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ABSTRACT 

'l'he definition, occurrence and aetiology of hypomagnesaemic 

tetany is discussed as an introducti.on to the practical imp­

lications of the present investigation. The current hypotheses, 

involving an unfavourable pasture chemical composition, account­

ing for the binding of Ca
++

and l·'lg
+-r

in the intestlnal tract o f  

ruminants are reviewed. The role of undigested or partly­

digested plant cell wall materials is advanced as another such 

hypothesis, and the present investigation of the cell wall 

polymers of a t-ypical pasture grass is outlined. 

The comprehensive analysis of the grass Yorh:shire fog 

( Holcus lanatus ) involves, initially, the extraction and 

purification of pectic substances, lignin, hemicelluloses and 

cellulose. The non-volatile organic acid content of the grass 

is also determined, 

Analytical methods are developed and evaluated in order to 

assess the homogeneity of these isolated cell wall fractions, 

and their chemical constitution investigated to aid in determining 

any possible relationship between cation complexing and polymer 

( or monorner) structure. 

The pectic fraction isolated from Yorkshire fog is approx­

imately 90% polygalacturonic acid while the hemicelluloses are 

basically arabinoxylans with varying hexose and uronic acid 

content. Attempts to fractionate the predominant hemicellulose, 

hemicellulose B, into homogenous arabinoxylans gives inconclusive 

results. Most o f  the chemical evidence, however, indicates the 

presence of three discreet polysaccharides in this fraction -

a simple arabinoxylan, an acidic galactoarabinoxylan and a 

neutral glucan. 

Infrared and ultraviolet spectroscopy is utilised to 
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det ermine the purity o f  the isolated  lignin as well as the  

presen c e  of  typical lignin functional groups. Yorkshire  fog 

lignin has a moderate phenolic hydroxyl and -01-:e content  and, 

like most o th er monoco tyledonous lignins , gives yields o f  
I 

syringaldehyde ,  vanillin and p-hydroxybenzaldehyde on alkaline 

nitrobenzene oxi dation. The outstanding feature o f  the lignin 

is its apprec i able content o f  etheri fied  hydroxyl groups in  the 

4-position o f  the aromatic ring and the low yield of syring� 

aldehyde.  

The  water-soluble , non-volatil e organic acids ar e  

quantitatively det ermined by anion-exchange resin chromatography 

and their i dentity confirmed by paper chromatography . The 

major acid is the tricarboxylic acid , trans-aconitic acid, which 

is determined spectropho tometrically. The normal plan t acids, 

citri c and mali c ,  are present in mo derat e quant i ti es while the 

ali c y clic acids , quinic anc shikimic , are only present in minor 

amounts. 

A limit ed amount o f  dat a on the  seasonal fluctuation o f  

these organic frac tions in Yorkshire fog i s  present ed . 

Electrolytes and the concept  o f  ionic activity are discussed 

in  the introduction to the study o f  the ability of these  pl ant 

fractions to bind Ca + + and Mg+ + in an aqueous salt solution o f  

c ationi c composition similar t o  that o f  the int estine o f  a 

ruminant .  A c ation exchange method is developed whereby changes 

in the a ctivi ty o f  ea
++ or Mg++on the introduction o f  a plant 

fraction into the salt solution are reflec ted in the c a tionic 

composi tion o f  the equilibrium r esin . An investigation is 

undertaken o f  a large number o f  calibration solutions varying 

in �a++J and �-ll+], but c o nstant in [Na
+] , [K -+'] and �·m:J, 

the latt er cations being present in exc ess as 'swamping ' c ations .  
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Regression expressions relating solution cation concentration 

to the equilibrium resin cation concentrations are derived and 

used as calibration equations to determine the amounts of bound 

and ionic ea++ ru1d Mg++ in solutions in equilibrium with the 

plant fractions. 

The pectic substances, lignin and the organic acids are 

effective in complexing a large proportion of the soluti on Ca 

in a non-ionic form but only lignin and the organic acids 

++ 
display a si gnificant cooplexi ng of solution Hg • Except for 

hemi cellulose B ( branched) at a slightly alkaline pH, the hemi-

celluloses and cellulose have little ability to complex either 

++ T ++ 
Ca or Lg . • 

The complexing results are discussed in terms of the 

relationship of polymer structure to observed cation affinity. 

Factors involved in cation binding are: 

- the charge and degree of hydration of the catic·n itself; 

- distributi on and degree of esterification of carboxyl 

groups i n  the polymer; 

- monomer conformation; 

type of glycosi dic linkage in the polymer; 

- the possibility of hydrogen-bonding and non-bonded inter-

actions between substituents on the polymers; 

- soluti on pH. 

The in vivo implications of the results are finally dis-

cussed in the context of genera.l r uminant nutrition and alkaline-

earth metal absorption discussed in the introduction. 
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PAHT HYPOMAGNESAEMIC TE:TANY AND ITS RELATIONSHIP TO THE 

CHEMISTRY OF DIETARY CALCIUM AND MAGNESiut4 

1. 1. DEFINITION, OCCURRENCE AND AETIOLOGY OF HYPOMAGNESAEtHC 

TETANY 

Hypomagnesaemic tetany, or grass tetany, ( commonly called 

'grass staeGers' in New Zealand) in ruminants is the clinicnl 

manifestation of a metabolic disorder characterised by an ab­

normally low level of magnesium in the blood serum ( hypomag­

nesaemia). The disease is one of a group of metabolic diseRses 

that includ es milk fever and ketosis and is most prevalent in 

temperate countries having wet cool climates in the range 40° 

60
°

F ( t'Hart, 1960). The ubiquitous factors involved in the 

grass tetany syndrome have been extensively researched in the 

past 40 years and while most workers seem to agree that the dis­

order is primarily of nutritional origin, it also seems that a 

variety of physiological and environmental factors are implicated 

( Allcroft and Burns, 1968). Typically, however, outbreaks in 

Europe are associated with a change from stall to fresh grass 

feeding while in New Zealand a change in the chemical nature of 

the feed is also implicated since the severest outbreaks occur 

when there is an early spring flush of feed, combined with mild 

weather ( Metson, Saunders, Collie and Graham, 1966). Various 

work�rs have put the incidence of loss through clinical tetany 

at 1 - 3% of their national herd population but these figures 

gloss over the marked localised nature of the outbreaks as well 

as the unknown economic losses through associated diminished 

production. Internationally, the increasing preponderance of 

grass tetany and related metabolic diseases in cattle can be 

considered a function of more intensive husbandry methods and the 

necessity to increase agricultural production. 
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Hypomagnesaemia Ever since Sjollema (1930) slJowed thnt cows 

sufferin g  from grass tetan y were in a hypomaene saemic state most 

research into the problem has cen tred on the cause (s) of this 

hypomagn esaemia. It is not the fun ction of this introduction to 

rev iew the vast amount of often conflicting literature on the 

aetiology of this hypomagnesaemia but the salien t points deserve 

di scussio n sin ce they are pe rtinent to the study of the binding 

of calcium an d magnesium carried out in this present investi�atton. 

Early in vestigators appare nt ly held two di ssimi la r views 

( Allcroft and Burns, 1968): 

(1) that the disease was the result of a physio logical dysfunction 

in which endochrin e and en vironmental factors were paramount; 

magn esium content of the herbage was of little importance. 

(2) that the disease was related to di etary factors associated 

with chan ges in the chemical composition of pastures. 

Most research into the hypomagn esaemia problem has been con­

cerned with possible limitation s to the flow of magnesium and 

calcium from the soil through the plan t to the animal; consequently, 

the concept of the 'av ailabi li ty' of Mg an d Ca in the feed has 

arisen ( section 1 .3.). Today it is gen erally agreed that a ' low' 

(if indeed such an arbitrary term has mean ing without re fe rence 

to a stnn dard value) intake of m3rnesium is n ot the only r�ctor 

con tributing to a hypomagnesaemic state in the animal. A v arie t y 

of other factors must all be considered as part of the syndrome: 

- low availability or reduced absorptive efficiency of dietary 

magnesium 

- the chemical composition of the herbage 

� the requiremen ts for an d metabolism of magn esium in the partic­

ular animal 

- the age an d genetic makeup of the animal 
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- a variety of hypothetical 'stress' factors whether they be 

en d ochrin e ( pregn an cy an d lactation ) or en vironmen tal (we�ther, 

man agemen t pattern s ). 

In particular, Swan an d Jamieson ( 1956) have shown that 

hypomagn esaemia is a n ecessary, although n ot a suf ficien t pre ­

requisite for grass tetan y an d there is a consid erable body of 

evid en ce in dicatin g that clin ical outbreaks may d epe n d  on o number 

of 'triggerin g' stress factors. Allcroft an d Burn s ( 1968) re cog­

n ise a variety of hypomagn �saemic states which may give rise to 

varyin g degrees of tetan y, the most common bein g hypomagn e saemia 

accompan ied by hypocalcaemia. Furthermore, the speed with which 

blood magn esium falls ( A llcroft an d Green , 1938; Rook, 1963) 

appears to be an important factor in determin in g the on set of 

tetan ic con vulsion s. 

Magn esium is lost from the bod y of a rumin an t by three main 

routes - in the milk, urin e an d faeces - an d there is con side rable 

empirical eviden ce in d icatin g that with in creasin g age, the an imal 

is Jess able to mobilise magn esium reserves to allay physiological 

stre sses or d ietary scarcity. Con sequen tly, an adequate rlaily 

magn esium in take is necessary, e specially d urin g lactation , to 

main tain the an imal in a positive magn esium balance. Hypomag­

n esaemia an d clin ical cases of grass tetan y have been prod uce d by 

simpl� un derfeed in g cows ( Swan an d Jamieson , 1956) or by fe e d in g  

a magn esium deficien t diet ( Blaxter, Rook an d MacDon ald , 195'•; 

Dishin gton an d Tollersrud, 1967). However, most pastures contain 

an 'absolute' level of Mg which is more than adequate for the 

an imals' n eeds an d the problem has devolved into elucidatin g the 

factors which are impairin g the absorption of these elemen ts f�om 

the digestive tract of the an imal. 
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1.2. ABSORPTION OF CALCIUM AND MAGNESIUM · FROM THE DIGESTIVE 

TRACT OF RUMINANTS 

Refore discussing nutritional factors which may be involved 

in reducing the availability of calcium and magnesium in the fee d ,  

it is pertinent to briefly review the literature on the site and 

mode of absorption of these elements in the ruminant. The selec­

tive absorption of particular ions from the digesta would require 

cell membranes endowed with properties of specific ionic perm­

eabil ities. This permeability may depend upon the relative sizes 

of the ions and the pores in the membrane; such a theory, assuming 

the pore wall to form part of the ion hydration sphere during 

passage through the membrane, has been advanced by Mullins (1961). 

On the other hand, however, a reasonable amount of evidence 

suggests that some ionic transport mechanisms may require a 

specific chemical interaction of the ion with specialised com­

ponents of the membrane. 

Two general types of transport mechanisms exhibiting such 

specificity are 'active' and 'passive' ( facilitated diffusion) 

transport. Although these have certain common characteristics, 

they can be distinguished on the grounds that active transport 

involves a net transfer against an electrochemical gradient ( and 

is therefore an energy�requiring process linked with metabolism) 

while passive transport depends upon such a gradient and is not 

an energy-requiring process. Such an increase in electrochemlcal 

gradient across a membrane can be considered as an increase in 

the entrophy of the system. 

One concept which is particularly applicable to the trans­

pprtation of alkaline earth metals is that of chelation ( Rubin, 

1963). The reaction of such hydrated metal ions with hydrated 

ligands involves the displacement of water molecules from the 
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co-ordination sphereG of both ions and a simultaneous neutrRl-

isation of charge. The favourAble decrease in free energy of 

this reaction accounts for the st�bility of these ring-structures 

which tend to increase their chelation strength with an increase 

in ionic charge on the metal and ligand and a decrease in the 

crystallographic ionic radius (r t) of the metal ions (Martell crys 

and Calvin, 1952). Hence, alkaline-earth metal chelation strength 

would be expected to decrease in the order Mg) Ca) Sr) Ba� However, 
' 

this order is also that of decreasing ionic hydration and, conse-

quently, chelation and hydration can be considered as competing 

processes since they both increase with an increase in the ratio 

e2/r (see Table 13) since the chelating ligand displaces water cryst 

molecules from the ion hydration sphere according to the following 

general equation: 

X M(H20)x + nL M(H20)x _ � (L)� + (H20)� 
n n n 

(where M and L are the metal and ligand species, respectively, and 

ionic charges are ignored; x and n are integers and n is the number 

of donor groups per molecule of ligand). 

In aqueous solutions, su�h as intestinal fluid, such metal ions 

will be hydrate� and the ratio e2/rhydis likely to.be a better de­

terminant of the degree of chelation, particularly for the alkali 

and alkaline-earth metals where chelate bonding is primarily ionic. 

Thus an organic ligand and a cation exchange resin are similar in 

their cation sequestering function and, hence, such cations in a 

physiological electrolyte solution (ignoring all other metabolic 

varia�les) would be expected to be preferentially chelated in the 

same selectivity order as that for a cation exchange resin, ie., 

with an increase in the ratio e2/rhyd' to give a decrease in che­

latio� strength of Ba) Sr) Ca) Mg (see section 3.2.). 

The decrease in net charge on the metal chelate and the simul-
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taneous loss of·water of hyd r�tion tends to convert a h i�hl y hydro­

philic metal to a more lipophilic structure. Cell membroneG, inc­

lud ing the assymetric system of an epithelial membrane such as the 

intestinal wallr appear to have a general backbone system mRde up . 

of a bimolecular leaflet of lipid with associated layers of protein 

(Curran, 1963). Most transport, however, seems to be associAted 

with specialised regions of the membrane which occupy only a very 

small fraction of the total area. It is possible� therefore, that 

the decreased charge, decreased hydration and increased lipotrophic 

character of some alkaline earth chelates may permit the metal ion 

in this form to approach the charged membrane and become available 

for transport. Alternatively, if the membrane is the site of the 

alkaline earth-binding group, such chelation may permit the passage 

of a charged ion through the lipid barrier. 

Most authors agree that calcium and magnesium absorption in 

adult ruminants occurs mainly in the small �ntestine, with little 

or no net absorption from the stomachs of l�rge intestines (see 

diagram). A common tran,sport system for the absorption of magnesium 

and calcium by-facilitated d iffusion from the ileum of sheep was 

postulated by Care and van1t Klooster (1965), whereas calcium ab­

sorption from the duodenum is considered to be an active process 

which is sensitive to vitamin D (Care, 1967). The role of the 

jejunum and ileum as the major sites of net calcium absorption in 

cows has been confirmed also by van't Klooster (1967) and Rog�rs 

and van't Klooster (1969). The latter authors, however, made the 

startling finding that net Mg absorption occurred mainly from the 

stomachs with little or no absorption between the pylorus and the 

anus. While this finding was recognised by these authors as being 

contrary to the large body of· evidence from esperiments based on 

perfusion of intestinal loops in vivo, it does seem that their 

fistulation technique may give more accurate results. Therefore, 



FOOD 
+ 

OESOPHAGUS -

stomachs 

CAECUM 

RUMEN " 

SMALL 

SCHEHA'I'IC REPRESE:·!TATIOH OF THE DIGESTIVE ORGANS OF 

(kindly reproduced, with amendments, from 
Davey, A. W. F., 'Dairy cattle nutrition.' 

Annual, 1970, 32-38.) 

Dairyfarmi� 



7 

they suggest that the omasum may be an organ of considerable 

importance in ruminant Mg absorption and that such absorption is 

very unlikely to be a passive process. 

The physico-chemical activity of calcium and rnaBnesium in the 

small intestine of a ruminant The findings of Rogers and VRn't 

Klooster ( 1 969 ) regarding Mg absorption will doubtless stimulate 

considerable research into the physico-chemical status of Mg iri the 

ruminant stomachs; at pre$ent there is nothing in the literature of 

this nature. Since, hitherto, Ca and Mg were considered to be ab-

sorbed from the intestinal tract, the few investigations carried 

out concerned the state of these elements in this organ only. The 

duodenal absorption of Ca by active transport is considered to 

depend upon the ionic concentration of the ion in the digesta 

( Schachter, Dawdle and Schenker, 1 960 ; Lengeman, 1959). It is not 

known in which form magnesium must be to be absorbed but it seems 
' 

a reasonable assumption that, like calciumt it must be in an ionic 

form to pass into the blood through the intestinal villi. The only 

significant investigation of the physico-chemical activity of cal-

cium and magnesium in ruminant intestinal digesta is that of van't 

Klooster ( 1 9 67 ) .  By employing an ion exchange resin method, he 

concluded that the activity ( see discussion of 'activity', section 
I 

3 . 1 . 2 . ) of both ions in duodenal ultrafiltrates was about 90% of 

the activity of these elements in pure salt solutions with the same 

concentrations of these cations. In ileal ultrafiltrates, however, 

these percentages had dropped to 63% and 78% respectively. These 

differences between duodenal and ileal ultrafiltrates could be partly 

explained by large pH differences ( duodenal, 4.7; ileal, 8 . 2 )  and 

the proportions of anions in these fluids. However, van't Klooster 

did not exclude the possibility that a small part of th� calcium in 

the ileal ultrafiltrates was in a chemically bound form. Further� 

more, he considered that these results supported the hypothesis that 
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calcium and magnesium are absorbed in the ionic state. The import­

ance of the availability of these elements in the feed of the 

animals is highlighted by his finding, for both sheep and cows, 

that the Mg concentration in the duodenal contents was so low on a 

diet consisting of grass only that hardly any net absorption of Mg 

could be expected. 

1.3. UNFAVOURABLE PASTURE CHEMICAL COMPOSITION HYPOTHESES 

The overwhelming body of circumstantial evidence implicating 

the chemical composition of fresh grass in the grass tetany syndrome 

has naturally enough given rise to a proliferation of hypotheses 

which consider hypomagnesaemia to be brought about by: 

(a) a deficiency of Mg in the grass or, 

(b) some plant chemical factor which acts to reduce the availability 

of the plant Mg to the animal. 

The difficulty of deciding exactly what level constitutes a 

'low' level of Mg in the plant has already'been discussed in section 

1 . 1 .  and the agronomic problem of increasing the Mg content of the . 

plant - which is undoubtedly correlated with an increased Mg int�ke 

·in the animal (Lomba, Paquay, Bienfet and·!Lousse, 1 968 ) - is con­

sidered outside the scope of this discussion. Suffice to point out 

that a large amount of European work has stemmed from the cla�sical 

survey of da iry herds in Holland by Kemp ( 1 9 60 )  who demonstrated a 

significant positive correlation between the serum Mg levels of 

lactating cows and the magnesium content of the herbage; as � 

consequence, a variety of workers have derived arbit�ary 'safe' 

herbage Mg levels and armost as many investigators have shown that 

this 'safety margin' is still subject to a number of other variables 

in the pasture, the animal and the quality of management. This · 

whole field of adequate mineral nutrition, including herbage Mg, 

Ca, ·K, Na levels, Ca/P and K/Ca + Mg ratios, and specific compet­

itive cationic relationships, is very important but also very comp-
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licated owing to conflicting findings and is best reviewed by 

Metson, Saunders, Collie and GrAham ( 1 96 6 ) and Allcroft and Burns 

( 1 968) . 

1 .3 . 1 .  Protein/carbohyd rate imbalance It has been proposed that 

there is a relative imbalance between protein and carbohydrate in 

tetany-producing grasses, protein levels being high, carbohyd rate 

levels low (Dishington, 1 965 ; Metson, Saunders, Collie and Graham, 

1 9 66 ). Most New Zealand pastures which give rise to outbreaks of 

gras s tetany have high 'crude protein' ( N% x 6.25 ) and potassium 

levels (up to 39% and 4% dry weight respectively, Metson, et al , 

1 96 6 ) . Such high levels of nitrogen are characteristic of rapidly­

growing spring pastures and were early implicated in the grass tet­

any syndrome in Europe (Sjollema, 1 930 ) . Cows ingesting such high 

protein pasture have been estimated (Dishington, 1 965 ) to consume 

three times as much protein as they need in order to fulfill their 

energy requirements. 

A direct effect of dietary nitrogen on 1Mg availability' has 

been shown by Kemp, Deijs, Hew{es_and van Es ( 1 9 6 1 ) who found that 

such availability decreased markedly with an increase in the crude 

protein content of the feed. By extrapolating their data, Metson 

et al ( 1 96 6 )  found that the availability of Mg in typical New Zea­

land •tetany' pastures may be as low as 5 - 1 0%. Such high levels 

of nitrogenous compounds (protein and non-protein) are rapidly 

metabolised to ammonia in the rumen and Head and Rook ( 1 955 ) at­

tributed the incidence of hypomagnesaemia in ruminants turned out 

to graze such new spring grass to these high levels of rumen ammonia. 

Later, the same authors (Head and Rook, 1 957 ) associated high rumen 

ammonia levels with a marked decrease in the concentration of 

ultrafilterable Mg in the small intestinal digesta of sheep. 

Simesen ( 1 959 ) suggested that this ammonia could contribute to the 

precipitation of Mg in the intestinal tract as the magnesium ammon-
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ium phos phat e compl ex ; such a process would b e  aided by the increas e 

in  pH due to  the ammonia pres ent . However , Simesen ( 1 9 63 )  was 

lat er unabl e to  demonstrate any signi ficant changes in either rum-

inal or abomasal pH o f  a cow fed on such high-protein grass despite 

increas es in ammonia conc entrations in both ruminal and abomasal 

fluids . Neither he , nor Starry ( 1 9 6 1 ) ,  found the maenesium am-

monium phosphate c ompl ex to b e  pres ent in  the ruminant intestine .  

O n  the b asis o f  studies on the  digesta o f  both the duodenum and 

mid-ileum o f  sheep , Care ( 1 9 65 )  has also re futed the hypothesis 

that grass-induc ed hypomagnesaemia is relat ed to a reduc tion in the 

acidity o f  the dig esta.  

The  ' non-pro t ei n '  nitrogen of  ' t etany ' pastures s eems to  be  

maintained at  a fairly constant l evel o f  1 6  - 22% of  the total nit-

rogen ( Metson et al , 1 9 66 ) and this ' solubl e '  nitrogen has been 

found . to  b e  highly correlated with low values of  serum Mg ( Larvor 
' 

and Gue g e n ,  1 963) . Although this non-protein nitrog en is probably 

quickly utilis ed for the production o f  ammonia in the rumen , this 

correlation probably only parall els that for total nitrogen - which 

was not investigat ed by these  workers . 

Whi l e  high p asture nitrogen l evels c ertainly s e em to be  imp-

licat ed in the a·nset o f  hypomagnesaemi a ,. the causative mechanism 

is not clear . I t  could well b e  a simple energetic shortcoming 

through low carbohydrate l evels as a consequence o f  high pasture 

protein c ontent . However , the role o f  low pH in maintainin� Ca and 

.Me in an ultrafilt erable form during the  passage o f  the digesta 

through the abomasum and duodenum has been clearly demonstra ted by 

Starry ( 1 9 6 1 ) .  Yet  the rol e  o f  pastur e carbohydrate/protein balanc e 

i� maintai ning favourable pH l evels is far from proven and such 

·high pro t ein/hypomagnesaemia correlations may be  falsely parall eling 

a numbe r  o f  other r elationships which repres ent the causative mech-
' 

anisms , eg , that with pasture higher fatty acid content . 
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1 .3 . 2 .  Higher fatty acids  (HFA )  The importanc e o f  fat in t h e  m�g­

nesium bal ance o f  cattl e  was initially report ed by Brouwer , Di jks tra 

and Frens ( 1 943 ) , and a linear relationship between pasture, high er 

fatty acids and nitrogen was later found by Brouwer ( 1 944) . Sub­

sequently , many Dutch workers have investigated  the rol e o f  pasture 

highe r  fatty acids in the produc tion o f  hypomagnesaemia in c attle. 

The c ommo n  c 1 8  unsaturat e d  fatty acids ( ol ei c , linol eic and lino­

lenic ) in  pastur e  lipids are mainly hydrogenated to stearic �cid  

in the  rumen and  these saturat e d ,  long-chain aci ds do not appear 

to be absorbed , nor metaboli s e d  by rumen micro-organisms , during 

their passage from the rumen through the true stomachs to the small 

int e s tine which  is the predominant site o f  their absorption ( Gar ton , 

1 967 ) . Consequently , the finding o f  Rogers and van ' t  Klooster 

( 1 969 ) that the omasum is the site  of Mg absorption from the ali­

mentary tract assumes a new signi fi c ance  since ther e will probably 

be quite a high conc entration o f  unabsorb ed long-chain fatty acids 

c apable o f  forming insolubl e Ca  and Mg so aps in the  digesta in this 

organ . An increase  in pH with passage along the alimentary tract 

from the omasum to the small intestine would be  expected to enhanc e 

the formation o f  such so aps , yet Starry ( 1 9 6 1 ) obtained  a consider­

abl e  decrease in ultrafilterable Ca and Mg upon indreasing the pH 

o f  un fractionated  abomasal digesta but found no concomitant fall 

in the concentration o f  fre e  fatty aci ds . 

I t  has b e en shown that New Zealand spring pas tures contain 

high l evels o f  HFA ( Hawke , 1 963 ) ; close  correlation has also been 

observed between herbage levels of HFA and protein nitrogen ( I mmi nk , 

Geurink and Deij s ,  1 965 ; Kemp , Dei j s  and Kluvers , 1 966 ) , a relatio n­

ship also  confirmed for New Zealand  pastures by Molloy and Metson 

( unpublished work) . Furthermore , the addition o f  fat suppl ements 

to the  diet o f  c attle has been  shown to r esul t in  the increas ed  

excretion o f  c alcium and magnesium soaps plus a slight depression 



12 

of serum M� levels (Wind, Dcijs and Kemp, 1966). A recent J.ar�e 

scale statistical o.nalysis of the relo.tionship between the Mg stntun 

of 162 cows and 75 nutritive fnctors in their 55 different expcri­

mehtal diet� ho.s convincingly hichlighted this relationship between 

the nitrogen and the 1 fat 1 content of the feed (Lomba, et al, 1968). 

A highly significant correlation between faecal magnesium and nit­

rogen intake and, to a lesser extent, with fat intake was found. 

Most of the investigations outlined above were carried out with 

only a very limited number of animals, and with little or no attempt 

at eliminating genetic variations; a more significant series of 

trials were performed by Wilson, Raid, Molloy, Metson and Butler 

(1969) with a twinned herd of 24 animals gra�ing a 'tetany-prone' 

pasture in three groups of eight, with the following supplementation: 

(a) control - no supplementation 

(b) starch ( = energy) 

(c) peanut oil ( = HFA) 

Marked depression of plasma Mg was obtained for the peanut oil sup­

plementation although no clinical cases of tetany occurred, possibly 

because plasma Ca levels remained within the normal physiological 

range. Faecal levels of HFA and FA soaps closely correlated with 

depression of ·plasma Hg levels in mature cows, but were J ess closel-Y:---

correlated in younger animals which were able to markedl increase 

their concentration of faecal fatty acid soaps (and free fatty 

-�J-----a-e-i-as+-.--�1Ph-e-se--re-sul-ts- c--en'tat1rly gJ. ve s'Erong support to the HFA 

h-yp o-t-h-e-si---s-bu-t-t-11 e se in s · gat a r s c a n..si-de-I!-@d 

does exist between dietary HFA intake and plasma Mg concentration, 

1.3.3. Or�anic �cidG Organic acids (water soluble, co.rboxylic ) 

---7-t'-----------�w�-e-��·:::n1J51-=rc atacLi-r:t-'EJ=l-e-gr--a-e-s-t-e-t---an--y---s-yn-d-ro-m-e-w±ttrti1 e-r:t n aJ. ng ( Bur a u 

and Stout, 1965) of large accumulations of the tricarboxylic acid, 

trans�aconitic acid, in the spring range grasses of central Calif-
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ornia whi ch give rise to s easonal outbreaks o f  tetany . They hypo-

thesis ed that large conc e ntrations o f  trans-aconitic  acid in the 

pastures may inhibit the Krebs cycle conversion o f  citrat e  to iso­

citrat e in  the animal ( s ee  2 . 6 . 2 . )  thereby l eading to  an accum­

ulation o f  citrate in the tissues and a conseq uent chelation o f  

c alcium and magnesium ( Burt a n d  Thomas , 1 96 1 ) .  Subsequently , Bohman , 

Lesperanc e ,  Harding and Grunes ( 1 969 ) were abl e  to experimentally 

induc e  a tetany which resembl ed field cas es by for c e- feeding c attl e  

very large doses  o f  KCl plus either citric o r  trans-aconi tic acid .  

However , considerabl e doubts about the rol e  o f  trans-aconitat e 

inthe. hypomagnesaemia syndrome were raised by the sheep- fe eding 

experiments o f  Kennedy ( 1 968 ) .  Under the conditions o f  his experi­

ment , little or no  e ffec t  o n  plasma c alcium and magnesium w a s  ob­

tained from the addition o f  relatively l arge suppl ements ( 3.5 and 

7 . 0% o f  the dry weight ) o f  trans-aconitat e  to the diet , or the 

intravenous inj ection o f  sodium trans-aconitat e  at 1 . 0 m . mole/kg 

bodyweight. A similar negative result was obtained with singl e 

dose s  o f  trans-aconitat e  at 1 0% o f  the daily dry matter intrute for 

sheep  ( Wright and Wol f f T  1 9 69 ) . 

The rol e o f  KCl in precipitating the hypomagnesaemic condition 

was not delineated by Bohman e t  al ( 1 969 ) ,  who found that the sep­

arate administration of the two acids or KCl did not produce tetany . 

Although they found that the administration o f  KCl alone over an 

. ext ended period only slightly reduced plasma:,'.Mg , there i s  ample 

evidence  that such massive doses , o f  KCl ( up to 1 94 gm per 1 00 kg 

body weight ) are su fficient t o  kill the animal from potassium 

poisoning alone ( Ward , 1 96 6 ) . The primary role o f  the KCl in the 

· mix ture is  further substantiated by findings o f  Lomba7  Fumiere , 

Chauvaux , Binet and Bi enfet ( 1 969 ) who introduc ed mixtures o f  cit­

ric acid • trans-aconiti6 acid and KCl into the rumen o f  cows . In 

spit e  o f  important modi fic ations of pH � Ca , Mg and K in the rumen , 

.. 
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they found no mo di fic ation o f  blood Ca and Mg whil e blood K reached 

such values that . they considered the death o f  one cow to  be due to 

potassium poisoning . 

The  massive doses o f  these acids and electrolytes fed to  the 

c attl e in  the s eries o f  Americ an feeding trials are obviously a very 

gross approximation to  the gradual intake o f  acid  which an animal 

receives  under normal field c onditions . Furthermore , there is  no 

mechanistic reason why other plant aci ds may not be  involved , and 

in this respect it is int eres ting to not e  that oxalic  acid  has been 

found t o  be far more toxi c  than citric or trans-aconitic acid (�omba ,  

Chaubaux t and Bienfet , 1 968 ) . Moderate dos es o f  these metabolites 

seem to b e  utilised  fairly rapidly by rumen micro-organisms and this  

would b e  expected under normal fi eld conditions . (s e e  Discussio n ,  

Section 4 ) . 

The  conclusion  drawn from the above work is  that whil e pasture 

organic acids may be o f  minor importance in contributing towards 

hypomagnesaemia under conditions o f  marginal Mg supply , they are 

very unlikely to be  the prime c ause o f  grass tetany . 

1 .3 .4. I norganic anions Sinc e electroneutrality must be maintained 

within the plant , the inorganic anion content is  relat ed to  the c at-

ion and organi c · acid  content by the following relationshi p :  

� c ations = � organic anions + �inorganic anions + z:polymeric 

ani onic groups (uronides ) 

all expressed in milliequival ent s (Gee de finition� section 3 . 2 . ) .  

The maj or inorganic anions in the  pasture plant are Cl- , so4
-­

H2Po4
-and N03

- ,. and there is  a l arge amount o f  work relating these 

anion l evels to di fferent forms o f  fertilis ation and the nature and 

c onc entration o f  the organic ani ons ; however , comparativ�ly little  

. is  known o f  the role  of  these  inorganic anions in regulating Ca  and 

Mg abs orption . 

Over a number o f  years Norwegian workers (Dishington , 1965 ; 
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Dishington and Tollersrud , 1 967 ) have consi dered sulphate an rl phos­

phate c ontents of pastur e as factors contributing to outbrenks o f  

grass t et any . A more convincing c as e  for the binding o f  Ca and Mg 

by ino rganic phosphat e in the il eal contents o f  ruminating calves 

was given by Smith and McAllan ( 1 966 ) . Above a pH o f  6 . 5  they found 

Ca and Xg precipitation to depend upon the conc entration o f  inorganic 

phosphat e ;  Ca precipitation appeared to  be solely dependent upon 

il eal Ca and inorganic phosphat e c ont ent while Mg precipitation 

seeme d to  depend upon a variety o f  other fac tors (such as ammonia)  

besi des Mg  and inorganic phosphate c onc entration . 

1 .3 . 5 .  Histamine This hypothesis proposes criti c al pasture hi s­

tamine l evels as t etan.y · , tri8gering ' agents in animals  already suf­

fering from hypomagnesaemia (Fowler ,  1 963 ; 0 1 Sullivan , 1 968 ) . Thes e 

Irish workers consider that histamine acts  as a ' s ensitiser to pot­

assium ' and thereby further c ontributes  to  the action of potassium 

in increasing ' neuromuscul ar excitability ' (tetany ) . They claim a 

relationship between climatic fac tors and pasture  histamine levels  

and further speculat e how this histamine precipitates outbreaks o f  

tetany . T his hypothesis is  far from proven when i t  is  based  on such 

speculative evidenc e ;  histamine has been fed to adult sheep without 

any adverse e f r'ect  ( McDonal d ,  MacPherson and Wat t , 1 963) and a 

vari ety o f  other chemicals  including . guanidine , adenosine , uracil , 

urea and thiocyanate can act  as s ensitis ers towards potas sium.  

1 .3. 6 .  Conclusions These fiv e  general hypotheses. accounting for 

the decreased availability o f  Ca and Mg to animals feeding on fresh 

grass have st emmed from a wide variety o f  experimental situations , 

and i t  c ertai nly would be  an o versimpli fi c ation t o  expect  a direct 

. r el ationship between decreased Ca and Mg availability and any one 

particular plant factor.  The  signi ficance of any possible Mg- or 

Ca-compl exing agent is unlikely to  be  determined solely by its con­

c entration in  the feed;  rather , its  importance would be expected  to 
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depend upon the absolut e l evel o f  Mg and Ca in the h erbage and a 

vari ety o f  fac t o r s  relat ed t o : 

- the rat e o f  digestion o f  t h e  c o mpl exing agent i t s el f ,  

- i t s  s i t e  o f  di gestion ( and/or absorptio n )  rel ativ e t o  Ca · and  Mg , 

- the pH o f  the digestive trac t , 

- the  c o n c e ntrations o f  all other ions in the  digesta and their 

e f fec t upon t h e  chemical ' and physiological po t ency o f  the c omp-

l exing ag ent . 

Again , there is no reason why all these ' binding hypo theses ' may 

no t be ac ting in conc ert at any p arti c ul ar time to bring about 

hypomagne s a emi a or hypo cal c a emi a or , i f  thi s  is alr e a dy pres e n t  

( cg .  b y  s i m ply under f e e ding ) ,  to  precipi t at e  t et any . 

At t h e  risl� o f  stressing t h e  obvious , it i s  n e c e s sary to  a c c ep t  

that t h e s e  hypo theses ar e m erely att empts t o  acc ount f o r  the  vari-

abl es iriher ent in the s e c ond o f  the auxiliary c ri t e ri a i ( i e . , ' th e  

' 
c hemi c al c o mpo sition o f  the h erbage ' ,  bot tom , p . 2) mani fest in the 

compl e x  hypomagnesaemia syndrome . 

1 • 4 .  OUTLINE O F  PRESENT I NVEST I G AT I ON 

There is a limi t e d  amount o f  evi dence  that undi g e s t e d  pl ant 

c el l  wall c omponent s may be invol ved in the binding o f  Ca and Mg 

in tne digesta o f  ruminants .  In  an inves tigation o f  the e ff e c t  

u � o n  C a  a n d  M g  distribution o f  a reduction o f  the aci dity o f  abo-

masal dig e s t a  i n  sheep , Starry ( 1 9 6 1 ) found that c o ns i derabl e 

quant i t i e s  o f  these  i o ns were bound t o  ' suspended mat erial ' .  While 

he di d not eluc i dat e whi c h  components in the  compl ex and het ero -

geneous suspended mat erial were resposible , he did consider that 

the binding was due to sur fac e absorption phenomena .  

