactomannan 

in solution (the enzymes were present in the ground endosperm along with 

the gnlaotamanna.n ). Bollinger (1960) showed that the use of heat 

treatment and/or preservatives t o  deactivate enzymes and prevent bacterial 

degradation resulted in guar galactamannan solutions of stable viscosity. 

The effects of added salts on galactomannan solution viscosity have 

also been tabulated (Whistler 1959). They showed that until salt 

concentrations greater than 1 CJl, were reacted, little effect on guar 

galactomannan solution viscosity is noticeable. In a similar investigation 

into the effects of added sodium chloride on carob galactomannan solution, 

however, the solution viscosity decreased markedly at quite low 

concentrations of additive. Guar and carob solution viscosities were 
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found to be aJmost pH independent over the range pH 3 to pH 10. 

Carlson e t  al (1962) carried out an extensive study of the viscosity 

of guar galactomannan in solution, investigating the effect of temperature 

and time on galactomannan hydration and solution sta.bili ty. The effect 

on galactomannan hydration and consequent viscosity of added salts and 

sucrose was also examined, the latter more extensively by Carlson and 

Zeigenfuss.(1965). 

It was found that guar galactomannan solutions developed their 

maximum viscosity more rapidly with increasing temperature, but that 

extended heating led to a viscosity decrease. !Iydration of the galacto­

mannan in solutions containing added salts had varied effects, while 

hydration in sucrose solution was found to delay viscosity development, 

as the galactomannan hydration was delayed. 

A more intensive study made (Kassem and Mattha, 1969a) of the 

rheological properties of guaran (guar galactomannan ) confirmed that it 

showed pseudoplastic behaviour in solution. It was also found (Kasse m 

and Mattha, 1969a) that the flow curves of guaran (i.e. shear. rate 

and shear stress dependence of viscosity ) could be represented by an 

emperical formula derived by Steiger-Trippi al'ld Ory ( 1960) for pseudo­

plastic fluids at medium to high rates of shear in rotational viscometers. 

The effect of added salts, and of added alcohols and glycols on 

guaran solution viscosity was studied by Kassem and Mattha (1969b). The 

effect of the s alts was variable, while alcohols and glycols generally 

increased the viscosity of the solutions. 

Sohutz ( 1 970) carried out a comprehensive study of the rheological 

properties of polysaccharide gums, including guaran. He obtained a 

series of emperical equations, each of which described a part of the 

total flow curve (see fig.1II-3 ) .The concentration and temperature 

dependence of the visoosity in terms of each equation was also determined. 
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An interpretation of the physical factors necessitating the use of the 

different equations was suggested (see page 27 ) . Molecular weight 

studies have also largely been confined to guar and carob galactomannans, 

although the molecular weights of galactama�Jlans from a few other species 

have been measured (see Appendix III). The main methods used were 

chemical determination of the number of r educing end groups giving the 

number average molecular weight (M ), and ultracentrifugation or light 
n 

scattering measurements which normally (in the former case, and always in 

the latter ) give weight average molecular weights (M ). 
w 

For polydisperse samples ( ioe. 

of molecular weights ) , the ratio of 

those having a continuous spectrum M 
w N[ is taken as an index of the degree 
n 

of polydispersity. 

M values of galactomannans determined to date have been low 
n 

( < 30,000) apart from the values obtained by Hui and Neukc.m ( 1 964) for 

guar and carob. M values have all been in excess of 100,000. 
w 

As the 

M and M values have seldom been determined on the same galactomannan n w 

however, no conclusions can be drawn regarding their molecular weight M 
distributions Methods other than the use of __!!..... ratios have been 

M 
suggested for measuring polydisperity. Kubal and

n
Gralen (1948) studied 

the sedimentation of carob galactamannan in an ultracentrifuge, and 

estimated its' polydispersi ty by measuring the spreading of the sedimen-

tation boundary with time. They concluded that carob galactomannan had 

a small degree of polydispersity. 

The shape of galactomannan molecules in solution has not been 

extensively investigated. Deb and Mukherjee (1963) assumed a spherical 

shape for guar galactomannan in solution, and from their light-scattering 

measurements deduced the radius of the sphere to be 2000 j_ They were 

also able to determine that the galactomannan was highly hydrated in 

solution. 
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On the basis of physical evidence (e .g. X-ray data, solubility, 

nitrated mannan properties) it has been suggested (Meyer and Mark, 1930) 
t 

that a /l -1 , 4 linked mannan (which constitutes the backbone of 

galactomannans ) should have a structure similar to cellulose (/3 -1 ,4 ' 

linked glucan ) • This conclusion has recently been supported (Frei and 

Preston, 1 968 ) on the basis of x-ray measurements on mannan powder.  

Sundararajan and Rao (1970) calculated the theoretical conformation 

of a /J-1 , 4  linked mannan chain from a consideration of non-bonded inter-

action energies . They concluded that the conformation is extremely 

similar to that cf• oellulose with slightly more rotation about the 

ft -1 , 4- bond possible .  An o5 - 0� type hydrogen bond (as is found in 

cellulose ) was also found to be feasible. Their proposed extended helical 

ribbonlike conformation with all the linking oxygen atoms lying in the 

same plane is shown in fig. ( I-2 ) .  

It is  noteworthy that in their calculation, Sundarajan and Rao ; · 

ignored both the hydroxyl hydrogens and the atoms bonded to carbon c6, 
as their positions will vary with the environment. On this basis it is 

possible to postulate that galactomannans should also show conformations 

in solution similar to cellulose provided the galactose side chains do 

not interfere with the conformation of the mannan chain. 

Evidence for a strong similarity between galactamannan and cellulose 

conformation in solution is provided by a study of the solution properties 

of guaran (guar galactomannan) triacetate, carried out by Kurath and 

Koleske (1964). They fractionated a sample of ncetylated guaran to 

obtain a series of samples with a weight average degree of polymerisation 

of 1 71 to 17,4-00. These fractions were characterized by light scattering 

and viscometry. It was found that a plot of the intrinsic viscosity 

{n _j of the fractions as a function of M consisted of two distinct 
w 

regions . At low molecular weights, ( ( 106), the molecule could be 



Figure ( 1-2) :-Proposed Helical Structure of a j31-4' 
linked Mannan Chain (after Sundararajan and Rao, 1970) 

(the Hydrogen-bonded Oxygen Atoms lie in the Same Plane) 

• Carbon 

0 Oxygen 



1 o. 

represented by a 1 �_sid rod model, whereas at higher molecular weights 

the sh,ape in solution was closer to thl'l.t of a random co'il .  The dependence 

of the radius of gyration ( of an equivalent sphere representing the 

molecule in solution) on chain length of guaran triacetate was found to 

be identical to that observed for hydroxyethyl cellulose (as calculated 

by Brown, 1 962) and c ellulose tricaproate (Krigbaum and Sperling (1 960) . 

KUrath end Koleske interpreted this as an indication that the f -1 ,4 

linked D-glucose chain of cellulose derivatives and the /� -1 ,4 chain of 

guaran triacetate have similar conformations in solution, in spite of' 

chemical and structural differences between the anhydro sugar units in 

the chain. They further suggested that the �x -1 , 6  linked �galactose 

side-chRins of guaran triecetate did not affect the main (mannese) chairt 

confo:rmn.tions to any great extent . 

Swenson et al (1 965) included the data of Koleske and Kurath (1 964) 

in a comparison of the configuration of mainly substituted P -1 ,4 linked 

hexosans and wood .xylan pentosans by means of the Ei::mer-?ti tsyn viscosity 

e�uations . They found that cellulose, glucomannan (from orchid salep tUher) 

and the galactomannan from guar had a common conformation which was 

independent of the length of derivative side o� and of the single 

.{ -1 , 6 linked galactose groups in the case of guar galactomannan. 

On the basis of the theoretical calculations of Sundarajan and Rao 

(1 970) , and the experimental observations of Koleske and Kurath (1 964) 

and Swenson et al (1 965) it would appear that the conformation of 

galactomannans in solution should be independent of the galactose to 

mannose ratio (i. e.  the degree of substitution of the molecule) and 

dependant only on the molecular weight . The conformation should also 

be very similar to that found for cellulose in solution. 

Cellulose i s  not water solU.le, so for comparisons to be made 
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between it and galactomannans it has been necessary to make deri va ti w, · 

of b oth which are solub le in a sommon solvent (e . g. acetates ; Kllrath and 

Koleske 7 1 964. ;  Swenson et al 1 965) <U' solvents of similar propertie s .  

Industrially, galactamannans are important only for their solution 

properties in water, so that comparisons of the behaviour of galactomanna.:rn 

derivatives with those of cellulose in solvents other than water are of 

limited value in eXl)laining their hydrodynamic properties,  as these 

properties must be s omewhat solvent dependent . 

A comparison of the hydrodynamic behaviour of a water-soluble cellulose 

derivative with that af galactomannans in solution wruld be much more 

informative , bearing in mind Swenson et al '  s ( 1 965) prediction that the 

conformation of cellulose should be independent of i ts substituent s ide 

chains . 

1Jl extensive s tudy of the properties of water soluble hydroxyethyl 

cellulose has been c arried out by Brown ( 1 962) . He used four hydroxyethyl­

cellulose fractions of differing molecular weight , and f or each fraction 

studied viscosity (including the effects or tempe rature, shear rate and 

concentration dependence ) , as well as determining sedimentation and 

diffusi on coefficients, weight-weight average molecular weight, number 

average molecular weight , and weight average molecular weight . The 

polydispersity of e ach fraction was also estimated, and t he viscosity 

and sedllnentation-diffus ion data cons idered in the light of recent hydro­

dynamic theories developed for macromolecules .  

It therefore seems feasible that a study on e series of galactomannans 

carried out on similar lines to that of Brown ( 1 962) should yield 

considerab le information on the s olution propertie s  of galactomannans 

provided that the assumpti«>ns made earlier apply ; i . e .  that the c onformations 

of galactomannans and cellulose in solution are similar, and that the 
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behaviour of both polysaccharides i s  independent o f  the nature and length 

of the s idechains . 

It can be seen from the structures of hydroxyethyl cellulose 

(fig. ( I-3a ) )  and of ethylhydroxyethyl cellulose (fig. ( I-3b ) ) , that 

they are similar to galactomannans (fig. (I-2 ) ) , with substitution at 

carbon atom 6 occurring mainly, with a lesser amount of substitution at 

carbon 2. Provided that the substituent at carbon 2 is not so large as 

to distort the cellulose chain ( a possible danger with the poly( ethylene­

oxide ) sidechains of hydroxyethyl cellulose ) ,  a similarity in solution 

behaviour benveen galactomannans and these water-soluble cellulose ethers 

could be expected. 



Figure ( l -3a):- Structure of Ethylhydroxyethyl Cel lulose ( Manley,1 956 ) . 
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PREPARATION OF GAI.ACTOM".Pu'lNliNS 

A, Isolation and Purification 

(e)  J{a1;erials 

(i) Carob : Milled c&ob seed endospenn (Supercol 91 2 )  was 

obtained fran General Mills, u.s.A. For average analysis see Table 1 .  

(ii) Guar :  Milled guar seed endospenn (Supercol U )  was a.l.so 

obtained from General Mills. For average analysis see Table r·I-1 

Table II-1 

Average Analyses of M:Uled Guar and Carob 

Seed Endos-pem 

Gala:ctomannan Moisture (ma.x) Fibre (ma:x ) Protein (max) Fat 

Guar 1 2. 0}0 2. 0}0 4. 0,% ·0.4% 

Carob 1 2. 0}0 1 . 0}0 5. 0% o. S% 

Ash 

o. S% 

o. S% 

1 3. 

(iii) Lotus peduncu] atus I :  

from Ri.cchards et. al. ( 1 968 ) .  

Degraded galactomannan sample obtained 
• 

(iv) Lotus pedunculatus II : Seed obtained from Grasslands Division, 

D.S.I .R. , P�lmerston North. 

( v) lucerne : Seed obtained camnercially. 

(vi) Red Clover : Seed obtained commercially. 

( vii) Sophora JJ!l}?O!lica:: Seed obtained from a Sophora japonica tree 

in the Central City Square, PaJmerston North. 

( viii) Soybeans : Soybeans obtained commercially. 

(b)  Extraction and Purification 

Galactoma.nnans were extracted :f'rcm materials ( i�) by a modif'ica:tion 

o:f the method of Andrews, Hough and J'ones ( 1 952 )  as follows :-



Isolation and Purification of Galactomannan 

Mill Seed ! 
Extr�ct with Water ! (filter ) 

Centrifuge J 
Precipitate Copper Complex 

J (:filter - (sintered glass ) )  

Decompose Copper Complex ( cold dil. HCl )  

! (filter - (sintered glass ) )  

Precipitate eralactoma.nnruLbyvpouring into 2 vols . of ethanol 

1 (filter - (si.ntered glass) ) 

Redissolve precipitate t (:filter - (sintered glass ) )  

Precipitate galnctomannan by pouring into 2 vols. o:f ethanol l vrash until acid and Cu ++ 
free 

Redissolve precipitate 

J (filter - (sintered glass ) )  

Dialyze 24 hours 

! 
Freeze Dry 

14 .  
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The milled seed was extracted by stirring with ten times its weight 

o� water, �iltered, and then centri�uged. An excess o� Fehling 1 s  Solution 

was added to the clear supernatant and the resultant insoluble copper 

· complex �iltered o�� (sintered glass fUnnels were used in all but the �irst 

�iltration) . The copper complex was. d·e�ed by suspending it with 

stirring in cold 0. 1 M  hydrochloric acid (1 -2 litres ) tmtil no further 

solution took place. The solution was �iltered and the �iltrate poured 

into ethanol (2 vols . ) . 

The precipitated galactomannan was collected, redissolved in distilled 

water, �iltered and again poured into ethanol ( 2  vols. ) . The reprecipitated 

polysaccharide was washed with ethanol ( 95%) tmtil . acid (pH meter) and 

copper ( test �iltrate with potassium iodide crystals ) �ree, and then 

redissolved in distilled deionised water. After �iltratian, the galacto­

mannan solution was dialyzzd (24 hours ) against deionised distilled water 

and then �reeze,�dried. .An outline o� this method is given in Scheme I .  
Individual variations �rom the above method are outlined below. 

Yields are shown in Table I'I-2 . 

(i ) Carob : The ground endosperm ( 20g) was extracted with water 

(2 litres ) at 70°C �or two hours . 

(ii ) Gua.l· : The ground endosperm ( 20g) was extracted with water 

( 3  litres ) at room temperature �or three hours ( It was found that a solution 

containing 20g,/21 became too viscous to stir ) . 

(iii ) Lotus pedunculatus I :  This sample , which appeared to be degraded, 

was isolated by Richards et. al. ( 1 968) . 

(iv) Lotus pedunculatus II : The milled seed (4-00g ) was extracted 

with water ( 2 L) for �our hours at room temperature. The procedure was 

repeated and the extracts corribined �or further treatment . 



(v) lucerne : The milled seed (400g) was extracted with water 

(4 litres ) at 70°C for two hours. 
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(vi ) Red Clover : The milled seed (�.OOg)  was extracted with water 

(4 litres ) at 70°C for two hours.  

(vii ) Sophora ,japonica : The black seeds ( 240g) were e'irefully 

crushed with a hammer and then exhaustively extracted in a� Soxhlet 

apparatus with benzene / ethanol ( 2 : 1  ). The dark, water-soluble pigment 

in the seeds was largely removed by exhaustive extraction with methan�� 

water ( 2 : 3 ) .  (Although this galactomannan has been isolated by Anderscn 

( 1 949 )  and KMiman ( 1 971 ) , no specit'ic· pretreatment to remove this pigment 

has been .given, If the pigment is not removed· as far as possible, it 

tends. to colmu- the final product ) .  The defatted brown seeds (200g) 

were extracted in water (4 li-tres )  at room te�era�e for four hours. 

This extraction was repeated, the extracts were combined and reduced to 

3 litres rm . a  rotary evap�rator (40°C)  · for further treatment. 

(viti ) Soybean (method after Aspinall and Wbyte ( 1 964) ) . Commercial 

soy�eans ( 1 OKg) were fragmented by · �oar: se grinding and the hull fragments 

separated by· air flotation. The hulls (590g) were exhaustively Soxhlet 

extracted with acetone, n-hexane and ethanol/water (4 : 1  ) ,  then air dried 

and gr.ound. Twelve hourly extractions · of the ground hulls with water 

(6 x 3. 3 litres) were carried out at room temperature. A layer of' toluene 

on top of the water helped to prevent decomposition during extraction. 

The combined, centrifuged extracts were concentrated on a rotary 

evaporator (40°C ) to 9 .9  litre·s, adjusted to pH 4.5 and filtered to remove 

precipitated protein. The· f iltrate was further concentrated to two litres 

and poured into ethanol (4 litres ) ,  the precipitate filtered out and 

redissolved in water ( 2  litres ) .  .After filtration, an excess of ?% cupric 

a:cetate was added. The resulting insoluble copper canplex (A) was removed 
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· '  

Tf.,BLE 2 

Galactomannan Yields 

I Galactomannan Yield Reported Source "field 

Guar 63.1% 69% Hui & Neukom ( 1 964.) 
( 1 2.  7£!ffl ) 

Carob 58 . 5% 
( 1 1  • 7£!ffl) 

52% Hui & Neukom ( 1 964 ) 

wtus 
peduncula tus I - - -

lotus 
pedunculatus II 2 . 1% 

(8 .4£!ffl) 
2 . 2% Richards et. al.  ( 1 968 )  

Lucerne 4 - �  5. 5% Andrews et. al. 
(1 6 . 8gm) ( 1 952 ) 

Red Clever 2 . 9% 3 - 5% .Andrews et. al • 

( 1 1  • 6£!ffl) ( 1 952 ) 

Sophora japoroca 3- cffo 
( 7 . 8£!ffl) 

4.4% Koo:i.man ( 1 971 ) 

Soybean 1 . 5% 1 .4% Aspinall & Whyte ( 6 . 0f!Jfl) ( 1 964) 
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by centrifugation and discarded. The centrif'ugate was poured into e tharuo'l 

( 2  vols . ) and the precipitated copper complex (B) centrifuged out. This 

complex was decomposed by suspens ion with s tirring in ethanol containing 

1% hydrogen chloride ,  the resulting galactomannan was filtered off and 

dissolved in water ( 2  litres ) . After filtering the polysaccharide was 

reprecipitated by pouring into ethanol (4 litres ) , isolated by filtration 

and washed until acid and copper free. The purified galactomannan wa.s 

redissm+ved in deionised distilled water, filtered and dialyzed for 

24 hours before being freeze-dried. 

Further extraction of the hulls with water at 60°C ( 6  t 3 . 3L x 1 2  

hours ) gave a s imilar polysaccharide mixture which was s eparated via the 

copper complexes . The first complex was discarded and the s econd V\'8.S 

treated exactly as above. But after three attempts an uncontaminated 

galactomannan could not be obtalned without resorting to c olumn chromato­

graphy, and since Guar galactoma.nnan had a s imilar mannose : galactose 

ratio as the one being sought, this part of the isolation was abandoned. 
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B. Chemical Pnalysis 

a ) Hydrolysis of Galactomannnns 

Samples of galactomann8n ( 25 - 30 mg ) were hydrolysed in (0 . 5 mol/1 ) 

H2so4 (+ ml ) in sealed tubes at 1 00°C for 5-8 hours (samples having low 

mannose : galactose ratios being hydrolysed f or the longer time ) .  All 

hydrolysates were neutralised v� th saturated aqueous BG (OH) 2 , and the 

centrifugates dec ationised by swirling with a small portion of Amberlite 

IR-1 20 (H+ form) cation exchange resin. Solutions were concentrated on a 

rotary evaporator, and the volume adjusted to  2 mls prior to paper 

chromatographic identification and analysis . 

b ) Paper Chromatograpbx 

( i )  Qualitative 

Galactomannan hydrolysates were chromatographed on vVhatman No . 1 paper 

by descending paper ehromatography using as solvent n-butyl acetate : 

pyriding : ethanol : water (8 : 2 : 2 : 1 ) (Bailey et .  al . 1 971 ) .  The chromatorraphy 

paper was serrated along the lower edge to al�this fast solvent to drip 

off evenly. 

Chromatograms were run for 30-36 hours, and good . separation of 

mannose, galactose and glucose was obtained (mannose had RG (= relative 

to glucose ) = 1 . 09,  galactose RG = 0. 78 Bailey et. al. , Mannose RG = 1 . 1 2, 

galaetose RG = 0 . 80 ) .  Pentoses ran much faster than these three 

Chromat"grams were developed by spraying with ammoniac!'l.l silver nitrate 

and heating at 1 1  0°C until the colour developed. All the galactomannans 

isolated were found to contain only mannose and ga lactose (apart from the 

second soybean ga lactomannan, which wa s  discarded ) .  

(ii ) Quantitatiye 

Galactamannan hydrolysates were chromatographed in the same manner 

as above , on Whatman No . 1 paper. The paper was pretreated by washing with 

1 %  Oxalic Acid for 36 hours followed by washing with distilled water for 
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48 hours. Standard galactose)mannose solution was applied to the paper 

in amrunts c�rresponding to 25, 50, 75 and 1 00 fgJU <.f each. Two standard 

sets were applied per paper, with one hydrolysate spot (concentration 

30 - 70 ugm approx.) being applied with each set. External markers were 

run on the outer edges of the paper with another down the centre. 

Mter the chromatograms had been run and dried, the marker strips 

were cut out, sprayed with ammoniacal silver nitrate, and the position of 

the standard and hydrolysate sugars estimated. J; square of paper 

containing each sugar was cut out , each square being the same size and as 

small as possible. These squares plus a blank were eluated with distilled 

deionised water for 1 0  - 1 4 hours giving a volume of 0 . 6  - 0 . 8  mls of 

solution. Each solution was made up to 1 • 00 .± 0. 02 gJnS in a 25 ml pyrex 

test tube fitted with a ground glass stopper , and analyzed. 

·� j • Quanti�tiv� ·�tiina..tion of Sugars 

Eluate samples were analyzed by an anthrone method suitab le for 

hexoses (Bailey 1 958 ) except that the reagent was modified after Richards 

(1 959 ) .  Anthrone ( 0 . 75 g) was dissolved in 70% (V/V) A. R. sulphuric 

a�id (500 mls) and aged at 0°C overnight . 1 0  ml of anthrone reagent ��s 

added to 1 ml of sugar solution in a 25 ml pyrex test-tube standing in an 

icebath. The contents were thoroughly mixed in the icebath, the tube 

heated in a boiling water-bath for s ix  minutes and then cooled in ice for 

30 minutes .  The optical density of this solution was measured at 625 � 
in a Hi tachi 1 01 spectrophotometer using a cell of 1 cm pathlength, and 

compared to a water/anthrone reagent b lank. Standard curves were plotted 

for both galactose and m81':\l1ose standards , and eluted standards (see fig. IT-1 ) ,  
and the correlation coeff'icients (r) for each compared. As r > 0 .  99 for 

all the above cases, the concentration / optical density relationship was 

considered to obey Beer 1 s  Law for sugar concentrations up to 1 00 pgm/ml. 
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It is obvious from fig. II-1 that not all the hexose is eluted frc:rn the 

paper but b inding appears to occur line arly at le ast up to 1 00 ff!Jfl/ml . 

Analyse s  were carried out on at least three seperate hydrolys ates of e ach 

galactomannan. Results are shown in Table (II-3 ) .  

d ) �and Prot e in An�lyse� 

Microanalyses for b oth a sh and protein ( as N) were carried out in the 

University of' Otago ' s  microanalytical laboratory, under the supervision 

of Professor A. Campb e ll . Results appe ar in Table (II-3 ) • 

. � 
�alac�omruLDan, Protein and Ash_ Anal�ses 

-

Galact omannan % Ash 
% Protein (as N) 

Guar 0.4 0 

Carob 1 • 3 0 

L:J tus pedunculatus I 0 . 7  0 

Lotus peduncula tus II 0. 2 0 

Lucerne 3 . 0  0 

Red Clover 1 . o  0 

Sophora j aponica 6 . 6  0 . 6 

Soybean 1 .  6 0 I 



I 

Mannose 

Tab le II-4 
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Galactose lmalyses of' Galactomannans 

Galactomannan 
Mannose 

Average 
Reported Source 

Galactose Values 

t 1 .  75, 1 . 72,  Guar 1 . 75 2 .00 Hui & Neukom ( 1 964- ) 
1 . 78 2 . 00 Rafique & Smith (1 950 ) 

1 • 84- H&yne & Whistler ( 1 948 ) 
1 .  78 Ahmed & Whis tler (1 950 ) 
1 .  70 Tookey e t .  al . ( 1 962 ) 
1 .  62 Swanson ( 1 949) 

Carob 3. 79 , 3 . 86, 3 . 85 3. 00 Hui & Neukom ( 1 964-)  
3 . 90 3 .50  Hui & Neukom ( 1 964- ) 

4. 00 Hui & Neukom ( 1 964- ) 
4.00 i Smith ( 1 948 ) 
4. 00 Jmderson ( 1 949 ) 

Lotus 1 . 1 0 , 1 . 1 1 ' 1 0 1 1 1 . 04  Richards e t .  al.  ( 1 968 ) 
peduncula tus I . 1  0 1 3 ; 

Lotus 1 . 00, 1 . 02 ,  1 . 02 1 . 04 Richards et . al. ( 1 9'68 ) 
pedunculatus II ,, 1 . 04 

lucerne 1 . 1 1 ' 1  . 1  2 ,  1 . 1  3 1 . 25 /illd.rews e t .  al .  ( 1 952 )  
1 . 1 5 1 . 1  0 Courtois e t .  al. ( 1 958 ) 

1 . oo Court ois e t .  al. ( 1 958 ) 
1 . oo Bourquelot & Heris sey 

( 1 900 ) 
1 . 00 Hui & Neukcm ( 1 964-)  '.-' 

Red Clover 1 . 1 4, 1 . 1 3, 1 . 1  5 1 . 30 Andrews e t .  al. ( -1 952 ) 
1 . 1 8 

Sophora j aponica 5 . 08 , 5 . 1 1 ,  5 . 1  2 5 .00 /mders on ( 1 9+.9 ) 
5 . 1 6  5 . 26 Kooiman ( 1 971 ) 

Soybean 1 .40 , 1  . 38, 1 .40 1 .  35 .Aspinall & Wbyte ( 1 9�) 
1 .42 1 . so Whis tler & Saarnio ( 1 957 

: 

I ' 

' 



SECTION II . - VISCOMETRY 

A. Introduction 

�Viscosity Mea�nts 

(It should be noted that throughout this section viscosities are 

expressed in terms of contistokes (cS) and centipoise (cP). These 

units are related to the S. I. unit, the Pascal-second (Pa s) by: 

1 cP = 1 cS .- 1 x 1 0-3 Pa s 
p 

(where p = density of the fluid) _7 
1 ) Definition of Viscosity (after Tani'ord ( 1 961 ) , p. 321 ) 

23 . 

A viscous fluid is one in which there are attractive forces between 

neighbouring portions of the fluid ; any motion of one part c£ the f luid 

relative to another is opposed by these attractive forces. 

For a theoretical treatment, a liquid is considered to be a 

continuous, structureless fluid. If two parallel planes of infinite 

extent in such a fluid are at rest with respect to one another, then the 

net effect of the f orces between them must be zero. However, i':  one 

of the planes is in motion relative to the other under the influence of 

an external force F, then the local forces will oppose such motion in an 

effort to restore the planes to their equilibrium positions. These 

opposing forces are acting as frictional forces. 

To define viscosity in quantitative terms suppose that one of the 

paro.llel plmles of fig. (III-1 ) is moving with velocity 8 u relative to 

the second. Then the frictional force (--t) will be proportional to both 

8 u and the contact area betvreen the planes A, and inversely proportional 

to the distance ( Sx ) between the planes. 

The proportionality constant relating the force to these variables 

is known as the coefficient of viscosity, or 1nore canmonly as the viscosity, 

�· 
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rT l. = 1'\. ( �)A 
8x 

''( 1'\. ( du ) � = - l. 
or in the limit (8x --4 o ) dx 

For unit area, this is more usually written as � =  YlG · (III-2 ) 
where G = shear rate (S. I .  unit a -1 ) 

•2 
= shear stress (S. I .  unit Nm ) 
= viscosity (S. I .  �� t Pascal, second ) 

( 1 poise, P = 1 0  Pa s ) 
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Fluids for which 11 given by the ratio '""t'/G-, has a con.Stant value are 
\ 

kncwm as Newtonian. That is, the viscosity of a Newtonian fluid is 

independent of both shear stress and shecrr rate . 

The viscosity of other fluids may be depenaant on shear rate and 

shear stress.  In s ane cases viscosity increases, and in others decreases 

with increasing shear rate ; also a discrete applied shearing stress may 

or may not be necessary before any motion occurs. L description of all 

these kinds of behaviour is given by Van Wazer et al (1 963 ) .  

2 )  £_eliminary Comments 

In the early experiments when a simple comparison of the viscous 

behaviour of the galactamannnn solutions at varying temperatures and 

concentrations was being studied, the type of viscometer required was 

one that could be easily thermostatted. The obvious choice was a 

capillary viscometer which could be immersed in a constant temperature 

waterbath, and accordingly a series of Ubbelohde viscometers was 

constructed. 

For the final investigation of viscosities however, the measurement 

of shear rates in the viscometer at constant temperature was needed as 

well as the measurement of viscosity. Instrume nts often used for this 

work are " co-axietl cylinder" or "cone and plate" viscaneters, in which 

known viscometer geometry can be used to calculate shear rates (Van Wazer 

et al, 1 963; Sherman, 1 970 ) .  
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Both a Ferranti c·:Jaxial cylinder viscometer and a Brookf'ield 

'Bynchro-lectciC' viscaneter (which uses a rotating bob immersed in the 

f luid whose viscosity is t o  b e  me asured ) were availab le .  However, tests 

using aqueous sucrose and glycerol solutions showed that the se instruments, 

which are for industrial rather that res e arch purpose s , were unsatisf actory 

below 1 00 centipoise . 

Me an shear rates can be c a lculat 2d in capillary viscome ters u sing 

Kroeplins ( 1 929 ) e quation : 

- sv G = ( III-1 )  
3 TT r3

t 

where V = volume of fluid. (mls ) pass ing through the 

viscaneter in t ime t seconds . 

r = ra.dius of c s.pillary ( cm ) 

G = mean shear ra te 

Thi s method has been extens ively u sed in measuring the dependence of 

viscos i ty on she ar rate of cellulose in cupriethylenediamine solution 

( e . g . Brovming and Se ll, 1 956 ) .  By appli cation of external driving 

pressures to the vis come ter a wide range · of shear rate s  can b e  obt ained. 

This me thed was therefore us ed in t he p resent investigat ion of 

viscosities . The cons truction of the Ubbe lohde viscometers used in t he  

first experiments involved hand drawing o f  tre glass capillaries . 

Determina tion of the mean shear rate requires lmown unif onni ty of the 

capillary b are .  Accordingly, for these de terminations ,  a set of commercial 

Cannon-Ferrske viscometers was us ed , whi ch have machine drawn capillarie s 

of more uniform bore than the hand-drawn ones . Commerci81 Cannon-Fenske 

viscome ters were u sed rather than Ubbelohde s ole ly on the b asis of co st, 

as either would be suitable .  Both type s of viscometer are shown in 

figure III-2. 
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( a) Observed Behaviour 
-� ,.. 
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Galactomannans in solution are knovm to show pseudoplastic behaviour 

["Schutz (1 970 ) , Kassem arrl Mattha (1 969a )
_
/, which means that the 

viscosity of their solutions decreases with increasing shear rate .  They 

have no yield value (i. e .  no discrete applied shearing stress is necessary 

before motion occurs ) . Plots of log shear stress (log ·-c ) against log 

shear rate (log G ) , and viscosity (� against shear rate (G) have 

typically the shapes shown in fig. (III-3)  a and b. 
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Figure ( 1 1 1-3) :- Typical Flow Curves of a Pseudoplastic Carbohydrate Solution 
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('J ) IN'rERPRETA'I'ION OF '.mE VISCOUS BEHAVIOUR OF CARBOHYDRATE 
-�==- -·�-��---- --��...-

SOWTIQNS..i§gHUTZ, 1 970j_.  

( i ) General Description 

27. 

Schutz ( 1 970) studied the viscosity behaviour of variou s types of 

carbohydrate s olutions , including C-uar gala.ctomannan. He derived 

equations emperically to describe the behaviour of these solutions, 

and suggested that their b ehaviour could be summarized in the follo;ting 

way : -

The curve (often called rheogram ) of fig . (III-3a) was divided intn 

f our parts , labelled (a ) to (d ) on the diagram. The se four parts can 

be interpreted in terms of a solution containing : -

(a ) large agglomerates resulting frum preparation of the system 

at G = 0. The s olution f ollows Newtonian behaviour. 

(b ) large agglomerates breaking up progres s ively with increasing 

G. The solution behaviour follows a Cross (1 965 ) relationship ( as 

discussed below) . 

( c ) agglomerates breaking up with further increase in G;  s olution 

behaviour follows a Power Law (as dis cussed below) . 

(d ) free particles of solute f ormed at still higher values of G .  

These particles m� be s ingle molecules or groups of mole cules smaller 

than the agglomerates .  The se particles d o  not break up with further 

increase in G so that Newtonian behaviour is follovved. 

Section (a ) of Schutz-1 s curve will probab ly never appe ar,. as s ane  

s tirring (= she aring ) motion is necessary t o  d is solve the carb ohydrate 

solute. 

(ii ) �inition af the Cross Equation 

The Cross (1 965 ) equation i s  g iven by : ­

n,ao + ( � I\ c� ) 
1 + X Cf' 

( III-3) 
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where 111... is the viscosity of' the system under shear rate G 

1'\. and n are limi ting values of' vis cosity at 
. 0  "- 00  

zero and at infinite rate of shear, respectively. 

C:( is a const ant . 

For disperse syst ems this equation was derived on the assumption that 

particles link t ogether in the f'or.m of random chains , and t hat non-

Newtonian flow can be attributed to the ef'f ect of' shear rate on mean 

chain length. It has been extended to include polymer melts (Cros s ,  

1 966 ) ,  and c an  b e  generally applied where non-Newtonian b ehaviour can b e  

interpreted a s  aris ing f'rom s tructural break-down of particles under 

increasing rate of' shear. 

Rearranging (III-3 )  gives : -

!'\,_ - n\Q::\ 
= 1 (III-4 ) 

1'\. o-:-' 1\ m 
It has b een pointed out by Schutz ( 1 970 ) that very often n < ; n 

oo ' ' o' 
n · . -:. n and �< < 1 ,  in which case equat ion (III-4 ) reduces to the m l'\. o 2 ( ) modif'ied f orm, 1"\.. = 1 + o< G3 III-5 

This will b e  called the Schut z equation . 

(iii ) Def'inition of the Power Law Eguati on 

The Power Law relationship is emp erical, and is given by 

(III-6 ) 
(Van Wazer et al, 1 963 ) 

When this equation is obeyed, the vi scos ity l"\_ is g iven by : -

f'rom (III-2 ) 

= KGa-1 f'rom ( ( III-6 ) .{III-7 )  

According to this e quation a plot of' log rt against log G will b e  linear 
� 

with slope equa1 to (a-1 ) . 

It is also pos s ible to e liminate G rather than L between e quations 

(III-2 ) and (III-6 ) ,  which leads to the equat ion 
n = K

1 /a y (a-1 )/a ( III-8 ) 
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( iv )  ConcentrRtion Dependence of CPr�hydrRte Solution Viscosity 

Schutz (1 970 ) conside red the c�Jlge in viscos ity with concentrntion 

for the portions of the she 9r stres s  I she� rate curve over which the 

Schut z Equ:::ttion and the Power Iew held . 

For the Schutz equation, the mos t readily accessib le pare�eter of the 

three (� , 1'"\.o' a )  i s  l"lo' the viscosity c.t zero shep_r rate . 

:Elnpericnlly, Schutz found thr.tt 

= 
Be l. e ( or n !,0 

, Be ) = n e 
� 

(III-9 ) 

where L and B -=tre constants, and c is the c oncentration (g  I 1 00 ml ) .  In 
I the second f orm of the equation the constant A i s  identif ied as n0 , the 

zero sheer rate viscosity of s ome reference state . 

In the Power L11.w case, Schutz measured the change in po.riiDleters ' a' 

and K ( in equation III-6 ) with concentration. He determined emperically 

that for a limited concentration r ange , ' a ' could be taken as cons tant . 

Over larger range s ' a ' decreased s lowly as the carbohydrate s olution 

concentration increased . 

Schu t z  found an emperical re l 11.tionship benveen K and the concentration . 

h reference state cons tant, 

constant : - · K = 

K was def ined c 
1{ eb c  

c 

so that when ' a ' can be assumed 

(III-1 0) 
(where b i s  a constant, and c i s  again the concentration of carbohydrate 

in solution . ) 

( v )  Temperature Dependence of Carb ohydrate Solution Vis9osity 

Schut z (1 970 ) considered the temperature dependence of the Schut z 

equation and Power Law parame ters . He did not find a simple relationship 

between 11.o and temperature for the s ection of the curve governed by the 

Schutz Equation. 

In the Power Law case , ' a' varied little with temperature . The cons tant 

K, however, was inversely proportional to the absolute temperature . By 

defining a reference s tate with constant ET analgous to Kc above , Schutz 

ob t�ined emperically 
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(III-1 1 )  

This form is similar to the widely known proportionality between viscosity 

and ab solute temperature , viz .  !'\_ = A e ]IJ IR'I' ( III-1 2 )  

( E is the activation energy necessary for flow to occur ) . Equation 

(III-1 2 ) can be derived from Chemical reaction rate theories (Barrow (1 966 ) ,  

p . 544 ; Vnn Wazer et al 1 963 ) and is applied to Newtonian f luids . 



c .  AD.API'ATION OF SCHUTZ 1 S EMPERICAL EQU.ATI..Q!::!§ FOR USE WITH 

UBBEIOHDE VISCO��TERS. 

( i )  Estimation of the Effect . of Changing Shear Rate 

31 0 

For the comparison of the viscosity behaviour of various galacto-

mannan solutions , it was desirable to cover as many concentrations and 

temperatures as possible . To this end it would be useful to avoid 

having to measure the effects of shear rate on the solution behaviour. 

It would othenvise be necessary to make each measurement at several rates 

of shear, in order to ensure that the set of measurements for any one 

galactomannan included a common rate of shear. 

Poise uilles Law for flow in u capillary tube is given by (British 

Standards 1 88 : 1 957 ) .  

= 
"' 4 
-::.: pght 

81V 
(III-1 3 )  

where r = ca.pillary radius 

h = mean head of the viscometer 

p = density of the liquid in the viscometer 

g = acceleration clue to gravity 

t = time of f lmv of liquid of volume V 

1 = length of capillary 

(� will be a me an viscosity, since it i.::; dependent on the mean head of 

the viscometer ) .  

Kroeplin ' s  (1 929 ) equation for the calculation of mean shear rate G 
in a capillary was given as ( III-1 ) .  