T h e  C a , M g  and phosphate i n  the non-ul trafilt erabl e fraction 

o f  cow fae c es were found by van ' t  Klo o s t er ( l967 )  to b e  almost c o rn-

pl e t e l y  pr es ent as insolubl e compounds . From his experiments , h e  
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calculated that 25 - 30% o f  the Ca and Mg in the faec es coul d 'b e  

aosorbed . to the undigest ed  ( organi c )  f e e d  residues , especially to  

the  fibrous particl es . 

Consequently ,  i t  seemed worthwhil e  to  undertake an i n v os t i g n t i o n  

o f  organic compounds i n  a typical pasture grass and t h e i r  o bi l i t y  

to bind Ca and Mg in a n  in vitro situation approximating thAt in 

the ruminant digestive tract . The grass chosen was Yorkshir e  fog 

sin c e  it  is  wid espread in  wetter  New Zeal and pastures and has never 

b e e n  subj ected  to  chemical investigation  although it has gained an 

und e sirable nutritional reputation . The pro j ect fell into two 

natural cat egori es : 

1. The isolation o f  thes e plant organic fractions and their chem­

ical and struc tural analysis . Whil e  c ell wall polymers were 

consi dered  o f  prime interest because  o f  their known resistance  

to digestion , it  was considered important to compare these  wi th 

the wat er-s oluble organic acids in the  plant . 

2 .  The ability o f  these isolat ed fractions to  bind Ca++ and Mg++ 

in solutions o f  ioni c composition approximating that o f  the 

intestinal tract o f  a ruminant . I f  appreciable complexing were 
to oc cur then it  would be o f  interest to see i f  binding ability 

o f  a parti�ular frac tion was relat ed t o  its structure . 

I t  must b e  stressed that the pro j ect  was not undertaken in an 

at t empt to extrapolat e these findings to  the in vivo situation . 

Rather , i t  was c onsi dered  a simpl e  c hemi c al approach to a particul ar 

problem o f  universal biologi c al and chemic al signi fic ance  - not just 

to intestinal absorption in ruminants .  
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PART I I  �r HE C OMPl� EHENS I VE ANALYSIS OF THE Ol�GANIC 

FRACTI ONS O F  Y ORKSHIRE FOG 

2 .  1 • I ?\'l'RODUC'l'I ON 

The perennial gr a s s  Yo rkshire fog i s  wi dely r epr e s ented i n  

p a s t ur e s  o f  di ver s e  type i n  N ew Z e al and , e s p e c i ally i n  pl ant 

c o mmuni ti e s  o f  the mor e humid an d l e s s  ferti l e  r egi ons . Ec o typi c 

d e v el o pment o f  plants fro m  s e e d  s o ur c e s i n  Europe has ensur ed 

that New Z e al and has in fac t b e c ome a new c e nt r e  o f  di versi ty 

o f  thi s s p e c i e s  ( J ac que s r 1962 )  wit h  favour e d  h abi tats b eing 

the wett e r , warser regions o f  the orth I sl an d , espe c i ally 

t·Ianawatu r Taranaki and Waikat o .  M e t s o n  et al ( 1 9 6 6 )  hav e  no t e d  

the pr e ponderan c e  o f  Yorkshir e fo g i n  many Nor th I sl an d  p astures 

whi c h  have given ri s e  t o  outbreaks o f  gras s t e t any i n  b e e f  c a t t l e .  

The plant mat eri al inves tigat ed was a synthetic s t r ai n  o f  

Yorkshire fo g ,  Hol cus lanatus , 1 Massey Basyn ' , d evel o p e d  by the 

Agro nony Department o f  Mas s ey Uni versity . S ampl es were obtai n e d  

at six -monthly i n t e rval s from graz e d  p l o t s  ( s i x  ewes/acre ) at 

T u.::1peka f i e l d  s t a t i o n  ( s o i l  type : Toko maru Si l t  Loa.tn ) . 

2 . 2 . DRY I NG A�'l"D STOR AGE O F  GRASS 

The s ampling and pr e s ervation o f  plant mat eri al in a form 

s uitab l e  for analysis is a problem o f  c o ns i derable impo r t an c e  i n  

h erbag e analysi s .  The i de al metho d must rapi dly arr e s t  c h emi cal 

c hang e  whi l e  pres erving all metabo lit e s  i n t ac t .  For c e d air 

0 
drying ( 2 1  C )  c aus es ext ensive r e s piratory l o s s es o f  c arbohydrat e s  

( Melvi n and Simps o n , 1 9 6 3 )  an d non-vo latil e o rgani c aci ds 

( Melvin , 1 965 ) , although l o s s es ar e smal l e r  wi th a for c e d  hot 

air draught at 70°C ( Hir s t  and Rams t ad ,  1 9 57 ) . Fr e e ze - drying 

was pr opo s e d  by Davi e s , Ev ans and Evans ( 1 948 ) as a more 

sui t able drying metho d and has b e e n  found to b e  l e s s  damaging 

than oven- drying ( Bathurst and Allis o n ,  1 949 ; Ragu s e  and Srr.ith , 
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1 965) . Whi l e  this m e thod avoi d s  the del et erious e ff e c t s  o f  hi gh 

t emperatur es it shoul d be reali s e d  that the  fr e e z e - drying pro c ess  

d o e s  not inac tivate all the enzymes origi nally pr e s ent i n  the 

tissue and probably pres erves mi cro -organisms intact on the l e a f  

s u r  fac e .  

The errati c change s  i n  c arbohydrates  and amino-aci ds during 

the s torage o f  fr e e z e - dri e d  h erbag e has b e en point e d  out by 

Perkins ( 1 9 6 1 ) .  Sin c e  some e n zymes c an func tion i n  the pres enc e 

o f  t h e  r e si dual 5 - 1 0  per c ent o f  wat er i n  fr e ez e - dried tissues 

it  is advisable to  analys e s ampl es for readily r e s pirec c onsti t ­

uent s , s u c h  a s  solub l e  c arbohy drat es , amino acids and organi c 

aci ds , as soon as po ssibl e .  With pr e c a\�tions such as s to rage 

under ni trogen , at low -� elati ve humi dity and at t emperatur es as 

low as -20
°

C it is p o s sible to minimi s e  t h e s e  chemi c al c hanges � 

Lit tl e  i n formation i s  availabl e upon the  e f fe c t  o f  fre e z e ­

drying o n  the c omposition o f  s truc tural c arbohydrates in herbage 

tissues . However , C zerkawski ( 1967) found no di f ferenc e in the 

c ellul o s e  and ligni n  c ont ents o f  gras s e s  dri e d  at 50
°

C and 100
°

C 

but no t e d  a c onsi der abl e increas e  in the s e  c onstituents when 

s ampl e s  were s tored at r elative humi dity as high as 80% . 

T h e  conclusion o f  m o s t  investigators o f  this  problem is  t hat 

no  universal metho d o f  drying plant tissue  c an b e  r elied on for 

consistent  r esul t s , sin c e the appropriat e drying t emperatur e 

dep ends upon the c hemi c al and physi c al c ompo siti o n  and e nzyme 

c ont ent o f  the plant . 

I n  this pres ent i nv e s tigation � fre e z e - drying was us ed , 

primaril y  t o  preserve t h e  non-vo latil e organi c acids intac t ; 

extractions and analyses wer e then c arrie d  out wit hi n  two weeks 

o f  drying . S ample s  o f  Yorkshir e fo g ( 3" - 5 1 1 ) were c ol l e c t e d  

from the  plo t s  wi th hand-shears and imme diately fro z e n  i n  s oli d 
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c arbon dioxi de prior to fre e z e-drying . Any dead l eave s  wer e 

r emo v e d  as t h e  fro zen l eaves wer e b eing spread on the fre e z e -

dryer tray . T h e  dry plant material was then ground i n  a Wil ey 

m i l l  t o  pas s a l mm si e v e  and stored  under vacuum with sili c a  gel 

2 . 3 .  EXTRACT I ON _ ND PUR I FI CAT I ON PROCEDURE 

The extr a c t i o n  s c heme for the  frac tionation o f  polys ac c -

hari des and l i gnin from the dry gras s i s  o utlined i n  Fig .  1 .  This 

exhau s tive  p�o c e dure , using mil d  extractants , was us e d  to i solat e 

the s truc tural polymers with the minimum o f  mo di fication o r  

degradati o n .  Furthermor e , t h e  s cheme  gave a c ompr ehensiv e  c h em-

i c al an�lys i s  o f  the gras s . ( S e e  T ab l e  9). I n  order t o  avo i d  

o xi dati on and t h e  ons e t  o f  ' horni n e s s ' r t h e  r e sidues  a ft e r  e ach 

extrac tion s t ep were not air- dri e d ,  exc ept for the initial 

b enzene/ethanol e xtrac t .  The l o s s  i n  weight with e a c h  extrac tion 

s t e� was d e t ermi n e d  s e parat ely on  l Og o f  the dry grass wit h  each 

0 
r esidu e  being dri e d  o v e rnight i n  an air drying cabin e t  at 55 C .  

2 . 3 . 1 .  Preliminary extrac tions 

The fr e e z e- dri e d  plant mat eri al ( 200 g )  was extrac t e d  i n  a 

macrosoxhl e t  apparatus with an a z e o t r o pic mixture o f  b en z e n e/ 

e thanol ( 2 : 1 v/v , 4 litr e s ) for 1 8  hours . T h e  resi du e  was air 

dri ed  and t h e n  extrac t e d  wit h  wat e r  ( 2  x 1 . 5 litr es ) at 60
°

C for 

30 minut e s  to r emove wat er solubl e po lysac charide s . An aliquot 

o f  the filtrat e ( 250 ml ) was taken to dryness in a r o t ary evap­

o r ator ( t emperature b elow 40°C )  and t h en parti ti o n e d  b e tw e e n  

ether  and wat er in a liquid/liquid extrac tor f o r  1 8  hour s . The 

&q u eous port i o n  was c o mbined �it h  an aliquot o f  the  60°
C wat er 

fil trate and t h e  ' co�bi n e d  wat er e xtract ' analysed ( s e c ti o n  2 . 5 .  

and Tabl e 1 0 ) . 

2 . 3 . 2 .  P e c ti c  subst an c e s  

T h e  c l assi c al ammoniu.� oxal a t e  ( Weihe and Philli ps , 1 947 ) 
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ext rac t an t  f o r  pe c ti c  substan c e s  has been know� t o  c ause  ammoni a 

c o nt aminat i o n  o f  the resi due ( Whis t l er and Smart , 1 9 5 3 )  although 

t ho r ough washing with ho t wat er ( Wai te and Gorro d ,  1 9 59 b )  avoids 

t his r e t e nt io n . S olutions o f  oxali c aci d ,  ammonium c i t r at e ,  

fluori de s , a� s enat es and phosphat es have been employed  as extrac­

t ants for p e c t i c  substanc es but t h e  extrac tant us e d  i n  this 

inv estigatio n  was a 2% ( w/v)  solut i on o f  E . D . T . A .  ( Na salt ) at 

pH 6 . 8  ( Aspi nall and McGrath , 1 9 6 6 ) . The r esidue was extrac t e d  

( 25 cm3/g ) t hr e e  times fo r two hours at 70°C and t h e  c ombined 

fil�rat es c o n c entrat e d  by r o t ary evaporati on to  a sui t able volume . 

This crude pe c tin extract was di alysed overnight against tap 

�at er t o  remo v e  the bulk o f  the impuri ti es and then �cur ed into 

o � e  vo lume o f  95% ethanol .  T h e  pr e cipi t at e  o f  impur e p e c tin was 

c ol l e c t e d  on  a nylo n  gauze filt er and di ssolved i n  h o t  v·at er 

( 70° C )  to giv e  an approximat ely 1 %  solution . The pal e brown 

soluti o n  was c o ol e d ,  brought to  pH 1 . 5 by the addi t i o n  o f  a few 

drops of c .  HCl and then dialys e d  o vernight in distil l e d  wat er 

( di alysis agains t t ap wat er c au s e d  flo c c ulation o f  the p e c tin , 

probably through int er ferenc e from Ca++ ) . The dialysat e  was 

c he cked for c hloride cont ent ( silver nitrate solution ) and EDTA­

ni trogen ( mi c ro -K j el dahl ) b e fore the pur e p e c tin was pre cip­

i t at e d  in two volumes of 9 5% ethano l .  The filt e r e d  ' pe c tin ' was 

s o a�ed overni ght i n  un-aci di fi e d  absolut e ethano l , dispersed i n  

deioni s e d  wat er and fr ee z e - dri e d .  The pro duc t was a v e ry light 

porous , whi t e  polymer whi ch was stored under vacuum . 

2 . 3 . 3.  Lignin 

The lignin c o nt ent o f  a portion o f  the r esidu e  from the 

EDTA ext r ac t i on was estimat e d  by polysac c haride digestion wit h  

72% ( w/v ) H2so4 ( Gailliard and Nijkamp , 1 9 68 ) . The bulk o f  t h e  

r esi du e  from t h e  p e c tin extrac tion was depro teinat e d  by diges tion 
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with a 0 . 5% solution of pepsin in 0 . 1 M  HCl at 46°C for 1 8  hours 

(Wai t e  and Gorro d ,  1 959 b ) . The residue was then extracted 

(under nitrogen deoxygenated by Fi eser ' s  solution)' · by aqueous 5% 

KOH at 25° C for 1 8  hours . The extracted  lignin , contaminated with 

hemi c ellulose , was precipitat ed by aci di fying with 5N H2so4 . 

The crude lignin was red�ssolved in warm aqueous 1 . 25N NaOH and 

the bulk o f  the hemic ellulose  precipitat ed  by pouring the  

solution into four volumes of  95% ethanol . The  ethanolic lignin 

solution was finally puri fied by hydrolysing contaminating h e�­

c elluloses by  boiling the acidi fie d  solution ( pH 4 . 0 )  for  one 

hour (Bondi and Meyer ,, 1 948 ) . An aqueous suspension of the 

lignin was dialysed  against distilled wat er and freeze-drie d .  

T h e  products were brown �owders o r  flake s . 

2 . 3.4. Hemic elluloses ; . --

Hemicellulo ses are usually extracted  from  deligni fie d  plant 

tissue (holoc ellulose )  by alkaline r e agents . The classic al use  

of  chlorine dio xi de generation for d eligni fic ation o f  woo d  (Wise  

e t  al , · 1 946)  has  been mo di fied  by Whistler , Bachrach and Bowman 

( 1 948 )  who found that 90% o f  the lignin in c orn cobs was removed  

by the  sodium chlorite/acetic  aci d  r e ag ent within one hour . Sin c e  

young grasses contain only 4% · - 6% dry weight o f  lignin i t - was . 

cons_idered safer to -use the sl_ower but milder deligni fic ation _o f 

Gailliard ( ( 1 958 ) becaus e acidi fie d  sodium chlorite has b e en shown 

to c ause slight hemic ellulose degradatio n .  Reducing end groups 

c an be oxidis.e d  to aldoni c  acids ( Jeanes and Is bell , 1 94 1 ) and 

slight depolymerisation · and oxidation o f  2 , 3  glycol groups may 

o c cur (Becker , Hamilton and Lucke , 1 965 ) . 

Portions o f  the deproteinised resi due ( 30 g )  were suspentled . 

i n  750 cm3 o f  distille d  water and heat e d  on  a boiling water bath 

t o  80° - 85°C .  Chloramine T ( 1 0 g )  and glacial acetic  aci d  

,_ 

.. , 
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( 5  c m� ) were stirred into the suspension and the mixture l e ft ,  

with o c c asional s tirring , for two hours . The r es i due was 

filt er e d  o f f on a large glass fil t er and t h e  pro c edur e r epeated 

twi c e  mor e . The r e si du e  was then l e ft in c o ntac t with a boiling 

3% et hano lic  solution o f  e thanola�i ne ( twi c e ) and exhaustively 

washed �ith e thanol and wat er ( Gailliar d ,  1 958 ) . 

The filt ered r e s i du e  was extrac t ed , under deoxyg enat ed 

nitr o g e n , with 1 0% KOH at 25° C for 1 8  hour s .  Hemic ellul o s e  A 

was pre c i pi tated by a c i di fying the extrac t to pH 5 . 0  by 50% 

aq ueous a c e t i c  aci d and hemi c ellul o s e  B by pouring the fil trat e 

into two volum e s  o f  9 5% ethanol ( Whi s t l er and Feather , 1 9 65 ) . 

The pr e c i pitate ( pal e brown i n  colour ) was c o l l e c t e d  on  a nylo n  

gau z e  a n d  di ssolved i n  wat er t o  give a 4% solution . No t all the 

pr e cipit ate would r e dissolve i n  wat er ,  s o  the wat er-inso lubl e 

fraction ( d esignat e d  hemi c ellul o s e  B ( I ) ) was r edissolved in 0 . 5M 

KOH , dialy s e d  until the polys ac c hari de flo c culated out , and 

fr e e z e - dri e d .  The aqueous hemi c ellul o s e  B s olutio n was c ent­

ri fug e d  ( 2000 rpm ) and pour e d , with vigorous s tirring , into five 

volumes of 95% e th anol slightly aci di fi e d  wit h  ac e t i c  aci d .  The  

whi t e  pr e c i pitate was r e di ssolved in water , dialys e d  ov ernight 

agai n s t  distilled wat er , and fr e e z e - dri e d .  The fr e e z e - dri ed 

he�i c ellul o s e  B was a whit e ,  porous c o mpound whil e hemi c ellulo s e  

B _ )  was pale brown and was probably c o ntaminated with li gnin , 

( s e c t i o n  2 . 4 . 2 . ) .  

T h e  hemi c ellul o s e  B was further fract i o nate d  into linear and 

bran c h e d  hemi c el lul o s e  B by the i o dine/ c al ci um c hloride metho d o f  

Gailli ar d  ( 1 9 65 ) . The fractions were fre ed from i o dine c ont am­

i nati o n  b y  titrat i on wi th s o dium thio s ul phate solution , then 

puri fie d  and dri e d  as outlin e d  above for hemi c ellul o s e  B . 

Mo s t  hemi c ellul o s e s  extr ac t ed from plant tissues are mixtur es 
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o f  di f fer ent polysacchari des  whi ch can b e  di f fer entiat ed i n  t er�s 

o f  1 po lymo l e c ul arity ' ,  ' po l y di spersity ' and ' polydiversity ' ( R ei d  

and Wilki e ,  1 9 70 a ) . Metho ds for the frac tio nati o n  o f  hemi c ell-

ul o s e  mixtur es into homogeneous polysac chari d e s  includ e  c o pper 

c ompl ex formation ( Jones  and St o o dley , 1 965 ) , ethanol pr e c i pi t -

ation ( Whi stler and Sanell a ,  1 9 65 ) and quat e rnary ammonium salt  

format i o n  ( S c o t t , 1 955 ) . - �he homogeneity o f  such mixtur es c an 

b e  det ermined by ultrac entri fugation ( Adams , 1 9 60 ) )  free -boundary 

e l e c tro pho r esis ( Northco t e ,  1 95 4 )  or high-vo l t age zone el ec tro-

phor esi s ( Northco t e ,  1 9 65 ) . 

I n  t h e  pres ent i nv e s tigation , hemi c ellul o s e s  s eparat ed by 

the i o dine/CaCl2 frac tionation were further frac tionat ed by 

pr e c i pi t ation wi th ethano l . All polys ac chari d e  fract i ons were 

al s o  c h e cked for homo g eneity with high v o l t ag e  i ono phoresis on  

gl as s- fibr e  paper in borate bu f fer ( Briggs , G arner and Smith , 

1 95 6 ) . Polysac chari de s ampl e s  ( 1 00 - 1 50 pg )  i n  0 . 05M Na t e tra­

borat e  b u f fer ( 20 pl ) at pH 9 . 2  were appl i e d  t o  the c entre o f  

glass fibre stri ps ( Whatman GF 8 1 ) o f  20 cm  x 40  cm dimension i n  

a Pherograph Mo del 64 hi gh voltage elec trophore sis uni t . A 

p o t ential gradient o f  35 v/cm ( 40 mA current ) was applied for one 

hour , the  elec tropherogr ams drie d  and spray e d  with an aci di fi e d  

d-naphthol solution ( 90 c m
3 

n-butano l , 1 g �-naphthol , 8 cm
3 H2o 

3 I o and 2 cm c one . H2so4 ) and heat e d  at 1 1 0 C for 20 minut es . Poly-

sac chari des  appear e d  as purpl e bands whi c h  turned brown with 

time . The nitrob enzene-p-sulphonat e ion was used  as a s t andard 

for rate o f  migrati on whi l e  2 , 3 , 6-tri-0-methyl-D-gluc o s e  was a 

s u .  � ab l e  non-migrating m arker to c o rr e c t  for elec tro-osmo ti c flow 

( Frahn and Mills , 1 959 ) . 

2 . 3. 5 .  Cellul o s e  

T h e  r esi due from t h e .  1 0% KOH extraction was washed wit h  O . l M  
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HCl , di s till ed wat er and t h en fre e z e-dri ed .  I t  was designat ed 

' c ellul o s e ' . 

2 . 3 . 6 .  Organi c acids 

Portions o f  fre e z e -:- dri e d  gras s ( 1 . 5 g) wer e shaken wi th 

wat er ( 50 c m3 ) c ontaining . a few drops o f  toluene ( t o suppr ess  

mi c robial growth ) for six hours , fil t er e d , and the residue 

similarly re-extrac t e d  for a further 1 6  hours . The  c ombin e d  

aq ueous extr a c t s  o f  non-volatile acids were puri fi ed b y  acid- · 

i fi c ati on , c entri fugatio n  and pas sag e through a cation exc hange 

r e sin c o lumn ( Molloy , 1 9 69 ) . The organi c acid  cont ent o f  

aliquo t s  was quantitatively estimat e d ,  after gradient elution 

from the anion exc hange resin Dowex 1 r  by the m etho d o f  Hulme 

and Wo o ltarton ( 1 958 ) . 

2 . 4 . CHEHI CAL ANALYSIS O F  C ARBOHYDR ATE FRACTI ONS 

2 . 4 . 1 .  Analyti cal metho ds 

Hydrolysis o f  po lysac chari des . S ampl e s  o f  hemi c ellul o s e  and 

the p e c ti c  frac tion wer e hy drolysed in 0 . 1 25M H2so4 ( 1 0 c m
3

) for 

22 hours in s eal e d  tub es at 1 00° C .  Inc reasing acid s tr ength , up  

t o  0 . 5M ,  g ave little impro v ement in hydro lys es as  m e asur e d  by the 

o pti c al r o t ation of  the s o luti o n  and o ften gave a marked dis c o l -

o urati o n  o f  the hydrolys at e . C ellul o s e  s ampl e s  were hydrolys ed 

by 72% ( w/v ) H2so4 at room t emperature for 24 hours . 

All hydro lysat e s  were neutralis e d  wit h  s aturat e d  aqueous 

Ba( OH ) 2 , and the centri fugates dec ationised  by rotation with a 

small portion o f  Dowex 50-X8 ( H+ form ) c ation exchange r e si n .  

S olutions wer e conc entrat e d  i n  a rotary evapor ator and made up 

to 2 cm3 prior to pap e r  c hromato graphi c i dent i fi c ation o f  1 0  ul 

aliquots . 

Paper chromatography . C arbohydrate so lutions wer e chromat -

o g ra�hed o n  Whatman No . 1 pape r  in a des c ending solvent o f  e thyl 



26 

ac e t�te/pyri dine/wat er , 1 2 : 5 : 1 ( v/v ) for 1 8  hours . Thi s fas t 

s o lvent , whi c h  was all o w e d  to drip o f f  t h e  bo t t om o f  the c hromat-

o gram , g ave an exc ellent s e paration o f  gluco s e  and galac t o s e  

whil e  uroni c  aci ds hardly mov e d  from t h e  origi n .  An ac i di c  

sol ve nt o f  e t hyl ac etat e/ac e t i c  aci d/ formi c a c i d/wat er , 9 : 1 . 5 :  

0 . 5 : 2  ( v/v ) for 1 8  hour s was used wh en uroni c a c i ds , gal ac to s e  

an d s u c r o s e  were t o  b e  s eparated . The R fs o f  t h e  sugars i n  t h e s e  

t w o  s o l v ents ar e gi ven i n  T ab l e  1 .  

TABLE 

R
rhamnose 

VltLUES OF SUGARS IN 'l'WO CHRONATOGRAPHI C  SOLVENTS . 

S ugar Et.Ac/Pyr . /H20 EtAc/HOAc/HCOOH/H20 
1 2  : 5 : . 1  9 :  1 . 5 : 0 . 5 : 2 

R h 
R r amno s e  rhamnos e  

Rhamno s e  1 00 1 00 
Xylose 74 58  
Arabino s e  66 49 
Fruc t o s e  50 42 
Glucuroni c ac i d  2 38 
G alac turoni c aci d 6 30 
Gluc o s e  38 29 
G alac t o s e  3 1 27 
Sucro s e  20 24 

Sprays 

I ndi c ator sprays u s e d  were : 

al doses  an d uroni c a c i ds : p-anisi dine HCl 

( Hough , J o n e s  and Wadman , 1 950 ) . 

keto s e s : urea - H
3

Po4 ( ibi d . ) 

di f ferent i ation o f  r e ducing and non-r educ ing 

sugars : s i l v er nitrat e/ac e t o n e/NaOH ( Tr e v elyan , 

Pro c t er and Harris o n , 1 950 ) . 

Quant i t ative es timation o f  sugars . 

( a ) Spe c tr opho tometri c . Sugar unknowns were c hromatographe d  

wit h  s t andar d sugars and gui de strips and eluted from t h e  paper 
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wit h  d eioni s e d  wat er ( Lai dl aw and R ei d ,  1 950 ) . Dupli c at e  1 cm3 

. 3 
aliquo t s  o f  the  elua t e  ( 3  c m  ) were  analys e d  by t h e  Ba th method 

( Bath � 1 95 8 ) . Th e opt i c al densi ties  o f  the solutions were 

measur ed in a Unic am SP 500 spe c tropho tome t e r  at the  fol lowing 

wavel e ngths : fru c to s e , gal acto s e , glucose  and sucro s e , 322 nm ; 

arabinos e ,  287 nm ; xylo s e , 3 1 6 nm . 

The s t andard conc e n tration/opti c al d ensity curves for four 

o f  t h e  sugars are given in Fig .  2 .  The ' el ut e d '  curve s  are t ho s e  

o b t ai n e d  b y  eluting s t andard amounts o f  t h e  sugars fro m  paper 

c hromatograms whi l e  t h e  1 non- eluted  1 c urves are tho s e  c orr es..; , . 

pending t o  s t andard aqueous sugar solutions . Despi t e  exhaustiv e 

anal y ti c al pre c autions , only gluco s e  gav e  a s atis fact ory standar d 

c urve upon elution ( r
2 

= 0 . 994) . For all elut e d  sugars ther e was 

a marked decr eas e in o p t i c al density indi c ating that there  had 

b e e n  i n c o mpl e t e  elution o f  the  sugar from t h e  paper . The c o e f­

fi c i e nt o f  multiple d e t erminati on , r
2

, for the r egr ession lines 

shown i n  Fi g .  2 indi c at e d  the  c onsi der<J.bl e vari ability  inherent 

i n · t h e  elution t e chnique  and i t s  limi tations in ac c urat ely 

det e r mining the sugar c o nt ent o f  an unknown . 

Apart from inc o mpl e t e  eluti on , there ar e prdbably many 

r easons for the  variation in readings - contamination from marker 

spo t s  and c ellul o s e  from t h e  fil t e r  paper , excessive  mani pulation , 

e t c . Coupl e d  wi th t h e  i nh erent f asti diousness and t e dium o f  the 

metho d ,  these  unsati s fac tory r esul ts  n e c e s sitated  the  u s e  o f  gas-

liqui d  c hromatography for accurate quantit ative analys e s .  

( b ) Gas -liqui d chro�atogr aphic . S ampl es o f  polysac c hari d e s  

( 20 mg ) were hy dro lys ed a s  outlined above and Me-�-D-gl u c o -

pyranosi de  ( 1 0  mg ) was added a s  a n  i nt ernal st andard a ft er 

neut r al i zation . Such hydrolys at es are equi librium mixtur es o f  

cJ.- an d p -anomers o f  the  free al do ses  and c hromato graphy o f  suc h 

mixtures gives  a large  number o f  peaks . This probl em was avo i d e d  
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by reducing the aldoses to the corresponding open-chain alditol : 

by r e duc tion with sodium borohydride ( 1 0 mg ) ,  as shown below fo · 

glucos e .  

o<-D-GLUCOSE 

fH20H 
e -- o �/H ""� 

c . c 

O��H �/cm c -- c I I 
H OH H OH H H 

I I I I NaBH4 HOH C-C-C-C-C-CH C : 2 I 1 I 1 2 

�7 
OH H OH OH 

GLUCITOL 
p �D-GLUCOSE 

_fter s tanding overnight at room temperature , excess NaBH
4 

was 

decomposed by gently shaking the solution with an exc ess o f  cai �on 

exchange resin ( 0 . 5g ,  Dowex 50 - X8 ) and the solution taken to 

dryness  in a rotary evaporator . Borate ion was removed as 

volatile  methyl borat e by three eo-distillations with methanol 

( 20 c m3 ) .  

I nitially trimethylsilyl derivatives were formed by the 

metho d o f  Sweeley , Bentl ey , Maki ta and Wells ( 1 963 )  but , as in 

their investigation , it  was found that arabitol/xylitol and 

galac titol/glucitol mixtures could not be separated on an SE -

column ( Silicone gum rubber , phenyl ) .  Consequently ,. alditol 

52 

mixtures were ac etylat ed  with a mixtur e of pyridine/ac etic 

anhydride 1 : 1  v/v ( 4  c m3 ) in a boiling water bath for 1 0  minut e s 

(B j orndal , Lindberg and Svensson , 1 967 ) . The  mixture was evap-

crat e d  under reduc ed pressure to a syrup which was dissolved i1 

ethyl ac etate ( 2  cm3 ) for inj ection into the gas chromatograph . 

Quantitative determination o f  the ac etates was per formed c n 

a Varian Aerograph 1 740 ( flame ionisation detector)  Gas chroma· o -

graph using an i-" x 6 '  column o f  SE ..; 30 ( Silicone gum rubber , 

methyl ) on  Aeropak 30 and a nitrogen carrier gas flow o f  30 cm3 · ffil � 
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Peak ar eas were measured by planimetry ( mean of six measur ements : 
0 and by weighing . With t emperature programming from 144 C to  

0 
1 70 C a ft er 20 minutes , an adequate s eparation o f  the monose  

derivatives was obtained exc ept for glucitol- and galactitol-

�exa-ac etat e . A typical c hromatogram o f  a hemi c ellulose  hydrol-

ysat e is given in  Fig . 3 with  the ret ention times and peak area/ 

w • .;ight ratios o f  the al di tol  ac e tates given in Table 2 .  Rhamnos ) , 

ribos e  and 3-0Me-glucose were unsuitable as st andards sinc e 

3-0Me-glucitol penta-ac etate int er fered with the  hexitol ac etate ; 

and rhamnitol- and ribitol penta-ac e tates with  the pentitol 

acetates . 

I t  has b e en claimed ( Gunner , Jones and Perry , 1 9 6 1 ) that a 

relationship exists between the  retention times o f  the alditol 

ac etat es and their stereochemical s tructure as described in the 

pre ferr e d  zig-zag conformations . For alditol acetat es o f  the 

same  mol ecular weight , the great er . the number o f  ac etoxy groups 

on non-terminal carbon atoms which are arranged  on one side o f  

the molecule , the greater the affinity o f  the compound for the 

liqui d phase and hence the longer its retention  time . Further-

more , they postulat e that for alditol acetates  o f  the same 

mol e cular weight and the same  number of ac etoxy groups arranged 

on  one  side o f  the mol ecul e , the closer thes e acetoxy groups ar < 

to each other the gre�te� is  the affinity o f  the compound for t l  e 

liquid phase and henc e the  great er the ret ention time . These 

empiric al rul es also pre di c t  the present di f fi culty o f  separati; g 

gluci  tol- and galacti tol hexa-ac etat es , a problem whic h  was als· ' 

enc ount ered by Gunner et  al with the three c olumn mixtures  they 

employed but was not dis cussed by them . 

Galactitol hexa-ac etate  ( 1 )  in the zig-zag c onformation ha ; 

two ac e toxy groups in close  proximity on either side o f  the 

molecul e while in gluci tJl h exa-ac etate ( I I )  there are three 
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TABLE 2 

RETENTION TIMES AND · PEAK AREA/WEI GHT RATIOS 

O F  ALDITOL ACETATES FROM POLYSACCHARI DE$ . 

A l d i t o l  ac e t ::J t e  R e t ention 
t i m e  

( mi n . ) 

peak area � r a t i o * 
w e i gh t  

T empe r a t ure 1 44 °C 

Arabi t o l  pent a-�c etat e 
Xyl i t o l  penta-ac e t a t e  
M e -2 , 3 , 4 , 6 - t e t ra-0-ac e t y l -

� -D- gluc o pyranosi d e  

T emperature 1 70 °C a t  20 min . 

Gl u c i t o l  hexa-ac e t at e  
G al a c t i t o l  hexa-ac e t a t e  

1 0 . 0  
1 1 . 0 

1 4 . 6  

24 . 0  
24 . 3  

1 . 3 5 
1 .  29 

1 . 00 

1 . 23 
1 .  2 1  

* R e l a t i v e  t o  ratio for Me-2 , 3 , 4 , 6 - t e tra-0-ac e t y l - -D­
gluc o pyran o s i d e  = 1 . 00 

* * * * 

FIG . 3 S eparat i o n  o f  aldi t o l  ac e t at es from Hemi c ellul o s e  B 
( l inear ) on SE -• 30 . 
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consecutive acetoxy groups o n  one si de o f  the molecule. 

On the basis o f  these  ' rul es ' o f  Gunner et al , i t  is reasonabl e 

to expect  the affinity o f  each ac etylat ed molecule for the liq u: . d 

phase to  be  roughly similar t henc e their di fficulty o f  resoluti< , n .  

I n  t h e  present analyti cal work t h e  hexitol hexa-ac etate penk 

was designated  ' glucose ' ,  ' galactose ' or both ,  on the basis o f  

paper c hromatographic analysis o f  an aliquot o f  the original 

hydrolysat e .  However , sinc e the peak area/weight ratios for bo � .h 

derivatives were so similar it was possible to calculate the 

gluco s e  plus gal ac tose content o f  an unknown by treating the 

hexo s e  peak as an entity. ( Tabl es 4 and 5 ) . 

Comparison o f  spectrophotometric and gas-liquid chromatographic 

metho ds .: Duplic at e  sample s  o f  linear hemi c ellulos e  B and brancl t e d  

hemi c ellulose B were hydrolyse d  and analy"se d  for monosaccharide  

compo si tion by  both  the  elution/spectrophotometric metho d and t l t e  

g�s-liquid chrdmatographic method .  The  results are given in  

Table 3 .  The  st andard errors o f  the  means for all monosacchari < les  

by  the gas chromatographic method were vastly superior , and thi r :  

metho d also gave greater total recoveries o f  monosaccharides . 

The r esults  indi cat e  that low estimations o f  xylos e  are obtained 

with the  paper c hromatographic elution method while  glucose  plu: : 

galactose  values  are high., possibly through c ellulose  contaminat Lon . 

Coupl e d  with the  variation in  the standard curve for each mono­

sac charide when estimated  by the elution/spectrophotometric 

technique ( Fig .  2 ) , it was clear that the gas-liquid chromate-

graphic t echnique o f  analysis was pre ferabl e .  Consequently , i t  
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was us�d for the  monosacchari de analysis o f  all the  polysac charide 

frac tions . 

TABLE 3 

COMPARISON OF METHODS OF ANALYSIS OF MONOSACCHARIDE 

COMPOSITION- OF HEMICELLULOSES 

-

Elution from paper 
chromatograms and 
spectrophotometric 
estimation ( Bath , 1 948 ) 

Mean * SE 
(% D . W . ) mean 

Linear hemic ellulose B 

Xylose  32 . 7 + 1 • 7 
Arabinose  1 1 . 7 + 0 . 7  
Glucose  1 5 . 8 ( 8 )  + 0 . 6 
Galactose 3 - 5  + 0 . 4  

Total 63 . 7  + 1 . 3 

Branch ed hemic ellulose B 

Xyl o s e  3 1 . 2 ( 8 )  + 1 . 8 
Arabinose  1 8 . 8  + 1 • 1 -
Glucose  4 .  1 + 0 . 8  
Galactose 9 . 1 + 0 . 5  

Total 63 . 2  + 2 . 2  
-

Gas -liqui d c hromat o ­
graphy of  al di tol  . 
a�etat es on SE-30 
c olumn . · 

Mean SE 
( %  D . W . ) mean 

50 • 1 5 .:!:. 0 .  37 . 
1 3 . 20 + 0 . 25 
1 5 . 72 + 0 .  1 7  

79 . 07 + 0 . 24 

36 . 90 + 0 . 32 
20 . 05 + 0 . 77 
1 2 . 58 + o . ;;4 

69 . 53 + 0 . 8 1  

* == mean o f  4 values exc ept where indi c ated  in 
parentheses . 

% D . W .  
SE mean 

= perc entage dry weight 
= standard error o f  the mean . 

Uroni c acid analysis o f  polys-accharides 

The uronic acids , 4-0-methyl-�-D-glucopyranosyluronic acid 

( woody plants ) or  o(-D-gluc opyranosyluronic  acid, ( annual plants )  • 

are g en era lly attached to C-2 ar C-3 o f  the xylan chain o f  herni-

c elluloses (Whistler and Richards , 1 970 ) . This linkage is r esis-

tant t o  hydrolysis in H2so4 up to  a strengt h  o f  0 . 5M and such aci d 
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hydrolysis gives rise to an aldobiuronic acid ,  usually  2-0( 4-0· · 

methyl-�-D-gluco pyranosyluronic  acid ) -D-xylos e .  

H OH 

H 

2-0-(4-0-methyl-a-o-glucopyranosyluronic acid)-o-xylose · 

Such aldobiuronic acids do not move from the origin with paper 

c hromatography in the solvents used sinc e their R fs are lower 

than those  o f  free  uronic aci ds .  Furthermore they do not form 

suitable derivatives for gas-chromatographic separation and ar 1 

probably los t  as the barium s alts in the neutralisation  o f  the 

hydrolysat e .  

Consequently , the uroni c  acid c ontent o f  the hemi c ellulos 1 

and pectic  ( polygal acturonic aci d )  fractions was determined 

dire ctly on the fre e  polymers by the spectropho tometric c arbaz )le . ' . 

method o f  Dische ( 1 947 , 1 963 ) . Since hexoses , and to  a l esser 

extent pentoses , contribut e to the c olour formation  blanks wer ; 

used c ontaining the proportions o f  xylose , arabinos e ,  gluc ose  

and galact ose in  the  hemi c ellulose or  pectic compound . Sample 

absorbenc es were measured at 530 nm in  a Unicam SP 500 spectra -

photometer and contained 1 0  - 1 00 �g uronic  acid and a sugar 

c onc entration no great er than 0. 02% w/v , a level which  gave on ly 

a minor contribution to the total absorbanc e .  

I t  should b e  noted ,  however , that the carbazol e  method do 3s 

not give  accurate det erminations o f  absolute hexuronic acid 

content since the colour intensity varies slightly with the ty pe 

o f  polysacch�ri de investigated  ( Dis che , . 1 947 ) • . Neverthel ess , 

the polys ac charide fractions studied were broadly similar in 

monosaccharide c ontent and were fre e  o f  interfering proteins a nd 
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sulphy dryl-containing compounds so the method was valuabl e for 

determining the comparative uronic  acid cont ent s .  

G eneral polysaccharide puri fi c ation and analyses 

All fractions were checked for nitrogen c ontent by a micro-

Kj eldahl pro c e dure using a K2so4/Hg0/H2so4 catalyst ( St eyermark , 

1 96 1 ) ,, and mineral contamination  was determined by ashing the 

polymers to 550°C �n a muffle furnace .  

The -OMe ether content o f  some frac tions was det ermined by 

the Microanalytical Laboratory , University o f  Otago . 

Infrared  spec tra o f  plant frac tions were obta�ned  with a 

Perkin Elmer Model 1 37 I . R .  Spectro photometer . Samples  (2 mg ) 

were disperse d  in KCl ( 1 70 mg ) by grinding by hand for 1 0  minut E s 

and pressed  �scs prepared as described by Farmer ( 1 95 7 ) . To 

obtain un� form sample distribution , discs  were ground and r epreE sed  

s everal times unt�l a cl ear dis c  was obtained.  

2 .4. 2 .  Results and Discussion 

The hemi c elluloses of grasses  generally consis t  o f  D-xylan 

backbones with L-arabino furanos e  attached  to C-3 o f  xylose  and 

D-glucuroni c or 4-0-Me-D-glucuroni c  aci d resi dues attached to 

C-2 o f  xylo s e � usually as single unit sidechains ( Aspinall , 1 959 ) .  

p -D-Xylp - (  1 � 4) - ((3-D-Xyl p ) - (  1 � 4)  - (p-D-Xylf> ) - (  1 --t  4 )  - (p -D-Xylp ) -
2 3 

t t 
1 

L-Ara5 

The 4-0-methyl ether o f  glucuronic  aci d  is  the mos t  common side-

chain in the xylans o f  higher plants , while  many annual plants 

c ontain only the unmethylated  D-glucuronic  acid sidechain .  

L-arabino s e  i s  usually found a s  a non-reducing end group but nor. -

t erminal L-ar abino furanose residues  have been found in  perenni al 

ryegrass ( As pinal l , Cairncros s  and Ross , 1 963) and many c ereals . 
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In such side-chains , L-arabinose is usually in the furanose form 

and the L-arabinosyl groups in the  side-chain are o ften  t erminated  

by 4-0-methyl- -D-glucopyranosyluronic acid  or  D-xylopyranosyl 

groups ( Whistler and Richards , 1 970 ) . On the other hand , all 

side-chain substituents may b e  abs ent as in esparto grass  xylan 

( Chanda e t  al > 1 950 ) which is a true D-xylan , compos e d  exclusively 

o f  D-xylos e  residues . 

Gluco s e  and galactose have long be�n known to b e  present in 

grass hemi cellulose hydrolysat es  ( Gailliard , 1 959b ; Waite  and 

Gorro d ,.  1 959a ) , but the nature o f  their structural incorporation 

was not c l ear .  Terminal , non-reducing galactose r esidues have 
. . 

b een found in  a xylan from perennial ryegrass ( Aspinall , Cairn-

c ross and Ros s ,  1 963)  and on the  basis o f  methylation studies  

Ehrenthal , Montgomery and Smith ( 1 954) have claime d  that glucose  

i s  an integral part  of  the xylan chain in wheat straw . Gailliar d  

has found indications o f  a neutral glucan and an acidi c , highly 

branched  galactoarabinoxylan in perennial ryegrass ( Gailliard , 

1 965 ; Bailey and Gailliard ,  1 965 ) . Small amounts o f  a ,B-Glucan·, 

r es embling c ellulose  in properties ,. were s�parated  from corn 

stalks ( Gramera and Whistler , 1 963 )  as well as an acidi c  galacto-

arabinoxylan and a neutral arabinoxylan • .  Recently , a n eutral glucan 

( Fraser and Wilki e , 1 970 ) and an acidi c  galactoarabinoxylan with 

both t erminal and non-terminal gal acto s e  r esidues ( Reid and Wilki e , 

1 969b ) have b een i solated in  a pure form from young o at leaves . 
I 

The chemical analysis o f  the polysac charides from a ·sample 

o f  Yorkshire fog ( collected 5/3/ 1 9 68 ) is  given in  T able 4 • .  The 

' pectin ' was a polygalacturoni c  acid with a low -OMe c ontent · 

( presumably the methyl est er ) and also  contained small amounts 

o f  arabinos e  and gal actose . 

The h emicelluloses obtained from Yorkshire fog were basically 

arabinoxylans although varying amounts o f  hexose were present . 



P e c t in 

H em i c e l l u l o s e  .i\. 

H e m i c e l l u l o s e  B 
( l i ne a r ) 

H e m i c el l u l o s e  :a 
( branc h e d ) 

H e m i c e l l u l o s e  B ( I )  

C e l lu l o s e  

T a b l e  4 
C H EM I C J.\L ,\N ri. LY S I S  OF POLYS,\ C C JI A R I D ES FRON YORK S H I R E  FOG ( 5/3/68 ) 

J.\ ra b i n o s e  Xylos e H e x os e •  

4 . 2  - 3 . 0  
( G a l . ) 

1 3 . 5  49 . 1  2 1 . 3  
( G l u . ) 

1 3 . 2  50 . 1  1 5 . 7  
( G l u . + Gal . ) 

20 . 0  36 . 9  1 2 . 6  
( G l u . + Gal . ) 

7 . 5  56 . 0  1 1 . 0 
( G l u . ) 

- 4 . 7  92 . 3  
( Glu . ) 

% Dry :i e i gh t  

A nh y d ro ­
u ro n i c  a c i d  

87 . 4  

5 . 6  

7 . 9  

1 2 . 9  

3 . 2  

-

�-�. l d o b i u ro n i c 
a c i d  

+ 
x y l o s e  

-

4 . 3  

6 .  1 

9 . 9  

2 . 5  

-

• Gluc o s e  + Galac t o s e . G l u . = G l u c o s e , Gal . Gal a c t o s e  

+ 
Anhydro b i ur o n i c a c i d  x0 . 77 

- O N e  NX6 . 25 

1 .  9 1 . 2 

N . D .  -

0 . 6  -

0 . 8  -

N . D .  -

- 0 . 8  

I ns o l u b l e  
As h r e s i d u e s  

a f t e r  h y d r o l y s i s  

0 . 4  -

- 4 . 0  

- 3 . 2  

- -

- 1 6 . 3  

0 . 6  2 . 8  

T o t a l  

98 . 1  
\).l 0'\ 

97 . 8  

96 . 8  

93 . 1  

96 . 5  

1 0 1 . 2  
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Al dobiuroni c acid xylose  ( section 2 . 4 . 1 . ) was calculated  by 

assuming a 1 : 1  ratio o f  xylose  to glucuronic  acid and thereby 

multiplying uronic acid content ( carbazol e  method)  by 0 . 77 .  

H emic ellulo s e  A was present in only small quantiti es ( s ee  Table 9 )  

i n  Yorkshire  fog , unlike perennial ryegrass ( Gailli ard , 1 965) , 

while  linear and branched hemi c ellulose B plus hemic ellulose  B ( J ) 

c omprised  over 95% o f  the fractionated hemic ellulos e  (Table 9 ) . 

Furthermor e , the monosac charide  c omposition o f  Yorkshire fog 

hemic ellulo s e  A is  quite  di fferent from that o f  perennial ryegr< .ss 

( Gailliar d ,  1 965 ) in that it c ontains gluco s e  and has a higher 

uronic  acid  content . I n  this respect , its  composition is  similnr 

to  that o f  linear hemi cellulose  B and i t  may simply b e  a small 

part o f  that fraction which slowly precipi tated on s tanding aft ( )r 

acidi fic ation o f  the extract .  

Iodine/CaC12 frac tionation o f  Yorkshire fog h emic ellulose .- ·B 

gave a
'
di fferentiation o f  the polymers in uronic acid c ontent 

• 

(Table 4 )  but the hexoses were not clearly s eparate d  into glucone  

( linear )  and galactose ( branched)  as was found by Gailliard (1 9 65 ) . 

An att empt at copper complex formation with fehlings solution  
- '  

( Jones and  Stoodl e y ,  1 965 ) gave no further fractionation of  theH e 

' linear ' and ' br anched ' hemi cellulose  B fractions (Lee , 1 970 ) . 

The  hemic ellulose  B fraction which was insoluble in water 

but sol uble in dilute KOH ( hemi cellulose  B ( I ) ) was incompletel:r 

hydrolysed  by 0 . 1 25 M H2so4 • This frac tion is virtually a pure 

xylan ( T able 4) with only l ow amounts o f  uronic acid and in  thi:> 

respe c t  bears a similarity to the composition o f  the hemi c ellulose 

A isolated by Gailliard from perennial ryegrass . The infra-red · 

spectrum o f this polymer ( Fig . 6 )  was typical o f  a hemi c ellulose  
- 1  except for the shoulder at 1 550- 1 580 c m  , which i s  an indi c ati 'm 

o f  the  C=C skeletal vibrations p f  the aromatic nucleii  o f  ligni· 1 . 
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The analys es given in T able 4 indicated  that ' linear ' anc 

' branche d '  hemic ellulose B o f  Yorkshire fog , obtained  by iodir e/ 

CaC12 fractionation ,  were unlikely to be  pure polysac charides . 

Glass fibre electrophoresis gave further evidenc e o f  het ero-

geneity in  some cases but was mostly inconclusive through strE �k-

ing , ( possibly due to high rat e s  o f  endosmotic flow in alkalir e 

buffers as a result o f  the loose  matrix o f  the glass fibre par er ) . 

An attempt was made to further fractionate these mixtures by 

ethanol precipitation (Whistl er and Sanella ,  1 9 65 ) . Aqueous c %  

solutions were titrated with 9 5% ethanol and when turbidi ty wc. s 

reached the suspension was centri fuged at 2000 rpm . The c entr i-

fugate s  were dissolved in deionised water , fre eze-dried and 

weighed .  On the  basis o f  this treatment , linear hemicellulosE  B 

appeare d- t o  consist o f  two frac tions , and branched hemic ellulc se  

B of  t hr e e  fractions ( Fig .  4 ) . 
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The indivi dual freeze-dri ed precipitates were analys ed for thei � 

monosaccharide composition and the average composition o f  the 

groupe d  fractions is  given in T able 5 .  

The hexose  o f  linear h emi c ellulose  B ,  F/ 1 was e ntirely 

gluco se  and the overall composition was very similar to that o f  

the previously-mentioned linear hemi c ellulose  B isolated  from 

perennial ryegrass by Gailliar d .  Branched F/3 contained only 

galac tos e  and was similar in composition to Gailliard ' s  branch e d  

hemi c ellulose  B while the r emaining three  fractions contained 

both glucose  and galactose in  approximat ely equal amounts .  The 

composition o f  linear F/2 was v ery similar to that o f  branched 

F/2 . 

The monosacchari de composition o f  the hemic ellulose  fracti�ns 

given in  T able 5 are consistent with the presence o f  thr e e  pure 

polysac charides - a neutral glucan ,. a weakly acidi c  arabinoxylan 

and a more aci di c  galactoarabinoxylan . All fractions exc ept 

branched  F/3 were of doubt ful homogeneity on electrophoretic 

evi denc e .  The acidi c  galactoarabinoxylan hypothesis is consist ent 

with the  observation that all fractions rich in galac tos e  and 

arabinos e  were also higher in uroni c acid content � Gailliar d  

( 1 965 ) found t hat the linear hemic ellulose  B fractionated  from 

ryegrass gave evidenc e o f  being a mixture o f  a neutral glucan and 

an arabinoxylan . The composition o f  linear F/ 1 from Yorkshire 

fog i s  c onsistent with such a mixture while  the c omposition o f  

linear F/2 and branched F/2 and F/3 are c onsistent with mixtures  

of  thes e  two polysac charides with varying amounts of  the  acidic  

galacto-arabinoxylan ( branche d  F/3 ) . 

I n  view o f  the resistanc e o f  these hemi cellulose  mixtures to 

r es olution and the tenuous relationship of such fine structur e  to · 
. . ++ + +  the problem o f  complexkng o f  Ca and Mg ( Part 3) by hemi-



Tab l e  5 

l 10NOSACC HAR I D E  ��NALYS I.S O:f E'l'HANO L - l!'RAC'.riONA'rED L I N EA H  AND BRA N C HED HENICELLULOSE B. 

H e m i c e l l u l o s e  B ( l i n ear ) 

Ethan o l  F/1 

E than o l  F/2 

H e m i c ellulo s e  B ( branched ) 

E thanol F/1 

E thano l F/2 

Ethano l F/3 

\ ' 

W e i g h t  ( mg . ) 
fra c t i o na t ed 
from 500 mg 

235 

250 

70 

1 75 

230 

Arab i no s e  

9 . 3  

1 7 . 7  

1 3 . 0 

1 9 . 6  

26 . 6  

* Gluc o s e  + Galac t os e .  

Xyl o s e  

62 . 3  

' 

4 1 . 7  

l�8 .  2 

39 . 9 

35 . 4  

+ 
Anhydrou r o n i c  a c i d  x 0 . 77 

% Dry W e ight 

Hexo s e *  

1 5 . 8  
( Gl u . ) 

1 1 . 6 
( Gl u . + Gal . ) 

1 6 . 5  
( Glu . + Gal . ) 

1 0 . 3  
( Glu . + (}a l . )  

1 0 . 5  
( Gal . )  

Anhydro­
uro n i c  a c i d  

4 . 5  

1 2 . 0  

8 . 9  

1 3 . 6  

1 3 . 4  

Aldo b i u ro n i c  
a c i d  . + 

Xylo s e  

3 . 5 

9 . 3 

--. 

6 . 9 

1 0 . 5  

1 0 . 4  

Glu . = Gluc o s e , Gal . = Gal a c t o s e  

To tal 

95 . 4  

92 . 3  

93 . 5  

93 . 9 
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c ellulo s e  B thi s  problem was not investigated further . However , 

this i nvestigation do es indi c at e  that the I2/CaC12 fractionatic n 

proc e dure o f  Gailliar d ,  as well as o ther procedures  such as cor per 

compl ex formation � may only be separating the polysac chari des j n  

the  mixtur e  on the basis o f  mol ecular weight ( polymolecularity;  

. rather than structure ( polydiversity ) ( Reid and Wilki e , 1 9 69 ) . 

2 . 5 .  CHEMI CAL ANALYSIS OF  LIGNIN 

2 . 5. 1 .  Analytical metho ds 

Nitrobenzene/alkali oxi dation o f  lignin S ampl es  o f  ligni1 1  

( 220 mg ) extracted  from Yorkshire fog ( collected  5/3/ 1 968 ) wer e )  

heat e d  at 1 80°C in  a bomb c alorimeter with 2M KOH ( 1 5 cm3 ) and 

redi s tilled  netrobenzene ( 1 . 5 c m3 ) for two hours . The aromatic: 

aldehydes were  puri fied from the  nitrobenzene degradation pro ducts  

in  the  reaction mixture and finally extrac ted by continuous 

liquid/liquid extrac tion with  e ther ( Pepper , Manolopoulo and 

Burto n ,  1 962 ) . 

Chromatography o f  oxi dation pro ducts The al dehydes were 

s eparat e d  by thin-layer chromatography on silica g el ( Merck G )  

i n  a solvent o f  chloro form/ethyl acetat e  90 : 1 0  ( v/v ) . The pla .. ; e s  

were sprayed  with an acidi c  solution of  2 : 4  dinitrophenyl 

hydr azine (Reitsema , 1 95r ) to i dentify carbonyl compounds and 

with methanolic KOH followed by diazotis e d  sulphanilic acid ( � �es 

and Mi tchell , 1 952) and acidic hydrazine sulphate · ( Deshusses  and 

Desbaumes , 1 95 7 )  to i denti fy the aldehydes by spec i fic c olour 

r eactions . 

The aldehydes were estimated quantit atively by gas-liqui d 

chromatography ( Varian Aerograph 1 740 gas chromatograph) on a 

i" x 6 '  c olumn o f  3% XE-60 ( Silicone GE , nitrile gum ) on Aerop lk. 

30 . A t emperature  o f  1 60°C and a carrier gas o f  dry nitrogen �t 

65 p . s . i .  wit h  a flow rat e o f  30 cm3/minute  was employed .  
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m-Hydroxyb enzaldehyde was us ed  as an internal standard . 

Spe c trophotometric analys es Infra-red spectra and 0-Me-

analyses were carri ed out on lignin as outlined for polysac char ide&.  

The ultra-violet absorption spectra of lignin were obtainE d 

on a Uni c am SP 500 spec trophotome ter for solutions ( 50 ppm ) in 

water , 0 � 1 M NaOH and concentrat ed  H2so4 which  had b een diluted 

from stock lignin solutions ( 200 mg/ 1 00 cm3 ) .  To c al c ulate £ , 

the mol ecular extinction , c o e f ficient , lignin conc entration was 

based  o n  methoxyl equavalent weight ( grruns o f  total solids per 

3 1 . 02g o f  metho xyl ) .  

2 . 5 . 2 .  R esults and Discussion 

Studies on the fine structure o f  the c ell wall show that 

lignin i s  intimately associ ated  structurally with the celluloS ( ! 

micro fibrils and ,  with the non-c ellulosic carbohydrat es , it  

constitut es the  amorphous materi al in which  the  mi cro fibrils are 

embedde d .  ( Wardrop and Bland , 1 958 ) . Lignin i s  di f fi cult to 

de fin e  chemically , however , sinc e its composition varies with 

plant species ( especially the angiosperm lignins ) and is mo di fi. ed  

to di f ferent degrees by metho ds of  extraction from the plant . 

Despi t e  this heterogeneity , i t  i s  clear that 1 lignins 1 are a tri-

dimensional system o f  polymers derived from coni feryl alcohol and 

other guai cylpropane monomers ; generally they are insoluble in 

water , mos t  organic solvents and strong sulphuric acid .  There i s  

an exhaustive list o f  physic al and chemical properties which 

s erve as ' lignin criteria ' ( Kratzl , 1 9 65 ) for the absolut e 

i denti fi c ation o f  a material as ' lignin ' . Again , these are o f  

limi t e d  use since exc eptions have been found by investigators to 

some o f  thes e rigid criteria .  

The purpose  o f  this present investigation was to det erminn 

whether the i solated ' lignin ' from Yorkshire fog ( section 2 . 3 . 3 . ) 
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was actually lignac eous and , i f  so , its degree of purity and 

chemical c omposition . The thr ee  c riteria employed wer e :  ultra-

violet and in fra red  spectroscopy and alkaline nitrobenzene 

oxi dation . 

Ultraviolet spectroscopy The ultraviolet absorption spec tra 

o f  most. l ignins show a strong absorption maximum in the region o f  

2 1 0  nm and the charact eristic weak er absorption shoulder in the 

280 nm region ( Pearl , 1 9 67 ) . The procedure used in this investig-

ation is  similar to that origi nally  used by Aulin-Er dtman ( 1 958) . 

in her exhaustive study o f  lignins and depends upon the di fferenc e 

in  ultraviolet  absorption o f  pheno ls and their corresponding 

phenoxid e  ions . The absorption maxima due to the phenoxi de i ons· 

are generally higher and are located at longer wavel engths than 

those given by the non-ionised  phenol . Consequently , i f  the lignin 

were to contain a large proportion o f  phenolic groups then an 

increas e in pH o f  the solution would be expected to give a sig-

ni ficant  shi ft o f  these maxima . The lack o f  such a signi ficant 

shi ft would be a cl ear indication that most o f  the c hromophores 

pres ent wer e nonphenolic .  

The  absorption spec tra for the lignin from Yorkshire fog are 

given i n  Fig .  5a .  The spec trum under alkaline conditions ( pH 1 2 . 5 ) .  

represents the absorption due t o  the non-ionisable chromophores 

plus the  c hange d  absorption due to the ionisable chromophores . 

Sinc e the absorptions o f  these two chromophore groups occur i� 

similar regions , even under thes e  alkaline conditions , it i s  only 

possible to s tudy the charact eristics  o f  i onisable  c hromophores 

by subtracting the absorption c urve of the neutral solution ( non-

ioni s able ) from  that o f  the alkaline solution ( ionisable + non­

ioni s able ) ; this was terme d  the  •6 � curve ' by Aulin-Erdtman 
. . 

( 1 95 8 ) , and i s  solely dependent upon the ionisabl e chromophores .  
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The spectra o f  lignins in conc entrat ed acid solutions hav e 

also b e en found to give band displac ements towards longer wav e -

lengths ( Goldschmi d ,  1 953 ) and the spectrum for lignin in  98% 

H2so4 in Fig .  5a shows such a broad maximum at 345-365 nm . Dc · ub 

and Vandenbelt ( 1 949 ) have shown that the U . V .  absorption bands 

in b enzoid c ompounds can be explained by considering substituent 

groups ( ie ,  -OH , -OMe , and d.. -carbonyl groups ) to shi ft the 

s e condary ( 250 nm) ,. first primary ( 200 nm ) and second primary 

( 1 80 nm ) absorption banfs o f  benzene to longer wavelengths . 

Similar band displac ements can arise , in both strongly acidi c  and 

basi c solutions , from i onisation o f  benzenoid  compounds conta�.ning 

o pposing ele ctron-releasing and electron-attracting groups in a 

para- position . Extremes o f  pH in  such lignin solutions would 

enhan c e  el ectron trans fer between � -carbonyl groups ( on the 

propyl- sidechain)  conjugat ed  through the benzene ring with a 

phenolic hydroxy- group in · the para- position and would give  rise 

t o  typical absorption shi fts to higher wavel engths � 

The 

OH ( strong 
· acid ) 

ac tual '� E. curves ' 

OH ( neutral ) 

,.. ... r 
..r -.rJ' 

Lignin ..1"'-r · 

/ f  
C=O 

Q 
o8 ( alkal� . ) 

for the lignin from Yorkshire fog 

( Fig . 5b ) show two maxima ( 250 nm and 295 nm) for the alkalin·� 

s olution and three for the s trongly aci dic  solution ( 255 , 300 , and 

.v370 · nm) . On the basis o f  di fferenc e spectra obtained  from m•)del  

guai cyl- compounds and lignins ( Goldschmi d ,  1 953 ; Aulin-Erdtm.m 

and H e gborn , 1 958 � Wexl er ,  1 964 ) it is possible to assign theae  
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bands t o  di f ferent features i n  the lignin mol ecule . 

( a ) T h e  strong absorption band at 250-255 nm This absorption in 

both curves can not be de fini tely ascribed to any particul ar 

group but is  probably the sum o f  two e ffects : a first primary 

shi ft ( 200 nm ---7 250 nm ) o f  guaicyl- nucl eii with no side-chain 

unsaturation conjugat ed through the benzene ring plus a second 

primary shi ft ( 1 80 nm � 235 nm ) o f  guaicyl- nucleii conjugat ed 

with si de-chain rJ.... -carbonyl groups . 

( b )  The  absorption band at 290-305 nm The peak with A at max . 
295 nm in the alkaline �9lution is  due to ionised  phenolic 

hydroxyl groups but a slight shoul der is  also  apparent in the 

s trongly aci di c  solution and probably results from the partial 

displac ement o f  the secondary bands o f  guaicyl nucleii with no 

si de-chain �nsaturation ( Goldschmi d ,  1 953 ) . 

( c ) The  broad absorption in the region 350-370 nm The absenc '� 

o f  this band in the alkaline solution can be int erpreted as an 

absenc e o f  phenoli c hydroxyl groups conjugat ed  through the rint� 

with an � -c arbonyl group in this lignin . However , there is a 

marked absorption in the strongly aci di c  solution indi cating that 

c(.-c arbonyl groups on the side-chai n  are present and are probably 

conjugated with  etheri fi e d  phenolic groups in the para- position .  

Such etheri fied  phenoli c groups ( as i n  veratral dehyde ) would not 
H C= O 

solution  and there v�ratraldehyde OOCH, 

ioni s e  in  alkaline 

would ,  ther e fore , 

b e  no shi ft in the primary band to  the 350-370 nm region .  

Cal culation of  phenoli c hydroxyl content o f  lignin On the 

basis o f  studi es with mo del c ompounds containing non-conj ugated 

guai cyl units , Goldschmid ( 1 954)  and Wexl er ( 1 9 64 )  were able to 

relat e  the absorptivity , A,  ( A  = optical density/conc entration in 

.,;. - - - • !, 
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g/litre x unit light path l ength ) at spectra maxima to the cont �nt 

o f  phenolic hydroxyl in the lignin . Although the pe� c ent incr 3ase 

with i onisation in the 280 nm maximum of th.e direct  spec trum wa;, 

found to  be roughly proportional to the phenolic  hydroxyl content , 

Wexler ( 1 964 ) found the absorptivity o f  the di fferenc e spectrum 

at 250 nm a more us eful index . GQldschmid ( 1 954)  used the abso rp-

ti vi ty o f  the 300 nm peak in the. di fferehce spectrum but Wexler 

( 1 9 64)  h as shown that conj ugated c arbonyl c ompounds and other 

uni denti fied impurities can contribute appreci ably to the absorb-

enc e at this wavel ength and ,  cons equently , the di fference  spectrum 

at 250 nm seems the more  r eliable index . 

Since  the direct and di f ferenc e spectra for lignin from 

Yorkshir e  fog are very similar to those  of ' native lignins ' and 

lignosulphonat es investigat ed  by these  workers it seemed r eason -

abl e  to  use their data in  c al culating the percentage phenoli c  

hydroxyl i n  the Yorkshire fog lignin , particularly as it  seeme{ 

free o f  vanillin-like conj ugated �-carbonyl compounds ( absenc e o f  

peak i n  350-370 nm region for D e  -OH- ) .  The values obtained 

( Tabl e 6 )  indicate  a molar m ethoxyl/phenolic hydroxyl ratio o f  

approximately 4 : 1 sinc e the upper estimat e d % phenolic hydroxy] 

cont ent o f  1 . 49 is probably too  high becaus e o f  the contributic 'n 

o f  impuriti es  to the absorption band at 295 nm as: discussed above . 

T ./\BLE 6 

PHENOLI C HYDROXYL CONTENT OF LIGNIN FROM YORKSHIRE FOG 
AS C ALCULATED FROM D t. ( OH- ) CURVE OF FIG 5b . 

Estimation nm Di f ferenc e factor % phenoli c  molar 
method  spec tra hyd�oxyl ratio o f  

absorptivity c ontent methoxyl* 
( -1  -1  to 1 .  g • cm  ) hydroxyl 

Golds c hmid 
( 1 954) 295 3 . 6  0 . 4 1 4  1 . 49 3 . 6  

Wexl er  ,/ 
( 1 964 ) 250 6 . 7  0 .  1 92 1 . 29 4 .  1 
* -OMe content = 9 . 9% dry weight o f  lignin 
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I n frared spectroscopy The in frared spectra for the whole  

grass , pectin , lignin , hemi c ellulos e  B ( I )  and h emi cellulose  B 

( branched)  o f  Yorkshire fog are given in Fig .  6 .  The spectra fo:· 

hemi c ellulose B ( linear ) and c ellulose are virtually i dentical 

with that shown for branched hemic ellulose  B .  It is clear that 

the struc tural polysac charides are responsible for most o f  the 

absorption  o f  the grass , vi z . , the broad carbohydrate  band from 
1 - 1  1 1 80-930 cm- and charact eristic peak at 900 c m  • Lignin makes 

little contribution to the spec trum o f  the whol e  grass and the 

typical aromatic absorptio n  o f  the 1 500- 1 550 cm- l  region  is sub-

merged in the total absorption  •. 

All the spectra show strong hydroxyl group stretching 
- 1  vibrations at 3400 c m  , the broadness o f  which  probably indicat 3s 

hydrogen bonding .  The shoulder at 2900 cm- 1  in all samples  aris 3s 

from C-H stretching ( either methoxyl groups or si de chain C-H ) . 

The bands at 1 720- 1 740 cm- 1  in the pectin and hemicellulose  

samples  are probably aliphatic ester carbonyl stretching bands . 

The spec trum for lignin  gives no indication o f  carbohydrate  

contamination in the  sampl e and gives two dis tinct aromatic 
- 1  - 1  stretching bands at 1 505 c m  and 1 595 c m  • The strong C:O 

stretching band 
·
at 1 645- 1 655 cm- l has been attributed ( Hergert , 

1 9 60 )  to  a ketone carbonyl alpha t o  the aromatic ring which has 

th.e para- position etheri fied and with an oxygen atom ( as a 

hydroxyl group or etheri fied )  in the two position on  the side 

chai n ,  as in ( 1 ) .  

CH030 o 6 I 11 I I - e - o c - c - c -
• I I I - H 

( I )  
/ 

The presence o f  such a grouping i s  support ed  by the high U . V .  
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absorbanc e ·at 370 nm in the strong acid di fferenc e s pectrum 

( �( -H
+

) o f  the lignin as pointe d  out in the previous s ection . 

Most  workers have attribute d  any lignin infrared  peak at 

1 7 1 0- 1 7 1 5  cm- 1  to the presence o f  a non-conjugated ketone carbonyl 

group in the  f3 -position o f  the phenyl propane side-chain ( Hergert , 

1 9 60 ; Bolker , 1 963) . Since  this 1 7 1 0  cm- 1  band was present in all 

o f  the 35 isolated lignins stu di e d  by Bolker ( 1 963 ) , yet  absent 

from the spe c tra  o f  the 1 5  woo d and pulp lignins i nvestigated , 

he  postulat e d  that the carbonyl group arose  through the  breaking 

o f  the lignin-carbohydrate  bond during extrac tion o f  the lignin .  

Bolker ( 1 963)  c onsiders these c arbonyl groups o f  lignin to be  

linked to hydroxyl groups of  the  holoc ellulose carbohydrat es by 

ac etal or hemiac etal bonds whil e  Freudenb erg ( 1 968 ) c onsiders a 

benzyl ether linkage to be  involved :  

C H20H O C H  I , 
H,- 0-o-
HC- 0 - Corbohydrole 

OO C H ,  � 
- 0  

b enzyl ether 
l inkage 
( Freudenb erg ) 

C H20 H  O C H 3 

I -b-
c- o � # 
ll 

H C  

OO C H, 

- o  

� -keto group 

CH20 H 

I ....- o-} 
C ... C arbohydroto 

I ' O -

C H2 ac etal 
0 linkage 

( Bolker ) 
O C H 3 

- o  . • \ 
H + 

The in frared spectrum o f  lignin from Yorkshire fog , powever , 

shows only a very slight shoulder  at 1·7 1 0  cm- 1  but thi s  c an b e  

explained by the  fact that the alkaline extraction o f  thi s  lignin 

probably destroyed - most o f  the ketone carbonyl through oxi dative 

c l eavage , wi tl->_ the consequent formation o f  a carboxyl group . 
-._ 

. I  
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Alkaline treatment o f  such model c ompounds as guai cyl ac etone and 

the 15-eto- form o f  f3 -hydroxy coni feryl al cohol has indeed  elim i.n­

at ed thi s  1 7 1 0  cm- l  band (Hereert , 1 960 ) . 

The Yorkshire fog lignin bands between 1 460 cm- l  and 1 37 J  - 1  cm 
are typical o f  C-H de formations ( symmetric and assymmetri c ) ; 

1 260- 1 220 cm- l  from aromatic C-0 s tretching ( methoxyl and phe�ol ) ;  

and 1 1 00- 1 020 cm- 1  from C-0 de formations ( primary and seconda �y 

hydroxyl and methoxyl , Hergert , 1 9 60 ) . 

Summing up , the infrared spectrum o f  the lignin isolated  

from Yorkshire fog  indicated that the fraction appeared  to be  free 

o f  hemic ellulose contamination and in most respects  gave evi d �nc e 

o f  functional groups i denti fie d  in other lignins . 

Alkaline nitrobenzene oxi dation The lignin content of mono-

c o tyledenous angio sperms ,. especial ly the grasses , is quite lo'v  

c ompared wit h  woody plants and consequently they have not beea 

i nvestigate d  as extensively as so ftwood ( gymnosperms ) or hardwood  

( di cotyl edenous angiosperms ) lignins . The lignins o f  such mono-

�otyle denous angio sperms di ffer from the o ther two c at egories in  

t hat they c ontain polymers of  all these  dihydro- analogues o f  the 

following cinnamyl alcohols : 

( 1 )  coni feryl- ( guaicyl propane or  4-hydroxy-3-methoxyphenyl-

propane monomers ) �  

( 2 ) sinapyl- ( 3 , 5  dimethoxy-4-hydroxyphenylpro pane monomers ) ,  

( 3 ) p-coumaryl- ( 4-hydroxyphenylpropane monomers ) ( Pearl , 

1 967) . However , Freudenberg ( 1 968 ) has pointed  out t hat yielcts 

o f  aromati c  aldehydes obtaine d by alkaline nitrobenzene oxidation 

are of limi t e d  value in determining the proportions o f  these 

phenylpropane monomcrs in the lignin polymer . As shown below , 

the  increasing strength in c ondensation o f  the phenylpropane units  

i n  the  lignin polymer is invers ely related to  the ac tual yiel cls 
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o f  aromatic aldehyde s . 
STRENGTH OF CONDENS·ATION IN LIGNIN 

dihydro-cinnamyl alcohol grouping 
p-coumaryl-

HOo� t -t-t-- I I I 

nitrob enzene 1 
oxidation . . . 