8V 
= _...;;..�-

31T r3t 
(III-1 ) 

Eliminating volume, V, between (III-1 3 )  and (III-1 ) gives : -

� = 
rhgg 
31G 

and from equations (III-14 )  and (III-2 )  

i . e .  rhpg 
31 

(III-14 )  

(III-1 5 )  
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1 ,  r, and g are consta..VJ.ts, p may regarded as constant since for all the 

galactomannan solutions used it varied between 0 .  998 and 1 • 002 g I ml 

at 20°0, and decre as ed only to 0. 978 g I ml at 70°c . Since h is the 

mean head of the viscometer, it will be constant for any one viscometer. 

Thus equation (III-1 5 )  can be rewritten as :-

I'l, G = constant (III-1 6 )  

If acceptable times of flow in the viscometer are taken as 200 

seconds minimum and 600 seconds maximum, then by equation ( III-1 ) , 

3 G (for maxinrum flow time ) = G (for minimum flow time ) (III-1 7 )  

If the carbohydrate concentration in the s olution i s  high, the 

viscosity �-
will be high, and G will be small. This follows from 

equation ( 1 ) , G = � 8V 
3Tf r3t 

since G. "" ;, t "-·�, and for a highly viscous solution the radius of the 

capillary will have to be relatively large to obtain a reasonable ( < 600 

seconds ) flow time .  

If G is small, then the range of mean shear rate, G (minimum flow 

time ) - G (maximum flow time ) = 2G (maximum flow time )  (III-1 8 )  

(from equation (III-1 7 ) ) 

vvill also be small. Although non-Newtonian character (and therefore the 

shear rate dependance of viscosity) is high for high carbohydrate 

concentrations, b ecause of the sn�ll s hear rate range the solution 

viscosity should not change greatly with changing flow times .  

Conversely, if the carbohydrate concentration is low, � is  small 

hence r will be small and G will be  large. The mean shear rate range will 

also be large . The shear rate dependence of viscosity is low for this 

case, however and again the solution viscosity should not c:hange greatly. 

Thus the asstnnption is made that within the maximum ( 600 seconds ) 

and minimum (200 seconds ) flow times suggested the viscos ity of the 
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galactomannan solutions is virtually a constant, independent of the rate 

of shear (i . e �  the solutions show Newtoninn beh�viour ) .  

(ii ) JAaptation of the Egu�tions for the Power Law Case to Eliminate 

Shear Rate Effects . 

Concentration Effect 

Schutz '  s emperical equation for the Power law case of change in 

viscosity with concentration of carbohydrate in solution was : -

K = K e be ( III-1 0 )  c 
Substitution back into the form of the Fovrer Law equation (III-8 ) 

i . e .  � 
gives � 

= 

= 

(III-e ) 

(III-1 9 )  

From equation (III-1 5 ) ;Lis constant for any one viscometer, s o  that 

equation ( III-1 9 ) becomes : -

It_ = 

= 

= 

where K is a constant, k = 
c 

From equation (III-20 ) 

log � = e 

(K  ebc )1 /�(�) c a 
k (K  ebc )1 /a 

c 
K' ebc/a 

"-/ (� ) L a and K 1  

log K 1+ ( !?.  )c e a 

= kK 1 /a 
c 

(III�20 ) 

(III-21 ) 

Thus for any one viscometer, a plot of loge� against concentration 

should be linear with slope (�) and intercept loge� 
TemPerature Effect 

Schutz 1 s  emperical equation for the temperature dependence of the 

Power Law constant K was K = KT eD/T (III-1 1 )  

Substitution of this into the 

rt = 

gives � = 

i .e .  � = 

= 

form of the Power . law equation (III-8 ) 
1 /a (�) 

K ·t' · a 
· a-1 

(J\reD/T )1 /a ..,� (7) 
D/'l' 1/ak -(KTe - ) 

Kl' eD/aT 

(III-8 ) 

( III-2 2 )  



·�--( a-1 )/a ,, 
where k = '- and K = 

From equation (III-22 ) 

log e Tt = logeK 

34-· 

;, D .... � 
· aT 

( III-23 ) 

For any one viscometer a plot of loge � against the rec iprocal of the 
D n 

ab solute temperature should b e  linear with slope ; and intercept logeK 

.Adeptation of the Schutz Equation_ to Eli!!!,innte Shear Rate 

Ef'fects . 

This adaptation was not attempted, as there was no m�thod available 

for determining � 0 , the vis cosity at zero rate of shear ( see equation 

(III-9 ) ) .  

(d) .Us�..,..9f Schutz ·� illlO) Eq_untions ..f.qr Data. Obtained with 

Cannon-Fenske Viscometers . 

These viscometers were purchased following the decision to change 

the ob j ect o f  this thesis from a simple comparison of chemically 

modified galactomannans t o  a more comprehensive comparison of the 

so lution properties of unmodified galactomannans . 

To achieve this latter end it was necessary to eliminate the effect 

of shear rate on the solution viscosities . This was achieved by using 

Schutz ' s  equations (III-9 ) ,  ( III-1 0 )  and (III-1 1 )  in their original 

form, and extrapolating experimental viscosity / shear rate plots to 

zero rate of shear. 
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B .  @cperimental Metho� 

( 1) Ubbelohde Viscometers 

(a) Construction of Ubbelohde Viscometers 

Seven Ubbelohde vi scometers (see fig .  ( III-2) ) were constructed 

according to Bri ti.sh Stan:lard 188 :  1'957. The se were used together with 

one commercial model ,  giving a total range of measurerr.ent of 0-2000 

centistokes . 

(b) Construction of Waterbath 

A gJass tank (60 cm x 30 cm x 35 cm deep) was insulated with 5 cm 

thick polystyrene , and a 2 cm lid of the same material placed over the top. 

A small removable section of the lid slid up and down on a pair of vertical 

aluminium rods . To the se rods were fitted two perspex c lamps des igre d to 

hold a v isoometer in a vertical position with its upper etched mark 6 cm 

below the water surface (see fig, (III-4) . )  

Temperature control was provided by a Technicon "Tempunit" adjuste d  to 

cootrol to + 0.05°C at 20, 0°C , vrith th:'.s precision decre asing to + o. 1°C at 
- � 

70°C . A two kilowatt proportionally controlled heater was us ed to ra � e  

the temperature between sets of viscosi ty determinations.  A cold sink, in 

the form of a water-cooled glas s oo�l was us ed in conjunction with t� 

To ensure even heating, the 
bath waa stirred by means of a large J:Etddle attached to an overhe ad stirrer.  

Te� rat\Jt'e.s were meas1..1red on a me rcury il'l glass the rmometer calibrated to 
0 o. 1 c .  

(c) �libfation of Viscome ters 

The viseometers were calibrated using the "step-up" procedure ; i.e. 

the viscosity of a liquid ·was determined in one viscometer..· and then this 

liquid was used to calibrate the next viscometer in the series. The 

primary caJ.i'Qratl,ng liquid was water vvhich has a known vi.scosi ty of 
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0 1 . 0038 cS at 20. 0 C.  'rhis water was prepared by double dis tillation 

through an all-glass apparatus v�hich had previously been well c leaned in 

chromic acid and rinsed in deion:Ls ed water . The fir st three batches of 
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distillate were discarded. Solutions of A .R .  sucrose and A . R .  glycerol in 

doubly distilled water ( for us e  as secon c1.'try calibrants ) were filtered, and 

then stored in tightly s toppered containe rs in till refrigeratcr when not in 

use as they tend to e itrer abs orb ar looe water , dcperrl ing on their 

concentration. 

Viscometers were c lea..'1ed before use by s oaking overnight in chromic 

acid. The acid was removed, and the v is c aneter rins ed thoroughly with 

doubly distilled vvater ani then with acetone . After drying in a stream of 

dust-free air the viscaneter was charge d through tre ·wide arm by carefully 

adding s ufficient liquid to approximate ly one-thir d fill t.he lower 

reservoir . The viscometer v;as tre n p laced in it ' s  holder in the watarbath 
and allowed to  e quilibrate . Loosely fitting stoppers were us ed to exclude 

dust without restric ting any air flow. 

Timing was carried out us ing a Junghans stopwatch calibrated to 0 . 1 

sec . which was frequ;ntly checked agains t two other stopwatches of the sa.'Tie 

make . This stopwatch was alvva;ys used in the sarre face-up position . 

flON t ime af 200 seconds or greater was used to reduce timing error to 

0 . 1%, as tre human error in starting and stopping th e  stopwatch was 0.  2 

seconds. 

Viscosities were cal culated from Poiseuille ' s  Law ( equation ( III-1 3) ) 

in the form: 

\) == et ( III-24) 

w:tere '\)is tre vis cosity in centis tokes . 

c is the calibration constant . 

t is the time af flon in seconds . 
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Although this equation can be corrected for the kinetic ene rgy of efflux 

by putting : 

B 
v= et - t ( III-25 )  

where B is the co effici ent o f  the kinetic m ergy of efflux, 

this was not done fer the fo llowing reason : 

A calculation of the possible magnitu de of the kinetic energy 

corrections was made using a B value of 2. 5 as suggested in t he Br it ish 

Standard ( 1 957) . Tre calcula i:; ed value s (table ( III-1 ) )  app ear smal l .  

That the kinetic energy c orrection was indee d small was verif'ied by c arrying 

out two separate calibrations of the viscometers , ani noting the differene;e 

in c ( t:re cal ibration c onstant ) . These results also app ear in tab le ( III-1 ) .  

The differenc e  between calibration c onstant pai rs is le ss thon 1% i n  all 

cases ,  anl normal practice in vi ::;cometry me as ure; ren ts is to a:iJn for a n  

e �  of 1% or less (Jc',ckson ,  1 972 ; Kolcsko c.:.rrl Kurc:.th, 1 964) . 

fuccept fer t h:: calibration of v iscometer 1 flovi times were kep t abov e 

200 s econds in viscon1C::ters 0 tc 3 ,  and abov8 180 secorrl.s in viscome ters 4 

to 7 .  The deviati on vrith viscometer 1 was unavoidab le if water was t o  be 

us ed as a primary oaJ.ibrant . Calibration of a viscometer was carr ie d  out 

by rre as-qr-ing th e  fl ow tiln:; of a liquid at 20 . 0  : 0 . 0 5°0 until thr e e  

succ e ss ive flow tines agreed ·within o. 1%. Fiv e  suc h  determinati ons were 

made 1 the average of each s e t  of thr ee readings t�n 1 and the se fiv e  

averages averaged again. The re sultant time was s ubstitu te d  into fue 

Poiseuill e ' s Law equation (Ill-24) t o  de termine c .  



Viscometer 
:Number 

Table ( III-1 ) 
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v ·  --:-y�:�r�-;;:;,-;:� ·-------r;ifference Approx. 
RJ.s

co
mc(� �r) · --1 ·;+ II Calibrunt j (%)between M� K, E. ange C u  :ri & II . Error(%) 

,_____--+------� -� - I � -=-+------t 
0 0 , 1.:- - 1 . 0  I 0, 00 1 6 5  0 . 001 64 water 0 , 6 3 . 5 

1 

2 

3 

4 

5 

6 

1 , 0 - 4. 0  Oo 0054-9 0, 0050 water I 0. 1 8  1 . 0  

4.0 - 1 2 , 0  0. 02 1 1  0 . 02 1 1 34foSucros e I 0. 00 0 , 2 5  
I 1 2 . 0 - 36. 0 0. 06_24 0, 0624 " 48foSucrose 0 . 00 0. 1 

36 . 0  - 1 00 

1 00 - 300 

0. 1 80 

0.438 

0. 1 80 56foSucros e 

0.439 . 8CJ%g1ycerol 

1 50 - 600 0 . 696 0 . 697 87%glycerol 

o . oo 
0 . 22 ne gl. 

0 , 14 negl. 

L----7 __ .�..,
6
_o_o __ ... _

1
_
8

o_o""'--�
3
-· l���� l97'/o�-l-y-ce_r_o._>l..___o_._o3 

__ ....__n_e_g_l_. 
__. 

( d) Determinati on of G.:clac tomannan Solut ion Viscosit :ie s  at Vaszing 

Concentrations_and 'I'emp;:r atur es 

( i) PreJ?arati'!l_of Galac tomannan Solutions : 

Initial prob lems were encountered in attempt in g  to dis solve Red Clover 

and D.lc erne Galactomannans 1 and a minimum of 407� of an:J' sample ranaine d 

insoluble . Similar difficult ie s were repcxded by Jilldrev,rs et al. ( 1 952 ) 

who u sed material dried by solvent exchange . The us e  of free ze-drying in 

tre preparat ion of tre material used abo\Te ,  however, doe s not appear to have 

reauoed the level of inso lub le galact omannan. 

The reason far the insolubility of 4D% of the galactomannan is not 

lrnown but may be du;; to t he formation of extreme ly large aggregates in tre 

legume seed, or on drying. The othe r ga.J.actoiiJaimans were mere so luble , 

although heat was necessary in the ease of Carob and Sophora japonic a 

galao tom.a.nnans . None apart from the Lotu s pedunculatus I galactomannan 

appeared to dissolve canple tely. By t aking Red Clover and Luc erne as a 

guide , it was found that m-.".Ximum s olubi lity cruld be achieved af'ter 
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approximately 90 minut es ut 70°0 . ( although autoclnvi ng or heating to 

higher terrverutur es v.ould have reduced the tine involved, and pos sib ly the 

amount of insolub le material, gal actomannans tend to depolymerise at 

highe r temperatures in solution (Carl son et al. , 1962 ) ) .  l�ccordingly , 

all galactomannan solutions "ere prepared by suspending the finely-divided 

free zedried material ( 1 g , more for Red Clover and Luc erne) in doubly 

distilled water ( 1 00  ml) Qld st irring it in a vratcrbath at 70°0 for one 

and a half hours . 

The resulting s olution vms cooled and filt ered through a sintered-

glass funnel. Samples of this approximate ly 1% solution were weighe d out 

( 2g ,  5g, 1 0g, 1 5g) into flasks fitted with ground glass s toppers and 

adjusted t o  20g wi th dis t illed water, gi. ving additi onal galaotomannan 

solutions of strengths of approximately 0 . 17&, o. 2:ffo, 0 .  r:n/o, o. 75/o. 

Duplic ate samples ( 5g) of the 1% s oluti on wore free zedried to det errnine the 

actual conc entrati on of galactomannan in t he s olution,  and the concentrat ions 

of the dilut ed solutions 1vere c al culated accordingly. No pr e servative was 

added t o  the solutions n.s measurenents on t he change in vi scos ity af n. gu6.r 

solution ( (0. 3" 1%) , see fig. ( III-5) ) vvit h t ime sho;ied t mt t he s olutions 

were stable for up to seven days if kept refrigerated whe n not in us e ,  

provi ded trat they were aged f cr  24 hours in the refrigerator before use . 

(ii) Vi�os i_ty :W�easur en�nt on Galactom<mnan Solutions
* 

The t :ilre  of flcr1 of a gal aot omannan solution was measured unt il two 

succ essive va.J..ues agreed to vrit hin 0 . 2  seconds . This .rreasuremen t was 

repe ate d  at 1 0°0 intervals from 20°0 to 70°0 . As far as possible all 
me asurements fer one galactom::tnnan solution were carrie d  out in the sarre 

viscometer. 

Tre variation of viscosity with concentration at co nstant temperatur e 

was plotted, and als o tre vadation of visc osity with terrp:; ratur e at 
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constant concentrat ion . Correlat ion c oefficient s were cal cula t e d  to the 

modified f orm of: Schutz 1 s equations , and lines plot t e d  by t he methcii of 

least square s .  



Figure ( 1 1 1-Sl:- Change in the V iscosity of Guar Galactomannan (0.31 � )  with Time of Refrigeratecl Storage. 
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(2 )  Cannon-Fenske Vis corre ters 
-

(a) Modificntion of thc�ons tan�-Temeerature Waterbath 

4-1 .  

The waterbath used was the same as that in Sec tion III ,  B ( 1 )  f or  tre 

Ubbe lohde Viscometers ) ,  except thn. t the 'l'echnicon 11Tempuni t" was rep la ced 

by a rrercury-toluene regulator connected thr ough a pe rcent age power 

c ontroller to a one kilowatt he at:ing element . By maintain ing the 

percentage controller at a setting of 10% and adjusting the water flew 

through tre cooling coil , it was possible to maintain tl-:e bn.th n.t 20. 00 ! 
0 0. 02 c. TeiiJ:�era ture wn.s measure d on a mercury in glass trermometer 

c alibrated t o  0. 01 °C . 

(b) Calibration of V:U:; comete.E 
( i )  Flow Constants : 

A serie s ( 10) of Cal1ru)l1-Fenske viscometers (rrutine type)  was purch� 

frc:m the Cannon Instr'l.ll'OO nt Co. (u. s .A. ) .  Alternate vis cometers in the 

series had been c alibrn.ted with two standard liquids of known vis co sity by 

tre coiiJ:�any. By using the flow tirre s of the se standard oils an d  their 
known viscos ity, it was pos sib le to calculate their calibration constant s 

( c )  and kinetic energy correction cons tants (B) us ing the following 

formulae (British Standard 1 88 :  1 957) : 

c = ·v2t2 - 0 1 t 1 

t2 - t2 
2 1 

(III-26) 

( III-27) 

\ \ where v1 , \.. · 2  are t re  viscos it :le s  ( cS )  of the two calibrat ing 

liquids . 

t 1 , t2 ru.'e t heir respective flov:r tirre s (secs . ) 
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Viscometer 
No. 

25  

75 
-· 

1 00 

1 50 

200 

300 

350 

400 
-· 

450/1 

450/2 

500 
'---· 

Table( III-2) 

Calibration Constants for Cannon-Fenske Viscometer�_at 20 . 0o! 0 . 02°C . 

Calibrant ,,_) 1 (cS) 
Calibrant Compos ition 

-(\ 2 (c3) (%) 
Cannon Stds 0. 7684 o. 9680 
Benzene I Decalin 30 : 70 1 . 846 
Hexadecane 1 00 4.4TL 
Cannon Stds j.JQ4-

6 . 202 
Generex I wniterex 

-----· §_0 : 40 8.�200 
Generex / Wbit erex 20 : 80 1 6 . 49 

Cannon Stds 

=-t ...2Ql]Q._ 
24. 39 
35.48 

Whiterex L_Stock 00,22 55. 57 
St ock 0032/Stock 0050 
Cannon Stds 

· --

Stock 0050 
Stock OO�c�k 39§7Stock 3_9]__ 
Cannon Stds 
Stock 0050/Stock 296Zstock 30i 
St ock 396/Stock 307 
Stock 0050/stock ,20� _ _ 

Stock . oo��t ock 307 ________ 

80 : 20 105 . 2 
1 02. 1 

·�-- · ==ti1 2 . 5 
-- 1 00 - 29�. 5 

__ 40 : .lQ.: 30 1 52 0. 2 

llihl 
w -fl09�.2... 

ltO :jO :jO _1._?20. 2 5o : 5o i s2z. s 
2 5 : 75 1422 

-- 1 0 : 9.2_ _ _!_:1_5188 ·-

t 1 
(secs ) 
35hl 

20f; 2 
2j2 . 0  

2�.h2 

240. 3 

24�_. 8 

206_.2;-

2 58 • ..2 
249. 5_ 

!......--··-j�} 9 �.2 
196 .4 

1.......-=-.·.-

t2 
(secs) 

�l.:..L 
497. 1 

435. 2 

409 . 8 

- ·� �-9. 2 

467. 1 

429. 6 
�45]., 2 

474.3 
508 . 0  

2.7_0. 7 

c 

(s��s) 
0. 002 1 63 

0. 009008 
0. 01425 

0. 04-025 
0. 1 0 1 6 

0. 2240 

0.4946 

1 . 1 32 
2 . 549 

1 . 629 

7 . 345 

B � (cS x sec ) 200c 1 

0.4843 o. 56 

0. 5140 0. 1 4  

0 . 7149 0. 1 2  
-

4. 078 0. 25 1 . 

1 1 . 50 0. 28 
I 4. 883 0. 05 

6 . 684 0 . 03 

41 .48 0 . 09 

1 1 8 . 5  0. 1 2  
-

58 . 20 0 . 09 

144. 0 0. 05 

* The Cannon calibrated 450 viscometer v;as broken, so another was constructed to the same di;ren sions using a 

length of standard bore 2 mm capillary. 
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By calibrating oils (ex-Mobil Oil Oo . ) in the s e  stnndardise d  

vis c aneters , a t  20°0 ,  i t  was possib lB to deternrLne B and c for each of the 

remaining vi s cometers . Results are summarised in table ( III-2) . 'I' he 

percentage error arising fro m negle cting kine tic e nergy corrections for a 

flow t:iJne of 2 00  sec m ds  has al s o  be en ass esse d, nnd because of the lON 

values obtained ( les s tl.1.an 0. 3% apart fro m viscome ter 2 5) kinetic ener gy 

correct ions have been neg1e cted in all further calculati ons. Flow t :iJnes 

were accordingly kept ab ove 2 00 secs . (Although the error arising from 

ne g1e cting t he kinet ic energy c orrection with the 25 viscometer is 0.  56% 

for a flow time of 200 secon ds , this reduc es to 0. 3. 5%  for 2 50 seconds and 

0. 2 .5%  fo r 300 seccnds .  I t  seemed reasonable,  since this vis caneter was 

used only at high shear rate and low viscos ity, w ith most flOil tii!'B s in 

exces s of 250 seconds , t o  neg1ect the kinetic energy c orrection here Cll so. ) 

( ii) Mean Head : 

A glas s  pr'essure line vro.s constructed so that external pre ssures could 

be applied to either the driving arm or the filling arm o f  the vis cometer 

( see fig. ( III-6) ) .  This line was pre ssurised with nitrogen, the actual 

pressure being controlled by th; depth of irruners ion of a length of glass 

tubing in a cylinder of ethanol. Pre ssure was read on a manometer filled 

with dibutylphthallate by use of n travell ing micros cope , and corrected to 

0 20. 0 c .  

The mean effect ive head (h  ) of each vis cometer vms de termine d from 
0 

measureiren ts of flow t imes of stand ard oils ( at 20 . 0°0 )  with external 

pressures applie d to the driving arm of the v is cometer of 5, 10 , 1 5, 20, 

25,  30, 35,  4-0, 4-5,  50 cm of dibutylphthallate ( =d. b . p . ) ;  h was calcula ted 
0 

fran the fcrrrula : ( Br ovming and Sell , 1 9  56 ) : 

( h  d ) 
e e ( III-28 ) 

d 
0 
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wrere h is tm mean effe c t ive he ad, 
0 

h is the e xternal pressure , 
e 

d is fue density of the fluid in the viscometer , 
0 

d is the e dens ity of the manorre ter fluid, 

t1 is the tilre of flow vfi thou t external pressure,  

t2 is the time of :flow with external pressure . 

Flaw t irres wi t hout external pres sure v1ere calculated from Poiseuille 1 s 

Law ( equation III-24) . Densities were measured at 20. 0°C in a 

micropipette previously cc>.librated wit h dou-bly dis tilled water ; 

measurerrents were repeated until two success ive value s agreed to within 

0. 1%. Results appear in tab le (III-3) . 

Table (III-3) 

Determination of the Mean Heads at' Cannon-Fenske Viscometers 

i I Mean Head (c� of d.b .p . ) I Standard l):)viation Viscome ter Standard (%) (=  Coefficient of Number Cannon Co. Deviation 

� 
( approx. ) Determined Variation . ) 

-
9.6 9.  4-Ql_l- 0. 01 3 o .  14-

I 75 I 9 . 731 0. 018 0 . 1 8  I I 
1 00 9. 1 9 . 080 0 .0 1 1 I 0. 1 2  

1 50 9 . 974 0. 01 3 i 0. 1 3  

200 9. 5 9 . 259 0. 01 1 0. 1 2  I 300 9. 304 c . o 1 6  0 . 1 7  I I 
9.44-6 0. 01 8 350 9 . 9 I 0 . 19 I 400 I 8 . 954 0 . 02 1  I 0 . 23 

450/2 9. 229 0 . 032 0. 35 

500 8 . 584- 0 . 057 0. 66 
-

The increase in Standard Deviati on f'rom the top to the bottan of tte 



45 .. 

table refle cts tre increas in6 diff'iculty o:f accurately determining oil 

viscos itie s greater than 200-300cS. 

(iii) Calculation of :Mean She ar Rn.te Cons tants :  

Tre se were obtained f'rom Kroeplin ' s equation ( III-1 ) ,  

G = ..;;.8V..;..._'""' 
3 Tn;3t 

( III-1 ) 

using the following measurerren ts : -

Volume 

The voltJ.Jre between tre etcre d marks on each vis corre tcr was measured by 

inverting the viscometer , filling to the top mrk with doubly dist illed 

water ,  and running the wn.ter through a fine jet into a tared fl Mk ( 1 0  ml ) 
until it reached the bottom mark . The water was the n we ighe d. This was 

repe ated four times , and the voll.l.Ire calculate d from the density of ·water at 

the calibration temperature. Results appear in table ( III-4) . 

Table (III�) 

( 

I 

Calculated Volumes and Radii of Cannon-Fenske Viscorreters 

Viscaneter 
No. 

25 

75 

1 00 

150 

200 I 
300 

350 

400 

450/2 

500 

Volume StandBrd Radius 
·-·�--· �· --� (mls ) Deviation (%) (cm) 

1 .  771 0 . 09 0 . 01 668 

3 . 084 0.05 0 . 02733 

3- 243 0 . 06 0 . 03148 

3. 1 02 0.04 0. 04008 

3 .225 0. 04 ! 0. 051 52 

3. 267 0 .06 0. 06.342 

3 . 222 0.07 0. 076 55  

3 . 3 17  0. 05  0 . 09576 

2 .836 0. 06 0. 1 005 

3. 2 1 9 0. 04 0. 1 578 

Standard 
Deviation 

I 0. 02 

I 0. 03 

0 . 03 

0. 04 

0 . 02 

0. 01 

0 . 01 

I 0. 01 

0 . 01 

0 . 01 

(%) 

I I 
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Table ( III-5) 

Constants (K) for Calculation of the Mean Shear Rate_ (G}, 
an<t_Some Sa.mp�e She ar Rates 

� 

· Constant Stan dard 
Flow Time s (Secon ds ) 

Viscometer (% \ -� - . K 1 Devi at ion 200 300 400 500 600 (sec . )- ' 

25 323900 0. 1 5  ' 1 620 1 080 8 10  648 540 

75 1 28300 I 0. 14  642 428 321 257 214 

100 881 90 0. 1 5 441 294 221 1 76 147 

1 50 40900 0. 1 6  205 1 36 1 02 I 81 . 8  68. 2  

200 I 20000 0. 10  I 1 00 66 . 7  50.0  40. 0  33. 3 

! 
300 10870 0 .09 r. 54. 4  36 . 2  27 , 2  21 . 7 1 8 . 1 

350 6097 0. 1 0  30. 5 20, 3 1 5 . 2  1 2, 2  1 0. 2  

,, 400 3206 0. 1 0  16 . 0  1 0. 7  8 .02 6 .41 5. 34 

450/2 4. 74 2372 I 0. 1 0  1 1 , 8  7. 9 1 5 . 93 3. 95 

500 695 i 0. 1 0  3.48 2 .- 32 1 , 74 1 . 39 1 . 1 6 

Capillary Radius 

The vis co rre t er was inverted nnd the cap illary tube adjus ted to th e  

vertical by mean:; of a plumb-bob , After filling the tube vrith rre rcury 

almost t o  t re  t op ,  the mer cury was run out through a fine j et into a 

t are d flask ( 1 0  ml) w1t il the menis cus was almos t to the bottom of tre 

capillary. The rrercury was we ighed1 and the l engt h run out measur e d  by 

u se of a trave lling microsc ope , This was r epe ate d four t imes , By us ing 

t h:.l  dens ity of rrercury at the calibration temre rature it was possible t o  

c alculate t he radius of t re  capillary. Results appear in table ( III�) . 

Calculation of t re  KroeRlin " Constant " . 

Fran t he  calculated vis come t er volumes and radii � a constant K for 

Kroeplin 1 s equation (III-1 ) can be c alculate d ,  giv ing the equation t re  

farm: 
G : K.  

t 
( Ill-29) 
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Values of K and G for various t :Ure s  appear in table ( III-5) . 

(c ) Measurement of Galactomannan Solution She ar Rates and Viscosi ties 

Galactomannan solutions were prep ared as de scribea earlier in Section 

B1 (Ubbelohde Vis cometers . ) .. Samples of the se solutions were diluted as 

befcre to  g ive approx:L11ate concentrations of 0. 8%, 0. 6%, 0 .4%, 0 . 2%, and 

0 . 1% (all w/w. ) . The actual concentrations were determined  as usu'll. 

For each solution ten measurerre nts of viscos ity and associated shear 

rate (at 20 . 0°0 )  were mi.lde over a range of applied p:-essures from -6 . 0  cm 

d.b .p .  (pressure applied to filling arm of viscorreter) to + 60 . 0  cm 

(pressure applied to <Jriving arm) , These rre asurements were spaced at 

approximately equal intervals on a graphical plot of log s!B ar rate versus 

log viscosity. 

The vis cosity of each solution was calcul.J.ted from the equation : 

1'' = j., ( h d + h d ) t ( 0 0 c c 
( III-30) 

(Brov.ning and Sell , 1 956 )  

where � is t !B  v iscosity of the solution in centipoises , 

A is the vis correter constant , 

h is mean head of the viscometer, 0 

h is tl.c 
e 

external he ad as indicated on the manometer,  

d is the density of the liquid in the viscometer , 0 

d is e the density of the manometer fluid. 

The viscometer constant A may be calculated in the following way: 

Take Poiseuille ' s equation (III-24) in the form 

-0 = et (III-24) 

Conversion of '0 to centipoise gives 

·11 = cd0t (III-31 ) 

If' there is no external pressure. the canbination af equations ( III-30) 
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and ( III-31 ) gives cd t :: Ah d t 0 0 0 

i .  c .  A :: e ( III-32) 
h 

0 

Values of the mean head and flow c onstants ·wit hout external pressure 

have been Jreviously determ:ined, nnd were g iven in tables ( III-3) and 

(III-2) . 

Correlation coefficients and straight-line equations for the Schutz 

Equation ( III-5) arrl Power Law Equation (III-6 ) were calculated using the 

method of least squares. 

Intrinsic viscosities at zero shear rate were calculated by 

extrapolation of viscosity/shear rate plots to zero shear rate for each 

c cncentration follONed by extrapolation of plots  of viscosity at zero 

shear rate divided by concentration versus c oncentration to zero 

concentration. 



C .  Resuli§. 
( 1 )  Ubbelohde V:Ls corre ters 

(a) General Comments 

49 . 

Solutions of the galactomanna.ns were cl ear at concentrations of 0. 1%, 

but ,  with the e xception of Soybean an:l Lotus pe duncularus I galactomannans , 

b ecame increasingly opa�ue as concentrati on incre ased. 

Soybean galactomannan s olutions over a concentration of about 0 . 2 9,to  

were dif'ficul t to work wi th as t he y  f crrred very stable foams i f  agitated. 

Tbe other galactomannans shovred little sign of this property. 

All the galactomannan solutions , even that of the very low visc osi ty 

Lotus pedunculaill s I galac tomn.nnan had a slippery, mucil aginous texture . 

Typical curves showing the dependence of the v isc os ity of several 

galactomannans on terrp:: ratur e and c cncentrati on are shown in fig. (III-7) . 

(b ) Concen tration Dependence of Visc os ity 

The ooncen tration depen:lem e of the viscosi ty of the galactomanna:n 

solutions was examined by f itting the rre L:.sure d values of vi scos ity and 

c oncentration to equati on ( III-21 ) :  

= log K' + (B) c 
e a ( III-21 ) 

Some typical plots are shovm in f igs . ( III-8) an:l (III-10) . The parame ters 

b 
log K '  arx:l - were determine d by t:te rre thod of le n.s t  s�uares ,  and the e a 

c orrelation co efficient (r) of the line was also obtained. Tre results 

appear in table (III-6) . 

In all cases the results are well represented by an e �uation of the 

form of e�uation (III-21 ) .  The correlation coefficient was not le ss than 

0, 995 in all but two c ases , and not le ss than 0. 990 in all cases . Thus 

the ccncentrati on Clependem e  of v:Ls cos ity :ill e ssen tial ly tha t found 

empirically by Sclutz ( 1 970) for carbohydrate solutions ( inc luding those 

of Guar galactomannan) in t re region of the :ir  psuedoplastic behaviour 
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. Figure ( 1 1 1-7a) :- The Dependence of Galactomannan Viscosity on Concentration Figure ( 1 1 1 -7b) :-The Dependence of Galactomannan Viscosity 

at 20oc on Temperature 
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Table (III-6 ) 

Comp�isgn of E.xperimEn tal Result�? wit� 

Equation of the . ForiJl_lq_g� _ =J.��,_±_ (�)E. 
§.t .,9;_ S�r_:!-es of Terr1pera�t� 

Coeff . of 

50. 

Correlation 
Ga.laotanal'll'lall<J Temw ra 'b..lr e cone en tra tion Constant Coeffici ent 

(oc )  (2) a 

Carob 20 o. 6SO 

30 0. 679 

40 0. 662 

50 o. 641 

60 0. 624 

70 0 . 608 

Guar 20 0. 979 

30 0. 959 

40 0 , 942 

50 0 , 923 I 
60 0 . 903 
70 0, 877 

Lotus 20 0,01 68 

pe dunculaius (I) 30 0, 0 166 

40 0. 0172 

50 0, 01 69 

60 0, 0162 

70 0. 01 57 

Lotus 20 0.429 

pedunculaiu s (II) 30 0.458 

40 0 . 382 

log K'  (r) 
e 

0.440 0.990 

0, 062 0. 996 

-0. 1 73 o .  996 

-0. 359 0. 996 

-0. 556 0. 997 

-0 . 780 0. 999 

0, 309 1 .  000 

0, 062 1 . 000 

-0. 1 67 1 . 000 

-0. 374 1 . 000 

-o. 571  1 .  000 

-0. 777 1 . 000 

0.01 0 0 . 998 

-0, 21 1 0. 995 

..0. 595 0. 999 

-0,4.20 0, 999 

-o.  745 ! 0. 998 

-0 . 881 1 . 000 

0. 1 73 0 . 999 

0. 363 0. 999 

-0. 1 34 0 . 997 . 
( t o  �I ... ccm t )  _ 

' 
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Table (III-6 ) (cant) 

Coeff . of 
Galactorna.nnan Terrve ra iur e c oncentrat ion Constant Correl ation 

b log K '  Coeffic ient ( �� ) e (r ) a 
..__. 

Lotus 50 0 . 4D4 -0.458 0. 999 

p edunculaius ( II) 60 0 . 389 -0. 6 1 2  0. 999 

70 0. 364 -0 . 730 0 . 999 

lllc erne 20 0 . 689 0 .449 0. 996 
30 0 . 679 -0. 1 24 0 . 997 

40 o. 669 -o. 3Lf4 0. 997 

50 0. 6 51 -0, 51 9  0. 997 

60 0 . 630 -0 . 677 0. 998 

70 0 . 6 1 8  -0. 856 0 . 998 

Red Clover 20 0. 605 0. 002 0. 997 

30 0. 591 -0,222 0. 997 

40 0 . 576 -0.426 I 0. 997 

50 0 . 563 -0. 6 1 6  0. 997 

60 0. 530 -0. 993 0 . 996 I 

I 70 o. 545 -0. 787 0. 998 

Sophora japonica 20 0.644 0,082 0. 998 

30 0 , 6 1 8  -0. 1 28 0. 998 

40 0,605 ..0.341+ 0. 998 

50 0, 585 ..0�529 0. 998 

Go 0. 555 ..o.664 0. 998 

'70 0. 525 I -0. 779 0 . 998 
(t o  b e  cont) 

I 
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Table (III-6 ) (cant ) 

Coeff. of 
Galactornannan Temperature concentration Constant Correlation 

(£) log K' Coefficient e .  (r ) a 

Soybean 20 0. 1 1 1 0 . 04.5 0. 998 

30 0. 1 09 -0. 1 84 0 . 998 

40 0. 1 05 -0. 376 0. 999 

50 0 . 1 05 -0. 547 0 . 990 

60 0 . 0�7 -0. 702 0. 997 

70 0. 093 -0. 848 0. 997 



Figure (11 1-9) :- Dependence of Guar Galactomannan Viscosity on Temperature at Varying Concentrations 
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Fi�re (111-1 1 )  Dependence of Sophora japonica Galactomannan Viscosity on Temperature 
---- 6 .J at Varying Concentrations 
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governed by t re  POIVer Law. It can also b e  notice d  in t able ( III-6) th at 

b 
bot h  (-) and K '  decrease with tell!Perature . In e quation ( III-20) tre a 

value of K' was fixed by 

i . e .  

K' = kK1/a 
c 

1 
log K' = log k + - log K e e a e c 

Since both k and ' a ' are c onstant by definition, it nn.1st be K which 
c 

decreases with increasing teiJ!)C ratur e .  

S:i..rnilarly, in equation (III-2 1 )  1 a 1 is constant so tha t b rrus t  

d · th · · t tur in ,..,.. der f,...,.. the value of (£) to ecre ase Wl. J.ncreas J.ng e� ra e ..... -...... 
a 

decreas e .  � refcre equation (III-20) s hould be rewritten as : 

1(_ = k Kc (T ) e
b (T )c 1/a 

wre re (T ) implie s conditions of cons tant temperatur e . 

Th:is leads to the modified form of equation ( III-21 ) : 

log 1'1 = log K' (T ) 
e l. e 

( c ) Temperatur e  Depen den ce of Vis cosity 

b (T ) + �  a 

( III-33) 

( III-34-) 

Tre teiJ!)C rature deperrlence of the galactomannan solution viscosity 

was examined by f itt inG the e xperimen tal results to e quation ( III-23) : 

log � = log K" + Q_ 
e 'L- e n.T 

( III-9) and (III-1 1 ) .  The 

( III-23) 

Sorre typical plot s are shown in figs. 

parameters K'' and Q were ob taire d by 
a 

the rre thcxl of le ast squares ,  and 

thes e  and the correlation coefficients to the re lationship s hown in 

equ ati on  (III-23) are given in t ab le (III-7) . Good correlation 

c oefficient s  (r> 0.  995) were obtained in all c ases . 