HOO'\; t -H . 11 - 0 

> coni feryl­
CH3o 

HO
<J
h t-t-t­�- 1 1 1 

CHp \V 

HOo� t-H 11 - 0 

p-hydroxybenzaldehyde <: vanillin < 
aromatic  al dehydes 
YIELD OF ALDEHYDE 

> sinapyl- · 

CH30 
· 0'\; I I I 
HO c - c - c -

- I I I · 
CH 0 1 · 

CH:O 

HOO'\; � -H 
- 11 . 0  

CH 30 
syringaldehyde 

The three aromati c  aldehydes ,  vanillin � p-hydroxybenzal dehyde 

and syringaldehyde were i denti fi ed by their Rfs (Tabl e  7 )  an� 

c olour r eactions after thin�layer chromato graphy on sili ca  gel •. 

Vanilli n  and p-hydroxybenzaldehyde were c on firmed by their 
/ 

mol e-cular weight with  mas.s ...spectrometry ( Pro f .  R .  Ho dges ) in an 

AEI MS9 high resolution mass spectromet er after elution from 

fluorescent plates ( Merck G254F silic a  gel ) where the aldehyd�s 

c ould be  outlined through their quenching o f  the fluorescent 

background .  

The yield o f  aldehydes r, det ermined by gas-liquid chromatq -

graphy , totalled 1 7% dry weight o f  the original lignin sample ,  

with vanillin being the  major product  (Table 7 ) .  A typi cal 

chromat ogram is shown in  Fig .  7 and relevant c hromatographic data 

i n  Table 7 .  As stat e d  above , the proportion o f  these aromati c  

aldehydes can only b e  interpreted as chemi c al evidence for the 

lignaceous nature o f  the compound and not as c onclusive evi denc e 

for the proportions o f  guaicylpropane units  in  the lignin , whic h  

had also  probably been modifi e d  to some extent during extraction 

from the plant .with alkali . The mode  of lignin extraction has 
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T ABLE 7 

CHRm·:ATOGRAPHI C DAT A ON AI�OHAT I C  ALDEHY DES FROH 

ALK ALINE NIT:ROEENZEHE OXI DAT I ON O F  LIGNIN 

TLC GLC 

R f  i n  solv ent "R e t ention peak area % dry wei ght 
CHCl

3
/Et A

J 
time ( mii:l . ) o f  lignin 

90 : 1 0  v/ . T ;:;; 1 60° C 
weight 
fac t o r s  

vanillin 46 4 .  1 1 .  1 1  1 1  . 5 

p-hy d r o x y -

benzal dehy d e  24 9 . 6  1 . 0 i .  3 . 2  

m -ny dr o xy -

b enzal dehyde  32 6 . 0  1 . 00 -

syringal dehyde 57 1 3 .  1 0 . 9 7 2 � 3  

FIG . 7 �EP.ARAT I ON OF AROHATI C  ALDEHYDES FROH LIGN IN 

A 

0 4 

A va n i  I I i n  

B m-hydroxy- benza ldeh)'de 
C p -hyd roxy- benzaldehyde 
D syr i nga lde hyde 

B 

8 
T I M E  < m i n. >  

c 

" 1 1  

D 

1 6  
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been found to be o f  c o nsiderable importanc e in det ermining the · 

yi el d o f  aromatic aldehydes aft er alkaline nitrobenzene oxi datic·n 

o f  di f fer ent plant lignins (Wildung , Chest ers and Behmer , 1 970 ) . 

Thes e workers found that an extrac tion with aqueous 5% NaOH gave 

the highest yi eld o f  aromatic aldehydes but there i s  little 

in formation in the literature on such yi el ds for mono cotyledonons 

species , regardless  o f  their method of extraction . 

The yi el d o f  aromatic aldehydes from the mature tissues o f  

grasses and c ereals  such as corn stalks ( Creighton and Hibbert , 

1 944 ) ,, wheat straw ( Pepper , Manolopoulo and Burton , 1 9 62)  and rye 

straw ( Wildung , Chest ers and Behmer , 1 97 0 )  has generally been in 

the order syringaldehyde ,). vanillin >> p -hydroxybenzaldehyde . 

The only information on a young grass i s  that o f  a 5% NaOH­

extrac ted  lignin from prairi e grass (Wil dung et al , 1 970 ) whi ch 

yielded only vanillin and syringaldehyde  in low , but approximat.�ly 

equal , yi elds . In explanation ,  they suggested  that p-hydroxy-

benzaldehyde was either destroyed or els e  the p-hydroxybenzal dehyde-

yielding lignin units  were mo di fied during the extraction proc e !3 s . 

I n  the pres ent investigation , however , syringaldehyde was the 

oxi datio n  product obtained in lowest yield  from Yorkshire fog 

lignin , whil e  p:...hydroxybenzaldehyde was present in small amount :3 . 

While these aldehyde yi elds may indi cate a true generic di fferen c e  

i n  lignin structure they are more likely to b e  due t o  extraction 

variations . Since this whole fi eld of taxonomi c classi fication 

of  lignin oxi dation pro ducts i s  very little  understood as yet , it  

is  not wise  to draw any conclusions about the  phenyl-propanoi d  

nature o f  the lignin o f  Yorkshire fog and its  chemical relation-

ship to the largely uninv estigated  lignins o f  other monocotyle dons . 

Conclusions . I n  the absenc e o f  an investigation o f  model 
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lignin compounds in this study , and with inadequat e literature  

data o n  other grass lignins for  comparison , it  i s  not possibl e 

to reach d e finite  condlusions on the chemical nature o f  the lignin 

isolat ed  from Yorkshire fog .  The ultraviolet and infrared spectra-

metry indi c ate the purity of  thi s  lignin as well as the presenc e 

o f  typiial ' lignin ' functional groups . The sampl e has a mo derate 

phenolic hydroxyl and -OMe content and , like most o ther mono coty-

l edonous lignins . gave yi el ds o f  syringaldehyde , vanillin and 

p-hydroxybenzaldehyde on alkaline nitrobenzene oxidation .  The 

outstanding features o f  this lignin s e em to be its appreciabl e 

content o f  etheri fi ed  hydroxyl groups in the 4- position o f  the 

aromatic ring ( U . V . ) and the low recoveries o f  syringal dehyde . 

2 . 6 .  ANALYSIS OF ORGANIC ACI DS 

2 . 6 . 1 .  Analytical methods 

Anion exchange chromatography Aliquots ( 5  cm3 ) o f  the 

puri fi ed  aqueous extract o f  organic acids ( section 2 . 3 . 6 . )  were 

added to a column ( 1 0 cm x 1 cm )  o f the strongly b asic  anion 

exchange resin Dowex l -X8 ( 3g ,  200-400 mesh) prepared  in  the 

ac etat e  form ( Hulme  and Wooltorton , 1 958 ) .  The aci ds were s ep­

arated by gra dient eluti on with  1 M  ac etic acid ( 1 00 cm3 ) �  6M 

ac etic acid  ( 50 . cm3 ) and 6M formic acid ( 200 cm3) and the eluates 

c ollecte d  as 5 cm3 fractions by a mechanical fraction-collector . 

To  obtai n  a r eproducibl e separation o f  the acids a fixed volume 

mixing-chamber � similar to that employed by Hulme and Wooltorton,  

was used . The eluate fractions were evaporated  to dryness by 

holding them in polythene flasks in a wat er bath at 60° C under a 

stream o f  warm air . Boiled ,  deionised water ( 1 0 cm3 ) was added  
7 to each flask plus 3 drops o f  Bromothymol blue ( 40 mg  in  200 cmJ 

co2- free water plus 0 . 1 M  NaOH until neutral ) and the solution o f  

non-volatil e  organic acids titrat e d  with 0 . 0 1 1 2M barium hydroxid e 
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solution . 

Identi fication o f  acids by paper chromat�granhy . · Pooled 

eluat e peaks were reduced  to a small volume in a rotary evapor �tor 

and chromatographed on unwashed Whatman No . 1 in a descending 

solvent o f  the organic phase o f  tert-amyl alcohol/iso-amyl alc Jhol/ 

90% formi c acid/H20 ,  48 : 32 : 1 0 : 40 ( v/v ) for 24 hours . Organic _ 

acids were outlined with  a spray o f  bromo cresol green ( 0 . 04% w/v ) 

i n  95% ethanol ( pH 6 . 7 ) . Acids were i denti fied by their R f  

( Holloy , 1 9 69 ) and t h e  f\ollowing spray reactions : Sulphanilami de/ 

f2 -naphthol/'NaN02 ( Schmid
.
t , Fischer and HcOwen , 1 963) - all aci ds ; 

1 0% ( v/v) acetic anhydri de in pyri dine ( Buch ,  Montgomery and 

Port er , 1 95 2 )  - citri c aci d  ( U . V . ) and trans-aconitic acid ( day-

light and U .  V .  ) ; 

Na metaperiodat e/nitroprussid�/piperazine ( Cartwright and Roberts ,  

1 95 5 )  - quini c and shikimic acids ; 

K ferrocyani de/ ferri c ammonium sulphate ( Martin , 1 955 ) - oxali � 

aci d ;  

Benedi ct ' s  solution ( Has egawa ,  Johnson and Goul d t  1 9 6 6 )  - chloro -

geni c  acid ( also U . V . b e fore  spraying) . 

Trans-aconitic acid was det ermined quantitatively by the 

absorbance o f  the complex at 370 nm with a mixture of pyridine and 

ac eti c anhydrid � .  Spots o f  trans-aconitic acid were outlined on 

the chromato grams under U . V .  ( l  = 254 nm ) and eluted  from the max . 
paper for six hours with 95% ethanol/pyridine/aceti c anhydride 

( 1 : 0 . 4 : 3 . 6  v/v ) and the absorbanc e read in a Unicam SP 500 

spectrophotometer . An excellent standard curve was obtained from 

known amounts o f  the acids ( 1 0 - 1 00 pg)  whic h  were chromatographe d  

and elut e d  alo ng with the  unknown plant extracts . 

I norganic phosphat e on  the chromatograms was i denti fied  by 

an ammonium molybdat e spray ( Hanes and Isherwo o d ,  1 949 ) 
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2 . 6 . 2 .  Results and discussion 

A typi cal ion- exchange resin elution spectrum o f  non-volatil e  

organic acids from Yorkshire  fog ( sample 5/3/ 1 968 ) is  given in 

Fig .  8 .  R ecoveri es a ft er elution o f  standar d  organic acid mixt� res 

from the anion exchange c olumn were as follows : shikimi c ( 94 . 6%) ,  

q uinic ( 95 . 1 %) , malic ( 98 � 4%) , citric ( 9 1 . 2%) and trans-aconitic 

( 45 . 7%) , Low recoveri es  o f  trans-aconitic acid from ion-exchange 

c olumns have previously been reported ( Busch , 1 952 )  and , further­

more , the trans-aconitic aci d frac tion from the grasses  was fouLd 

to  elut e from the column wit h  H2Po4
- . Cons equently , l evels o f  

trans-aconitic acid were  det ermined separat ely by paper chromato­

graphy of  an aqueous extract of  the grass and subs equent spectro­

photometri c estimation as a compl ex .  

The levels of  organic acids in  sev eral Yorkshire fog samples  

are given in Table 8 as  perce ntage dry weight . They show a con­

sist ent pattern with trans-aconitic acid ,  as determined spec tro­

pho tometrically , providing the bulk o f  the acidity . Trac e 

amounts o f  malonic , oxalic and chlorogeni c acids w ere found by 

paper chromato graphy o f  the extracts but they c ould not b e  

estimate d  quantitatively . Maloni c  aci d  elute d  wit h  the citric 

acid frac tion and oxalic  aci d  could not b e  eluted as a sharp pe<� 

fro m  the anio n-exchange c olumn . 

The organic acids o ccupy a c entral , dynamic position in the 

c arbohydr ate ,, prot ein and fat metabolism o f  plant c ells . "In 

addition to functioning i n  c at abolic changes , the  organic acids 

pro duc e d  by the dark fixation o f  c arbon dioxi de  apparently act as 

important int ermediates in photosynthesis . · Organic acids may b e  

accumulat ed in  quantity a s  e n d  products  o f  metabolism ; furthermore , 

the o xi dation o f  organic 
·c;;:cids has a close  c onnection with growth . 11 

( T himann and Banner , 1 950 ) . Most organic acids in plants are 
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T ABLE 8 

NON-VOLAT ILE OR GANI C A C I D  CONTENT ( %  DR.Y WEIGHT ) OF  

FOUR SEASONAL . SAMPLES OF YORKSHIRE FOG 

Acid 5/3/ 1 968 1 26/ 1 0/ 1 968 6/1 1 / 1 9 68 1 0/5/ 1 9 6 9  --

S hikimic 0 . 24 0 . 33 0 . 06 0 . 08 

Quinic 0 . 2 1 0 . 49 0 . 07 0 . 08 

Malic 0 . 35 0 . 39 0 . 33 0 . 20 
Citric 0 . 30 0 . 35 0 . 36 0 . 33 I 

trans-Aconitic 1 . 20 1 . 32 1 . 24 1 .  7 2  

Malonic - trac e trace -

Oxalic trace trac e trac e trac e 
Chlorogenic trac e trac e trac e trac e 
cis-Aconitic trace trac e trace trac e -

FI G .  8 .  ELUT I ON S PECTRUM OF NON-VOLAT ILE ORGANI C  ACI DS 

FROM ANI ON EXCHANGE RES I N , DOWEX 1 
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metabolised  through the Tricarboxylic acid ( TCA or Krebs ) cycle  

but little is  known o f  the metabolism of  aci ds not participating 

in the cycl e .  The TCA cycle func tions not o nly as a respiratory 

pathway but as the means o f  providing int ermediat es for many 

bio synthetic reactions . It follows that carbon dioxide fixation 

by the plant is  necessary to allow the formation o f  these  int er-

mediates while mai�t aining a st eady state conc entration  o f  these 

cycl e  acids ( Davies � 1 95 9 ) . The inverse relationship b etween 

carbohydrate and organic acids condentration and their diurnal 

fluc tuations i n  the plant are well known . Carbon dioxide  i s  

inc orporated into organi c acids , usually malat e ,  in t h e  dark while 

light appears to prevent the photosynthetic carbon from ent ering 

the TCA cycle . I n  some special cases  c arbohydrates may b e  formed  

in the dark from  the synthesised  organic acids ( Davi es , 1 959 ) . 

Furthermore , the extent o f  organic acid formation is  dependent 

upon mineral nutrition and can be  r elated  to the exc ess o f  soil 

cations ( generally e xpressed as � Ca ++ , Hg ++ , · Na + and K+ ) over 

soil  anions ( gen erally expressed as �No3- ,  so4-- , H2Po4
- , Cl and 

Hco3
- ) incorporat ed into the plant root ( De Wit , Dijkshoorn and 

Noggl e ,  1 963 ) . The incorporation o f  nitrogen as either N03- or 
+ . 

NH4 c an also hav e a marked e ffect upon the organic acid c ont ent 

of pasture plants .  

The  ac cumul ati o n  o f  relatively l arge quanti ties of  non-· ·  . . . � 

vol atile organic acids in plant tissues s e ems to depend upon the 

' compartmentation ' o f  these  metabolites  into ' non-metabolic pools ' 

whi ch are in equilibrium with ' turnover pools ' actively involved 

in metabolism ( MacLennan , Beevers and Harl ey ) 1 963) . The pro-

portion of  organi c acid in  the  ' non-metabolic pool ' increases in  

progressively ol der plants ;  since  vacuolation increases with age 

thes e workers postulated the vacuole  as b eing the sit e o f  organi c 
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acid ' c ompartmentation ' in  the  lea f .  Acids such as trans-aconitic 

aci d  ac cumulat ed to a large extent in the older tissues of corn 

plants ( MacLennan and Beavers , 1 9 64 ) � and the ' compartmentation ' 

hypo thesis s e ems a reasonable explanation for the o c currenc e , in 

quantity , o f  such an unusual metabolit e .  

The cis- s t ereoisomer o f  aconitic  aci d  only i s  involved in 

TCA cyc l e  metabolism and trans -aconitic acid i s  known to be a 

competitive inhibitor o f  the enzyme Aconitic hydratase ( S affron 

and Prado , 1 949 ) which converts citrat e to iso -citrate via cis-

aconitat e . Cons equently , signi fi cant levels o f  trans-aconitic  

aci d  can cause  a block in  the TCA cycle and l ead to  an ac cumulation 

o f  citrat e in the  tissue . I t  was this inhibitory metabolic 

function that l e d  Burau and Stout ( 1 9 65 ) to implicat e  the acid in 

the aetiology o f  hypomagnes emi c tetany in ruminants .  Notwith­

standing this inhibitory func tion J trans-aconitic acid is found 

in a wide vari ety o f  plant tis sues ; in some plants it is the maj or 

organic acid while in mo st  it is  only present in  trac e amounts 

( Buch , 1 9 60 ) . 

The maj or organic aci ds in pastures such as ryegrass , meadow 

foxtail and meadow fescue are q uini c , citric and malic acids 

( Hulme and Richardson , 1 9 54 ; Hirst and Ramstad , 1 957 ) although 

trac e amounts o f  shikimi c aci d (Ri chardson and Hulme , 1 95 5 )  and 

suc cini c , maloni c , glycollic ,  glyc eri c , glyoxylic ,  pyruvic ,  oxalic ,  

fumari c , � -ketoglutaric and chlorogeni c  acids have  b een r eported 

in grasses  by these and other workers . That the  organic acid 

composition o f  grasses varied  with species was not e d  by Hirst and 

Ramstad ( 1 957 ) who found lower content s  o f  quinic , malic and 

citri c acids � but large amounts o f  trans-aconitic acid in creeping 

so ft grass ( Holcus molli s ) . I n  an extensive investigation o f  94 

species  in the  foothill pastur es o f  the  west ern slopes o f  the 
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Sierra N evada Mountains in Cali fornia ( Stout , Brownell and Burau , 

1 967 ) , ac cumulv.tors o f  trons-aconi tic aci d ( � 1 %  dry weight ) were 

more frequentiy found among the gramineae ( 1 4 out o f  30 species ) 

with Phalaris tuberosa ,  Bromus rigi dus and Bromus c atharticus 

c ontaining higher than 3 - 5% dry weight . They considered  that the 

accumulation o f  trans-aconitate depende d firstly upo n  species and 

sec ondly upon climatic and environmental factors . Under New 

Zealand grazing c onditions the acid was found to accumulate in 

Prairie grass ( Bromus unio loides ) and Barl ey grass ( Hordeum 

murinum ) but was o nly present in trac e amounts in Co cks foot 

( Dactylis glomerata ) and ryegrass speci es (Molloy � 1 9 69 ) . 

Cis-aconitic acid is the l ess stable o f  the two st ereo-isomers 

( Krebs and Eggleston � 1 944) and the trans-aconitat e r eport ed in 

s ome o f  these  analyses  may have arisen through extremes o f  t emp-

erature and pH during extrac tion .. However recent investigations 

have conc lusively shown that approximat ely 95% o f  aconitat e  in 

' ac cumulator ' plants is  in the trans- form (MacLennan and Be evers , 

1 9 64 ; Stout , Brownell and Burau , 1 967 ; Molloy , 1 969 ) . I n  the 

present investigati on only trac e amounts  o f  cis-aco nitic  acid 

were found under U . V .  

The physiologi c al basis for the ac cumulation o n  non-TCA 

cycle organic acids such as trans-aconitic acid in grass es , oxali c  

a c i d  i n  spinach and rhubarb and fluoroac etic acid in  t h e  South 

A frican pastur e plant , Dichapetalum cymosum , is o f  c onsiderabl e 

i nt erest . Do such acidd exist  in the vacuole in the fre e  state 

or as a s al t? ;  how do es the absorbing tissue sens e a pre ferential 

absorptio n  o f  c ations and respond by synthesising organi c aci ds? ; 

are such aci ds metabolic ' end pro ducts ' deposited in vacuole 

' compar tments ' aft er  their involvement in transport ation o f  c ations 

from the root  to the  meristematic portions o f  the plant? ;  inde ed , 
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are these organic aci d  accumulations the c ause or the result o f  

c ation uptake? 

In view o f  the earlier discussion on the diurnal fluctuations 

i n  plant organic acid levels . and in the abs ence  o f  soil and 

climatic data from this investigation , it is o f  little value to 

discuss the variations in organic acid levels for the di fferent 

samples  in Table 8 .  Suffi c e  to say that · Yorkshire fog appears to  

b e  an accumulator of  trans-aconitic acid while  the ' normal ' organic 

acids , citric and mali c , are present in considerably lower quan� 

tities . The alicyclic acids , quinic and shikimic , are present i n  

small quantities , the l atter probably as an int ermediat e i n  the 

biosynthesis o f  phenylpropanoid amino acids and the guaicyl pre­

cursors of lignin ( section 2 . 5 . 2 . ) .  

2 . 7 .  CONSTITUENT CHEMICAL ANALYSIS OF YORKSHIRE FOG 

2 . 7 . 1 .  Results and dis cussion 

Tabl e 9 outlines a gros s  chemical analysis of the three 

seasonal samples of  Yorkshire  fog ,  late summer ( 5/3/ 1 9 68 ) . early 

s pring ( pooled 26/ 1 0/ 1 9 68 and 6/ 1 1 / 1 968 ) and autumn ( 1 0/5/ 1 969 ) � 

The l e ft hand column gives the percentage weight loss in the 

residue with each extrac tion  step , whil e the right hand c olumn 

gives  the puri fied polysac charide or lignin from the respective 

extracts , as a perc entage o f  the original dry weight of the grass � 

Puri fie d  ' pectin ' only made up approximately 1 5% o f  the 

weight o f  the EDTA extract,, which also contained c alcium , carbo­

hydrate and nitrogen-containing c ompounds . However , puri fied  

hemic elluloses totalled about 90% of  the  1 0% KOH extract , giving 

a fairly constant ratio o f  1 : 3 with  the c ellulose  residue . Apart 

from the crude prot ein l evels , the proportions o f  the various 

fractions show no marked seasonal variations . This  high crude 

protein l evel is  typic al o f  New Zealand pastures ( Whit e ,  Thompson 
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TABLE 9 

CONSTITUEl\TT ANALYSIS OF THREE SEASONAL S AMPLES 
OF YORKSHIRE FOG IN % DRY WEIGHT 

Summer Spring Autumn 
Extrac t ( 5/3/ 1 9 68 ) ( 26/ 1 0/ 1 968 ( 1 0/5/ 1 969 ) 

+ 6 / 1 1 / 1 968)  
d Ext- Puri f .  d Ext- Puri f .  d Ext- Puri f .  

b enzene/ethanol 1 5 . 7 1 8 .  1 1 8 . 6  0 22 . 1 28 . 3  water , 60 C 2 1 . 1  
EDTA 
( pectic  substanc es ) 7 . 0 1 . 1  5 . 9  1 . 0 6 . 2  0 . 9  
pepsin 1 6 . 0  20 . 6  23 . 6  
5% KOH ( li gnin )  2 . 3  0 . 8 1 . 8 
chloramine T 3 . 8  2 . 2  3 . 0  
1 0% KOH 8 . 6  . 5 - 4 5 . 9  

hemic ellulose  A I 0 . 2  0 .  1 -
hemic ellulose  B 
( branched )  2 . 0  _ 1 . 8 2 . 3  
hemic ellulose  B 
( linear ) 3 . 0  1 . 6 1 . 6 
hemic ellulose  B ( I )  2 . 8  1 . 2 1 . 7 

c ellulose  r esidue 26 . 0  1 8 . 9  20 . 8  

Total 99 . 2  99 . 4  99 . 2  

Proximate analyses 

Nitrogen 2 . 94 4 . 5�- 5 .  1 2  
Crude prot ein 
(N X 6 . 25 )  1 8 . 50 28 . 38 32 . 00 
Lignin 
( Gailliar d  and 
N;ijkamp , 1 968 ) 4 . 5  3 . 3  4 .  1 

TABLE 1 0  

WATER-SOLUBLE CONSTITUENTS OF YORKSHIRE FOG ( 5/3/68 ) 

Yorkshire fog 
Ethanol/benzene extract  

ether-solubl e portion 
wat er-solubl e portion 0 Water extract,  60 C 
to tal water-soluble extract 

% total 
water-soluble 
extrac t 

1 00g 
1 5 . 7g 

= 5 . 8g 
= 9 .. 9g 
= 2 1  • 1 g 
= 30 . 0g 

( fructose 
( glucose 
( galactose 
( sucrose 
( protein (N  X 6 . 25 )  
( organic aci ds 
( .ash 

Total 

1 2 . 5  
6 . 4  
4 . 0  

1 3 . 6  
1 8 . 5  
8 .  1 

30 . 4  

93 . 5  
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and Bri c e ,  1 948 ; Metson , Saunders , Collie and Graham , 1 966 )  and 

this  is r e flect ed in the high values for the pepsin , wat er and 

benzene/ethanol extrac tives . Sample 5/3/ 1 968 was coll ected after 

a v ery dry summer when most other grasses  had dri ed o f f  and thi s  

ac c ounts for its low  N �ontent . The only other point o f  no te  i s  

t h e  variability o f  t h e  branched t o  linear ratio o f  hemic ellul o s e  

B with s easonal sampl e .  I n  view o f  the inability to obtain pure 

polysac chari de fractions w�th the iodine/CaC12 fractionation 

pro c edure ( s ection  2 . 4 . 2 . ) this variatio n  was considered o f  little  

signi fican c e  and was not investigated further . 

The composition o f  the water-solubl e material from the 

c ombined 60°C aqueous extract and the ether/water partition o f  

t he ethanol/benzene extract is  given , in Table  1 0 .  The carbo­

hydrates were  i denti fi ed  by the  paper chromatographic/spec tropho to­

metric method ( section  2 . 4 . 1 a) .  The values are o f  no particular 

signi fic anc.e and are similar t o  those  reported for other pasture 

grasses (Waite and Gorrod �  1 959b ) . 
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PART 3 THE COMPLEXING OF Ca++ AND Mg++ BY THE ORGANI C  

CONSTITUENTS OF YORKSHIRE FOG 

3. 1 . 1 .  Introduction 

This section outlines an investigation o f  the abili ty o f  the 

organic fractions i solat e d  from Yorkshire fog ( see  Part 2 )  to 
++ ++ . compl ex Ca and Mg 1n a solution o f  ionic strength and compo-

sition similar to  that o f  the small intestine of a ruminant ( van ' t  

Klooster , 1 967 ) . This simpli fi ed aqueous solution · c ontained; the
· 

++ ++ + + + cations Ca r Mg , Na , K , NH4 as chlorides , and ther eby 

avoided  the ani oni c complexity o f  physiological solutions . Even 

so , the thermo dynamic equilibria o f  solutions of such simpl �, 

mixed electrolyte s  are e xtremely c omplex , involving a large number 

of degrees o f  fre edom which  reflect  a multiplicity o f  int eracti ons 

occuring in the electrolyte  solutio n  - aong-range el ec trostatic  

at trac ti ons and repulsions , short-range Van der Waals forc es , 

ioni c  hydration and i on dipole  e ffec ts , ioni c  size e ffec t s , ion 

pair formations , etc . The stability c onstants of metal ion 

organi c ligand c ompl exes c an be  obtained  for simple binary el ectro-

lyte solutions but are extremely di f fi cult to determine in mixed 

elec trolytes . This i s  due no t only to  the large number. o f  c ation-

ligand· equilibria but also to the inadequacies of present theore­

tical descriptions o f  mixed  electrolyte interactions . 

Because o f  the c ompl exity o f  these el ectrolyt e solutions , i t  

was considered sufficient for the purpos e  o f  this investigat�on to 

· determine :  

( 1 )  Whether the organic fractions isolat e d  from Yorkshire  -fog 

gave any evi dence  o f  cation complexing . 

( 2 )  I f  such complexing did o ccur ,  the comparative complexing 

ability o f  the various . frac tions ,. r egardless o f  the s tructure 

o f  the · cation-ligand complex . 

Sinc e  most o f  the plant fractions studied were insolubl e c ell 
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wall polymers o f  unknown mol ecular weight , an experimental metho d 

which avoi ded  this proble� was nec essary . Ultrafiltration and · 

dialysis have been use d  extensiv ely in studying the physico-

chemi c al ac tivities of c ations in intestinal digesta ( Smith and 

McAllan , 1 9 66 ; van ' t  Klooster , 1 9 66 ; Starry , 1 9 6 1 ) but these  

t echniques c an be sever ely cr.i ti cised sinc e they are non-equiii b-

rium proc esses . Speci fic c alcium and magnesium el ectrodes coul d 

be  used but they are easily poisoned in biological solutions . 

Cation exchange resins have been used in the study o f  ionic  and 

complexed cations in milk ( v.an Kreveld and van Minnen , 1 95 5 )  and 

ruminant intestinal ultrafiltrat es ( van 1 t Klooster , 1 967 ) . This 

method has been us ed in the present investigation sinc e it is an 

equilibrium process whereby the equilibrium between a salt  solutio n  

and t h e  pot ential complexant i s  re fl ected  in  the catio ni c  compo-

sition o f  the resin . The ' distribution o f  c ations on the resin 

at equilibrium can then be interpreted to gain in formation on the 

ac tivities of the individual cations in the solution . 

3. 1 . 2 .  El e c trolytes and the concept o f  ionic activity 

As mentioned in the previous s ection , it  is di fficult to giv e  

a c ompl ete theoretical ac count on t h e  thermo dynami c properties o f  

even a simple 1 : 1 electrolyt e solution sinc e this requires a 

knowl e dge o f  the long-range interionic  forces  as well as the short-

range interac tions between i ons and solvent mol ecul es . The five  

salts us ed in this investigation are all strong , or ' non-assoc� 

iated ' , electrolyt es and c an be considered to  dissociate complete-

ly into  ions  in  aqueous solution . 

For a simple ,  binary electrolyte such as NaCl , . the  chemical 

pot ential o f  the solute ,  a ,  can be thermodynamically described .by : 

G -o 
= G + RT lnm + RT l n Y! . . . . . ( 3 . 1 . 1 . )  

where  a = m x Y:!: 

• • • . •  ( 3 . 1 . 2 . ) 

• • . • •  ( 3 . 1 . 3 . ) 
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and �0= the standar d  c hemi c al po t enti al o f  the s o l u t e  at 

any cho s en standard stat e , usual ly a 1 molal i deal 

solution 

m = c o n c entration o f  the solute as molality 

R = gas constant T = absolut e t emperatur e 

�! = mean mol al activi t y  c o e f fici ent o f  the e l e c tro­

lyt e and Y ! -4 1 as  m �  0 .  

a = activity o f  the e l e c trolyt e .  

The t erm RT l n  �! ari s e s  from the  e f fe c t o f  all those  fac tors such 

as ion-ion int erac tion or  i on-solv ent i n t eraction whi c h  are c on-

si d e r e d  not to be present in the i deal solution . 

The contributi on o f  i on-io n  int erac tion to the  ac tivi t y  

c o e f fi c i ent has b e e n  pr e di c ted  wi th consi derable suc c e s s  b y  t h e  

Deby e-Huckel t heory and i t s  various ext ensi ons . A form o f  the  

Debye-Huckel eq uation whi c h  holds for many singl e e l e c t rolyt es up 

t o  an ioni c s trength o f  about 0 . 1 i s : 

l o g  f+ = 

-A/Z 1 z2/ ff 

1 + Barr 
• • • • •  ( 3 . 1 . 4 . ) 

f+ = mean r ational activity c o e f ficient for an el e c trolyte  

A , B  = c o n s t ants i nvolving t h e  abs o lute temperature and 

di e l e c tri c c ons tant o f  the  s olvent 

a = a p arameter equal to the  mean e f fe c ti v e  diam e t e r  o f  

the  ions  or their dist an c e  o f  closest  appr o a c h  

The numerator i n  eqn . ( 3 . 1 . 4 . ) giv e s  the  e f fect  o f  the l ong-range 

c oulombic forc es , whi l e  the denominator allows for the short -range 

int erac ti ons b e t w e en the ions . 

Th e e f f e c t  o f  i o n-solvent i nt eraction  on the activity o f  t h e  

e l e c trolyte i s  m o r e  di f fi cul t to  ac c ount for in t erms o f  a mode l . 

The e nt ropy o f  a sys t em i s  r elated i n  part to the degree  o f  

spati al disorder i n  the system . The intr o duction o f  charged  part-

i c l e s  into water wou l d  be expe c t e d  t o  cau s e  a cons i d erabl e entropy 

loss , owi ng to  ' o rdering ' o f  the wat er mol ecul es b e c ause o f  t h e  
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i n t e n s e  e l e c tri c al fi eld o f  the i ons in t h e  so luti o n .  However , 

Frank and Evans ( 1 945 ) have suggested  that the i o n i c  c h arges from 

di sso c i a t e d  elec trolyt es c oul d al so t en d  to  incr eas e t he entropy 

o f  t h e  syst em by increasing t h e  disorder in the solvent beyond the 

primary solvati o n  l ayer . Thi s ' s truG ture breakin g  entropy ' for 

alkal i - and alkaline - e arth hal i d e s  is  greatest for  the  l argest 

ions and c orr esponds to  a consi derabl e incr ease in disorder . Fro m  

the  Gibbs-H elmhol z  equation , 

6. G = 6. H - T 6S . • . . .  ( 3 . 1 - 5 . )  

where  /::,G = change in fre e  energy 

6 H = c hange in enthalpy 

t::, s = c hange in entropy 

i t  is  c l ear that such an i n c r eas e in entropy woul d bring about a 

decreas e i n  the  free energy o f  t h e  sys t em ,  whi ch fro m  eqn . ( 3 . 1 . 1 . ) 

woul d l ead t o  a c o rre sponding dec r eas e in the activi ty coe f fici ent 

o f  the solut e as c ompar ed wit h  a s olution contai ning o nly non­

c h arg ed  parti cles . 

A fur t h er aspect  o f  ion-solv ent interaction i s  that the shor t ­

range forc es between the  ions and and t h e  solven t  di pol es will 

tend t o  hol d the solvent in solut i on wit h  a c onse� uent  decrease 

i n  solvent v apour pressure from t h e  i deal value and a c orrespondi ng 

increase  in the  ac tivity c o e f fi ci ent o f  the solut e ;  Sin c e  t h e  e f fe c t  

o f  such for c es i s  negligibl e at  v ery l ow solut e c o n c entrations , 

el ectrostatic  attrac ti ons c an a c c o unt for the bulk o f  the  non­

i deality  o f  dilut e syst ems and the Debye-Huckel l i mi ting  l aw c an 

be  us ed  t o  c al cul ate  ac t ivi ty  c o e f fici ent s i n  the s e  c ases . How­

ever , at  higher c o n c entrations o f  solut e ,  ( e a 1 m ) , t h e  short -range 

e f fects , whi c h  increase linearly wi th c onc entrati o n , may be para­

mount . This behavi our acc ount s for the charac t eri s t i c  v ari ation 

o f  e l e c t rolyte  ac t ivi ty coe f fi ci en t s  from Y: <1 t o  'Y!> 1 at  mod­

erately low and high con c entrat i o ns respec tively , whi l e  both e f fec ts 



67 

ar e o f  c omparabl e magnitude at c onc entratio ns o f  the order o f  1 

molal . 

I t  has no t b e e n  possible to  ac count for th ese  ion-solven t  

e f fects  q uanti tatively in t erms o f  a mo del . Howev er , s o m e  suc c es s  

i n  pr edi c ting t he observed behaviour o f  single elec trolyt es  up t o  

at  least 1 molal conc entration has b e e n  achiev e d  b y  adding an 

empiri c al t erm linear in ionic strength t o  the Deby e-Huckel 

equat i o n  to  giv e  

log  f+ = 
-A/Z 1 z2/ .ff 

1 + B:vr + bi • • . • •  ( 3 . 1 . 6 . )  

This e quation contains two ad j us tabl e  param eters a and b. A mo d-

i fi c ation whi ch has  b e e n  wi dely adopt e d  i s  t o  put  aB = 1 ( i e .  0 a = 

0 . 304 nm for all el ec trolytes at 298K ) , s o  t hat eq n .  ( 3 . 1 . 6 . )  

b e comes 

log  f+ = + bi . • • • •  ( 3 . 1 .7 . )  

The value  o f  the adjus t able paramet er b i s  c hosen to  give t h e  b e s t  

fi t t o  experimental r esults . Davi e s  ( 1 9 38 ) has shown that t h e  

relationship b = 0 . 1 /Z 1 z2; giv es a us e ful gui de t o  the  best val u e  

o f  b ,  and can be used  t o  estimate ac tivi t y  c o e ff�cients  when no 

experimental result s  are availabl e .  

The di scussion s o  far has c onsider e d  t h e  ef f e c t s  o f  ion-ion 

i n t erac tion  and ion-solvent int erac tion i n  a solution  o f  a si ngl e 

el e ctrol yt e .  A furt her factor  whi ch  must b e  taken into  ac c o un t  i n  

mixed  electrolyt e s o luti ons . is  the  di fferenc e in the  int erac tions  

whi ch may  o c cur between  a particular anio n  ( fo r  exampl e )  and t wo 

di f ferent c ations , o r  be tween a par ticular c ation and two di f ferent  

ani o ns . This e f fect  i s  c ommonly r e ferred  t o  as  ' speci fi c  ion  

i n t erac tion ' i n  contras t  to the  general i o n  i nterac tion  alr eady 

c o nsidered  in the Debye-Huckel theory . Gugg enheim ( 1 9 35 ) has 

s hown that it  i s  possible  to t ak e  ac count o f  s peci fi c ion int er-
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action  in mixed el ect roly t e  soluti ons by an ext ended Debye-Huckel 

e q uation o f  the form 

log  Y ± ( fo r  electrolyte  MX )  = 
-A/ZMZX/ fi 

1 + .JI 
+ 

V+ < 
.(. BM '  x '  mx '  

V +V X ' 

where 

+ V 

V +V 
+ 

+ 

� 
M '  

. . . . . ( 3 .  1 ·8 . ) 

V = numb er o f  moles o f  i o ns from one mol e  o f  

dis s o c i ated  electrolyt e ,  MX 

m = molal i t y  

M ' , X ' = other  c ations or ani ons �r esent  apart from 

M and X 

B = e mpiri cal  int erac tion c o e f fi ci ent for the  

speci fi e d  cation-ani on pair 

I t  shoul d be no t e d  that the so-cal l e d  speci fi c i on interaction 

t erms i n  eqn . ( 3 . 1 .8 . ) r eplac e t h e  bi t erm in  eq n .  ( 3 . 1 . 7 . ) ,  and 

mus t  there fore include t h e  e f fect o f  i o n-sol vent interac tion as 

well as that o f  s peci fi c ion  int erac tions . 

S t andard s al t  soluti on  The mixed  el ec trolyt e solution 

( s t andar d  s al t  solu tion )  used in t hi s  investigation contained the 

following molal conc entrations : eae1 2 , 0 . 006 1 5 ; Hgel2 , 0 . 00360 ; 

Nael , 0 . 07980 ; Kel , 0 . 02 620 ; NH4el , 0 . 0 1 090 . The  i oni c strength ,  

I ( =  ( mi zi 
2 ) was 0 . 1 46 .  Sin c e  [ea+� and �·lg++] compri se  only 1 3 . 3% 

o f  t h e  i o nic strength o f  the  s t andard sal t  soluti o n , the  mono val ent  

ions e f fe c ti v ely ac t as  a ' swamping ' elec trolyte . I n  such  a 

si tuation ,  l arge percentage changes in  [ea++] and [Mg ++] c ause  

only smal l  c hanges in solution ioni c strength wi th expe c t ed smal l 

c hanges  i n  ioni c  ac tivi ty c o e f fici ent s .  For exampl e ,  a 50% de­

crease  in  [ea++] and [ Mg ++] in  the s t andard s al t  solution o nly 

decreases  the i oni c strength by 6 . 67% t o  0 . 1 36 .  I f  the assumption 

c an be made t hat this small c h ange in  ioni c strength pro duc es  only 
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a n e gli gibl e c hange in t h e  ac tivity  c o e f fi ci en t s  o f  the i o ni c  

spe c i es i nvo lv e d ,  then t o  a goo d fi rst approximation all c al c -

ulations c an b e  done i n  t erms o f  conc entrations , whi ch c an be 

readily det ermined  by experim ent . 

A s u f fici ently goo d e s timate for thi s  purpo s e  o f  the  c hanges 

in t h e  activity c o e f ficients  wi t h  c hang e  i n  to tal i o ni c  str ength 

from 0 . 1 4 6 to 0 . 1 36 can b e  ob t ained  by using eqn . ( 3 . 1 .'? . ) in  the  

form suggested  by Davi es , i e . , wi th b = 0 . 1 /Z
1

z
2

/ . Use  o f  t hi s  

equation i gnor es speci fi c  i o n  i nt eraction e f fec t s  b u t  these  c anno t 

yet b e  pr e di c t e d  accurately i n  solutions as compl e x  as the pr esent 

standard s alt s olution , and i n  any c as e  they ��11 make only s e cond 

order c o r r e c tions to the changes in ac tivity co e f fi c i ents pr e-

di c t e d by e q n . ( 3 • 1 .  7 . ) • 

T h e  c al cul ated ac tivi t y  co e f fi ci ents at the two i oni c strengths 

are shown i n  Tabl e 1 1 .  It is apparent that ther e ar e only small 

c hanges  in the values o f  ¥: when the i o ni c  strength changes from 

0 . 1 46 t o  0 . 1 36 ( whi ch i s  equival ent to  a 50% dec r ease  in bo th Ca
++ 

and  Mg
++. c o n c entration in t h e  s t andar d s alt  soluti on ) . 

T ABLE 1 1  

ACTIVITY COEFFICIENTS CALCULATED FOR ELECTROLYTES IN 

STANDARD SALT S OLUT I ON 

El e c trolyte  Molality C al culat e d  ac tivi ty coe  f fi ci en t s i(· 
in s t an dard o f  

_. s al t  e l e c trolyte  't: at I =  0 . 1 46 o: at i = 0 . 1 36 
solution 

CaC1
2 

0 . 006 1 5  0 . 559 0 . 566 

MgC1
2 

0 . 00360 0 . 570 0 . 578  

NaCl 0 . 07980 0 . 74 6 0 . 75 1  

KCl 0 . 02620 0 . 740 0 . 744 

NH4Cl 0 . 0 1 090 0 . 743 0 . 747 

* �! c al c u l at e d  from Davi es ( 1 938 )  

e q uation ( s e c tion 3 . 1 . 2 . ) , l o g  r: = 

mo di fi cation o f  Debye-Huckel 
-A/Z

1 
z

2
/ {f 

+ bi 
1 + {f 

wher e  
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c al culat e d  from f! , the mean rntion�l activity coe ffici ent , by 

the r el�tionship f+ 
( Robinson and Stokes , 1959 ) 

Sinc e - thes e fluctuations in activity c o e f ficients are vir�ually 

negligibl e ,  the ac tivity o f  a·ny particular ion in the solution will  

b e  proportional to  it�  conc entration from the r elationshi p  of  eqn . 

( 3 .  1 .  3 . ) ,  a = m x {) .  Further-
more , it  is r easonably well- estab-

lishe d that the exchange affiniti es o f  c ation exchange resins 

r e flect  the ac�ivities  o f  the c ations in the equilibrium solution 

( Boyd , Schubert and A damson ,, 1 947 ; Banner , Argersinger , and David-

son , 1 952)  • .  Henc e ,  under the present experimental conditions o f  

nearly constant • swamping '  ioni c strength , the concentrations o f  

the divalent cations ea++  and Mg++ in t�e solution should be  pro -

portional to their load on  the resin a t  equilibrium . 

3 . 2 .  ION EXCHANGE METHODOLOGY 

3. 2 . 1 .  Cation exchange equilibria 

Extensive attempts hav e  been made to formulate ion exchange 

e quilibrium relationships by assuming either ( 1 ) a simpl e adsorp-

tion process  o f  the Langmuir type or ( 2 ) the appli cation o f  the 

Law o f  Mass Action ( Kunin�  1 958 ) .  Each approach is suc c e s s ful 

only t o  a first- approximation , with most di f ficulti es being those  

inherent t o  all mixed electrolyte systems - the  precise determin-

ation o f  ionic  activities  in  the equilibrium solution as well as 

in  the solid exchangers . ·  The int erpretation  o f  equilibrium ex-

c hang e  data is further complicat ed  by the het erogeneous nature o f  

the  functional groups in some exchangers as well as the marked 

in fluence  df  the d egre e  o f  c rosslinking ( perc entage divinylbenzene , 

% DVB ) in the resin . As mentioned above , the  distribution , or 

' loading ' , o f  cations in  a particular cation exchange r esin depends 

primarily upon the activity o f  the particular cations �n the equi-
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librium solution . However , the selectivity o f  a resin for any 

parti c�lar cation depends upon a variety o f  factors : 

( a ) the type o f  functional group in the r esin and the d�gree o f  

c ross-linking , 

( b )  the degree o f  hydration o f  the parti cular cations , 

( c )  the pH o f  the solution , 

( d ) the ioni c  strength o f  the solution , etc . 

Notwi thstanding these  variables , the total resin cation load ( in 

milliequivalents */gram dry resin )  will always be  a constant wh�ch  

i s  an individual characteristic of  the  resin type ( van Krevel d 

and van Minnen , 1 95 5 ) . This total load s erves as an important · 

check upon the ac curacy o f  the analytical t echniques used to de-

t ermine the cation conc entrations in the r esin eluat es . 

Sinc e the activity  c o e ffici ents o f  the typical non-associ�ted 

electrolytes  used  in this  study vary with conc entration ( bottom 

p . 66 ) , it follows that similar el ectrolyte activities could be 

obtained at di fferent el ectrolyte conc entrations - and thereby 

di f ferent solution ionic strengths . Consequently , similar resin 

c ation loads could be caused  by solutions o f  widely di ffering 

i onic strengths . As already point e d  out , however , l arge decreas e s  

in  calciu� and . magnesium . concentration only c aus ed slight re�Ucti ons 

in the ioni c strength o f  the standard salt solution . In this c as e ,  

the t echnique  o f  cation exchange i s  ideal sinc e the c onc entrations 

o f  the cations on the resin are proportional to their conc entrations 

in the solution at this · nearly c onstant i onic strengt h .  Further-

more , n s  the resin bends constitute a compl et ely immis cible phase ,  

the  technique  is equally applicable to wat er solubl e ( organic acids 

and most hemic elluloses ) and insolubl e ( lignin and c ellulose )  plant 

fractions which may bind cal cium and magnesium in either a soluble 

or  insolubl e non-ionic form . 
* One equivalent o f  an ion is de fined as one mol e  ( mo l )  
divi ded  b y  t h e  i o n  charge number ( z ) ,  i e . , e q  = ·mol/z 
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3 . 2 . 2 .  R esin eouilibration  wi th  st andar d sal t solution 

The standard sal t solution ( pH 6 . 5 ,  ionic strength 0 . 1 46 )  

con t ained Ca+ +  1 2 . 3  mea/1 , Mg++ 7 . 2  meq/1 , Na+ 79 . 8  me o /1 , K+ 2 6 . 2  

meq/1 and NH4
+ 1 0 . 9  meq/1 , all as chlorides  and corresponded t o  the 

conc entration o f  t h e s e  c a ti ons i n  the  duo denal ultrafilt rat e o f  a 

c o w .  ( van ' t  Kl oost er , 1 967 ) . T h e  solution was mad e from A . R .  

grade NaOH , NaCl , KCl , NH4Cl , C aco3 and Mg ribbon all stored  under 

vac uum over anhydrous Caso4 .  Appropri ate  weight s o f  Caco3 and · 

fre shly acid- c l e aned  Hg ribbo n were di s so l ved in a slight exc e s s  

o f  1 M  HCl , t h e  p H  adjus t e d  with  pell ets  o f  NaOH and the  remainder 

o f  the  c ations adde d as the chlorides  b e fore diluting t h e  solution  

to  the appro pri at e volume wi th  deioni s e d  wat er . A few dro ps o f  

chloro form wer e ad ded  t o  inhibi t mi crobi al growth and the  solution 
0 stored  at  4 C b e fo r e  use . New batches o f  the solution wer e pre-

par ed every thr e e  days . 

A large volum e  o f  s t andard sal t  solu tion ( 20-30 l )  was passed  

through a column o f  Dowex 50 -X 1 2 ( 1 2% DVB ) , a strong c ation  ex-

change resin  of  cros s-linked polystyrene t ype wi th  -so3H as sol e 

functi onal group ( 50g , 1 00-200 mesh ) , unti l  t h e  e f fluent h ad the  

same conc entration o f  c ations as  the  origina:L stn·ndard s al t  

solution . The resin  bed eq uilibration  dynami c s , with p as sage o f  

st andard sal t solution are i llustrat e-d i n  Fig .  9 .  The rapi d up­

t ake o f  Na+ i s  no doubt a r e fl ec ti on o f  the high conc entration o f  

this c ation in the  solut i on . However , equilibrium i s  gradual ly 

reached , with K+  and NH4+ displacing the 1 Na+-s aturat ed  resin ' 

whil e  they , i n  turn , ar e gradually r epl ac ed by t h e  dival ent  c ations 

++  ++ Ca and Hg , until the column e f fluent has the compo s i ti o n  o f  

t h e  s t andard s al t  solut io n . The a f finity  o f  the resin for c alcium 

i s  evident from t h e  cati oni c load o f  t h e  resin at  equi librium 

( Tabl e 1 2 ) .  The  final c olumn o f  ' s e l e c tivity c o e f fi c i ents ' i n  

Tabl e 1 2  is an index o f  the  a f finit y  o f  Dowex 50-X 1 2  for various 
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TABLE 1 2  

CATIONIC LOAD O F  RESIN IN  EQUILIBRIUM. WITH · 

STANDARD SALT SOLUTION 

Standard salt Individual·. R esin cation I ndividual . cation 
solution cations as % loading* resin c ation selectivity 

c onc entration o f  total ( meq/g )  load as % o f  c o e f�i ci ent , 
( meq/1 ) solution +'· SE total Km - mean 

ea++ 

Mg++ 

K+ 

NH +. 
� Na 

Total 

cation 1 00-m 

conc entration  

1 2 . 3  9 . 02 2 . 330 + 0 . 008 52 . 54 1 1  • 1 55 -

7 . 2  5 . 28 0 . 430 + 0 . 007 9 . 70 1 . 927 -
' 

+ 26 . 2  ...., 1 9 . 2 1  0 . 662 - 0 . 005 1 4 . 93 0 . 738 
1 0 . 9 7 . 99 0 . 225 + 0 . 0 1 0  5 . 07 0 .  6· 1 5 -

79 . 8 58 . 50 0 . 788 + 0 . 0 1 0  1 7 . 77 o .  1 53 -

1 36 . 4  Total 4 - 435 + 0 .  0 1 1 -

* Hean o f  6 individual values ( 2  duplicate  dilutions from 3 
r esin eluates )  

SE = standard error of  the mean mean 

T ABLE 1 3  

. IONIC CHARGE/RADII RELATIONSHIPS 

* 2 * * ' 2 r cryst e /r rhyd e /rhyd cryst 
Na+ 0 . 98 1 . 02 7 . 9  o .  1 3  . 
K+ 1 - 33 0 .  75 5 . 3  0 .  1 9  
NH + 1 . 43 0 . 70 5 . 37 0 .  1 85 

Mg�+ 0 . 82 4 . 88 1 0 . 8 0'. 37 
ea++ 1 • 1 7  3 . 42 9 . 6  0 . 4 1 
sr++ 1 . 34 2 . 98 9 . 4  0 . 42 
Ba++ 1 . 49 2 . 68 8 . 8 0 . 45 

* Wiklander ( 1 946)  * *  Jenny ( 1 932) 
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c ations . For this  mixed  elec trolyte  solution , a sel ectivity c o e f-

fi cient , Km has been de fined as follows : 1 00-m 

where R = resin phas e 

S = solution phas e 

m = c onc entration ( in  meq  per unit weight br volum e )  

o f  any cation , Mn+ , 
.
as % o f  total cation c oncen-

tration in either phas e .  

1 00-m = conc entration ( in meq per unit weight or 

volume )  o f  remainder o f  cations , 1 00-m , as % o f  

total c ation conc entration in either phas e .  · 

These s el ectivity c o e f ficients clearly show that the resin ex6 hange 
. 

affinity for the various ions is  in  the  o rder Ca ++ > Mg ++ >. K+) NH4 + ).  

N + a , as has already been shown in a qualitative  way by the r'eplac e-

ment dynamics illustrate d  in Fig .  9 .  

This di fferenc e in ion exchange  resin cation affinity is  best 

explained by the  i onic hydration theory . Because o f  the high 

di el ectric constant o f  wat er , ions in aqueous solutions o f  ele c tro-

lytes  are hydrated to  an extent which  depends upon the charge  anq 

si z e  o f  the ion . This degree o f  ionic hydration has been shown to 

increas e  with increasing ioni c  charge and decreasing crystallo-

graphic radius - indicating a simple elec trostatic attraction 

between the ion and the wat er molecul e dipole .  The ipcreasi�g 

affinity o f  an i on exchange resin for cat ions o f  decreasing hyd-

rated  ionic radius and increasing charge  i s  shown in Fig .  1 0 ,  

whi ch  is  from the  data o f  Nachod and Woo d  ( 1 945 ) .  Furthermore ,  

Boyd , S chubert and Adamson ( 1 947 ) hav e  correlated ion exchang� 
affinity with a0 , the Debye-Huckel ion si ze  parameter in eqn . (3 . 1 . 4. )  

whi ch  itsel f  i s  an index o f  ionic  hydratio n .  2 The expression e /r 

has been extensively used in relating io� exchange selectivity to 
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ionic c harge and radius and this charge/ 

radius ratio for these  c ations is pre-

sented in Table 1 3  with  rcrystallographic 
and rhydrated from a variety o f  sourc es . 

I t  is c lear that for the five  cations in 

the standard salt solution , e2/rhyd has 

++ > ++ >  +> + + the  order Ca Mg K . NH4 ) Na , 

which i s  identical to  the  order found for 

their r esin selectivity c'o e f ficients 

( T abl e 1 2 ) . Thus , as a working approx-

• <  i 9 �-1\,--+--�-+----l 
� 
·� 8 �-t--k-;;-;'--t-\-�---l .Q 
'0 
� 7 f--1--\t--t--\!.. 
� 
:I: 6 f--+---1-\--t--+-\---l 

5 1---+--

0.7 0.8 0.9 1.0 1 .1  
Equilibrium exchange, 
milliequivalents/gram 

Fig. 1-0 Effect of ionic radius 
on ion exchange in a carbona­

ceous zeolite. Data of Nuchod 
l and \Vood, 

imation for strong c ation exchange resins o f  the Dowex 50 type , 

the exchange pot entials o f  equivalent ions in aqueous solution .are 

rel ated  directly to thei r  crystallographic radius and inversely 

to  their hydrated radius . 

3. 2 .3.  Preparatio n  o f  r esin eluates and c ation  analyses 

The eq uilibrat ed  resin ( designat ed ' st andard resin ' )  was also 

stored at 4°C under a small volume o f  standar d  salt solutio� c on-

taining a few drops o f  c hloro form until required for use .  
3 Resin eluates wer e prepared  by pipetting 0 . 7  cm ( = 0 . 33g 

dry resin)  o f  wet r esin onto a sintered glass filt er under suction 

and washing quickly with deionised  water (2 x 10  c m3 ) .  This  wash-

ing step  was necessary to remove exterior salt  solution and pro-

vided it  was not prolonged ,  di d not c ause  any exchange of cati ons 

from the resin b eads . The  washed resin was then trans ferred to 

another flask and shaken with 20 cm3 of 2M HCl for 1 5  minut es . 

The cont ents o f  the flask wer e  then trans ferr e d  to a weighed , 

sintered-glass filter and washed  w::i. th  1 M HCl ( 20 c m3 ) ,  0 .  1 M HCl
. 

( 20 cm3) , deionised water ( 20 cm3 ) and the  filtrat e made up t·o 

1 00 cm3 with deionised  wat er . Aliquots ( 5  c m3 ) o f  the filtrate 

were diluted to  50 c m3 with 0 . 1 M  HCl for c ation analysis .  

The filter containing the washed resin was heated overnight 

• I 
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at 1 08°C and the weight o f  resin recorded to  enabl e cation loads 

to be expressed on a dry weight , o f  resin basis ( meq/g ) . 

Resin eluat e dilutions were initially stored in  glass flasks 

prior to analysis but this was found to give a slight increase . in 

[Na +] and [ K+] over 24 hours . Problems were also encountered with 

polyvinyl chloride containers · whi ch functioned as r e asonably e f-

fi cient ion  exchangers , probably becaus e o f  the presenc e o f  

phthalat e plasticisers . The problem was t rac ed to the use o f  the 

bo ttles for s toring the initial resin eluat e ( x  1 0  cone . )  be fore 

dilution . I f  this was done , and the bottle  us ed  for a subsequent 

diluted  solution , then calcium and magnesium were gradually ex-

changed  o f f the vessel walls over a 24 hour period .  Magnesium 

was particularly suspect  sinc e it was analysed at a low conc en-· 

tration o f  the order o f  1 - 2 parts per million ( ppm or  pg/cm3 ) .  
I 

Provided the plas ti c  bottles were used only for the diluted sol-

utions and the solutions were analysed for magnesium within 6 . - 8 

hours o f  dilution no probl ems were encountered .  

Calcium and magnesium ( 4  - 24 and 0 . 2  - 2 . 4 . ppm respectively ) 

were det e rmined  in duplicate resin eluate dilutions by atomi c  

absorption spectrophotometry ( Willi s , 1 960a and b )  in  a Techtron 

A . A · 5 spectropho tometer with a hollow c athode Ca/Mg lamp . Sodium 

( 2  - 1 0  ppm) was similarly det ermined by flame emission spec tra-

photometry in a Techtron A . A . 3 spectropho tometer whil e potassium 

( 2  - 1 2  ppm) was d et ermined  by flame emi ssion photometry in a 

Gall enkamp Na/K flame photomet er . S tock standard solutions o f  

ea++ ( 1 000 ppm ) , Mg++ ( 50 ppm ) , K+ ( 500 ppm) ,  Na+ ( 250 ppm) and 

NH4
+ ( 1 00 ppm) were made up in 0 . 1 M  HCl each week and stored at 

4°C .  Appro priate duplicate dilutions were made with 0 . 1 M  HCl ( in · 

deionised wate r )  for standard curves for each batch  o f  analyses . 

Exc ellent curves with linearity over the conc entration ranges 

indicated  were invariably obtained under the operating conditions 
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outlined in Tabl e 1 4 . 

Ammonium ion was det ermined as ammonia by a slight variation  

of  the  Yuen and Pollard ( 1 952)  modi fi c ation o f  the Nessler r eac-

tion . Becaus e o f  the high concentration o f  the int er fering .met?l ­

l i c  cations , the addition o f  2 cm3 o f  1 0% Na/K tartrat e was found 

to be necessary to suppress flo c culation  o f  the complex . A linear 

standard curve was obtained when 2 cm3 o f  undilut ed  resin " eluate 

( containing 1 0 - 50 pg o f  NH3 ) ,  2 cm3 o f  Na/K tartrate solution 

and 2 cm3 of Nessl er reagent ( KI/Hgi2 mixture in NaOH solution )  

were dilut ed to  50 cm3 and allowed to  stand in  di f fused light for 
., 

30 minut es b e fore reading the absorbence  o f  the orange compl ex . 

Optical densities over this concentratio n  range o f  0 . 2 - 1 . 0 ppm 

NH3 were r ead at 435 nm in an SP500 U . V . /visible spectrophotometer ; 

under these conditions floccul ation did not o ccur until qpproxi-

mat ely 90 minut es after adding the reagent . 

Because o f  the  nec essity o f  measuring small , but possibly 

signi ficant , variations in c ation conc entration , an evaluation o f  

the  pre cision o f  the analytical and inst rumentational pro c e dure 

was required .  Ten s eparate dilutions , g en erally at six standar d  

c urve c onc entration l evels , o f  the stock salt  solution were . 

analyse d  for each c atio n .  The c o e f fici ents o f  variation 

( stondard deviation 1 00 )  t · · for each = x as a percen age l S  glven mean 
c ation at di fferent conc entration levels in  the lower part o f  

T able 1 4 .  The precision o f  determination  by atomic  a�sorption  

spectros copy was Mg)) Na> Ca . The  precision o f  determina,tion fo:r 

K ,  as determined by flame photometry , was not as goo d  as that for 

C a .  This was probably due to small fluc tuations in coal gas pres·-

sur e whi ch sould not be c ontrolle d .  However , the precision o f  

det ermination for these  metallic cations , especially for Mg , was 

c o nsidered  to be highly satis factory and i s  c ertainly superior  to 

classical titrimetri c and gravimetric methods . On the other hand , 



TABLE 1 1� . A TO!H C A BSORPTI ON OPERA T I N G  C ON D I T I Oi -: 3  r-\HC C O � rF I C I Zn T S  OF V ,\ .rl L l T I Of: A S  

Ac e tylene f l o �  ( l i t r e s/m i n . ) 

A i r  f l o w  ( l i t r e s /m i n . ) 

Lamp c u rr e n t ( mA )  

S l i t w i d t h  ()1 ) 

W av e l e ng t h  ( A0 )  

C o e f f i c i e n t s  o f  va r i a t i o n+ 

( %  c . o f v . ) a t  p o i n t s o n  

s t andard c u r v e  

( e a c h  p o i n t  m e a n  o f  1 0 )  

AN INDEX OF PR.t;C I S IOc  OY D ETZ..: :-i L ·. I'ION FOR 5 C . .'. T I ONS 

Ca !·1g N a  K 

0 . 6  0 . 6  0 . 6  

4 4 4 

4 4 -
-

2 5  5 0  1 00 

4 2 2 7  2 8 52 5 893 

ppm * % c . o f v .  pp m et 10 c . o f v .  p_pm �I i.:> c . o f v .  pp m �I ,o c . o f V • pp m 

4 5 . 67 0 . 4  2 . 23 2 . 0  2 . 93 2 . 0  4 . 52 0 . 4  

8 3 . 22 0 . 8  1 . 32 3 . 0  1 .  63 Lf . 0 3 . 6 8 0 . 6  

1 2  2 . 4 5 1 .  2 0 . 7 9 4 . 0  1 .  92 6 . 0  3 .  1 2  0 . 8 

1 6  2 . 37 1 . 6 0 . 45 6 . 0  0 . 53 8 . 0 2 . 8 1  1 . 0 

2 0  2 . 56 2 . 0  0 . 6 2  8 . 0  0 . 7 1 1 0 . 0 2 . 09 -

2 4  1 .  3 1  2 . 1+ o .  4 5  1 0 . 0  1 .  02 1 2 . 0  2 . 05 -

* . � o n c e n t ra t i o n  o f  s t a n d a r d  i n  p a r t s  p e r m i l l i o n
. 

(pg/cm3 ) 
+ ·.' 

;o c o e f f i c: i  0 1  t o f  v ad -d: i o n = _ , ;. l ·l r L1 ,� ( . ;  ;:, 1· i 0 n/r· c� n A 1 00 )  

· I  c . o f' t:J v .  

1 2 . 52 

1 1 . 5 5 

9 . So 

1 4 . 5 ° 
-

-
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the co e f fici ents o f  v ari ati on for the ammonia analyses were con-

sidered t o  b e  rather  high an d ,  conseo uently , in such  det errninations 

tripli c a t e  di lutions wer e an al ysed for both  standar d  c urves and 

unknowns . Since NH4
+ provi ded  only approximately 5% o f  t h e  t o t al 

resin l o ad ( Tabl e 1 2 ) , t his mo derat e variability i n  de t ermination 

was consi dered  to  b e  o f  li t t l e  importan c e . 

3. 2 . 4 . R e s i n  c alibration 

To c alibrat e the  relati onshi p  between resin c ation lo ads and 

equilibrium s oluti on  cation conc entrations , portions o f  s t andard 

resin were  r e-equi librat ed wi th c alibration solutions , e ac h  wit h  

the  same Hg+ + , Na+ , K+ and NH4
+ concentrati ons a s  t h e  st andar d 

sal t  so luti on but decreasing i n  e a+ +  conc ent�ation  from 1 2 . 3  meq/1 

( st andard value ) t o  5 . 9  meq/1 . The  c alibration so lutions ( 31 )  were 

passed t hrough mi c ro-columns ( 6  cm x 0 . 6  cm ) cont aining 2g o f  s t an-

dard resi n .  Simpl e linear an d mul tipl e  regressi ons were fi t t e d  
+ +  ++ t o  relat e v ari ati on in resin bound ea and Mg t o  c hanges i n  

t h e  ionic composition o f  t h e  sal t  soluti ons . The regr es si o n  

rel ationshi ps were used  as c alibr ation equations t o  -det ermine t h e  

amounts o f  bound a n d  ionic ea++ a n d  Mg++ in  solutions  i n  equilib-

rium wit h  compl exihg ligands ( s e e  s ection  }. 3 . 4 . ) : 

3. 2 . 5.  Equilibration  wi th compl exing ligand 

Mixtures of  s t andard sal t  solution { 20 cm3 ) ,  s t an dard resin 

( 0 . 7  cm3 ) and compl exant ( 50 mg o f  organi c aci d ,  lignin o f  poly-

sac chari de ) were gently shaken for 1 5  minut es . The c h ange in t h e  

activiti e s  o f  ea++ and Mg++ i n  the  solution , o n  t h e  addi tion  o f  

the c ompl exant , was re fl ected  i n  t h e  r esin load whi c h  adjus t e d  t o  

a new equilibrium v alu e .  However , t h e  s olution n o w  was n o  l onger 

the ' compl exed st an dard sal t  soluti on ' but one re fl e cting t h e  

adj ustment o f  t h e  r esin t o  t h e  n ew situation.  T hi s  type o f  ' fal s e  

equilibri um ' is  illus trated in  Fig .  1 1 .  whi ch  i s  a plo t  o f  the  

e xperiment al data  obtained when 0 . 7  cm3 o f  standard resin  was 
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equilibrat ed  \nth a solution containing o nly 6 . 0  meq/1 o f  Ca++  

( i e . , simulating a solution whe;e the  [ea++] in the  �tandard salt 

solution ( 1 2 . 3  meq/1 ) had been reduc ed to  this value through the 

e f fect  o f  an added complexant ) . While this singl e  equilibration 

with the solution containinG only 6 . 0  meo /1 of Ca++  does reduc e · 

the c alcium conc entration on the resin it is  clear that the pro -

c ess  needs to be repeat ed a number o f  times ( eight appear ed t o  be  

sufficient  for this change in conc entration)  until the true  e qui-

librium r esin loading is r eached .  Fig .  1 1  i s  the result· o f  t en 

s eparat e equilibratio n  experiments in which  solution calcium 

[ca++
] S and magnes·ium [Hg+ +] S as well as r esin cal cium [ca++]R 

and magnesium [Mg+j R were analysed after c onsecutive 1 5  minut e 

equilibrations with 20 c m3 portions o f  the new solution ( 6 . o · �eq/l 

in [ea++] S ) .  As the s t andar.d r esin [ca++] R ( = 2 . 330 meq/g � de- . 

creas e d  t o  the new equilibrium va�ue ( 1 . 570  meq/1 ) , the  c alcium 

c onc�ntration in the e quilibrating solution  rose  rapidly to  an 

i nitial maximum of 1 1 . 1 5 meq/1 b e fore gradually dropping back td 

the new ( equilibrium) value o f  6 . 0  meq/1 . This behaviour was 

merely a - r e flection o f  the complementary displacement of resin 
++ . ++ ( ) 

. 
C a  by solut1on Mg and the other unival ent c ations in their 

adjus tment to the new equi librium . Conseq uently , [Mg+� R increas e� 

to  the new equilibrium value o f  0 . 700 meq/g along with correspond­

i ng increases in [Na+]R ' [ K+] R and [NH4
+] R ( which are not shown. 

i n  Fig .  1 1  in  order t o  avoid confusion ) .  However , i t  must  be  

borne in mind that the total resin cation load of  approximat ely 

4 . 435 + 0 . 0 1 1 meq/g (T able 1 2 ) is  constant ( see  section 3 . 2 . 1 . ) .  

I n  vi ew o f  the equilibrium adj ustment illustrat ed  in Fig . 1 1 ,  

a simpli fie d  procedure was adopt e d  whereby a bulk mixture o f  

standard s alt solution  ( 200 cm3 ) and complexant ( 500 mg)  was made 

up and allowed to stand fdr one hour to equilibrate  b e fore suc c e s ­

sive 20 cm3 portions were shaken with the resin . In  making u p  t h e  
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solution organic acids were added as the so dium salt t o  � sal t  

solution lacking NaCl and t h e  solution then made u p  t o  the standard 

s alt solution conc entration by the addition o f  the appropriate 

amount o f  NaCl . A fter  ten 1 5  minut e equili brations , the solulions 

were decanted  �rom  the resin whi ch was then quickly trans ferr e d  

with two washings o f  deionised  water ( 1 0 cm3 ) t o  a sint ered-glass 

filt er and eluat es  prepared  as outlined  in  section 3 . 2 . 3 .  

3.3. RESULTS 

3 .3. 1 .  Effect o f  ligand concentration 

In  order to  det ermine the optimum quantity o f  plant fraction 

complexant to use , i t  was initially nec essary to gauge the e f fe ct 

o f  a known complexing ligand upon the r e sin - standard s alt  sol-

ution equi librium . The citrat e ion is  one such suitabl� ligand 

and was added to  the  standard solution as sodium citrate i n  

concentrations ranging from 0 . 2 - 1 . 0 meq/20 cm3 ( 1  mea N n  citrate 
_ �ol ecular weight ) - 3 • However , the addition o f  sodium citrate at 

the upper limit o f  1 meq per 20 cm3 o f  standard salt  soluti'o n ,  

increased the [ Na + J in the solution from 1 .  6 t o  2 .  6 meq/20 c�.3 . 

Conse quently , a control s eries o f  solutions containing equival ent 

amounts o f  additional NaCl instead o f  so dium citrate were also . 

equilibrat ed with the standard resin . The e f fect o f  ligand · 

conce ntration in  the solution upon the load o f  all c ations ( �xcept 
+ NH4 on  the resin , i s  given in Fig .  1 2 . I t  is cl ear that the 

addition of so dium citrat e brings about · a marked decrease i n  resin 

[ Ca ++] and [Hg ++] and that this is  compensat ed for by increases  

in resin [ K+] and particularly [Na +] • That this conside.rabl·e . 

increase in resin [ Na+] is  not c aused  solely by the increase in  

solution [Na+] i s  evi dent from the  small increase in resin [Na� 

pro du c ed by the addition ot NaCl . I t  may b e  conclude d ,  ther e fore ,· · 

that the ci trate l:i,gand has c:;qr-ease d  the solut.ion [ea++] �n� [�Ig:t-1 �
. 
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It should also be noted  that the sum o f  all resin c ation conc en-

trations for eit�er Na citrat e or NaCl solutions at any point 

along the x-axi s is constant , with a value O f  approximately 4 . 2 meq/g . 

The midpoint o f  the citrate conc entration range , 0 . 5  meq/20 cm3 

( corresponding to approximat ely 50 mg/20 cm3 on  a weight �asis ; , 

seemed a suitable conc entration maximum for complexing ligands .  

Sinc e the  plant fractions from Yorkshire fog were polymers o f  

unknown molecular weight it was meaningless  t o  compare their · 

binding affinity with  t hat o f  organic acids , such as citri c aci d ,  

on a molar o r  ' equival ent ' basis , so a po tential complexant con­

c entration of 50 mg/20 cm3 standard salt solution was adop.ted  for 

all future equilibrations . 