Tre values of K" and 12 in table (III-7) can be seen to be concen tration 
a 

dependent. K" increases with increas :ing c oncentrat ion for Guar, Caro b ,  

Lotus pedunculaiu s I and II, Lucerne and Red C lover galac tomannans , and 

decreases for t hose of Sophor a japonica and Soybean . The re ason for this 

anomalous behaviour of K" with c oncen trat ion is not known. 
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Table (III-7) 

Comparison of Exper :imen tal Results "Vvith an Equation of the 

Form Log 1/ = log K" + (12) -T1 at a Series of Galactornan.nan Concen:trati_on s - -e t -e-�- � a 

- . .. 
Coeff . of 

Galactomnnnan Conc en tration Constant Corre lation 
(g I 1 oo m1) T 

log (K" ) Coefficient (x1 0-3 ) (�) e 

Carob 0. 1 00 2 . 1 2  -6 .41+ 1 . 000 

0. 2 1 9 2 . 52 -6. 77 1 . 000 

O.LJ-30 3. 1 5  -7. 20 1 .  000 

o. 563 3 . 38 j -7. 08 ' 

I 1 . 000 
I 

0 . 36 1  3 . 50 -5. 8 5  1 .  000 
-

Guar I 0. 1 00 2 . 32 -6 . 67 0. 999 

0. 203 2 . 69 -6 . 35 0. 998 

0.480 3 . 26 -5. 99  0. 999 

0 . 547 3 . 29 -5. 51 1 . 000 

0. 755 3 . 53 -4. 52 0. 999 

Lotus 0. 1 00 1 . 79 -6 . 09 0 . 998 

pedunculaius (I)  0 . 2 50 1 .  78 -6 . 06 0 . 999 

0. 500 1 . 80 -6 . 09 0 . 999 

0. 750 1 . 80 -6 . 02 0. 999 

1 . 000 1 .  8 1  -6 . 02 0. 999 
-

Lotw 0. 1 07 1 . 95 -6. 09 0 . 999 
• 

pe dunculatus ( II) 0 . 22 1  2 . 1 1  -6 . 06 1 .000 

0 •. 437 2.37 -5. 99 1 . 000 

0 . 639 2 .. 63 -6 . 01 0 . 999 

0 . 840 2 . 86 -5. 99 0. 997 
(to be c an t )  

l -

I 
� 

I 

I 
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Table ( III-7) (cant )  

! Coeff. af Galactomannan Concentration Constant Corre lation 
( g  I 1 oo rn1) 1 log (K" )  Coefficient T e 

(x1 0-3) (�) a 

Lucerne 0. 094 2. 04 -6 . 26 0 . 999 

0. 206 2 . 27 -6 . 18  1 . 000 

0. 290 I 2 .43 -5. 88 1 . 000 

0. 324 2 .40 I -6 . 04 1 . 000 

0.424 2� -5. 67 1 . 000 
-

Red Clover 0. 075 2. 06 -6 .65  0 . 998 

. 0. 271 2 .40 -6 .47 1 .  000 

0. 360 2 .47 -6 . 18 1 . 000 
0. 460 2 .69 -6 . 35 0 . 998 

o. 554 2 . 78 -6 . 20 0 . 999 

Sophora japonica 0. 087 1 . 90 -5 . 97 0 . 998 

0. 1 77 2. 1 5  -6 . 1 2 1 . 000 
0. 404 2 . 79 -6 . 72 1 . 000 
0.546 3 . 06 -6. 72 1 . 000 
0. 803 3 . 53 -6 . 90 0 . 998 

Soybean 0. 1 00 1 .82 -6 . 08 0 . 999 

0. 245 1 .87 -6 . 06 0 . 999 

0 .41 3 1 .  95 -6 . 1 5 1 . 000 

0 .634 2 . 01 -6 . 1 1  1 . 000 

0.832 2 . 09 -6 . 20 1 . 000 



In equation ( III-22) the value of K11 was fixed by : 

K11 = kK,;,Ia 
l 

i.e .  

Since k ard 1 a '  are o:ms tant b y  definition , KT rrnJS t b e  changing wi th 

CJOncentration. Similarly s ince }2 varies vrit h  concentration , the a 
variation mus t  be drn to changes in t l:e  value of D. Consequent ly 

equation (III-22 ) should be rewritten : 

56 . 

"L = k �(c)  eD(c)/T 1/a (III-35) 

virere ( c )  implie s canditirns of constant c oncentration . 

This leads to the :rroclified f orm of equation (III-23) : 
log �L ; log �' (c) + D(Tc) 

e e a ( III-36 )  

(d) Calculation of Intrinsic Viscosity 
( i) Definition of Intrinsic, Specific, and Relative Viscos itie s :  

Tle definitions of these various types of viscosi ty appear in table 

(III-8) . 

Definition 

1Lin l.Q 

(1L./1'[o) -1 

C'l/t)-1 
---
I 11. iloge ('(0) ---

1 
0 --

I . 
1 1 
l e 

_j 

llirn. �-1 l l !c ·-) 0 : c ' . 

. -- _, J lim • l loge (to)l . e· -l 0 i c I - -

Table(III-8) 

Definition of Vis cometry Terms (Onyon, 1959) . - 0 

Old Symbol Old Nam3 New Symbol Recornrr:ended Name 

1Lr 
Relative rv1b Viscosity Ratio 
V ::is cosity 

11_sp 
Specific - -
Viscos ity 

100tls p - - Viscos ity Number 
c I - - - Logarithmic 

Viscosi� Number 

100 [re J 100  x Intrinsi� Limiting Viscosity 
Vis cosity Number 

" lt 11 11 



( 'i[ is the so lution viscos ity, � 0 is the solvent visccs ity. ) 

(Although the Interno.tional Union of Rlre 8.l1d Applied Chemis try 
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introduce d  the new names arrl symbols in 1 9 53, rurrent practice in s ti ll to 

use tro old terms, and th:'lt use age he.s been follovfed in this the sis , 'l'he 

factors of 100  in 'l�gj2 ant.l L•t __ -_\ are us ed to c orrelate unit s between the old 
c 

and new systems due to a change i.'.'l the ccncentration unit f'rom g/100 ml 

(old) to g/ml (new) . )  

( ii) Calculations : 
For the dependence of viscosity on concentration, a number of 

equations have been us ed, �llnha ( 1 950) derived the general equation for 

polymer s olut ions : 

'�L = ·� 0 ( 1 + a .1 c+ a2c� a3c� • , , • • • ) ( III-37) 

(where ,.fl is the s olution vi s cos ity, fL0 is the solvent visc osity ,  

c is the concen tration of solute , a1 , a2, a3 , • • • • •  etc . 

arc constants . )  

If terms higher than c2 are ne glected, the equation becorre s : 

/'L = 1( o ( 1 + a1c + a2c
2

) 

i.e. 1t flo - 1 · = 

� = 
c 

limit � = 
c -� o c 

= 

i.e . 1'lsp = 
c (where k is a constant . ) 

2 a1 c + a2o 

a1 + a2c 

a1 f_-rL J by aefini tion. 

r rL -� ..- k f1(J2 c ' .  _j '- .J (III-38) 

Th:i.s equation is identicaJ. to that developed by Huggins ( 1942) .,  and 

is applie d to systems at lmv concentration. 

�iri cally, Martin ( 19Lf-2 ) found that :  

log r,�� = log PL --� + k '  fl -1 c 
e e L J _ � c 

(vmere k '  :Ls a constant , )  

(III-39) 
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Mart in ' s  equation can be applie d over a wider range of' concen trati on than 

tlnt of' Huggins , although Huggins 1 is obviously rruch eas ier to us e as it 

does not require logarithmic plots . 

Intrinsic viscosity can thus be calculated by a nwrerical or graphical 

extrapolation of a plot of' CLsp), loge (�) or log1 0  (?lsP) agains t c .  (A 
c c c 

full discussion of' t re  physical meaning of' intrinsic vis cos ity is given 

later in part 2 of the vi sc aretry results (for Cannon-Fenske vis cometers . )  
Initially, to interpret tbe results from galactomannan solutions , 

plots of' 1iap against c were used, but thse were found to be non-lire ar and 
c 

therefcre diffirul t to cxtrapola te to zero c oncentration. Plots of' log1 0 
(1lsp) agains t c (based on the Martin equation ( III-30) ) ha.vevcr were linear c 

for all but the Soybean and Lotus pedunculatus I galactorrmmans . Th3 plot s 

for the se two cases were non-linear. In accordance with current practi ce 

(see1 far example Eliezer and Silberbcrg, 1 967) ext�apolations were made to 

zero concentraticn f'rom tm linear portions of the curves in the case of 

Soybean galactomannan. The pbts far- Lotus pedunculatus I galactomannan 

solutions showed no evidence of concentration dependence as a scatter of 

value s were obtained >vhich ranged to ! 1 0%  of the mean vaJ.ue of log 1 0 (11,sP) . 
c 

An estimate of t he  intrinsic viscosity vras calculated by averaging the 

value s  of log1 0 ?l.sR• 
c 

From the graphs of log1 0 [1'L ] agains t temperatur e ( fig. ( III-1 2 )  1 it 

can be seen that at 20°C tm qr der of' magnitude of intrinsic viscosity is 

Gua.r > Carob ) Lucerne ) Red Clover > Sophara japonic a ) Lotus pedunculatus II ) 

Soybean > Lotus re dunculatus I .  Tbe order fer Guar and Carob is confirrre d 

by tre findings of' Hui arrl Neukom ( 1 9 64) .. who c orrpared the vis cos ity of' 

Guar ar:d Carob galactomannan s olutions at the s ane  concentration. Lotus 

pedunculatus II galactomannan was found by Beveridge ( 1 9 6 5 )  to have an 

intrinsic viseoeity of 5dl/g1 slightly less than the value obtaine d  for the 
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t 1 t 2000. presen samp e a Whistler arrl Saarnio ( 1 9 57 )  reported a lOW" value 

for the intrinsic viscosity of Soybean galactomannnn , as was found here . 

Intrinsic viscosity data for the other galactomannans have not been 

reported. 

( iii ) Va.riation __gf' Galactomannan I�:t_r;i!lsic Viscos ity with 

Tem�rature : 

Fran tre plots of log1 0 [1£ J aga:inst temperature ( fig. ( III-1 2 ) )  a good 

linear correlation is obtained betvveen log 1 0 [11.. ] and temperature over tre 

range 20° - 60°0 , but not at higher te�peratures . A more rapid decrease 

in log1 0 [ JL ]  (apart from Soybean and Lotw pe duncula tus I and II 

galactomannans) is evment as 70°0 is reached. The reason fa:- the 

anomolous increase in log1 0  ['t J at 70°0 for Sophora japonica galactomannan 

is not known1 but on tre basis of the dependence of log 1 0f?t,] on 

terr;perature for the other galactomannans 1 this result does not appear to 

constitute a real effect. 

Tl:e te� rature dependence of intrins ic viscoo ity aris es from the 

nature of the galD.ctom-'U1I1an molecule , and its interaction with water. 

Possible effects could be due to changes in the state of aggregation in 

tre polyrrer, cho.nges of solvation of the polyner molecule , and chan ges in 

the molecular conformation (Vink, 1 971 ) .  

If it can be assurred that galactomannans behave as flexible long-chain 

molecules ,  then tre te�rature effect may be interpreted in terms of 

Flory' s ( 1 953) theory from: ol - J. =· 20m 'f1 ( 1 - Q/T )J" (III�O) 

(mere cl.. is the in trnmolecular expansion factor. 

y1 is an entropy parameter. 

0 is a parmreter arising from the interroolecular m 
theory of the thermodynamic properties of dilute 



Figure ( 1 1 1 -12) :- The Dependence of Galactomannan Intrinsic Viscosity on Temperature 
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solutions . 

Q is the 11 idec.l11 or " t heta" t erqJerature (wh ere fue 
chemic al  pote nt ial due to segmen t-s olvent interactions 

is zero) . 

T is the temperature of me asurcm:l rrt . 

M is the mole cular weight . ) 

According t o  Flory ( 1 9 53, P .  622 ) , a chan ge in t re  tempe rature I'fl'ly 

af:fect the intrinsic vis c cs ity t hrough aJ. tcration 

of. ,  and tre unpe rturbed d.llnensions of tre molecule 

of the expansion factC!L , 

(r2)t (which is part of 
0 

the parameter C ) , with the change in ci.. gere rally pr-e dominating. m The sign 

of the temperature dependence is therefore ess enti ally determine d by t re  

polymer/s olvent interact ion. 

For a very good so lvent Q is negat iv e  and ,,z shoul d decrease wit h 

increasing telJ!>C ratur' e ;  in athennal solve rrt s  g is zero , an d hen ce 0( should 

be independent of t errpe rature ; and in poor s olvent s Q is pos itive and ol... 

should in::::rease wi ih temper ature . 

The c as e  of galactomannans in water would be expected to c orresp ond 

to that of a solute in a good solvent . This would be �c ted because 

galactomarmans are es sent ia lly long chain polyhydroxy c anpounds , wit h shor t 

si oo-chains which prevent c l cs e  ass oo iation of tre mole cules over long 

lengths of their chains resu lting in cellulos e-like insolubility. Trere 

wruld t!rus be expected to be a large de gree of interaction between a 

galactomannan molecule and water . 

It is obvious from t he ne gativ e  gr-adients of the plots of log 1 0 tl J 
against temperature (fig. (III-1 2) )  that the t emperatur e oopendenee of 

galactomannan intrinsic viscos ity doe s correspond to the case of a so lute 

in a good s olvent. 

Although only a eh ange in o( has been considere d above , it is also 
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possibJ.e that an increase in t empe ratur e could result in an increase in 
2 I 

cham flexibility. This would decrease the unpe rturbed dimensions er )2 
0 

of' the molecule by increasing rotation ab rut the b onds and hen ce als o the 

vis co s ity. Sorre contribution to chan ge  in ['ll ]from change in (r�)� wruld 

seem quit e feas ibl e ,  e spe c ially as t lJe temperature dependen ce of [1l.] seems 

to be quit e high (as Viclc, 1 971 , foun d for cellulose ) . 
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(2)  Canaon-Fenske Viscometers 

( a) General 

The vis co sity of all the galactanannans i n  s olution was found to be 

shear•rate dep endent , even for thos e  galactomannans (e. g .  Lotus 

pedunculatus I) which gave solutions of very lan vi scos ity . Shear rate 

dependence of viscosity was highest for the mos t vi scous so luti ons , such 

as thos e  of Guar and Carob ,  and decre::1sed wit h decreas ing vi sco sity. 

Vis co si ty/s re ar  rate data ::1ppears in Appendix V. 

(b ) Limit ati on� of th� Apparatus 

A sericus limit ati on of the apparatus was that for sarrples of lON 

. . -1 
vJ.scosJ.ty, a mean shear rate bel ON  ab rot 200 sec . could not be obta ined. 

This was due to the limitati on on t re  external opposing pres sur e ( -h ) 
e 

that could be applied to the filling arm of th e  vi scorre ter (see fi g. ( III-2 ) )  

oppos ing solution flow. This pres sure was found to b e  limited by t re  

approximate relation : 

-h
e � -h

o + 3 
(where h is the mean he ad of the viecometer) 

0 

( III-4-1 ) 

The limitation wa.:J due to the surface tens ion of the s olution in the 

visco meter capillary. If external oppos ing pres sure s greater than 

(h0 ... 3) were applied to the filling arm� the soluti on wou l d  flow from the 

top e tcre d mark of th e viscometer thr'ough the bulb until it emptied, but 

flow would stop at tre top of the capillary before the solution meniscus 

reached the bottom etched mark. This effect is not nearly s o  pronounced 

for s olutions of low surface tension such as cupriethylenediamine , which 

was us ed as a cel lulos e s olvent in the determinati on of the shear rate 

dep endence of cellulos e s olution viscosity, using an i denti cal metho d  

(e. g .  Browning an d  Sell� 1 956) . 

Equation ( III-30) gave the relationship between flow time, external 
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pres sure , and solution an d  manometer f luid density : 

_,i = A ( h d + h d ) t 
� o o e e 

(III-30) 

Values f o r  mos t  terms i n  t his equat ion were known :: 

d = densi ty of galactomannan s olution 
0 

= approx. 1 . 0 g/ml 
d = density of dibutylphthallate = 1 . 043 e 

g/ml 

A = con stant of proporti onality (pre vious ly 

determined. ) 
h = mean v is  comet er re ad (previ ou s ly 

0 

determined) . 

If a flOJV time of 600 se conds is cons id.ered as a reas onable maxirrum for 

observation , th e  vi s cos ity at this flow time is dependent only on the 

external pressure re ad h • 
e 

In or der to c a lculate tre minimu.rn measurable 

v isco s it y  at this fl ow time , h mus t take on it s minimum value aiding 
e 

s olution flow. This wi ll be identical to it s maxirrurn value opposing f lON 

which was shovm by inequality ( III-41 ) t o  be ( -h + 3) .  0 
Substitut ion of 

this value for h in equ ation (III-30) fer each vis come t er gives the 
e 

value s  of th e  minimum measureab le vi scosity in each , t abulate d in table 

( III-9) . 

Similarly, the maxirrum measureab ]e  valu e  of v iscosity in each 

v iscometer can be obt aine d  by taking a flow time of 200 seconds as a 

reascnab le minimum and measur ing the maximum pos sible external pressur e  

aiding s olution f low. This latter was found to be h = 60 cm. of 
e 

dibutylphthallate , due t o  tre limit ations of the apparatu s .  The 

calculate d  maximum value of measureable v is c os ity far each viscometer is 

als o pres en t ed in tab le (III-9) . 

Although t = 600 seconds may appear an unreas onab le value for the 



1 Table (III-9) 

Maximum and MinimUl,Il Values of Viscosity and Shear Rate Obtainable with 

a Given Viscometer 

-
Mean Shear Rate (Sec� 

V ism meter Minimum Viscositv (cP) Maxirrum Viscos ity ( cP) 
No. (t:600 secs} {t=200 secs ) 

-

Minimum ( t:600 secs) Maximum (t:200 secs ) 
- ---

25 0.414 3. 31 54-0 1620 

75 1 . 67 1 3 .4  2 14 652 

100 :::: . 83 22. 5 147 44-1 

1 50 ] . 26 58. 7  68. 2  205 

200 1 9 . 8  1 58 33. 3  1 00  

300 43. 3 347 18 . 1 54 .. 3 

350 94.4 753 1 0. 2  30. 6  

400 �:2.8 1470 5. 34 1 6 . 0  

450/2 318 2530 3.95 1 1 . 9 

500 1 540 1 2200 1 . 16 3.48 
------
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calculat ion of minimum viscosity, it IID.IS t  be remembered that since mean 

shear  rate :Ls inverse ly proportional to time (Kroeplin ' s equation ( III-1 ) )  

t = 600 seconds gives t he  minimum value of shear rate.  Th:Ls minimum she ar  

rate value (also tabulated in tab le  ( III-9) ) combine d wit h the minimum 

vis c os ity value for the sarre viscometer repr e� one extreme point 

obtainable on a flor1 m rve us ing that partim lar v:Lscometer . 

Likewise , t = 200 seconds giv es the maximum value of the mean she ar 

rate,  'Wh ich when c anbine d with the maxirrum viscosity value repr esen ts the 

other extreme point of a flON curve obtainable wit h the same vis cometer. 

(N.B .  Viscosity in equation ( III-30) :Ls clirectly proportional to the 

external pre s sure as we ll as to  t :ime ,  and s ince the fanner predominates 

over the latter in the above cases th:Ls leads to the initial ly incongruous-

seeming result of a maximum viscosity oc curring at a minimum f1. 0N  time , 

and vice-versa. ) 
Fr an  examination of the table there :Ls an approximately eight-fold 

range between the maximum and minimum measure able viscos itie s at their 

respective mean shear rates . 

The plots of Soybean galactornannan solution visco s ity agains t sh ear 

rate (fig. (III-1 3) )  are an example of the limitations imposed by t he  

surface tension effect . In no case, even far galactomannan concentrations 

as high as 0.80% was it pos sib le to measure viscosity at a mean s hear rate 

be low 200 sec.
-1 

due t o  the lmv viscosity of Soybean galactomannan solutions.  

Sophora japonica galactomannan s olutions (fig. III-14) ) provide an 
intermediate case , with lov¥ shear rates C).Ccessib le at med:ium to high 

c oncentrations (0 . 5 - 0.8,%) , but not at lower one s ;  while the plots of 

Guar galactorna.nnan visc os ity against mean she ar rate (fig. ( III-1 5) shows 

t hat low mean shear rates are ac cessible at all but the lowest of 

cone en tra t ions • 
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Figure ( 1 1 1-1 3) :-The Dependence of Soybean Galactomannan Viscosity o n  Mean Shear Rate 
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Figure ( 1 1 1 -14) :- The Dependence of Sophora japonica Galactomannan Viscosity on Mean Shear Rate 
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Fig. W-1 5 : The Dependence of Guar Galactomannan Vi scosity on Mean Shear Rate. 
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For the higher concentrations of' Guar and Carob galactomannans the 

reverse problem t o  that outlined above f'or Soybean is encountered. 

Because of' the high viscos ity of' the solutions , application of' the maximum 

external driving pres sure ( 60 d.b .p. ) produced a mean she ar rate of' less 

than 1 00 -1 sec . • Since <ln extrapolati on of' visccs ity to zero s hear rate 

was required, this low value of' maximum shear rate was cons idered 

acceptable. 

(c )  Comparison of' Measured Viscos ity an d  Mean Shear Rate Values 

with t re  Schutz Eguation. 

( i) Cornpar �.9.!2 : 
The Cross equation is "L ::.  -, 1 ()()+ rlo - 't vv li 

_1 + o<. 'G2/3 J 
( III-4) 

and it was shown that by as suming that 11 << 'n and1
l
i ,  this reduc ed to the 

'-oo l...o 

Schutz equation , 1/ = 1f. - ( III-5) 
l -:=2/3 1 + -:><: G 

By rearranging tre above equation, tre form 

1 = 1 .. . Y..r}/3 
fl '�{_ 0 

can be obtained, and from t his  (Schut z ,  1 970) 

1 = 1 ;;. .?( c.2/3 
;-L �o �o 

( III-42) 

( III-43) 

Thus a plot of reciprocal viscos ity against mean she ar rate to t re  

power of' two-thirds s hould yield a straight line of slope 

intercept 1.._ • 

"lo 

and 

The vi scosity and mean shear rate data at each concentration f'or 

all tre galactomannans were plotted in t he abor e  form. A least squares 

line was f'itted to the points , and a correlation coef'f'icient between the 



0 
!"-­
\,!) Tabl e ( III-1 0) 

Compari.son of the ViS££illY an d  Mean Shear Rate Data.. of Galactoma.I}l1� 

vvith tre Schutz Equation 1j = �'l o (fer those cases vvi th correl ation coeffic� ent �) 
, .  

1 +o<c:}/3 

� 

, .. ; Viscosity at Zero Shear Constant Correl ation Mean Shear Rate 
Galactomannan Concentration (=g/1�0ml) Rate --:; a- (cP) ( ,x: ) Coefficient (r ) ( -1 ) Range · Sec 

--

I Carob 0. 351 41 . 2  0. 0229 0. 993 31  - 6 1 6 
0. 538 2 5 5  0. 0869 0 . 999 1 2  - 227 
0 . 631 420 0. 0994 0. 999 4 - 1 02 
0 . 875 2520 0. 292 0. 998 2 - 55 

Guar 0. 201 10. 50 0 . 0 103 o.  991 65  - 1 018  
0. 343 63. 2 0 .0446 0. 997 18 - 6 55 
0. 524 8 - 1 94 
0.631 1 334 0. 334 I 0. 999 2 - 78 
0 .828 3010 0. 352 0. 998 1 - 45 

Lucerne 0. 1 34  2. 76 0. 00236 0 . 997 2M- - 888 
0. 254 7 . 99 0. 00577 0. 995 1 06 - 5 00 
0.484 1 9 . 5  0. 01 06 0 . 995 62 - 472 
0. 596 _J__ 34. 9 0 . 01 67 0. 993 43 - 441 
0. 732 6 5 . 7 0 . 0272 0. 998 22 - 201 

-

Red Clover 0 . 368 1 9 . 3  0. 0 129  0 . 990 61 - 487 
0.422 (¥ax. concentration 1 03 0 . 0466 0. 998 1 9  - 331  

used) 

Sophora o .  331 14. 1  0. 0 108 0. 990 51 - 988 
japonica 0. 500 52. 0  0. 0264 0. 995 :JJ - 622 

0. 591 1 1 3  0 .04-91  0. 995 16 - 34-1 
0. 785 422 0. 1 24 0 . 998 8 - 1 39 

l 
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ten value s of (t) and (G2/3) obtaine d. Result s  appear in tabl e (III-1 0) .. 
for thos e galactomannans whose data gave correlati on coeffic ients better 

than 0. 99. 

In a ll  cases , for l01r vi scos it y  gala ctomannan so luti ons the fit of 

tre data t o  the Schutz equation ( III-5) is poor . This is due to t he 

breakdown of th e  as sumpti on that 1Lf� �0 or� us ed in the derivation of 

equat ion ( III-5) , as f or so lutions of low vis cos ity n :Ls not much greater 
lo 

than the visc osity of the solve nt , water, an d  ., l. will certainly b e  no le ss 
· l'C  

than the s olvent vis c os ity . Thus a good fi t to Schut z '  s ( 1 970) modifie d 

fcrm of the Cross equation could not be exp ec t ed for dat a fro m  the 

s olutions of Lotu s pedunculatus I and II or Soybean gala ctomannans ; or 

f or  solut ions oont aining low c oncentrat ion s  of the other galactomannans . 

Generally , as c an be seen fro m tre c orrelation ooe ffic ients , f er  t re  

otrer galactomannans the f i t  of the data t o  the Schut z equati on improv es 

wi th increasing soluti on cc:ncentration , and consequent viscos ity increase. 

Schutz foond ( 1 970) that his equs.ti on gave " s atis factory'' res ult s for Guar 

galactomannan s olutions in t he concentration range 0. 3% to 1 . 0% and his 

results are verified by thos e for Guar in t ab le (III- 10) . About the 

sane lower limit o f  concent rat ion aP.Pe ars t o  apply for Carob , Red Clov er ,  

a.rrl Sophora japonica galacto mannans . The muc h  lower limiting value in 

the case of Luc erne seems except ional but the reason f er  it is unknown. 

(ii) Concentra�ion Dependenc e of Viscos itx f or  Galactomarman 

Solutions Foll�ving Schutz Equati on Behaviour : 

Schutz ( 1 970) found empirically for c arbohydrate solutions that 

'1 1 = 1'1 ' e 
· lo lo 

Be (III-9) 

where 1l is the v is c cs i  ty of tre solut ion at zero shear rate 
'0 

'>t_� and B are con stants , and c is the ooncentrat ion ( g/1 00  ml) 



Figure ( 1 1 1-16):- Plot of the Logarithm of the Viscosity at Zero Shear Rate against Concentration for the 
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It follows that a plot of log 1 0 1(__. aga:inst concentration should be line ar, 

with slope B and intercept log1 0 t o· Such !l plot is shown -in fig. ( III ... 1 6 ) ,  

us :ing the data from tab le ( III-1 0) for Carob , Guar , Luc erne , Red Clover 

and Sophora japonica galactomannans . In all cases an approx:llnate ly 

linear re lationship was found, as in Schutz 1 s  work. The abnormal slope 

of the Red Clover plot is unexplained. It seems extremely likely tha t 

one or both of the exper :llnental points is in error sinc e the s lopes of 

the otrer plots are not nearly as large. 

( d) Comparison of Measur:,ed Viscos ity and Mean She ar Rate Values of 

Galactomannan Solu�ions wi th  the Power Law Equati on .  

( i)! Log Shear §E'��s/Log Shear Rate Plots : 

The Power Law was s hown  earlier to be expressed by: 

( III-6) 

A plot of log10't agains t log1 0G should t herefor e give a straight line of 

s lope 1 a 1 and intercept loe;1 0K · if the Power Law is obeyed. 

The viscosity/shear rate data of the gala.�tomarman solutions was 

plotted in this form by using equation (III-2) to obtain the value of (.  
( III-2) 

Becau se 1l and G are tre mean viscosity and mean shear rate respectively, 1: 
represents tre mean she ar  stress applied t o  t he  s olutions . 

A l east squares line was fitted to each plot so tln t K and ' a  1 value s 

could be obtained, ru1d a colTelation c oefficient (r) was also calculated 

for tre ten pairs of points on each plot . Result s appear in tab le ( III-1 1 ) .  

The high correlation c oefficients obtained for all con centrations of 

Soybean and Lotus pedunculatus I and II galactomannans show a good fit of 

their data to the Power Law equation over tre e:q;erirrent ally acce s sible 

range of shear rate values . Far Guar , Carob , Sophora japonica, Red ClOITer 

and lucerne the viscosity/s re ar  rate data follows tre Power Law 



Table (III-1 1 )  

Comparison of the Viscosity an d  Mean Shear Rate Value� 

Galactomannans wi th  the Power Law Relationship ( ·c-- = KG a) 

Galactomannan Concentration Coefficient ( a) Constant Corre lation 
( g/1 00 rnl) of Log1 0

G. (Log1 0K) Coefficient 

Carob . 0 . 1 2 6  0 . 866 0 . 889 1 . 000 

0. 1 96 0 . 838 1 . 22 1 . 000 

0 . 351 0 . 728 1 . 97 1 . 000 

0 . 538 0 . 659 2 . 62 0 . 997 

0 . 631  0 . 679 2 .82 0 . 997 

0. 875 0. 6 1 0  3 .41  0 . 992 

Guar 0. 084 0 . 866 0 . 839 1 . 000 

0. 201 0 . 787 1 . 37 1 . 000 

0 • .343 o. 641 2 . 20 0 . 999 

0. 524 0. 499 3 . 03 0 . 995 

0. 631 0. 570 3. 1 2  0 . 997 

0. 828 0 . 431 3. 79 0 . 978 

Lotus 0. 1 05 0. 922 0. 250 1 . 000 
pedunculaiu s I 

0 . 1 84 0 . 972 0. 1 28 0. 99 5 

0 . 333 0 . 945 0. 200 0 . 999 

0. 525 0 . 932 0. 253 I 
1 . 000 

0 . 6 59 0 . 9 59 0. 1 79 0 . 995 

0 . 908 0. 941 0 . 2 1 0  0 . 999 

I Lotus 0. 1 59 0. 956 0 • .342 1 . 000 
pedunculatus II 

0 . 3 14 0 . 952 0 . 540 1 . 000 

0. 498 0 . 940 0. 795 1 . 000 

0 . 608 0 . 942 0 . 927 1 . 000 
(to  be c ont. ) 

I 
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Galactomannan 

Lotus 
pedunculatus II 
(cont ) 

Lucerne 

Red Clover 

Sophora 
japonica 

I 

Table ( III- 1 1 )  
( c ont ) 

-

Concentration Coef'ficien! (a) Constant 
( g/1 00 ml) (Log1 0K) of Log 1 0G 

o.  7 57 0 . 924 1 . 1 3  

0 . 804 0 . 920 1 . 23 

0. 083 o .  9 55  0. 359 

0 . 1 34 0 . 902 0 . 645 

0 . 254 0 . 879 1 . 1 0 

0 .482.� 0. 82 5  1 .  5 5  

o .  596 0 . 787 1 1 . 82 

0 . 732 0 . 780 2 . 05 
-

0 . 050 0. 933 0. 373 

0 . 095 0. 904 0. 649 

0 . 1 80 0. 835 1 . 01 

0. 3 1 7 0 . 829 1 . 33 
' 

0. 368 0 . 806 1 . 56 

0 . 422 0. 679 2. 3 3  

0 . 079 0. 921 0. 434 

0 . 142 0 . 902 0. 683 

0 . 331 0 . 787 1 . 49 

0 . 500 0. 706 I 2 . 09 

0 . 59 1  0 . 662 2 . 39 

0. 785 0. 622 2 . 82 
(t o b e  

7 1 . 

Correlation ! 
Coefficient 

1 . 000 

1 . 000 

1 . 000 

0 . 999 

1 . ooo 
1 . 000 

1 . 000 

1 . 000 

1 . 000 

1 . 000 I 
0. 995 

1 � 000 

1 . 000 

0 . 999 

1 .:1 
1 . 000 

1 . 000 

1 .  000 

0 . 999 

0. 999 
cont) 



Galactomannan 

Soybean 

-

Table ( III-1 1 )  
(cant) 

Concentrat ion Coefficient (a )  
( g/1 00 ml) of Log 1 0

C. 

0 . 078 0 . 9 1 7 

0 . 1 53 0 . 890 

0 . 354 0 . 943 

0 . 507 0 . 924 

0 , 626 0 . 931 

0 . 788 0 , 932 

72 . 

Constant Corre lation 
(Log1 0K) Coeffic ient 

0 . 304 1 . 000 

0 . 423 0 . 997 

o.  36 1 1 . 000 

0.4-80 0 . 999 

0 . 505 0 . 99 9  

o.  574 1 . 000 
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relationship closely at low concentrations , but deviations become evident 

as tre galactomarman concentration increases . At the se higher 

coocentration levels tre plots of log1 0� against log1 0'G become non-line ar 

at lm'V values of G. 
The fit of all the galactomannan data is still good, however , except 

far' the highe st concentration of Guar p:alactomannan. 

From a oomparisC)n of the Pc:mer Law equation ( III-6 ) with the 

equation defining viscosity (III-2 ) it is evident tha t a solution showing 

Newtonian behaviour constitutes a sp ecial case of the Power Law, with the 

exponent ' a ' equal to one . Consequent ly the mare Newtonian the behaviour 

of the galactomannan solutions , the closer their values of ' a ' would be 

expected to be to one . An examination of the values of ' a ' in table 

(III-1 1 ) shows that Lotus pedunculatus I and II and Soybean galactom� 

do not deviate greatly from Newtonia.n behaviour ; solutions . o:f Luc�rne , 

Red Clover and Sophora japonic a galactomanna.ns deviate more , and thos e of' 

Guar and Carob deviate moot. 
(ii) Log V�scosity/Lo,s She ar Rate Plot s :  

The se plots were made to amplify the non-l.ineari ty of t re  log 1 01- / 
log10G plots mentioned aoove . As normally G > 1l, the deviations from 

linearity cat�Sed by 'h are less evident in t!-B product 
L 

(III-2 ) 
If the Power Law is obeyed, tren the form of the Power Law connecting 

I') and G (equation (III·7) )  predic ts that a plot 

TL : KG(a-1 )  
of leg 1 0 'tl. agains t 

(III-7) 
-1og1 0 G will be linear with slope .(a-1 ) and intercept K. 

The visccs ity/mean she ar rate data for all the gal.actomannans was 

accordingly plotted in this fcrm.  A typical plot far' Sophora japonica 

is shown in f.ig, (III-1 7 ) . As would be expected, at all concentrations 



Figure ( 1 1 1- 17)  :- Log-Log Plot of Viscosity against Mean Shear Rate for Sophora japonica Galactomannan 
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of Lotus pedunculatus I and II and Soybean gaJ.a ctoma.rmans a linear 

relati onship between log1 0 l and log1 0 G was found. A line ar 

relationship was also observed in the case of the remaining 

galactomannans below a concentration of about 0� 9,% (see fig. ( III-1 7 ) ) .  

Above this concentration however, t re  plots of Guar , Carob, Sophora 

japonica, lllcerne and Red Clover galactomannans consisted of a second 

linear portion of differing slope to the first (see fig. ( III-1 7) ) .  

74. 

The linear portion of t he  graph between log1 0G. = 0 and the intersection 

point was le ss steep (i . e .  log1 0  r� decreased less with increasing log1 0"G) 

than the linear portion after the intersection point . 

The intersection point occurred at successively lower values of G 

with successive increases in concentrat ion of galactomannan. 

Additionally, not only do the slopes of the two parts of each line 

increase with increasing concentration ,  but the differenc e in slope � 

them (which can conveniently be e:xpressed in terms of the acute angle o<.. 

between them, ) also increases. 

Trn effect observed above could be attributed to a change in the 

mechanism of structural breakdown in the galactomannan solutions caused 

by increasing the shear rate. One type of breakdown could have been 

completed at the intersection point of the plots , after which a different 

type canrnences . This idea is in line wifu Schutz ' s  ( 1 970) suggesti on that 

there is a succes sive breakdown of solute aggregates with increasing shear 

rate (see P. 27 of this thesis) . There are two possible reasons for the 

effect not being observed at lower galactomannan concentrations . One is 

that the change in the mechanism occurs at higher shear rates than were 

ueed in the experiments . The second , more likely reason , is indicated by 

the decrease in the angle between the two linear portions (o<) of the plots 

wit h decreasing galactomannan concentration.  This suggests th3.t as the 



concentration decreases , the differeme  between the types of struc tural 

breakdown eventually becomes so anall that it cannot be observed. 

( iii) Plot of Power Law Exponent 1 a 1 Against Galactomannan 

Solution Concentr�: 

75. 

In the introduction to this section on viscorrBtry, the change of the 

Power Law exponent ' a ' with concentration as determined empirically by 

Schutz ( 1 970) was dis cussed. He found that 1 a' changed over wide ran ges 

of concentration ( decreasing with increasing concen tration) , and was a 

function of the structur'e of the system. If a change in the struc tur'e of 

the galactomannan system is causing the bilinearity of the log1 01L/log1 0'G 

plots , t hen a plot of ' a ' agains t solution concentration should be non­

linear above a galactomannan concentration of 0. 5%, the concentration at 

which the bilinearity of the plots becomes not iceable. Plots of ' a ' 

against galactomannan solution concentration appear in fig. ( III-18 ) . 

In all cases except that of Soybean galactomnnan 1 a '  was either 

constant or decreased  with increasing concentration of galactomannan as 

predicted by Schutz.  The exception in the case of Soybean may be due to 

exper:iment al error, as tre curve is aJ.mos t parallel to the comentration 

axis. The rragnitude of the Soybean gala.ctomannan viscosity, s :imilar to 

that of Lotus pedunculaius I,  would have been e:xpected to yield a similar 

linear plot of constant 1 a' . 

Lotus pedunculatus I and II and Soybean galactomannans , which had 

linear log 10T�log10G plots , also had simple linear plots of ' a ' against 

concentration. With the excepticn of Red Clover , the remaining 

galactomannans have bilinear plots,  wit h  the intersection point of the two 

linear portions occurring at solution concentrations between 0.45 ani0. 65%. 

Although plots of log1Jl(log1 0G for Red Clover galactomannan solutions 

shooed a slight biline arity at higre r ccncerrtrations (0 . 35 - 0.45%) , a 



Figure ( 1 1 1-18) :-- I 
Plot of Power Law Exponent "a" against Galactomannan Solution Concentration 
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change in the slope of the graph of ' a  1 against concent ration doe s not 

become apparent in tl:ri.s region. From th e  magnitude of the initial slope 

of the plot of 1 a 1 against concentration, vklich is s:imilar to that of Guar, 

Carob , Lucerne arrl Sophora japonica galactomamans , a change in s lope 

would be expected, but at higher concentrations of Red Clover galactomannan 

than were used in tre present exper:iments . 

The approximate line arity of the bilinear plots of ' a ' agains t 

concentration above the point of intersection mus t  be regarded as 

fortuitous, as at this stage ' a ' is obtaine d from an average line fitted 

over both linear regi..ons of the plot of log1 0rl agams t log 1 0G. 

It would appe ar tr.a t the cone lusion that the change in tre s lopes of 

the log1cfl('log1 0G. plots is due to a change in the structure of the 

galactomannan solution is valid, based on Schutz '  s deduction of the 

structural dependence of 1 a 1 •  This is despite the averaging effect on 1 a 1 

outlined above which v..ould render it le ss sensitive to chon ges in solution 

structure than if the two portions of a bilinear plot were cons idered 

separately. 

( iv) l?lot of :Ebner Law Constant, K, Agains t Galactomannan Solution 

Cone en tra t ion : 

The premise of Schutz ' s remaining to be tested :is that the Pe11ver Law 

constant K follows a constant dependem e  on concentration far a constant 

value of the PONer Law exponent 

( since 

' a ' . If this is so , then a plot of log 1 0K 

K = K ebc 
; K ,b are constants (III-10) ) c c 

agains t concentration should be linear Where ' a ' is constant . A plot of 

log1 0  K against concentration for all the galactomannans is sh own in 

fig. (III-1 9) . 

Tre plots are found to be line ar over the sane regions of concent r�ion 

as t re  plots of ' a ' against concentration were . Yvbere bilinear plot s 



Figure ( 1 1 1-19) :- Logarithm of the Power Law Constant ( K )  Plotted against Galactomannan Concentration 
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occur, the inters ection of' the line ar  portions is f'ound at tre s ame  value 

of' c oncentrati on  on both the log1 0K/concentrat ion ani ' a ' /concentration 

p lots . 