3.3. 2 .  R esin calibration results 

It was now nec es sary to calibrat e the r el ationship b etween 

resin cation loads and their equilibrium solution cat�on conc en-

trations . The results  for 1 7  calibration solutions decreasing in 

[ea++] by st eps o f  0 . 4  meq/1 from 1 2 . 3  meq/1 to  5 . 9  meq/1 ( s ection 

3 .  2 .  4.  ) are shown in Fig .  1 3 ,  where each point is the  mean of  ·six. 

values ( two dilutions o f  triplicat e  resin eluat es ) . Over thi s  

ea++  conc entration range , the resin shows remarkably constant 

behaviour , with ·a linear decreas e  in [ea++] being compensated for 

by uptake o f  the other four c ations , parti-cul arly magnesium and 

sodium .  The total resin load was 4 . 41 9  ! 0 . 004 meq/g ( meati + 

standar\i  error o f  the mean ) . Tabl e 1 5  gives  the  simple linear· · 

regressions relating c hanges in r esin load o f  all five qations for 

changes in ea++. activi ty in  thes e calibration solutions . The · size  

of  the correlation c o e f fi cietits indicat e  the  very symmetrical 

behaviour o f  the resin with chang�ng �elution c omposition . 

The mean total r esin· load o f 4 � 4 1 9 :!: 0 . 004 meq/g for these· 

calibratio:n · solutions was a mor e  reliabl e value  ( mean o f  1 02 

individual values ) than that for the standard r esin given in Table 

'· 
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1 2  ( 4 . 435 ! 0 . 0 1 1 meq/g , mean o f  six individual values ) .  However , 

the small standard errors for both values indicate the repro duc-

ibility of the whole  equilibration ,  eluti on and pho tometri c 

proc edure (%  co e f fi ci ent o f  variation for the means i n  Tabl e 1 2 : 

ea++ , 0 . 86 ;  Mg++ , 3 . 95 ;  Na+ , 3 . 04 ;  K+ , 1 . 8 1 ) .  The standard error 

for NH4+ in Table 1 2  ( giving a larger c o e f ficient of variation o f  

1 1 . 1 %) r e fl ects the errors in the Nessler analyse$ - which have 

already been dis cussed in section 3 . 2 . 3 . 

TABLE 15 

REGRESSIONS 
LOAD [Mn+]R 

FOR VARI ATION 
WITH SOLUTION 

O F  RESIN I NDIVI DUAL 
CALCI UM CONCENTRATION 

Regression r 
[ Ca ++] R = 0 . 889 = 0 .  1 1 4 [ca++J s 0 . 998* * *  

. [Hg++] R = 0 . 952 - 0 . 042 [ea+ +] s 1 . 000* * *  

[Na + ]R = 1 .  246 0 . 037 [ea +-tJ s 0 . 984** * 

[K+]R = 0 . 875 - 0 . 0 1 6 [ea++] s 0 . 995* * *  

[NH4 +] R = 0 . 455 - 0 . 0 1 9  [ea++] s 0 . 98 1 * * * 

( p  0 . 00 1 * * * )  

3. 3.3. Plant fraction complexing 

The variation in  resin cation load , shown in  Fig .  1 3 ,  gave 

a simpli fied mo del for the evaluation o f  the compl exing e f fect 

o f  plant fractions on the c ations of the standard sal t  soluti on .  

A resin load conforming with th e  curves in  Fig .  1 3  would indi c at e  

a situation where only Ca++ was bound in  a non-i o nic form . 

T able 1 6  shows the indivi dual and total mean resin c ation 

loads obtained on equilibration o f  the two groups o f  plant fractions , 

organic acids and c el l  wall substances , with  the standard salt 

solution. The same data for a vari ety o f  plant metabolites , in c-

luding a commercial pec tin isolat ed from apples and pure sampl es 

o f  glucuroni c and galac turonic aci ds , is giv en in Table 1 8 . Where 
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possibl e , each fraction was evaluated at both a weakly acidic and 

a weakly alkaline pH . The final c olumn in both tabl es gives the 

total resin c ation  load , ( Mn+
R which has a mean o f  4 . 4 1 5  ! o :oo5 

meq/g for the  2 1  plant fractions from Yorkshire fog (Table 1 6 ) 

and 4 . 425 ! 0 . 007 meq/g for the 1 0  metabolites 
.
in Tabl e 1 8 .  

T o  t est whether these values lay o n  the curves o f  Fig .  1 3 , 

( which applies  to the case where  only ea++ is bound by the ligand)  

the experimental values o f  [Mg+jR ' [Na+J R ' [K+]R and [NH4+] R o f · 

tables 1 6  and 1 8  were subtrac t e d  from the respective values read 

from Fig .  1 3  for identical values of [ea++] R . Thes e di fferenc es , 

and their statistical signi fi c anc e ,  are given in T abl e 1 7  and the 

bottom hal f o f  T abl e 1 8 . ' The first column in each o f  these tabl es . 
. th h . . e ++  1 d � th t f th  t d d g1ves e mean c ange 1n res1n a oa trom a o e s an ar 

resin e a++ load ( 2 . 330 meq/g )  and is , there fore , an index o f  the 

ext ent o f  e a++ binding . The following columns giv e  the corres­

ponding di fferences ( a ) in resin Mg++ , Na+ , K+ and NH4+ from the 

values predi cted for each ion i n  Fig .  1 3 .  Sinc e the  total resin 

. load must  r emain constant ( c .  4 . 4 1 9 ! 0 . 004 meq/g ) , the sum o·f the 

mean di fferences aMg++ , aNa+ ' aK+ and aNH + in each cas e  should 
4 

b e  zero . The final summation column in  Tabl es 1 7  and 1 8  shows 

that , within the limits o f  experimental errors this c ondition ·is 

met . 

The signi ficance o f  these  mean di fferenc es , aM+ ' were det er­

mined by testing the hypothesis aM+ = 0 by using th� relationship 
aH+ 

t = SE where �+ = the  mean di ffer enc e of  any particular 
mean 

c atio n ,  M+ , in the resin load fro m  that value pre di cted  in Fig . 1 3  

at any resin ea++  value and SE = the standard error o f  the mean mean 
o f  the six individual di fferences , d 1 - d6 . 

From T abl es 1 7  and 1 8  i t  i s  clear that the simple case  o f  

ea++  alone being bound by the complexing ligand i s  true only in 

a few c as es . The lower levels o f  magnesium on the equiliqrated  



Compl e xant M e an indivi dual r e s i n  c a t i o n  loads ( m eq/g ) 

Organ i c  A c i ds 

Mal i c  
a c i d  

C i tr i c  
a c i d  

Oxa l i c  
a c i d  

Malo n i c a c i d  

t rans­
Aconi t i c  a c i d  

Qui n i c  
a c i d  

C e ll W a l l  Fra c t i o ns 

P e c t in 

L i gn i n  

Hem i c el lulos e B 
( unfrac t i o na t e d )  

Hem i . B ( branch e d )  
H em i . B ( l inear ) 
H em i . B ( I )  

C el lulose  

pH  

5 . 04 1 .  8 ? 1  
6 . 66 1 . 83 9  

4 . 8 4  1 . 6 83 
7 . 00 1 . 1 59 

4 . 88 1 . 9 1 8  
7 . 40 1 . 9 4 5  

6 . 1 6  1 . 955 

5 . 4 2  2 . 058 
7 . 42 1 . 88 4 

4 . 94 2 . 2 40 
8 . 44 2 . 2 4 8  

6 . 30 2 . 02 6  
7 . 2 4 1 . 9 83 

6 . 2  2 . 1 0 4 

5 . 00 2 . 3QO 
8 . 20 2 . 2 87 

7 . 90 2 . 2 1 7 
7 . 86 2 . 2 87 
5 . 90 2 . 33 1  

4 . 70 2 . 2 7 3  
8 .  1 2  2 . 2 82 

* M e an o f  s i x  i nd i v i dual de t er m i n a t ions 

0 . 4 8 9  
0 . 4 64 

0 . 350 
0 . 304 

0 . 4 1 1 
0 . 397 

0 . 434 

0 . 4 9 9  
0 . 42 4  

0 . 4 67 
0 . 4 54 

0 . 536 
0 . 55 6  

0 . 46 9  

0 . 439 
0 . 42 6  

0 . 472 
0 . 438 
0 . 435 

0 . 443 
o . 1-+37 

( 2  dupl i c a t e  d i l u t i ons of 3 r e s i n  elua t es ) 

1 . 002 
1 . 048 

1 . 235 
1 .  574 

1 .  0 7 1  
1 . 064 

0 . 969 

0 . 8 97 
1 . 044 

0 . 8 1 3  
0 . 7 8 1  

0 . 898 
0 . 892 

0 . 892 

0 . 785 
0 . 82 9 

0 . 8 1 2  
0 . 808 
0 . 780 

0 . 798 
0 . 7 9 8  

K + R 
0 . 7 4 2  
0 . 7 58 

0 . 836 
0 . 973 

0 . 765 
0 . 7 70 

0 . 74LI-

0 . 730 
0 . 7 9 4  

0 . 6 96 
0 . 70 8  

0 . 7 2 3  
0 . 734 

0 . 6 83 

0 . 62 1  
0 . 02 8  

o . 6 G 6  
0 . 643 
0 . 650 

0 . 6 5 1 
0 . 64 5 

0 . 302 
0 . 304 

0 . 336 
0 . 4 1 3  

0 . 27 1  
0 . 26 5 

0 . 280 

0 . 250 
0 . 2 6 9 

0 . 220 
0 . 230 

0 . 248 
0 . 2 6 4  

0 . 252 

0 . 2 34 
0 . 234 

0 . 2 4 4  
0 . 2 34 
0 . 230 

0 . 230 
0 . 237 

4 . 406 
4 . 4 1 3  

4 . 44 0 
4 . 42 3  

4 . 436 
4 . 4 4 1  

4 . 382 

4 . 4 34 
4 . 4 1 5  

4 . 436 
4 . 42 1  

4 . 4 3 1  
4 . 4 2 9  

4 . 400 

4 . 37 9  
4 . 4 04 

4 . 4 1 1 
4 . 4 1 0  
4 . 427 

4 . 395 
4 . 399 

Mean  to tal l o a d  = 4 . 4 1 5  
( .:!:.. S . E .  ) + 0 .  00 5 

- meq/g 
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Mean di fferen c e  ( i n  m e q/g ) o f  
Change i n  

rea+ +] ( m e q/ g ) -
from 

st andar d 
each c ation from predi c t e d  value ( Fig . 1 3 ) ++ 

for each new C a  l evel 

O rgan i c  A c i ds 

N a l i c  a c i d  

C i t r i c  a c i d  

Oxal i c  a c i d  

Malo n i c  a c i d  
t ran s - A c o n i t i c  a c i d  

Qui n i c  a c i d  

C e l l  wa l l  fra c t i o ns 

P e c t i n  

L i gn i n  
H e m i c e l lu l o s e  B 

H e m i . B ( b ranch e d )  
H e m i . B ( l i n ear ) 
He m i . B ( I )  
C el lu l o s e  

pH 

5 . 04 
6 . 66 
4 . 8 4  
7 . 00 
4 . 8 8 
7 . 40 
6 .  1 6  
5 . 42 
7 . 42 
4 . 94 
8 . 44 

6 . 30 
7 . 24 
6 . 20 
5 . 00 
8 . 20 
7 . 90 
7 . 8 6 
5 . 90 
4 . 70 
8 . 1 2 

. c + +  
r es1n a 
loading T 

- 0 . 4 59 * . . 
-0 . 49 1 * * * 
- 0 . 67 7 * * *  
- 1 . 1 7 1 * * *  
- 0 . 4 1 2 * * * 
-0 . 385 * . . 
- 0 . 37 5 * * *  
- 0 . 2 72 * * * 
-0 . 446 * . . 
- 0 . 090 * 
- 0 . 0 82 * 

- 0 . 304 * * * 
- 0 . 3 47 * * * 
-0 . 2 2 6 * * * 
- 0 . 030N S 
- 0 . 043 * 
- 0 . 1 1 3 * * * 
-0 .  04 3 * 
+0 . 00 1 NS 
-0 . 057 * 
- 0 . 048 * 

aM + +  l g  

- 0 . 1 06 * * *  
- 0 . 1 4 6 * * * 
-0 . 3 1 8 * • *  
-0 . 564 * * *  
- 0 . 1 6 9 * * * 
- 0 . 1 7 2 * * *  
-0 . 1 2 9 * * * 
-0 . 02 9 * 
- 0 . 1 66 * * 
+0 . 007N S 
- o . oo2Ns 

- o . oo2N S 
+0 . 003N S 
- 0 . 039 * * * 
+O . oo 5Ns 
- 0 . 008NS 
+O . oozNS 
-o . oo2NS · 
-0 . 00 1 NS 
- 0 . 007 NS 
-0 . 00 9N S 

+0 . 07 5 * * * +0 . 02 2 * * * +0 . 0 1 2 *  
+0 . 098 * * * +0 . 032 * * "' +0 . 0 1 0 * 
+0 . 2 48 * * *  + 0 . 076 * * *  +0 . 0 1 6 * 
+0 . 4 1 4 * * * +0 . 1 33"' * * +0 . 027 *  
+0 . 1 59 * * * +0 . 037 * * * -0 . 0 1 2N S 
+0 . 1 6 0 * '" *  +0 . 04 8 * * * -0 . 0 1 5 *  
+0 . 06 9 * * * +0 . 02 9 * * * +0 . 0 1 oNS 
+0 . 027 NS +0 . 02 8 *  -0 . 0 1 2N S 
+0 . 1 2 1 * +0 . 07 1 * - 0 . 02 1 * 
-0 . 007NS +0 . 0 1 4NS - 0 . 0 1 8NS 
- 0 . 027N S +0 . 027NS -o . oo6NS 

+O . o2oN S +0 . 02 1 NS - 0 . 0 1 4N S 
o . oooNs +0 . 02 4 *  - 0 . 0 1 2N S 

+0 . 038 * *  - 0 . 0 1 5 * +O . oo2NS 
- 0 . 003NS - 0 . 02 4 *  +O . Oo4N S 
+0 . 0 1 9 * - 0 . 0 1 7NS o . oooNS 
- O . oo8N S -0 . 0 1 2N S +O . Oo 4 NS 
+0 . 006NS -0 . 003NS -o . oo8NS 
+0 . 02 1 NS - 0 . 0 1 3NS -0 . 006N S 
-0 . 006�� - 0 . 009NS o . oooNs 
- 0 . 00 1  -o . oo5Ns +0 . 0 1 oNS 

+ 
Mean o f  6 i nd i v i du a l  d e t er m i na t i o ns ( 2  dup l i c a t e  d i l u t i c ns o f  3 r e s i n  e l ua t e s ) 

t S tandard r e s i n  ea++ load = 2 . 330 ± 0 . 008 m . e q . /g 

NS N o t  s i gn i f i c a n t  ( P > 0 . 05 ) , * ( P -<. 0 . 0 5 ) , * * ( P � 0 . 01 ) ,  . .., * ( P .(. 0 . 00 1 ) 

( a  

+0 . 003 
-0 . 006 
+0 . 02 2  
+0 . 0 1 0  
+0 . 0 1 5  
+0 . 02 1  
- 0 . 02 1  
+0 . 0 1 4 
+0 . 005 
-0 . 004 
- 0 . 008 

+0 . 02 5  
+0 . 01 5  
- 0 . 0 1 4  
-0 . 02 2  
- 0 . 026 
- 0 . 0 1 4  
- 0 . 007 
+0 . 00 1  
- 0 . 02 2  
-0 . 02 5  
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Complexa n t  

I no s i t o l  
( me s a ) 

Inos i to l  
hexaphosphat e  

G lucuroni c 
a c i d  

Galac turonic  
a c i d  

P e c t i n  
( app l e ) 

Inos i to l  
( mes o )  

I nos i t o l  
h e xapho s pha t e  

G l u c u r o n i c  
a c i d  

Gala c turoni c 
a c i d  

P e c t i n 
( appl e )  

pH 

4 . 78 
? . 9 6 

5 . 70 
7 . 4 8  

5 . 6 8  
7 . 8 6  

4 . 20 
7 . 6 8 

4 . 40 
8 . 5 6 

4 . 7 8 
7 . 96 

5 . 70 
7 . 4 8  

5 . 6 8 
7 . 8 6 

4 . 20 
7 . 6 8 

4 . 40 
8 . 56 

2 . 323 0 . 434 
2 . 33 1  0 . 43 1  

2 . 1 34 0 . 473 
1 . 42 3  0 . 52 5  

2 . 2 3 4  0 . 463 
2 . 2 1 0  0 . 453 

2 . 222 0 . 46 1  
2 . 1 84 0 . 4 6 2  

2 . 034 0 . 487 
2 . 002 0 . 5 1 1 

- + +- -
/_Ca _:_;s t andard dMg

+ +  
( 2 .  330 ) -[Ca 

+yrt 

- 0 . 007NS -0 . 00 1 N S 

+0 . 00 1 N S -o . oo4N S 

- 0 . 1 9 6 * * * - 0 . 03 1 NS 
- 0 . 907 * * "' -0 . 24 5 *  . . 

-0 . 096 * - 0 . 005N S 
-0 . 1 20 *  * ,... 0 . 025N S 

- 0 . 1 08 *  -0 . 0 1 1 N S · 

- 0 . 1 46 ... - 0 . 026NS 

-0 . 2 9 6 * * * -0 . 050 * 
- 0 . 32 8 * H -0 . 036 * 

0 . 77 7  0 . 673 0 . 2 2 7  
0 . 762 0 . 6 77 0 . 2j0 

0 . 85 1  0 . 732 0 . 2 36 
1 . 2 9 9  0 . 87 1  0 . 309 

0 . 823 0 . 6 8 4  0 . 230 
0 . 838 0 . 692 0 . 2 30 

0 . 8 30 0 . 678 0 . 240 
o .  842 . 0 . 6 9 6  0 . 2 46 

0 . 89 8 0 . 72 6  0 . 262 
0 . 8 9 8  0 . 724 0 . 2 7 8  

- - -
d

N a + dK + dNH4
+ 

- 0 . 003N S - 0 . 003NS +0 . 005N S 
- 0 . 0 1 8N S +0 . 00 1 NS +o . oosN s 

+0 . 007NS +0 . 027NS - 0 . 0 1 0N S 
+0 . 20 1 * * "' +0 . 069 * *  .- 0 . 0 1 1 NS 

+0 . 003N S +O .  oo2;�s - o . oo8N s 

+0 . 0 1 0NS +0 . 006NS - 0 . 0 1 2N S 

+o . oo8N s - o . ooGNs - o . o o2Ns 

+O . oo8N s +0 . 006NS - O . OOLtNS 

+0 . 020N S +0 . 02 2N S - 0 . 0 1 0NS 

+0 . 0 1 2NS +0 . 0 1 6NS +O . oo2N s  

+ 
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resins ( i e .  negative av ++ ) , especially for the organic acids and l"lg 
lignin , indi cat ed that magnesium had also been compl exe d .  To ful-

fil the constant total resin load requirement , greater amounts o f  

the monoval ent cations had been t aken up by the resin . Overall , 

the new resin l oads re flected complet ely di f ferent c ation activities 

and the simpl e case outlined i n  Fig .  1 3  di d not hol d  true as a 

prediction mo del for the amounts o f  c ations bound by a compl exant . 

3. 3 . 4 .  Resin calibrati on with soluti ons lower in c al cium and 

magnesium con c entration 

To int erpret the more compl ex si tuation where both c al cium 

and magnesium in the standard sal t  solution are bound ,  similar 

procedures t o  the earli er calibration were followed with 1 6  sol­

utions decreasing in  [ca++] s from 1 2 . 3  meq/1 to 5 . 0  meq/1 and in 

[Mg+� S from 7 . 2  meq/1 to 4 . 0  meq/1 . The conc entrations o f  Ka+ , 

+ + K and NH4 were the same as that o f  the standard salt solution . 

Multipl e  regression analyses o f  the r esin cation loads ( mean cation 

load = 4 . 4 1 2 :!: 0 . 0 1 0 )  were undertaken and equations o f  the fol -

lowing type derived :  

[ea ++J R = «.1 + f3 1 [ea++] s + f32 [Hg + +] s 

[Mg++JR = o\2 = f33 [ca++J s + ;34 [Mg++J s 

• • • • . ( 3 . 3 . 1 . )  

. . . . .  ( 3 . 3 . 2 . ) 

2 Equation ( 1 )  r e duced to a linear regression ( r  = 0 . 962 ) * 

• • • • .  ( 3 . 3 . 3 . ) 

sinc e an analysi s o f  variance ( se e  Appendix 1 for details )  showed 

a negligibl e contribution o f  the f32 Q-rg++Js t erm in the  multiple 

regression ( r2 = 0 . 963 c f .  0 . 962) . Consequently , within the 

conc entration range i nvestigat e d ,  the magnesium l evel i n  the sol-

ution had no signi fi c ant e f fect upon the resin calcium load . The 

multipl e regression for the resin magnesium load coul d not be 

simpli fi e d ,  however , sinc e [ Hg++J R was found to be dependent upon 

both the cal cium and magnesium conc entrations in the solution . 
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This  multiple regressio n  C r2 
= 0 . 789 ) 

. . •  ( 3 . 3 . 4 . ) 

di d no t giv e  as good an expl anation o f  the  b ehaviour o f  the resin  

as di d the lin ear regression  for [ C a++] R . .  Soluti on  calcium 

conc entration  is  the dominant  vari abl e sin c e  the  linear r egressi o n  

o n  [ca++J s  comprised 94% o f  t h e  sums o f  sq uares for the  mul tipl e  

r egr ession o n  both [ C a  + +] S and [ Ng ++] 
S 

( s e e  Appendix 1 ) .  At t empts 

were made to introdu c e  a t hi rd vari abl e ,  especially one coveri ng 
1 

changes in ionic  strengt h ,  e g .  (3 5 · 
[ea++] S + [Hg + +] S

, but no 

improvement in the regression was obtained . 

3 . 3.5.  Cal c ulation o f  C a++ an d Mg++ bound by pl ant fractions 

The  solution cal cium c oncentration , [c�+1 s ' after equilib­

rati on  wi th a compl exan t , was c al culat e d  from eq uation ( 3 . 3 . 3 . ) .  

T h e  c orrespo nding [Hg + +] 
S 

was obtained by solving equation 

( ) 
. 

[ ++1 L- c a++_-Js 3 . 3 . 4 . using the estimat e d  value o f  Ca  J s •  The  original 

and [Mg+1 s  o f  the stan dard sal t solution  were kno wn ( 1 2 . 3  and 

7 . 2  meq/1 r espectivel y )  so  t h e  conc entration  o f  C a++ and Hg+ +  

bound by  t h e  compl exing ligand was calculat ed  b y  subtraction . The 

percentage o f  cal cium and magnesium in  the standard sal t  soluti o n  

( 20 cm3) bound by t h e  di f fer ent plant  fractions ( 50 mg ) is  given 

i n  Tabl e 1 9 .  Thi s weight o f  50 mg is  also expressed  in  T abl e 1 9  

as mil li-mol e s  ( m  mol ) for e ach fractio n ;  for t h e  c el l  wall poly-

mers the weight o f  50 mg was expressed as the number o f  milli-

moles  o f  ' s truc tural r epeating uni t ' cal c ulated  from t he analyses  

in  Part 2 .  For c ellul o s e  t his uni t  was glu6ose  ( H . W .  = 1 80 ) ; fo r 

p e c ti n , galacturoni c ac i d  ( M . W . = 1 94 ) ; fo r ligni n ,  c oni feraldehyde 

( M . W .  = 1 78 ) ; an d for the hemi c ellulo ses , the  t o t al weight o f  1 00 

mo nose  unit s  calculat e d  fro m  t h e  known % o f  xyl o s e , arabino s e ,  

gluc o s e , gal ac tose  and glucuroni c aci d  divided by 1 00 ( M . W .  = 

1 54 - 1 59 ) . 

Errors The values pres ent ed  in Tabl e 1 9  are inverse e s timat es 
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T ABLE 1 9  
PERCENT AGE · OF Ca ++ Ju'{D M g  + +  IN  

SOLUTION ( 20 cm3 ) BOUND BY  PLANT 

Organi c acids 
Halic  

Citri c 

Oxali c 

Haloni c  
trans-Aconitic  

Cell wall fractions 
Pectin 

Lignin 
Hemic ellulose  B 
( un frac tionated)  
Hemi . B ( branched)  
Hemi . B ( linear )  
Hemi . B ( I ) 
Cellulose  

Plant metabolit es 
Ino si tol (meso ) 

Inositol 
hexaphosphate 
Glucuronic acid 

Galacturonic acid 

Pectin ( appl e )  

pH 

5 . 04 
6 . 66  
4 . 84 
7 . oo 
4 . 88 
7 . 40 
6 .  1 6  
5 . 42 
7 . 42 
4 . 94 
8 . 44 

6 . 30 
7 . 24 
6 . 20 
5 . 00 
8 . 20 
7 . 90 
7 . 86 
5 . 90 
4 . 70 
8 .  1 2  

4 . 78 
7 . 9 6 
5 . 70 
7 . 48 
5 . 68 
7 . 86• 
4 . 20 
7 . 68 
4 . 40 
8 . 56 

Weight o f* 
compl exant 

' 

0 . 373 
0 . 373 

/ 0 . 260 
0 . 260 
0 . 556 
0 . 556 

I 0 . 48 1 
0 . 287 

I 
0 . 287 
0 . 260 
0 . 260 

0 . 259 
0 . 259 
0 . 28 1  
0 . 250 
0 . 250 
0 . 253 
0 . 246 
0 . 234 
0 . 278 
0 . 278 

I 

0 . 278 
0 . 278 
0 . 078 
0 . 078 
0 . 258 
0 . 258 
0 . 258 
0 . 258 
0 . 1 59 
0 . 259 

ST At,rDARD SALT 
FRACTI ONS ( 50 mg ) . 

Percentag e  + +  . 
Ca bound 

4 1 . 9  
44 . 7 
56 . 5  
97 . 6  
37 . 8  
35 . 4  
34 . 1 
24 . 8  
40 ;.7 

8 . 5  
7 . 7  

28 . 0  
3 1 . 7  
20 . 7  

2 . 8  
4 . 5 

1 0 . 6  
4 . 5  
0 
6 . 5  
4 - 5  

0 
0 

1 7 . 9  
82 . 5  

8 . 95 
1 1 • 1 3  
1 0 . 04 
1 3 . 50 
27 . 1 2  
30 . 03 

I 

Perc entage  
+ +  H g  bound 

29 . 9  
38 . 9  
73 . 6 

1 00 · 
43 . 1 
43 . 8  
34 . 7  

9 . 7  
43 . 8  

0 
2 .  1 

3 . 5 
4 . 2 

1 2 . 5 ·· 
0 . 7 
4 . 9  
1 . 4  
1 . 4 
0 
3 - 5  
4". 5 

0 
0 
8 . 3  

64 . 6  
4 . 79 
5 . 93 
2 . 97 
6 . 38 

1 6 . 34 
1 2 . 5 1 . 

* 50 mg complexant added per 20 cm3 standar d sal t  solution , 
express e d  as milli-mol e s  



9 1  

from the regressions described by equations ( 3 . 3 . 3 . ) and ( 3 . 3 . 4 . ) .  

Estimates o f  [ea++ Js , using eouation ( 3 .  3 .  3 . ) ,  had a confi denc e 

int erval o f  approximately :!: 1 0% ( s ee Appendix 2 for d e tails ) .  

Estimat es o f  [ Hg + +] S are sub j ect t o  error from tVto sou;c es - the 

error initially intro duced in the estimation of [ca++Js and the 

error asso ciated wi th inverse estimation  after substitution o f  

[ea ++J s  into equation ( 3 . 3 . 4 . ) .  There i s  no preci se formulation 

for con fi denc e int ervals on inverse estimates of one independ ent \ 
variabl e in  multipl e regression where the second independent 

variable has known errors (Williams , 1 959 ) . · · I n vi ew o f  the com­

paratively poor ( r2 = 0 . 789 )  det ermination by e quation ( 3 . 3 . 4 . ) ,  

a cons ervative limit o f  :!:25% is  plac ed on estimat es o f  [Mg+j s . 
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PART 4 DI SCU SSION 

4. 1. GENERAL DI SCUSSION OF METHOOOLOGY AND RESULTS 

The c onstant i o ni c  m edium pro vi d e d  by t h e  bulk el e ctro-

l y t es NaCl , K Cl , and NH
4

Cl al lowed th e assumption o f  c o n stant 

activi ty c o e f fi c i en t s  for the ioni c  s p e c i e s  pr e s ent ( p  70 ) . 

Th e equilibration wi th plant frac t i o n s  r e du c e d  the i o n i c  

stren gth v e r y  slightly i n  m o s t  c as e s  and t h e  maXimum c h an g e  

experi enc ed ( ci t r i c  acid a t  p H  7.0) redu c ed t h e  i onic 

str ength by only 1 3% from 0 . 146 t o  0 . 1 27' • .  Consequently ,  it 

was consid er e d  that c hange s in ionic a c t i vi t i e s  coul d b e  

adequat el y d e s cribed by changes in i oni c c onc entrati o n  -

b o t h  b eing an i n d ex o f  the d e gr e e  t o  whi c h  c� · + +  
and Mg 

ar e bound in a non-ionic fo rm . Sinc e  ther e  may be a mul ti-

tude o f  equilibria between t h e  di f ferent c ations of su c h  a 

mixed el e c trolyt e and the compl e xi n g  l i gand ,  i t  was n o t  

po ssibl e to d et ermine the actual c h emi c al natur e o f  t h e  

m etal -l igand c ompl ex ; ther e for e ,  Tabl e 1 9  expr ess e s  o n l y :. 

t h e  p er c entage o f  ea + in the standard s al t  

s o lution bound in som e  non -i onic form b y  the plant ligands 

under these s t an dard c o ndition s .  Thi s do es , however , enabl e 

t h e  two di f f er ent cat e gori es o f  p l an t  frac tion l i gand s  -

o r gani c  acids and c el l  wall polymers - t o  b e  c ompar e d .  

Th e ion exchange r esin b ehav ed v ery symmetric al l y  o n  

c al ibration wi th wi dely di f fering pur e s al t  solution s .  The 

mean to tal c ation l o a d  for 17 sal t  solutions varying in [ c; +] 
was 4. 419 ! 0 . 004 meq/ g ; for 16 sal t solutions varying i n  

b o t h  [ca+j and [l•1g +J , 4. 41 2 ± 0 . 0 10 m eq/g ; for 2 1. soluti o n s  

c o ntaining pl ant l i gand s with unknown [ea
� •] and [HgJ , 

4. 415 ! 0 , 005 m eq/ g ; and for the 10 m etabol i t es o f  Tabl e 18 , 

4.425 ! 0 . 0 0 7  meq/ g .  These values ar e in exc ell ent agr e em ent 

and indi c at e the c o ns t ant pat t ern in r esin b ehaviour wit h  
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changes in cation activiti es in the solutions. 

The wide limits placed on  estimates of [c; j  S and [H{J  S 

( ±  1 0% and 25% respec tively)  do not detract from the validity 

o f  the estimation proc edure .  Calibration lin es such  as  equation 

( 3 . 3 . 3 . ) are often fitted and int erpolat ed visually with complete 

disregard for the confidenc e whic h  can be plac ed on inverse 

estimat es .  The more rigorous treatment using l east squares 

analysis  indicat es the fallibility o f  assuming , as in the case 

o f  visual cal ibration,  that inverse estimates have zero error. 
- r. + +l This error is  emplasized in estimates o f  Lea J using equation 

( 3 . 3. 3 . ) in spit e of the excell ent determination ( r2 = 0 . 962)  

of [cEi+] R " The mul tipl e regression t echnique used to estimate 

[Mg++J S is  the only rigorous method availabl e to interpret the 

complex behaviour o f  those  compl exants binding both ea+ +  and 

Ml +.  In any case , this limit o f ! 25% on [Ng+ +] S  do es littl e  

to mask the clear cut di fferences i n  Hg+ binding by the organic 

acids and lignin on the one hand and the remaining plant 

fractions on the other ( Table 1 9 ) .  

The multipl e regression ( eqn . 3 .  3 .  4. ) relating [Mt+] R to 

both [et +] S and U1l+] S is o f  particular interest in view o f  

the findings o f  van ' t  Klooster ( 1 967 ) for a similar cation ex-

change resin , Dowex 50, and similar mixed el ectrolyt e solutions.  

He calculated the conc entration of ea+ +  and Mg + in the intes-

tinal ultrafiltrat es  o f  ruminants from the following simple 

linear regression formulae : 

ea 1 ; Ca 1 + 0 . 2 1 8  ( ea 

Mg 1 l'ig 1 + 0 . 2 1 4  ( Mg 

Ca) 

Hg) 

• • •  ( 4. 1 • ) 

• • •  ( 4 . 2 . ) 

where Ca 1 , Hg1 = the % conc entration o f  the et + and 

f<il + in the unknown solution ,  

ea , Mg  = the  % conc entrations o f  these ions in  their 

corresponding resin eluat e ,  
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ea 1 , M g 1 = t h e  av erage % c o n c entrat i o n  o f  3 t e s t  

solutions c o rr esponding to t h e  uru{nown i n  [N:] , [K+J and 

[NH�] ( all assumed t o  b e  ion:i. c and d etermined by normal 

h a1 a1 · ) b t · i re + +l c emi c an y s1. s u vary1.ng n � a  J and [Hl +] , 
ea , M g  = th e av erage % conc entration o f  t h e s e  i o n s  

in t h e  3 t est so luti o n  r esi n eluat e s .  

T h e  simpl e l i n ear r egr e s sion for C� + expr e s s e d  b y  eqn . 4.  1 .  

i s  simil ar to that o f  eqn . ( 3. 3 . 3. ) d er i v e d  from t h e  t est 

solutions empl oyed in the pr e s ent inves t i gation ; however , his 

simpl e linear r el ationship b e tween [Mg- +] 
S 

and U1� +] R expr e s s e d  

i n  eqn . ( 4. 2 . ) i s  qui t e  a t  varian c e  wit h  t h e  mul tipl e r egr e s sion 

( eqn . 3. 3. 4. ) deri v e d  in the presen t  work . An : anal ysis o f  

varianc e  o f  eqn . ( 3 . 3. 4. ) sho wed that variation i n  [ca-+ +] 8 

compri s ed 94% o f  t h e  variation in [Mg+ -+] R ( p .  89 ) and , c o n s e­

quentl y , r esin Hg+ l oadings were only partly dep endent upo n 

� g+ t] in the calibration so lutions . U n fortunat ely ,  van 1 t Kl. o o st er 

giv es s c ant d etail o n  the cal culation o f  hi s lin ear r e gr essio n s  

exc ept that they were based u p o n  6 4  t es t  solution o bservati ons . 

No doubt the equilibrium r esin l o ad s  for the fi ve c at i o n s  

o f  any sal t  solutio n  c o u l d  b e  r el a t e d  t o  t h eir solution c o n c en-

trati o n s  by a su f f i c i ently l arge polynomial but this wou l d  b e  

a mammo t h  task invo l ving many t est soluti o n s , thousands o f  

anal y s e s  and a compu t er anal y sis o f  t h e  r esul t s .  B y  consid ering 

only one el e ctroly t e  sol u tion ( th e  standar d  salt solution) and , 

furthermor e ,  by assuming that Na+ , K +  and NH� wou l d  no t b e  

bound b y  the investigated compl exants ( as was lat er found to b e  

t h e  c as e )  it was po s sibl e t o  d erive eqns . ( 3 . 3 . 3) and ( 3. 3 . 4 )  

whi c h  were then used t o  d et ermi n e  t h e  amou n t s  o f  bound and 

ioni c ea+ +  and Het" + i n  solutions in equilibrium wi t h  compl exi n g  

l i gan d s .  
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Plant fraction compl exing 

O f  the plan t  frac tions studi e d , t h e  organic aci d s ,  

p articul arly t h e  tribasic citric and trans-aconitic acids , ar e  

most active i n  c ompl exing the dival ent c ations whil e t h e  c el l  

wall frac tions , vdth t h e  no tabl e exc eptions o f  pec tin and l i gniu , 

have littl e binding e f f ec t  ( Tabl e 1 9 ) . Pectin binds ea+ + t o  the 

same ext ent as some o f  the organi c  acids but appears to giv e  no 

. . fi t b . d . f 1 '  + + s1 g111 c an 1n 1ng o 1g • Lignin o n  the o ther hand , whil e 

compl exing ea
+ +  

to  a l esser ext ent t han pec tin , do es have a 

signi fi cant a f finity for Hg+ -r  ( Tabl e 1 7 ) . The h emic ellulo s e s  

( exc ept branchedh emic ellulo s e  B at t h e  slightly alkaline pH ) and 

c el lul ose had l i t tl e affinity for compl ex formation with either 

+ +  ' + + 
Ca or l-'ig • 

Th e compl exants  listed in Tabl e 18 wer e no t frac ticnat ed 

from Yorkshir e fog but ar e a s eri es o f  misc ellaneous plant 

metaboli t es included for the purpo s e  o f  comp arison .  Th e ino sitol s ,  

o f  which ' meso- 1 i s  one o f  nine po ssibl e isomer s ,  ar e a Vlide-

spread group o f  plant cyclitols whi ch ar e generally �ound as 

polypho sphat e esters , especially ino sitol h exapho sphat e ( phytic 

acid ) , the ea sal t  o f  which has a low solubility and i s  known 

as phytin. Th e ability of inositol h exapho sphat e to bind ea
+ +  

and Mg+ + ( at the  same slightly alkal i n e  pH ) was even sup erior 

to that of citric acid on a molar basis ( Tabl e 1 9 ) . T h e  

r el ationship o f  t h e  structur e  o f  t h e  above-menti oned plant 

fractions to their ability to compl ex ea
+ +  

and Mg
+ +  

i s  di scussed 

in more detail  in section 4. 2 .  