For the case of galactomannans in s oluti on it is theref'ore ne ces sary 

to modify Schutz ' s  ( 1 970) s t atere nt of' the depen den ce of' K upon ' a ' .  

This modi fi cat ion takes the f'onn that equa tion ( III- 1 0 )  holds whe re a 

plot of ' a' agains t con centration has c ons tant s lope . Where the slope 

of' a plot of' 1 a '  against con centration o ranges , the value s of' K and b in 
c 

equati on ( III- 1 0) will also chan ge . 

( e )  Calc ulation of the Intrins ic Viscos ity of Galac tomannans at(� 1 ) . 

( i) Definition of' Intrinsic !isc os it2 : 

For a Newtonian fluid, such as water , wh ich f'lows slowly along a 

tube without obs t acles , the fl ow pattern ob s erved is essent ially that of' 

s treamline, or laminar , f'low. The vi scos ity of' the liquid is co nstant 

and defined by:. 

( III-2) 

When solid particles much larger than the so lvent mole ru le s ,  b.l t 

s t ill much smaller than the dimensions of' the exper iment al apparatus ( such 

as a capillary tube ) are suspended in a liquid., the vis cos i ty on a 

microscopic soale remains the same ( i. e. the viscos ity of' the s olvent still 

governs the frictional f'or ce between adjacent vo lume elerren ts ) . If' any 

method of macrosc opic measuremen t of' visca; ity is us ed , however , a change in 

tre measurement is observed. This c hange ar is es f'rom the di stortion of' 

t he p attern of' f'low, caus ed by a suspe nded part ic le much larger than a 

s ol vent molecule stretchin g acros s  a number of' f'lav line s ( Tanf'ar d, 1 96 1 , 

P. 333) . 

Einstein ( 1 906 ) c al culat ed the eff'ect of' suspended spherical particle s 
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and he c on c lude d  that ,  fer any number of s uch parti cles susp errled far 

enough apart as t o  prevent overlap of the distortion of the flow line s 

pro d.l ce d  by each individual part ic le ,  the macroscopic vi s cos ity of the 

s us p ension ('ry) is given by : 
1.. 

(III-44) 

(wre re f; is the visc cs ity of the s olve nt , and y:5 the 
•,s 

v olume frac tion of the part icles in t re  suspens ion . ) 
If Einstein ' s  treatment is exten ded to as syme tric parti cle s , then it 

can be shown that the formal viscos ity depen:ls on tre orientation of the 

part icles . Orientation p arallel to the streamline s (as would be tre c as e  

a t  large ve loc ity gradients ) would g ive a smaller viscos ity increment than 

if t he part ic les were rancbmly oriented so that some of them were 

perpendicular t o  the streamlines . 
At suffic ient ly low vi s c osity gradients the f luid is hardly rroving , 

and the c cn tr ibution to the t o tal viscos ity from tre part icles dis torting 

t he streamlines becanes very small .  This means thl t the effect of 

p ar t ic le or ie ntation will be neglig ibl e. For this si tu ation, Simha ( 1 940) 

exten ded the Einstein treatment to include part ic le s whic h are e llips oids 

of revolution .  He obtained 

11 = rl ( 1 + r >6) 
L ,.s 

( III-45) 

(where "'f, whi ch in Eins te in ' s equation is 2 . 5 for suspended 

spheres ,  is larger t han this for ellips oi ds . ) 
Rearrangerront of the above equation giv es :  

1(_ - I! s = "'6 >6 
1s 

The le ft han d si de  of equation ( III-46 ) is define d as the sp ec ific 

v isc oo ity, 1'1 • 
I..Sp 

'rhe volu.rre frac tion of the solute , �� wi ll  be 

( III-46 ) 

prop ortional to the con ce ntration , c ,  of the s olut e molecules in solution, 
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and t hus Ji will be c on centration dependent . 
LSP 

To remove this effect , the 

t erm intrins ic viscosity, [ "!�\} is de fine d by : 

r�,.� ., - limit �sp I l - c -\0 c I. j ' 
(III-47) 

The intrins ic vi scosity represen ts the capacity of the solut e to enhan ce 

the viscosity of the s ys tem (Flory, 1 953,  P. 308 ) . Intrins ic vis c osity is 

normally calculated by measuring 1( at a number of concentrations and 
1 Sp 

extrapolatin g  t o  zero c oncentrat ion . 

The effect of orientation of assym3 tric parti cles in � ve loc ity 

gradient on visc os ity has been shown to be finite unle ss very low ve loc ity 

gradients are employed. For such non-Newto nian cases it is therefor e 

des jr ab le  t b  eliminate this effect , and this is ac hieved by extrapolating 

a plot of vis c cs ity agains t shenr rate back to zero shear rate ( i . e .  zero 

ve loc ity gradien t) to obta in  the viscCBi ty at zero she ar rate. This 

value is substituted back into equation (III-46 ) ,  and the series of 

sp ec ific visc osities us e d  to calculate tre intrins ic visco sity as 

previous ly outlined. 

( ii) Calculation of Galactomannan Intrins ic Viscos itie s �  

Unfortunately the plots of galactomannan solution viscosity agains t 

mean shear rate are difficult to extrapolate at low values of G (e . g .  figs . 

(III-14) , an d  (III-1 5) ) ,  an d  th erefore it was impossible to obtain 

viscosity values at G = o. 

log1 0 
7l_ on log1 0G houever , 

log1 0G = 0 (i. e. when G = 

From tre linear fer m of the dependence of 

it is possible to obtain values of viscCB i ty when 

1 ) .  The resulting vis c CB ity values were us ed in 

t he calculation of galactomannan intrinsic visc os ities . As was found for 

tre Ubbe lohde v iscometers , it was necessary to us e the Marti n equat ion : 

log
e 

Tt.
sp = log

e 
['l] + k '  [\} ( III-39) 

c 

but in t he fonn ( III-48) 
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�or ease o� calculation. 

Graphs o� log1 0�sp) were extrapolated to ze o concentration in order 
c 

to obta:in [l J . The curved plots �or Soybean and Lotus peduncula us 

galact anannans were extrapolated as described earlier (P. 58 ) .  

o� intrinsic viscos ity far each galactomannan is given in table 

Tabl e ( III- 1 2 )  

The va:W\ 
( III- 1 2) . � 

Values o� [rl_la-_aml D for lo_g1 0  [1.J = lor.;10�L1 (1 -D log1 c:ID. 
- l r1 J o 

Units = dl 
Galactoroannan g D 

(G:1 )  

Guar 38. 5 0. 076 

Carob 27. 1 0 . 09 1  

Lotus pedunculatus I 0 . 69 - I 
Lotus pedunculn.tus II 4. 74 0. 087 

Lucerne 14 .7  0. 089 

Red Clover I 1 9 . 2  0 . 054 

l 
Sophora japonica 10. 3 0 . 094 

Soybean 1 .  76 -

From this table the value o� [l]
0
can be

. 
seen to follow the or der 

Guar > Carob > Red Clover ) :Wccrne ) Sophora jn.ponic n. > Lotus 

pedunculatus II > Soybean ) Lotus pedunculatus I .  Again, as earlier  

�OI.Uld in t he  Ubbelohde viscometers (P. 58 ) ,  the or der of intrinsic 

viscosity value Guar ; Carob is as predicted by Hui and Neukorn ( 1 964) , 

with [rL
t
�or Lotu s pedunculatus II now slightly below the value of 5 dl/g 

�ound by Beveridge ( 1 965) . The intrinsic viscos ity o� Soybean 

galactomannan is still 1� as predicted by Whistler and Saarnio ( 1 957) .  
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The values of galactomannan intrins ic viscosity (at 20°0 ) art:: lorver 

when calculated wi i:h data obtained with the Ubbelohde vis cometers than 

those obtained from the Cannon-Fenske viscometers , except fer Lotus 

pedunculatus II galactomnnnan .  The general difference between the 

Ubbelohde viscome ter and Cannon-Fenske viscorreter results can be 

explained by t he fact that the measurements in the Ubbelohde vis cometers 

were carried out at finite she ar rates and not extrapolated to G = 1 .  

The reason for the dif'ferent behaviour of' Lotus pe dunculatus II 

galact amannan was that two batches of material were used,  as the first 

batch was lost between measureme nts on the different viscometers . The 

manno se :: galac to s e  ratio of both batches was the sarrc , rut the vis cosity of' 

the first was higher than He second . It would thus appear t m  t tre 

sec cn d  S3.I'q?le is of lower molecular weight (an:l hence lower viscosity) 

t h an the first . 

(f) The Dependence of' Galactomannan Intrins ic Visco sity on Mean 

She ar  Rate . 

Values of' eLJ were determined at successively greater values of G by 

obtaining values of vis cos ity far a given G, and extrapolating the 

re sult ing log1 0� against concentration plot to  zero concentration . In 
c 

t his way the effect of mean shear rate on the intrinsic visco sity was 

de t e rmine d  for each galactomannan solution. Plots of log1 0 ftj agains t 

log 1 0G for all the galactom'J.nnans except those of Soybean and Lotw 

pedW1eula tus appear in fig. (III-20) .  Data far the latter two becomes 

complex at value s of' G > 1 .  
Although Vink ( 1 97 1 ) states that th e dependence of intrinsic 

v i s co sity on rate of she ar may be e:xpre ssed by: 

[-rL] =['l] o -!+- a1 G + a2G2 
+ • • • • • ( III-49 ) 

(where [Tl]0 is the intrinsic viscosity at zero rate of' she ar) 
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and that in most cases this s:implifie d to : 

(III-5C ) 
this re:Jationship was not found to hold for gala ctomannans in solution. 

Ins tead, tre line ar nature of the plot of log1 0 [• L] against log 1 0G. shows 

that a relationship of the form : 

(III-51 ) 
(where D is a constant ) 

is valid. The form of equation (III-51 ) coold possibly be inferred from 

tre dependeroe af log 1 0"l._ on log1 0"G. The equations of the strP.tight lines 

in fig. (III-20 ) are given in table (III-12) , along with the values of [tc]0 
-1 

a t  mean shear rate G:1  sec • 



SECTION rl � THE EFFECT OF ADDITIVES (IONIC Al'ID NON-IONIC) 

ON THE V JSCC:SITY OF GALACTOMANNAN SOLUTIONS 

A .  Introduction 

83. 

As was not ed in tre introduction to this the sd.s , the galactomarmans of 

Guar and Carob are widely eiT!flloyed in indus try, especially the fo od industry . 

Under normal condit ions of use , the se tvro gal actomannans weuld contain 

varying types of additive to enhance fl avour, oolour ing etc . Two widely 

employed such additives are sucrose al\d sodium chloride , which can be 

respective ly categarized as non-ionic and ionic in soluti on character. 

It was c on si dered desirable to inves tigate the effects of these two 

c OITIIOOn additives on the visc os ity ef gaJ. actomannan solutions , and a ls o  t o  

determine Whether the se effects were the sane for �11 galactomannans . 



B .  Experimental 

( 1 )  Determination of the St_c:9�J2.tor::.eo. Galactomarman Solutions 

Containing Sucrose ac Sod ium Chlor ide 

Previous �rkers (Carlson et . al. ( 1 962) ; Carlson and Zeigenfuss 
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( 1 965) ; Kassem and Matthn ( 1 969) have not ed that the viscosity of Guar 

galactornannan solutions containing additives changes wi th time .  

In or der to compare the effects of the addit ives on the different 

galactomannan solutions under identical conditions , it was necessary te 

examine the change in viscosity with time of a galact <nannan solution 

containing e ither sucrose or sodium c:&.Uoride . 

A fresh solut ion of guar galactomaiman ( 0.  5g/1CXlnl) was prepared and 

its final concentration determined as described elsewhere ( see page 39 ) • 

The viscosity of tre solution v..-as rre asured in the normal manner in a 

Cannon-Fenske viscometer at 20°C . Sufficient sucrose (A.R. ) was added to 

give a final concentration of 2:-fo by weight in tre final solution .  (This 

was the mid-point of the ccnoentration range of added sucrcse to be 

studied) . The change in viscosity of the :::elution was me asured at hourly 

In addition,  a sample was held in tre refrigerat or and 

its v iscos ity at 20°C was measured every 24 hours . 'l'he results are 

plotted in fig ( IV-1 ) 

Te the s a.rre initial solution of g)..lar galact anannan was added 

sufficieat sodium chlori de (A.R. ) to give a final concentration of 1 5,%  by 

weight . (Again this was the mid-po�t o f  the concentration range to be 

studied) . 

The viscosity of this solution was determined under the sarre conditions 
0 0 as sucrose above , i . e .  hourly at 20 C and also 24 hourly at 20 C after 

ref'rigerated star-age . 

The change in viscosity at hourly intervals is shovm graphically in 
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fig (IV-2) . Those measured at �4-hour intervals decreased ve�y steadily, 

and t he results are not shmm graphically. 

( 2 )  Measurement of the Effe�� on Galactamannan Solut� Viscosi�� of 

Different Concentrations of Added Sucrose or Sodium Chloride 

The ef:fects o:f storage on solution viscos ity determined in the preceding 

sect ion and shown in :figs (IV-1 ) and ( IV-2) led to  tl"l":l adoption o:f the 

follovv.ing procedure . 

(i)  The galact crnannan was dissolved in water as previously described 

(page 39 ) to  give a solution contaL'"ling approxirnately o.  5 g I ml. 

( ii) This solution was stored under refrigeration until required (no 

longer than 72 hours ) . 
( iii) For sucr oo e added to galact marman solut ions : -

The aging at 20°C of the guar galactomannan containing sucrose is 

sh.oYm in :fig (IV-1 ) .  As the change in viscesity with time is minimal 

between three and s ix  hours after the s ucr a:; e was added, it was deci ded to 

measure all the experiment al viscositie s  of galactomannan solutions 

containing sucrose in this region of th; t ime I viscos ity eurve . 

Three hours before the vibcosity measurements were due to be n�de , 

suffic ient sucrose to give a final concentration of 1 1  10 ,  20 , 30 , 40 or 

50% by weight was added to the galactomannan s olution ( 1 2 .  5g) . The 

suspension was s haken in a mechanical shaker until tre sucroo e dissolved, and 

then degassed at the vacuum pump . 

temperature until required. 

The resulting s olution was kept at room 

( iv) For sodium chl.&'ide added to galactcrnannan solutions : -

The aging at 20°0 of guar ga.Jactomannan solution oontaining s odium 

ehloride is shovm in f'ig (IV-2 ) .  The decrease in viscosity is uniform 

be twe en .._ne and seven hours after adding the sodium chloride to the 

galactomannan solution . Accordingly, t he  first section of this portion of 



the aging curve was where all the experimental viscos ity determinations 

were carried out .  
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One hour before the visoosi ty measurements were dre to be made 1 

suffic ient s odium chloride to give a final concentrat ion o f  5 ,  1 0, 1 5 , 20 

or 2 5,%  was added to the galactomannan soluti on ( 1 2 . 5g) . This suspe1�ion 

was tre ate d  as for sucrose . 

The addition of solid s odium chloride or sucrose (rather than 

s oluti ons ) to the galactomarman s olutions was desirable in order to keep tre 

amount Jf water in the system constant. 

Only one concentration of each galactomannan was used far' each 

concentration of additive , 

All measurements were carried out at 20°C � 0. 02°C using the Cannon-

Fenske visc aneters an d  applie d  external pressure . 

us ed far' each gala ctomarman / additive serie s .  

One viscometer only was 

Viscanetry determinations were carried out over a small moan shear 

rate range s o  th at vis cos itJ values for each s eries of s oluti ons could be 

obtained at a common rate of shear by interpolo.tiqn. Solution dens ities 

were measured by the rre thcd already described (page 44- ) , and vi scosi tie s 

calculated from equation ( III-30) 

\ = A (hodo + hede ) t ( III-30) 



C .  Results 

( 1 ) Presentation 

The results are presented in Appendix VI . 
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Typical p lots appe ar in 

fig (IV-3 ) , for the effect on vis cos ity of the addition of sucrose to Red 

C lover galactomannan soluti on and fig ( IV-4) , for the effect on viscosity 

of the addit ion of s odium chlori de to Sophora j aponic a galactomann an 

s olut ion . In both the above plots , the fo llowing common featur es may be 

noted : -

(a) Tre additive changes the viscos ity of the galactomannan solution , 

re ducing it slightly for low concentrations of additive and increasing it 

very considerably for higher concentrations of addit ive , except for 

s olutions of very lcm init ial viscosity such as Lotus pedunculatus I 

galact anannan . In the latter case s ,  a visc osity increase only is noted. 

(b) The curves are p �allel at lower co ncentrati ons of additive , and 

only become marked� non-parallel at high concentrati ons �f added sucros e 

or s odium chloride . 

( 2 )  Discussion of Results 

( a) Exarrdnatiqn of the Effect �f Additive Concentrat ion on each 

Galactornannan at Constant She ar Rate . 

On tre plots in figures (IV-3) and IV-4-) , one value of mean shear rate 

was chcs en, and the corresponding viscosity for each concentrat ion of 

addit ive was obtained . The effect of each additive was then calculate d  by 

plotting the re lat ive vis cos ity ( 1[ ... ) , . ... ·-

where ?L·, = ,. (IV- 1 ) 

7(__ = viscos ity of galactemanna..l\ solution plus addit ive .. 

1(_ 0  = viscos ity of galactanannan s olution without addit ive 

against the additive concentration (%, w/w) in tre final soluti on .  Tro se 

p lots are presente d in fig (IV-5 a ,  b and c )  for added sucros e ,  and fig 



Figure ( IV-3) :- Effect of Varying Added Sucrose Concentration on the Viscosity of Red C lover 
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Figure ( IV-4):- Effect of  Varying Added Sodium Chloride Concentration on the Viscosity of  
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(IV-6) a, b and c f'or added s odium chloride . 

( i ) Sucrose So}u ti_� : The plots of .,L 1 •  against c oncen tra t ion 
1lL 

of' Lctus pedunculatus I and II and Soybe:ill galactomannans ( fig �a ) show 

increasing viscosity wit h  increasing concentrc.tion of added sucrcs e . 

The plots for the remaining galactoma.nnans (fig IV-6 b and c ) sho.v a 

decrease in vis cosity on th; init ial addition o f  sucros e 1 follONed by an 

increase in viscosity upon the addition of further sucrose .  It is 

noteworthy that the galactomannan solutions which do not exhibit an init:ial 

decrease in viscos ity on the additien of sucrose o.re those which have very 

low viscosities . These low viscosi ties are in fact of the same order as 

the viscosities of pure aqueous sucr os e  solutions , s o  that it is possible 

that in these cases ti1e initial decrease in visc osity of the galactomam1an 

s olution is concealed by t he: actual viscos ity of the sucrose s olutions . 

The re lat ive effect of sucrose on galactomannan solution visc osity (at 

a leve l of 5� additive ) de creases in tre order Lotus pedunculatus I ) 

Soybean > Lotus peduneulatus II > Lucerne ) Sophorc. j aponic a i Red Clover ) 

Carob > Guar. In the case of Guar galac tomanTlDn solutions the addition of 

sucrose changed the viscosity only very s light ly unt il high concentrations 

of sucrose were re�ched. 

(ii) Sodium Chloricie Solutions : The plots of 7L � agains t 

eoncentration of s odium chloride for all tre galactomannans except that of 

Lotus pedunculatus I show the same features as were observed on tre addition 

of sucrose , namely an initial decrease in viscosity follo.ved by a subsequent 

increase at higher concentrations of additive . 

As the viscos ity of the added sodium chloride is comparab le with that 

of Lotus pedunculatus I galactomannan solution, it would appear that again 

any initial decrease in tm v isc osity of tre solution is be ing swarr;ped by 

the visc�sity of the additive . 



figure ( IV-5):-Variat i on of the Relative Viscosity of Galactomannan Solut ions with the C oncentration of Added Sucrose 
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Figure ( IV-6) :- Variation of the Relative Viscosity of Galactomannan Solutions with the Concentration of Added Sodium Chloride. 
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The re lat ive effe c t  of s odium chloride on galactor:1annan so lution 

v iscos ity (at a leve l of 2 '3'/o additive ) decreas e s in tl-B or der Lotus 

\ -c \ \ p edunculatus I I Lotus pe ducnul atu s II ' �oybe an / Sophora j aponica , 

illcerne ) Re d Clover ) Carob ) Guar . This or der is almos t ident ical t o  

that observed for sucro se addit ion .  

3 .  InteD2£_etation of the Observed Effects 

( a) Magnitude...£:£_ tl:_le_Mf�cts 

From the plots of against co nc entration of additive in the 

previous sect ion , it was noted that tre or der of the rragnitu de of vis cosity 

change upon the addition of e ither s ucr cs e or s odium chloride was almos t 

ident i cal . 

The effect of the additive on s olut ion vis c os ity can be correlated 

with the original viscos ity of the galactomannan solution. 

The v is cosities of the s oluti ons in t!e or der of decreas ing effect of 

sucrose on v iscosity are : - 1 . 1 3 cP, 1 . 98 cP, 3. 50 cP, 57 . 8  cP, 73. 3 cP, 

1 1 3 cP, � cP, 567 cP. 

The v iscosities of the s olutions in order of decre as ing effe c t  of 

sodium chloride are 1 . 1 8 cP, 1 . 23 cP, 2 . 07 cF, 1 2 . 6  cP, 20.4 cP, 2 5. 9  cP, 

1 91 cP, 299 cP. 

It is evident that the magnitude of the effect of e ither additive is 

dependen t on the viscos-ity of t he or iginal galactomannan solut i on .  The 

magnitude of the effect is aLs o dependent on t he  vi sc os ity o f' the additive 

in s olution, since sucrose which has a higher pure aqueous solution 

viscos ity than sodium chlor ide , had a greater e ffe ct on galactomannan 

solution viscosity. 

(b) Proposed Mechanism of tl:c Effects 

There have been three earlier s tudies of the effects of additives on 

tre viscosity of gala c t anannan s olut ions . In all cases experiments were 
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carried out us ing Guar galactanannan . 

The effect of sucrose in sc lution on tl£: hydration of guar 

galactanarman was studied by Cn.rlson an d  Zeigenfuss ( 1 965 ) , and a similar 

s tudy of the effect of s odium chloride in s olution on guar galactomannan 

hydrat ion was carried out by Carlson e t .  al . ( 1 962 ) .  

In tre s e  studies tre galactornanncm vlas hydrated in s olutions containing 

varying concentrat ions of e ither sucroo c  or sod:iura c hloride , and tre effect 

of this on the hydration t :i.mc and fino.l vis c osity of the s olution vms 

noted. 

Carls on and ZeigenfusG fotmd that succe ssive increments o:f sucros e 

caused an increasing delay in the time of hydration of t he galactomannan , 

and the resulting solut ion viscosit ic s  were successive ly lower than for the 

pure galactornannan s olut ions . 

They interpreted this e ffe ct as competiti on between sucrose and the 

galac tanannan for "availab le water11 in the s olution, s inc e the normn.l 

galactomannan solution viscos ity cculd be obtained by diluting the sucrose / 

galactanannan mixture with water . 

Carls on  et. al. ( 1 962 ) found that hydration of gwr gaJa ctommman in 

s�ium chloride solution resulted in a solution whose final viscos ity 

increased with tre concentration of sodium chloride . Since the 

galac tomannan was hydrated in 1 00 mls of s olut ion for each NaCl c overeJ., 

the increased viscos ity was attributed to decreased amount of water in the 

system. 

Ne ither of t re  ab o.rc results are s imilar t o  t he  e ffects described in 

this thesis for the galactomannuns . It mus t be remembere d, however , that 

Carlson ' s  work involves t:rc hydration of guar galactomannan in NaCl or 

sucrcs e solutions , and not the addition of sucrose or s odium chlori de t o  

an already hydrated galactamannan in solution. In Carlson '  s case ., the 
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hydrat ion of t m  galactomannan is so slow tffi t t le: u ltline.te equ il ibrium 

state may not have been att ained in the t :i.ne  of the e:x:p3 rime nt . 

Kas sem and Mattha ( 1 969) investigated t re  effe c t  on guar galact cmannan 

solution (0. 8% w;/vr) of ethanol ,  propylene glycol, glycerol , and sorb it ol. 

Ethanol and propylene glycol, at maxlinum addit ive c oncen trat ions of 1 q1o and 

20}b respE:ctively, pre c ipitate d Ue galactomannan , wh ile glycerol and 

sorbitol were c anple tely mis cible with tre guar gala ctomannan solution over 

the concentration range ( 5 - Lf-�6) . It appears that a larger number of 

hydroxyl groups on the ac;di tivc molecule ensure s be ·tter miscibil ity wi th 

the solu t ion . 

It was noted by Kass� and Mattha that the guar galactomannan 

s olutions shoV>ed an initial decrease in viscosity when a snall amount of an 

alcohol was added, f ollowed by an increase when the concen trat ion of 

additive was increased. The se effects are too sarre as were observed in 

the pr esent "WOrk felL the addit ion o f  sucros e , vVhich can be considered a.s an 

alc ohol. 

Jus t  befat·e prec ip it at ion occurred ( for ethanol and pr opylene glyco l) , 

a decrease in viscos ity vms again seen. 

Kassem and Mattha als o  L�vestigated the effects of the addition of 

s odium, calc:imn or aluminium chlorides t o  a guar galactomannan soluti on  

(0 .8% w/w) . 

Tre effect was similar to th at of sucrose ,  vdth an initial lowering of 

vis c osity at a low c oncentrat ion of addit ive f ol lCNied by an increase at 

higher additive concentrations . The magnitude of the effect was very 

similar for sodium and aluminiUm chlorides and was much greater for c alcium 
../ 

chloride.  

T o  interpret the effect of both t re  alcoh ols and t he  ionic additives 

on guar galactcxnannan viscosity, Kassem and Mattha compared the behaviour of 
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guar galactomannan s olutions on the additi on of additives to t:b.a t of 

methyl cellulose . They pos tulated that dehyc1rnting agen ts , such as alcohols , 

or ionic salts initially indU ce dehydrat ion of the molecules or aggregates of 

galactanannan. (This is supported by Carlson and Zeigenfuss '  ( 1 96 5) 

interpretation of' t he e!'fe ct of' sucrose on gua.r galo.ctomannan hydration . ) 

The dehydrated units , at hig,her cancc.:ntrations of the dehydrating agent , 

tend to aggregate into micelle s ,  thereby incre as ing the re lative viscosity 

of' t he solution .. At still higher concentrations of the dehydrating agent ,  

the micelles ar e  dehydrated further ,  lowering the relative viscosity of the 

system again , and eventually with increasing concentration of' dehydrating 

agent the micelles agglomerate and precipitate . 

This interpre tation of tre eff'ect appears to be a good one ,  c ombining 

as it does the idea of' Schu tz ( 1 970) that tre carb.nydra tes exis t as 

aggregates in solution, with Carlson and Zeigenfuss 1  ( 1 965 )  c oncept of 

competit i� for available water. 

Presumably increasinG concentrations of sucrose over 5q% (w/w) should 

eventually pre cipitate the galac tomannan from solution , however this 

could not be tested because of t he pract ical difficult of dissolving 

suf'ficient sucrose in t he  galactumarman. solution. 

chlnrid.e was also limite d  by its solubility_ 

The ef'f'ect of s odium 



SECTION V :  93. 

Molecular Weight Determinations 

A. Introduction 

a ) Mole c�lar Weight Average s 

Unles s  polymers (except prote ins) have been prepared or isolated 

under exceptional circumstance s ,  they do not c ontain molecules having 

an identical degree of polymerisation. Instead, variati ons in the degree 

of polymerisation are found, giving rise to a dis tribution of mole cular 

weight s . The average molecular weight c alculated for such a dis tribution 

depends on the statistical tre atment used, and this in turn depends on 

the relationship be tween the me asured phys ical quantity and the 

mole cular we ight . 

The mole�lar we ight average s nonnally used are defined below 

(Tanford (1 961 ) , p. 1 45 ) :-

i ) The nurnber.average moleoular weight is 

Z Nrl� 
i N:i: M 

n 
= = � X . M ;  

J. l. 
(y-1 ) 

N. = no . of molecules of type i in the mixture J. 

11;._ = mole cular weip:ht of molecule s of type i .  

:X{ = mole fraction of number of mole cules of type 

M represents the total weight of the polymer sample divided by the total n 

i. 

number of moles in the sample . It is sensitive t o  a small weight fraction 

of low mole cular weight molecule s ,  but insensitive t o  a similar fraction 

of molecule s of high molecular weight . (Flory (1 953 ) ,  p. 273) . Mn 
is 

normally determined by colligative methods such as osmesis or cryoscopy. 

ii ) The weight-average molecular weight is 

M = � Ni \!i2 = � JCiMi 2 
(�-2)  

w / 
) N . .M_ 
" J. J. 

M represents the sum of the weights of polymer i with mole cular weight w 

�i divided by the total weight of polymer present . It is insensitive to 

a small weight fraction of low molecular weight, but s ensitive to one 

of high molecular weight . (Flory (1 953 ) ,  p . 292 ) . M may be determined w 
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by methods such as light-scattering or ultracentrifugation. 

iii ) Although the weight average and number average molecular weights 

are those most frequently encountered, higher averages have been defined, 

namely the Z- average, (z + 1 )-
/ '> .  M ··� = z / 

/ .  
- �  

M( ) = 
z+1 

( Tanford ( 1 961 ) ' p. 1 47 ) . 

aver�ge 
RJ1t 

� � 

N. IL 2 
� � 

f .  Ni.l-1 . 4 
-� � 

-· 

> N . . M. 3 
" ·  � � � 

etc. where 

(Y-3 ) 

(l-4) 

iv) For a completely homogeneous sample of polymer, then 

M n = M 
VI 

= = 

If the polymer is not homogeneous (as is usually the case ) ,  then 

M n < -
M w 

< < 

M 
The ratio of ..;!!. is used as an index of polydispersi ty, .the higher the � 

Mn value of M , the · grantor the polydispersi ty of the sample. 
n 

v) It is  possible to define number-average and vreight-average 

degrees of polymerisation analogous to (V-1 ) and (V-2)  above, i. e .  the 
/ 

number-average degree of polymerisation, xn = �-=1 xX (V-5 ) 
X 

where X = mole fraction of molecules of degree of polymerisation x. X 

Similarly, the weight average degree of polymerisation is 

X 
w 

/' = > 
\x=1 

xW 
X 

(V-6 ) 

where W is the weight fraction of molecules of degree of polymerisation x .  
X 



trOLECULAR WEIGHTS 

b ) Ul tra.Ccntrifugc Hethoos. 

i )  General 

The galactomannan molecular weights were determined us ing an 

95. 

analytical ultracentrifuge . There are a number of molecular weight 

determining methods available using this machine, runong them are :-

( i )  The Equilibrium Method. 
(Schachman 1 959, Bowan 1 970) 

( ii ) The High Speed Equilibrium (or Yphantis ) Method. 

( Bowen 1 970 ) 

( iii ) The Low Speed Equilibrium Method. 

(Bowen 1 970 ) 

( iv) The Approach to Equilibrium Method (Archibald Method ) .  

(Schachman 1 959, Bowen 1 970 ) 

( v )  The Sedimentation and Diffusion (or Transport ) Method. 

(Schachman 1 959, Bo·wen 1 970 ) 

The theoretical basis of methods ( i ) ,  ( iv) and (v ) has been 

extensively covered by Fuj·ita (1 962 ) .  Method ( i )  was eliminated 'because 

of the long time involved in making measurements. Methods ( ii )  and (iii ) 

were e liminated due to a f ault in the interference optics of the ultra­

centrifuge used. Method ( iv )  was e liminated by low speed instability of 

the rotor. This left the Transport Method ( v) ,  which is based on 

s�dburg ' s  ( 1 925 ) equat ion : -

M RTs = '""'::D�(.-1-.,-tp.-..,.)-- (V-7 ) 

where R = Universal gas constant 

T = Absolute temperature 

s = Sedimentation coefficient of solute 

D = Diffusion coefficient of solute 

V = Partial specific volume of the solute 

p = Density of the solvent . 
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Under normal conditions, when solute density is  greater thnn that 

of the s olvent, s ediment ation is the proce s s  always favouring the move-

ment of the solute to the bottcm of the cell, while diffusion is nn 

opposing process t�� t �ttempts to redistribute the solute evenly through 

tne cell. Thus sedimenta-tion and diffusion work in oppos ition to each 

other, and the m<1gni tuae of the centrifugRl field determines which is 

dcminant . 

The S.Te:lburg equntion can be derived in severRl different ways , each 

of which illustrates different features (Schachman 1 959,  p.  21 5 ff ) ,  but 

for ideal systems at zero coneentration, each derivation gives the snme 

result. Separate determ�1ations of s, D and v are necessary, all under 

the same conditions . 

Creeth and Pain (1 967 ) qualified the use of sedimentation and 

diffusion data f or the calculation of molecular we ights . They assumed 

that the calculation v�uld not be Rprlied to solutes exhibiting gross 

heterogeneity, and then applied the transport method to mixed solutes as 

for single solutes .  Only a single value of sedimentation ur diffusion 

coefficient is obtained, even if the solute is polydisperse, but 

although these are e ach a well d efined aver�ge for the whole non-

redistributed system at the concentration used, on combination of these 

values the resulting moleculnr weight is not a simple average analagous 

to the number, weight-, or Z-average molecular weights.  

ii ) Calculation of Sedimentation Ceefficients 

When the sedimentation peak in the Schlieren �agram is nearly 

symmetrical, as it is for s��e polydisperse solutes ( including galacto-

mannans , (Kubal and Gralen, 1 948 ) ) ,  the assumption that rp = r* is still 

valid{where r is the distance of the maximum ordinate from the axis of \ p 
rotation, and r* is the square root of the second moment of the concen-. . 

tration gradient curve . ) 



r* is given by 

(Creeth and Pain, 

�--·· 
= ! (rx 2 dn I l r Ca;)dr 1/ I � r I , a : I 

1 967 ):---

Jr 
x (.9!.! )dr r dr a 

·-
l i I 

---' 
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(V-8 )  

where r i s  the distance of the upper limit of the solution a 
colmnn from the axis of rotation, 

r is the distance of an arbitrary cylindrical surface 
X 

in the cell from the axis of rotation. 
dn 'dr ia the oh8l'\ge in :pef'racti:ve index gra-dient . 

Sedimentation coefficients may therefore be calculated as for single 

solutes, i .e .  as s ( or weight-average ) coefficients.  w 
iii ) Calculation of Diffusi£rr. Coeffici�t..§.· 

For diffusion coefficients the situation is more complicated. In 

polydisperse systems such as galactomannans in solution, different methods 

of calculation result in a different average of the diffusion values and 

hence different molecular weight averages . The .hnight/area method (giving 

DA' the apparent diffusion coefficient ) ,  and the second moment method 

(giving D , the 1:Yeight-:werage diffusion coefficient ) can be  respectively m 
obtained from 

DA 
A2 

(V-9 )  = 4 TTth2 ) 

� (Kubal & Gralen ( 1 948 ) ) .  

and D = M2 (V-1 0 ) m 2At 

where A = area tll'\der the diffusion curve (Schlieren optics ) 

h = maximum height of the curve 

t = t:iime ( seconds ) elapsed. 

M2 = the second moment of the curve about the vertical 

axis through its qrithmetic mean. 

The value of DA lies between the weight- ,and number-average diffusion 
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coeff i�ient values f or a polydisperse system, whereas Dm should 

correspond t o  the we ight- average value , i . e .  D
� 

should hElve an equal or 

greater value than DA. The value of the ratio f can be used as a 
A 

qualitative indication of polydispersity (Henley, 1 962 ) . 

iv ) Combination of Sedimentation and Diffusion Data 

If the value of DA �s sub stituted into the �.edburg equation 

(equation V-7 ) ,  then the average molecule.r we ight thus obtained is denoted 

as M D whi le if D is sub s tituted, the we ight-weight average molecular s ,  m 

weight M is ob tained . w , w 
Jullander (1 945 ) showed that Mn < Ms , D < Mw, with the actual pos ition 

of M dependent on the molecular we ight distribution. Similarly, s , D 
Henley ( 1 962 ) set the boundaries M 1 M / M • Since by definition n · w , w w 

:M n 
I 
' M w (V-1 1 ) 

The difference b etween M and M D will 11.(9t be great however, w , w  s ,  
unless the molecular distribution i s  broad .. I.s Henley has also st ated 

that M normally lies closer to M than M , this would also be w , w  w n 
expected to apply to :M n· s ,  
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B :  EXPERD.1ENTL.L 

a ) Haterials 

i )  Phosphate Buffer (0. 025 mol/1 ) :  KHl'04 ( 3 .40g ) and Na2I1Rl4 

( 3 . 55g) (previously dried for tvvo hours at 1 20°C ) dissolved in deionised 

distilled water (1 1 ) .  Final pH 6 . 88-6. 92 (Vogel, 1 961 ) .  

ii ) Galactomannan: ;:,11 samples purified by normal isolation 

method. 

iii ) Photographic Plates : Ilf ord G. 30 chromatic backed 5 x 25 . 4  cm 

thin glass plates . Normal exposure t ime was 1 0-1 5 seconds . 

b )  Methods 

£reparat ion of Solutions ) 

The galactomru�an (0. 5g, finely d ivided ) was suspended in phosphate 

buffer ( 0 . 025 mol/1, exactly 50 mls ) accord ing te Beveridge (1 965 ) ,  and 

the suspension stirred in a vreterbath (70
tJ

C )  for 90 .ninutes ... ��� .aa:1 

filtered ( sintered glass ) .  The volume of the so lution was adjus t ed to 

exactly 50. 0 mls by the addition of distilled de ionised water. The 

solution vres dialysed �vernight against a large excess of 0 . 025 mol/1 

phosphate buffer and portions of the approximately 1 %  s olution (with 

respect to galactemannan ) diluted (by weight (af'ter Kawahara, 1 969 ) )  with 

the buff er to give solutions (1 0 ml )  containing between 0 . 1 %  and o.?.% 

galaetoma.nnBn. 

The real concentration was determined by freeze drying knewn weights 

•f the approximately 1 %  galactomannan solut ien ill d�, we1� .the 

freezedried material and subtracting the KH2P04 and Na2HP04 content . 

solut ions were stored in the refrigerator when not in use . 

l l:::'  /.:I.Y 
MASSEY u, · ,/ERSITY 

All 



C .  SEDNENTLTION COEFFICIENT DET8illGNf. TIONS 

i ) Theoretical 

The properties of the s edimentation coefficient, s, have b een 

1 00. 

extensively des cribed by Schachman ( 1 959 ) .  I t  i s  the velocity of the 

solute molecules div�ded by the centrifugal f ield. If x is the distance 

of the maximum peak ordinate from the centre of roto.tion and w the 

angular velocity, then sedimentation coefficient is given by 

s = 
_dx/dt 

2 
xw 

= 
d le� x 

2 
vr dt 

provided s is independent of x, and w is constant . 

(V-1 2 )  

Hence a plot of the logarithm of the distru1ce x, against time should 

give a s traight line from the slf>pe of which s ( in seconds ) can b e  

obtained . This value of s is corrected to a standard temp ere.ture and 

solvent . The sedimentation coefficient mus t also be eorrected for 

eoneentration effects, as in general s decreases with increasing solute 

concentration. f, plot of s against concentration c� ) can ba expres sed 

over a small concentration range by either 

s
o 

or 

s = 

s = 

1 +k c 
s 

s
O 

( 1 -K c ) 
s 

(Sohachman 1 959, B�wcn 1 970 ) .  

· ·nhere K , are constant s .  
s 

(V-1 3 )  

(V-1 4 ) 

This plot is extrapolated to zero cc:coentration to obtain s • 0 

Because it is impossible entirely to free any b i�logical colloid of 

small ions by dialys is i t  is necessary to carry .()Ut the s edimentation and 

diffusion analyses in a swamping excess of neutra� electrolyte to 

neutralise any effect from these small ions . It is usually assumed that 

the solvent plus added salts can b e  considered as a s ingle component . 

ii) Experimentnl MethOdS. · 

0 
Most ef the sedime ntation velocity runs were carried out at 20. 0 C 

in 1 2  mm s ingle or doub le sector cells in an !..N. D. rotor at 59, 780 r . p . m. 
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For two dilute ( \ 0 . 1 %) s 91!1ples of guar galactomannan 30 mm single s ector 

cells were used in an ll . • N. J .  rotor at 50, 740 r . p . m. 

In order to determine the zero t ime , the first photograph of a run 

was taken when the centrifuge rotor had reached two-thirds the desired 

operat ing speed. Successive photographs were then taken at regular 

intervals , with the rotor running at ful l speed . Photographs were 

enlarged, and traced ont o graph paper for measurement . L typical 

s edimentation Schlieren Pattern appears in f ig. (V-1 a ) .  This was inter-

preted as f o llows : -

The dis tance (x ) between the ref erence edges was measured . This e 
distance had previously been measured on the Schlier.en counterb ala�ce and 

a s eries of pho tographic plates using a travelling microscope, and found 

t o  b e  1 . 594- .:t 0 . 0(4 cm for the counterb alance, and 3 . 024 .± 0 . 001+ cm on 
X 

the photographic plates . The ratio 1 .;94- gave the magnii'icati.on factor 

benveen the c e l l  and the enlargement on graph paper . 

The values x, x ' , x ' ' (representing the distance of the maximum 

ordina te of the refractive index gradi ent from the inner ref erence edge 

at times t, t 1 ,  and t 1 '  minutes ) were measured, and corrected us ing the 

magnif icat ion factor . The distance b e tween the inner ref erence edge and 

the air/s olvent menis cus was checked f or each exposure to ensure th�t 

no leakage from the cell had occurred . 

A graph was plotted of log (x + 5 . 7 2 )  (where 5 . 72 cm i s  the dis tance 

b enveen the inner reference edge and the axis of rotation at 59, 780 r . p . m . ) 

against time t (minutes ) .  This gave a straight line from which s ( the 

s edimentation coefficient ) was obtained from equation (V-1 2 ) .  

The s edimentation coeff ic ient is usually expressed in a corrected 

form, a 20' w' which is the value of the coefficient when pure water at 

20
°

C is used as a solvent . This correction is made by substituting in the 

e quation (Chervenka 1 96 9 ) :  
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where s 
a pp 

�T 

� 0  

� 

s = s ( � )  (!l-) t 1 - vp20 w ) 2 0 , w  app �2 0 �� -----_--_._ 
1 - vp ! . 

= apparent s e dimentat i o n  c o e f f i c i ent 

= visc os i t y  o f  s olvent at To 

= visc os i t y  o f  s olvent at 2 0 °C 

= vis c o s i t y  o f  s o lvent at a s pe c i fied  

(� - 1 5 )  

at t emperature T o 

t emperature 

�0 - viscos i t y  o f  wat er at the same spec i fi e d  t emperature 
-
V = part ial s pe c i fi c  volume o f  the  s olut e  

p2 0  w = dens i t y  o f  wat e r  at 2 0 °C 
I 

PT = dens ity of  s o lvent at T o 

As all runs were c a r r i e d  out at 20°C • 

= n.:2o ' = 

s ub s t i tut i ng back into e quat ion ( V  1 5 )  gives : -
1 -: vp2o 

8 2 0 , w  
= s ( � ) ( 1  w ) app �o - vp20 

c y  - 1 6 )  

The v i s c os ity and dens ity o f  wat er were obtained f rom phys i c al 

data tables  ( Kaye and Laby , 1 966 ) .  The dens i ty o f the 0 . 02 5  mol/1 

phos phate bu f fe r  was me asured us ing a 1 000 f l micropipe t t e  as a 

pycn ome t e r , and its vis c os i ty measure d at 20 . 0 + 0 . 05 °C i n  an 

Ubb e lohde v is c omet er . Subs t i t u t i ng thes e values back int o 6quat i on 

c y  - 1 6 )  gav e : -

s = 2 0 , w s ( 1 .  02 1 ) app 1 . 0038 ( 1 -0 . 9982 1 v ) 
1 - 1 . 0059 V cy - 1 7 )  

The s e d imentat i on c o e f f i c i ent at zero  c on c entrat i on ( s  ) was 
0 

o b t a ined by plott ing re c iprocal s values against c oncentrat i on ,  2 0 , w  

a c c ord i ng t o  e quat i on c y - 1 3 ) ,  and ext rapola t i ng t o  zero c onc entrat i on 

t o  g ive s . 
0 
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Fi.,re {V- 1a);-Typical Schlieren Dilgl'llm Obtained During a Sedimentation Velocity Experiment 
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Figure (V-1b) :-
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d .  DIFFUSION. COEF'FICIENT DETERMINA1'IONS . . .-�-=--_,..,... 

i ) Theoretical 

The two average diffusion c oefficients (D A and Dm ) required were 

calculated u s ing the formulae introduced e arlier 

and D = 
m 

A2 
(p .  97) . 

(y - 9 )  

(y - 1 0 ) 

whe re A = area under the diffusion curve 

h = maximum height of curve 

t = time e lap sed 

= second moment of the curve about the vert ical 

axis through its arithmetic mean. 
, 2  

Hence a plot of � agains t time should give a straight line plot 
4-1 h2 M2 from which DA can be calculated. A similar plot of 2.A agains t time should 

yie ld D • 
m 

Diffusion coeffi cients ,  like sedimentation c oeff icients, must be 

eorrected to a s tandard so lvent and temperatuxe (normally vmter at 20°C ) .  

The n20 values thus obtained are then extrapolated to zero concentration , w  
to e lirrrinate concentration effects and ob tain D • This extrapolation 

0 

normally follows the e quation : -

Dg = D0 (1 ·- kDc ) (� cons tant ) (y - 1 8 )  

ii ) ��tc:-1 Me_lllods 

Diffus ion experiments were carried out in a synthetic boundary cell 

of the cup and depressable rubber valve type , using s olutions prepared as 

for the s edimentation veloc ity experiment s . 

All experiments were at 20°C and at 1 2 , 590 r . p . m . ( as at speeds much 

be low this instab ility of the rotor made results diff icult to interpre t . ) 
No s edimentation of the Schlieren peaks was detectab le .  

Photographs were taken at regular intervals after the formation af the 

boundary. They were enlarged, and traced onto graph paper f or measurement 



Figure (V-2) :- Calculation of the Area under the Diffusion B«j>undary 
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(allowing for magnificatio� similary to those from the sedimentation 

velocity experiments .  

A typical Schlieren diffusion curve appears in fig. (y - 1 6 )  

The �t Diffus�Coefficient, DA' 
A2 1 

was calculated from 

= 2 ( 41ft ) h 
(y - 9 )  

'rhe area, A, under the curve was measured by trape-zoidal approximation 

vlhile the maximum height, h, was measured directly. For any one experiment 

the area A under the curve shouJd remain constant . The average area 

obtained from all the phcrtographs (between 5 and 8 in number ) was thus 

used to calculate Dll at any one concentration of galactomannan from the 
P.2 1 slope of a plot of � x 4� against time t ( in seconds ) .  
h 

The Weight-Averase Diffus�on y�icient, D , was calculated from 
m 

D m 
= M 2 (y - 1 0 ) 

2At 

The total area under the diffusion curve was determined as above . The 

arithmetic mean of the clrrve (�) was obtained by calculating 
-
X = 'z. xSA � BA (� - 1 9 ) 

where x is the distance from the centre of the trapexoidal 

section of area (SA )  under the d:ii'fusion curve to the origin (see fig. 

(y - 2 ) ) . x is chosen to increase at uniform intervals .  

The second moment of' the 

M2 
(Chambers ( 1 958 ) ,  p. 29 ) 

= 

diffusion curve was then calculated from 
.. L SA(x-x_i - r_ [�At-i) 72- 0. 083 �:. SA 

�- (y - 20)  

For each s eries of exposures corresponding to one concentration of 
M 

galactomannan, Dm was calculated from the sl"ope of a plot of rl against time 

(in seconds ) .  

Corrections to DA and Dm were applied as in the case of sedimentation 

coefficients, i . e .  the diffusion coefficients were corrected to 20°C in 

pure water as solvent , according to : -
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( V - 2 1 )  

( Chervenka ( 1 96 9 ) ) 

where T = t emperatur e , i n  degre es abs o lut e 

qt = v is c os i t y o f  s olvent a t  T 0A 

�20 = v i s c os it y  o f  s olvent a t  2 0 °C 

�s ol = v i s c os i t y  o f  s olvent at a s pe c i f i e d  t emperature 

11w = v i s c os i t y  o f  wat e r  a t  the same t emperature 

D = Di f fus i o n  C o e f f i c i en t  o b t a i ned from 
g 

A s  a l l  t he d i f fus i on exper iments w e re c arri e d  
o ( �s ol ) T = 2 93 . 2 A ,  and �t = q20 i . e . D2 0 , w = D� t' 1'\.w 

s ub s t i tut ing for 0 . 025M pho s phate b u f f e r  gives 

D = 1 . 0 1 7  D 2 0 , w  g 

graph . 

(v  - 2 2 ) 

<y - 2 3 ) 

The D20 , w values o b t a i n e d  w e r e  p l ot t e d  aga i n s t  galac t omannan 

c on c e n t r a t i o n  and extrapolat e d  to z e r o  t o  obtain D • 
0 



e .  P!:RTIJ:.L SP.F:CIFIC VOlUME DETERMINLTION 

1 06 .  

� micropipette (1 000 pl ) was used as a pycnometer. It was calibrated 

by filling it with freshly distilled water from an all glass apparatus, 

and weighing it on a Mettler H20 balance . The weight of water was 

corrected for air buoyancy and the volume of the micropipette at 20. 0°C 

calculated from the appropriate tables (I\aye and Laby 1 966 ) .  The volume 

of the micropipette used was the mean of five deterrninations . 

Solutions (approx . 1 %) of galactomannan in 0. 025 mol/1 phosphate 

buffer were prepared as for the sedimentation and diffusion coefficient 

deterrninations, except that the amounts of red clover and lucerne 

galactornannan to be dissolved were increased to 1 .  0 g / 50 rnl of buffer. 

/�ter dialysis and adjustment to 50. 0 mls , the solution was �mersed in 
0 a waterbath at 20. 00 ! 0. 05 c. Samples were removed into the tared 

micropipette and weighed as quickly as possible . This was repeated until 

three weights within a 6 x 1 o-5 g range were obtained. The mean of these 

WD ights divided by t�e volume of the micropipette gave the density, and 

galactornannan concentration was determined as normal. 

The partial specific volume was calculated from 

(Chervenka 1 969 ) 

where 

V = 

= 

1 1 
c solute 

density of solvent (in this case phosphate 

buffer ) (g/ml ) 

P 
- density of. solution ( -1ml ) sol -

IY '  

C solute • concentration of solute (g/ml) 

(It is normal practice for the purposes of this calculation to assume 

that a plot of concentration of v against concentration is linear for lew 

concentration (�1 . o% ) ,  this was shown for Carob galactomannan concentrations 

( 0.4% by Ifubal and Gralen ( 1 94.8 ) .  



C .  RESULTS lND DISCUSSION 

a )  SI'.J)ll.IDIT£: TI.9B��c� 

1 07 .  

Some typical sedimentation velocity photographs (fig. Y-3), show that 

the boundaries consist of a single, approximately Gaussian, peak with no 

evidence of' gross heterogeneity. This form of sedimentation boundary was 

found for all the galactomannans at all concentrations . 

Creeth and Pain (1 967 ) list in their review on Ultracentrifugation 

four systems which may give rise to symmetrical peaks which remain fairly 

sharp. These are : -

(i )  a single, homogeneous solute 

( ii )  a concentration dependant polydisperse solute with a 

continuous distribution of sedimentation coefficients . 

( iii ) a mixture of two solutes vrith s imilar values of sedimentation 

coefficient . 

( iv )  some systems in rapid equilibrium. 

1'!.8 the galactomannans are natural polysaccharides formed in legume 

seeds, a broad spectrum of molecular weights would be expected . Evidence 

for the polydispersity of galactomannans was provided by KUbal and Gralen 

( 1 948 ) who estimated the degree of polynispersity of carob galactomannan 

from both sedime·ntation and diffusion photographs . Galactomannans have 

been fractionated on the basis of water solubility (Hui & Neukom, 1 964 )  

and by alcohol precipitation (Richards e t  al, ·t 968 ) . On the basis of the 

above evidence it seems reasonable to assume that galactomannans correspond 

to the second system (polydisperse )  of Creeth and Pains ' classification. 

The sedimentation coefficient at zero concentration (a ) of each 
0 

galactomannan was obtained by extrapolation of a plot of 1 /s 20, w (where 

s 20
�w is the correct�d form of the apparent sedimentation coefficient) 

against concentration (c ) .  

The value of k ( the concentration dependance parameter ) in the s 



Fig. (y-3 ) Typical Galactomannan Schlieren Patterns Obtained During Sedimentation Velocity �periments 

Red Clover 
(0 . 364g/1 00ml) 
59, 780 r. p.m. 
Successive Exposures 
at 1 6  minute intervals , 

Sophora japonica 
(o .  375g/1 00m1 
0 . 1 57g/1 OOml)  

59, 780 r . p.m. 
Successive Exposures 
at 1 6 minute intervals . 

lucerne 
(0. 264-g/1 00nl 
0.1 80g/1 OOml )  

59, 780 r.p.m. 
Successive Exposures 
at 32 minute intervals_. 



equation 

rearranging 

s 

1 
s 

= 

= 

was obtained f"rom the slope 

given in table cY - 1 ) . 

By writing in the form 

1 + k  c s 

s 
0 

1 + k c s .1. + (L)c 
s s 0 0 

of the graph. 

= 
s 0 
s 

(y - 1 3 ) 

(y - 25 ) 

1 08 .  

Values o f  s ,  s0,  and k8 are 

cy 
- 26 )  

it can be seen that the smaller the value of k , the less the concentration s 

dependance of s .  This crm be verified by inspection of table C! - 1 ) . 



I Galactomannan 

Lotus pedunculatus 
I 

Soybean 

Sophora japonica 

Carob 

Red Clo'Ver 

Guar 

Lotus peduncula tus 
II 

Values of s ,  s �  and k&for Galactomannans 

Concentration S X �01 3  

(__g__' (sec- ) 1 00ml 1 

1 . 00 ·1 . 09 o. 75•1 1 . 1  • 21 
0. 502 . .  1 .  28 
0 . 250 · 1  . 32 o .  1 3ll- . .  ) . �  o. ooo s =1 0 35 0 

0 . 504- 1 . 1 9 
0. 370 1 .  29 
0. 250 1 .41 
0. 1 52 1 . 63 o. ooo s =1 . 72 

0 

0. 681 1 . 24 
0. 335 1 .  75 
0. 262 1 .  95 
0 . 1 57 2 . 27 
0 . 0?7 2 .49 
0. 000 s =3 . 02 

0 

0 .552 1 . 37 
o. 39�� 1 .  72 o. 321 1 .  98 
0. 203 2 .42 o.  '1 34- 2. 95 
0 . 000 s :dh 65 0 

0. 679 1 .  96 
0 . 364 2 .  71 
0. 242 3 . 1 5 o. 21 3 3 .40 
0 . 1 72 3 .48 
0 . 1 30 3 . 76 o . ooo s =4.81 

0 

O. l1-87 1 .  81 
0.407 2 . 02 
0 . 293 2 .47 
0. 1 63 3 . 20 
0. 036 4 . 59 
0 . 023 4. 96 
0. 000 :s =5 . 33 0 

0. 31 0  2 . 67 o. 21 8  3 . 1 5  
0 . 1 68 3 .41 
0 . 1 21 3 . 89 o. ooo fs. =7. 69 0 

k 
: ( otk1) 

g 

non-linear 

0. 89 

2. 1 5  

4 . 32 

3 . 08 

4. 00 

i+ .49 

Literature values 
and Source 

s =3 . 6 )  Kubal and 
k0=2. 6 )  Gralen ( 1 948 ) s 

s =9 . 0 Hui & Neukom 
0 ( 1 964 ) 

(interpolation of 
their results ) 

s =3 . 7  (Richards a� 1 968 ) 
et 

I 

I 



1 1  o. 
Table (Y-1 ) continued : -

-· 

Concentration S X 1 ?
1 ·3 k Literature values Galactomannan s 

C;-o� ml
) ( sec- ) (

1 00 ml
) and Source 

g 
-

Lucerne 0 "427 2 . 70 
0. 379 2 . 78 
0. 282 3 . 29 o. 264. 3 . 5 3  
0 . 1 80 4 . 27 
0 . 1 1 5  5 . 1 8  
0 . 000 s =7 . 69 

0 '+ .49 



1 1 1  • 

b ) DIFFUSION CO��CIENTS 

Photographs of s ome typic al d iffusion experiments are shown in 

f ig. (y - 4 ) . All the exposures were measured as described e arlier, and 

the values of D1 and D at zero concentration were obtained . 
t m 

Values of DA and Dm at different galactomannan concentrations and 

zero concentration are given in tab le (y - 2 ) .  It is evident from this 

tab le that in some cases identieal s e ts of galactomannan concentrat i ons 

have not b e en used. This was caus ed by difficulty in calculating D , m 
which resulted in a wide scatter of' point s .  In order to obtain meaning-

ful plots of D against concentration it was necessary to carry out m 
additional diffusien experiments .  

I t  was also diffi cult t o  carry out d iffus ion experiment s on Soybean 

and Lotus pedunculatus I galactomannans below concentrat ions of 0. 25 (g/1 00m1 ) ,  

as the diffusion boundaries spread extremely rapidly. 

The us e ef Dm as en index of polydispers ity was indicated earlier, and 
D ,  D 

1·;,. m a dis eussion of D values at zero concentration of the galactorna.nnans 
' 1' 

is included in the section on Molecular Dis tribution (section VI � p . 1 30 ) . 



Fig. (V�) Typical Galactomannan Schlieren Patterns Obtained During Diffusion Experiments 

Red Clover 
(0. 364-g/1 OOml ) 
1 2, 590 r . p . m .  
Successive Exposure 
at 1 6  minute 
intervals 

lucerne 
(0.485g/1 OOml ) 
12 , 590 ro :;:' o ffio 
Successive Exposure 
at 1 6  minute 
intervals 

Soybean 
( 0 .  501.!-g/1 OOml ) 
1 2 , 590 r . p . m. 
Succe ssive 
Exposure s at 1 6  
minute intervals. 



: 

I I 

1 1  2 .  

TP.BIE : (y-2 ) 

Calculatio!l�..2f_���ion Coefficients D1:.. �l_sl;.,.,Dm 
of Gal�ctomannans 

7 D x; 1 07 
Galactomannan 

Concentration D11 x:21 0  m 2 Li tere.ture Values of D 11. or 
__JL.. cm cm 

�·� D at Zero Concentration 
1 00ml sec sec m 

-

Lotus pedunculatus I o. 751 8 .4- ' 6 .4-0. 600 I 1 o .  6 9 . 2 
0 . 502 I 1 2 . 0 1 2 . 5  
0 . +33 1 2 . 5  1 4 . 8  
o .  250 1 6 . 0  1 8 . 2  
0. 000 1 9 . 2 24-. 2 

Soybean 1 . 00 3 . 1 5 
0. 754- 3 . 27 2 . 39 
o . so=� 3 . ;?8 3 .  64 
0. 370 I 3 . 56 �- · 81 
0 . 250 3 . 65 5 .4-3 
0. 000 3 . 84 6 . 90 

Sophora japonica o. 681 0 .59  I 0 . 551 0 . 35 I 0 . !+4-4- I 0 . 78 0. 52 
0 . 289 0. 96 0. 81 
0 . 1 52 1 . 06 1 0 05 
o. ooo 1 . 1 3  1 . 32 

Lotus pedunculatus 0 . 605 0. 70 
II 0 .4-88 0. 74-

0. 327 0 .54-

I 0. 250 0 . 85 0. 69 
� o .  1 68 0. 89 0. 78 

o . ·J 07 0. 90 o. 91 
0 . 000 0. 95 1 . 09 

lucerne 0.485 0 . 37 o .  51 
0 .427 0. 85 
0, 293 0.4-9 1 . 1  6 
0. 282 1 .. 22 
0. 2�. 0 . 52 
0 . 1 70 0. 59 1 . 57 
0 . 1 1 5 0. 63 
0. 000 0. 79 2 . 1 1+ 

Red Clover 0 . 583 0. 4-1 
0.483 0 . :+2 0 . 29 
0 . 364 0.4-9 0 . '-t-6 
o.  24-2 0.56 0 . 53 I 
0. 1 58 0 . 59  
0 . 1 35 o. 61 0 . 64 
0. 000 0. 69 0 . 77 



1 1  3 ·  

Tab le (y-2 ) continued : -

I 7 
Dm x21 07 

Galactomannan 
'Concentration DA x21 0  Literature Value s of D � or 

--lL .. cm cm - � D at Zero Concentration 1 OOrnl sec sec m ,.... ....... _.,._.., ·t-- ·-·"' 

Carob 0. 394 0 .41 0 .40 D , = 0.49) (Kubal and 
0. 283 0.46 0 . 54 

1-). 
0. 85 ) 1 948 ) lJ =  Gralen, 

0. 203 0 .1�8 0 . 66 m 

0 . 1 51 o .  51 0 . 75 ; 0. 1 34 0, 54 
0 . 000 0. 58 0 . 97 

Guar 0.487 o .  31 0 . 24 0. 294 0. 35 0 . 34 
0. 1 63 0 .41 O.l-14 
0. 1 22 0. 38 
0 . 077 O.lt.2 0 .49 
0 . 000 0. 1-f"+ 0 . 54 



c )  Partial S�ific Volwne 

Results nppear in Table (y-3 ) 

1 1 4. 

Galactomannan Partial Spe cific 
Vohm1e , � � Reported Value Error 

(% ) 
g 

Lotus peduncula tus I 0. 628 .t. 1 .4 0. 625 (Riche.rds et al, 
1 968 ) 

Carob 0. 629 + 1 0 3 0. 66  (Kub al & Gralen, 
1 948 )  

Sophora japonica 0 . 629 

0. 630 

+ 1 . 5 

Lotus ped1mcula. tus II + 1 • 6 0. 6 25 (Richc:trds et al, 
1 968 ) 

Red Clover 0. 630 

0. 634 Soybean 

Gua.r l Ill�erne 

+ 1 .4 

0 635 .:t 1 · 5 

0 . 636 ± 1 . 3 
.....__ ______ �_L·�--.&...-.-----------� 

The mein error in these calculations arises fran the sub traction a1" 

the solvent density from that of the solu tion. This is illustrated b e low, 

in the case of Sophora j aponica galactomannan. Knowing that v 
·-

V = �.L-
1 

p - c� 

- solvent solute 

-p -p 
( solutio.!L_:?olvent ) 

Psolvent CY-24 ) 
where p J t s o .ven = density of s olvent = 1 . 00591 .± 0. 003% g/ml 

psolution = 

c solute = 

for phosphate buffer (0. 025 mole s/1 ) 

dens ity of galactomannan solution = 1 . 00923 

.:!: 0. 003% g/ml 

concentration of galactamannan = 0. 00904 

.± 0� 5% g/ml. 



Substituting gives : -
·-

V = 

= 

_j__ 
1 . 00591 

1 
1 .  00591 

= o.  9941 - 1 1 0. 6 (,:�:0 . 5%) 

= o. 9941 - 0. 3651 + 2 . 5% 

= o.  9941 - o. 3651 + 0. 0091 

= 0 . 629 1: 0 . 0091 

= 0 . 629 1: 1 . 5% ml/g .  

1 1 5 .  

(z2 .o%)_7 

Granath (1 958 ) ob tained values of 0. 61 1  and 0. 603 for the partial 

spec if i c  volume s of two dextran s ample s . As dextrans are r.eutral, water-

solub le polysaccharides they could be expe cted to have partial sp ecif ic 

volumes s imilar to those of other neutral , water-solub le polysaccharides 

such as galactomannans . Kub al and Gralen ( 1 948 ) found v for Carob 

galectomannan to have � partial spe cific volume of 0 . 6 6 .  



d )  Calculation of Molecular Weights 

1 1  6 .  

Molecular weights of the galactomannens were calculated by substitution 

of the appropriate values into fv ;dburg' s ( 1 940 ) equation: -

M = 
sRT 

D( 1 -vp) (y - 7 )  

introduced earlier (p.  95 ) .  By substitution of both the apparent diffusion 

coefficient (D � )  and the weight-average diffusion coefficient (D ) 
li m 

respectively into Sv cdburg' s  equation, the sedimentQtion-diffusion average 

molecular weight (M D) and the weight-weight average molecular weight s , 
(M ) were obtained . w , w 

These molecular weight values are presented in table (y - 4 ) ,  together 

with literature values where available of either 1'/1-T' Mw' M(s , D) ' or Mw , w· 

(These latter averages are as defined on p.  93 and 98 ) "  

Specific comments on the galactomannan molecular weights are : -

( i )  Soybean : The �\f of Whistler and Saarnio ( 1 957 ) was dete.n:nined 

on a sample of galactomannan extracted in water at 40°C .  Since the 

extracting power of water would b e  expected to be greater at 40°C than 

0 0 20 C,  a galactomannan extracted at 40 C would be expected to c ontain more 

high molecular weight material than one extracted at 20°C.  This explains 

the observed order of molecular weights r� (40°c: ) > 

M D (20°C )  > s ,  would b e  expected. 

( ii )  Sophora japonica :  The high value of M D and M compared 
s , w, w 

to �{ would appear to reflect a large degree of polydispers ity in the 
D 

sample . This conclusion is not supported by the value of the D
m ratio 
A 

which can also · be taken as an index of J!!Olydispe!·si ty implying that the 

difference may be due in part t o  the maturity of the galactomannan 

(Re id and Meier, 1 970 ) .  Further discussion of the reasons for the widely 

differing values of M D and M will be delayed until the section on s ,  w , w 

molecular distribution (p. I l l ) . 



TI'.BLE (y-4 ) 

Galactomannan Mole cular Weights 

M 
Galactomannan s , D  

x1 o-3 

Lotus 
pedunculatus I 4. 7 

Soybean 30. 1  

Sophora japonica 1 77 

lotus 
peduncul atus II 379 

Red Clover 461 

Carob 532 

Lucerne 731 

Guar 81 7 

M 
w, w� 

x1 0-) 

3 . 7  I 
1 6 . 6  

1 52 

332 

41 6 

31 9 

239 

657 

Id.terature 
. ( -3 .Mole c . Wt x1 0 

32 (M ) n 

6 (M ) n 

1 oo(1�) 

520� D � 
300� ' 
650 l��w 

200 

1 90o (M ) w 
25o(M ) n 

1 72o CM ) w 

M n = Number-avera.ge molecular weight 

M 
w We i ght. average molecular weight 

Method 

Osmotic 

End Group 
Analys is 

iUl��centrifu�e 
(fi..rchibald 

� Ultra-
centrifuge 
End Group 
Analysis 

Ultracentrii'uge 
(Method unlmown ) 

Ultracentrifuge 
(Method unknown ) 

End Group 
:Oetermination 

Light 
Scattering 

We ight-weight average molecul� we ight 

M D = s ,  Sedimentation Diffus ion average molecular we ight . 

1 1  7 .  

Source 

Whis t ler & 
Sae.rnio ( 1 957 ) 

Kooiman ( 1 971 ) 

Richards et al 
( 1 968 ) 

Kubal & Gralen 
(1 948 ) 

Hui & Neukom 
( 1 964 )  

'. 

Boggs ( quoted by 
Hui & Neukom, 1 96lr ) 
Hui & Neukom 

( 1 964 ) 
Hui & Neukom 

( 1 964 ) 
Deb & Mukherjee 

( 1 96 3) 



iii ) Carob : The values of M D and M are in reas onab le agreement 
� s ,  w, w 

vnth those of Kub al and Gralen (1 9�8 ) ,  

The extreme ly high value of M (compared to M D and M detennined 
n s ,  w1 w 

here and by Kubal and Gralen ) ob tained by H u i  and Neukom (1 964 )  seems 

que stionable ,  e specially since endgroup analysis become s rather inaccurate 

over M -:::. 2 0 , 000 (Price , 1 959 ) .  Unf'ortunat e ly Hui and Neukom have not 
n 

e lab orated on their modif ied analytical procedure with sodium chlorite . 

iv) Lotus -peduncula tus ( II ) : The o rder of M 
D 

and M > M 
s ,  w, w w 

i·s not predicted, and can be explained only on the basis of differences 

in the maturity of the legume seeds before the galactomannan was 

extracted (see Reid and Meier, 1 970) .  

v ) Guar : - The order M ; M > Ms.,:D> M
n 

is as would b e  expected. M w Wr.'�' . 

Frem the value of _
w 

, a moderate amount of polydispersity is e vident, a 
M 

although the accuragy of the M value determined by the s odium chlorite 
n 

analysis (of Hui and Neukom (1 964) )  is again open to question. 
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e ) THE RELATIONSHIP BETWEEN GALACTOMl; .. I"'NliN MOLECULt;R vVEIGHTS , 

DH'FUSION COEFFICIENTS, AND SEDIMENTATION COEFFICIENTS. 

It was indicated in the introduction (p .  1 0 )  that the short single 

unit galactose side-chains of galactamannans might be expected to have 

little or no inf'luence on the behaviour of t he molecule in solution. It 

this is s o ,  then the differing galactose : mannose ratios of different 

galactomannans will have no effect on solu tion propert ies, and galacto-

mannans can be treated as a series of linear molecule s differing only 

in molecular weight . 

For such a series it has b een shown that def inite relat ionships exist 

between the molecular weight (M ) and the diffusion coefficient (D ) , and the 

molecular weight and the sedimentation coeffic ient ( s ) . 

Tanford (1 961 , p . 362 ) predicts that if the molecule is randomly coiled, 

then Itiffusion c oefficient D � M
-0

•
5 

in a poor solvent, and D � M-0
•

55 
in 

a good solvent . Similarly, sedimentation c oefficient s � M
0

•
5 

in 0 

solvent and s "'' �·
45 

in a good solvent ( Tanford, (1 961 , p . 38 2 ) ) . 
0 

-0 . 8  If the molecule is rod- shaped then D ... . , M • 

a poor 

Using the DJ: , D , s , M D and M values ob tained, plots of log1 0 
· • m o s ,  w , w  

DA against lo� 0Ms , D' log 1 0s0 against . log1 0M
s , D' log1 0Dm agains t 

lo�. 0M and lc31 0ao against log1 0M were made ( see fig. (V-5 )  and � W1 W W I W -

(y-6 ) . 

A corre lation c oeffic ient was calculated and a le ast squares line 

f itted t o  e ach plot . Results are presented in table (V-5 ) . 

From the table it can b e  s een that good corre lation was ob ta ined in 
-

all c ases except the plot of log1 0�0 against log1 0Mw , w" If the d ata f or  

Lucerne galactomannan i s  removed from this plot , however ,  the c orrelation 

b e tween log 0s and lo�. 0M becomes comparable to the others . The 1 0 � w , w 
prob lem with Lucerne 
D 

arises from its ' much .greater value of the rati� 
m 

DA 
than that of any other galactomannan . This indicates a much larger 
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degree of polydispe rsity than the other galactomannans , which appe ars 

to have resulted in a higher sedimentation coefficient than would be 

expected for a molecule of the same weight-vreight average molecular 
weight as lucerne galactomannan, but having a similar degree of poly-
dispersity to the remaining galactomannans . 

The good corre lations between sedimentation coefficient, diffusion 

coefficient, and molecular weight otherwise obtained would appear to support 
the ide a  that galactomannans in solution can be treated as a linear series 
differing only in molecular we ight . The small deviations from linearity 

obtained could be attributed at least in part to small differences in 

molecular weight dis tribution between the different galactomannans (apart 

from Lucerne ) ,  as it seems highly unlikely that material isolated from 

different sources will have identical distribution. 

The relationship between the diffusion coefficient and molecular 

weight lies almost mid-way between the random coil and rigid rod cases ,  

consequently t he  conformat ion of a galaetomannan molecule in s olution must 

lie between the random coil and rigid rod confonnations, while that between 

sedimentation coefficient and molecular weight is inconclusive . 

Table (y-5 ) 

C8mparison of Sedimentation Coefficients and Diffusion 

Plot of : -

10�1 0so/log1 0Ms , D  

log1 0D�log1 0Ms , D 
lo� os/log1 OM.w, w 

log1 Oso/lo� OMw, w 
(excluding Lucerne ) 

lo� 0Djlog1 OMw, w 

Coefficients with Molecular We ight Averages 

Correlation 
Coefficient 

0. 983 

-0. _988 

o. 91 5 

0 . 978 

-0 . 992 

Equation of Leasx 
Squares Line 

log1 os 0 =0. 31 7log1 cfs ' n=1 . 1  � 

log1 0DA=3 . 70-0. 687log1 0Ms , D 

log1 0s0=0 . 307log1 0Mw, w-0 . 9+0 

log1 0s0=0. 289log1 0M.w, w-0 . 866 

log1 0Dm=3. 92-0 . 71 9log1 0Mw , w 

Power Equation 

-�0 , 32 s f:J •7-. 87x1 0 - � ,.D 
_ r  � �0. 68 DA=2 . 00x1 0 D s , 

s =1 . 1  5x1 0-1 M:0 • 31 
0 w w 

\ I 

s =1 . 36x1 0-1 M0 " 2 9 
0 w, w 

D =8 22x1 0�0• 72 
m ' w, w 
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SECT ION VI : MEASUREII'lENT OF GALACTOMAI'lliAN 

MOLECUI.Jffi 'WEIGHT DISTRIBLJriCN 

Introduction 

Dif'ferences in tre phys ical propert ie s of polydispe rse but 

s truct urally similar or i den tical mole cule s may be due in whole or in part 

t o  differences in their molb cu l ar >..e ight di strih.t ti ons . Such phys ical 

prop erties would include vis cos ity , ·which has a lmovm proportionality to 

mole cular we ight . 

l\ . Me asurene nt of Scdirren tati on Coeffici ent Dis tribut ion as an 

Indic ation of Mole cular We if..[lt Dis tribut ion 

( 1 )  Introduction 
It was shovm ear lier (page 1 1 !' )  that the relations hip 

s 
0 = kivi l'(, 

(s  = limiting s0dirren tati on coeffic ient (weight average ) 
0 

(IV-1 )  

M = sc� ntation / diffusion molecular weight or weight - we ight 

average molecular weight . 

k, ol.-= cons t an ts ) 
ht)lds for the galactol'!lD.I1.l'lal\ from Carab., Guar, Lotus pedunculatus , I..uce.I:n.e, 

Red Clover , Sophora japonic a and Soybean treated as a linear serie s .  No 

e ffect of the dif'ferent mannos e : galactose ratios on too v alue s  of '� arrl k 

was evident, 

With the known relations hip between s arrl M given in equation {VI-1 ) 
0 

above , it :;;hould tLerefore be pos sible to transfonn a distribut ion of 

sedimentation coe fficients into a distribut ion of molecular we ights. 

The distribut ion fUnction of sedimentation coeffici ents ( s )  in a g�en 

system can be defined by g ( s ) .  When t he sys tem is concentration 

dependent , as is the case far galac tomannans , only s in tre extrapolated 

dis tribution fUnction g ( s )  has any phys ical significance (Fujita ( 1 962 ) 
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P 1 86 ) , i . e . the sedirre ntation coefficient of each solute at zero 

concentration of the so luti on. This can be v.rri tten as g ( s ) , where s 0 0 

is the limiting sedirre ntation coeffici ent of the solute . 

It has alre ady been shown there is a unique re lo.tionship between s0 
and molecular we ight (M) for galactomannans (e quat ion (VI-1 ) above ) . In 

this case it can be sh ovm (Fujitu ( 1 962) , P 1 86 )  that g ( s ) is rc J.Etted to 0 
the nonnalis ed weight distribution of mole culo.r vre igj:J.t of the sample by : -

g ( s  )ds ., f (M) dM 
� 0 0 (VI-2)  

g(s ) an d  f(M) are now the differential func tions of limiting se dimen t ation 0 
c oe ffic ient and of mole cular weight respe c tively. 

that 1 where s 0 

i . e .  

correGponds t o  1: , 
s '  r 0 g ( s  ) ds Jo o o 

(F ' 
= Jo '" f (M) dM 

It can b e  fur ther shown 

(VI-3) 

(VI-4) 
wmre G(s ) and :r(M) are the integral distribution func tions oorresp ond.ing 

0 

to g(s ) and to f(M) respective ly (Williams , 1972 ) . 0 
By rearranging equat ion (VI-2 ) we obtain 

substituting from 

equation (VI�1 ) gives 

f(:!u) = g(s ) ds 
0 0 

dlvf 

(VI-5) 

� ,  K, s0 are all cons·i;ants , thus a silr!>le transformation of different ial 

sedimentation coefficient distribution int o  different ial molecular weight 

dis tribut ion is availab le . 

Alternatively, the transfarmntion may be made via eql�tions (VI-3)  

or (VI-4) ab ov e .  
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( 2 )  Measurerrent of' Sedirre ntation Coefficient Di.str:'ibutions from 

Sedimentation Ve�ity ExpOFiments - �line of Available Methods 

It has long been lrnown that 1.mder the inflUtmce of a centrifugal fie ld, 

a non-uniform s olute will be at le as t part idl ly frac tionated into it s 

component s .  In an ultracentrifuge , this effe ct may oc cur in ei ther a 

sedimentation equilibrium Cir:' a se dimentation vel oc ity exp erimen t . 

Both these c ases have been well dis cussed by Fu j ita ( 1 962 ) and 

Williarns ( 1 972 ) .  As the s edimentation veloc ity method was us e d  in the 

present v.ork, that method is the only one which ·will be discussed . 

In tre early 1 930 ' s  Svedburg and his cm'rcr kers not ed anomalous 

behaviour of polydispe rse s c:,lut es in sedirc.cntation velocity experiment s .  

Apparent diffusion coe ffic ien ts calcu lated from the refract ive index 
• 

gradien t versus di stance from the centre of rotation boundary increased 

marke dly vdth time . They attributed this effect to the polydispers ity of' 

the solute . 

Gralen ( 1 941+) rre asured tl� broadening of the boundary (which gives ris e  

to tre increasing diffusion coeffic ient not e d  b y  Svedburg) a s  a function of 

the c cncentrat ion of t he solution. He plott ed the width of the pe ak at 

half he ight against t :Ure  for a series of experirre nts at different 

c oncentrations , and extrapolated the s lope of the se plot s  back to zero 

concentration. The resultw"'1t polydispers ity constant (wi th regard to 

sedimentat ion) enab 1e d  a di 8tribution coefficient to be calculate d  for an 

assumed distribu tion .  Gralen ignored any effec ts of diffusion. (A 

s imilar rre thod was used by Jullander ( 1 945) . )  

The extrapolation by Gralcn to zero concentration was made ne ces sary 

by the non-ideal nature of the solutions as sedimen tation coefficients are 

usually concentrat ion dependent . 