For mo s t  fractions examin ed , p H  h ad an effect o n  th e ext ent 

o f  compl exing sinc e t h e  ' boun d '  p er c entage o f  both ea
+ +  

and Mg
+ -i-

i s  l arger at the weakly alkaline pH ( c f .  il eal r egio n ) than at 

th e slightly acidi c pH ( c f .  duo d enal region ) ( van 1 t Kloo s t er ,  
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1 96 7 ) . Sin c e  mo st o f  th e plant fractions examin e d  can b e  c on-

si d er e d  as weak acids , an incr ease in pH woul d t end to bring 

about i onization o f  carboxyl groups as well as incr easing t h e  

pol ari sation o f  hydroxyl group s . Furth ermor e ,  a t endency 

towards polynucl ear compl exes woul d b e  expected to  increase 

wit h  higher pH and the stability constan t s  o f  the compl exes have 

b e en shown to increase corr espondingly ( Schni t z er and Hans en , 

1 970 ) . 

4. 2 .  RELATIONSHIP OF POLYMER STRU CTURE TO CATION AFFINITY 

�. 2 . 1 .  Pectic sub st ances and polyuroni des 

It is now well established that plant p ectic substan c e s are 

a h e t erogeneous group o f  polysaccharid e s  ( Worth , 1 96 7 )  comprising 

the fol l o wing thr e e  polym er s :  

( a) a l inear o(, - (  1 � 4) link ed poly-D-gal ac turoni c acid 

chain as a maj or constitu ent .  Som etimes L-rhamno s e  and 

o t h er neu tral sugars  ar e present as sid e c hain substitu ent s .  

( b ) a minor [3 - ( 1 � 4) l inke d  D-gal ac tan 

( c ) a minor L-araban 

Th es e  pectic substan c e s  ar e gen erally found in the primary 

c ell wall and middl e l amel l a  where they are asso ciat e d  with 

c ellulo s e ,  hemi c ellul o ses and lignin . The exac t nature o f  this 

asso ciation is not cl ear , as y et , but it  does s e em that the 

hydrophili c and adh esive prop erties o f  the pectic substan c e s  ar e 

utilised in hol ding the c el lulo s e  mi cro fibrils to geth er in a 

rigid n etwork . The ext en sive l i t eratur e on the rol e  o f  p e c tins 

in pl ant growth and the phy siolo gical rol e  of ea+ -r and Mg+ + in 

binding the polygalac turonan chains t o g ether has b een r evi ewed 

by Vlil son ( 1 96 4 )  and Ro elo fsen ( 1 96 5 ) . 

T he c arboxyl groups o f  t h e  polygal acturonan c hain o f  c ell 

wall p e c tins in situ have b e en shown to b e  part fr e e  aci d ,  part 
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+ +  + +  
e s t er i fi ed ( m e thyl ) and par t l y  a s so ci at ed wi th C a  and Hg ; 

cons equently t h e  well kno wn gel atini sation o f  p e c t i c  substan c e s  

with trac e s  o f  dival ent o r  trival ent c ations has b e en at tribu t e d  

t o  t h e  formation o f  a huge mo l e c ul e b y  a ' sal t bridge ' cro ss-

linkage through the c a t i o n s  and the c arbo xyl groups o f  di f f er ent 

chai n s  ( Whi stl er , 1 959) . 

Th e ' p e c t in ' extrac t ed from Yorkshir e fo g i s  almo s t  a pure 

pol y gal a c turonan ( Tabl e 4) wi th a l o w  d egree o f  m e t hyl e s t er-

i f i c at i o n  ( 1 . 9% -ONe or o n e  in t en gal a c turoni c a c i d  mo nom ers 

e s t er i fi e d ) . Thi s polym er exhibi t e d � binding o f  ea+ �  o f  the 

sam e  o r d er as many of th e di c ar boxyli c  acids y e t  it had no 

sign i fi c ant a f fini ty for Hg+ +. Despi t e  t h e  l ongst anding kno w-

l edge o f  this gelation ph enomenon ,  and i t s  eco nomi c i mportan c e sr  

the nature o f  t h e s e  cati on/pol y gal a c turoni de compl ex e s  has 

r e c ei v e d  s c ant inv esti gati o n  and the l i mi t ed amount o f  r e c ent 

work with plan t  p e c tins has s t emm ed from the mo r e  popular fi el d  

o f  c a t i o n  compl exes o f  al gi n i c  acids extra c t ed from s e aw ee d s .  

I n  a l ong t erm study o f  t h e  pro p e r t i e s  o f  t h e s e  al ginat e s ,  

Norwegi an work ers ( Smi dsro d and Hau g ,  1 96 5 ;  Haug and Smi dsro d t 

1965) have found that t h e s e  polymers c ru1 fun c ti o n  as c atio n  

exchan gers with c al cium a n d  o th er di val ent m e t al s .  Th e c o n c en-

trat i o n  o f  cation r equir ed to bring about gel- forma t i o n  and 

pr e cipi tation i ncreased in t h e  order : 

Ba < Pb ( Cu < Sr ( C d  (Ca < Zn (Ni (Co (Nn � F e  <Mg 

but thi s o rder was no t t h e  sam e  as t h e  af finity s eri e s  in whi c h  

th e i o n s  ar e pr e fer ential l y  bound b y  t h e  al ginat e .  The s e  al gini c 

acids consist o f  no n-uni forml y distribut ed r e si du e s  o f  D-man-

nuro ni c acid and 1 - guluro ni c acid ( Haug , "  Hykl estad , L arsen and 

S mi d sro d ,  1 967)  whi ch can b e  d e graded to polymeri c fragm e n t s  

consi s t i n g  almo st entir ely o f  f3 ( 1 -+ 4) -poly- D-mannuronic a c i d  
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and o1.. ( 1 -? 4) -poly-1-guluroni c acid . Furthermore , t h e  ion 

exchange properti es o f  the al ginat es d epend upon their uroni c  

acid compo sition , with the s el ectivity for the exchange reaction 

+ t- -+- +  + + ; . + ..- + +; + + + +; + + Ca /1·1g , ea Sr , Sr Hg and Ca ea almo st entir ely due 

to  the guluronic acid residu es in the polym ers ( Smi dsrod and 

Hau g ,  1 96 8 ) . 

+ +  + 
The ea /K ion- exchange equilibrium sel ectivity co e f-

fi c i ents were det ermined for p e c tin and four alginat e sampl es 

of di f f ering uronic acid c ompo sition ( Kohn , Furda , Haug and 

Smi dsro d ,  1 96 8 ) ; an extrapolation o f  their r esul t s  showed that 

polygalacturonat e and polyguluronate have a much higher sel ec­

tivi ty for ea+ +  
than has polymannuronat e .  This investigation 

employed th e compl exiom etri c det ermination o f  ea+ + activi ty 

using t etramethylmur exi d e  as an auxiliary ligand ( Kohn and Furda , 

1 967a and b ) and ,  as suc h ,  s e ems an improvem ent o n  th e earli er 

vi s c o sity and equilibrium dialysis t echnique s  o f  Haug and 

Smid sro d .  

Th e degr e e  o f  methyl e st eri fi cation o f  the galacturonic 

acid uni t o f  p e c tin seems to  be  o f  importan c e  in c ell wall ex-

t en sion ( s e e  r evi
.
ew in V/il son ,  1 96 4) as we.ll as having

· 
a marked 

e f f e c t  upon t h e  bond strength of ea+ +  with pec tin (Kohn and 

Furda , 1 96 7a) . These lat t er work ers . found that with a decreasing 

d egr e e  o f  esterifi cation ( i e . , with a rising charge d ensity ) 

there was a corresponding d ecrease in the activity c o e f fi c i ent 

o f  ea+ + ; they wer e  lat er abl e to express the s t ability constant 

for ea pectinat e ,  and the s el ec tivity c o e f fici ent for the 

e + +;K + 
. h . t .  t 1 f ti f th a �on exc ange �n pec �n, no on y as a unc on o e 

d egre e  o f  est eri fication o f  the polymer but al so o f  t h e  ionic 

strength and m ean distanc e o f  free carboxyl groups in the 

mol ecul e .  
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Natur e o f  t h e  c a t i on-uro n i d e  l i clc age 

The findings o n  the bindin g  o f  cations by polyuronides , as 

discussed abo v e ,  can be  sur.1marised as foll ows : 

Cation binding s e ems to invo l v e  bo t h ,  

( a ) a simpl e charge n eu t r ali sati on o f  the free - COO-

group s ,  as i ndi cat ed by t h e  infl u en c e  o f  th e d egr ee o f  

e s t erification 

(b) o t h er e f fects  po et;ibly involving the -OH groups o f  

t h e  polyoer , eg. , the  st ereo chemi stry o f  uronide c on fi g­

uratio n  as shown by Haug and Smi dsrod for algini c acid s .  

Case ( a ) i s  probably a si�pl e ioni c  association , providing a 

bridge b etween - COO
-

groups o f  di f fer ent polyuronide  chains ( I )  

or a c h el at e  type o f  struc ture with - COO-
groups o n  neighbouring 

uronic acid groups i n  the  srune polymer ( I I ) . 

I 

polyuroni de chain 

�� 
o � c 

'\ e o ,  
I + +  

,Ca 
e 0 
"-c ::::::- 0 

��"'V'. 
po�yuronide chain 

C + + 
, a 

" ' 
, ' o.:... '0 0� /\::::) G , o 

" c  'c// I I _ 

fV\.!\.0J."J\J'! 
polyuroni de c hain 

I I  

Th er e i s  mu ch evidenc e ,  however , for the exist enc e  o f  case ( b) 

typ e s  o f  asso ciation . In a study o f  the binding a f finity o f  

acetyl alginat e s  o f  varying degr ees o f  acetylation , S chweiger 

( 1 96 2b ) concluded that the Ca c omplex was a chelat e s tructur e 

involving two c arboxyl groups from n eighbouring units and two 

hydroxyl groups in a unit o f  probably ano ther c hain ( I I I ) , thus ; 

L J  ' y 
MASS ... Y UNIVERSITY 
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where the bonds to the t wo vi cinal -OH group s were o f  t h e  e o -

ordinat e typ e .  Again , h e  was abl e to obtain. only a low g el ation 

with magnesium ion , the gelation str ength order b eing Ba> ea> 

Zri>) Hn/Hg . Schwei ger ( 1 96 4) found the same type o f  b ehaviour 

for p e c tic acids o f  similar degr e e s  of acetylation and po stul at ed 

a similar type of compl ex to that abov e  for alginic acids exc ept 

that the ion formed an intramol ecular compl ex wit h  th e c arboxyl 

and hydroxyl groups on adj acent r esidu e s  o f  the sam e  chain ( I V) 

IV 
o -

b 

I n  this case al so , Hg+ + gave the l owest d egr ee o f  g el ation o f  

t h e  14 dival ent m etal s  investigat e d .  

Con figuration o f  polyuronides 

To obtain an ac curat e 3-dimensicnal picture of th e struc ture 

of these polyuronides  it is  necessary to discuss t h em i n  t erms 

o f  their ' con formations ' ,  i e . , arran gem ent s in spa c e  o f  a singl e 

chemical struc tur e ( co nfiguration) , rather t han the abo v e  mis-

l eading 2- dimensional Ha-worth diagrams used by Schweiger . 
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I n  t h e  C 1  con format� on t h e  fr e e  hy droxyl s at c2 and c3 

woul d b e  axial/ equ atori al in mannuronic a c i d  and equatorial/ 

equatorial i n  galac turo n i c  acid ; howev er , Schweiger i gnores t h e  

f a c t  that t h e  binding prop erti es o f  al gin i c  a c i d s  ar e asso ciat e d  

wi th th e L- guluro ni c a c i d  r esidu e s  ( Smi d s ro d  and Hau g ,  1 96 8 )  

whi ch have b e en sho wn b y  X-ray fibre d i f fraction t o  b e  i n  t h e  

1 C conformation wit h  thr e e  axial hydroxyl gro up s ( Atkins ,  }iacki e 

an d Smo lko , 1 970 ) as o ppo sed to the singl e axial hydroxyl group 

in mannuroni c aci d .  Th e fibr e r ep eating di s t an c e  for poly-

mannuronic acid o b t ai n e d  by thes e work er s  �s identi c al t o  tho s e  

o b s erved for f> ( 1 .._,. 4) l inh: e d  h exo sans su c h  a s  c ellul o s e  and 

mannan ( Marchessaul t and Sarlw , 1 96 7 ) , t h er eby c o n firming t h e  

p < 1 -+ 4)  linkage o f  D-mannuro ni c  acid uni t s  po stul ated from 

c h emi c al eviden c e .  T o  o btain this fib r e  r ep eating di s t anc e t h e  

monosac charide unit s  ar e in the energet i c al l y  favourabl e C 1  chair 

c o n formatio n  wi th a di equatorial l inkag e , thus : 

'- o  

V j3 ( 1 � 4 )  -poly-D-mannur o ni c  ac id 

( C 1  c o n formati o n ) 

e -OH groups 

0 

Simil ar r e c en t  X-ray fibre work has shovm a short er r ep eating 

di s t an c e  for poly-L - guluro nic aci d and p e ctic acid , bo th o f  whi ch 

c an b e  explained by an c{ - con fi guratio n  o f  the gly c o si di c  l inkage 
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( di - axial ) and a l C  c o n formati o n  for L - guluronic ac i d  an d a C l  

c o n formation for D- gal a c t uronic aci d ,  thu s :  

0 

0 

VII o( - ( 1 � 4 ) -L- p ol y-

guluro ni c ac i d  

( l C  c o n f o rmati o n )  

0 

VI d. - ( 1 � 4 )  - D - p o l y g al a c t ­
ur o ni c ac i d  

( C l  c o n fo r m at i o n )  

0 

I t  must b e  s t r e s s e d  that t h e  polym eri c diagrams drawn abo v e  

ar e only a t t emp t s  t o  r epr esent t h e  3- dimensional situation wher e 

r o t ation about the gly c o sidi c bond can o c cur , ther eby enabling 

the polyuroni d e  to adopt a h el i c al struc tur e .  Two - o r  thr e e-

fol d  s c r ew axes have b e en pro p o s e d  for c el l ul o s e ,  amyl o s e , 
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poly- D- galac turo nic aci d and D- xyl an ( H ar c h e s saul t and Sarko , 

1 96 7 ) , the l a t t er ( VI I I ) , for instanc e ,  containing thr e e  xyl o s e  

r e sidu e s  progres si vely rotat ed 1 20 °  i n  r ep eating uni t s  o f  1 5A0 

in l ength ( Marche ssault and Liang,  1 96 2 ) .  The energetic 

c o nsi d erations invol v ed in the st eri c c o n figurati o n  o f  t h e s e  

polymers ar e v ery c ompl ex b u t  mo st workers s e em to agre e  ( Atkin s ,  

Macki e an d Smolko , 1 970 ; Marchessaul t an d Sarko , 1 96 7 )  that t h e  

mo st s tabl e configuration i s  that invo l ving the maximum numb er 

o f  intra-polymer ( i e . , int er-monom er ) hydro gen bonds - usual ly 

b etween the hydro xyl substi tuents of c2;c3 and ei ther oxy g en 

atom o f  the c arboxyl group o f  the adj ac ent sugar uni t in the 

chain. I f  poly-L- guluroni c aci d  i s  r epr e s en t ed wi th a thr e e-

fo ld s c r ew axi s ( diagram I X ,  a s  shown b elow) it i s  c l ear that 

t h e  formation o f  such i ntrapolymer hydro gen bonds is po ssibl e .  

VII I  Re p e a t i n e  uni t and 
c o n fo rcation of a ( 4-0-

m e thyl -D- gluc urono ) -D­

xylan . Mar c h e s - aul t and 
Li ang , ( 1 9 62 ) . 

I X  

0 � c 
H O/ 

H O  

H O  

I 
I 

0 
,, 

c 
H O/ 

OH (a) 

0 (e) 

A 

O H  (a ) 
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Corr espondingly , poly- D-mannuroni c acid ( V) and poly-D- gal ac tur-

onic aci d ( VI )  coul d be r ep r e s ent e d  by simil ar thr e e - dimensional 

diagrams showing th eir i ntrap o l ym er hydr o gen bond s . The extent 

o f  this hydrogen-bo n ding woul d be exp e c t e d  to b e  o f  prime 

importan c e  i n  d e t ermining the d egr e e  of c ation bindin g  by the 

polymer an d is dis c u s s e d  in t h e  following s e c tion . 

Hydrogen-bonding an d · s t eric f a c t o r s  invo l v e d  in c at i o n  binding 

The p o l yhydroxy l i c  natur e o f  t h e  polyuroni d e s  gi v e s  ri s e  

to a vari e ty o f  si tuations f o r  hydro gen-bonding i n  t h e  polymer . 

The s e  may b e  b e tween t wo hydro xyl groups ( X) 

X 

o r  b e t w e e n  axial hydroxyl - gro u p s  and t h e  p-orbital o f  t h e  o xy g en 

atom o f  t h e  gl yco si d i c  bridge ( XI )  ( L emi eux and L e vin e , 1 96 4)  

o r · the rin g  ( XII )  ( L emieux a n d  S t ev ens , 1 96 5 ) . 

XI 

XI I H 

I n  uroni d e s ,  simil ar bonds may o c cu r  b etween carboxyl and hydroxyl 

groups wh en i o ni s e d  ( XI I I )  o r  unio n i s e d  ( XI V )  

H· · · o 

' o 

XIV 

'' OH c/ 
�l�-- 0 
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and ,  in acid solutio n ,  e v en between two non-ionised carboxyl 

group s on di f ferent polymers ( XV) . 

'o 

0 

XV 

Hydrogen-bonding i s  g enerally favour e d  by non-hydroxylic 

sol v ent s since wat er sol va t es t h e  dipol e associated with t h e  

ring oxygen atom and o th er substituents containing a lone pair 

o f  el ectron� , thereby r educing el ec trostatic int er ac tions . Al ong 

wit h  hydrogen bonding ,  sol vation o f  lone el ectron pairs ,  i s  o f  

consi derabl e i�port anc e  i n  det e�mining monomer conformation but 

in this c o nt ext , as y et ,  this is a poorl y  understoo d  phenomenon .  

I t  i s  ac c ept ed , however , that the polymer conformation adopted 

will dep end upon the minimi sation of  angular strain and ener­

geti c ally unfavourabl e int eractions ( non-bonded int eractions ) 

b etween substituent s ;  consequently , the mo st stabl e conformati o n s  

o f  the monomers in t h e s e  polyuroni des vdl l  have t h e  great est 

numb er of hydroxyl - and c arboxyl substituents in t h e  equatorial 

po sition . thereby avoi ding the unfavourabl e interaction betwe en 

axial substituents on the same si de o f  t h e  ring ( ' Hassel-O t tar 

e f f ec t ' ) . 

As mentioned abo v e , solvation will markedly reduc e and 
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modi fy these non-bonded interac tions i n  the polysac chari d e  and 

sinc e  the pr e s ent inv estigation was c arri ed out in aqu eous medi a ,  

sol vation o f  b o t h  t h e  c el l  wall frac tions and the c ations in 

the standar d  sal t solution woul d be e xp e c t ed to o c cur . Conse­

qu entl y ,  hydroxyli c  solvents such as wat er will probably f avour 

the  carbohydrat e con foru1ation wi thout intra-mol ecular ( -polymer ) 

hydro gen bonds becau s e  o f  the ' swampi ng e f fect ' o f ' th e  solvent 

in forming int er-mol ecul ar hydrog en bonds (Lemi eux and L evine , 

1 96 4) . A gr eat er knowl edge o f  the  mo de o f · incorporation o f  

wat er mol e cul es ( both free and asso ciated with the ' hydration 

sph er e '  o f  a cation ) into the expanding l attices of t h e s e  poly­

uronides s e ems one of the l imitations to a bet t er understanding 

of  cation-uronide compl exing.  The di ffi culty encoun t er e d  by 

Schweiger and o ther workers in a c e tylating alginat es and p e c tins 

by normal m e tho ds is po ssibly du e to  a degree o f  hydro gen­

bonding in the dri ed polymer s ;  c h emic al r eactivity o f  suc h  

polyuronid £·s s e ems to  r equire a pre-wet ting o f  t h e  mat erial 

( Schweiger , 1 96 2a) . 

In concl usion , it is di f fi cul t to expl ain the  di f f er enc e 

in c ation a f finity b etween poly-D- galacturonic and poly-1-

guluronic acid on th e one hand and poly- D-mannuroni c  on  the  

o ther , on  the  basis of  the st eri c di stribution of  hydroxyl groups 

alo n e .  Goul d and Rankin , ( 1 970 ) suggest structur e - fu n c tion 

r el ationships for oL.. -linked polyuronides on  the premi s e  t hat 

axial hydroxyl groups allow for gr eater int eraction wit h  a 

c ation . Yet  R endl eman ( 1 96 6 ) , in a revi ew o f  alkali- and alkaline­

earth metal compl exes of carbohydrat e s ,  maintains that th ere i s  

n o  indi cation that t h e  oxygen atom o f  a glyco sidic linkage c an  

s erve a s  a n  el e c tron donor and , t h er efor e ,  bind a c atio n .  I f  

this is  t h e  c a s e ,  then poly-D- galacturonic acid has no  free  
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axial hy dro xyl gro u p s  whil e poly- D-mannuroni c and poly-1 - guluro n i c  

a c i d  e a c h  have o n e  su c h  axial hydroxyl group - a situati o n  whi c h  

o f f ers no corr el at i o n  b etwe e n  t h e  Goul d an d Rankin ( l o c . ci t . ) 

hypo t h e s i s  and t h e  pr e s ent , an d l i t er a t ur e , r e sul t s  o n  c at i o n  

bindin g .  O n e  explanat i o n  f o r  t h e  no n - r e a c t i vi t y  o f  poly-D-

mannur o n i c  a c i d  i s  t h e  po ssibility o f  a s t ro ng hydro gen-bo n d  

b etween t h e  axial hy dro xyl group o n  c2 and the p- orbi t al s  o f  t h e  

ring o r  c arboxyl gro up o xygen . Ano t h er p o s sibili ty i s  an im-

p eden c e o f  t h e  fl exibi l i t y  o f  this polym er · in aqu eous solut i o n ; 

sin c e  all evi d en c e  points t o  a favourabl e j uxtap o sition o f  

c arbo xyl- and hydroxyl- ring subst i t u en t s  for c a t i o n  bonding t o  

o c cur , i t  i s  po s sibl e t hat t h e  di axial l y - linked d, -polymers a r e  

endow e d  wi th gr eat er fl exibil i t y .  

Stru c t ure- fun c t i o n  r el ationships in monouro n i d e s  

A d e finit e s t r u c ture- fun c tion r el at i o n ship i s  sugges t e d  i n  

t h e  d i f f er en c e i n  e a
+ +  

affinity in t h e  monomers , D-gal ac turon i c  

acid and D- glu curonic acid ( Tabl e 1 8 ) . T h e  gr eat er s t r en g t h  o f  

t h e  gal ac turonat e c ompl ex may b e  relat e d  t o  the hydroxyl gro u p  

o n  c4 whi c h  is axi al i n  galacturo nat e ( XVI ) a n d  equatorial i n  

glu curo nat e ( XVI I ) . 

Ca+ +  
/ '  

H , ' 

'o ,e 

XVI 

0 \', ,0 er 

++ 
Ca 

I I 
H ,'e , 

0 I �c:P 

XV I I  
f3 

This di f f eren c e  i s  i n  agr e em ent wit h  t h e  r esul t s  o f  Goul d and 

Rankin ( 1 970 ) y et at var i an c e  wi th o t h er findings o f  non-
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signi fic ant di ffer enc es in ea+ + binding b etween mono m ers o f  D-

galac turonat e ,  L-guluronat e ,  D-mannuronat e and D- glucuronat e 

( Kohn , Furda , Haug and Smidsro d ,  1 96 8 ;  Buddecke and Drz eni ek , 

1 96 2 ;  Tri ffitt , 1 96 8 ) . 

I t  i s  o f  interest that n either the  pol ygal acturonic acid 

( p ectic substan c e )  from Yorkshire fog ,  or  the two monomer uronic 

acids investigat ed , bound Hg+ + ion - again , in agrf:lement wit h  

the  investiga.tions o f  Hau g ,  Smidsro d and Schweiger ( see  p .  q} ·- i CO) 
Thi s di f fer en c e  in c ation affinity c an partly b e  explained by 

the dif f er en c es in the i//r ratio discusse d  for synthetic ioni c  

exchanger s on p .  74-75 , b u t  i t  i s  likely t hat the  si z e  and d egree 

o f  hydration o f  the c ation is o f  considerabl e importanc e in 

d e t ermining the ext ent to which it is bound by these s el ective 

polyuroni des . � +  The l ar g e  hydrat ed radiu s o f  Hg has alr eady 

b e en discussed in this context for ion exchange on synth etic 

r e sins in Section 3 . 2 . 2 , p .  75 and for ch elation in g eneral , 

Sec tion 1 . 2 ,  p .  5 .  

l1-. 2 .  2 .  H emic ell ulo ses and other polysac charides 

The l imit ed and undistinguished literature on c arbohydrat e/ 

alkali- and alkaline- earth metal compl exes has been r evi ewed by 

Rendl eman ( 1 966 ) . Whil e the  existenc e o f  carbohydrat e/sal t 

c ompl exes has b e en assumed for o ver 60 y e ar s ,  the  weak natur e 

q f  these c ompl exes . and th e analytical di f fi culties involved , 

have to date pr eclud e d  the  ac cumulation o f  quantitative data 

such as stability constan t s .  Formation o f  such compl exes i s  

facilitat e d  b y  al coho l i c  media and high conc entration o f  sal t , 

and discussion o f  coe1pl ex formation in these non-physiologi c al 

solutions is outside the  scope o f  this discussion . So too , is  

th e formation of  solubl e chel at e s  of  mono sac charides in aqu eous 

alkaline solutions o f  ea+ + , H g + +, Ba+ +  and Sr+ +  ( eharl ey , Sarkar , 
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Sti tt and Sal tman , 1 963) . 

Mo st inv estigations hav e b e en on  aqueous compl exes with 

common mono - and disac chari d e s  and the principl es invol ved se er.'l 

to b e  tho se o f  c helation b etwe en metal ion and a mul tidonor 

mol e cul e - simil ar to that discussed for uronides in the pr evious 

sectio n . A group o f  two , or mor e ,  p�op erly ori ent ed hydroxyl 

groups ,  or a combination o f  a carbonyl group wi th o n e , or mor e ,.  

prop erly ori ent ed hy droxyl groups o n  the carbohydrat e mol ecul e 

i s  n e c essary for the formati o n  o f  these compl exe s .  

Ther e is  very little information on th e formation o f  poly-

sac chari d e/ c ation compl exe s .  A conductivity study o f  lo cust-

b ean gum ( a  neutral polymer o f  fo ( 1 � 4) linked manno s e  units 

with short bran c h es o f  singl e J.... ( 1 � 6 )  linked gal a c t o s e  unit s )  

i n  aqueous solutions o f  the  c ations H + ,  Na+ , K +, Ag + and Ba+ + 

l ed Barry and Hal s ey ( 1 96 3 )  to c onclude that no ·. compl ex formation 

o c curr e d .  The el ec trolyt e conc entrations wer e  i n  the  physio-

logical range o f  0 . 0005 to 0 . 1 N  and tb � maximum polysaccharid e  

co�c entratio n  was 0 . 0277M ( on a monosac charide r esidu e basi s ) ,  

equival ent to 0 . 5% conc entration by weight ; thes e  polysac c harid e  

conc entratio ns are o f  the same o rder a s  those  in ' t h e  present 

investigation wh er e conc entrations were approximat ely 0 . 0 1 251-1 

( Tabl e 1 9 ) . The only known polysac charide compl exes o f  a 

d e fini t e  stoichiometri c type are the addition compoun d s  o f  

amyl o s e  ( Senti and Witnauer , 1 952 ) but these wer e formed from 

alkali m etal hydroxi d e  adduc t s  in aqueous ethanol i c  m e dium. 

In contrast to the p e c t i c  acid frac tio n ,  the h emi c ellulo ses 

and c ellulo s e  from Yorkshir e  fog showed little ability to bind 
+ +  + +  

Ca and Mg in the stan d ar d  sal t solution . I f  it  i s  assume d  

that , like polyuronid es ,  t h e  compl exing o f  cations d ep ends 

primarily upon t h e  pre s enc e o f  c arbo xyl groups in t h e  polymer s ,  
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then t h er e  are t wo po ssibl e r easons for the lack o f  any apprec -

iabl e binding : 

( a) t h e  glucuroni c acid subst i tu ents are randoml y di s-

tribu t e d  a.s short side c hains along a xyl an backbon e  whic h  

may di f f er i n  i t s  degree o f  fl exibility a s  compared wi th 

the polyuroni d e  chains discussed in the pr evious s e ction • 

• 
( b )  t h e  d egr e e  o f  cation binding is a function o f  th e 

di stanc e apart o f  the  glucuroni c aci d  groups on the  xylan 

chain . 

I n  view o f  the shortcoffiings in present knowl edge o f  the  fine 

stru cture o f  polyuronides and xyl ans , and the e f f ect o f  the spatial 

distributio n  o f  hydroxyl and carboxyl groups upon their fl exi-

bilit y , it is di f ficul t  to answer possibility ( a) . Th e ability 

of a polymer to adopt a vari ety o f  coiled ori entations with 

variation in solution cation conc entration , and ther eby achi eve 

maximum int eraction o f  cations with the anionic sit e� would be 

exp ec t ed to be a crit erion of pri m e  import anc e in compl ex form-

ation ; it i s  po s sibl e that o1.. ( 1 - 4) link e d  polymers l ike p ectic 

a.ci d ar e r el at i v ely infl exibl e b e caus e  of the axial natur e o f  

the linkage ,  but , unfortunately ,  there · seems to b e  no i nformation 

on such fl exibility . R egardl ess o f  polymer fl exibili t y  it  is  

cl ear from t h e  work o f  Kohn and Furda ( 1 967a) discussed o n  � . 98 

that the bond strength for compl exes ·with ea+ +  and other alkaline-

earth cations dep ends upon the distribution pat t ern o f  fr e e  

carboxyl groups i n  the  polymer ,  i e . , c ase ( b) . Mol ecul e s  with 

s egments ric h er in fr ee  carboxyl group s or with a blo ckwi se 

arrangement wil l , due to a higher charge d ensity in these  s e gm en t s ,  

bind cations �or e  firmly .  

The pres ent inv e stigation did not  include d etail e d  inform-

ation on the  statisti cal distribution o f  glucuronic acid units 
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alo n g  t h e  xyl an chains o f  h emi c ellul o s e  B fracti o ns i so l at e d  

from Yorkshi r e  f o g .  Furth ermor e , the no n-l i n ear nature o f  h er�i-

c el l ul o s e  B ( bran c h e d )  is an additio n al f a c t o r  c ompl i c atin g  th e 

d e t erni n at i o n  o f  a m ean ' di s tr ibuti o n  di s t an c e '  o f  c arboxyl 

gro up s .  N e v erthel e s s , i f it is as sum ed that c ar b o xyl groups 

are d i s tribu t e d  r egul arly al o n g  t h e s e xyl ans ,  t h e n  Tabl e 20 

sho w s  t h e  dep endenc e o f  h emic ellul o s e s ,  l ik e  p e c t in s , upon th eir 

uroni d e  c o nt ent for t h e  d egr e e  o f  c at i o n  binding exhibi t e d .  

TABL E 20 

RELATIONSHIP BETVJ EEN U ROJ I DE CON TENT O F  PLANT 

FRACTIONS M�D DEGREE O F  Ca AND Hg BINDING 

Pol ym er * % uronid e  % Ca bound . % l<ig bound 

Pe c tin 87 . 4 3 1 . 7  4 . 2  

H emi c el l ul o s e B 
( bran ch ed ) 1 2 . 9  1 0 . 6  1 . 4 

Hemi c ellul o s e  B 
( lin ear )  3. 2 4 . 5 1 . 4 

* pH range 7 . 2 - 7 . 9 

. C el lul o s e , l ike the h emi c el lul o s e B ( l inear ) frac tio n , gave 

a l o w  d e gr e e  o f  compl exing with ea
+ +  but , as with all the h emi-

c el l ul o s e  B fr acti ons investi gat e d ,  there was no si -gni ficant 

bin ding o f  l.t;g i o n  ( Tabl e 1 7 ) . I t  i s  n o t  p o s sibl e t o  o f f er 

any explanation , exc ep t  that o f  exp erimental error at this l o w  

l ev el o f  si gni fi c an c e ,  for the slightly hi gh er l evel o f  Ca + + 

binding at t h e  aci dic pH. 

Th e al i cy c l i c  polyhydric al cohol ( cyclito l ) , �- ( myo - )  

inositol i s  wid el y  distribu t e d  in pl ant s wh er e i t  i s  u sually 

found as the h exapho sphat e ( phytic acid ) ; for this reaso n ,  and 

the fact that th e nine st er e o i so m ers o f  ino sitol o f f er an 
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int er esting vari ety o f  hydro xyl group arrangements  for asso c­

iation s with cation s ,  t hese two synthetically-prepar e d  metabo l i t e s  

wer e investigat ed ( Tabl e 1 8 ) . The ino sitols exist  as strainl e s s  

non-pl anar rinGs and show a conformational i som eri sm in t h e  

same manner di scus s e d  f o r  hexose  sugars ; in parti cul ar , m eso-

inositol ( XVI I I )  is thought to exi st in a chair form with five 

hydroxyl groups dispo sed  equatorially and one axially : 
a 

XVI I I  mesa-inositol 

Mil l s  ( 1 96 1 /6 2 )  u s ed c ellul o s e  pap er el ectrophoresis to  

provide evidence for th e exi s t en c e  of  compl exes o f  inositol s 

and o th er polyhydroxy c ompounds wi th c ations of alkali and 

alkaline- ear th metal s  in dilut e aqueous solutions .  H e  at tributed 

the outstanding compl exing power of  ci�_- inositol to the  thr ee 

axial hydroxyl groups i n  the  chair conformation ( s e e  below) 

which were consider e d  to be suitably ori ent ed for the clo s e  

approach o f  a cation .  

cis -inositol 

Thi s conclusion follows from the energies o f  interact i o n  

o f  axial hydroxyl groups on cyclitols ,  a s  determined by t h e  

formation o f  borat e compl exes ( Angyal a n d  l"cHugh , 1 957 ) . Cycli­

tols with axial hydroxyls at c 1 , c3 and c5 ( su c h  as cis-·inositol ) 

r eact reversibly with borat e to give a tridentat e compl ex , in 
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contrast to the usual bidentat e  complex formed between borat e 

and cis-1 , 2- diols . The non-bond e d  interactions betwe e n  thre e  

such axial hydroxyl groups would be consid erable and is analagous 

to such int eractions between an axial hydroxyl group at c3 in 

the 1 C  conformation o f  hexos es such as glucose ,  galactose and 

mannos e ,  and the anhydro bridge . However , conv ersion to such 

unfav ourable con formations involving axial hydroxyl groups has 

been shown to be nec essary prior to th e formation of 1 , 6 - anhyd-

rid es and other sugar tridentate anioni c complexes such as thos e 

with periodate ( Barker and Shaw , 1 959) . The extent to which 

such tridentate compl exes are formed , therefore , is r elat e d  to 

the non-bond e d  interactions in the parent inositol and in the 

compl ex. Thus cis-inositol ( as illustrated below ) has thr e e  

axial hydroxyls in eith er conformation of the parent cyclitol 

but no fre e  axial hydroxyls in the c orcplex ; th erefor e , it 

undergoes more extensi v e  complex formation than �- ( myo- ) 

inositol which has only one fre e  axial group in the parent form 

but two fr e e  axial hydroxyls in the complex. 

cis -i nositol 

O H  

mesa-inositol 

O H  

OH 

H 

O H  

H OH 

I I 
I 
I 
I 
I 
I 
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Consequentl y ,  the l ack o f  Ca+ + and Hg + +  compl exing shown by 

mesa-ino sitol in th e present investigation is easily explain ed . 