Eriksson ( 1 953) modified Gralcn 1 s me thod by assuming a gaus sian 
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distrib ution of' mass over the clifferent sedimentati on value s in tre 

boundary. He shaved that if s ed.:irrentati on and diffusion of' solute occur 

independently in the s olution, tre total bcundary spreading is the sum of 

tre spreading due to each. Although this -..v.ill not be true at higher 

c oncentrations , it was justified by the extrapolation of tre results to 

zero c oncen tra ti on. 

More recent methods are due to Williams and Saunders ( 1 954-) , Gralen 

and Langermalm ( 1 952) and Bald��n et . al . ( 1 955 ) . The se are all quite 

s imilar, and since the method of Gralen and Lan germalm was us ed in tre 

presen t  work, a discussion of' the otre r two is not i..Dcluded . Gralen and 

Langerma.lms ' method will be discus sed in t ro  experiment al section . 

As is usual, all the above cases involved extrapolation to zero 

concentration of s olute to remove non-ideal, concen tration - dependen t 

effects , and thus they provide only a provis ional result . The 

extrapolation is errpir ic al s ince no theory has been produce d  to guide it . 

This difficulty arises becnu s e  s depends upon tlB concen trations of all the 

s olutes present, and tre COITg?le x  Johnsto n  - Ogstan e ffects involved produce 

mathematical problems that have so far remained unsolved. 

Willians ( 1 972) describes tre rre t lx:lds of Gralen and Lan germalm ( 1 952) , 

Williams arrl Saunders ( 1 954) an d  Baldwin et. al. ( 1 955) , as " somewhat naive" , 

and su ggests that a more practical appro ach is found in the works of Vfales 

and Rehfeld ( 1 962 ) . Th3 calculations requ:ir ed in t re  latter work however, 

are complex, and requ:ire extens ive computer analysis .  

As a simple treatment vms pre ferable , and Williams ( 1 972 ) recommends 

tre methods of Gralen and Langermalm ( 1 952 ) or Baldwin e t .  al.  ( 1 9  55) over 

that of Williams and Saunders ( 1 954-) , Gralen and Langerrnalms ' method was 

employe d. It should be not ed that despite Williams ' comments on tre 

"muve t e "  of this method, it is still wi de ly errployed. 
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( 3) Determination of a Sedimen tation Coe fficient Distribution Using the 

Method of Gr_alen and . Lnngermalm J.l9.,2g) 
( a) Outline of the Method: 

The method of Gralen and La.ngermalm differs s anewhat fro m thos e  

previously out lined .  

Plots of refrac t ive index gradient (:) agains t dis tanc e fro m tre 

centre of rotation (r) which are nor!!l[:J.ly obtained in sedirrentation 

velocity experiments w0r0 trans forme d into plots of concentration gradient 

(::) agains t distance (r) ( see fig (VI- 1 a) ) .  This reQuir es the assumpt ion 

t hat tm specifi c refractive index increrent of a mixture of molecules of 

tm saroo type is independent of molecular weight , ;vhich is general ly 

ac cepted as true (Fujita, 1 962 ) .  
de The plots of ar versus r were next trans formed into p lots of 

c oncentrat ion gradient with resp ect to s ed�nentat ion coeffici ent (·�) 
against sedimentat ion c oeffici ent ( s )  ( fig (VI-1 b )  ) by us ing the formula 

(E-) s = s1 log 
" e r 

log 
e 

0 
(VI-6) 

where r = distaro e  of t re  re niscm fran the cent re of ro tati on . 
0 

r 
A 

= distance of the apex of the boundary f'rom the centre 

of rotation ( for a gauss ian peak ) . 

s = sedimentat ion c oeffici ent at di stam e r from the centre 

of rotat ion . 

sA = sedimentation c oeffic ient af the apex of' the b oundary. 

These curves were integrated for a number of differen t c onc entrations 

of s olute (i . e. dif'ferent sedi.rrentn.tion veloc ity experiments ) by first ly 

measuring the area under the curve fcrc specific increments of sedimen tat ion 



Figure (VI-1 ) :-Transformation and lntergration of an Experimental Sedimentation Boundary 
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c oeffic ient . Secondly, the cumulative percent age of tbe t otal area under 

the curve agains t secli1ncntation- coeffici c;nt wn.s plotted to ;y-ield the 

integr11.ted plot (sec fi.; (VI-- 1 c )  ) • 

Values of the sed:irncn t-:Ltion co ef:fic ient c.t knmm _p3rcent agcs of total 

arer.. under the � versu�, s curve wo<:re obtaine d from fig (VI-· 1 c ) by 

interpolation . These vn.J.ue s (Lxr a series of curves obtaine d at different 

solute c oncentrations ) were plott e d  :'.gainst so lut e concentration. 

Extrapolation to zero concentration yields the integrated distribution 

curve of limiting sedirrontation coefficient (s ) . 
0 

Dif'ferentiat ion of this dis tribution curve , p3 rformed graphically in a 

nE thod analogous tc t hat described fer integration , yields the differential 

form of the dis tribution curve of limiting sc d:ilren tc.tian coo fficie nt . 

This method negle cts any effects on b oundary s ho.pc due to diffus ion 

or pressur e .  

( 4) Experimental 

The sedimentation velocity experiments and rcsul ts us e d were the sarre 

as thos e outline d in Section ( V ) , po.rt ( B ) , page 1 00 .  

( a) Calculation of Res� 
(i) Calculation of Sedimentation Coefficient Dis tributions : 

Calculations were nade using the methcrl of Gralen and IungermaJm ( 1 952) 
outlined previous ly. 

One sedinEntation curve for eac h  oo nc en tration of a series fer a 

part iw lar galactomannan vms selected. The se lecti on was made s o  that it ' s  

broadening had reachea. such a stage that all possible details vferc at their 

c learest without int erference from the meniscus or the cell bottom. 

Between three an d  fivu concentrations were us ed fer each gala c tomann an . 

As no suitable sedimentation curves were available for Soybe an or I.oills 

pedunculatus I galactomannnns due to treir re..pid spreading by diffusion , no 
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calculations of their sedL�entatian coefficient distributions were carried 

out � 

Gralen and Langermalm neglected diffusion effects in their 

calculation as they were working wifu systems containing linear polystyrene 

molecules which h:::we low iliffusion coefficients . Although galactomannans 

may be regarded as approximately line.:rr s ince the galactose sidechains are 

short, an estimate of the effects of diffusion was sought . 

Sophora japonica galactornannan, hus the highe st diffusion coefficient 

of those used in these calculations . The effect of diff'usion on it#s 

sedimentation boundary was accordingly investigated using the method of 

Erllcsson ( 1 953) , since tre br::und2.ry was gaussian. 

Eriks son deduced that 

2 
B sed total 

2 2 
= B diff + B sed 

B = peak width at half height 

(VI-7) 

under the conditions stated in tm introduction, ( i. e .  Gaussia.n boundary, 

with sed:i.nentation and diffusion occurring independently in th::: solution. ) 

Using 

then 

2 
B diff = 4TI Dt (VI-8) 

(Eriksson1 ibid) 

D = diffUsion coefficient 

t = t:ilre in seconds from beginning of 

sedi.'llentation velocity experiment 

I 2 . 
Bsed = '' B Total - 4nDt (VI-9) 

c cmbining equations (VI-7) and (VI-8 ) . 

Substitution into the above gave a maxinrum error of less than 1 . 1J/o  if 

the effects of diffusion on the boundary were neglected. 

DiffUsion effects have therefore been neglected in all cases in 

calculating the sed±mentation coefficient distributions. 



Figure (VI-2)::..Transformed and I ntegrated Curves of Total Area under the Sedimentation Boundary against 

Sedimentation Coefficient for Sophora japonica Galactomannan. 
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I 
Figure (VI-3) :�Extrapolation of Integrated Sedimentation Boundary to Zero Concentration 

for Sophora japonica Galactomannan • 
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The integr-ated plot of concentration gradi En t  agai..""lS t  sed:i.Jren tation 

c oefficient vvas made in the normal way, and value s of sedirrentation 

coeffic ient were read off it at cumulative values of area of 0, 1 ,  2. 5 ,  5, 

1 0, 1 5, 30, 50 , 70 , 85, 90, 95 ,  97 . 5,  99 and 1 00%  becausE: of the shape of t he 

plot ( see fig (VI-2) for Sophora japonica galactomannan ) . 

In a modification of Gralen 2..nd Lan g·..;rmn. lms 1 method , the rec iprocals of 

the sedimentat ion c onstant vo.lues obtained above wt:;re plotted agains t 

c onc entrat ion and extrapolated to zero concentration (see fig (VI-3 ) for 

Sophora japonica galact omunnan) . This modifi cation was neces sary bec au se 

unlike the polystyrene used by Gralen and La_Ylgermalm, galac tomruman s do not 

have a linear dependence of zeduna1 tation cons tan t  on c oncentration, and 

such plots are difficult to extrapoln.te . Reciprocal scd:i.m:mtation 

c oef:fic ient I concentration plots are line ar , however ( see page 1 07 ) . The 

values of' reciprocal sedimentation co efficients at zero concentration were 

converted back t o  limi tLYlg scdinentat ion cocf'ficients , and the int egr-ated 

curve of' concentration gradient I limiting sedimen tation co effic ient plotted 

( see :fi g (VI-2) for Sophora japonic a) . This curve was dif:ferentiated by 

substrac ting the value o f  t ho:  c oncentrat ion gradient (%) :from 1 00  at 

regular intervals of limiting sedimentat ion coefficient , and the resultant 

limiting sedimentation coefficient distribution plotted. 

(b)  Comparison of Sedimentat ion Coefficient Distributions of the 

Gal act am.annans 

The limiting sedimentat ion coefficient distributions of' the dif:ferent 

galactornannans were plotted on a common plot f<r comparis on  ( sec :f ig  (VI-4) ) .  
On this plot the :following points may be noted. 

( i) The p lots are reas onably gaussian, apart :from those of' Lucerne 

and Lotus pedl.lnculatus II galactomannans , althru gh the deviation in tre lat ter 

case i s  not gr-eatly marked. 
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( ii ) While tlx.; plot f'or Lotus peduncu latus II galactomannan tails 

t owards b oth high and lovv sedimentat ion co eff'ici en·cs , the :rcrru ini.ng plot s 

tail t owctrds high sedimentation coefficients . 

( iii) The extremely broad distr ibution for Luc erne gaL�ctomannan 

would be expected, since some of the free ze drie d sample always remains 

insolub l.G . This implies a broad dis tribution of mole cular ·iVB ight . {,_ 

broad limiting sedimentat ion c oefficient distribu tion would also be expe cted 

for Red Clover galactomannan f'or the same reason , but this ��s not observed. 

The reason far this is not known , llut tre possibility exis ts that Red Clover 

seeds contain two distinct galactomannnns , one water soluble and th� other 

ins oluble . 

( iv) The broader distribution of limiting sedimen tation coefficient 

of' Car ob galactomannan compare d to thn.t of Guar is predic ted by a s imilar 

observat ion of t he  molecular weight dis tribution s  by Hui and Nrukom ( 1 964) .  

(v) The general shape of th e limiting sedimentat ion coeffici ent 

distribution of Guar galactomilnnan is very s imilar to a mole cular weight 

dis tribution determined by Kolcskc and Kurath ( i 964) for a fraction of tm 

galact ornannan triacetatc of Guar . The y <Uso used the Gralen - Langermalm 

method to calculate the molc: cular we ight dis tribution . 

(vi) Apart from lucerne and perhe1ps Lotu s pedunculatu s II 

galact omannans , no major differences in phys ic al prop3 rtie s could be predic t e d  

o n  t he  bas is o f  these limiting sed:i.Irentat ion coefficient plots . ( Inherent 

in this conc lus ion is the result that plots of id.e rrt ical s hape wou ld arise 

from c onvers ion of the limiting sediment at ion coeffic ient distr ibution to a 

mol&oo.l.a.r . weight d is tributi on vi a  equation (VI-5) . 
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B.  Diffus ion Coofficients as on Index of Polydispersity 

( 1 )  Introduction 

It was shown earlier (Section V, page 97 ) that for polydisperse 
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systems it is possible t o  calcul:ttc different averages of the diffusion 

coefficient depending upon the method us ed . The two average diffusion 

coefficients calculated wore D, , the appare!lt diffusion coefficient ( lying 
JJ.. 

between the number and weight averages ) ,  and D , the weight - average m 

diffusion coefficient .  

Henley ( 1 962)  has suggested the use of the ratio Dm as a qualitative � 
index of polydispersity. This fo llovrs as D v7ill be further from the m 

weight - average value the greater the apreo.d of moleculor weights.  

Although this method is less rigorous than that using the sedimentation 

coefficient distribution, it was felt that it would be of int erest to 

carrpare the results from both rrothods . This method also provides an 

estimate of the polydispersity of Lotus pedunculatus I and Soybean 

galactomannans which was not available from the sedimentation coefficient 

distributions . 

(2 )  Results 

Values of D / D A 1 vli th diffusion coefficients taken at zero 
m l� 

concentration in each case , are given in table (VI- 1 ) 



Table VI-1 

Y.2J.u9s ..£[ ·c hc Rat iq �m .for Galactom8.nnans 

DA 

. . 
Galac taonnn-=-��� 1--

a1 - Ib I Literature V ue of D 

Carob 

Guar 

Lotus pedunculatus 

Lotus pedunculatus 

Lucerne 

Red Clover 

Sophora japonica 

Soybean 

( 3) Cone lus ions 

I 

II 

Jl. A 

1 . 67 1 . 7 (Kubal and Gralen, 1 948) 

1 . 23 

1 .  26 

1 . 1 5  

2 . 71 

1 . 1 2 
I I 1 . 1 7  
! 

1 . 80 I 

1"3 1 . 

i 

Tm order of increasing polydispersi ty of the ga1':t ctomanmms as shovm by 

the sedimentation coef'ficicnt di stributions was : Gu �  < Sophora j aponica ( 

� Re d  Clover < Curob t Lotus pcdw1culatu s  II ( Luc erne . From the rat io of 

diffus ion coeffici ents of tab le (VL-1 )  it :is led Clover : Lotus pe dunculatus II 

'Sophora j aponica ( Guar ' Lotu s pedunculn.tus I ( Carob < Soybean < Luc erne . 

Although the abs olute order is not the sane in each case the or ders of 

magnitude , apnrt from Lotus pedunculatus II are , i. e. (ignoring Lotus . 

pedunculatus I and Soybean) Red Clover 'Z Guar 7;1 Sophora japonica ( Carob ( 

lucerne . 

The anomaly in the case of Lotus pedunculatus II is not underst ood, 

but it may be due to the different shape of it s sedimentation coe fficient 

(and hence molecular weight ) di stribution to tlli�t of the other galactomannans 

( see fig VI-4) . 
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On th e  bas is of t he agreemen t bE:twc cn the two n-:c thods in the 

magnitude of the polydispers ity of the galact omrumans , the indexes 

obtained for lotus pedunculatus I and Soybean galactomannans from the 

D ratio of m are of real value . 
DA 

Thus tre increasing order of magnitude of t he polydispers ity of the 

galact anannnns is Red Clover � Sophora j ap onica � Guar � Lotus 

pedunculatus I ( Cm-ob � Soybean ( Lotus pe dunculn.tus II ( sole ly on tl::e 

basis of the sedimentc.t iou coefficient dis tribution) < Iucerne . 



SECTION VII CONCLUSIONS 

A.  The Relationship I2£_tween Viscosity an d  Molecular Wei&Lt the 

Staudinger (or Mark-Houwink) Relationship 

Fran empirical evidence Staudinger ( 1 930) suggested the equation 
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l1(1 = K ' M  !_ -.J 
(VII-1 ) 

as a method o� determining tl1e molecular weight of a linear polymer from 

its intrinsic vis cosity. For a series of line ar polymers of the same 

structure dif'fering only in molecular weight , K' would be expected to be a 

constant. 

It was later suggested (Mark ( 1 938) and Hou•vink ( 1 9�1 ) )  that Staudinger ' s  

equation should be modified to the form 

r-r(l= K ' Ma 
- �  

(where " a" is also a cons tan t. ) 

(VII-2) 

to obtain a better correlation between the intrinsic viscos ity and 

molecular. weight. 

According to recent hydrodynamic theorie s tre value of the exponent , a,  

can be used as an indication of molecular confonnation in solution (Tanfard, 

This conformation is based on e ither a random-coil model of 

the molecule in solution (Flory, 1 953, P.�o� ff) , or a rod model. For 

a_-Q. 5 (the l01Ver limit for the random-coil model) the mole cule is tightly 

coiled and impermeable, with no draining of solvent through the molecular 

coils . For a:1 . 0  (the upper limit for the random-coil model) the molecule 

is flexibly coiled, allowing free drainage of solvent . For a ;; 1 • 8, the 

molecule approximates to a rod with constant dianeter and molecular length 

proportional to molecular weight. 

Tre equation (VII-2) is s trictly applicabl e only to homoge11eous 

polyrrers. For heterogenous polymers having a spectrum of molecular 

weights , a viscosity-average moleculn.r weight i(,can be defined (Flory, 

1 953, P. 31 3) such that 



1 34. 

(VII-3 ) 

w. = c . 
the weir;ht fraction of spe c ie s  i ) � c�' 

� in the whole p olymer. 
N .  ::: tre number of molecules 

� of spe cie s i 

If a:1 , then b\r = �' the weight-average mole cular we ight . 

Thus the Stauding er equation becomes 

[1]= K'� (VII-4) 

Tre visco sity-average molecular weight is not norrrnlly very sens itive to 

the value of " a" ,  and � lie s clcs er t o  1.he weight--average mo lecular we i@.t 

than to the number-average . 

In p:- acti ce the values of K '  nnd 11a' are obtaine d by making separate 

measurements of intrins ic viscre ity u.nd molecular weight . The average 

molecular weight used is s e ldom the viscosity-average, more normally tre 

weight-average , weight-weight average , or number-average is employe d  as 

they are easie r  to determine . This introduc es an error into the 

relationship be�een [1·(! a.nd molecular weight. If the ratio 

1'Iv -

is about the sarre for all of the 
determined average mole cular we ight 

samples within a series , however, the error resides in the vc..lue of K ' , 

and not in the exponent " a" which is of prime interest . If the ratio 

varie s too widely, no cons is tent relationship will be obtaine d between the 

intrinsic visco s ity and the rre asured average molecular we ight (Flory, 1 953, 

P. 31 3) . 

In the present study, plots have been ma.de of the logarithm of the 

galacto�an intrinsic vi.scooities (at mean she ar rate G = 1 ) against the 

logarithm of their sedimentation-diffusion average molecular we ights , (fig. 

VII-1 a) , and against the logarithm of t he ir weight-weight average mole cular 



Figure (VII-1a) :- The Dependence of Galactoman1111n Intrinsic Viscotitiel on the Sedimentation-Oiffl'sion Average Molecular Weight 

1-2 
'ii ICl 
• " a: 

! 
c 
Ill 

::. ·I .! 
� 'Ill 
'§ 
> 
" '11 ·E c 0 ·4 f 

' 

F igure (VII-1b) :- The Dependence of Galactomannan Intrinsic Viscosities on the Weight-weight Average Molecular Weight 

1 ·2 • 

• 

'ii !Cl 
� a: 
l6 ·8 .. 
tii 

c 
ll! ::. 
.; 
� -� • lotus pedunculatus 11 

> �4 
" ·;;; ·E 
t: 
-0 
f 

0 

• 



1 35.  

weights ( �ig. VII-1b) . 

Tre values of K '  and ( a )  have been determined, and als o the correlati on 

coe��icients . The molecular weight and intr:ins ic viscosity o� the 

galactomannan �rom Lotus peduncul atu s II llave not been inc luded in the abCN e  

calculation as t te  relations hip between them do e s  not �allow that of' the 

other galactomannans. 

Although the molecular we ight dis tribution of Luc erne galactomannan 

has been sho>vn to b e  extremely broad (Section VI ,P. 1 2 1 ) ,  its molecular 

weight and v:is c osity data have been included in the calcula. tions above 

becaus e the relations hip between mole cular weight and intrinsic visco s ity 

�or this galn.ctomannan appears to be the sarre as tre o thers . Correlation 

coe��ic:ie nts ancl the values o� K 1  an d ( a) appear in table (VII-1 ) .  

From the value o� (a) it c an be deduc e d  that t re  galactomannan 

molecule in s olution has a con�ormation between that o� a fl exib ly c oiled 

molecule allowing �ree drainage o� so lvent and an impervious ly coiled 

molecule . A similar structtlt'e has been �c:und for high molecular weight 

(� .:.- 1 06 ) guaran triacetate and some cellulose derivatives in soluti on ; 

for which values of K' and ( a )  are presented in table (VII-2 ) for 

c omparison. 



Table (VII-1 ) 

Values of K1 and " a" in 117l = K' for Galactomannans in Water 

Relationship between Correlation K '  a log1 0 ['�(_] and 

log1 011s , D 
log1Jrw W , 

Coefficient 
� 

0 . 977 

0. 987 

Table (VII-2 ) 

1 . 04 x 1 0-3 0. 75 

6 .  70 X 1 0-4 0 . 8 1  

Value s of _K1 anq., 11?-11 in I� : :  K'W\� 
V
{ for_:_Guaran. Triac�, 

, 

Cellulose, and some Cellulos e Derivatives in Various Solveni§! 

Polysaccharide Solvent Source K' o.q Hydroxyethyl- water Brown, 1 962 1 . 03 X 1 0-3 
cellulose 

Ethylhydroxyethyl- water Manley 1 1 956 3 . 7  X 1 0-4 0 . 80 
cellulose 

Cellulose cadoxen Henley, 1 962 - 0. 75 

Guaran Triacetate acetonitrile Koleske & 2 . 62 X 1 0-5 0. 87 
( [17.] = K'M ;) Kurath, 1 964 

Galactomannan water this v.ork b. 70 x 1 o-4 0. 81  
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Tre difference between the viscosity/mole cular weight relationship of 

Lotus pedunculatu s II galactomannan and that of the other galactomannans may 

be due t o  the former' s different s hape in solution . The equati ons 

relating the data points of Lotus r-e dunculatus I and II 

[1l] = 7. 6 x 1 0-2 M�:�o -o 48 [7LJ = o . 93 Wlw: w and 

gaJactomannans are 

(VII-5) 

(VII-6 ) 

The value of the exponent 11 a11 is now that corresponding to a tightly-

c oiled, impermeable molecule . As Lotus pc dunculatus II galactomannan is 

fully substituted, i. e. one cx -1 , 6 D-galactopyranose unit is linked to 
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every D-mannopyrancs e unit in the backb one , it seems possible that this 

may have al tered the draining characteris t ics of the molecule . In this 

light it is signi:ficant that the data points of the highly-subst ituted 

Illcerne and Red Clover galactommmans lie belO\"T the le ast-squares line in 

both plot s , whereas tre more lightly-substituted Carob , Guar ,  and Sophora 

japonica ( in  one case ) galactomannans lie ab we it. Although the degree 

of subst itution of Luc erne an d  Red Clover galactomannan s is not m..1ch le ss 

than th at o f  Lotus pedunculatus II galactomannan , it appears tha t 

substitution of eac h m�nnos e of the backbone of a galactomannan molecule by 

one galactose res i due is neces sary to observe any dras ti c  chan ges in 

solution c onformat ion , and hence hydro dynamic behaviour. 
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B.  Galactomannan Molecular Dirnens�s from Recen t Hydrodynamic The or� 
( 1 )  General Bas is of the Theories ( after Flory , (1 953) P.40 1 ff . ) .  

The number of possible conformations of a lLDear polymer mole cule 

become very large whe n the number of s ub-units ( or e lement s )  is greater 

than about 1 00. Detaile d  analysis of the actua l mole ru lar conforrre.tions 

becomes impossible and s te.tis t ical methods mus t be used. Owing t o  the 

large number of stati st ical elements in a polymer chain statistical 

formulae may be reduced in ne arly all cases  to asymptotic expres sions 

which are of tre sa.rre general form regardles s  of structur e.  

The assumption is rmde that a line ar polyrrer molecule can be  

represented by a hypothetical c hain, consis ting of links joine d  in line ar 

sequence,  with successive links randomly or iEnted to each other. The 

dimension of such a chain polyme r mos t us ed to ch aracterize its '  spatial 

c onformation is tre distance " r11 from one e nd of the c ha in  moleule to the 

other . This quant ity is des i gnated tre displacement le ngth of the cha in 

as opposed to til e  length of t he fu lly cxterrled c hain which is the cont our 

length (r ) • The statist ical average value of r normal ly us ed is the 
max (-2).1 root-rrean-square end-to-en:l dis tance r � A further me as ur e  of the 

effective s ize of the molecule is the average dis tance of a chain element 

from the centre af gravity of the molecule . This is normally referred to 

as tre rrean radius of gyration of the molecule (82)'� -2 ).1 -2 ).1 molecule s , (s 2 can be obtaine d  fro m (r � 
For linear chain 

Mos t hydrodynamic theories have the requ:irement that the value of r, 

:f'ollcws Gaus sian statistics for the mole cule s  under cons i deration. This 

requir ement can be written as 

(VII-7) 

where 1 = length of a chain element 

n = number of elements in the eh ain . 
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In all r e al polymer c hains tre dire ction asswred by a gi. ven bond is 

s trongly influenced by its predecess ors in the cha in ,  an d therefore 

depends spec i fically on the struc tur e of the c hain unit . The resultant 

effect :is to e xpand the con figuration in co rrparison with that for a freely 

j ointed chain of the sane contour length . 

FUr ther prob lems aris e from long ran ge intramolecular interactions . 

If allowance is m ade fer th e  finite cross-secti on of the c hain , no two 

e lements remote from e ach other may occupy the s ane volune in sp ace 

(v olune exclus ion princ iple ) , and additi onally interfere ro e be tween chain 

units will als o rule out some conformati ons .  This al so  le ads to a more 

expanded conforma ti on  than wruld be expe cted f'rom s :Urrple statis tic s .  

Solvents wc:uld b e  e:xp ected to affect polyrrer can far' mati on. When the 

energy of int eraction of a polymer e lem ent arrl an adjacent solvent 

mole cule e xceeds the mean of the energie s of the interaction of the s o lvent­

solvent ani polymer-polymer pairs , the mole cule wi ll expani to r educ e  tre 

frequency of co ntact between pairs of polyrrer e lements . Conversely, 

where the energy af int erac ti on is unfavourable , more canpact confor mati ons 

in which polymer-polyrrer c rntacts oo cur more frequently will be pre ferre d .  

Overall, tre problem of determin:LTlg polymer confar'mati on can b e  seen 

to depeni on two types of effects . Short -range effects have to do with 

relat ionships (bond-length , b ond angle ) between units of the chain which 

are sequentially very close . Long-rang e effects (i . e .  thermodynamic 

interactions , inc 1llding the interfere nce effect ) are in essence dependent 

on enc ounters between pair s  of polymer e lement s rerrote fro m e ach other 

sequent ially in the chain . Short-ran ge effects depe rrl on ly on the 

molecular parameters , whereas long-ran ge effects depend on bo th the mole cule 

and it s environment. The variOUB hydrodynamic theories aris e  from att empts 

to rationalis e all the ab ove effect s .  This is nar'mally achie ved by 
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representing the polymer chain us ed previously as a string of beads ( the 

so-called pearl string mode l) , and considering its frictional properties 

in solution. 

If the solvent is only very slightly perturbed by the molecule as it 

moves through it , the molecule is described as being "free-draining" , an d  

the velocity of the solvent is approximately the sane as it would be if 

the mo+ecule were not present . Experiment ally, the above hypothesis was 

found to be unsoond (Flory, 1 953 , P. 605) ani was replaced by a consideration 

of the degree af solvent entrappment by the molecule . Solvent towards the 

centre of an actual molecule acquires a velocity nearer that of the 

molecule than that of the surrounding medium. This le ads (Flory1 ibid) to  

the concept of  an  equivalent hydrodynamic sphere, impenetrable to solvent,  

which displays tm sarr:e frictional c oefficient as the actual mole cule. 

( 2 )  Outline of Recent H�dro9,ynamic Theor :ie s  

(a) IA3bye, Beuche and Brinkrnan 

}):)bye and Beuche ( 1 548) , and Brinkman ( 1 9'+7 a & b ,  1 949) used a 

generalisation of' Einste in ' s  theory fer impermeable spheres to rationalis e 

linear polymer s olution behaviour. They replaced the randomly coiled 

molecule by an equivalent sphere of uniform resis ting point density, where 

each point is a "bead" of the pearl string rrodel . The flow of liquid 

through the interior of the sphere was considered as being hindered only 

to  a degree dependent on the average density in space of the polymer 

molecule in so lution. The flow disturbance appears as a volume factor , 

�cY or ""4 ,  which are functions of the shielding ratio 0", 
o'= R L s (VII-8) 

where L = s olvent permeability factor , and 

R = radius of the equivalent sphere . s 

The amount of shielding in this way determines tre exponents in the 
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normal exponential relati onships between intri ns ic v iscosity, dif'fusion 

c oef'fic ient , s edioentati on coeff'ic ient , o.nd the molecular we ight ; 

i . e .  exponents � , andf 2 in :  

['l] = KM <1 

s = K M( 1 -
E
2) 

0 s 

D = KJ}� 2 

s = sedimEn tation co effic ient 
0 

D = diffusion coeffic ie nt 

K8 ,� o..re cons tan ts .  

R was shown to be related t o  the root-rrean-square en d-to-end 
s 

-2 .1. 
distance of tre mole cu le (r ) 2 by 

-2 .1._ 
2R = 1 . 0�(r ) 2 

s 

thus t he dimens ions of the molecule c an b e  obtaine d  fro m Debye and 

Beuc he s '  ( 1 948) equations : 

.hlf r1U= �N4 - --
M 

f = 61T1i R '\/.(.., 
'0 s ' -

f = fricti onal coeffici ent of one 

molecule 

'1'\_0 = s olvent vi sco s ity 

hence F = NAf 

NA = Avagadro ' s  number 

F = molar frictional c oefficie nt .  

(VII-9) 

(VII-1 0)  

(VII-1 1 )  

(VII-12)  

(VII-1 3) 

(VII-14) 

(VII-1 5) 

The equations for sedimentation and dif'fusion coe ffic ients are : 

s = ( 1 -Yo)M 
0 p 

D = RT -
]' 

(VII-1 6 )  

(VII-17)  

v = partial specific volume of solute (ml/ g) 
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p = dens ity of s olute (g/ml) 

R = Go.s constant 

T = t emperatur e ( in degrees absolute ) 

Subst itut ing in (VII- 1 6 ) , (VII-1 7) ab ove from (VII-14) and (VII-1 5) gives : 

D = kT 6 ,, Re. \o u  

(VII-1 8) 

(VII-1 9 )  

(k = Boltzman ' s  c onstant ) 

It Vl8.S stressed that relationship between [1{. J and molecular weight is 

indirect , ani depends essentially on t re  type of polyrrer molecule under 

consi deration. The equations for s and D are valid only for a free ­a 

draining or ne ar  free -draining molecule , with lON shie lding ratios . 

(b ) Kuhn and Kuhn 

Kuhn and Kuhn ( 1948, 1 950 a & b ) consi dered the polymer molecu le in 

terms of th e  random coil model. They removed the restriction of the bond 

direction of a chain element being influenced by its predecessor by 

replacing the e lemen ts vdth s traight-line molecu lar segme1ts of length A m 

and t hickness � vrhich were randomly oriented . For a chain of the sane 

c ont o..u- le1gth as the actu al molecule the number of bonds will thus be 

les s.  A becomes a us eful measure of chain f lexibility, and henc e of 
m 

shc:r t-range interactions affecting segrrent le ngth. 

They us ed large-scale wire models bent in a statis t ic a l  manner , and , 

in a series of hydro dynamic experiments , s tu die d  their fric tional 

resistance in fluids to trans lational and r otational mot ion . In this 

way a series of equati ons was derived relating the sedimen tation 

c ce ffic ient , the diffusion c ce fficient , and the intrins ic vis c os ity to 

t he  degree of polymeri sati on of tre molecule (Z ) :  
1 

s
o 

=- a1 ... b 1z2 (VII-20) 



D = 

[1lJ= 

1 
( a + b z2) 2 2 

� 
""i' 

a
3 

..,. b z2 
3 
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(VII-21 ) 

(VII-22)  

The constants a1 , a2, a
3

, b1 , b2 , by are independent of Z but depend. 

on the average thickness (�.) and tre length of the statis tical chain 

element (A ) of the rrolecule. m The original values of the constants 

derived by Kuhn arrl Kuhn were revis ed by Kuhn, Kuhn, and Silberberg ( 1 954-) 

t o  g :hr e  better agreement between sedfuentation/diffusion and viscos ity data.  
-2)

..1. 
'rh;) segrrent length of t he Kuhn equivalent chain is related to (r 2 by : 

(r2 )� = A r (VII-23) m max 
where r is the average contour length of t re  molecule. 

rnax 
This latter 

value can be obtained from :  
-r = b Z 

max o 
where b is tre length of the monomer unit 

0 

(VII-24) 

Z is the average degree of polymer isation of the molecule. 

Thus the root-mean-square end-to-end distanc e  of the molecule is :  

(r2 )� =- A b z m o (VII-25) 

(c )  Kirkwood and Riseman 

Kirkwood an d Riseman ( 1 948) studied tre polymer molecule in terms of 

the ranaomly coiled "pearl string" model, ani took into account short-range 

interactions arrl the hindered now af solvent through t re  molecular coil. 

They defined b as tre bond length of a h;ypothetical, freely-jointed chain 

having the sane number af bonds as tre polymer chain, and hence a nuch 

greater contour length. The parane ter b thus provmes a rreasure of the 

stiffness of the molecule (c. f .Kuhn and Kuhn; Debye , Beuche , and 

Brinkrnan models) . 

Tre now af solvent through the molecular coils was measured in terrra 

,f !? 1 the f'rictional c oefficient of the monomer unit . 
� 



Tre quantity b can be defined by: 

cr:
2) = b2z 

and Kirkwood and Risemans ' theory le ads to : 

b3 = 3600 M0 
-- 1 
NA ( 6 113}2 

, - l 121) 1 l Z2 xF(x)_ 

M = monomer weight 
0 
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(VII-26 ) 

(VII-27) 

(VII-28) 

By us ing the fact that xF(x) tends to its maxirrum value of 1 . 48 as Z 
terrls to infinity, equation (VII-27) can b e  rewritten in tre form (using 

the revised constants of Kirkwood et . al. ( 1 955) ) :  

b3 
= 2435 \ r limit rc�,JI 

NA( 6 f�)� l __ z � oO  \ z2 t 
and t he  corresponding equations for the sedU!lentation and diffusion 

coefficients are : 

s 

(d) Peterlin 

0 = M  ( 1 -Vp) 0 1 1 + ri 1 NA � - -
D = kT ' t  + � �.z� J z� 

(VII-29) 

(VII-30) 

(VII-3 1 ) 

Peterlin ( 1 950,  1 952) c ons idered the polyrrer molecule in solution as a 

loosely co iled chain having a higher segment density ne&r its centre , an d  

thus a correspondingly higher res istance to solvent flow in this region. 

In c anmon with the expressions derived by Debye arrl Beuche ( 1948) , Brinkman 

( 1 947, 194-9), and Kirkwood a..'1d Risemnn (1948, 1955), Peterlin ' s fornulae linking 

intrinsic viscosity and s edimentation c oefficient with molecular weight 
1 

showed thlt M and s0 were proportional to M2. From tre slopes of plot s [1l. ] 
of the se quantities tre root-mean-square errl-to-end dis tam es can be 
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obtained from: (r2)";- = 1 . 52 x 1 0-8 ( 1 00 cot 0<: ) 1 /3 M� (VII-32 ) 
- -.!.. 

w:te re tan � = s lope of M / M.-2 plot . [11.] 
( e )  Flor;;y an d  Fox; Mande Jkern an d  Flory 

Flory an d  Fox ( 1 9 51 a & b )  als o used the random-c oil model of t he  

p olymer molecule but assume d that t ln  coil pe nneab ility to solvent remained 

constant , and cons idBred the effect of mole cular weight on t re  coil 

dim ens ions . From t termodynamic calculations an expans ion fac tor o( was 

defined representing the dependence of the molecular dirren sions on long-

range effects.. If the unperturbed root-mean-square end-to-en d distan ce 
(-2)..!_ of the molecule is r 2 ,  then the root-mean-square end-to-en d distance for 

0 

the pe rtur'bed molecule is :  

(VII-33 ) 

Flory and Fox proposed that the intrinsic vi sco sity of the polymer 

molecule is proporti onal to it s effective volume in s olut ion , an d inversely 

propor t ional to its molecular weight . They furt h;:: r suggeste d  that (r2}! 
is als o proport ional to the effective molecular volume in s olution , Which 

leads to : 

[1L.] = � �� .. 3/2 M� ()(  3 

L M 
4 

or [1L] = � (r2) 3/2 � 
M 

(by s ubst imtion from eqw tion (VII-33 ) )  

(VII-34) 

(VII-35) 

p s hould be a universal constant, in dependent of the characteristics 

of a given chain molecule ( apart from t he requ :irement that it s soluti on 

cc:nformati on is thl.t of a random coil) . 

Mande Jkern an d  Flory ( 1 952) shoned that at suffici ently high mole cular 

weights the molecular frict ional c oeffic ient (f  ) depends only on the 
0 

( ( -2)..!_ -2)..!_) linear dimens ion of the mole cule r 2 or ( s  2 • 



Thus 

1) '0 

146 .  

(VII-36 ) 

P is also a universal cons tant , analagous to p, and similarly should 

be independent of the polymer/s olvent system. 

Expressing the sedimentation and diffusion c oeffic ients in terms of 

the molecular :f'ri cti onal c oeffic ients gives (Tnnfor d, 1 96 1 , P. 349 & P. 365) 

s = 'M( 1 -Vp) 0 f N o A 

D = kT 
f 

(, 
Subst ituting from equati on (VII-36 ) giv es : 

s = M( 1 -vp) o 
P,p,cr:2)

� 

D = kT 

P16 . cr:2)2 

Eliminating (r2)t between equations (VII-39) and the Flory-Fox 

equati on (VII-35 )  gives : 

(VII-37) 

(VII-38) 

(VII-39) 

(VII-40) 

(VII-41 )  

For a series of polyrrers of the sarre type and in the same solvent, the 

R . H . S .  of equati on (VII-41 ) is constant , thus s0 ( ["l_] M) 1/3 would also be 

M 

expected to be constant. 
� 1/3p-1 should be a constant for all polymer s ystems . 



( 3 )  ��ulation of Galactoma.nnan Molecular Confcrrnation from Sol� 

Behaviour 

(a) General Connmn ts 

147. 