The  marked binding o f  t h e s e  cations by �-ino sitol h exapho s-

phate is due to the presen c e  o f  the six est erifi ed pho sphat e 

gro ups.  In  fact , ' phytin ' ,  which is found in many pl ant s e eds , 

i s  the  cal cium magne sium salt o f  ' phyti c  acid ' ( the  h exapho sphat e 

est er o f  �-inosit o l ) and ,  b e c ause o f  i t s  a ffinity for these 

el em ents , has long b e en knovm for its antinutritional e f fects 

in human s .  The marked a f finity of  the  h exaphosphat e for ea+ + 
+- +  and l·1g ( Tabl e 1 8) at a slightly alkaline p:l ( 7 . 48) i s  compar-

abl e only wit h  that o f  citric acid at  pH 7 . 00 and i s  probably 

due to t h e  high density o f  donor groups ( in thi s  case pho sphat e )  

o n  t h e  mol ecul e compar e d  with the other plant fractions investi-

gat e d .  The sharp incr ease i n  binding by inositol h exaphosphat e 

with an increase in pH from 5 . 70 to  7 . 48 c an be attributed to 

a degree of dissociation by the acidic phosphat e groups .  

ij;. 2 .  3. Ligni n  

T h e  l imit ed in formation o n  the  chemical compo sition o f  

Yorkshire fog lignin and the inad equat e data o n  o t h er grass 

lignins was discuss ed i n  Section 2 . 5 . 2; consequen·tly , i t  i s  only 

po ssibl e t o  speculat e o n  the mo de of cation compl exing by t hi s  

polymer . Al though any r ep eating unit formula i s  inadequat e i n  

deno ting the structur e o f  li gnin , it i s  still cl ear that o xygen 

atoms in the polymer ar e present in several di f f erent groupings -

such as primary hydroxyl , phenolic hydroxyl , carbonyl and ether 

linkages . As such , the polymer woul d be expected  to o f f er a 

vari ety o f  situation s for asso ciations with c ations . A vari ety 

o f  acid , alkali and dioxane/acid extrac t e d  ligniEs from o at 

straw , rye straw and bromegrass have exhibited catio n  exchang e  

c apaciti e s  between 50 and 1 .30  milliequi val ents p er 1 00 g  f o r  Ca + + 
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at pH 7 .0 ( ThOltipson , Ch esters and Engelb ert , 1 96 4) . 'l'h e  p er-

c entage o f  ea+ +  plus Ng+ + compl exed by the  Yorkshir e fo g lignin 

( T abl e 1 9 ) is e quival ent to a hi gh cation exchange c apacity o f  

o.pproximat ely 1 25 meq/ 1 00 g ,  ( ea.+ +,  95 meq/ 1 00 g ;  Ng+ +, 30 m eq/ 1 00e;) , 

compared wi th a figure o f  80 m eq/ l OO g  obtained by the  above  

authors for  and oat straw lignin ,  al so extracted with 5% aqu eous 

alkali at 25°C .  As previously mentioned , the signi fi c ant binding 

of Mg+ + by Yorkshir e fog lignin , i n  contrast to the polysacc­

harides , i s  of interest but ,  un fortunat el y ,  no other investigations 

of lignin a f fini ty for Hg+ + ar e  known to this author . 

Thomp son , Chest ers and Engel b er t  ( 1 964)  also found a consid-

erabl e decrease in c ation exchange c apaci ty for all l i gnins wi th 

a dec rease in solution pH from 7 . 0  t o  5 . 7 .  Unfortunat ely , 

inad equat e q uantiti e s  o f  i solat e d  Yorkshire fog lignin all owed 

the use o f  only one pH - the int ermediat e value o f  6 . 2 . Such 

an increas e in cation exchange c apacity with pH woul d be expect ed 

in this l i gnin also from the ioni sati on o f  the mod erat e conc en­

tr�tion o f  ph enolic hydroxyl groups ( Tabl e 6 )  in th� polym er . 

4. 2 . 4. Organi c  acids 

The ability o f  carboxylic aci d s ,  particularly t ho s e  with 

an � -hydroxyl group , to form ring c ompl exes o f  exc eptional 

stability ( ch el at es )  i s  well do cUl!lent ed ( Nart ell and Cal vin , 

1 952) and has already been discussed in the  cont ext o f  int es-

tinal absorption in Section 1 . 2 .  L ehman ( 1 963) has given a 

more rec en t  r evi ew o f  asp e c t s  o f  chelation chemistry , e sp ecially 

considerations of t h e  favourabl e entropy increase in t h e  form­

ation o f  alkaline- earth cation - organi c ligand ring c ompl exes .  

Stability constant s for a wide var i e ty o f  alkaline- earth cation/ 

carboxyli c  acid chelat es ar e now well document ed ( !vlart ell and 

Cal vi n ,  1 952 ; Bj errum , Schwarzenbach and Sill en , 1 958) . 
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The aliphat i c  c axboxylic acids present in Yorkshir e fog wer e  

predi c t abl e in th eir ability t o  bind both e.i + and Hg+ + ;  b ecause 

o f  th e compl exity of  the s t andar d  sal t  solution and the  inability 

o f  the  r esin method to giv e  in formation on th er�o dynami c ac tivi-

ties o f  the di f f e r ent ionic species  i n  such a solution , i t  was 

no t po s sibl e to derive stability constants for t h e s e  di f f erent 

acids . N everthel e s s ,  it i s  cl ear in a qualitativ e  way that the 

ext en t  to whic h  these acids bind et + and Hl + und er these 

experime�t al . conditions i s  r el at ed to their stabil ity constants 

as do cumented i n  the l i t eratur e .  
. ++ I n  all c ases mor e  ea was 

+ +  bound than ll;g although , somewhat i nexpli cably , o xal i c  acid had 

a great er pre f er en c e  for Mg+ + t han the o th er aci d s . There was 

no eviden c e  at th ese conc entrations o f  compl ex formation with 

+ + + 
Na � K o r  NH4 ; eviden c e  o f  such weak compl exes in conc entrat ed 

solutions ( up t o  3 . 0H )  has b een shown by NNR studi e s  o f  malat e 

and o th er c:J.. - and f3 -hydroxy c arboxyl i c  acid anions ( Jard e t zk.y 

and Wer t z , 1 956 ; Eri ckson and Alberty , 1 96 2) . 

I n  mo st case s ,  pH had an appr eciabl e e f f e c t  upon c h el ation 

of ea+ + and Hg+ +  ( Tabl e 1 7 ) . Only for oxalic acid was there no 

signi fic ant incr ease in compl exed c ation s  with increase in pH ; 

in fac t , the r ever se was tru e for this aci d .  Sinc e t h e  c h el ating 

l igand is effective as a L ewis bas e ; th e hydro g en ion c an act 

as a suc c essful comp etitor to the metal ion and ,  consequently , 

c h el at e formation i s  very d ep endent upo n  pH. + +  
Generally , ea 

is no t strongly chel ated b elow pH 5 and .3:t mo derate alkaline pH 

(9 - 1 0 )  ther e is a likelihood that the solubility produ c t  o f  

ea( OH) 2 may b e  r eached . As discussed earlier ,  the physiologi c al 

pH range throughout the ruminant int estine is about pH 4. 5 to 

8 . 5 and generally the two pH l evel s cho s en for this investigation 

wer e n ear each of these extr eme values . All t h e  aliphatic 
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c arboxy l i c  acids gav e a hi ghly si gni fi cant d egr e e  o f  c h el at i o n  

at the lower pH whil e the tri c arboxyl i c  aci d s ,  c i tric a n d  trnn s­

aconiti c ,  gu.v e mark e d  incr eases a t  t h e  high er pH valu e .  

Th e al i cy c l i c  aci d ,  quinic a c i d  ( 1 , 3 , 4 , 5 , t et rahydroxycyclo­

h exan e c arbo xyli c  acid ) showed a low af finity for e a
+ +  

and non e  

what ever for l'! g
+ +. Shikimi c a c i d ( 3 ,  4 ,  5 ,  trihydroxy- 1 - cycloh exen e 

c arbo xyli c  a c i d ) could not b e  o b t ained in suffi c i en t  quantiti e s  

to be invest i gat e d .  How ever , t h e  no n-b en z enoi d ring stru c ture 

o f  both probabl y pr eclu des t h e  fo rmation of stabl e anions whi c h  

normal l y  o c c urs i n  aromati c c arboxyli c a c i d s  b y  int eraction o f  

the n e gative charge wi th t h e  d el o c al i s e d  11' - orbit al s  o f  t h e  

aromati c  nu c l eu s . Thi s inability to form r esonan c e - s t abil i s e d  

anions i s  probabl y t h e  prim e r eason f o r  t h e  observed l o w  d e gr e e  

o f  compl exi n g  b y  quini c aci d ,  al t hough bo th aci ds al so have 

stru c tur e s  whi ch , l ike �-ino sitol , ar e not conducive to 

chela t e  formatio n . 

4 .  3 .  PO SSIBL E  I N  VI VO IHPL I C.ATIONS OF COJ IPLEXI i� G RESULTS 

O n e  o f  the maj or o bstacl e s  t o  a b ett er understan ding o f  t h e  

mechani sms o f  int estinal absorption in ruminan t s  i s  t h e  compl ex­

i ty o f  t h e  organ i c  and inorgan i c  ' mili eu ' in t h e  d i g e s t a .  T h e  

standar d sal t  solution used in this investi gation i s  a simpl i fi e d  

versi on o f  the c ompl ex solution o f  i o n s  that make u p  t h e  int es­

tinal fluid of a ruminant . The o nly anion used in this solution 

was chlori d e  wh ereas both inorganic ( bicarbonat e ,  sulphat e. and 

pho sphat e ) and o r gani c ( organi c acid s , pro t eins , bil e and 

pancreatic secretions ) ani o n s  would b e  present to som e  ext ent 

in vivo . The int e stinal flu i d  also contains wat er-solubl e 

o rgani c non- el e c trolyt es whi c h  ar e l arg ely respon si bl e for th e 

o smo t i c  pr essur e o f  t h e  small i n t estine o f  a rumin ant b eing 

consi d erably gr eat er than the o smotic pressur e o f  i t s  bl o o d  
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( van Weerden , 1 96 1 ) .  Furthermor e ,  the  gro ss fractions studi e d  

would b e  exp e c t ed to undergo ext ensiv e chemical modi fic ation i n  

their passage through t h e  gut and th eir binding effect , i n  toto , 

may b e  considerably dif ferent from that observed wi th the 

indi vidual fracti ons . The present r esul ts  then , whil e indi cating 

the r el ative binding abili t i es o f  the extracted plant frac tions 

in vitro , do no t nec essarily refl ect th e in vivo situati o n .  A s  

alr eady pointed  out i n  Section 1 . l.j  . •  , this investige..tion was not 

undertru� en for the  express purpose of extrapol ating the comp­

l exing findings t o  the in vivo situation o f  absorption in 

ruminant s .  However , these r esult s  do raise  the following impli­

cations which ar e worth di scussing in  the  general cont ext o f  

ruminant nutri tion and alkaline- earth metal absorption discussed 

in the  introdu c ti o n ,  Part 1 �  

Al though th e maj or organic acid s  o f  Yorkshire fo g ,  citri c , 

mal i c  and trans-aconi tic , chelat e  Ca+ + and Hl + strongly th eir 

survival in the rumen , and consequent passage into the small 

int e stin e ,  is very doubtful . For exampl e ,  citric acid i s  

report ed t o  be  rapidly utilis ed by rumen mi cro-organisms ( Pack e t t  

and Fordham , 1 96 5 )  and trans-aconitic  acid i s  rapidly absorbed  

through the rum en epithelium ( K ennedy , 1 96 8 ) . 

The pectic substances bound ccf-t to almost the same ext ent 

as some of the organi c  acids but polygal acturonides  are only 

pr esent in grasses in small amounts ( 2 - 5% dry wei gh t )  and 

arti ficial rumen studies ( Dehority , Johnson and Conrad , 1 96 2 )  

have shown that they are f erment ed a t  a faster rate than h emi­

c el l ul o se or c ellul o s e . Pectic substan c es are lost  from t h e  

r eti cula-rumen o f  cat tl e ,  by either f ermentation or passage out 

of the rumen as undigest ed parti cl e s , at a rat e between that o f  

the rapidly util i s ed solubl e sugars and t h e  slowly- f ermen t e d  

hemi c ellulose and c ellulose  ( Bail ey , 1 96 7 ) . In  sh eep , however , 
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1,'/ai t e ,  Johnson and Armstrong ( 1 96 4) found that th e appar ent 

digestibility o f  p e c tin was considerably l o wer than that o f  eith er 

h emic ellul o s e  or c el lulo s e  at all l evel s  o f  pastur e maturity . 

At the flo wer emer g enc e stage only lignin had a lower di gestibil i t y  

than p e c tin . Furth ermo r e ,  t h e s e  same authors found a corres-

pending appr ec iabl e d e c r ease in the appar ent digestibility o f  

t h e  xyl an-uronic fraction o f  the h emi c ellul o s e .  There i s  a 

di s tin c t  po ssibility , t h er e for e , that polyuronides may b e  pr e s en t  

i n  the int estinal flui d s  o f  ruminants b u t  there i s  n o  sp eci fic 

evi denc e o f  this as yet . 

I n  vi ew o f  th e strong correlation b etween an incr easing 

degr e e  o f  uroni de e s t eri fi cation and d e c r easing c ation a f fini t y  

( K o hn and Fur da , 1 96 7 a ; p .  98) , the pr e s enc e o f  p e c tin e s t eras e s  

i n  the ruminant int e st in al trac t will b e  o f  consi d erabl e si gni f­

i c an c e  in the po s sibl e binding o f  Ca
+ +  

and M g+ + 
by t h e s e  poly­

uroni d e s .  

Hemi c ellul o s e  an d c ellul o s e  d egradation seems to b e  r estri c t ed 

t o  the reticule- rumen ( Gailliard and van ' t  Kloo st er �  1 96 9 )  with 

l i t tl e further di ge stion of these c ell wall consti tuen t s  during 

t h eir passage through the int e stin e s .  I n  view o f  t h e  r esi s t an c e  

o f  these polysac chari d e s  to further degradation t h eir slight 

binding o f  ea+ + , e sp ecially that by bran ched hemi c ellul o s e  B at 

t h e  hi gh er pH , may a s sume some si gni fican c e  in the int estin e .  

Phyti c  acid i s  compl e t ely hydrolysed i n  the rum en o f  sh e ep and , 

i n  gen eral , inositol polypho sphat es ar e not consi d er ed a probl em 

in ruminant Ca and l-i g  nutri tion sinc e t h ey are e f f e c tivel y  

absorb ed b y  rum en micro-organi sms ( Reid , Franklin and Hall swort h r  

1 9 47 ) . 

Ligni fied pl ant t i ssu e s  ar e d egraded o nly sl owly in the 

r eticul a-rum en ( Bail ey , 1 96 7 )  to a si z e  whi ch p ermits t h eir 
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passage on to  the inte stin es wh er e fur ther digestion o f  the lignin 

i s  minimal ( Gailliard and van ' t  Kloost er , 1 969 } . Becau s e  o f  this 

. p er sist enc e ,  the resul t s  indicat ing an appr eciabl e binding o f  

C a  + + by lignin and a small , but signi ficant , binding o f  Hg
+ + are 

o f  int erest . Furth ermore , the  abs en c e  o f  binding by t h e  partly 

l i gni fied h emi c el lul o s e  B ( I )  indi cat e s  that the c l eavage o f  the 

l i gnin-hemi c ellulose bo nd , b e  it  a glycosan uronide e s t er 

( H er ewether , 1 960 ) , b en zyl ether ( Fr eudenb erg and Neish , 1 968)  

or acetal ( Bolker and T erashima , 1 96 6 ) , may be o f  signi fic anc e .  

The apparent digestibility i n  sheep o f  organic a ci d s ,  pec tin , 

h emi c ellul o s e ,  c ellul o s e ,  l i gnin and pro t ei n  decreases markedl y  

vdth the advancing maturity o f  grasses ( Wai t e ,  Johnson and 

Armstrong , 1 964) . The high er lignin and al dobiuronic aci d cont ent 

o f  mor e matur e grasses is probably r esponsibl e for r endering 

t h eir struc tural polysaccharides more r esistant to attack by 

rumen micro-organisms . Sinc e  t h e  present investigation has 

i ndi cat ed that these c el l  wall polymers c an individually bind 

Ca+ +
and l·'lg+ + to varying ext ents in vitro , it is reasonabl e to  

a ssume that the degr e e  of  l i gni fic ation of  the feed , and the rat e 

o f  digestion o f  the c ell wall polysaccharid e s  in · the rumen , wil l  

considerably influen c e  t h e  form and conc entration o f  t h e  mo di fi ed 

digestion pro du c ts whi ch may bind these cations i n  the int estin e .  
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APP ENDIX I 

DERIVATIONS AN D ANALYSI S O F  VAR I ANCE OF HULTIPL E  

R EGRESSIONS FOR THE RELATIONSHIP BET\'iEEN HESIH 
Ca-t + AN D Hg + + AN D SOLUTION Ca+ +  AND t·!g+ + 

L et the requir e d  expressions b e  o f  the  typ e 

where 

"' ,  + ,6 1 X 1  + f3 2X2 

c/. 2 + f33X1 + f34X2 

Resin Ca+ +  ( Ca+ +R) ; X1 -· 

Resin Hg + +  (Ng + +R) ; x2 

1 6  set s o f  data (n = 1 6 )  

and 

+ + + +  Solution Ca ( Ca S) 
. + +  + +  Solut�on Mg (Mg 

S
) 

+ + ea s( rneq/1 ) + +  ea R ( me q/ g) + +  H g  5 ( m eq/l ) ++ Hg R( meq/ g) 

5 .0  1 . 673 6 . 0 0 . 687  
5 . 0  1 . 670 5 . 0  0 . 606 
5 . 0  1 • 6 8 1  .· 4 .0  0 . 492 
6 . 0  1 .  7 1 0  6 . 0  0 . 636 
6 . 0  1 . 7 1 1 5 . 0  0 . 544 
6 . 0  1 .  782 4 .0  o .  477 
7 .0  1 .  907 5 .0  0 . 424 
7 . 0  1 .  8 1 6  6 . 0  0 �  466 
8 . 0  2 . 030 5 . 0 0 . 409 
8 . 0  1 . 953 6 . 0  0 . 553 
9 . 0 2 . 079 5 . 0  0 . 424 
9 . 0  2 . 058 6 . 0 0 . 434 

1 0 . 0  2 . 1 82 6 . 0  0 .  4 1 1  
1 1  • 0 2 . 228 6 . 0  0 . 399 
1 2 . 3 2 . 269 5 . 0  0 . 356 
1 2 . 3  2 . 29 1 6 . 0  0 . 374  

In  t h e  following comput ations , a shorthand notation i s  used : 

e g . , c �y 1
2 -

� 

y 1
2 ( �y 1 ) 

2 

n 

C £ y 1 x 1 
- ( y  1 x1 - �y1 � � 1 

n 
and 
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�y 1 
2 

= 60 . 990 1 04 �Y 1 = 3 1 . 04 c �y 1 
2 

= o .  772504 

�y2 
2 3. 8 L�2 1 1 8  �y2 = 7 . 692 /' 2 

= 0 . 1 44 1 89 = c \l2 

�x1 
2 

= 1 094. 58 � x 1 
= 

1 26 . 6  C £x1
2 = 92 . 8575 

(x2
2 = 

470 (x2 
= 

86 C �x2 
2 7 . 75 --

£ x 1 x2 = 
690 . 3 

�y  1 x1 = 
253. 9 1 2 (' 8 . _3080 c ,�y 1 x 1 -

�Y 1 x2 = 
1 6 7 . 6 48 C £y 1 x2 = 

0 . 8080 

(y2x1 = 57 . 993 C �y 2x1 = -2 . 86995 

�y 2x2 == 4 1 . 45 1 C �y2x2 = 0 . 1 065 

Consider the fir s t  case  ( eqn . 3. 3. 1 . ,  p.  88) , 

y 1 = o( l  + j3 1 X 1 + f32X2 
by using the foll o wing relationships , 

( 1 ) ( n)  � + ( £ X 1 ) P 1 + ( �X 2) (!J 2 = ( � y 1 ). y 1 

( 2 ) ( �x 1 ) o(  + ( �x 1
2
) [3 1 + < (x 1 x2) f.>2 = < (x 1 y 1 ) y 1 

( 3) ( �x2)� + ( �x1 x2) (3, + ( (x2
2
) (32 = ( �y 1 x2) y 1 

estima t es o f  �1 and p2 can be obtaine d :  

p ,  = 0 . 09059 1 

/32 = -0 . 0 1 0588 

Th e sum o f  squares du e to fit ting [3 1  and (3 2 
= (3 ,  ( C �y 1 x 1 ) + (J2 < c (y 1 x2) 

= 0 . 744075 for two degr e e s  o f  fre edom ( df) 
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An Analysis of VariaJJ. C e  for t his multipl e regression i s  as 

fol lows . 

Sourc e Sum o f  Degrees o f  t·:ean Varianc e  Probability 
Squares fre edom squar e  ratio 

( SS) ( d f ) ( !.iS )  ( F )  ( P )  

To tal 0 . 77250 4 1 5  

R*  (/3 1  1-52 ) 0 . 744075 2 0 .  372038 1 70 .  , 1 33 p < 0 . 00 1  

Residual 0 . 0 28429 1 3  0 . 00 2 1 87 

R* Redu c ti o n  due to the fit ting o f  ;8 1 and ,;3 2 
• Resi dual sum o f  squar e s  

a s  % o f To tal sum o f  squares = 96 . 32% 

( " 2 
::r r o r  coeffici ent  o f  mul tipl e determination X 1 00%) 

Now t o  t es t  t h e  hypothesis that /3 2 = 
0 ' i e . , that the mul tipl e 

regr ession  is e f fec tively a simpl e linear regression , a solution 
' o f  � in the equation 

y 1 = o(.. ' + fl '  x1 is needed . 

Solving u sing the  relationships outlined aboves  

/3' = 0.  08947 

and the  sum o f  squar es due to !3 '  = j.31 ( C Z:y 1 x1 ) 

= 0 . 74331 7 for 1 d f 

Analysis o f  Varian c e  for th e Hul tipl e Regr ession involving the 

t est of ;J2 = 0 

Sourc e  

Total 
R (;(j1fi2 ) 
R(.81 alone)  
R(/32 a f t er 
adjust ed for ;.31 ) 

Residual 

ss 

o .  772504 
0 . 744075 
0 . 7433 1 7  

0 . 000758 
0 . 028429 

df 

1 5  
2 

1 3 

HS 

0 . 000758 
0 . 00 2 1 87 

F p 

0 . 34 N". s. 

Henc e it is po ssibl e  to conclud e  that ;32 makes no signi ficant 
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c o ntribution to  an explanati::m o f  the varian c e  in y 1 and ,  con­
' 

s equ entl y , the alt ernat e mo del y 1 = o<. + ;31 x 1 i s  adequat e .  

Thi s can b e  veri fi ed b y  a furth er Analysis o f  Varian c e .  

Source  s s  d f  M S  F p 

To t al 
Regression 
Residual 

o .  77250 4  
0 . 7 433 1 7  
0 . 029 1 87 

1 5 
1 

1 4 
0 . 7433 1 7  
0 . 002085 

356 p 0 . 00 1  

and i n  thi s case the r e gression sum o f  squares as a % o f  the 

t o tal . sum o f  squar es = 96 . 22%, a value n egli gibly di f f er ent from 

that obtained with the full mul tipl e r egression containing 132 • 
, • The c onstan t , ()4.. , can now be  comput e d  from any normal equation 

and the simple  linear e quat ion 

= 1 . 232069 + 0 . 08947 �1 ( eqn . 3. 3. 3 , p . 88)  

c an b e  used as a very u s e ful estimation equation for solution 

c al c ium. 

Th e second case ( eqn . 3 . 3 . 2 ,  p .  · 88) involves the mul tipl e 

r e gr es sion for resin magn esium ,. 

A solution similar to  that outlined abov e  for �a: +]R gives the  

mul tipl e r egr ession 
+ +  + +  + +  Mg R = 0 . 447936 - 0 . 037374 Ca · S + 0 . 06 1 1 23 Mg S 

( eqn . 3 . 3 . 4 , p .  88) 

Th e sum o f  squares due to  fitting �3 and p4 

= /.3 3 ( c ( y2x 1 ) + fi 4(c �y2x2) 

= 0 . 1 0 7262 + 0 . 0065 1 0  

e 0 . 1 1 3772 for 2 d egrees o f  fr e edom , 

and i t  i s  cl ear that t h e  133 t er� provides most ( 94%) o f  the  

t o t al sum of  squar e s .  

A n  analysi s  o f  varianc e  f o r  this multipl e regression giv e s :  



1 25 

Sour c e  ss d f  HS F p 

To t al ( c ( y 
2 
2 ) 0 .  1 41+ 1 89 1 5  

R ( j.3 3 /34) o .  1 73722 2 0 . 056 886 

0 . 00 2340 

24. 3 1 0  <. 0 . 00 1  

R esidual 0 . 030 4 1 7 1 3 

R egression sum o f  squar e s  as % o f  

to tal sum o f  squar es = �% 

C o n s equently t h e  13
3 

and ;.34 t erms are signi fi c ant in 

this mul tipl e r egr ession whi c h do e s  n o t  gi ve as goo d  an 

expl anation for t h e  varian c e  in [Hg + +JR as do es t h e  l i n ear 

r e gr e s si o n  for [ea+ +JR . 
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A ??E?;DI X 2 

CONFI DE�iCE LIHITS FOR EST H � NEES OF SOLU T I Ol': C ALCI UI'f 

T h e  si�pl e  linear r egres s i o n  ( e q n . 3 . 3 . 3 ,  p . 8 8 )  deri v e d  

i n  App e n dix I i s  u s e d  t o  e s t i ma t e  Ca+ +
S whi c h  i s  t h e n  s ub s t i t u t e d  

+ +  
i n  e q n . 3 . 3 . 4 .  fo r t h e  e s t i m a t i o n  o f  M g  S ( s e c t i o n  3 . 3 . 5 ,  p .  89 ) . 

T o  exami n e  t h e  c o n fi de nc e limi t s  o f  t hi s  eq uat i o n  i t  i s  n e c e s -

s ary t o  c al culat e  t h e  S t andard Devi at i o n o f  t h e  c o e f fi ci e nt � ·  
( App en di x 1 ) , thus : 

. Gf3. = 
VR e s i dual H e an S q u a r e  =v 0 . 0020 8 5  

9 2 . 8575 
= 0 . 00473 8 1 4 

Now , for ( n- 2 ) d f  ( i e , 1 4  d f ) , 

t h e 9 5% c o n fi den c e  l i mi t s  o f  (3' = f3 '  + 10 • 05 • ()(!> , 

For 1 4d f , �0 . 05 
= 2 . 1 45 

. · .  i-0 . 05 • Op • = o . o 1 0 1 633 1 

t hus )3 ·  = 0 . 08947 ! 0 . 0 1 0 1 63 

= 0 . 079307 � 0 . 099 633 

i e . , approxi mat e l y ! 1 0% ( p .  9 1 ) .  

Sinc e e q n .  3 � 3 . 3 . i s  t o  b e  us e d  fo r c al ibr at i o n , ( i e . , f o r  
iS  + +  . 

a me as ur e d val u e  o f  Ca R i t (i nt e n d e d  t o  e s timat e t h e  c o r r e s p o n d i n g  

+ +  Ca � '  an d ,  i n g en eral , any X .  from a par ti c ul ar Y . ) ,  t h e re are 
v l l 

errors o f  e s timat i o n  a s s o c i at e d  wi th i t , as fol l ows : 

X = 

r. \o o c:: • � R ,�s X + • .! 

x � t h e  l i mit v al u e s  o f  t h e  pr e di c t e d s o l ut i o n  c o n c e n -

tration 

A 
x = i s  t h e  val u e  c al c ul a t e d  from t h e  pr e di c t i o n  e q uat i o n , 

i e . , = y - r:J.. 
f'' 
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. et · 'F)z 

RMS = R e s i dual m e an s q u ar e  ( Ap p e n d i x  1 )  

S i n c e  x ,  t h e  pr e di c t e d  v al u e  o f  x f o r  a gi v e n y wi l l  b e  

di f f e r e n t  e ac h  t i me , t h e s e  l i mi t s  n e e d  t o  b e  c ompu t e d  f o r  e ac h  

e s t i m at e  u n d e r t ak e n . Howe v e r , s o m e  po r t i o n s o f  t h e  e x p r e s s i o n , 

s u c h  as "t 0 • 05 • '{PI:$ a n d  c 2 , a r e  c o n s t an t  e ac h  t i m e  an d ,  c o n s e -

f3 '  
q u e n t l y  c an b e  i n s e r t e d f o r  e a c h  l i m i t  c al c u l a t i o n . 

I n di v i dual r an ; e s  for t h e  val u e s  o f  % C a + +  b o u n d  a n d  % Mg++ 

b o u n d  ( T abl e 1 9 ,  p .  9 0 )  w e r e  n o t  c o m pu t e d  but w e r e  s e t  a t  

appr o xi m at e l y � 1 0% a n d + 25% r e s p e c t i v el y  ( p . 9 1 ) .  H o w e v e r , 

t h e  c al c ul at i o n  o f  o n e  o f  t h e s e  1 0% c o n fi d e n c e limi t s  i n  x 

( s o l u t i o n  ea+ + )  i s  gi v e n  b el o w t o  i l l u s t r at e  t h e  p o i n t . 

C o n s i d er a y  v al u e  o f  2 . 085 ( i e , [ca++]R = 2 . 085 m eq/g ) . 

T h e n  

S i n c e  

Now 

A 
X = = 9 . 533 1 5  

A2 X = 90 . 880949 

t 0 • 0 5 . t{m.iS 
{!; '  

an d s q u a r e d  
2 c = X 

i s  c o n s t &n t  f o r  t h i s  r e g r e s s i o n , 

= 2 . 1 45 X 0 . 002085 
0 . 08947 · 

= 1 . 0947 1 �57 

= 1 . 1 9 84 1 094 

1 . 1 981+ 1 094  

= 0 . 0 1 2906  

- c 2 
= 0 . 987095  

S i n c e n = 1 6 , n + 1 
n 

= 1 . 0 625 

9 . 533 1 5  [1 • 091+ 7 1 957 � 1 .  0625)  ( 0 .. 9�7095 ) 90 . 880949J + + 92 . 8575 
0 . 9 37095 

= 8 . 07863 1 - 1 1 . 1 1 2304 
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i e . , a [ca+ +]R o f  2 . 08 5  �eq/g arose thro ugh e q ui li brium wi th a 

solut i o n  o f  [ca++]S rang e , 8 . 079  t o  1 1 . 1 1 2 meq/1 ( i e . , + 1 0%)  

[ea++] _:-; N o w , orici nal _ � = 1 2 . 3  meo/1 

So m e a n  [ca++] b , cl in 20 c m3 o f  sol u ti o n  = O Ll n  .. ( 1 2 . 3 - 9 . 595 ) x eq/ 

50mg c o mpl cxant 

= 2 . 705 m e a  + 1 0% . -

i e . , thi s i s  t h e  val u e  expr e s s e d  as a perc e n t age i n  T abl e 

1 9  ( [Hg ++] b
oun

d l i mi t s  i n  Tabl e 1 9  = + 2 5%) 
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ADDENDUM 

Insert af ter ' hexa- ac etat e ' ,  l ine 5, p. 29: 

The s e  two hexo se derivations c ould have b een reso lved i£ i t  had been 

po ssi ble to use the medium polarity liquid �hase , ECNSS-M, whi ch h� proven 

sati sfactory f or the separation of mono s e s  as their alditol ac etate s 

( Sawardeker , S loneker and Jeanes , 1965 ; Oade s ,  1967)  or acetylated ni tri t e  

derivative s . ( Blake and Ri chards , 1970 ) .  

Ins ert after ' galac tose ' , third to bottom l ine, p.J5: 

• • • • •  It is likely that th e pH employed in the overnight dialysi s of thi s 

pec tin may have been sufficiently low to hydrolyse off any L- arabinofurano se 

re si due s in the polymer . The se uni ts may b e  present as highly branched 

1- arabinofurano s e  sidechains or compl e t e ly unattached ' pectic arabans ' ( Re e s ,  

1967 ) . 

In sert after 1 seaweeds 1 ,  line 17, p.97 : 

• • • • •  In the foll owing pages the relati onshi p of po lymer struc ture to cation 

affini ty i s  di s cussed in terms of the confi gurati ons of po lyuronide s ,  however , 

many of th e principles involved are applicable to other polysaccharide s .  A 

general , but extensive , c overage of the structure ,  shape and £unc ti on of some 

of these plant polysaccharides i s  given by Ree s  ( 19 67 ) . 

REFERENCES 

Blake , J .  D .  and Ri chard s ,  G .  N . , ' PolysaccJ;taride s of tropical pasture 

herbage ' .  Aus t .  J .  Chem . , 1970 , £2 ,  2361-8 . 

Oade s , J .  M. , ' Gas- liquid chromatography of aldi tol acetates and i t s  

appli cation t o  the analysi s of sugars in complex hydrolysa t e s ' .  

J .  Chromatogr. , 1967 , 28 , 246- 52 . 

Ree s , D .  A . , " The shape s of molecule s ;  C arbohydrat e  polymers" o 1967 , 

Oliver and Boyd , Edinburgh and London . 

Sawardeker , J .  A . , Sloneker , J . H .  and J eane s ,  A . , ' Quanti tative determination 

of mono saccharides a s  their aldi t o l  ac etat e s  by ga s liquid chromato­

graphy ' .  Anal . Chem . , 1965 , lZ., 1602- 4 .  



ADDENDUM 

Summary of resin e qui l ibration wi th plant c omplexant 

( p . 75 and pp . 79-8 1 )  

Fif ty mill igrams of plant compl exant and 0 . 7  cm3 of standard re sin 

( e qui l ibrated wi th the s tandard salt solution) were gently shaken in 

20 cm3 of the s tandard sal t solution for 15 minutes . If any Ca++ or Mg++ 

in the s o luti on is bound by the p lant complexan t ,  then the resin adj usts 

its cation load to reflect thi s  new equi l i brium . Thi s resin adjus tment 

further change s the ac tiv i t i e s  of all the cat i ons in soluti on , a s i tuation 

i l lu s trated graphi cal ly in Fig. l l . I t  was f ound that 10 separate 1 5  

minute shakings wi th fresh porti ons o f  s tandard sal t solut i on and 5 0  mg 

of plant c omplexant were nece s sary to bring the resin cation l oad s to 

th eir ' true ' e qui librium l evel (Fig. l l ) . 

To shorten thi s procedure a large soluti on of plant compl exant and 

s tandard sal t s oluti on was made up (bot tom p . 80 ) .  Porti ons of thi s  

solution ( 20 cm3l were shaken wi th the standard re sin , decanted , and 

replac ed by a further 20 cm3 porti on unti l the procedure had been 

repeated ten time s .  

Af ter the final decantation the resin was qui ck ly washed onto a 

sin tered glass f i l ter under suc ti on wi th deioni sed water ( 2  x 10 cm3 ) .  

The washings were di scarded and the resin spooned back into the shaking 

flask ; the few beads remaining on the f i l ter were washed into the shaking 

f lask wi th 20 cm3 2 � HCl . The cations were e luted from the resin by 

shaking th i s  mixture for 15 minutes and then transferred to a weighed 

sinte red glass f i l ter as de scribed in section 3 . 2 . 3 ( bot tom p . 75 ) . Resin 

eluates were prepared and the resin wei ghed exac tly as out lined in thi s  

sec ti on ( 3 . 2 . 3 . ) .  
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