The hydrodynamic theories previous ly outlined were , like Staudingcrs ' 

equation, derived far homog;enerus polymer sys terns . However, provi ded 

that fue molecular vveight distribution of the polymer fractions is very 

similar, an d  not too broad, a good approx:Lrnnt ion of the polyrre r  solution 

behaviour may still be expected. For this reason the data af Lucerne 

galactomannan has not been m ed in canbination with that of any of the 

other galactomannans . Li�wvd.se the data of Lotus pedunculatus II haJJ been 

excluded since this latter appears to be a spec ial case. 

The theories of Kuhn and Kuhn, an d  Peterlin both make use af line ar 
- -1. � _ _ 1 

plots of z against Z2 , s agains t Z2 and m against Z2 • The Kirkwood 
f JL I 0 

and Riseman- theory uses the sarre plots for s and D, but replaces the 0 
ab01e viscosity plot with the closely related ("'l � against -4 plot . 

zz Z2 
Th:l se 

plots have been made (see figs . (VII-2a, b) ; (VII-3a, b)) using weight -

weight average data, as this is better defined mathematically than a 

sed�entation/diffusion average . � weight-weight average data used 

appears in table (VII-3) .  



Table (VII-3) 

Galactomannan Mole cular Weights ,  Degrees of Po�risati£!2, 

Sedimentation and Diffusion Coeffic ients, and Intrinsic 

Viscositie s (all at 20°C). 

-

11vv ri- x 
1 0-3 

-
1 0+1 3  1 0+7 Galactomannan zw.w s X D X 

0 m 

Lotus 
pedunculatus I 3. 7 23 1 . 35  24. 2 

Soybean 1 6 . 6  1 02 1 .  72 6 . 90 

Sophora 
japonica 1 52 938 3 . 02 1 .  32 

Carob 3 1 9 1 970 . 4. 6 5  0. 97 

Red Clover 41 6 2570 4. 81  0. 77 

Guar 6 57 4060 5.3�. 54 

[1CJ 
0. 69 

1 .  76 

10 . 3 

26 .. 4 

1 9 . 2  

38. 5 

(The partial specific volwre was taken as 0. 63 ml/g, and solvent 

(water) dens ity as 0. 998 g/ml) 

148.  

The weight-weight average de gree of polymerisation (� W) was obtained 
' 

from the weigbt .. weight average molecular weight (1\r,w) by dividing it by 

the molecular weight of an anhydrohexose residue. 

Plots of log s against log M. 1 6Dd log D against log M required o w , w  m w,w 

by the Debye, Beuche and Brinkmrul tneory have been previously plotted (fig. 

(v-6) . Equations of all plots appear in table (VII-4) . 

The slopes an d  intercepts of the experimental plots were equated to 

those in the theoretical equations in or der to obtain the various molecular 

parameters . 



149. 
Table (VII-4) 

Equat ions Relating Intrins ic Vis cosity, Sedimentation Coe ffi� 

and Dif'fusion Coefficient to Molecular Weig,ht =and Degree 

s = 0 
D = m 

of Polymerisation 

z w w  
1 .  27 Z2 + 39 . 3 w,w 

* 

S = (0. 069 Z + 1 . 1 5 ) X 1 0-1 3  
* 0 w,w 

D = ( 0. 30 z + 4. 1 8 )  X 1 0-5 * 

m w w 
2 w,w 

* = from f.i s .  (VII-2 and 3a) 

The exponents of equations (VII-42) to (VII-41+) shON tre 

(VII-42)  

(VII-43) 

(VII-44-) 

(VII-45) 

(VII-46 ) 

(VII-47) 

galactomannan molecule in soluti on to have a confonnation between tmt af 

a free-draining molecule and an �nneable c oil. The limits of th ese 

exponents are (Henley, 1 962) : 

intrinsic viscosity ; impermeable , 0. 5 -------------free-draining, 1 . 0 

sedimentation c oeff. ; impermeable, 0. 5 -----------free-draining, 0 . 0  

diffus ion coeff. impermeable , 0. 5 -------------free-draining, 1 . 0. 

(b) Theory of Debye, Beuche, and Brinkman 
-2)

..1. 
The equations us ed to calculate (r 2 were essent ially those w, w 

obtained f'rom Debye and Beuches ' theory, i. e .  equations (VIJ 13 ), (VII- 18 ) , 

and (VII-1 9) .  The value of R , t re  radius of the equivalent sphere , was s 
replaced by (r2)� using equation (VII-12 ) ; w,w 

-2 ..1.  2 R = 1 . 0� (r ) 2 s w,w 

i. e .  

This gave tre following equations : 

(r2)� 
= 1 [ 6 ] 1/3 r1oo['lJM -� 1/3 

w,w 1 . 0 54 -NA(lT 

� -
w,w I 

-2 ..1.  - -
(r ) 2 = ( 1 -vp )M w,w w w 6 Ni[i 0. 5271f.o'fr s0 

(VII-1 2 )  

(VII-48) 

(VII-49) 



Figure (VI I-2a) :- The Dependence of Galactomannan Weight-Average Diffusion Coefficients on the Weight-weight 

Average Degree of Polymerisation ( Kuhn and Kuhn; Peterlin; Kirkwood and R iseman ) 
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Figure (V I I- 2b) :- The Dependence of Galactomannan Limiting Sedime11tation Coefficients on the Weight-weight 

Average Degree of Polymerisation ( Kuhn and Kuhn; Peterlin; Kirkwood and Risema'l) .  
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Figure (VI I-3a) :-The Dependence of Galactomannan I ntrinsic Viscosities ori the Weight-weight Average Degree of 

(lww) X 
[ TJ 1 

Figure 

2-() Polymerisation ( Kuhn and Kuhn; Peterlin) 
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(VI I-3b );-The Dependence of Galactomannan I ntrinsic Viscosities on the Weight-weight Average Degree of 

8 Polymerisation ( Kirkwood and Riseman) 
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( -2)..1. r 2 = kT w,w �6��--�0
�

5�2�7�-,,�t D� I l l  • "k;rct m 
(VII-50) 

The values of the sheilcling constants ( �r' and '\fo.) were obtained fran 

the exponents of equati ons (VII-42) to  (VII-44) .  The requirement t':1at tre 

exponent of equation (VII-43) + the exponen t of equation (VII-44) = 1 is 

seen to hold ( i . e .  ( 1 -(2) + t 2  = 1 ; ar 0 . 2 9  + 0. 72 � 1 . )  
-2 .:'!_ Values of (r ) 2 calculated for each galactomannan appear in tables w, w 

(VII-8) and (VII-9) . 

(c )  Theory of Kuhn an d  Kuhn 

The equations us ed in t re calculation of A , the equivalent chain m 
segment length, and the hydrocynamic radius � were (Brown, 1 9 62 ) : 

0.43 z w w  (VII-51 )  

(VII-53) 

where tJ:e modifie d constant s are those  of Kuhn et . al .  ( 1 9 54-) . Substitution 

of the reJevant sl opes and intercepts from table (VII-4) into tl:e above 

equations allcmed Am and � to be calculated. The value of b0 , the length 

of the mannopyranos e ancl galactopyrancs e residues is 5 . 1 5Jt as used by 

Kole ske and Kurath ( 1 964) . Results are presented  in table (VII-5) , with 

those of some water-solubJe cellulose derivatives f ar  compariscn.  

The dis crepancy between the values of A obtaired by sed:imen tat:ion m 
and diffusion measurements and those obtained by vis corretry ms been 

previous� noted (Manley, 1 956 ; Brown , 1 962 ; Henley, 1 962 ) .  Henley 



. 
.,-
1.{) 
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Table (VII-5) 

M2J.ecular Paraneters from t he Kulm-!.Cuhn Theor_y 

Sa� le Sedimen tation Diffusion 
Sed:ilrentati on-

Diffus ion Average 

Galactomannan Am 76 1( 70 ]( I 73 ]( 
dh 9. 3  X 1 0-3 R 2 . 1 X 1 0-3 ]( 5 . 7 x 1 o-3 R 

I Hydroxyet hyl Uellulose Am 51 R (Brown, 1 962 � 9. 9 )( dh 

Ethylhydroxyethyl Cellulose .Am 1 20 )( (Manley, 1956)  0 . 1 ]( dh 
- �-�----· 

* Calculated by Br own ,  1 962 . 

Vis cos ity 

1 22 ]( 
3. 22 ]( 

1 82 )( 
1 . 1  R 

· 21 6  A* 



1 52 .  

int erpr eted i t  a s  a depart ur e  from Gau s s ian statis tics ( i . e .  fro m r2..v Z) , 
and th erefore t o  parti al f ai lure of the hydrodynamic model . Both Hen ley 

and Brown found that the v alue of A calculated from light -scattering 
m 

measurem8 nts was n earer tha t  obtaine d from the intrins ic vis cos ity than 

from s e d:irnentation an d diffusion measur ements . On this bas i s  it would 

appear that galactorra.nnans in s olution are more flexib le th an the cellulos e  

der ivat ive s fran t h e  value s present ed in t able (VII-5) .  
The di ameter of a substituted c e l lulcs e chain in water is known to be 

of the order of 10 R (Brown, 1 962) ; therefore � for galacto mannans could 

be e.x:t:B cted to be of a simil ar magniiu de . The � value fo r galactomannan s 

obtained from s edimentation and diffusion measurem8n ts is thus t otally 

unreali st ic (as oppos ed to the re sults of Brown ( 1 962)  an d Henley ( 1 962 ) ) ,  
while that from vis cometrs rre asurerre n ts is cons :kl erab ly better , but still 

t oo  snnll. 

The ro ot -mean-square end-to-end distance of each galactomannan was 

calculated fran e�ation (VII-23) in the form: 

er:� �� = (A :r )� w , � m max 

- j_ 
= (A b Z ) 2 

m o w,w 

an d the re sults are given in table s (VII-8) and (VII-9) .  
( d) The ory of Kirk...-wod and Riseman 

(VII-54-) 

The equations us e d in tre calculati on of b ,  the bond length, and � , 

t he  monomer frictional c oeffic ient were ; 

b3= 2435 M [limit 

N ( 6Tf3;� Z � oQ A w , w  l� w,w 

= M ( 1 -vp) [ s 0 0 1 - j_ + 8 ?\  z 2 3 0 w , w  

NA � 
D = kT 

m 
z 

w, w 

r 

l 1 
f:' , 

- j_ 
..j. 8 � z 2 

3 w,w 

J (VII-55 ) 

] (VII-56 ) 

-

I (VII-57) 
I -
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Substitut ion of' th e  relevant slope s and intercepts f'ro m tabl e (VII-4) 
allowed b and � t o  b e  calculated. The v alue of' limit 

z --1 QC 
w,w 

obtained graphically f'ran the intercept o f  a plot of' rt : 
-

- -

__ 

z 2 
w , w  

[1L] 
1 

z 2 
w,w 

was 

., 
against Z 2 . 

w, w 

The graph, fi g. (VII-3b) j.s f'ar from line ar ,  and two pos sib le int ercepts 

were us ed in s ep:trate calculatio ns of' b .  Result s are pre s ent e d  in table 

(VII-6 ) ,  again wit h thos e  f'ro m water-s oluble cellulose derivat ive s  f'or 

c anparison. 

(b is calculat e d  f'ran s e dimentati on and diffusion coef'ficients 

according to (Kirkwood and Riseman, 1 948) ) :  
10 

b = � 1 
-

� ( 6lY)21l ''o lo 

(VII-28) 

Using both light -scatt erin g and vis c osity .rre asurerren ts Koleske and 

Kurath ( 1 964) ob taine d Kir kwood-RLs eman ef'fecti ve bond lengths of' 2 5.4 R 
(highest molecular weight ) and 23. 3 Jt resp ec t ive ly f.' or the galact omannan 

triacetate of guar in acetonitrile . The s edimentation-diffus ion value s 

obtained for galactomannans in t able (VII-6 ) are :in good agreement with 

t re se values . The difference in the intrins ic vis co sity value s may be 

a ttr ibu tabl e in part t o  H e  dif'f'ererrt sol vents . 

In c omparison w ith t re  water-s olub le cel lulos e derivatives of table 

(VII-6 )  the galactomannans have a similar rigidity in soluti on on the basis 

of' the Kirkwood-Riseman theory. 

-2 _:;_ 
Values af (r ) 2- were calculated f'rom equati on (VII-26 ) in the fo nn :  

w,vv 

( -2)l 2-
r 2 = b Z 

w,w w, w 

and appear in tab les (VII-8) and (VII-9) .  
(e) Theory of Peterlin 

(VII-26 ) 

Values of the root -mean-square end-to-end distanc e  of the galactornannan 



. � 
� Table (VII-6 ) 

lv:olemlar Param�s from the Kirkw�-Rise� Theory 

- -

Sample Sedimentation 

Galactomannan b 27. 1 R 
! � 8. 66 X 1 0-1 0  I ! 

-2 ),0 2 . 23 X 1 0  

I 
I Ethylhydroxyetbyl cellulose b 37 R 

(Manley, 1 956) 
1 1 . 2  X 1 0-1 0  � 

'\ 

l -2 �\ 2 . 29 X 1 0  
0 

Hydroxyethyl cellulose I b 
(Brovm., 1 962)  � I A a 

* Calculnted from Manley' s data 

I Diffusion 
I Sedimentation-

Diffus ion 
Average 

- -

26. 6  R 26 . 9  R 
9 . 6 9  X 1 0-1 0 9 . 1 8 X 1 0-1 0  

2. 67 X 1 0  -
2 2 . 45 X 1 0  -2 

38 )t,;. I 37. 5 ��' 

1 0. 3 X 1 0-1 0* 1 0. 8  X 1 0-1 0* 
1 . 97 X 1 0-2�' 2 . 1 3  X 1 0-2'� 

23. 3 R l 55 X 1 0- 1 0  
1 9 . 5  X 1 02 

Viscosity 

36 .4  R ar 41 • 8 R 
I I 

27 1{,;: 

I I 
27. 2 R 

I -



F igure (VI I -4) :- Plot of Mww against (MwwiY:z for Galactomannans (after Peterl in, 1950, 1 952) 
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molecu le s  were obtained from t re  sl ope (tan .X) o f  a plot of M against 
w,w 

form :  

[11. ] 
(fig. VII-4) . 'l'an CX was s ubstituted into equati on (VII-32 ) in t he 

(r2 )� =- 1 . 52 X 1 0-S ( 1 00 ) 1/3 M� 
w, w � w,w 

-2)� ( ) Va lues of (r 2 are given in tabl e VII-9 • 
w , w  

(f ) Theory of Flory, Fox, and Mand.elkern . 

-2)� 
The values of ( r 2 were calculate d f'rom tre equati ons : w,w 1 

r .1! l = ,t cr:2 )� M -1 L _ ! w,w w,w 

M ( 1 -Vp) 
s0 

= �w •• w�
��--

B'1_oNA(r
2)t, w 

(VII-58) 

(VII-59)  

(VII-60)  

(VII-6 1 ) 

(wh ere � and P m-e universal c onstant s with value 2.  ·1 x 1 02 1 

ani 5 . 1  respecti ve ly. ) 
Resu lts appear in tab les (VII-8) and (VII-9) . 
The value of the quantity s ( r ·n -� M ) 1/3 was calculated for each 

0 ' l _l w w 

M 
w , w  

galactomannan (an d  appears in t ab le (VII-7) ) as according to Mm1 delkern 

and Flory ( 1 952 ) it should be co nstant for a serie s of polymer homologs . 

The value of calculated from: 

s (rr.J M ) 1/3 
o L �o.. w,w 

�1/31?-1 aJ..s o was 

p1/3l?-1 = 1t_0NA 
(1 - Vp) M w,w 

(VII-62)  

a s  Mandelkern an d  Flory hs.ve predic ted that t his quanti ty s hould have a 

6 
c onstant value of 2 .  5 x 1 0  o The se re sults also appear in tab le  (VII-7) . 
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Tabl e (VII-7) 
Mo:;_ecular Parameters from tl"B Flory-Fox-Mande l.kern Theory 

Cr2Y� ]( 1 s( [n ]M )3 
Galactornannan 

w,w \ w,w 

Sedimen-
Diffus ion 

s -D Viscos ity �.w tat ion Averafl..e I . .  

lotus pe drmculatu� I 32 . 7 32 .7  32 . 7 1 08 4. 6 X 1 0-1 6  I Soybean 1 1 5 1 1.5 1 1 5 222 3 . 2 X 10-1 6  I 
Sophora jap onica 560 600 580 905 2 . 3  X 1 0-1 6  

Carob 8 1 0  8 1 6  81 7 1 590 2 . 0  X 1 0-1 6  

Red Clover 1 030 1 560 2 . )  X 1 0-·1 6  

I 1029  1 030 

Guar 1470 1467 1469 2290 2 . 4  X 1 0-1 6  I ·-� --
- 1 6  

Lucerne 370 370 370 1 14-0 4-. 9 X 1 0  

Lotus pe dunculatus II 729 727 728 905 1 . 9  X 10-1 6  

-�· 

�t p-1 

7. 6 X 1 0  
6 

5. 3 X 10 
6 

3. 8 X 1 0  
6 

4. 9 X 1 0  
6 

3. 8 X 1 0  6 

6 
3. 9 X 1 0  

7 . 8 X 1 0  
6 

6 3 .2 X 1 0  



(-2 .1. 
The re is a large di sparity betwe en the r ) 2  values from 

w , w  

1 57. 

s edimentation and di ffus ion and thos e from v iscometry. Comment on this is 

delayed until the general d :i.s  cus sion on the hydrodynamic properties of 

galactomannans . 

The value s of s ( Frcl M ) 1/3 for Sophora japonica , Red C lover, an d  0 L • Vf Vf 

M 
w,w 

Guar galactomannans are very constant . For Lotus pedunc ulatus I an d 

Soybean galactomannans till mole cule s are pos sibly too smal l  to fulfill the 

random-coil conformati onal r eq_uiremen ts ; while the high intrinsic 

vis co sity of Carob galactomannan is respons ible f CT  it s higher value . On 

t he  basis of the values found Sophora j aponica , Red Clover , Cillar ,  and 

pos sibly Carob gaJactomannans can b e  approximated t o  a homologous ser ie s  of 

p olymers. No conc lus ions can be drawn about the inclus ion of Lotus 

pedunculatus I arrl Soybean galactomannans in this s erie s owing to the small 

s ize of the molecules . 

Similar c omments t0 the above can be applied to the value s of �1/3p-1 
obt ained. The most common value of this quanti ty in tab le (VII-7) is 

3 . 8  x 1 06 , qui te s ignificantly di fferent from the value of 2 . 5  x 1 06 

predicted by Mande lkern and Flory ( 1 9 52 ) . The di fferem e may be rue to 

the highly extended conformati on exp ected f er  galactomannans in s oluti on 

and their consequent deviation from t re  Flory-Fox-Mande lkern model . 
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Table (VII-8) 
2 1 

0 (r )2 from Sedimen tation and Diffusi on Data (A) 
- w,w - . 

--

Galactomannan 
Debye-Beuche-

Kuhn-Kuhn 
Brinkman 

-

Lotus pedunculatus I 34.4 93. 2 
Soybean 1 2 1 1 96 
Sophora j aponica 632 595 
Re·<i Clover 1 005 985 
Carob 

I 
860 862 

Guc.r 1 540 1 240 I 

Kirkwood-
Riseman 

1 32 
2T1 
838 

1 390 
1 220 
1 750 

- ------

Mandelkern-l 
Flory 

! 32 . 7  
1 1 5 
580 

1 030 
8 17  

1470 
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Galactanannan 

Lotus pedunculatus I 

Soy bean 

S<;>phora j.:.ponic a 

Red Clover 

Carob 

Guar 

Table (VII-9) 

C2)

� 
o 2 from Viscosit�Data (A) 

rr,w 

Debye-Beuche- Kuhn-Kuhn Kirkwood-
Brinkman Riseman 

99. 7 1 20 1 75 

2o6 253 368 

838 768 1 1 1 0 

1450 I 1 270 1 850 

1470 1 1 1 0 1 620 i 
21 20 I 1 600 I 2320 

Flor-y-Fox Peterlin 

108 I 1 59 

I 222 337 

905 1 020 
1 560 1 680 

1 590 1480 I I 2290 I 2 1 20 I -



(4) Col1l!TBnts on the MoJe culnr Dimensions �l.ated from Hydro�amic 

Theories 

Values of the weight-weight average root-mean-square end-to-end 

distame of the galactomannan molecules calcula te d from sedimentat ion/ 

1 60. 

diffusion data and viscometry data were given in tables (VII-8) and (VII-9 ) .  

The average of the s edimen tation and diffus ion value s is given , s ince  

( -2)� � ( r 2 from these two sources did not vary by more than qo as would be w,w 

expe cted, s ince both values essentially depend on the frictional 

c oefficient ) .  

rn an cases cr2Y;. is considerably larger when calculated from w,w 

intrins ic viscosity mea.surerrents than it is when calculated from 

-2 � 
sedimentation/diffus ion values . Brown ( 1 962 ) found that (r ) 2 from w,w 

-2 l 
light-scattering rreasurerents was much closer to (r ) 2 obtaine d from w,w 

viscos ity data than sedimentation/diffusion data for hydroxyethylcellulose 

in water. He attrihlted tl-lis to the dep arture of the hydroxyethylcellulose 

molecule in solution from random statisti cs due to its highly extended 

conformation. BrO'vm also exterrled the calculations of Manley ( 1 956) and 

found a similar effect for ethylhydroxyethylcellulose in aqueous solution . 

A similar departure of galactomannan conformation in solution from 

random statistics might be expected from the above evidence .  Sorre proof 

of this is provided by t he  calculated value s of �1/3P-1 in table (VII-7) . 

Although �1/3p-1 is c onstant (for Sophora japonica , Red Clover, Carob an:l 

Guar galactomannans ) , it is not equal to the value obtaine d  from systems of 

linear mncr 'molecules known to approximate random statis tics in solution. 

FUrtrer proof oomes from the high values of effective bond length, b ,  

(Kirkwood ani Riseman; 1 94.8) and equivalent segment le ngth, A (Kuhn a:rrl m 

Kuhn; 1 94.8., 1 950 a & b)  for the galactoma.nnans v.h ich are of the sane 

magnitude as those obtained  for ethylhydroxyethylcellulooe (Manley, 1 956) 



and hydroxyethylcellulose (Brown, 1962 ) . 
-2).1. 

The value s of (r 2 obtained from sedimentation/diffusion data w,w 

1 6 1 . 

depend greatly on the frictional coefficient of the molecule , ·which in 

turn is determined by the draining effects of the molecular co il. Tre low 

permeability of tre mole cule is shown by the exponent of the Staudinger 
·' 

equation (VII-42) and by tl-e exponents of eq_uations (VII-43 ) and (VII-44) 

relating sedimentation coefficient arrl diffusion coefficient to molecular 

weight . This low value could be a.ue in part to the gaJJ::. ctos e side chains 

of  the molecule , ard not tight coiling as v.ould be inferred from the 

equation exponents . 

leads to errors when 

The us e  of relationships between s , D and Z o m w,w 

calculating (r2)� because the low permeability of w,w 

t he  molecule is due to  a factor other than t ight coiling. Intrinsic 

v:is cosity is not affected so much becaus e it depends mainly on tre 

(-2).1. J effective volume of the molecule (arrl therefore on r 2 , and only to a w, 

lesser degree on t re co il pe rmeability. Brovm ( 1 962) carre to the same 

c onclusion f er  hydroxyethylcel lulose ,  and used it as an explanation fer 

the agreemen t of his (r2 )"& values from light-scattering and vis cosity w,w 

measurements . On this basis , the value s of (x:2)� wcalcula ted for 
' 

galactomannans from vis cosity measurements can be concluded to provide a 

realistic measure of the molecular dimens ions in solution, despite the 

departure of the galactomannan molecule from random s tatis tics. 



C. Sumrrary of ihe Solution Properti.e s of Galactom� 

1 62 .  

On the basis. of the experimental evidence presented, the follow:ing 

conclusions can be made about the solution propertie s of gala ctomannans : -

( 1 )  The ir rheological propertie s can be followed using the eliJlirical 

equations of Sclutz ( 1 970) , on the basis of tre excellent fi t of tre 

,experimental data to the se equations . 

( 2 )  The effect of ionic and non-ionic additives on galactomannan solution 

viscos ity can be explained in terms of a dehydration mechanism. 

( 3)  Galactomannans :in solution can be treated as a linear poly-m;r series , 

with the number of galactose s ide-chains per molecule having 

virtually no effect on the hydrodynamic propertie s  (exceptions, see 

below) . The eviden:: e f er  this is provided by the linear plots of 

log [n1} log s0, anc1 log Dm against 

c onstant values of s0 ( [1'\] Mw,w) 
1/3 

M w,w 

log M , nnd also by the 
w, w 

as required by the Flory-Fox-

Mandelkern theory -far a series of linear polyrrers . 

(4) Galactomannans in solution behave in a very similar manner to water-

solubJe cellulose ' etre rs , such as hydroxyethyl- and ethylhydro:xy-

ethylcellulose . This oonclusion follows from the similarity of the 

hydrodynamic parameters calculated from the preceding theorie s ,  and 

was predicted by tm exp;rimental results of Koleske and Kurath ( 1 964) , 

and the calculations of Swenson et . al. ( 1 965 ) . 

The above summary is subject to the oondi tions that the molecular 

weight distributi on of the galactomannans concerned is similar, and tha t 

the gaJactose to marmose ratio of the molecule is no less tban 1 :  1 .  1 or 

greater than 1 : 5 .  The farmer condit ion eliminated Lucerne ga1actomannan 

frcm the hydrodynamic calculations . The galactomannan from Lotus 

pedunculat'LS II is excluded by the latter condition as it s degree of 



substitution ( one galactos e si dechain for every marmos e in tre molecule) 

appears to have altered it s solution confarmaticn from tro t of the othe r 

galactamannans . Galactamannans with a galactose mannose ratio of greater 

t han 1 : 5 have not been experimentally examined. 

Fran an indus trial point of vie w, it vvould appear tha t the 

gal actomannans could b e  us ed int erchangeably ( as suming very s imilar 

mole cular weights an:l molecular weight distributi ons ) .  There are 

problems with s olub ility, however , whic h depends on the marmose : galactose 

ratio in tre molecule ( s ee the exarrple given fer Guar and Car ob 

galactomannans given on P.4 of this th esis ) . Low yields of galactomannan 

f'rom the seeds of the le gumes us ed in this investigati on would als o tend 

to pr eclude t heir industrial us eage . Consi dering the number of le gume 

spe c ies whcs e see ds have been found to cnntain galactomannans , and the 

s t ill larger number of le gume see ds to be invest igated (see Bailey, 1 97 1 ) ,  

it would seem extremely likely that high mole culor we ight , high yielding 

( 20 - 3<:%) galactomannans will be found that can be us ed inilils tr ially 

besides thos e of Gunr and Carob .  



.APPENDIX I 

GALACT(}IviANNANS FROM PLANT SEEDS 

SOURCE GALACTOSE � �t.c.iC.-c. 
REFERENCE MANNOSE Of>tt'CA..\ 

R o�a.t ;" 1\ 

Allysicarpus vaginalus 1 : 1  . 44 
0 

Tookey et al ( 1 962 )  +57 
D. C .  (O. ?, N. NaOH) 

* 0 Annona muricata 1 :4.46 +3.4 Kooiman ( 1 971 ) ( 1 ,  H20) 

Anthyllis vulneria 1 : 1  • 32 +80° Soemme ( 1 967 ) 
'" "",.: 

+50° ( 1 971 ) Arenga sacchifera 1 : 2. 26 Kooiman 
( 1 ,  H20 ) 

+35 
+35° Kooiman ( 1 971 ) 

( 1 , M. NaOH) 

Astralagus cicer L 1 : 1  • 32 +640 Tookey et al ( 1 962 ) 
( 0 . 6 6 , N. NaOH) 

A. glycyphyllos L 1 : 1  0 22 +72° 
(0. 79 , N. NaOH) 

Tookey et al ( 1 962 ) 

� 

A. nutallianus D. C .  1 : 1 0 38 +60° Tookey et al ( 1 96 2 )  
(0. 79, N. NaOH ) 

I A. sinicus L 1 : 1  . 63 
0 

'l'ookey et al ( 1 96 2 )  +74 
(0.  71 , N. NaOH ) 

A. tenellus BUNGE 1 ! 1 . 1 9 +80° Tookey e t  al ( 1 962 )  
(1 . 20, N. Na0H )  

*: ·� 
Borassus flabellifer L 1 : 2 . 85 

+ 90 
Subrahrnanyan ( 1 956 ) 
Yiukher jee ( 1 961 ) 

( 0 .  5 ,4faNaOH) 

Caesalpinia cacalac� 1 : 2.46a �derson ( 1 949 ) 
(Huizache ) HUMB & BONPL 

C .  pulcherrima (L) Sw Bains ( 1 954 ) 
1 : 1 . 94 

+ 60 Monimoto et al ( 1 962a) 
1 : 3  Unrau & Choy ( 1 970 )  

(0. 5,M.Na0H) 

c .  spinosa Castiglioni ( 1 933 ) 
( Tara ) 

·1 : 2 .  73a Rogers & Brebe � 1 941 � 
Wise & Appling 1 944 

Cassia absus 1 : 3 ( 1 )  Kapoor & Mukherjee � 1 969 l ( II) �poor & Mukherjee 1 971 
( III ) �poor & Mukher jee (1 972 



SOURCE ,GAI.J"CTOSE REFERENCE I MJ\NNOSE 

c .  emarginata 1 : 2. 7  +21 ° Tookey et al ( 1 962 ) 
( 1 . 2, N. Na0H) 

c .  fistula 1 : 3. 26 Morimoto et al ( 1 962 )  
1 : 4- Kelkar & Mukherjee ( 1 971 

c .  leptocarpa BENTH 
. .  a 1 : 3- - 09 And.erson ( 1 9l�o9 ) 

c .  marylandica 1 : 3. 76 +27° Tookey et al ( 1 962 )  
(0 . 52 , N. NaOH) 

1 : 3 . 76 Tookey & Clark (1 965 ) 
c .  nodosa ! 1 : 3 . 5  Ri zvi  e t  al ( 1 971 ) 
c .  occidentalis I 1 : 3  Tbokey & Clark (1 965 ) 

a Ceretonia siliqua L I 1 : 2 . 05 a) A. Spada ( 1 939 ) 
(Carob ) 1 : 2 a.65 

1 :4- Smith ( 1 948 ) 
a Hirst & Jones ( 1 94-8 ) 1 : 5 . 25 

1 :4-a Anderson (1 94-9 ) 
Cercidium torreyanum SARG 1 : 3 . 31 

(Palo verde ) 
a Anderson ( 1 94-9 )  

� *  -85° Rao et al ( 1 961 ) Cocos nucifera 1 : 2  
( 1 , 4-%NaOH) 

1 : 2 . 57 +27° Kooiman ( 1 971 ) 
( 1 . 5 , 0.-1 MNaOH ) 

1convulvulus tricolor L 1 : 1 . 75 +440 Kooiman ( 1 971 ) 
( 1 .4-9, H20)  

Crotalaria incana L 1 : 2 . 70 +23° 
( 0. 84-, N.NaOH ) 

Tookey et al ( 1 962 ) 

c .  intennedia KOTSCHY 1 : 2 . 28 a Anderson ( 1 94-9 ) 
c.  lanceolata E.  MEY 1 : 2 . 57 +22° �ookey et al ( 1 9 6 2 )  

( 0 . 85 , N. NaOH ) ookey et al ( 1 96 3 )  
c. mucronata 1 : 2 . 86 Morimoto et al ( 1 962 ) a , b  

1 : 3 Unrau & Choy ( 1 970 ) 
c.  retusa L 1 : 2 . 84- +29° Tookey et al ( 1 962 )  

� 0 . 62 , N. NaOH) 

c .  spectablis ROTH 1 : 2 . 84- +20° 
( 0. 68, N.NaOH) 

Tookey et al ( 1 962 ) 

Cyamopsis tetragonoloba a +53. 0 Heyne & Whistler (1 94-8 ) 1 : 1 • 75 
(L) TAUB ( guar )  ( 1 , N . NaOH) 

( 1 962 ) 1 ; 1 • 70 +53 . 0  Tookey et al 
(0. 84-,NaOH ) 

Haug (1 953 ) 1 : 1 . 64-



1 66 .  

�--------�---�------·�--------�--�------�--------------------� I GALACTOSE SOURCE 

Delonix regia 
(Flame tree ) 

Desmanthus illinoensis 
MAC MILL 

Desmodium pulchellum 

MANNOSE 

1 :� 2 
1 : 2  

a 1 : 2 . 69 

1 : 2  

Gleditsia ancrphoides TAUB 1 : 2 . 26 
TAUB 1 : 2 . 5  

G. Ferox DESF 1 : 3 . 8  

G. triacanthos 
(Honey locust ) 

( 

REFERENCE 

Anderson ( 1 949 )  
Kapoor ( 1 972 ) 

Anderson ( 1 949 ) 

+60° Sinha & Tivve ri(1 970 ) 
, . 5M.NaOH) 

Rique & Pardo ( 1 954 ) 
Cerezo (1 965 ) 

Leschnizer & Cerezo 
( 1 970 ) 

P.nierson ( 1 949 ) 

Leschnizer & Cerez0 
( 1 970 ) 

l 

Glycine max (L) MERR 
(Soybean ) 

1 : 1  . 5  +65° 
( 1 ,H20)  

Whistler & Saarnio ( 1 957 ) 

G. max ve.r o Lindarin I 

G. max v ir .  Lindarin II 

Gymnocladus dioioa 
(Kentucky coffee bean)  

f.t.;c Hyphaene thebaica 
(Daun palm) 

Indigofera hirsuta HARV 

I. spicata 
IIpomoea muricata 

Laucaena glauca 
(Willd ) BENTH 

Lotus cornicula tus L 

L. pedunculatus CAV 

L. scopar-ius 

:Medicago Hispida GAERTNER 

1 : 1  .4 3 

a 1 : 2 . 71 
1 : 2 . 6 9  

1 : 1 9 

a 1 : 3 . 1 3 

1 : 1  0 82 

1 : 1 . 8  

+68° 
(1 , H20) 

0 +26 . 5  

0 -28. 8 
( 9ofaHCOOH) 

+540 
( , NaOH) 

Aspinall & Whyte ( 1 964 ) 

Aspinall & Whyte ( 1 964 ) 

Anderson ( 1 949 )  

Larson & Smith (1 955 ) 

Khadem & Sallam ( 1 967 ) 

llnderson ( 1 949 ) 

Ford ( 1 969 )  

Khama &:-Gilpt� . ( 1 967 ) 

Unrau ( 1 961 ) 
Morimoto et al ( 1 962 �&b ) 

1 : 1 . 25 +87° Soemme (1 966 ) 

1 : 1 . 04 +82. 5° Richards et al ( 1 968 ) 

1 : 1 . 1 3  +79° Tookey et al (1 962 ) 
(0. 58,N.UaOH) 

1 : 1 . 22  +76° Tookey et al (1 962 ) 
(0 . 63,N.NaOH) 



SOURCE G.AU.CTOSE REFERENCE MANNOSE 

M. lupulina L 1 : 1  0 1  -+"85 0 SoEmD.e ( 1 968 ) 

1 : 1 . 1 7  
1 (0. 38,N.Na0H) 

Reid & Meir ( 1 969 ) 

M. t.lrbicularis (L) BARTAL 1 : 1 . 56 I +550 Tookey et al (1 962 ) 
I (0 . 87,N.NaOH) 

M. sativa L I 0 May & Schultz ( 1 936 ) +93 . 7  
(lucerne ) 2 : 1  a J.lirst et al (1 947 ) 

i 1 : 1  • 25 Andrews et al (1 952a ) 
1 : 1  • 2C Reid & Meier ( 1 969 )  

Melilotus albus 1 : 1 . 1 3  Reid & lv'Ieier ( 1 969 ) 

M. indica 1 : 1 . C4 +89° 
(0. 73 ,N.Na0H) 

Tookey et al ( 1 962 ) 

M. officinalis 1 :1 • 20 Reid & Meier ( 1 969 ) I 
M. radiata (f�rmerl) 1 : 1 . 1 7  Reid & Meier ( 1 969 ) 

�igonella radiata 

Parkinsonia aculeata L 1 : 2 . 70 -1 0 Tookey et al ( 1 962 ) 
(0. 70, N.NaOH)  

Retana raetaDl 1 :4  +59° Ahmed & R:i zk ( 1 963 ) 
(o. 2 ,H2o )  

Sesbania grandiflora 1 : 1 . 5  
+50° 

Rao & Rao ( 1 965 ) 
rom 1 : 2  Srivo.stava et al ( 1 968 ) 

(0. 5,H20) 

S�phora japonica L a Anderson (1 949 ) 1 : 5. 06 
- 96. 1 : 5. 26 

( 1 . 33, H20 )  Koo:iman ( 1 971 ) 

+72° 
I 

Krishnaswamy ( 1 966 ) Trifolium alexandrium 
( , N.No.OH) 

T. dubium 1 : 1 . 1 7  Reid & Meier ( 1 969 ) 

T. hirtum L 1 : 1 . C4 +88° Tookey et al ( 1 962 ) 
(0. 5,N.NaOH) 

T. incarnatum 1 : 1 . 1 7  Reid & Meier ( 1 969 )  
0 Andrews et al ( 1 952 ) T. pratense L 1 : 1 . 3  +78 

(red clover ) (0.4,H20 ) 

T. resupinatum I 1 : 1 . 04- +84-
0 Tookey et al ( 1 962 ) 

(0. 37 ,N.Na0H) 
0 Horvei & Wickstroe� T. re:pen.S · .  1 : 1 . 3 .  +77. 8 

(white clover ) (1 ,H20 )  ( 1 964 ) 



1 68 .  

�W -

SOURCE 
GI\L/',CTOSE REFERENCE Ni.f:NNOSE 

- �-

Trigone lla c aerulea LoSER 1 : 1 . 1  3 Reid & Meier ( 1 969 )  

T .  calliceras FISCH 1 : 1 . 1 3  Reid & :Meier ( 1 969 ) 

T. cornieulata L 1 : 1 . 1 7  Reid & Meier ( 1 969 ) 

T. cretica L BOISS 1 : 1 . 63 Reid & Meier ( 1 969 )  

T .  foenum-graecum L 1 : 1  • 22 +70° 1mdrews et al ( 1 952b )  (fenugreek ) ( 0 . 22, H20 )  

1 : 1 . 1 3  Reid & Meier ( 1 969 ) 

T. hamnsa L 1 : 1 . 1 7 Reid & Meier ( 1 969 ) 

T. rnonspe liaca L 1 : 1 . 08 Reid & Meier ( 1 969 ) 

T. Polycera ta Bib"'B 1 : 1 . 1 3  Re id & Me ier ( 1 969 ) 

a sugar ra� de termined befere use �f chromatographic m ethod s 

* Annonaceae 

...... Palmaceae 

I Cenvulvulaeeae 



APPENDIX II 

GALACTOMANNANS FROM YEASTS, MOLDS ANTI FUNGI 

-

SOURCE 

Alternaria k:i.kuohiana 

A. zinniae 

Aspergillus niger 

A. fumigatus 

L.i.pomyces starkeyi 
Mycrosporum quincke nm I 

II 

Penicillium chrysogenum 

Trichophyton granulosum (mixture ) · 

I 

II 

T. interdigi tale I 

II 

T. ruhl' .nn I 

I I  

(mixture ) 

T. schonleini I 

II 

Trichosporon fermentans 

�-

GALACTOSE 
MANNOSE 

1 : 21 . 2  

I 1 : 2 . 20 

1 : 1  . 5  

1 : 5 . 25 
1 : 1 2 . 33 

1 : 2 .43 

1 : 7 . 33 
1 : 7. 33 

1 : 2 . 03 

0 ; 1(X)  I 1 : 3 . 29 

1 : 2. 24 

1 : 6 . 69 

1 : 2 . 96 

<;pc.u�-c.. 
t\�1'-U..\ REFERENCE 

R.oto.�'Ot'\ 

Azuroa et al ( 1 971 ) 

Azum9. et al ( 1 971 ) 

iSakaguchi et al ( 1 969 )  

Sakaguchi �t a.l ( 1 967 )  

Si�l et al (1 968 ) 

+78° Bishop et al ( 1 965 )  
( , H00 ) 

+58 Bishop et al ( 1 966 ) 
( , H20 )  

Y�yazaki & Yadamae ( 1 968 ) 
Sakaguchi et al ( 1 969 )  

+78° 
Bishop et al (1 962 ) 
Bishop et  al (1 965 ) 

( , H�O )  
Bishop e t  al (1 966 ) +1 6 

( ,H  0 )  
2 

+80° 
Blank & Per.�y(1 964 ) 
Bishop et al (1 965 )  

( , H�O ) 
( 1 966 ) 6 . 5 Bishop et  al 

( ,H20 ) 

+80° Bishop et al ( 1 96 5 )  
( , y2o ) 

Bishop et al ( 1 966 ) +26 
( , H20 )  

( 1 967 ) Suzuki et al 

+640 Bishop et al ( 1 965 ) 
( , H20 )  

+23° Bishop et  al ( 1 966 ) 
( , H20 )  

Gn� & Spencer ( 1 968 ) 

' 

-



. 
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.APPnmiX III 

LITERATURE V ..ALUES OF GALACTOMANNAN MOLEXJUL.AR WEIGHTS AND VISCOSITIES 

GllliACT011ANI'l"AN FROM : -

Annona muricata 

-�enga sachifera 

Borassus flabellifer L 

Caesalpinia pulcherrima 
(= Poinciana p. )  

Cassia fistula 

Ceretonia siliqua 
(Carob ) 

Cocos nucif'era 

Convulvulus tricolor 

Crotalaria mucronata 

Cyamopsis tetragonoloba 
(Guar ) 

EOI..EDUU.R 
WEIGHT 

8, 700 

1 7,. 000 

520, 000 

300, 000 
650, c:·oo 

1 25 , 000 
7, 200 

1 1 , 000 

200, 000 

1 , 900, 000 

MOL. WT. 
AVERAGE TYPE 

3Number 

Number 

.5Sedimentation/ 
6 

Diffusion 
Weight/Weight 

Number 

4weight 
Number 

Number 

VISC6SITY 

1 
. 1 °5 l= • '-

2 r=2 . 89 
(0 . 1 %, 20°0 )  

r=2 . 1 1  
(0. 1 %, 20°C )  

i=5 

r=1 . 25 
( 0 . 1 %, 208) 

I 250, 000 

......_________ 
1 , 720, 000 I Wei� j I 

Weight 
Number 

Qht 

REFERENCE 

Kooi.man ( 1 971 ) 

Kooiman ( 1 971 ) 

MDL�erjee e t  al (1 961 ) 

Morimoto et al ( 1 962 )  

Morimoto e t  al (1 962 ) 

Kubal & Gralen (1 948 )  

Kubal & Gralen (1 948 ) 
Hui & Neukom ( 1 964 ) 

Rao e t  al ( 1 961 ) Kooiman ( 1 971 ) 

Y,.,ooi.man ( 1 971 ) 

Morimoto e t  al (1 962 ) 

Boggs ( quoted by Hui & 
Neukom ( 1 964 ) ) Hui & Neukan ( 1 964 ) 

Hui & Neukom ( 1 964 ) 
Deb & MUkherjee (1 9 62 )  



' 
('.. 
' 

HOLECULAR J.!OL. WT. : G.ALAO'IDMANN.AN FROM:- . 
WEIGHT AV:ERAG� TzyE 

Gleditsia amorphoides 1 9, 000 Number 

Gleditsia triacanthos 1 7, 000 Number 
20, 000 

Glycone max L 32, 000 Number 
(Soybean) I 

Leucaena glauca 24� 000 Nmnber 

Lotus pedunculatus 1 00, 000 Weight 

Sophora japonica 6, 000 Number 
�-- -�- -- -- --- �-------

1 
2 -

3 

4-

r = relative viscosity, _ viscosity solution 
- viscosity solvent 

· · t · · · · t r -7 1 ·  · t cttr -1 
) l = lll rJ.nSlC VlSCOSl y, _ �- = J.m1 --c-C � 0  

Number = Number Average i:.:lolecular Weight, M = n 

Weight = Weight Average Molecular Weight, MW = 

<'N. M . 
<. l l 
� N. 

1 
� N . M . 2 

l l 
i N.:M .  

1 :1. 

---

VISCOSITY 

i = 4.4 

i = 4.4 

i = 0. 35 

r = 2. 5g 
(o .  1 %, 20 c )  

i = 4 

5 Sedimentatio�Diffusion = Sedimentation/Diffusion hverage Molecul ar Weight 

Ms , D  
s RT = DA(1 -vp} 

6 Weight/Weight = Weight/Weight l1.vernge Molecular We ight, )( 
"" • '"�  

s RT w 
= D (1 -vp) m 

I 
REFERENCE 

Cerezo ( 1 965 ) 

Leschnizer & Cerezo (1 970 ) 

Whistler & Saarnio (1 957 ) 

Unrau ( 1 .961 ) 

Richards et al (1 968 ) 

Kooiman ( 1 971 ) 



APPENDIX IV 

GALACTOMANN.AN VISCOSITY DEPENDENCE ON CONCENTRATION 
AND TEMPERATURE _ll_ill.BEifJIIDE VISCOMETERS) 

-

Galaetomarman Temperature ( °C )  

* 
C n. ono 0 . 1 0 

Carob 20 2. 26 
30 1 .  74 
40 1 .  39 
50 1 .1  3 
60 0. 94 
70 0. 78 

Conen. 0.1 0 
Guar 20 3 .45 

30 2 . 66 
40 2 . 1 1 
50 1 .  69 
60 1 0 37 
70 1 . 07 

Cone n. 0. 1 0  
lotus peduncule.tus I 20 1 o U.) 

30 0. 82 
40 0. 67 
50 0. 56 
60 0.48 
70 0.42 

Cone n. 0. 1 1  
lotus peduneula tus II 20 1 . 78 

30 1 . 39 
40 1 . 1 3 
50 0 . 93 
60 0 . 78 
70 0 . 67 

Cone n. 0 .09 
Iucerne 20 2 .(4 

30 1 . 58 
40 1 . 26 
50 1 . 0+  
60 0 . 82 
70 0. 73 

Cone n. 0. 08 
Red Clover 20 1 .45 

30 1 . 1 5  
40 0. 93 
50 0. 77 
60 0. 65 
70 0 .55 

Viscosity (es ) 
. • . .  

0. 22 
6. 24 
4. 63 
3 . 55 
2 . 86 
2 . 23 
1 . 75 

0. 20 9.85 
7 . 34  

6,;63 
4.42 
3 . 50 
2 . 76 

0. 25 
1 o \..4 
0. 83 
0. 68 
0. 58 
0 . 50 
0 .43 

0. 22  
3 . 1 5 
2 .43 
1 .  95 
1 . 58 
1 • 31 
1 . 1  0 
0 ?1 
4 . 79 
3 . 70 
2 . 92 
2 . 36 
1 .  89  
1 . 54 

0.28 
5 . 63 
4. 30 
3t 35 
2 . 61 
2 . 08 
1 .  70 

0.43 
33. 9 
23. 9  
1 7 . 3  
1 2 . 9  

9 . 61 
6. 94 

0.48 
1 66  
1 1 7  

85 . 2  
61 . 3  
45. 7  
32 . 1  

G. 50 
1 o 1  U 
0. 87 
0 .72 
0. 60 
0. 51 
0.45 

0.41� 
8 . 1 3 
6 . 20 
4 . 82 
3 . 84 
3. 09 
2 .49 

0 29 
1 1 . 2 

8.45 
6 . 57 
5 . 20 ' 4 . 1 5 2. 95 
0.'3_6 
9. 53 
7 . 21 
5 .  61 
4.47 
3 . 5·1 
2 .  71 

ci. 5'6 
tl6.4 
58 . 9  
41 . 8  
30. 3  
22 . 8  
1 5 . 1+ 

0.55 
300 
208 
1 49 
1 1 0  
79. 1  
57. 5  

0. 75 
1 . 14-
o. 91 
0 . 74 
0. 63 
0. 54 
0.47 

0.64 
1 9 . 2  
1 4.4 
1 1  . 1  

8 . 60 
6 . 66 
5. 1 3  

0 �2 
8 . 84 
6 . 63 
5 . 1 3 
4 . 07 
3. 29 
3 . 30 

0.46 
1 6 . 5  
1 2 .4 

9 . 53 
7 . 37 
5 .  77 
4. 22 

1 72 . 

. . . . . . .  ·.-::� 0.86  
443-
301 
208 
1 47 
1 06 

77. 6  

0. 76 
2020 
1 390 

970 
692 
500 
353 

1 . 00 
1 . 20 
0. 95 
0 . 78 
0 . 66 
0 . 56 
0.49 

0. 84 
41 . 5  
30 . 9  
24. 1  
1 8 . 1  
1 3 .  7 

9 . 93 

0 .. 2!.? 
1 8 . 8  
1 4 . 1  
1 o .  9 

8 .48 
6 . 72 
5 . 33 

0 !=)� 
26. 1  
1 9 . 2  
1 4 . 5  
1 1 . 2 

8 . 65 
6 .40 



� Galactanrumnn 

Soph:>ra j aponica 

Soybean 

• a in g 1 00  ml 

Temperature ( °C )  

Cone n .  
20 
30 
40 
50 
60 
70 

C n, 
one 

20 
30 
40 
50 
60 
70 

1 73 . 

Viscosity ( cS ) 

0 . 08 0. 1 8  0.40 0 , 55 0. 80 
1 . 71 ' 3 . 23 1 b . � 4-0. � 1 bb 
1 .  3'+ 2 . 66 1 2 . 1  28 . 5  1 1 1  
1 .  09 2 . 1 0 8 . 95 21 .4 82 . 2  
0. 89 1 .  69 6 . 92 1 5 . 7  58. 2 
0 . 76 1 .  38 5 - 37 '1 1 .  7 39. 7 
0. 67 1 . 1 5  4 . 1 9 8 . 85 28 . 1  

0 . 1 0 0. 25 Oo41 0. 63 0. 83 
1 . 1  !+ 1 . 39 1 . 70 2. 14 2. 51J 
o .  91 1 . 09 1 • 34- 1 0 68 2 . 01 
0 . 75 0 . 90 1 . 08 1 . 35 1 . 62 
0 . 63 0 . 75 o .  91 1 . 1  2 1 • 31 
0 . 53 0. 64 0 . 75 0 . 93 1 .  09 
0 .46 0. 54 0 . 64 0 . 78 o . 91 



Appendix V 

Depen�ce 2f Galactomannan Visco�i ty on Concentrati on 

.�d Mean Shear Rate at 20°C. 

·- -· 

Galact amannan From: - c G '?'ll. c · G  

Carob 

Guar 

-
0 . 1 26 99 . 9  4 . 3 1 

141 4. 00 
200 3 . 80 
"'nn "l c:: c:: <::0£. J • -' -'  
362 3. 47 

- 495 3o 37 674 3. 25 
905 3 . 1 6 

1 21 0  3 . 0 1  
1 520 2 . 94 

0. 35 1  3 1 . 7 35 . 9 
41 . 1 33 . 9 
60 . 0  30. 6 

1 05 26 . 8 
1 69 23 . 2 
249 20. 8 1 
3 16 1 9 . 4  
40 1  18 . 3 I 493 1 7 . 2  
6 1 7  1 6 . 0  

0 . 63 1 4. 59 37 1  
7 . 92 327 
1 1 . 7 3 1 0  
1 3 .4 288 1 6 . 6  281 
22 . 1 260 
32 . 2  224 

I 49 . 2  1 88 
71 . 1  1 62 

1 02 1 39 
0 . 084 11 1 3. 76 

1 69 3. 47 
240 3 . 28 
324 3. 14 
41 6  3. 02 I ' 534 2 . 94 I 71 1  2 . 83 

� 
2. 75 
2. 71  

44D 2 . 64 

C = Concentrat ion(� ml) - -1 G = Mean Shear Rate (sec ) t_ = Visc osity(cP) 

0. 196  78.4 
1 08 
142 
205 
285 
387 
5 1 0  
6 1 2  
868 

1 070 
0. 538 7. 81 

1 1 . 8  
1 8 . 2  
24. 8 

I 39� 5 
I 59 . 3 
! 90. 0 

1 23 
1 77 
227 

0 . 875 2 . 00 
I 4.48 

8. 98 
1 1 . 8 
1 .5 .  2 I 1 9 . 6 
24. 7 
32 . 1  
43. 5 
55 . 1  

0. 20 1 6 5. 1 
89 . 2 1 1 26 

1 93 
I 283 

394 
51 9 . 
6 1 8  . 
8 1 2  I 

1 020 

1 74. 

1L 
8 . 20 
7 . 84 
7 .47 
6 . 98 
6. 66 
6 . 39 
6 .  1 1  
5 . 95 
5 . 55 
5 . 34 

1 90 
1 74 
1 58 
146 
1 26 
1 1 5  

92 . 8  
8 1 . 7  
67.4 
60.4 
1 730 
1460 
1 070 
1 020  
922 
838 
71 3 
645 
559 
477 

9 . 57 
8 . 95 
8 . 33  
7 . 59 
7 . 03 1 6 c 5

·9 1 6. 31  
5 . 99 1 5 . 58 , 5 . 28 



i 75 .  
Appendix V (cont) 

Galactamannan From: - c G 11 L c G 71. 
-· 

Guur (cant ) 0 . 343 1 8 . 7 52 .4 0. 534 8 .  51 333 
30 . 5  46 . 2  1 2 . 3 295 
50. 3 39 . 7  1 8 . 4  258 
74. 7  34. 9 25 . 7 224 

1 30 28 . 6  38 . 9 1 77 
1 9 5  24.4 57. 2 148 
296 20. 7 90. 5 1 14 
339 1 9 . 5 1 27 94. 6 
503 1 6 . 6 1 62 80. 2 
655  14. 9 194 72 . 6  

0 . 631 2 . 65 79 6 0. 828 1 .  07 4800 
4, 02 71 4 2. 2 1  4470 
6 . 57 590 ' 4. 93 29 50 
1 0 . 5 493 6 , 51 241 0 
1 6 . 9 400 9 . 57 1 760 
23 . 9 355 1 3 . 7  1 460 
32 . 1  306 18 . 8  1 2 10  
43. 6  260 25 . 7  946 
58 . 6  2 1 8  34. 5 785 
78. 8  185 

Lotus 0 . 1 05 245 1 . 1 8 

44. 1  I 6 58 

0 . 1 84 235 1 . 2 1  
pedunculatus I 285 1 . 14 279 1 . 1 7  

I 326 1 .  1 5  
393 1 . 1 0 I 534 1 .  07 

339 1 . 1 5  
403 1 .  1 1  
531 1 .  08 

I 65 1  1 .  06 
764 1 .  06 

I I 927 1 .  05 
1 1 90 1 .  03 

l 1431  1 .  03 1 I 

640 1 .  07 
744 1 .  07 1 939 1 . 06 

1 1 90 1 .  05 
1420  I 1 .  04 

o . 333 1 239 1 .28 

I 273 1 . 2 1  
332 1 . 1 8 

0 . 525 2 1 9 1 . 27 
257 1 .  25  
304 1 .  20 

41 4  1 .  1 3  423 1 . 1 7 
5 1 6  1 . 1 2  
648 1 .  1 1  I 538 1 .  1 5  

6 57 1 .  14  
780 1 .  09 782 1 .  1 3  
958 1 .  09 943 1 . 1 2  

1 240 1 .  07 1 240 1 .  1 1  
1460 1 .  07 1 450 1 .  1 1  

0. 659 240 ·J . 30 0 . 908 2 1 3 1 .  39 
267 1 . 27 256 1 .  30 
332 1 . 24 31 0  1 .  29  
433 1 . 20 41 2 1 .  25  
549 1 .  1 8  I I 664 1 . 1 7 

530 1 .  23 
656 1 .  22 

788 1 .  1 6  76 1 1 .  2 1  
1 01 0  1 . 1 5  965 1 .  20 
1 220 1 . 14 1 140 1 . 1 9 
1414 1 .  1 3 1 400 1 . 1 7 



1 76 .  

Appendix V (con t ) 

G�lactom�an From: - c G t I c G '1J 
·� 

Lotus 0. 1 59 238 1 .  74- 0. 314- 1 76 2 . 75 

peduncula tus II 267 1 .  72 2 �4 2 . 67 

322 1 .  72 263 2 . 62 

4-09 1 .  67 3 1 8  2 . 60 

509 1 . 65  4-00 2 . 59 

670 1 .  63 4-89 2 .  57 

8 1 6  1 .  62 601 2 . 53 

·1 080 1 . 62 801 2. 5 1  

1 26 0  1 .62 997 2 . 4-9 

14-50 1 .  61  1 200 2 . 4-8 

0 . 4-98 •1 1 1  lh 66 ' 0. 608 1 1 5 6 . 4-3 

1 39 4. 50 14-8 6 . 32 

1 97 4-. 4-2 207 6 . 20 

239 4- . 30 270 6 . 09 

329 4-. 2 1  388 5. 98 

4-3 1 4-.  1 2  529 5. 89 

582 lt-o 08 625 5. 84-

720 4-. 04- 700 5 .  78 

870 4-. 02 84-2 5 . 7 1 

998 3. 99 1 030 5 . 64-

0 . 757 80 . 7  9 . 69 0. 804- 6 5 .4- 1 2 . 1 

99 . 8  9 . 50 80. 9  1 1 . 8  

1 30 9 . 23  1 09 1 1 . 5  

1 50 9 . 09 1 6 s  I 1 1 . 1  

I 1 80 9 . 1 4  257 1 o. a 

I 338 8. 1 6  368 1 0. 6  

44-7 7. 98 529 1 0 . 3  

6 1 3  8 . 58 684- 9 . 99 

I 800 8 .4-4 826 9 . 77 

1 020 8 . 33 1 01 0  9 . 56 

1ucerne 0 . 083 2 1 1 I 1 .  74- o .  1 34- 24-4 2.  s2 I 
2 57 1 . 8 1  257 I 2 . 52 

329 1 . 80 290 1 2 . 5 1 

4-05 1 .  75 328 2 . 4-9 

501 1 .  74- 4-62 2 . 4-0 

588 1 .  73 526 2 . 39 

676 1 .  71 596 2 . 36 

797 1 .  69 755 2 .  31 

887 1 .  68 889 2 . 27 

972 1 . 67 

0 .481. 1 998 2 . 2 5  

0. 254- 1 06 7 . 1 3 62. 0 1 7 . 1 

1 23 7 . 02 77 . 6  1 6 . 5 

1 34- 6 . 96 1 1 7 1 5 . 5  I 
1 63 6 . 79 1 72 14-. 5 

1 97 6 . 59 227 1 3. 5 

255 6 . 4-5 2 50 1 3. 5 

3 1 6  6 . 25 290 1 2 . 9 

365 6 . 1 5  I 350 1 2 . 5  

4-50 6 . 00 4-721 1 1 . 7  

501 5 . 93 578 1 1 . 2 -



1 77.  
Appendix V ( c an t ) 

Galactomannan From: - c G 11 c G ·'l! 
[, ...... -

Luc erne ( c ant ) 0. 596 40. 5  0 . 732 22 . 5 55 . 2  
43. 0  30 . 3  28. 9 53. 3 
56 . 5  28. 3 34. 3 5 1 . 0 
99. 7 25 . 1  44.4 48 . 9  

1 46 23 . 3  72. 6 44. 0  
1 70 22 , 7 1 05 40 . 8  . , 1 94 22 .; 0  1 34 38. 1 
2 5 5  20. 2 1 66 3 5 . 9  
442 17 .4  201 34.0  
591 1 7 . 3  254 31 . 7 

Red Clover 0. 050 1 97 2 . 1 5  0. 095 1 57 3. 42 
237 2 . 1 0  1 89 3 .  32 
295 2 . 06 225 3 . 22 
398 2. 00 285 3 . 1 3 
490 1 .  95 420 2 . 75 
600 1 . 92 540 2 .  71 
756 1 .  89 71 0 2 . 63 

I 96 5 1 .  86 855 2. 57 
1 1 05 1 . 84 1 01 8  2 . 53 
1 260 1 .  83 1 209 2 . 46 

0. 1 80 97. 3 6 . 7 1  0. 3 1 7  29. 6 36 . 1 
1 29 I 6 . 34 47 . 0  32 . 0  
1 76 6 . 02 72 . 2  28. 2 
239 5 . 74 1 32 23. 6 
320 5 . 48 201 20. 1 

I 437 4. 86 280 1 7. 9 
5 59 4 .70 374 1 6 . 3 
71 6  4.46 489 14. 9 
842 4. 32 583 1 3. 9 

1 00 1  4. 20 683 1 3 . 1 

0. 368 28. 4 49. 6 1 o . 422 8. 96 1 68 
44. 7 44. 0  1 6 . 3 1 32 
60. 6 40. 2  26 . 0  I 1 16 
95 . 0  33. 9 45 . 6  93 . 6 

143 29. 7 63 . 0  83 . 3  
1 96 26 . 0  92 . 8 69 . 3 
276 22 . 8 1 2 1  60 . 5 
381 20. 1 1 45 5 5. 4 
41�3 1 9. 0 1 88 48 . 1 
544 1 7. 5 223 44. 3 

Sophora japonica 0. 079 2 1 9 1 . 77 0. 142 1 67 2 . 95 
2 58 1 .  75 2 1 1 2 . 86 
3 1 2  1 .  70 230 2 . 82 
384 1 .  67 357 2. 70 
463 1 . 65  479 2 . 62 
592 1 . 63 566 2 . 58 
7 1 5  1 . 6 1  696 2 . 53 
977 1 .  57  9 1 5 2 . 48 

1 250 1 . 54- 1 1 2 0  2 . 44 
1 470 1 . 52 1470 2 . 37 



1 78 .  
Appendix V ( cont ) -

Galactornannan From: - c G 11 c G 't 1..-

Sophora japonica 0. 33 1 5 1 . 0  1 3 . 2  0. 500 30. 0 41+. 2 
( cont) 73. 5 1 2 .  1 38 . 6  41 .4 

93. 2  1 1 . 7  6 5 . 7  37 . 0  
140 1 0 . 9  96. 0 32 . 8  
1 97 9 . 90 1 24 31 . 1  
292 9 . 25 1 8 1  26 . 7  
426 8.46 303 23 .0  
574 8 . 02 403 2 1 . 1 
784 7 . 36 505 1 9 . 6  
988 7. 01 622 1 8 . 3  

0 . 59 1  1 6 . 2  90. 9 ' 0. 785 8 . 09 282 
22. 0  84. 5 1 0 . 8  267 
32 . 1  80. 0 14. 9 244 
50. 1 1 67. 6 24. 4 209 
55. 7 1 63 . 7 3 1 . 8  1 81 
87. 3  55 . 3 41 . 4  1 63 

1 38 47 . 8 62. 9 141 
2 1 2  39. 6 84. 1 1 23 
286 36. 0 1 02 1 1 1  
342 33. 8 1 39 99 . 8 

Soy bean 0. 078 230 1 .  31 o.  1 53 2 08  1 .46 
265 1 . 27 25 1  1 .40 
314 1 . 24 28 1 1 .  38 
394 1 . 2 1  387 1 . 32 
502 1 . 1 8 1 502 1 . 29 

I I 6 1 5  1 . 1 7  639 1 .  27 • I 723 1 . 1 6  I 740 1 . 26 

I 9 1 6 1 .  1 5  924 1 . 2 5  
1 1 20 1 . 1 3 I I 1 080 1 . 24 

I 1 370 1 . 1 2  I 1 320  1 .  23 

0 . 354 226 I 1 .  7 1  I 0. 507 225 2 . 1 2  
284 1 . 66 260 1 .  93 
305 I 1 . 65 279 1 .  93 
407 1 • 6 1  409 1 . 88 
505 1 .  59 I 496 1 . 87 
6 1 3  1 . 58 I 630 1 .84 
739 1 . 56 I 762 1 .82 
956  1 . 55  930 1 .8 1  

1 1 60 1 e 54  1 070 1 . 78 
1 340 1 1 . 53 I 1 1 90 1 . 77  

0 . 626 1 97 2 .22 I o .  788 204- 2 .64 
273 2 . 1 6 1 254 2. 58 
347 2 . 1 2  ' 299 2 . 55 
469 2 . 09 383 2 .49 
559 2 . 07 5 1 9  2 .43 
671 2 . 05 63 1  2 . 40 
760 2 . 04 756 2 . 37 
922 2. 04 I 936 2 . 35 

1 030 2 .!1_ I 1 080 2 . 34 
1 240 2 . 02 I 1 300 2 . 33 



1 79 .  
Append:i.x VI-a 

E�fect of Added Sucro s e  on Gal actomannan Solut ion Visc os ity 

-
Galac t omannan C* Sucrose t* 'G* Galactomannan C* Sucros e l " G* 
from : 

1 Carob 

I I 

I 

. .. 
(%,w/w) fran: (%,w/w) 

o .6o2 0 279 1 0 . 8 Guar 0.651  0 636 7. 31 
24.8 18 . 9 605 8 . 35 
232 25 . 0 532 1 1 . 5  
2 1 0  2 9. 8 1+37 1 8 . 2  

i 2 5 1  1 0. 8 1 676 7 . 02 
228 16 . 2  607 9 . 31 
208 24.. 3 556 1 1 . 6 
1 G8 33 . 8 4-74. 1 6 .6 

1 0  255  1 2 . 3 1 0  629 7 . 54-
1 232 1 9. 0  566 9 . 93 
22 1 24..8 509 ' 1 2 .8 

I 205 32 . 7  4.32 1 8 . 5 

20 287 1 1 .4. 20 609 7 . 74. 
257 1 9. 1  5 5 1  9 . 99 
2 39 25. 6 4.93 1 3. 1  
227 30. 6 4.23 1 8 . 4. 

.30 307 1 1 . 8 30 626 7. 4B 
276 1 8 . 8  5 51 j 1 0. 2  
24.7 28. 4. 4.90 1 3.4. 
234 34.. 0  4.21 1 8 . 7  

40 378 1 o. 6 4.0 691  7. 34-

1 323 1 9 . 7  6 1 5  9 .  6 5  

1 301 ' 2 5. 1 538 1 3 .  1 
2 78 32 . 2  4.38 20. 2 . 

50 1 527 1 1 . 4.  50 79 7 7. 67 
465 1 7. 8  725 9 . 53 
41 7 24. 7  64.4- 1 2 . 6  
365  35. 9  571 1 6 . 6  

>:: C = Con cen tration of Galac tomannan (� 1 of ori ginal 
m 

s olution ) 1'l_ = Visc os ity (cP) - . . ( -1 ) G = Mean dhe ar Rate s e c  • 
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Appendix VI-a (cont ) 

-
Galactomannan 

C-i' 
Sucrose t�' G,;' Galactomannan 

C "' Sucrose 

1."' G.�, i'rom:. (%,w/w) from: (%,w/w) -
Lotus 0 . 758 0 1 . 25 242 Lotus 0. 26 1 0 3. 59 271 
pe dunculatus 1 .2 1  364 pe dunculatus 3. 5 5  403 
I 1 . 1 8  46 9  II 3. 50 572 

1 . 1 5  682 3 .47 694 

1 1 . 29 250 1 3 . 64, 2 57 

I 1 . 2 1  398 3.  57 388 
1 . 1 8  71 8 3 .  54 5C4 
1 . 20 5 52 3. 49 687 i 

1 0  1 .  60 284 1 0  4. 39 274 
1 .  56 396 4. 34 400 
1 .  53 544 4. 29  575 
1 . 52 667 4. 25  ' 736 

20 2 .  78 243 20 5 . 99 , 287 
2 . 23 41 7  5. 91  41+0 
2 . 20 568 5. 87 538 
2 . 1 9  671 5 . 82 694 

30 3 . 63 264 30 8 . 70 256 
3 . 57 400 8 . 6 1  373 1 
3 . 57  560 8 .46 1 599 
3 . 56 675 8 .  35 1 712 1 

40 7 . 28 266 40 14. 9 256 
6 . 79 379 14. 7 377 
6 . 77 590 14. 5 524 
6 . 75 742 14. 3 674 

50 1 7 . 0 267 50 25 . 1 1 255 
1 6 . 9  406 24. 7 355 

I 1 6 .8 489 24. 2 51 5 1 1 6 .8 685 23 . 9 668 



1 8 1 . 
Appendix: VI-a (cant )  

GalactomannarJ C'� Sucrose 1 *  a* Galactornannan c�' Sucrcse 1_* 'G�' from: (%,w/w) from: (%,w/w) 

Lucerne 0 . 685  0 63. 1 23. Red Clover 0.650 0 1 68 14. 1 
59 . 1 32 . � 1 50 1 9 . 1 
55 . 7  44. 1 31 25. 0 
49 . 5  77. 1 07 45 .0  

I 
1 65 14. 3 1 57.4f 25 .  1 

54. 9 34-.E 1 50 1 8. 2  
52. 7 45. 1 1 36 23 . 7 
45. 6 76 .� 1 1 0 40. 2  

1 0  59 . 2 25.4 1 0  1 71 1 2 .4 
56 .8  35 . �  146 1 9 . 3  
54. 6 45. 1 1 32 24. 7  
49. 3 76 .4 1 06 43. 2  

20 64. 2 26. 1 20 1 69 1 4 . 9  
62. 9 35. � 1 50 20. 3 
6 1 . 5  41 . i 1 36 26 . 1  
58. 5 74. 1 1 1 0 44. 6  

30 79. 3  26 . 2  30 1 76 14. 6 
75 . 5 34-. �' 1 59 1 9 . 6 
72 . 0 42. 1 143 25. 8 
63. 9 78 .4 1 1 8 42 . 5  

40 1 01 27. E 40 202 1 5. 3  
97. 0 34- � 1 86 1 9 . 1  
92 . 6  44. 6 1 62 27. 8 
83. 2 78. 1 1 39 42. 6 

50 1 62 27. 6  285 1 3. 0 
1 56 35. 7 260 1 7 . 2  
1 50 44-. 4 225 26 . 7 
1 33 75 . 9  1 97 38 . 9 



182. 
Appendix VI-a ( cant ) 

GAJ.actornannan c�;, Sucrose 1�' c.�: Galact omannan c·� Sucrose * G';' from: (%,w/w) from: (%,w/w) "l.. 
Sophora 0 . 5 1 6  0 80. 9 24.E  Soybean 0.669 0 2 . 05 286 
japonica 77. 2 31 . � 2 . 00 409 I 

72. 8  41 . c 1 . 97 5 1l,.. 
68. 3 56 . 1  1 .  94 723 

1 75 . 41 25. -; 1 2 . 09 276 
73 . 8 35 . � 2 . 06 402 
70. 7 43 . 5 2 .02 507 
66. 1 58 . 1 1 .  97 714 

1 0  78 . 6  25. 7 1 0  2 . 60 288 
74-. 3 35 . 3 2 . 59 396 
70 . 9  44-. 2 2 . 53 475 
66 . 9  57.4 2. 50 658 

20 1 02 2l,.. .  7 20 3. 56 2&,.. 
95. 3 34-. 3 3 . 53 354 
90. 4  43 . 5 3 . 50 499 
83. 5 58. 0 3 .46 688 

30 1 1 6 26 . 1  30 5 .43 31 9  
1 09 34. 5 5 .40 402 
1 01 47. 5  5 . 34- 523 
93 .8 64. 6  5. 32 705 

40 142 24. 9 40 9 . 72 295 
1 34 32 . 1 9 . 65 3&,.. 
1 24 .44-. 1 9 . 55 499 
1 1 3  60. 3 9 . 5 1  68o 

50 208 24. 6 50 22 . 6  269 
1 89 37. 9 22.4 350 
1 79 45. 6  22 . 3  459 
1 69 58. 0  22. 2 686 



Appendix VI-b 

Effect of Ad�e§ Boqium Ch�oride on Ga1a c tomannan 

Solution Visco si!,y 

Galac t anannan 
Sodium 

Galo.ctomnnnan 
Sodium 

C* Chlori de 1r G* c ·�  Chloride · * c:�· 
from: 

Carob 

(%,w/w) from: {%,w/w) l 
o. 554- 0 1 96 1 3 . 0  Guar 0. 56 1 0 384 7. 1 5 

1 82 1 9 . 3  341+ 1 0 . 1 
1 69 26 . 3  31 7 1 2. 7  
1 59 34. 8  281 1 7 . 7  

5 1 6 7  14.4 5 289 7. 1 0  
1 52 18 . 7 263 1 0 . 1 
149 25. 5 240 1 3. 9 
1 34 36 . 2 207 2 1 . 2 

1 0  1 59 14. 0 1 0  277 6 . 94 
1 5 •1 1 7 . 6  2 56 9 .  5•i 
141 25 .4 234 1 2 . 8 
1 33 34. 1 206 18 . 9  

1 5 1 6 7  1 3 . 7  1 5  279 7. 1 0  
1 6 0  1 7 . 9 2 5 5  9 .  5 1  
1 52 24. 3 225 1 3 . 1 
142 33.4 1 9 1  2 1 . 1  

20 1 8 5  1 5 . 3  2 0  327 7. 30 
1 77 1 9 . 6  302 9 . 57 
1 6 7  26 . 4  271 1 3 . 3  
1 59 34-. 5 206 1 8 . 7  

2 5  2 1 2  14 . 8 2 5 390 7 . 30 
199 20. 4 355 9 . 76 
1 38 26 . 1  3 1 2  1 3 . 9  
1 76 34. 3  265 20 . 9  

* C = C oncentration of Galactomannan (� ml of or iginal solution) 

t = Viscos ity ( cP) 
G = Mean Shenr Rntc ( sec- 1 ) . 



1 84. 
Appendix VI':"b ( cant) 

. .  
Galactomarman ( Sodium ·Galn.ctomanno.n Sodium 

C* Chloride � ,!, G* c:.:: Chlorid"3 * 'G�' 
from: (%,vr/vr) f'r.an: (%�w/w) t -
Lotus 0 . 526 0 'I . 2 1  31 3  Lotus 0.496 0 4. 26 316  

. pedunculatus 1 . 1 8 41 1 pedunculatus 4� 22 41 9  
I 1 � 1 5  560 II 4. 18 565 

1 . 14 729 4� 1 7  688 

5 1 .  31  323 5 4. 14 302 
1 � 27 420 4. 1 0  41 5 1 1 � 25 540 4. 06 540 
L2 1  71 7 4. 04 683 

1 0  1 . 42 3 1 1 1 0  4. 35 3 1 0  , 1 . 39 41 8  4.' 32 41 3 
1 .  36 527 4. 28 530 
1 . 34 734 4� 27 671 

1 5  i .  6 1  3 1 2  1 5  4 .84 31 3 
1 .  56 420 4.80 404 
1 � 53 508 4 . 77 534 
1 .  52 679 4. 74 662 

20 1 . 85 290 20 5. 63 303 
1 � 80 431 5 . 57 445 
1 ; 77 548 5. 54 546 
1 � 76 703 5 .49 662 

25 2 . 24 290 25  6 .86 325 ' 

2� 1 8  41 6 6 . 80 455 
2 . 1 5  582 7 . 32 537 
2 �  14 701 6 . 93 709 



1 85 .  
Appendix VI-b (cant) 

Galactomannan Sodium Galn.ctomannm1 Sodium 
C* Chloride � G-�, c�' Chloride 1' G* f'ran: (%,w/w) f'rom: (%,w/w) 

Lucerne 0. 5 56 0 23. 2 48. 1+ Re d Clover 0. 591  0 3 1 . 0 , 47 . 6  
22. 5 60 .4 28. 9 , 59. 6 
2 1 . 6  76 . 6  28 . 1 72 . 6  
20. 1 1 20 2 5 . 6 1 1 '3 

5 1 9 . 8  4.8 . 0  5 24. 9 49 . 9  
1 9. 1 62 . 5  24. 3 62 . 8 
18 .4 82 . 9 22 . 9  83. 7 
1 7. 4 1 2 1  23. 2 1 1 9 

1 0  1 9 . 7  lf-7. 5 1 0  20. 3 45. 1 
18 . 9  65 . 5 21+. 2 57 . 8 
1 8 .4 79 . 4  23. 3 75. 1 
1 7 . 3  1 26 2 1 . 9  1 07 

I 1 5  2 1 . 3  50 . 8  1 5  26 . 8  49. 7  
20 . 5  65 . 1 25 . 9  62. 2  
1 9 . 3 89 . 7  24. 9 79.4  
1 8 . 7  1 26 23. 4 1 14 

20 25. 3 48. 1  20 3 1 . 2 47 . 6  
24. 0 68.4  29. 7  65. 6 
23. 3  87 . 0  28 .4  83. 6 
2 1 . 7  1 23 26. 5 1 23 

25 30. 8 50 . 1  2 5  36 . 5 52. 3 
29. 7 64. 0 35 . 2 65. 2 
28. 6  8 1 . 4  33 . 5  84. 2 
27 . 2  1 1 1  3 1 . 6  1 14 



Galact cma.nnn.n 
C* fran: 

Sophora 0. 338 
j aponica 

I 

I 

Appendix VI-b (c ant ) 

Sodium Chloride 
(%�.w/w) 

0 

5 

1 0  

1 5  

20 

. 2 5 

. * 1 
1 2. i 
1 2. � 
1 1  . E  
1 1 .� 

1 2 .  � 
1 2 . � 
1 '1 .  7 
1 1 •. ,.., 

1 2 . 9  
1 2 . 5 
1 2 . 2  
1 1 . 7  

14. 1 
1 3 . 6  
1 3. 2  
1 2 . 7 

1 5 . 8  
1 5 . 3 
14. 8 
14. 1 

1 8 . 2  
1 7. 5 
1 7, 0  
1 6, 1 

Galactomannan G* fran: 

1 02 Soybean 
1 26 
1 6/ 
22� 

1 01 
1 22 
1 65 . 
2 1 °  

1 06 
1 32 
1 70 
222 

1 01 
1 34 
1 78 
227 

1 03 
1 32 1 1 73 
2L�7 

1 03 
1 33 
1 73 
248 

11 
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-
Sodium 

C:;' Chloride G�' 

(%,w/w) 1 
0. 621 0 2 . 14 296 

2 . 10  383 
2 . 06 538 
2 . 04 657 

5 2 .  0 1 f  324 
1 .  96  41 5 
1 .  9 5  478 
1 .  93  71 i . 

1 0  2 . 14  297 
2 . 1 0  422 
2 . 08 563 1 
2 . 06 71 3 

1 5  2 .41 3 1 3 
2 . 37 399 
2 . 34 530 
2 . 32 670 

20 2 . 84 306 
2 . 76 422 
2 . 70 492 
2 . 69 682 

25 3 . 32 325  
3 · 31 , 41 7 
3. 30 527 
3. 22 694 
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